
Contents lists available at ScienceDirect

Catena

journal homepage: www.elsevier.com/locate/catena

Does edge erosion alter coastal wetland soil properties? A multi-method
biogeochemical study
Havalend E. Steinmullera, Michael P. Hayesb, Nia R. Hursta,c, Yadav Sapkotad, Robert L. Cookb,⁎,
John R. Whited,⁎, Zuo Xued, Lisa G. Chambersa,⁎

a Aquatic Biogeochemistry Laboratory, Department of Biology, University of Central Florida, Orlando, FL, USA
bDepartment of Chemistry, Louisiana State University, Baton Rouge, LA, USA
c Engineer Research and Development Center, US Army Corps of Engineers, Vicksburg, MS, USA
dDepartment of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, LA, USA

A R T I C L E I N F O

Keywords:
Carbon mineralization
Marsh edge
Saltwater incursion
Coastal marsh loss
Spectroscopic indicators

A B S T R A C T

Coastal wetlands in Louisiana experience high rates of edge erosion due to combined eustatic sea level rise and
coastal subsidence. This study sought to (1) evaluate site-specific spatial and temporal patterns in marsh edge
erosion rates within Barataria Bay, LA, (2) develop an understanding of the physical and chemical properties of
eroding soils through biogeochemical and spectroscopic characterization, and (3) evaluate interactions between
erosion, saltwater incursion, and soil properties through a comparison of sites with different erosion rates and
varying distances from the eroding edge. Replicate soil cores were collected at three distances inland (1 m, 3 m,
5 m) at three different sites (west, south, and north) to a depth of 1 m. Erosion rates were measured at each site,
and soils were sectioned into 10 cm intervals for a total of 270 soil and porewater samples. Each soil sample was
subjected to soil physicochemical analysis (bulk density, moisture content, organic matter content, and total
carbon (C), nitrogen (N), and phosphorus (P)) as well as assessments of biogeochemical cycling (production of
CO2, mineralization of N and P, and extractable nutrient concentrations). Porewater samples were analyzed to
elucidate spectroscopic and fluorometric indicators of carbon quality (aromaticity, humification, lignin pro-
portion, and C source). Erosion rates at the west, north, and south sites were 3.36 ± 0.4, 1.34 ± 0.2, and
0.58 ± 0.03 m yr−1, respectively. Neither erosional magnitude nor saltwater incursion was found to be sig-
nificant predictors of any measured spectroscopic or biogeochemical parameters, though depth was a significant
control on 18 of the measured 20 parameters. The top 30 cm were more biologically active (as indicated by
greater mineralization of C, N and P) and were characterized by lower molecular weight porewater DOM with
less aromaticity. Degree of humification and aromaticity of porewater DOM increased with both depth and
distance inland. Concentrations of bioavailable N and P at 1 m depth were at least 5 times greater than surface
concentrations, representing a pool of nutrients that could be exported into the coastal ocean with ongoing
erosion. This study is the first to couple spectroscopic and biogeochemical measurements for the purpose of
assessing soil and porewater physicochemistry within wetland soils and illustrates an as-yet unaccounted for
potential for the export of labile C, N, and P into the coastal ocean.

1. Introduction

Coastal wetlands experience both direct effects of sea level rise
(increases in inundation and salinity) and indirect effects (increases in
marsh edge erosion). Marsh edge erosion is a process facilitated by
greater wave height, tidal amplitude, and tidal duration and is ex-
acerbated by an insufficient sediment supply, resulting in the loss of
physical components of the marsh platform due to wave action. This
pattern of edge erosion has been observed to varying degrees on

wetland-dominated coastlines globally (DeLaune and White, 2012;
Morton et al., 2009; Sapkota and White, 2019a,b). Coastal marshes with
large adjacent bays and shallow topography are especially vulnerable to
erosional processes. Shallow topography can promote an increase in
wave height, while large areas of open water contribute to a greater
wind fetch, further increasing wave energy (Leonardi et al., 2016b;
Munk and Traylor, 1947). These processes work synergistically with
other ecogeomorphic landscape components to increase erosional
magnitude along the marsh edge, physically scouring-out light fractions
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of the soil matrix from the interface of the aquatic edge (McLoughlin
et al., 2015). Eventually, the loss of soil particles from the marsh edge
results in ‘mass failure’, where large blocks of heavily rooted surface
soils break off from the edge and are disarticulated within the adjacent
water body (Francalanci et al., 2013).

Previous studies have demonstrated that the effects of erosion are
mediated by both extrinsic (ecogeomorphological) and intrinsic (char-
acteristics of the marsh) properties (Wang et al., 2017). In terms of
extrinsic factors, erosion magnitude has been shown to depend on
wind-driven waves, long-shore currents, tidal regimes, fetch, and the
area and bathymetry of the adjacent bay (Hu et al., 2015; Koppel et al.,
2004; Manca et al., 2012; Möller et al., 2014; Sapkota and White,
2019a,b; Schwimmer, 2001; Wang et al., 2017; Yang et al., 2012).
Conversely, the intrinsic characteristics that regulate erosion have re-
ceived less attention. Through a series of experimental manipulations,
Feagin et al. (2009) demonstrated that soil type (i.e. particle size), ra-
ther than vegetation, was the primary mediator of lateral erosional
magnitude within coastal marshes. Similarly, Sapkota and White
(2019a,b) illustrated correlations between erosion rate and soil physi-
cochemical properties. Generally, these studies have focused on the
physical effects of marsh edge erosion on the soil structure and have
largely disregarded the chemical effects. Within salt and brackish eco-
systems, the seawater eroding the marsh structure is characterized by
both high ionic strength and high sulfate concentrations, an alternative
terminal electron acceptor, for respiration within soil microorganisms
(Reddy and DeLaune, 2008). Combined with the physical dynamics of
flushing driven by wave action and tidal inundation cycles, it is rea-
sonable to assume that this high salinity seawater can infiltrate the
porespaces within the soil matrix along the eroding edge. Effectively
acting as saltwater incursion, this infiltration could disrupt biogeo-
chemical cycling within the soil matrix by liberating bioavailable nu-
trients (Steinmuller and Chambers, 2018), providing an alternative

electron acceptor to increase carbon dioxide production (Chambers
et al., 2013, 2011), altering the microbial community composition
(Herbert et al., 2015), and/or contributing to flocculation of dissolved
organic carbon (DOC) (Ardón et al., 2016). These processes, especially
the enhancement of C mineralization, have the potential to weaken the
soil structure, further facilitating erosion and thereby creating a posi-
tive feedback loop that has not been investigated or accounted for
within erosion models. As a result, this study sought to fill this
knowledge gap through a novel analysis: coupling biogeochemical and
spectroscopic analyses to determine if soil loss and subsurface incursion
of bay water into the marsh platform near the eroding edge can phy-
sically and/or chemically alter soil and porewater properties in advance
of soil collapse, potentially creating a feedback mechanism that pro-
motes marsh loss.

Spectroscopic assessment of porewater dissolved organic material
(DOM) utilizes both ultraviolet (UV)/visible (vis) and fluorometric in-
tensities to provide information on present C moieties. More specifi-
cally, these analyses can offer insight into the molecular complexity,
degree of decomposition, and source (biological vs. terrestrial) of DOM
(Table 1; Haywood et al., 2018). Previously, these indicators have been
used to characterize quinones in DOM, water pollution levels, the
biodegradability of forest soils, and DOM transformations (Cook et al.,
2009; Cory and McKnight, 2005; Fellman et al., 2010; Haywood et al.,
2018; Hudson et al., 2007; Wang et al., 2013). These spectroscopic
analyses, coupled with measurements of soil physicochemical proper-
ties and microbially-mediated biogeochemical transformations, re-
present the first assessment of both chemical and physical effects of
erosion. The overall goals of this study were to, (1) evaluate site-specific
spatial and temporal patterns in erosion rate/wetland loss, (2) develop
a comprehensive understanding of the physical and chemical properties
of the soils undergoing erosion through coupled biogeochemical and
spectroscopic characterization, and (3) evaluate potential interactions

Table 1
Spectroscopic and biogeochemical analyses, separated by matrix, chemical/biological/physical meaning, and ecological indicator. (Cation exchange complex is
denoted as CEC., PW denotes ‘porewater’.). Adapted from Kolic et al. (2014).

Measurement Matrix Chemical/biological/physical meaning Ecological indication

Soil physicochemical characteristics
Bulk density Soil Weight of soil within a given volume Soil type
Moisture content Soil Determination of the % of the bulk soil that is water Soil type
OM Soil (Dried) Fraction of bulk soil that is organic material Soil type
TP Soil (Dried) P content within bulk soil Supports biogeochemical cycling of P
TN Soil (Dried) N content within bulk soil Supports biogeochemical cycling of N
TC Soil (Dried) C content within bulk soil Supports biogeochemical cycling
Salinity/conductivity PW Conductivity of soil porewater Measurement of physicochemical environment

Nutrient availability
Ext. NO3

– Soil + PW NO3
– within both the porewater and/or adhered to the CEC Inorganic N to support biological processes

Ext. SRP Soil + PW SRP within both the porewater and/or adhered to the CEC Organic P to support biological processes
Ext. NH4

+ Soil + PW NH4
+ within both the porewater and/or adhered to the CEC Inorganic N to support biological processes

Microbially-mediated biogeochemical transformations
CO2 production Soil + PW Potential CO2 emitted from microbial respiration as a rate Mineralization of C by resident soil microbes
CH4 production Soil + PW Potential CH4 emitted from methanogenesis as a rate Mineralization of C through methanogenesis
PMN rate Soil + PW Potential NH4

+ mineralized by microbial consortia over time Mineralization of organic matter to liberate inorganic N
PMP rate Soil + PW Potential SRP mineralized by microbial consortia over time Mineralization of organic matter to liberate organic P

UV–visible indicators
A254 PW Amount of DOM aromatic moieties Plant inputs, degradation pathways, refractory DOM
A350 PW Amount of DOM lignin moieties Plant and terrestrial DOM inputs
S275 PW Indicator of lignin molecular weight Indicator of degree of degradation of DOM

Spectroscopic analyses
FI PW Autochthonous vs. allochthonous production of DOM Degree of terrestrial nature of DOM
BIX PW Fresh protein inputs within DOM pool Assessment of 'freshness' of biological activity within DOM
HIX PW Red shifting of fluorophores Extent of humification of DOM

PARAFACs components
Fluorophore A PW Combination of UV humic-like and aquatic-like material Indicator of aquatic-like sourced, recently produced material
Fluorophore B PW Protein-like DOM in system Indicator of biologically-sourced material
Fluorophore T PW Combination of Vis humic-like and soil fulvic acid material Indicator of terrestrial-like sourced, older material
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between erosion, saltwater incursion, and soil properties by comparing
sites with varying erosion rates (represented by direction) and distance
from the eroding edge.

2. Methods

2.1. Site description and erosional measurements

The study was conducted on a newly formed island, recently eroded
from a larger, contiguous coastal marsh within northern Barataria Bay,
LA (USA, Fig. 1). Barataria Bay, LA is experiencing land loss rates of
13.33 km2 yr−1 (Couvillion et al. 2017), caused by high rates of edge
erosion (1.41 m yr−1). The island used for this study (1068 m2 area)
was dominated by Spartina alterniflora, with a patch of Iva frutescens
near the center of the island (Fig. 2). This region of Barataria Bay is
considered microtidal with diurnal inundation (Georgiou et al., 2005).
The salinity typically ranges from 10 to 25 ppt (White et al., 2018) and
the edge of the marsh platform was characterized by a scarp approxi-
mately 36 cm high (Sapkota and White, 2019a,b) that separates the
island from the surrounding shallow bay. This location was selected due
to varying erosion rates and range of cardinal direction.

Three erosion measurement transects were established at each of
three direction in February 2018 (Fig. 2). Each transect consisted of
three PVC poles (2.5 m long) installed at 1 m intervals starting 1 m from
the current marsh edge. The distance between the marsh edge and the
nearest pole was recorded at least once every two months. As erosion
proceeded to remove the most seaward pole, inland replacements were
added at 1 m intervals to maintain transects of three poles. Historical
erosion rates were obtained from Google Earth imagery. The distance

from the current position of the marsh edge to the historical edges in
1998, 2005, 2012, and 2016 were measured for each transect using the
time series of Google Earth images to calculate longer-term erosion
rates.

2.2. Soil and water sampling

Duplicate 1 m deep soil cores were collected 1 m from the estab-
lished erosion transects (west, north, and south) at intervals of 1 m,
3 m, and 5 m inland from the marsh edge. Soil cores were collected on
July 16, 2018 (west and south) and August 2, 2018 (north). A poly-
carbonate core tube (1.7 m × 7.6 cm diameter) was used to extract soil
samples via the push core method. Soils were extruded in the field into
10 separate 10-cm intervals and placed in sealed polyethylene bags.
Samples were stored on ice, promptly transported to Louisiana State
University (LSU), and stored at 4 °C until processing.

Ambient salinity, temperature, and dissolved oxygen concentrations
were determined at each sampling site by use of a sonde (YSI Inc.,
Yellow Spring, OH) in the field. Three (3) L of surface water was col-
lected into polyethylene bottles and vacuum-filtered through Supor
0.45 μm membrane filters. Following filtration, water samples were
stored on ice and transported back to the University of Central Florida
(UCF) for further processing.

2.3. Sample processing

Each 10-cm soil sample was initially weighed, homogenized, and
separated into three subsamples for analysis: one used for determina-
tion of soil moisture content, bulk density, percent organic matter

Fig. 1. Location of Louisiana within the Eastern United States (A) and Barataria Bay, LA (B). Star indicates site location. (Google Earth Pro version 7.3.2.5776.)
Coordinates of star/site are 29°26′39.60″N, 89°53′59.12″W.
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(OM), total soil carbon (TC), nitrogen (TN), and phosphorus (TP); one
for determination spectroscopic indicators, including UV–Vis indices
(absorbance at 254 nm; A254, absorbance at 350 nm; A350, and spectral
slope; S275) and fluorescence indices (fluorescence index; FI, biological
index; BIX, and humification index; HIX); and one for determination of
soil greenhouse gas (carbon dioxide (CO2) and methane (CH4)) pro-
duction, soil pH, and extractable nutrients (ammonium (NH4

+), nitrate
(NO3

–), and soluble reactive phosphorus (SRP)), and potentially mi-
neralizable N and P.

2.3.1. Soil physicochemical characteristics
Soil samples (n = 270) were analyzed for moisture content, bulk

density, OM, TC, TN, TP, soil porewater conductivity, and soil pH.
Gravimetric moisture content was determined by weighing a 20–30 g
subsample of soil before and after drying at 60 °C in a gravimetric oven
until a constant mass was achieved. The bulk density of each sample
was determined by calculating the total dry mass of the sample divided
by the volume of the 10 cm section of the core (384.85 cm3). The dried
samples were ground into fine particles using a mortar and pestle. Total
C and TN were determined on the ground subsample using an elemental
combustion system (Costech Analytical Technologies, Valencia, CA).
Organic matter content was determined by the loss on ignition (LOI)
technique, where 0.2–0.5 g samples were weighed in 50 mL glass
beakers and ashed in a muffle furnace at 550 °C for 4 hr; percent OM
was calculated by dividing the ashed mass of the sample by the pre-
ashed mass. Total P was determined by digesting the ashed samples
following Andersen et al. (1976) and analyzed colorimetrically using a

SEAL AQ2 Automated Discrete Analyzer (SEAL Analytical Inc, Mequon,
Wisconsin, EPA method 119-A Rev. 4). Soil pH was measured using a
1:5 slurry of field moist soil and ultrapure water and subsequently
measuring pH using an Accumet pH probe (Accumet XL 200,
ThermoFisher Scientific, Waltham, MA, USA). Subsamples of field-
moist soil were centrifuged at 5000 rpm for 10 min to separate the soil
and porewater, following which porewater was decanted and con-
ductivity was measured using a dual channel pH/Ion meter (Fisher
Scientific, Hampton, NH). Porewater salinity was then calculated from
conductivity and temperature.

2.3.2. Spectroscopic measurements
The soil porewater (collected by centrifuging and decanting each

depth increment as mentioned above) was then filtered
(0.45 µm × 13 mm Nylon syringe filter) into 20 mL borosilicate glass
scintillation vials with poly-seal caps. Samples were diluted by a factor
of 2 with ultrapure water (Modulab Water Systems, Lowell, MA). A
Cary 100 Spectrophotometer (Varian Inc., Palo Alto, CA) provided
UV–Vis absorbance spectra collected from wavelengths of 200 to
600 nm using a 1 nm bandpass with a 1 cm quartz cell (Haywood et al.,
2019). The absorbance spectra data yielded three major indicators:
A254, A350, and S275. For the spectral slope from 275 to 295 nm (S275),
the absorption data was converted to Napierian absorption coefficient,
(m−1). Spectral slope coefficients were estimated using a linear fit of
the log-linearized spectrum over their respective spectral range and are
reported with units of nm−1 (Haywood et al., 2018; Kolic et al., 2014).

The filtered porewater from the centrifuged samples was also used

Fig. 2. Map of locations of erosion transects, where triangles indicate locations of the North transects, circles denote West transects, and squares denote South.
Sampling locations were located adjacent to erosion transects. Image courtesy of Eddie Weeks.
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to determine fluorescence indicators. Fluorescence excitation emission
matrix spectra (EMMs) were collected on a Spex Fluorolog-3 spectro-
fluorometer (HORIBA Scientific, Edison, NJ) using a 1 cm quartz cell
with emission wavelengths of 250–600 nm and excitation wavelengths
of 250–550 nm with 5 nm increments. The Spex Fluorolog-3 uses a
2.0 nm slit width and a 0.5 nm bandpass filter. Along with sample
EEMs, blank EEMs of Milli-Q water were collected daily to standardize
data. Prior to use for calculation of fluorescence indicators and
PARAFAC modeling, the raw fluorescence EEMs for samples and blanks
were pre-processed following procedures outlined in Murphy et al.
(2010) and Haywood et al. (2018). The pre-processed EEMs were used
to calculate the fluorescence indicators used to determine several
characteristics of the DOM. Specifically, fluorescence index (FI) was
determined by dividing the emission intensity 450 nm (biological) by
the 500 nm intensity (terrestrial) at the 370 nm excitation level. The
biological index (BIX) was determined by dividing the emission in-
tensity of 380 nm (protein) with the intensity 430 nm (biological) at the
excitation wavelength 310 nm. The humification index (HIX) was cal-
culated as the sum of intensities 435–480 nm divided by the sum of
300–345 nm. This number was then added to the sum of 435–480 nm,
all at the excitation wavelength of 254 nm (Haywood et al. 2018).
PARAFAC analysis followed the procedure outlined by Murphy et al.
(2010) and Haywood et al. (2018) and obtained fluorophore compo-
nents were verified by comparison on OpenChrom (Table 5) with the 3-
component model being validated using MATLAB software with mul-
tiple validation techniques: split half analysis, visual leverage plot
comparison, and core consistency

2.3.3. Greenhouse gas production
Carbon dioxide and CH4 production were determined by weighing

7 g of field-moist soil into 100 mL glass serum bottles. Bottles were
capped with rubber septa and aluminum crimp cap, evacuated to
−75 mm Hg, and purged with 99% O2-free N2 gas for 3 min. Ten (10)
mL of N2-purged site water was added to the bottles to create a soil
slurry and preserve anaerobic conditions. Bottles were placed on an
orbital shaker in the dark at 150 rpm and 25 °C. To determine rates of
CO2 and CH4 production, gas samples were extracted from the head-
space of each bottle at 24, 48, 72, and 120 h after addition of site water
and injected into a GC-2014 gas chromatograph equipped with a flame
ionization detector and methanizer (Shimadzu Instruments, Kyoto,

Japan). Production rates were calculated as the change in either CO2 or
CH4 production over time using Henry’s Law and the ideal gas law to
account for gas dissolved in the liquid phase, and the influence of
pressure and temperature on solubility, respectively (Weiss, 1974).

2.3.4. Extractable nutrients and rates of potential mineralization
Approximately 2.5 g field-moist soil was weighed into 40 mL cen-

trifuge tubes to determine concentrations of extractable NH4
+, NO3

–,
and SRP. Twenty-five (25) mL of 2 M KCl was added to each tube and
samples were shaken continuously on an orbital shaker at 150 rpm and
25 °C for 1 h. Samples were then centrifuged at 4000 rpm for 10 min
10 °C; the supernatant was subsequently vacuum-filtered through Supor
0.4 μm membrane filters and acidified to a pH of< 2 with double-
distilled sulfuric acid and stored at 4 °C. Within 25 days, each sample
was analyzed for NH4

+ (US EPA method 350.1, Rev 2.0, 1993), NO3
–

(US EPA method 353.2, Rev 2.0, 1993), and SRP (USEPA method 365.1,
Rev. 2.0) colorimetrically via use of a SEAL AQ2 Automated Discrete
Analyzer (Seal Analytical, Mequon, WI).

Extractable NH4
+ and SRP concentrations also represent an initial

concentration of bioavailable N and P within each sample (White and
Reddy, 2000). Following the bottle incubations for determination of
greenhouse gas production, extractions and colorimetric determina-
tions were performed again on the soils within the incubations to
provide a second concentration of bioavailable N and P. Rates of po-
tentially mineralizable N and P were determined from the difference
between the final and the initial concentration of the nutrient, divided
by 7 days.

2.4. Statistical analysis

Statistical analyses were performed using R in RStudio (R
Foundation for Statistical Computing, Vienna, Austria; RStudio Inc.,
Boston, MA, USA), parallel factor analysis (PARAFAC) in MatLab
R2016a (Math Works, Inc., Cambridge, MA), and principle component
analysis (PCA) in JMP (SAS Institute, Cary, NC). The Shapiro-Wilk test
was used to test for normality within each parameter; those that did not
meet the assumptions of normality were transformed using a loga-
rithmic transformation for the linear model. Levene’s test was then used
to determine homogeneity of variance. To determine the interactive
effects of direction (a proxy for erosional magnitude, hereafter referred

Table 2
p-values for each fixed effect and each measured parameter, derived from the linear model. Model included depth, direction, and the interaction (fixed effect) as well
as transect (random effect). Values in bold are significant (alpha value = 0.003). ‘Ext.’ refers to extractable.

Depth Site Distance Depth * site Depth * distance Site * distance Depth * site * distance

Bulk Density <0.0001 0.6507 0.0073 0.0004 0.1508 0.1256 0.0080
Moisture content <0.0001 0.1208 0.3575 0.1673 0.0036 0.1336 0.0146
Organic matter <0.0001 0.1484 0.1073 0.6333 0.0001 0.4349 0.2117

Total C <0.0001 0.1153 0.919 0.3004 0.6081 0.4280 0.1177
Total N <0.0001 0.0862 0.9987 0.1268 0.5154 0.1002 0.2007
Total P <0.0001 0.0124 <0.0001 0.0023 0.0009 0.1474 0.1790
Salinity <0.0001 <0.0001 <0.0001 0.0002 0.7117 0.5115 0.7408
A254 <0.0001 <0.0001 <0.0001 <0.0001 0.0522 <0.0001 0.5715
A350 <0.0001 0.0022 <0.0001 <0.0001 0.0965 <0.0001 0.4750
S275 0.2646 <0.0001 0.0001 0.5015 0.8548 0.1082 0.3387
FI <0.0001 <0.0001 0.0001 0.4487 0.8990 <0.0001 0.7457
HIX <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0101 0.0532
BIX <0.0001 <0.0001 0.0181 0.9695 0.0006 0.0001 0.5672

Ext. Nitrate 0.0075 <0.0001 0.0004 0.1034 0.0765 0.0049 0.9719
Ext. Ammonium <0.0001 <0.0001 <0.0001 <0.0001 0.0014 0.2754 0.0909

Ext. SRP <0.0001 0.2189 0.2662 0.2391 0.6319 0.8277 0.2801
PMN <0.0001 0.0317 0.0575 0.1638 0.1470 0.9723 0.1068
PMP <0.0001 <0.0001 0.0102 0.3945 0.0015 0.0268 0.5701

CH4 Production <0.0001 <0.0001 0.0057 <0.0001 0.0055 0.0026 0.0561
CO2 Production <0.0001 <0.0001 0.0054 <0.0001 0.0180 0.0276 0.4282
Fluorophore A 0.9489 0.0144 0.0638 0.9988 <0.0001 0.4052 0.9999
Fluorophore B 0.5879 0.0020 0.7735 0.9598 0.7081 0.6100 0.2944
Fluorophore T 0.9570 0.0059 0.0691 0.9988 <0.0001 0.3919 0.9999
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to as “site”), distance inland, and depth, a linear model was used (fixed
effects - direction, distance inland, depth; random effects - transect;
package ‘lme4’). A Bonferroni correction was applied to reduce the
possibility of inflated Type I error due to the testing of multiple hy-
potheses (Bonferroni, 1936), lowering the alpha value to 0.003 (0.05/#
of comparisons). PARAFAC via Matlab was used to model the dataset
based on excitation and emission spectra created by the Spex Fluorolog-
3. Component models were produced by applying parameters to the
data set and minimizing the sum of squared errors by validation
methods (core consistency, split half analysis) and removing them from
the data. The component models were then interpreted for resulting
fluorophore intensity to determine major sources and percent compo-
sition of DOM. Principle Components Analysis (PCA) was used to isolate
correlations in the ecological and spectroscopic data at each of the sites,
as well as statistically verify grouping of depths and variables. Corre-
lation matrices were constructed using Pearson Product-Moment cor-
relations to determine relationships between variables. The erosion
rates on three different sides of the island were compared using a re-
peated measures ANOVA.

3. Results

3.1. Erosion rate

Analysis of satellite imagery since 1998 revealed site had a sig-
nificant effect (p < 0.001) on erosion rate over time. The west side of
the island consistently experienced the greatest erosion, with the marsh
edge retreating approximately 85 m inland over a period of two dec-
ades. The greatest erosion rate (6.28 ± 0.34 m yr−1) was observed
between 1998 and 2005, with a 50 m inland retreat on the west side.
The erosion rate decreased to 3.54 ± 0.56 m yr−1 between the year
2005 and 2012 (~25 m retreat), and 1.76 ± 0.58 m yr−1 between the
year 2012 and 2018 (~10 m retreat). The erosion rates on other two
sides (north and south sites) of the island were relatively constant over
the last two decades (1998–2018) with approximate erosion rates of
0.77 m yr−1 on north side and 0.79 ± 0.04 m yr−1 on south side
(retreating approximately 15 m and 16 m on north and south sides,
respectively). Current field-measured erosion rates were 3.36 ± 0.4,
1.34 ± 0.2, and 0.58 ± 0.03 m yr−1 on the west, north, and south
sides of island respectively.

3.2. Soil physicochemical characteristics

Moisture content differed with depth (Table 2), ranging from
74.95 ± 0.60% at 20–30 cm to 82.14 ± 0.82% at 70–80 cm. Moisture
content was negatively correlated to bulk density, and strongly posi-
tively correlated to % OM, A254, A350, HIX, extractable NH4

+, and ex-
tractable SRP (Table 3). Similarly, bulk density was predicted (Table 2)
by depth, ranging from 0.194 ± 0.010 g cm−3 at 70–80 cm to
0.281 ± 0.016 g cm−3 at 40–50 cm (Table 4). Generally, bulk density
increased from the surface to 40–50 cm, then decreased down to
100 cm. Bulk density was also predicted by the interaction between
depth and site (Table 2), with lowest values at the west site at 70–80 cm
(0.187 ± 0.007 g cm−3) and greatest values at the west site at
40–50 cm (0.320 ± 0.038 g cm−3). Bulk density was negatively cor-
related (Table 3) with % OM, A254, A350, HIX, and extractable NH4

+

and SRP.
Depth was also a predictor of % OM, ranging from 27.04 ± 1.50%

at 40–50 cm to 39.96 ± 1.47% at 70–80 cm (Tables 2 and 4). Organic
matter decreased from the surface to 40–50 cm. At 50–60 cm, OM
content increased roughly 30% and remained relatively constant
through the rest of the depth profile (Table 4). The interaction of depth
and distance inland also predicted OM content, ranging from an
average of 24.7 ± 3.80% at 40–50 cm within the west site to an
average of 42.1 ± 2.43% at 80–90 cm within the north site. Total C
concentrations decreased from the surface to 30–40 cm Ta
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(110.45 ± 7.41 g kg−1), increased up to the depth of 70–80 cm
(179.77 ± 14.37 g kg−1), and then slightly decreased (Table 4). Total
C was strongly positively correlated to moisture content, OM, TN, A254,
and A350 (Table 3). Similarly, TN decreased from the surface to
40–50 cm and then gradually increased (Table 2, Table 4). Total P was
predicted by depth, distance inland, and the interactions between both
depth and site (Table 2), but exhibited a different trend than other total
soil nutrient pools, being highest at the surface (631 ± 38.7 mg kg−1)
and lowest at 80–90 cm (407 ± 13.0 mg kg−1) (Table 4). Total P was
positively correlated to potentially mineralizable N and P rates
(Table 3).

Porewater salinity was affected by depth, site, distance, and the
interaction between depth and site (Table 2), ranging from
19.5 ± 1.16 ppt at the surface (0–10 cm) to 26.8 ± 1.23 ppt at
40–50 cm. Salinity averaged 17.8 ± 0.43, 28.3 ± 0.34, and
26.6 ± 0.45 ppt at the west, north, and south sites, respectively. In
terms of distance, salinity averaged 22.80 ± 0.617 ppt at 1 m inland,
24.68 ± 0.578 ppt at 3 m inland, 25.21 ± 0.683 ppt at 5 m inland.
Salinity was positively correlated to A254, A350, CO2 production, and
HIX, and negatively correlated to CH4 production, FI, BIX, and ex-
tractable NO3

– content (Table 3).

3.3. Spectroscopic indicator analyses

The UV–Vis indicators A254 and A350 increased with depth, in-
dicating higher aromatic C storage with depth (Table 2, Fig. 3). A254
also differed with distance inland, the interaction between site and
depth, and the interaction between site and distance inland (Fig. 3,
Table 2). A254 ranged from a maximum intensity of 0.57 ± 0.04 within
the west site at 90–100 cm to a minimum intensity of 0.24 ± 0.03
within the north site at 0–10 cm (Fig. 3). When considering the inter-
action between distance inland and site, A254 intensity ranged from an
average 0.30 ± 0.02 at the west site 1 m inland to an average of
0.47 ± 0.02 at the north site 5 m inland (Fig. 3). Similarly, A350 dif-
fered with depth, site, distance inland, and the interactions between

both depth and site and site and distance inland (Table 2, Fig. 3). In-
tensity ranged from an average of 0.05 ± 0.01 within the north site at
0–10 cm to an average of 0.14 ± 0.01 at the west site at 90–100 cm
(Fig. 3). In terms of the interaction between site and distance inland,
A350 values ranged from an average intensity of 0.07 ± 0.01 at the
north 1 m inland location to 0.11 ± 0.01 at the north 5 m inland
location (Fig. 3). The S275 intensity differed with both site
(0.33 ± 0.01 south to 0.39 ± 0.01 north) and distance (0.33 ± 0.01
at 5 m to 0.37 ± 0.01 at 1 m), but not depth (Fig. 3). Both A254 and
A350 were positively correlated to each other, CO2 production, HIX, and
extractable SRP and NH4

+, while negatively correlated to CH4 pro-
duction, FI, and PMN (Table 3). S275 showed no significant correlations
(Table 3).

The FI, an indicator of C source, was significantly different de-
pending on the depth, site, and distance inland, as well as the inter-
action between site and distance inland (Table 2, Fig. 4). Fluorescence
index values ranged from 0.96 ± 0.01 at the west site 1 m inland, to
0.87 ± 0.01 at the north site 3 m inland (Fig. 4). All recorded FI in-
tensities were indicative of terrestrial-sourced C. Overall, the north site
has the lowest FI intensity of all the sites (Fig. 4). Fluorescence index
was positively correlated with CH4 production, BIX, and PMN, while
negatively correlated to CO2 production, HIX, and extractable NH4

+

(Table 3). The BIX differed in depth*distance and site* distance inter-
actions, as well as by site and depth (Table 2, Fig. 4). Intensities ranged
from 0.51 ± 0.02 at 30–40 cm 3 m inland to 0.67 ± 0.05 at 0–10 cm
1 m inland (Fig. 4). BIX was positively correlated to CH4 production and
extractable NH4

+ and negatively correlated to HIX (Table 3). In gen-
eral, HIX intensities increased with depth (Fig. 4, Table 2). Both the
interactions between site*depth and depth*distance were also sig-
nificant with HIX intensities, which ranged from 0.72 ± 0.03 at the
west site at 0–10 cm, to 0.93 ± 0.01 at the north at 90–100 cm sample
(Fig. 4). HIX was positively correlated to extractable SRP and NH4

+,
while negatively correlated to PMN and CH4 production (Table 3).

A 3-component model was constructed through PARAFAC analyses.
From highest to lowest fluorescence intensity, the fluorophores were

Table 4
Soil physicochemical properties by both site and depth. Values are means and standard errors, which are in parenthesis (n = 9).

Site Depth (cm) BD (g cm−3) MC (%) Total C (g kg−1) Total N (g kg−1) Total P (mg kg−1) Organic Matter (g kg−1)

West 0–10 0.262 (0.013) 75.5 (1.02) 138 (12.5) 7.02 (0.748) 479 (31.2) 314 (28.7)
10–20 0.281 (0.014) 74.6 (0.888) 123 (8.80) 6.28 (0.378) 454 (15.7) 296 (18.5)
20–30 0.298 (0.012) 73.9 (1.11) 114 (15.0) 6.40 (0.561) 431 (16.2) 256 (16.3)
30–40 0.275 (0.018) 75.6 (1.57) 111 (8.72) 6.18 (0.411) 430 (13.2) 269 (20.2)
40–50 0.320 (0.039) 72.6 (2.97) 102 (18.9) 5.79 (1.03) 431 (12.6) 247 (37.9)
50–60 0.213 (0.010) 81.3 (0.661) 175 (10.9) 9.25 (0.573) 436 (9.10) 387 (20.0)
60–70 0.196 (0.011) 82.3 (0.900) 178 (10.4) 9.55 (0.424) 405 (21.4) 392 (22.6)
70–80 0.187(0.007) 82.9 (0.647) 175 (9.71) 9.97 (0.532) 409 (18.9) 396 (19.0)
80–90 0.213 (0.014) 80.3 (1.18) 156 (13.0) 9.38 (0.675) 386 (24.8) 363 (28.9)
90–100 0.226 (0.020) 79.7 (1.70) 165 (26.2) 10.3 (1.62) 433 (14.2) 375 (52.1)

North 0–10 0.241 (0.015) 77.2 (1.19) 167 (15.3) 8.66 (0.772) 726 (73.2) 367 (32.5)
10–20 0.249 (0.007) 77.1 (0.669) 154 (13.4) 7.84 (0.585) 480 (61.1) 309 (35.8)
20–30 0.273 (0.014) 75.4 (1.19) 123 (11.6) 6.54 (0.468) 478 (23.3) 296 (20.44)
30–40 0.235 (0.091) 78.5 (1.19) 110 (9.37) 6.03 (0.352) 444 (155) 272 (88.9)
40–50 0.282 (0.021) 75.2 (1.63) 113 (6.89) 5.88 (0.371) 433 (12.7) 265 (11.3)
50–60 0.230 (0.008) 79.1 (0.585) 140 (8.62) 7.20 (0.318) 438 (10.0) 392 (64.1)
60–70 0.239 (0.027) 78.1 (2.26) 149 (20.2) 7.49 (0.964) 447 (14.3) 356 (43.3)
70–80 0.187 (0.011) 82.3 (0.963) 187 (11.9) 9.62 (0.548) 438 (13.4) 407 (20.8)
80–90 0.187 (0.011) 82.8 (0.891) 194 (12.8) 10.53 (0.519) 440 (7.50) 421 (24.2)
90–100 0.217 (0.016) 79.9 (1.45) 168 (15.3) 9.51 (0.608) 413 (28.2) 380 (28.1)

South 0–10 0.230 (0.009) 76.6 (0.730) 151 (9.80) 7.83 (0.362) 688 (62.1) 345 (16.7)
10–20 0.232 (0.007) 78.1 (0.624) 158 (10.2) 7.91 (0.326) 550 (39.3) 349 (14.8)
20–30 0.271 (0.011) 75.6 (0.823) 120 (5.34) 6.56 (0.163) 412 (27.8) 291 (13.3)
30–40 0.271 (0.005) 76.0 (0.349) 111 (3.82) 6.33 (0.191) 413 (11.1) 267 (7.93)
40–50 0.242(0.016) 77.7 (1.42) 127 (11.1) 6.96 (0.532) 404 (26.8) 299 (21.2)
50–60 0.227 (0.018) 79.4 (1.62) 156 (13.6) 8.43 (0.704) 420 (14.3) 349 (28.0)
60–70 0.189 (0.008) 82.3 (0.738) 182 (6.67) 9.93 (0.413) 433 (27.5) 400 (23.1)
70–80 0.207 (0.026) 81.2 (2.26) 178 (20.6) 9.82 (1.04) 445 (23.0) 396 (35.9)
80–90 0.199 (0.015) 81.4 (1.18) 177 (11.3) 9.94 (0.559) 395 (27.8) 378 (27.2)
90–100 0.188 (0.016) 81.7 (1.05) 179 (13.9) 10.7 (0.804) 426 (18.5) 397 (33.0)
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identified as: Fluorophore T (Ex/Em: 265 (3 7 5)/540 nm), Fluorophore
A (Ex/Em: 270/415), and Fluorophore B (Ex/Em: 275/335).
Fluorophore B intensity was the only variable showing significant dif-
ferences by site (Table 2). Each fluorophore indicates the source ma-
terial of the porewater DOM (Table 1).

3.4. Greenhouse gas production

Both depth and site, as well at the interaction between the two,
predicted CO2 and CH4 production (Table 1). Methane production was
highest at the west site, averaging 2.52 ± 0.65 µg CH4-C g−1 d−1, and
lowest at the north site, averaging 0.05 ± 0.01 µg CH4-C g−1 d−1

(Fig. 5). The south site had an intermediate rate of methane production,
with an average of 1.34 ± 0.32 µg CH4-C g−1 d−1. Methane pro-
duction was greatest within the top two depth intervals, then pre-
cipitously decreased with depth (Fig. 5). Methane production was also
predicted by the interaction between site and distance (Table 1). In
terms of site, CO2 production rates were the inverse of CH4 production
rates; CO2 production was lowest in the west site (1.00 ± 0.08 µg CO2-
C g−1 h−1), greatest at the north site (3.58 ± 0.32 µg CO2-C g−1 h−1),
and intermediate at the south site (1.32 ± 0.08 µg CO2-C g−1 h−1)
(Fig. 5). At the west and south sites (which had the highest and lowest
erosion rates, respectively), CO2 production was highest at the surface,
decreased down to 30 cm, and then remained relatively constant from
30 to 100 cm (Fig. 5). However, the north site exhibited a different
trend, where higher concentrations were observed between 40 cm and
100 cm and lower concentrations in the top 40 cm. Carbon dioxide
production was significantly correlated with A254, A350, and extractable
NH4

+, while negatively correlated to FI (Table 2). Methane production
was positively correlated with FI and BIX, but negatively correlated to
A254, A350, and HIX (Table 2).

3.5. Extractable nutrients and potential mineralization rates

Both site and distance inland affected extractable NO3
– concentra-

tions (Table 2). Extractable NO3
– was greatest within the west site, with

an average concentration of 3.52 ± 0.287 mg kg−1, compared to
0.847 ± 0.131 mg kg−1 and 2.14 ± 0.255 mg kg−1 at the north and
south sites, respectively. In terms of distance inland, extractable NO3

–

concentrations ranged from 2.14 ± 0.67 mg kg−1 at 1 m inland to
2.62 ± 0.357 mg kg−1 at 5 m inland. Extractable SRP concentrations
were only affected by depth (Table 2, Fig. 6). Concentrations generally
increased with depth; the greatest extractable SRP concentrations were
found at the lowest depth (90–100 cm), averaging
4.98 ± 0.656 mg kg−1 (Fig. 6). Concentrations were lowest at the
10–20 cm depth, averaging 0.724 ± 0.148 mg kg−1 (Fig. 6). Ex-
tractable SRP was positively correlated to extractable NH4

+, A254, A350,
and HIX, while negatively correlated to bulk density (Table 2). Ex-
tractable NH4

+ differed by depth, site, distance inland, and the inter-
actions of depth*direction and depth*distance (Table 1). Extractable
NH4

+ concentrations increased with depth, ranging from below de-
tection at the surface to 71.6 ± 9.20 mg kg−1 at 90–100 cm (Fig. 6).
Extractable NH4

+ concentrations at the west, north, and south sites
averaged 23.4 ± 5.14 mg kg−1, 25.5 ± 2.76 mg kg−1, and
20.8 ± 2.86 mg kg−1, respectively (Fig. 6). Concentrations of ex-
tractable NH4

+ were positively correlated with A254, A350, and HIX, but
negatively correlated to FI (Table 2).

Potentially mineralizable N rates were only predicted by depth,
while PMP rates were both predicted by depth and site, as well as the
interaction between depth and distance inland (Table 1). Potentially
mineralizable N rates were generally greatest at the surface, averaging
39.3 ± 3.38 mg kg−1 d−1, and lowest at the 90–100 cm depth in-
terval, averaging 14.5 ± 1.00 mg kg−1 d−1 (Fig. 5). PMP was lowest
at the west site, where rates averaged 0.51 ± 0.092 mg kg−1 d−1, and
highest at the north site, averaging 1.27 ± 0.254 mg kg−1 d−1
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Fig. 3. UV–Vis indicators (A254, A350, and S275) plotted with depth at each site. Each point represents mean of distances inland and replicates ± standard error
(n = 9).

Fig. 4. Fluorescence indicators (FI, BIX, HIX) plotted with depth at each site. Each point represents mean of distances inland and replicates ± standard error
(n = 9).
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(Fig. 5). In terms of the interaction between depth and distance inland,
PMP rates ranged from 0.249 ± 0.099 mg kg−1 d−1 at 1 m inland
40–50 cm to 4.40 ± 1.52 mg kg−1 d−1 at 5 m inland 10–20 cm
(Fig. 5). Generally, PMP rates were highest at the surface, where they

averaged 2.79 ± 0.597 mg kg−1 d−1 (Fig. 5). PMP rates decreased
precipitously between 10 and 20 cm and 20–30 cm; below 30 cm, PMP
rates were relatively constant (Fig. 5). Potentially mineralizable N rates
were correlated with PMP rates (Table 2).

Fig. 5. Depth profile of potentially mineralizable N, potentially mineralizable P, rate of CH4 production, and rate of CO2 production from each site. Each point
represents mean of distances inland and replicates ± standard error (n = 9).

Fig. 6. Depth profile of Extractable NH4
+ and Extractable SRP from each site. Each point represents mean of distances inland and replicates ± standard error

(n = 9).
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4. Discussion

4.1. Site erosion and wetland loss

Barataria Bay has some of the highest rates of relative sea level rise
in the world (12 mm yr−1) (Jankowski et al., 2017), which has con-
tributed to a wetland loss rate of 13.33 km2 yr−1 (Couvillion et al.,
2017). Therefore, coastal Louisiana is experiencing rates of sea level
rise (and associated wetland loss) today that the rest of the world is
predicted to experience in the next 50–80 years (Horton et al., 2014).
As the area of wetlands lost to submergence increases, the fetch length
next to the remaining marsh islands also increases, enhancing the in-
tensity of wind-driven waves which, in turn, increases erosion rates,
promote fragmentation, and consequently increase shoreline lengths
that are susceptible to further erosion. Although marsh edge erosion is a
continuous process (Leonardi et al., 2016a) in Barataria Basin, the rates
of erosion vary over space and time. Observations from our study site
suggest that the most severe erosion occurs at low tide, when wave
energy scours the less consolidated soil near the lower portion or the
root zone, creating an escarpment with a flap of densely interwoven
roots and vegetation at the surface that is temporarily more resistant to
wave erosion (Tonelli et al., 2010; Valentine and Mariotti, 2019).
Conversely, at high tide the marsh platform is submerged, causing the
wave energy to propagate and dissipate over a much larger area. The
continuous process of erosion at marsh edge exposes new soil surfaces
to the action of wave energy, progressively converting additional marsh
area into open water. The rapid and continuous nature of the erosion at
this site has led to equally rapid shifts in vegetation zonation, as seen by
the presence of terrestrial shrubs ~6 m inland from the edge of the
marsh on all directions.

In the previous two decades, the island has demonstrated con-
tinuous erosion, however, the rate remains dynamic. The west side of
the island was most dynamic in terms of erosion rate, generally de-
creasing over time. The west side of the island has a longer fetch and
the bay is deeper in comparison to north and south sides (Sapkota and
White, 2019a,b) resulting in the higher erosion rate. The greatest ero-
sion rates observed from 1998 to 2012 is mainly due to the fragmen-
tation and submergence of surrounding pieces of the marshes, as evi-
denced by the time series of Google Earth. The moderate erosion on the

north side of the island may be due to refraction of waves from the west
side and the waves created by relatively strong northerly wind during
the winter. The south side of the island is relatively sheltered, with
lower wave energy, which results in slower erosion rates.

Differences within the measured soil characteristics, both by site
and by soil depth, were not directly attributed to erosional magnitude.
However, these spatial differences observed between sites on the island
could be an indirect product of past erosion rates. As erosion progresses,
the soils along the edge of the wetland are lost to the surrounding bay,
and soils that were previously more inland are exposed. In 1998, the
west site was previously 85 m inland, and, as vegetation zonation in
wetlands is mediated by distance inland and micro-topographical
changes, likely supported a different vegetation community than at the
time of sampling. Historical aerial imagery shows that as the island
erodes, the extent of Iva frutescens decreases while Spartina alterniflora
extent increases, occupying the edges of the island. Vegetation com-
munities are responsible for the majority of C inputs within brackish
wetlands within Barataria Bay (Feijtel et al., 1985), and thus differences
between the past vegetation communities at each site could be re-
sponsible for the observed differences in C properties both between
sites and with depth. Resident vegetation can also mediate stores of
inorganic N and P, and indirectly affect the breakdown of OM through
associated microbiota (Reddy and DeLaune, 2008).

4.2. Physical and chemical characterization of marsh soils and porewater

Depth was a significant predictor of 18 out of 20 biogeochemical
and spectroscopic indicators measured. Generally, both biogeochemical
and spectroscopic indicators were distinctly different between the
upper 30 cm of the soil and porewater profile and the lower 70 cm, as
demonstrated by the PCA (Fig. 7); the data was subsequently separated
into two depth ‘bins’: 0–30 cm and 30–100 cm. The upper 30 cm of the
soil profile contains the active root zone where biological processes
dominate, as indicated by relatively higher BIX values within the
porewater, as well as greater soil PMN, PMP, CH4, and CO2 production
(south and west sites, Fig. 5). Spectroscopic measurements of ar-
omaticity, A254 and A350, indicate an increasing amount of porewater
aromatic DOM with depth (Fig. 3), which is likely a result of decom-
position of this material acting on labile components of the porewater

Fig. 7. Principle component analysis of each measured parameter at the top depths (A; 0–30 cm) and bottom depths (B; 30–100 cm).
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and preserving the more recalcitrant/aromatic component. When
combined, these spectroscopic analyses (BIX, HIX, A250, A350) demon-
strate that the surficial porewater DOM can be characterized as auto-
chthonous, non-humified, lower molecular weight C compounds with a
lower amount of aromatic moieties than observed within the porewater
at greater depths (Fig. 3, Table 1). Thus, this relatively labile porewater
DOM can be readily utilized as an electron donor by resident microbiota
to facilitate microbial respiration. As microbial abundance is greatest
within the surficial soils (i.e. the active root zone; Steinmuller and
Chambers, 2019), the combination of abundant, active microbes and
labile organic C sources likely drives the increase in microbial measures
such as PMN, PMP, and greenhouse gas production observed at the
surface. Seemingly counterintuitively, DOM quality (spectroscopic
measurements) is not significantly correlated to the measures of bio-
logical activity (Table 3), likely due to either a) the different matrices of
each analysis (i.e., porewater versus porewater + soil, Table 1), or b)
high availability of C coupled with low microbial demand.

Deeper than 30 cm, biological processes no longer dominate bio-
geochemical transformations, particularly within porewater DOM
(Haywood et al., 2019) and both microbial measures (mineralization of
N and P, CO2 production) and BIX intensity remain relatively constant
as depth increases. A254, A350, and HIX steadily decrease with in-
creasing depth, indicating that porewater DOM gradually increases in
molecular weight, amount of aromatic moieties, and degree of humi-
fication, similar to the conclusions of Haywood et al. (2019) from an-
other location within Barataria Bay, LA. These trends are likely in-
dications of different soil source material, such as historic plant
communities, present at different depths (DeLaune, 1986). In contrast,
these trends could hold with the theory of selective preservation
(Lützow et al., 2006; Sollins et al., 1996), where labile components of
organic material decrease with increasing degree of decomposition (i.e.
depth). However, this theory of soil organic matter stabilization has
not, to our knowledge, been previously applied to porewater DOM, and
has recently been brought into question regarding its importance within
coastal wetland systems (Steinmuller and Chambers, 2019).

Within the north site, CO2 production at the greatest depths was
approximately 3 times that of the top 30 cm (Fig. 5), which seems to
contradict the increases in molecular complexity of DOM suggested by
the spectroscopic measurements, as well as general assumptions con-
cerning decreases in microbial activity with increasing depth. However,
this trend is comparable to CO2 production observed within cores taken
in a now-eroded area of this site (Steinmuller et al., 2019), where CO2

production increased precipitously from 50 to 100 cm and was attrib-
uted to changes in OM content. Our data indicates that % OM is con-
sistent at all sites, suggesting the differences in CO2 production between
the north site and the other two sites could be driven by either func-
tional differences within the microbial community or changes in labile
constituents within the soil matrix itself, rather than the porewater.

4.3. Comparisons of analytical approaches

A thorough understanding of the physical and chemical properties
that comprise the soils of coastal wetlands threatened by erosion is
critical to our ability to (i) predict their fate following submergence
(i.e., mineralization vs. burial), (ii) produce accurate biogeochemical
models of coastal C and nutrient dynamics under future climate change
scenarios, and (iii) understand the physical and chemical effects of
erosion. Over the last several decades, key biogeochemical properties
have emerged within the scientific literature as standardized, re-
peatable metrics for assessing the availability of long-turnover/stable
soil nutrient pools (e.g., % OM, TC, TN, TP), short-turnover/bioavail-
able nutrient pools (e.g., porewater and extractable NH4

+, NO3
–, SRP),

and soil mineralization rates (e.g., CO2 and CH4 production, PMN, and
PMP) (Bridgham and Ye, 2013; Reddy and DeLaune, 2008). More re-
cently, aquatic geochemists have begun developing and employing
spectroscopic measurements and indices for surface and porewater in

attempt to better discriminate between the sources and structure of
porewater DOM, as well as determining the degree of biological pro-
cessing or humification (Coble, 1996). To our knowledge, this paper
represents the first study to couple analyses of soil biogeochemical
properties with spectroscopic porewater DOM analyses on the same
samples in order gain a comprehensive perspective of coastal wetland
soil properties. In doing so, we also have an opportunity to evaluate
how these two approaches compare with one another (Table 1).

Generally, there were few significant correlations between spec-
troscopic measurements and biogeochemical measurements, which can
be attributed to the different analysis matrices. Although porewater
DOM properties are considered to be a direct reflection of soil chemistry
(Coble, 1996) the specific analytical substrates differ from those used
for soil biogeochemical analysis. Spectroscopic measurements use soil
porewater (centrifuged and decanted), while traditional biogeochem-
ical measurement use either the soil solids in isolation (e.g., % OM, TC,
TN, TP), the entire soil matrix (solids and porewater; e.g., greenhouse
gas production and nutrient mineralization rates) or the combination of
porewater and soil nutrients adsorbed to the soil exchange complex
(extractable NH4

+, NO3
–, SRP). In correlating the soil biogeochemical

analyses to the spectroscopic analyses, we elected to only address cor-
relations with r values > 0.6 (indicative of a moderate to strong cor-
relation), despite the critical r value (correlation coefficient) being
0.199 due to the large sample size (270 soil samples). As a result, only a
few correlations between spectroscopic measurements of porewater
DOM and soil biogeochemical properties demonstrated a strong re-
lationship: the correlations between A254, A350, and extractable am-
monium (see Section 4.3).

Utilizing the principle components analysis (Fig. 7), it is evident
that certain parameters explain the distribution of data better than
other parameters. Specifically, soil physicochemical measurements (TC,
TN, OM, MC, and BD) as well as HIX, A254, and A350 are farther away
from the origin and closer to the correlation circle. These soil physi-
cochemical properties both act as long-term pools of soil nutrients and
critical regulators of biogeochemical cycling within wetland soils, and
the importance of HIX, A254, and A350 within the PCA demonstrates
comparability between these spectroscopic measurements and soil
physicochemical parameters. Total soil nutrients support biogeochem-
ical cycling within soils, and act as long-term indicators of soil nutrient
cycling (Reddy and DeLaune, 2008, Table 1). Based on the compar-
ability among these soil physicochemical properties, we hypothesize
that porewater DOM represents an integrated, long-term indicator of
porewater DOM quality, quantity, and source material.

4.4. Interactions between erosion, bay water incursion, and soil properties

The impact of erosion magnitude on soil properties is most identi-
fiable by changes in C quality and microbial activity. While higher
values of A254 and A350 at the north site indicate a higher amount of
aromatic DOM than within the south and west sites, the greater S275
values suggest this DOM consists of lower molecular weight C. The
labile nature of this C, despite containing aromatic compounds, can be
attributed to the greater CO2 production observed within the north site.
The labile C present within porewater DOM at the north site is likely
only a partial contributor to dramatic increase in CO2 production with
depth.

The west and south sites displayed high BIX values, indicating that
the porewater DOM at these sites is more autochthonous, rather than
allochthonous DOM, produced by microbial byproducts or vegetative
input (Table 1). Additionally, the upper layer of soil (0–40 cm) in the
west and south sites produced more methane than the north site, likely
a result of the observed greater salinity at the north site, which may
drive the microbial community towards sulfate reduction rather than
methanogenesis (Delaune et al., 2002). Consequently, the south and
west sites exhibit lower conductivity and CO2 production while sus-
taining higher rates of methanogenesis within the top 40 cm.
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There was little evidence of bay water incursion into the soil plat-
form. Instead, salinity was shown to increase with distance inland, in-
dicative of less frequent flushing and possibly the accumulation of salts
due during evaporation. Therefore, changes in soil properties by dis-
tance are likely the result of differences in stable, long-term nutrient
pools, possibly associated with vegetation transitions, as opposed to bay
water incursion (Table 3). A general trend of increasing aromatic
carbon and humification with distance inland, as indicated by pore-
water DOM A254, A350, and HIX values, imply a build-up of C in the
inner part of the island (Figs. 3 and 4). In the west site, FI intensity
between the 1 m and the 5 m distance decreases while values within the
north and south sites stay consistent throughout the transect. While all
FI measurements indicate terrestrially-derived porewater DOM, the
fluctuation within FI values at the west site illustrates a relative in-
crease in terrestrial inputs (rather than microbial inputs) with distance
inland.

Though there is some evidence of interactions between soil prop-
erties and erosion rates, the influence of erosion was surprisingly
minimal. While several soil parameters differed by site, these differ-
ences showed no clear trend in relation to erosion rates (Table 2). Soil
properties in these sites, based on PCA, may be more controlled by soil
physicochemical characteristics and measures of source and quality of C
(HIX, A254, and A350). These parameters likely overshadow the impact
of erosion, regardless of magnitude, until the marsh soil is actually
eroded in to the bay.

4.5. Research limitations

Though the experimental design of this study allows for determining
the impacts of erosional magnitude and saltwater incursion within this
marsh platform, it must be acknowledged that the results of this study
are site-specific. The dynamic nature of the wetlands within Barataria
Bay is unique, specifically in its depositional history (Steinmuller and
Chambers, 2019), and thus these results may not be applicable to other
systems. Similarly, the comparisons between soil and porewater
chemistry are imperfect due to the different matrices within each
analysis. As these comparisons are novel, further scrutiny is required to
develop a schematic for a more refined leveraging of these results.

4.6. Ecosystem implications

A significant result of this study was the observation of high con-
centrations of both extractable NH4

+ and SRP present at deep depths
(Fig. 6). Extractable nutrient concentrations are pools of bioavailable
nutrients regulated by biological demand for inorganic nutrients, which
catalyzes the mineralization of organic matter (Roy and White, 2013).
As a result of biological uptake, likely by vegetation, the concentrations
of both extractable NH4

+ and SRP are low within the root zone
(0–30 cm) across all sites (Fig. 6). However, below the root zone, both
NH4

+ and SRP concentrations increase dramatically; at 90–100 cm,
concentrations of SRP and NH4

+ are roughly 5x and 680x the con-
centrations at the surface, respectively (Fig. 6). The minimal biological
activity supported by these deep soils does not facilitate uptake of these
nutrients and thus these concentrations have likely increased over time
due to microbial activity while remaining immobilized below 30 cm.

The continual erosion of this marsh platform has the potential to
liberate these nutrients and release them into the surrounding bay.
Extrapolation of current erosion rates measured within this study in-
dicate that the entirety of the marsh platform from this study could be
eroded by 2025. Assuming no changes in biological uptake and a loss of
the entire 1 m depth interval, the conversion of this 1000 m2 island to
open water could result in roughly 520,000 mg of NH4

+ and 47,000 mg
of SRP (calculated to a depth of 1 m) fluxing into Barataria Bay and the
Northern Gulf of Mexico (NGOM) from this island alone. While the
whole meter of the soil matrix within the marsh platform might not be
lost, both wave energy and erosion can contribute to the scouring of

these low bulk density soils and flushing of porewater, which can ex-
acerbate nutrient release. Extrapolating concentrations of labile nu-
trients and erosion rates to the entirety of Barataria Bay, which has an
estimated area of 2,712 km2 (Couvillion et al. 2017), we can estimate
that 13.3 kg of NH4

+ and 1.2 kg of SRP will be exported into the sur-
rounding coastal zone over this timescale. Coastal outwelling of nu-
trients has been shown to affect the hypoxia zone that forms annually
off the coast of Louisiana (Bianchi et al., 2010, 2008; Dagg et al., 2007).
In particular, high concentrations of biologically-available N and P from
the Mississippi River outflow catalyze phytoplankton blooms within the
surface waters of the NGOM (Rabalais et al., 2002). Though modeling
of C and N exports from Barataria Bay have demonstrated that fluxes
from Barataria Bay to the NGOM are relatively small compared to nu-
trients supplied by the Mississippi River, studies have not considered
the magnitude of labile stores of nutrients at depth within coastal
wetlands. While it is important to note that not all the bioavailable
nutrients lost during erosion will be transported to the coastal ocean,
these estimates still include a large volume of N and P that can have
deleterious impacts on the surrounding environment.

In addition to outwelling of labile N and P, the complete loss of this
island through erosion represents a significant store of C that can be lost
to various processes: bacterial mineralization in the aerobic water
column, resuspension and deposition onto other marsh platforms,
burial within bay sediments, or export as particulate OM into the
coastal ocean. Similar calculations, as referenced above, yield that over
the same timescale, 214,667 kg OM could be lost. In an experimental
study, Steinmuller et al. (2019) observed a 66% increase in miner-
alization of C between anaerobic and aerobic soils from within Bar-
ataria Bay, demonstrating that significant portions of C could be lost
through bacterial mineralization within the oxygenated water column.
Similarly, through organic C fractionation from soils at a similar site,
Steinmuller and Chambers (2019) determined that soil organic matter
ranged from 17 to 30% labile constituents. The labile nature of this soil
C indicates that mineralization can proceed rapidly, resulting in a net
loss of C either as dissolved organic C in the water column or CO2 in the
atmosphere. In addition to microbial respiration, bulk density values
within the bay indicate that organic matter exported from wetlands
through erosion is not being reburied (Vaccare et al., 2019). It can be
inferred that portions of C lost through wetland erosion are either re-
deposited on other marsh platforms, lost as CO2 to the atmosphere
(Sapkota and White, 2019b), and exported to the surrounding coastal
ocean as DOC.

5. Conclusions

The interactive effect of both physical and chemical processes on
marsh soil properties has not been well-documented, despite this
knowledge being invaluable to understanding erosive collapse in
brackish and saltwater coastal marshes. In an eroding coastal marsh in
Barataria Bay, Louisiana, depth was the dominant driver of the majority
of measured spectroscopic and biogeochemical parameters (18/20).
Biological processes dominated soil and porewater transformations in
the upper (0–30 cm) layers of soil, likely due to the presence of low
molecular weight labile C substrates that support microbial commu-
nities and activity. However, at greater soil depths (30 cm+), where
higher molecular weight C substrates and humified compounds per-
sisted, physicochemical transformations dominated soil and porewater
properties. We did not find evidence of salt water incursion into the soil
profile, even at 1 m distance from the marsh edge, nor were there strong
correlations between erosion rates and marsh soil properties. However,
we did find that regardless of erosion rates, soil characteristics were
largely controlled by physicochemical characteristics (TC, TN, OM,
moisture content, & bulk density) and spectroscopic measurements of
porewater DOM quality (HIX, A254, and A350).

This study suggests that prior to soil erosion and subsequent re-
moval from the marsh platform, erosion only has a minimal impact on
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marsh soil properties, though future research should focus on de-
termining whether this is a site-specific result. The large pools of ex-
tractable NH4

+ and SRP found at depth within this site, represent pools
with the potential to be liberated with continued erosion into Barataria
Bay, and possibly transported to the coastal ocean where it could
contribute to hypoxia in the NGOM. In order to characterize this export,
future controlled experimental manipulations are required to determine
the extent, fate, and potential impacts of this release of labile nutrients.

This study is the first to couple biogeochemical and spectroscopic
analyses to evaluate soil marsh properties, providing a comprehensive
understanding of soil characteristics in an eroding coastal marsh. As a
novel combination of analyses, continued work is required to refine
how to leverage the combination of these results and their inherent
different matrices to synthesize a valuable and more holistic insight to
soil and porewater structure in coastal wetlands.
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