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Abstract

Hurricanes are one of the most common natural events that disturb estuarine and coastal wetlands along the Gulf of Mexico.
The episodic and energetic events of hurricanes modify wetland hydrodynamics, sedimentation, and vegetation structure,
which can impact the connectivity of coastal deltaic floodplains in processing riverine nutrients. Hurricane effects on benthic
nitrogen dynamics and their fluxes during ecosystem recovery following an event were investigated at three experimental
sites with distinct sediment organic matter (SOM) concentrations (lower-, intermediate-, and higher-SOM) in Wax Lake
Delta (WLD), Louisiana. Intact sediment cores were incubated with 15N03_ enrichment prior to, 1 month, 2 years, and
3 years post Hurricane Barry. The disturbance of Hurricane Barry on benthic nitrogen dynamics was most significant at
the higher-SOM site, where SOM concentrations significantly decreased together with a 50% reduction in rates of direct
denitrification, coupled nitrification-denitrification, and dissimilatory nitrate reduction to ammonium (DNRA). Shifts in
SOM and benthic nitrogen dynamics as result of hurricane sedimentation followed the linear function between increased
denitrification (or NO;™ fluxes) with greater SOM concentrations previously established by sampling along SOM gradients
in WLD. The estimated NO,~ removal capacity decreased by 8.5% (76 Mg N year™!) compared to pre-hurricane condi-
tions due to lower SOM concentrations associated with mineral sedimentation at the most disturbed site. The disturbed site
had not recovered to pre-hurricane conditions in terms of SOM concentrations and benthic nitrogen dynamics three years
after Hurricane Barry. NO;™ removal capacity of an active delta such as WLD is a combination of SOM increase from eco-
logical succession and SOM decrease associated with events that stimulate mineral deposition. Frequency of high energy
events such as floods and storms along with wetland feedback in soil organic development and delta expansion will influ-
ence NO;~ removal capacity.

Keywords Hurricane disturbance - Coastal deltaic floodplain - Denitrification - Sediment organic matter - Coupled
nitrification-denitrification - Benthic biogeochemistry
Introduction and generates harmful algal blooms (Canfield et al. 2010;
Damashek and Francis 2018; Diaz 2009; Erisman et al. 2008;

Anthropogenic fertilization dramatically increases bio-
reactive nitrogen loading to rivers and coastal oceans, which
decreases coastal water quality, causes eutrophication,
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Paerl et al. 2002; Rabalais et al. 2002; Steffen et al. 2015).
Coastal deltaic floodplains forming at the mouth of major
river basins have potential capacity to remove excess riverine
nitrate (NO;™) prior to export to coastal oceans (Henry and
Twilley 2014; Li and Twilley 2021). Recent research reported
that~ 10 to 27% of riverine NO;™ loading to a newly emer-
gent coastal deltaic floodplain could be reduced through den-
itrification before export to the oceans (Li et al. 2020). Nitro-
gen removal rates increase with elevated sediment organic
matter (SOM) concentrations as ecological succession of
newly developed delta landscapes emerge from subtidal to
supratidal hydrogeomorphic zones (Henry and Twilley 2014;
Li et al. 2020). The increase in elevation as wetland soils age
during delta formation causes a shift in wetland vegetation
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that increases the SOM concentration, which further regu-
lates rates of denitrification (Bevington and Twilley 2018;
Li et al. 2020). There is evidence in other habitats of aquatic
ecosystems that elevated SOM concentration enhances
denitrification and N removal capacity (Arango et al. 2007,
Cornwell et al. 1999; Eyre et al. 2013; Fulweiler et al. 2008,
2007; Hardison et al. 2015).

However, SOM concentrations in deltaic floodplains are
not only a function of delta development and ecological
succession, but also depend on natural disturbance events
such as hurricanes, river floods, and coastal frontal passages
(Bevington 2016; Bevington and Twilley 2018; Li et al.
2020; Turner et al. 2006a). Hurricanes are one of the most
common natural events that create disturbance to estuarine
and coastal environments along the Gulf of Mexico (Conner
et al. 1989; Davis et al. 2004; Williams et al. 2008; Morton
and Barras 2011; Liu et al. 2014; Carle and Sasser 2016).
The episodic and energetic events of hurricanes alter wet-
land hydrodynamics, sedimentation rates, and vegetation
structure, which may further impact the capacity of coastal
wetlands to process riverine nutrients (Davis et al. 2004;
Deng et al. 2010; Liu et al. 2014; Michener et al. 1997;
Turner et al. 2006a; Wang et al. 2016). For example, hurri-
canes resuspend inorganic sediments from shallow bays and
redeposit them into coastal wetlands (Liu et al. 2018), which
decreases organic matter concentrations in the top layer of
sediments (Bevington et al. 2017; Castafieda-Moya et al.
2010; Turner et al. 2006a; Walker 2001). The decreased
SOM at the sediment-water interface may inhibit benthic
denitrification and alter the relative importance of denitrifi-
cation to other nitrogen processes like coupled nitrification-
denitrification and dissimilatory nitrate reduction to ammo-
nium (DNRA; Fulweiler et al. 2008, 2007; Li and Twilley
2021). Understanding how SOM variation associated with
hurricane events may shift the relative significance of differ-
ent nitrogen pathways is essential to understand the response
of nitrogen removal capacity to hurricanes in different areas
of an active coastal deltaic floodplain. Studies on wetland
responses to hurricane events mainly focus on wetland land-
scape and plant and animal communities (Courtemanche
et al. 1999; Guntenspergen et al. 1995; Reja et al. 2017),
and the recovery rates vary among different wetland features
(Morton and Barras 2011). Far less attention has been given
to how hurricane disturbances alter nutrient biogeochemistry
of coastal deltaic floodplains.

In addition to changes in SOM due to hurricane effects,
saltwater intrusion and salt spray during a hurricane event
also generate higher stress to vegetation and benthic
microbes (Blood et al. 1991; Michener et al. 1997; Wang
et al. 2016). An increase in salinity from 0.9 to 3.6 after a
hurricane event is reported to generate substantial mortal-
ity of freshwater vegetation in the Mississippi River Delta
(Chabreck and Palmisano 1973; Lacoul and Freedman
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2006). Hurricanes could increase fluxes of labile organic
carbon and nutrients leaching from dead vegetation and lit-
ter to overlying water column (Davis et al. 2004). Higher
nutrient concentrations following hurricanes may increase
chlorophyll a concentrations in coastal waters (Fogel et al.
1999; Huang et al. 2011). In summary, the impacts of a
hurricane on coastal wetland ecosystems are diverse and
complex, which are related to not only the track and mag-
nitude of a hurricane event, but also the morphological and
ecological characteristics of disturbed wetlands (Davis et al.
2004; Wang et al. 2016). More field research of how ben-
thic sediment characteristics may change benthic fluxes in
response to hurricane disturbances is necessary to better
understand hurricane effects on nutrient biogeochemistry
in coastal deltaic floodplains.

We tested how redistributed sediment during hurri-
cane disturbance changes the nutrient biogeochemistry of
coastal deltaic floodplains in Wax Lake Delta (WLD). At
three experimental sites with distinct SOM concentrations
intact sediment cores were incubated with >NO,~ enrich-
ment before Hurricane Barry and then again for compari-
son 1 month, 2 years, and 3 years following the hurricane
(July 2019 and July 2021). We analyzed the changes of ben-
thic biogeochemical characteristics (salinity, bulk density,
chlorophyll @, SOM, and nutrients) and benthic nitrogen
processes (direct denitrification, coupled nitrification-
denitrification, and DNRA) prior to and following Hurri-
cane Barry. The importance of coastal deltaic floodplains
to benthic nitrogen cycling and coastal nitrogen removal
may diminish in response to natural disturbance of hur-
ricanes. As such, we hypothesized that mineral sedimen-
tation associated with hurricane events decreases SOM
concentrations leading to lower denitrification rates and
changes in the relative importance of denitrification, cou-
pled nitrification-denitrification, and DNRA on the fate of
nitrogen in coastal deltaic floodplains.

Methods

Wax Lake Delta is a newly emergent (since 1973) coastal
deltaic floodplain in the Atchafalaya Coastal basin within the
Mississippi River Delta (Fig. 1b). WLD experienced more
than 46 tropical storms and hurricanes passing within 400 km
since 1973 (Carle and Sasser 2016). As a river-dominated
delta with weak influences of tides and waves, WLD
subaerial land grows at a rate of 2.62 km? year™! with minor
anthropogenic manipulation from navigation (Edmonds et al.
2011; Paola et al. 2011; Shaw and Mohrig 2014; Twilley
et al. 2019). The delta is primarily composed of mineral
sediments with an increased gradient of SOM associated with
morphological development along the chronosequence from
younger to older deltaic area (Bevington and Twilley 2018;
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Fig. 1 a Hurricane Barry track with wind scales taken from anemom-
eters above the standard 10 m observation height (data were from the
NOAA Weather Prediction Center and national Hurricane Center),
and b map of Wax Lake Delta (WLD), Louisiana, with ¢ the loca-

Li et al. 2020). Sediment stoichiometry demonstrates that the
productivity in WLD is primarily limited by nitrogen based
on nitrogen:phosphorus molar ratios less than 16 (Henry and
Twilley 2014; Aarons 2019; Li et al. 2020).

Hurricane Barry
Hurricane Barry made its landfall 70 km to the west of WLD

at southern Louisiana on July 13, 2019 as a category 1 hur-
ricane with peak wind speed of 120.3 km h™! (65 kt; Fig. 1a).

B Subtidal (>-0.75m and <-0.04m)
i Intertidal (>-0.04m and <0.30m)
Supratidal (>0.30m and <0.60m)

89°W

tion of study sites in Mike Island. Elevation records are from USGS
Atchafalaya 2 project LIDAR Survey 2012 digital elevation model
(4 m resolution). The diamond symbol indicates the location that we
took pre- and post-hurricane photos shown in Fig. 2

The Barry cyclone was asymmetric through landfall as most
of its associated heavy rains occurred in the south and east
part of the hurricane track. Hurricane Barry induced substan-
tial mortality of semi-aquatic and aquatic macrophytes across
the WLD (Fig. 2). Maximum wind speed at the Amerada
Pass gauge (National Oceanic and Atmospheric Adminis-
tration NOAA 8764227; https://tidesandcurrents.noaa.gov)
was 48.6 km h™! (Fig. 3a) together with a 2 m increase in
water level (Fig. 3b). The storm surge elevated surface water
salinity from 0.2 to 4.3 for 11 h during the hurricane. After
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Fig.2 Landscape change in -
Pre-hurricane

Mike Island in WLD after
Hurricane Barry. Post-hurri-
cane photo was taken on July
20", which is 7 days after
Hurricane Barry. The location
of this area is shown in Fig. 1
with a diamond symbol. The
area is in intertidal zone domi-
nated by freshwater macro-
phytes like Nelumbo lutea and
Colocasia esculenta

Hurricane Barry, water level and salinity returned to pre-
event conditions in several days (Coastal Resources Monitor-
ing System (CRMS) 0464 station on the east side of WLD
https://www.lacoast.gov/crms/Home.aspx).

Site Description and Lab Incubation

Field sampling and lab incubations were done at three
experimental sites serving as lower (lower-SOM, 2.9% dry
mass), intermediate (int-SOM, 6.5%), and higher (higher-
SOM, 20.8%) sediment organic matter concentrations on
Mike Island of WLD in August 2020 (1 month after Hur-
ricane Barry) and July 2021 (2 years post Hurricane Barry,
Fig. 1c). These experimental results were compared to the
pre-hurricane results measured 1 month before Hurricane
Barry in June 2019 in the int-SOM and higher-SOM sites
(Lietal. 2021) and 1 year before Hurricane Barry in August
2018 in the lower-SOM site (Li and Twilley 2021). Another
field sampling and lab incubation were added in Oct 2022

@ Springer

at the int-SOM and higher-SOM sites to track the recovery
of benthic nitrogen dynamics at the disturbed site (higher-
SOM) compared with the undisturbed site (int-SOM). In
addition, we sampled the lower-SOM site 7 days post Hur-
ricane Barry to measure the in situ water and sediment char-
acteristics to support the hurricane effects. The lower-SOM
site (29°28'48.4"N, 91°26'53.4"W) is located at the distal
portion of the delta with lower elevation (—=0.6 m NAVD
88), younger mineral sedimentation, and colonized by sub-
mersed aquatic vegetation (Bevington and Twilley 2018).
The int-SOM site (29°30'47.9"N, 91°26'33.4"W) is on the
west side levee of Mike Island along a primary channel (less
than 5 m to channel edge) and colonized by trees (primarily
Salix nigra) and Colocasia esculenta. The higher-SOM site
(29°3021.2"N, 91°26'18.5") is located more interior of the
island (37 m to channel edge) and colonized by Colocasia
esculenta and Nelumbo lutea (Li and Twilley 2021). In situ
surface water and porewater samples were sampled 4 cm
within the air-water interface and sediment-water interface,
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Fig.3 a Time-series of wind speed and wind direction at Amerada
Pass gauge 10 km southeast to the WLD (NOAA 8764227) in July
2019. b Corresponding water levels (m NAVD 88) at Amerada Pass

respectively, in each experimental site. Water samples were
filtered through GF/F glass microfiber filters with 0.7 um
particle retention in lab and analyzed for NO;~, nitrite
(NO, ™), ammonium (NH,"), and phosphate (PO43‘) con-
centrations on a segmented flow solution IV autoanalyzer
(OI analytical, College Station, TX). The in situ nutrient
concentrations in surface water and porewater samples after
Hurricane Barry were compared to the respective nutrient
concentrations measured 1 month prior to Hurricane Barry
(Liet al. 2021). However, the lower-SOM site had no recent

gauge and surface water salinity at Coastal Resources Monitoring
System (CRMS) 0464 station. Surface water salinity data had some
missing values due to instrument failure

pre-hurricane measurements of nutrient concentrations, so
we used the observed results in summer 2018 at this site (Li
and Twilley 2021) as the pre-hurricane records.

Triplicate sediment cores (10 cm internal diameter) were
collected with 10+ 1 cm depth of sediments and 10+ 1 cm
depth of ambient water from each of the three sites on each
sampling date and moved to the lab within 4 h. Incubation
water was collected from Wax Lake Outlet at the Calumet
boat launch, LA and filtered through a five-stage filtration
system (30, 20, 5, 1, and 0.2 pm) at lab to remove suspended
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particles and microbes in overlying water. The ambient
NO;™ of the incubation water was removed by flowing
the water through a column of packed NO; -specific resin
(NO;™ removal efficiency >98%, ResinTech SIR-100-HP,
West Berlin, NJ). About 100 uM of labelled 15NO3' was
then enriched to the incubation water before each incuba-
tion event (K15N03_, 99%, Cambridge stable isotope labo-
ratories) to mimic real NO;~ concentrations flowing from
Atchafalaya River to WLD during the sampling season (58
to 110 uM, Li et al. 2020; Li and Twilley 2021).

Sediment cores from the experimental sites on each sam-
pling date were incubated in a water chamber in dark at
19-21 °C with the treated incubation water flowing through
the systems at a speed of about 4 mL min~'. The overlying
water residence time inside each core was controlled at 3 h
and the incubation conditions are clearly described in Li and
Twilley (2021). After 10 h of pre-incubation, influent and
effluent water samples were collected and filtered for NO;™,
NO,~, NH,*, and PO,*" analyses at every 3-h time interval
for three times of sampling events. Duplicate influent and
effluent samples were also collected into 12-mL gas-tight
exetainers (Labco Limited, Lampeter, Wales, UK) with the
injection of 200 pL ZnCl, solution (50% saturation concen-
tration, Nielsen and Glud 1996) in each sampling event.
Exetainers were then sealed and stored underwater at 4 °C
for the analysis of dissolved **N,, 2N, and *’N, on a mem-
brane inlet mass spectrometer (MIMS; Kana et al. 1994).
Dissolved oxygen concentrations of influent and effluent
waters were recorded with a Hach HQ30 dissolved oxygen
probe at each sampling event. Benthic fluxes of nutrients
and dissolved gases (N, and O,) were calculated based on
the equation:

Flux = [(C, — C;) x flow rate| + Core surface area (1)

where C, and C; refer to the effluent and influent concentra-
tions of a certain compound in a sediment core as described
in Li et al. (2020).

Denitrification includes direct denitrification that converts
NO;™ from overlying water columns to N, gas and coupled
nitrification-denitrification that consumes NO;™~ oxidized from
NH,* through nitrification. Direct denitrification rates were
calculated by summing the 15N—N2 released from the sediment-
water interface and coupled nitrification-denitrification rates
were calculated based on the equation outlined by Nielsen
(1992) and Li and Twilley (2021). DNRA rates were deter-
mined by the production of '>'NH,* during the incubation using
OX/MIMS method described in Yin et al. (2014). The DNRA
rates using this method may be conservative as the occur-
rence of nitrification may release some unlabeled '“NO;™ that
are used for DNRA, and denitrification may use some of the
released '’NH,* from DNRA (Gardner and McCarthy 2009;
Yin et al. 2014). Pre-hurricane rates of direct denitrification,
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coupled nitrification-denitrification, and DNRA were measured
in summer 2018 as initial nitrogen dynamics before the distur-
bance of Hurricane Barry (Li and Twilley 2021).

After three sampling events in each incubation, the top 2 cm
layer of sediments was collected in each sediment core using
a smaller piston core with 1.4 cm internal diameter. Samples
were then stored frozen in dark for fluorometric determination
of chlorophyll a following the method of Arar and Collins
(1997). Briefly, chlorophyll a was extracted from wet sedi-
ment samples (3.1 mL) with 45 mL of 90% acetone and the
sonicated for 30 s before 24 h storage at —20 °C in dark. Then,
chlorophyll a concentrations were determined fluorometrically
(Turner Designs TD-700) using the HCI acidification method
(Arar and Collins 1997). In addition, we collected another set
of top 4 cm sediment samples in each core and segmented at
2 cm depth intervals using a larger piston core (2.4 cm internal
diameter) and oven dried these samples at 60 °C to a constant
mass. Bulk density (g cm™) was then determined by dividing
dry sediment mass by wet sediment volume. The dried sedi-
ment samples were ground to less than 250 um and 1 +0.01 g
subsamples were ignited at 550 °C for 2 h to measure SOM
concentrations (% dry mass). Pre-hurricane bulk density and
SOM concentration results at the intermediate- and higher-
SOM sites were measured 1 month before Hurricane Barry
(Li et al. 2021) while pre-hurricane results at the lower-SOM
site were measured in summer 2018 (Li and Twilley 2021).

Data were tested for normality (Shapiro-Wilk) and trans-
formed using log, square root, or Box-Cox transformations if
p <0.05 to achieve normality. One-way analysis of variance
(ANOVA) with Welch’s F-test was used to test significant var-
iations (p <0.05) of each parameter among the four sampling
times (prior to, 1 month following, 2 years, and 3 years follow-
ing Hurricane Barry) within each experimental site. Games-
Howell post hoc tests (p <0.05) were applied for pairwise
comparisons as some response variables do not have equal
variances through different sampling periods. Statistical analy-
ses were done using JMP software and data were presented as
means with error bars representing standard error (SE).

Results

Ambient surface water and porewater nutrients concentra-
tions indicated no obvious trend except for sharp increase of
porewater NH, " concentrations after Hurricane Barry (Sup-
plemental Table S-1). In brief, porewater NH,* concentrations
at the lower-SOM site increased from 91.7 to 182.6 uM 7 days
following Hurricane Barry (Supplemental Table S-2) then
dropped to 54.5 uM 1 month following Hurricane Barry and
29.2 uM 2 years following Hurricane Barry (Supplemental
Table S-1). At the int-SOM site, porewater NH4+ concentra-
tions increased from 41.3 to 142.1 uM 1 month after Hurri-
cane Barry and to 535.3 uM 2 years following the hurricane,
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then decrease to 23.3 uM 3 years after the hurricane. The
higher-SOM site demonstrated an increase of porewater NH,*
concentrations from 97.7 to 442.6 uM 1 month after Hurri-
cane Barry, then decreased to 140.0 uM and 323.3 uM 2 years
and 3 years following the hurricane, respectively.

The chlorophyll a concentrations of the top 2 cm sedi-
ments were 2.1 to 3.3 mg L~! without significant site-to-site
variation prior to Hurricane Barry (Fig. 4). One month fol-
lowing Hurricane Barry, the chlorophyll a concentrations
significantly increased at the lower- and higher-SOM sites
(p=0.0450 and 0.0122, respectively, n=18). Two years fol-
lowing Hurricane Barry, the chlorophyll a concentrations
returned back to the pre-hurricane levels at the lower-SOM
and higher-SOM sites.

Bulk density and SOM concentration results did not show
obvious differences between 0 to 2 cm and 2 to 4 cm layers
of sediments, so we averaged these two layers of results. The
lower-SOM site had no significant variation of bulk density
or SOM concentrations among sampling dates, indicating
little impact of Hurricane Barry on sedimentation in this
hydrogeomorphic zone (Fig. 5). The int-SOM site and higher-
SOM site showed contrasting trends in both bulk density and
SOM concentrations in response to hurricane disturbance.
Bulk density at the int-SOM site decreased from 0.9 +0.05
t0 0.7+0.1 g cm™ 1 month after Hurricane Barry. Two years
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Fig.4 Chlorophyll a concentrations in the 0 to 2 cm layer of sedi-
ments prior to, 1 month following, and 2 years following Hurricane
Barry among the experimental sites (mean =+ standard error, there is
no chlorophyll result three years post Hurricane Barry due to tech-
nic issue). The pre-hurricane results in the int- and higher-SOM
sites were measured 1 month before Hurricane Barry in 2019 while

after the hurricane, bulk density at the int-SOM site was even
lower at 0.4 +0.03 g cm™ but increased to 1.0+0.05 g cm™>
3 years following Hurricane Barry. In contrast, bulk density
at the higher-SOM site increased from 0.2+0.01 g cm™>
prior to the hurricane to 0.5+0.1 g cm™ 1 month after Hur-
ricane Barry and stayed over 0.5 for the following 3 years.
SOM concentrations at the int-SOM site were stable with a
slight increase during the sampling period regardless of the
impacts of Hurricane Barry (6.5-9.2%). In contrast, SOM
concentrations at the higher-SOM site significantly decreased
from 20.6 +0.6% in pre-hurricane conditions to 9.4+1.4%
1 month following the hurricane (p =0.0006, n=24) and
stayed around 7.8% in the following 3 years.

Sediment cores were incubated under similar physical
and chemical conditions prior to and following Hurricane
Barry in our experiments (Supplemental Table S-3). Neg-
ative values of dissolved O, fluxes indicate net benthic
O, consumptions in all experimental sites during all sam-
pling periods (Fig. 6a). Benthic fluxes of dissolved O, at
the lower-SOM site were similar prior to and 1 month fol-
lowing the hurricane (2.2+0.1, 2.3 +0.2 mmol m~2 h_l),
then increased to 3.6 +0.7 mmol m~> h™! 2 years after
Hurricane Barry. Dissolved O, fluxes at the int-SOM
site had no significant variation with time associated
with Hurricane Barry. Benthic O, consumptions at the

[l Pre-Hurricane

Higher-SOM
[ ] 1 Month Post
E=52 Years Post
M
N N
. Q{b”Q@ QOG} %QOé\
SN
“,2‘ @Q 4
Y

the pre-hurricane results in the lower-SOM site were from summer
2018 (Li and Twilley 2021). Letters designate significant differences
among sampling dates (prior to, 1 month, 2 years following Hurri-
cane Barry) within each experimental site using Games-Howell post
hoc tests (p <0.05)
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Fig.5 Averaged a bulk density and b sediment organic matter (SOM)
concentrations from 0 to 4 cm layer of sediments prior to, 1 month
following, 2 years following, and 3 years following Hurricane Barry
among three experimental sites in WLD (mean+ standard error).
The pre-hurricane results in the intermediate- and higher-SOM sites
were measured 1 month prior to Hurricane Barry in 2019 while the

higher-SOM site significantly decreased from 7.3 +£0.7
prior to the hurricane to 4.8 +0.2 1 month following
(p=0.0004, n=36) and then to 2.0+ 0.1 mmol m~2 h™!
2 years following the hurricane event (p <0.0001, n=36).
Three years after Hurricane Barry, the dissolved O, fluxes
at the higher site increased to 4.3 +0.2 mmol m~ h™! but
were still significantly lower than the pre-hurricane O,
fluxes (p <0.0001, n=136).
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pre-hurricane results in the lower-SOM site were from summer 2018
(Li and Twilley 2021). The lower-SOM site has no data 3 years post
Hurricane Barry for technic reason. Letters designate significant dif-
ferences among four sampling dates (prior to, 1 month, 2 years, and
3 years following Hurricane Barry) within each experimental site
using Games-Howell post hoc tests (p <0.05)

Benthic NO;™ fluxes were negative, indicating net ben-
thic NO;™ uptake in the study area during all sampling
periods. Benthic NO;™ uptake at the lower-SOM site sig-
nificantly increased from 4.3 +21.5 to 134.2 +24.7 then to
227.9+12.8 umol m™2 h™! prior to compared to 1 month
and 2 years following hurricane conditions (p =0.0448 and
0.0047, respectively, n=27, Fig. 6b). NO;™ uptake at the
higher-SOM site significantly decreased from 731.0 +82.1
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Fig.6 Benthic fluxes of a dissolved O,, b NO;~, ¢ NH,*, and d NO,~
prior to, 1 month following, 2 years, and 3 years following Hurricane
Barry at three experimental sites in WLD (mean =+ standard error). The
lower-SOM site has no data three years post Hurricane Barry for tech-
nic reason. The pre-hurricane NH,* flux at the higher-SOM site was
from summer 2017 (Li et al. 2020) as there was no available NH,*

prior to the hurricane to 297.2 +35.6 1 month post the hur-
ricane (p <0.0001, n=236) and to 145.2+20.6 umol m~> h~!
2 years after Hurricane Barry (p <0.0001, n=36). Three
years after Hurricane Barry, the NO;™ uptake increased back
t0 323.4+47.2 umol m~2 h~! but was still significantly lower
than the pre-hurricane NO;™ uptake (p =0.0001, n=36). The
variation of benthic NO;™ fluxes at the int-SOM site was not
significant to sampling times relative to Hurricane Barry.
NH,* fluxes significantly increased from 64.7 +21.7 to
139.4+10.9 umol m~2 h~! at the higher-SOM site 1 month
after Hurricane Barry compared to the pre-hurricane results
(p=0.0250, n=27, Fig. 6¢). NH,* fluxes at the lower-SOM
and int-SOM sites also increased 1 month after Hurricane
Barry (from 21.5+7.6 to 39.2+7.7 umol m~2 h™! and
4.7+1.41t021.7+2.7 umol m~2 h™!, respectively), but the
increase was not significant. NO,™ fluxes in each of the
three experimental sites increased 1 month following Hur-
ricane Barry compared to pre-hurricane results (p=0.0084,
n=27 at lower-SOM site; p <0.0001, n=36 at int-SOM
site; p=0.0750, n=36 at higher-SOM site) then decreased
to about pre-disturbance levels 2 years following Hurricane
Barry and later (Fig. 6d). Benthic PO,*~ fluxes at the experi-
mental sites had no clear pattern with time associated with
disturbance from Hurricane Barry (Supplemental Fig. S-1).
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flux in summer 2018. All other pre-hurricane results were from sum-
mer 2018 (Li and Twilley 2021). Letters designate significant differ-
ences among four sampling dates within each experimental site using
Games-Howell post hoc tests (p <0.05). Results of NH,* fluxes prior
to Hurricane Barry at the higher-SOM site and 2 years following Hur-
ricane Barry at all three sites were missing due to analytical errors

Direct denitrification rates significantly decreased from
109.9+5.4t061.5+8.4 thento 55.1+1.9 umol Nm~2h~" at
the lower-SOM site prior to compared to 1 month and 2 years
following the hurricane event (p =0.0008 and <0.0001,
respectively, n =27, Fig. 7a). Similarly, direct denitrifica-
tion at the higher-SOM site significantly decreased from
226.3 +10.7 prior to the hurricane to 123.9+ 6.9 1 month
after Hurricane Barry then to 49.7 +1.5 umol N m=2 h~!
2 years after the hurricane (both p <0.0001, n=36). Three
years after Hurricane Barry, the direct denitrification
rates at the higher-SOM site raised to 99.6+3.0 umol N
m~> h™!, which accounts for 45% of pre-hurricane denitri-
fication rates. Direct denitrification rates at the int-SOM
site ranged from 74.1 +2.8 to 136.8 +3.6 umol N m™> h~!
with the highest rates occurred 1 month post the hurricane
and lowest rates occurred before the hurricane. Coupled
nitrification—denitrification rates varied from 1.2+0.32 to
12.5+0.75 ymol N m~2 h~!, which were around 10 times
lower than direct denitrification rates in the study area.
Coupled nitrification—denitrification rates at the int-SOM
and higher-SOM sites decreased significantly 1 month fol-
lowing Hurricane Barry compared to pre-hurricane con-
ditions (p <0.0001 and p=0.0032, n=36, respectively),
remained low 2 years after the hurricane, and then raised to
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«Fig. 7 a Direct denitrification, b coupled nitrification—denitrification,
and c dissimilatory nitrate reduction to ammonium (DNRA) rates
among the experimental sites prior to, 1 month following, 2 years,
and 3 years following Hurricane Barry (meanzstandard error).
The lower-SOM site has no data 3 years post Hurricane Barry for
technic reason. The pre-hurricane results were from summer 2018 (Li
and Twilley 2021). Letters designate significant differences among
four sampling dates (prior to, 1 month, 2 years, and 3 years following
Hurricane Barry) within each experimental site using Games-Howell
post hoc tests (p <0.05). DNRA rates were not measured 2 years and
3 years following Hurricane Barry due to analytical issue

pre-hurricane conditions 3 years after the hurricane. DNRA
rates at the higher-SOM site significantly decreased from
32.3+5.9t0 14.7+1.7 umol N m~2 h~! I month after Hur-
ricane Barry (p=0.0213, n=18), but the higher-SOM site
remained with greater DNRA rates prior to and following
Hurricane Barry compared to the other experimental sites.

Discussion

Hurricane Disturbance Differs Across
Hydrogeomorphic Zones

Prior to hurricane disturbance by Barry, trends of benthic
nitrogen dynamics with SOM concentrations along hydroge-
omorphic and chronologic zones represented 7 years of
undisturbed delta successional development (Supplemen-
tal Fig. S-2; Li et al. 2020). Organic matter concentrations
increased from younger to older deltaic sediments from
subtidal to supratidal hydrogeomorphic zones, which were
coupled with increasing benthic nitrogen fluxes (Li et al.
2020). Undisturbed sites in WLD had patterns of SOM con-
centrations and benthic nitrogen fluxes during our study that
may be expected with delta development (Mermillod-Blon-
din et al. 2003; Michaud et al. 2003; Stockdale et al. 2009;
Wenzhofer and Glud 2004). The lower-SOM site showed
similar SOM concentrations over the three sampling periods
within 2 years, demonstrated some variations of dissolved
O, consumptions and benthic nitrogen fluxes, which may
be related to spatial and temporal heterogeneity of deltaic
sediments. Since SOM concentration is already low in this
hydrogeomorphic zone, there is little change in benthic
nitrogen dynamics given the strong influence of SOM on
benthic fluxes in coastal deltaic floodplains. For the int-SOM
site, SOM concentrations 2 years and 3 years after Hurricane
Barry were significantly higher than SOM concentrations
pre Hurricane Barry (p <0.0001 and p=0.0200, respec-
tively, n=36), indicating organic matter accumulation asso-
ciated with ecological succession (Bevington and Twilley
2018). Annually different benthic nitrogen fluxes at the int-
SOM site illustrated ecological succession in wetlands that

changes benthic communities and biogeochemical dynamics
(Michaud et al. 2003).

The site-to-site variation of hurricane effects across
hydrogeomorphic zones of the coastal deltaic floodplain
demonstrate how multiple factors resulting from vegetation
mortality and mineral sedimentation control soil characteris-
tics and benthic nitrogen cycling (Morton and Barras 2011).
Short-term hurricane effects include substantial mortality of
Nelumbo lutea, Colocasia esculenta, and other plants 1 week
after Hurricane Barry. Associated with a decrease density at
the sites vegetated with emergent macrophytes was a signifi-
cant increase of chlorophyll a concentrations at the lower-
SOM and higher-SOM sites in the top layer of sediments
1 month after Hurricane Barry. The post-hurricane blooms
may be related to increased availability of inorganic nutri-
ents released from dead vegetation and litter after Hurricane
Barry (Fogel et al. 1999; Huang et al. 2011). Substantial mor-
tality of macrophytes across the delta during Hurricane Barry
allowed greater light penetration to the benthic zone that
along with higher porewater nutrients such as NH,* could
have stimulated the growth of benthic algae (Pennock 1985).

The higher-SOM site located along the interdistributary
bay with a dominance of Colocasia esculenta and Nelumbo
lutea showed the most significant disturbance in sediment
characteristics after Hurricane Barry. Previous research
demonstrates that hurricane deposition of mineral sediment
differed with distance from channel edge ( Supplemental
Fig. S-3; Bevington et al. 2017). Sites with higher-SOM
located around 37 m to the primary channel edge had
more hurricane sediment deposition based on responses
of elevation gain to hurricanes Gustav and Ike (Bevington
et al. 2017). The significant increase of bulk density and
decrease of SOM concentrations at the higher-SOM site
were related to redeposit of resuspended mineral sedimen-
tation attributed to Hurricane Barry (Liu et al. 2018). Storm
surge, wind, waves, and currents associated with hurricanes
resuspend significant amounts of mineral sediments from
shallow inshore zones and redeposit them onto wetland
platforms during storm surge inundation (Bevington et al.
2017; Walker 2001). Hurricane-related mineral deposition at
the higher-SOM site was at least 4 cm in depth. The >4 cm
sediment deposition at the higher-SOM site resulting from
Hurricane Barry was more than three times greater than the
long-term annual accretion rate of 1.1 cm year™! in WLD
from 2010 to 2019 (based on Coastwide Reference Monitor-
ing System site at 29°31'36.7"N, 91°26'52.9"W). The hurri-
cane deposition at the higher-SOM site was also comparable
to recent measurements of annual accretion rate in Louisiana
coastal marshes varying from 1.6 to 5.9 cm year™! (Cahoon
et al. 2011). Increased mineral sedimentation significantly
reduced SOM concentrations at the higher-SOM site, lead-
ing to 50% reduction in direct denitrification, coupled
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nitrification-denitrification, and DNRA rates at this site
1 month following Hurricane Barry.

In between the sampling period from 2019 to 2022, tropi-
cal storm Olga (Oct, 2019) and hurricane Zeta (Oct, 2020)
also occurred within 100 km distance to WLD, which may
disturb the study area. However, unlike hurricane Barry
landing on the left side of the wetland, tropical storm Olga
and hurricane Zeta landed on the right side of the wetland
(Fig. S-2). Hurricanes are counterclockwise cyclones in
the North, which cause serious storm surge on their right
rather than on their left (Fritz et al. 2007; Sebastian et al.
2014). Also, water levels and surface water salinities during
the periods of tropical storm Olga and hurricane Zeta did
not show significant variation to these two events (Supple-
mental Fig. S-4). As such, we speculate that the effects of
tropical storm Olga and hurricane Zeta to the study area are
minimal. Our study indicates that the disturbed area (higher-
SOM site) did not recover to pre-hurricane condition 3 years
post the hurricane Barry. Three years tracking period may
not be enough to indicate wetland resilience as SOM con-
centrations together with benthic nitrogen dynamics need
longer time than that to recovered to pre-hurricane condition
as a result of ecological succession (Mitsch et al. 2005).
For example, previous research reported that SOM concen-
trations in created wetlands increased by about 1% every
3-year period (Mitsch et al. 2005). Hurricane Barry induced
about 11% decrease of SOM concentrations at the higher-
SOM site, which may need more than 30 years to recover to
pre-hurricane condition. However, our study does indicate
a short-term restoration trajectory of wetland benthic bio-
geochemistry after hurricane events. Long-term monitoring
of benthic nitrogen dynamics was necessary to understand
the resilience and recovery of coastal deltaic floodplain to
natural disturbances like hurricanes.

N Dynamics Controlled by SOM

Recent studies at the same experimental sites prior to Hur-
ricane Barry showed that denitrification, as the dominant N
pathway in WLD, is positively correlated with SOM con-
centrations at high overlying NO;™~ concentrations (around
100 pM, Li et al. 2020). As discussed above, mineral sedimen-
tation with hurricane disturbance decreased SOM concentra-
tions and denitrification rates at the higher-SOM site by 50%
of the pre-hurricane values. The decrease in SOM concen-
trations following Hurricane Barry decreased denitrification
rates without significantly changing the linear correlation
between these two parameters discovered prior to the hurri-
cane (Fig. 8a, p=0.80, see supplemental materials for statistic
test). Benthic NO;™ fluxes had a similar response with SOM
concentrations based on linear correlation between these
two parameters established prior to the hurricane (Fig. 8b;
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from Li et al. 2020). Benthic NO;™ fluxes into sediments
and denitrification rates are positively correlated with SOM
concentrations based on SOM concentrations manipulated
by hurricane sediment deposition, strengthening the cause
and effect relationship of SOM control of these processes in
coastal deltaic floodplains. Changes in SOM concentration
with mineral sedimentation following hurricane disturbance
reduced benthic NO;™ fluxes into sediment at the higher-SOM
site without impacting the linear correlation between SOM
concentrations and NO;™ fluxes. In summary, the changes of
denitrification and benthic NO;™ fluxes following Hurricane
Barry were mainly due to the changes in SOM concentrations
associated with hurricane-induced mineral sedimentation in
our study area. Hurricane Barry reset the deltaic successional
changes in sediment development at the higher-SOM site by
decreasing SOM concentrations causing shifts in how benthic
nitrogen dynamics process NO;™.

Sediment organic matter is an important factor control-
ling benthic nitrogen dynamics in coastal deltaic floodplains
(Henry and Twilley 2014; Li et al. 2020). Previous research
demonstrated that hurricanes (e.g., Katrina, Gustav, and Ike)
create a net elevation gain due to allochthonous mineral sedi-
mentation in coastal deltaic floodplains like WLD (Bevington
et al. 2017; Turner et al. 2006b; Tweel and Turner 2012;
Williams and Flanagan 2009). Significant mineral sediment
deposits on coastal wetlands decrease SOM concentrations
at the sediment-water interface which in turn alters benthic
nitrogen dynamics. Wetland soils with significant decrease
of SOM after a hurricane event will have decreased denitri-
fication and coupled nitrification-denitrification and DNRA
rates and experience a reduction of NO;™ removal capac-
ity. Previous research showed that sediment surface eleva-
tion along seven transects across WLD had 53 of 85 sites
increase due to hurricane-induced mineral deposition from
Hurricanes Gustav and Ike (Bevington et al. 2017). Using
assumptions that the decrease in SOM and NO;™ removal
capacity in the higher-SOM site after Hurricane Barry can
be applied to 53/85% of the supratidal zone in WLD (9.8%
of the delta area), and the disturbed area has not recovered in
3 years since Hurricane Barry, the NO;~ removal capacity
of WLD has been reduced by 76 Mg N year™!. This reduc-
tion accounts for 8.5% of total NO;~ removal capacity of
896 Mg N year™! estimated before the hurricane (Li et al.
2020). Increased mineral deposition has benefits to sediment
surface elevation of wetlands but decreases the immediate
NO;™ removal capacity of the coastal deltaic floodplain.

The manipulation of mineral sedimentation on decreas-
ing SOM has other implications to nutrient dynamics in
coastal deltaic floodplains. Major river floods deposit sig-
nificant mineral sediments that may also change SOM con-
centrations and cause similar changes in denitrification and
NO;™ processes at the sediment-water interface. Based on
the manipulations of SOM caused by hurricane deposition,
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we suggest that denitrification rates per area may follow
a function of SOM using the model Y=50.2+7.5X (X is
SOM concentrations in % dry mass). Another mineral depo-
sition event in coastal Louisiana may occur in response to
operations of sediment river diversions. Diversion opera-
tions that enhance the frequency of wetland inundation
have been shown to increase the capacity of flooded inter-
tidal sediments to remove river NO;~ (Twilley et al. 2021).
However, anticipated mineral sedimentation in outfall areas
in wetland areas with higher SOM concentrations (above
20%) during diversion operations may see reductions in
NO;™ removal capacity.

To our knowledge, this research is the first assessment
on benthic nitrogen dynamics in response to hurricanes
disturbance using intact core incubations. Hurricane Barry
resets the successional stage of coastal deltaic floodplains
by reducing SOM concentrations within the hurricane
track resulting in reduced NO;™ removal capacity by 8.5%
compared to pre-hurricane levels (896 Mg N year™!) in
the delta. The reduced NO;~ removal capacity had not
recovered to pre-hurricane conditions 3 years following
the hurricane. However, mineral sedimentation from river
floods and hurricanes can expand wetland areas in coastal
deltaic floodplains, leading to coastal nitrogen removal
with long-term delta development. For example, some
hurricanes’ deposition creates a net gain of soil elevation
which transform subaqueous delta to emergent ecosystems
with an expansion of wetland areas (Bevington et al. 2017;
Bevington and Twilley 2018; Ma et al. 2018). Though the
newly emergent area has reduced benthic nitrogen dynam-
ics at first due to lower SOM concentrations, the area will
be colonized by vegetation during growing season to stimu-
late SOM accumulation as well as nitrogen removal capac-
ity with long-term ecological succession (Ma et al. 2018;
Twilley et al. 2019). As such, more research regarding
long-term hurricane effects on benthic nutrient dynamics
and soil and hydrogeomorphic characteristics are neces-
sary to clarify the response and recovery ability of coastal
deltaic floodplains to natural hurricane disturbances.
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tary material available at https://doi.org/10.1007/s12237-023-01258-y.
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