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Abstract

Increasing nitrate (NO3™) loading in rivers due to agricultural fertilization alters benthic nitrogen (N) cycling
and shifts coastal wetlands from being a net source to net sink of reactive N. Heterotrophic N, fixation that con-
verts N, to reactive N is often assumed negligible in eutrophic ecosystems and excluded in coastal N budget
evaluations. We investigated N, fixation and denitrification in response to increasing NO3~ loading (0, 10, and
100 M) and sediment organic matter (OM;egiment) CONCentrations in the emerging Wax Lake Delta. Continuous
flow-through incubations with *°N, addition was applied to measure N, fixation. The variation of N, fixation
rates from O to 437 ymol N m~2h! among different NO3~ and OM;egiment CONcentrations were comparable to
the estimated denitrification rates of 141-377 umol Nm~2 h~'. Increasing overlying NO3;~ concentrations
reduced N, fixation rates and facilitated denitrification rates at each OM;egiment CONcentration. However,
100 uM of overlying NO3~ did not thoroughly inhibit N, fixation rates in sites with intermediate and higher
OM;ediment COncentrations (189 and 99 ymole_2 h™!, respectively). Both N, fixation and denitrification
increased with increasing OM;eaiment CONcentrations, but the relative importance of these processes was
impacted mostly by overlying NO3™ concentration as increasing NO3~ switched the dominance of N, fixation
to denitrification in benthic N cycling. This study highlights the importance of heterotrophic N, fixation
in coastal deltaic floodplains and emphasizes the necessity of including N, fixation quantification in coastal
N budget evaluation, not only in oligotrophic environment but also in eutrophic environment.

Agricultural fertilization has dramatically increased nitrogen
(N) loading into riverine, estuarine, and coastal ecosystems,
which significantly alters benthic N dynamics in response to the
change of nitrate (NO3") availability (Canfield et al. 2010; Koop-
Jakobsen and Giblin 2010). Historical NO3~ concentration was
about 10 M in 1900s in the Mississippi River Basin, which was
5-10 times lower than current NO3~ concentrations ranging
from 54 to 106 uM (Goolsby et al. 2000; Rabalais et al. 2002).
Before humans developed industrial processes to convert N, gas
to reactive N for agricultural use, biological N, fixation (both
autotrophic and heterotrophic) was the key process providing
reactive N while denitrification was approximately balanced with
N, fixation (Delwiche 1970; Galloway et al. 1995; Vitousek
et al. 1997). With anthropogenic increase in reactive N input to
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aquatic ecosystems, the energetically expensive process of het-
erotrophic N, fixation was often assumed negligible in eutrophic
ecosystems (Howarth et al. 1988; Herbert 1999; Capone
et al. 2008). However, recent studies indicate that heterotrophic
N fixation could be an important source of reactive N in many
coastal and marine ecosystems using newly developed research
methods of stable isotope incubations and the direct measure-
ment of N, fluxes (Gardner et al. 2006; Newell et al. 2016a).
Some observations suggest that increasing N loading can switch
coastal marine sediments from being a net sink to being a net
source of N, gas, and the dominance of denitrification rather
than N, fixation reduces eutrophication of the coastal ocean
(Fulweiler et al. 2007).

Heterotrophic N, fixation is performed by diazotrophic bacte-
ria that break down the triple bond in N, and fix N into ammo-
nia using the nitrogenase enzyme in concert with other cofactors
and enzymes (Postgate 1970; Klotz and Stein 2008). The nitroge-
nase is a complex enzyme comprising a heterotetrameric

1961


https://orcid.org/0000-0003-4342-3989
mailto:sli10@lsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.11737&domain=pdf&date_stamp=2021-04-13

Lietal.

core and a dinitrogenase reductase subunit that is encoded by
nifH. A variety of nifH sequences exist in estuarine and coastal
sediments, which makes nifH an ideal gene for molecular ana-
lyses of heterotrophic N-fixing microorganisms (Zehr et al. 2003;
Damashek and Francis 2018). Though quantification of nifH gene
does not necessarily mirror N, fixation rates, it determines the
microbial potential activity for heterotrophic N, fixation in
wetland sediments (Dias et al. 2012; Hoffman et al. 2019).
Heterotrophic N, fixation rates and diazotrophic community
composition are related to the availability of dissolved inorganic
N (DIN = NH;* + NO3;™ + NO,") and organic carbon (Fulweiler
et al. 2007; Scott et al. 2008; Dias et al. 2012). Heterotrophic N,
fixation can be significantly repressed when NH," concentration
is higher than 1 mM in the rhizosphere sediments of seagrass
(Welsh et al. 1997; Welsh 2000) or when NO3~ concentration is
higher than 10 xM in the ocean (Mulholland et al. 2001). How-
ever, the repression is not universal as many heterotrophic dia-
zotrophic bacteria are not sensitive to increasing concentrations
of DIN (Knapp 2012; McCarthy et al. 2016). Organic matter has
no consistent influence on N, fixation as some research indicate
that heterotrophic N, fixation rate is higher in organic-enriched
sediments (Howarth et al. 1988; McCarthy et al. 2016) while
some other studies show that N, fixation is regulated by a com-
plicated interplay between organic matter quality and quantity
(Fulweiler et al. 2007, 2013).

Recent studies highlight the significance of heterotrophic
N, fixation in different estuarine and coastal ecosystems with
rates varying from 0 to 650 yumolNm=2 h' (Gardner
et al. 2006; Fulweiler et al. 2007; McCarthy et al. 2016). How-
ever, fewer studies have documented the potential role of N,
fixation in coastal deltaic floodplains at the interface of land
and oceans, including mechanisms controlling N, fixation
and the abundance of the diazotrophic community. Coastal
deltaic floodplains form at the mouth of major river basins
where NO3™ removal occurs before riverine nutrients export to
the ocean (Bevington and Twilley 2018; Twilley et al. 2019).
Recent research at Wax Lake Delta (the delta) demonstrates
that benthic NOj3;~ uptake and net denitrification rates
increased with greater sediment organic matter (OMsediment)
concentrations as a function of biotic feedback associated with
coastal deltaic floodplain development (Li et al. 2020). Hetero-
trophic N, fixation rates may vary along the gradient of
OM;ediment CONcentrations, interfering the trend of denitrifica-
tion rates estimated from net N, fluxes in response to
OM;ediment increase. Quantifying N, fixation rates at different
OMeqiment CONcentrations as a function of biotic feedback
associated with deltaic succession is necessary to better under-
stand the variation of benthic N cycles under different stages
of delta development. Also, the evaluation of N, fixation is
critical to know how much of the removed N in deltaic flood-
plains is associated with upstream N enrichment.

There is evidence that the dominant N pathway has
switched from N, fixation to denitrification in the delta in
response to an increase of riverine NO3~ (from 2 to > 60 uM)
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that shifts net N, fluxes from negative (uptake from water col-
umn to sediment) to positive (release from sediment to water
column; Henry and Twilley 2014). This change of the net N,
fluxes could be because the increased NO3~ concentrations
either inhibited N, fixation or facilitated both processes but
favored denitrification more than N, fixation. If it is the first
situation, it is uncertain whether N, fixation is totally
suppressed or partially inhibited at higher overlying NO3™ con-
centration. Investigating N, fixation and the relative contribu-
tion of N, fixation and denitrification to net N, fluxes under
the impacts of increasing NO3™ concentrations are necessary to
clarify the role of coastal deltaic floodplains in benthic N
cycling in response to decadal changes in river fertilization.

We studied Wax Lake Delta, a young (47 yr) coastal deltaic
floodplain, to investigate the response of N, fixation and deni-
trification to increased NO3~ loading and OM;ediment CONCentra-
tions. The delta receives a large amount of riverine NO3~
(3300-8600 mg of N) per yr as 23-54% of eutrophic riverine
water discharge from primary channels enters the inter-
distributary islands of the delta (Lane et al. 2002; Hiatt and Pas-
salacqua 2015; Li et al. 2020). The coastal deltaic floodplain in
this large delta estuary removes 10-27% of riverine NO3~
through denitrification prior to export to the ocean
(Li et al. 2020; Li and Twilley, 2021). The patterns of benthic
nutrient fluxes and pathways of N cycling vary in response to
an increasing OM;egiment CONcentrations resulting from mor-
phological development with delta age, which makes the delta
an ideal system to study the significance of N, fixation under
different OM;gediment and nutrient loading conditions
(Li et al. 2020; Li and Twilley, 2021). Denitrification rates have
already been measured directly with '*NO;~ enrichment using
isotope pairing technique along a gradient of OM;eqiment CON-
centrations in the delta (Li and Twilley, 2021), and this research
focuses on the variation of N, fixation during the development
of coastal deltaic floodplain. This research continues to develop
an understanding of how ecological feedback on geomorphol-
ogy development of deltaic floodplains alters the N cycles of
these newly emergent ecosystems (Twilley et al. 2019).

In this research, incubations of intact sediment cores with
30N, tracer were conducted to measure heterotrophic N, fixa-
tion directly. The abundance of nifH gene and 8N of the
total N in incubated sediments were measured to support the
occurrence of N, fixation. Simultaneous measurements of
denitrification and N, fixation are difficult because denitrifica-
tion releases N, gas whereas N, fixation consumes N, gas.
Here, we used estimated denitrification rates from Redfield sto-
chiometric ratios based on Li et al. 2020 and we compared
these estimated denitrification rates with N, fixation rates. We
evaluated benthic N budgets with a major focus on N, fixation
and denitrification under different NO3~ concentrations at the
relatively earlier and later successional stages in the delta. Spe-
cific research questions addressed include the following.
(1) How will increasing NO3~ concentrations in overlying
water impact heterotrophic N, fixation rates under different
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OM;ediment cOncentrations? (2) How does the relative impor-
tance of N, fixation and denitrification change with the
increasing NO3™~ loading and OM;ediment CONcentrations?

Methods

Wax Lake Delta forms at the mouth of the Wax Lake outlet
in coastal Louisiana within the Atchafalaya Basin in the Mis-
sissippi River Delta (Fig. 1). The delta is river-dominated with
the land growth rate of 2.62 km? per yr (Edmonds et al. 2011;
Paola et al. 2011; Twilley et al. 2019). The delta is primarily
composed of mineral sediments with an increasing gradient of
OM;ediment associated with morphological development along
the chronosequence from younger to older deltaic area
(Bevington and Twilley 2018; Li et al. 2020). The delta pro-
vides a natural lab of deltaic processes to investigate the rela-
tive important of N, fixation and denitrification in response
to increasing NO3™ loading and OM;egiment CONcentrations.

Field sampling and experiments were conducted at
three experimental sites representing lower sediment organic

4 Atchafalaya River

Atchafalaya Bay.

: https://earthobservatory.nasa.qovy,

Hydrogeomorphic Zones

Il Subtidal (>-0.75m and <-0.04m)
I Intertidal (>-0.04m and <0.30m)
Supratidal (>0.30m and <0.60m)
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matter (lower-OM;ediment), intermediate sediment organic mat-
ter (int-OMgediment) and higher sediment organic matter
(higher-OMgediment; Fig. 1). The lower-OMgegiment Site is a
younger subtidal hydrogeomorphic site with mainly mineral
sedimentation at the earlier successional stage of delta devel-
opment. The int- and higher-OM;egiment Sites at the later suc-
cessional stage of delta development are older experimental
sites located more near delta apex with higher soil elevation
and OM;ediment concentrations. The int-OMgegiment Site is
located near the fringe along a primary channel of the delta
and exposed to frequent flood pulses of inorganic sedimenta-
tion, thus its OM;eqiment CONCentration is relatively lower than
the higher-OM;cdiment Site located within the interior of the
island. Detailed descriptions of these experimental sites are
shown in Li and Twilley (2021). The int-, higher-, and lower-
OM;ediment Sites were sampled on 22 June, 06 July, and 20 July,
respectively, in 2019. Unfortunately, 1 week before the field
sampling of the lower-OM;egiment Site a hurricane (Barry)
occurred 70 km to the west of the delta. Though the hurricane
might interfere with benthic activity in the lower-OM;ediment

sediment

|
' f Higher-OM

N
0 05 1.0 15 20km

Fig 1. Location of sampling sites across Mike Island in the Wax Lake Delta, Louisiana, at the lower (lower-OM;egiment), intermediate (int-OMsediment), and
higher (higher-OM;ediment) sediment organic matter concentrations. Elevation records are based on USGS Atchafalaya 2 project LiDAR Survey 2012 digital
elevation model (4-m horizontal resolution and 0.01-m vertical resolution, Bevington and Twilley, 2018).
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site, we still collected samples and incubated cores the same
way as we treated the other two sites. We compared the post-
hurricane sediment property and benthic fluxes in the lower-
OM;ediment Site to the corresponding results measured in the
same site in summer 2018 (Li and Twilley, 2021) to evaluate
the possible hurricane effects to benthic N dynamics.

Duplicate surface water (right below the air-water interface)
and pore water (4 cm below the sediment-water interface
using rigid aquarium tubing affixed to a 60-mL syringe) sam-
ples were collected and filtered (GF/F glass microfiber filters,
0.7 ym particle retention) in each of the three experimental
sites for the analysis of inorganic nutrients. Concentrations of
NOj3~, nitrite (NO,7), ammonium (NH,"), and phosphate
(PO,*") were analyzed on a segmented flow solution IV
autoanalyzer (OI analytical, College Station, Texas). Triplicate
ambient samples of the top 4 cm sediments were sampled in
each site in the field using a piston core (2.4 cm internal diam-
eter), then oven dried at 60°C to constant mass and ground to
<250 ym for the isotope ratio analysis of total >N in sedi-
ments using an isotope ratio mass spectrometer (Sercon 20/20
ANCA-GLS). In situ water temperature, salinity, and dissolved
O, concentrations were measured using a portable YSI
salinity—conductivity—temperature meter (model 30, YSI Incor-
porated, Yellow Springs, Ohio) and a dissolved oxygen meter
(HQ40d, Hach, Loveland, Colorado).

Nine intact sediment cores (about 10 cm internal diameter)
with 10 £ 1 cm depth of sediments and 10 £ 1 cm of overly-
ing water were collected from each experimental site and
sealed with silicone-greased bottoms and detachable lids.
Cores were then stored in a cooler at in situ temperature and
transported to the lab within 4 h. In the lab, the nine sedi-
ment cores from each site were randomly assigned to three
treatments of NOsz concentrations at 0, 10, and 100 uM in
incubation solutions. The incubation solutions were riverine
waters collected from Wax Lake outlet and filtered using a
five-stage filtration system (30, 20, 5, 1, and 0.2 ym) several
days before the sampling date. These filtered waters flowed
through packed column of NO3™-specific resin (ResinTech SIR-
100-HP, West Berlin, New Jersey) to remove all background
NOj7, then stored in 25-liter gas-tight Tedlar bags (Keika Ven-
tures) at 4°C until incubations. Three Tedlar bags of water
were brought to room temperature and injected with 120 mL
of 3°N, gas (98%, Cambridge Isotope Laboratories) per Tedlar
bag at room temperature and atmospheric pressure 24 h
before every incubation event. All bags with water and
injected *°N, gas were shaken gently for 5 min every 3-4 h
until the beginning of an incubation event. Extra gas bubbles
in Tedlar bags were gently squeezed out and different amounts
of KNO;3; (**N) were added to the three bags to make water
NOj3 concentrations at 0, 10, and 100 uM, respectively, right
before the incubations (Fig. 2). An extra bag of water was pre-
pared with the similar amount of *°N, injection under the
same condition to incubate two blank cores with only 10 cm
of treated water during every incubation event. The

Heterotrophic N, fixation in coastal deltaic floodplains

incubations of blank cores were used to correct all possible gas
diffusion and interferences not related to benthic activities.
There are three incubation events in total (each one focused on
one experimental site) and one of the three NO3 concentrations
(0, 10, and 100 xM) were assigned to the blank core incubation
in each incubation event to correct the possible change in
NO;~concentrations not related to benthic activities.

The ambient overlying water in blank and sediment cores
were gently replaced with treatment solutions and installed
into a continuous flow-through system in a dark chamber at
room temperature (Miller-Way and Twilley 1996; Li
et al. 2020). We adjusted the flow rate of influent solutions to
establish a residence time of about 3 h for the overlying water
in each core. A 10-h preincubation period was conducted to
allow fluxes at sediment-water interfaces to approach an equi-
librium. Following the preincubation period, influent and efflu-
ent solutions were sampled at 3-h interval of the residence time
for a total of three turnovers per experiment. We assumed sedi-
ment cores achieved steady state fluxes (no significant variance
of flux with time) for each turnover of overlying water and dif-
ferences between the influent and effluent concentrations of
inorganic nutrients and dissolved gases were primarily due to
processes at the sediment-water interface such as denitrifica-
tion, N, fixation, and so on (Miller-Way and Twilley 1996).
These assumptions were tested for each independent turnover
of water in each experimental site (see supporting information
Data S1 to show statistical tests of these assumptions).

Duplicate influent and effluent water samples were collected
and filtered through 25 mm GF/F glass microfiber filters (0.7 ym
particle retention) in each sampling event. Samples were frozen
(-20°C) until analyzed for NH4*, NO,~, NO3~, and PO, con-
centrations on a flow solution IV autoanalyzer. Duplicate sam-
ples for influent and effluent dissolved gas analyses were
collected into 12-mL gas-tight exetainers (Labco Limited,
Lampeter, Wales, UK) with 200 uL addition of ZnCl, solution
(50% saturation concentration, Nielsen and Glud 1996). Gas
samples were stored underwater at 4°C until analyzed for 2N,
29N,, and *°N, within 1 month on a membrane inlet mass spec-
trometer (MIMS) with a copper column heated to 600°C (Kana
et al. 1994; Eyre et al. 2002). Dissolved oxygen concentrations
of influent and effluent waters were measured using a Hach
HQ30L DO probe at the end of each water residence time.

Benthic fluxes of dissolved gas and inorganic nutrients
were calculated using the equation:

[(Ce - Cl) - (Cbe - Cbi)] x flow rate
Core surface area

Flux =

’ (1)

where C. and C; are effluent and influent concentrations (uM) of a
sediment core whereas Cy. and Cy,; are averaged effluent and influ-
ent concentrations of blank cores in the corresponding incubation
event. Denitrification rates were estimated based on a sto-
chiometric assumption that the molar oxygen (O) : N ratios of sed-
iment fluxes follow the Redfield composition (O : N = 138 : 16).

1964

85U801 SUOLILLOD BAITea1D) 3|t jdde auy Aq peussnob afe saolLe VO ‘@SN Jo Ss|n. 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBH W00 A8 |1 AfeIq 1 U1 |UO//SdNL) SUORIPUOD pUe SWLB | 841 88S *[£202/TT/02] Uo ARiqiTauljuo /oM ‘Ariqi Aenins a1bojoeD 'S'N Aq €4 TT 0U|/Z00T OT/I0p/wW0 A8 1M Ariqipul|uo'sgndose//sdny woly papeo|umoq 'S ‘TZ0Z ‘06556561



Lietal.

ouM 10 uM
NO; Influent water NO,- Influent water
N, gas Injected |:> %N, gas Injected

Inflow Sampling
for nutrients and

30NZ 30, NZ

Outflow Sampling
for nutrients and °N,

(triplicate cores) (triplicate cores)

Sediment Core Sediment Core

10 uM NO,°

Inflow Sampling
for nutrients and|

Outflow Sampling
for nutrients and 3°N

Heterotrophic N, fixation in coastal deltaic floodplains

0,10 or 100
HM NO;”

s |

100 uM
NO; Influent water

b Influent water
|:> N, gas Injected

39N, gas Injected

Inflow Sampling
for nutrients and
30y

2

Inflow Sampling
for nutrients and
3DN

2

A

Outflow Sampling
for nutrients and 3°N
(triplicate cores)

Outflow Sampling
for nutrients and 3°N,,
(duplicate cores)

Blank Core

Sediment Core

Fig 2. Diagram of experimental setup using continuous flow-through incubations across three treatments and controls. Triplicate cores were used in

each treatment and duplicated cores were used in each control.

Denitrification rates refer to the discrepancy between the measured
fluxes of DIN (NH," + NO;~ + NO,") and the estimated fluxes
of DIN based on benthic oxygen consumptions multiplied by the
Redfield ratio of 16/138 (Cowan et al. 1996; Cornwell et al. 1999;
Li et al. 2020).

We used the estimated rates of denitrification because
recent research demonstrated that denitrification rates calcu-
lated from stochiometric method are ideal estimates of denitri-
fication rates in our study area (Supporting Information
Fig. S1, Li et al. 2020). To support this assumption, we com-
pared the estimated denitrification rates with recent measured
denitrification rates in the same experimental sites under simi-
lar incubation conditions (Li and Twilley, 2021). We verified
that the estimated denitrification rates were in the same mag-
nitude as the measured denitrification rates using isotope
pairing technique in each experimental site. We compared the
estimated denitrification rates with net N, fluxes (*®N,, 2°N,,
and 30N2) and calculated N, fixation rates only when esti-
mated denitrification rates were greater than net N, effluxes
(from sediments to overlying water column). Heterotrophic
N, fixation rates were calculated from the estimated denitrifi-
cation rates minus net N, effluxes.

After the incubations, duplicate samples of the top 4-cm
sediments in each sediment core were collected using a piston
core (2.4-cm internal diameter). One set of sediment samples
(totally 27 samples from three experimental sites) was frozen
for DNA extraction and quantitative polymerase chain reac-
tion (qQPCR) analysis. The other set of sediments was oven-
dried at 60°C to constant mass to determine bulk density
(g cm™) using dry sediment mass divided by wet sediment

volume (8.75 cm?). We determined OMcgiment CONcentrations
(% dry mass) by grinding each dried sediment sample to
<250 uym, weighting out 1 + 0.01 g subsample and igniting at
550°C for 2 h. Certain amounts (based on instrument limita-
tion) of the dried and powdered sediment samples were
weighed into tin capsules and analyzed together with the
ambient sediment samples collected in the field on the isotope
ratio mass spectrometer for 8'°Ny;, of total N (%o, the devia-
tion of the ">N/!'*N ratio in a sample from the corresponding
isotope ratio in the reference material of air-Ny).

Sediment samples for DNA extraction were ground in lig-
uid N, and preserved at —80°C. The use of liquid N, during
grinding process preserved the samples in freezing and effec-
tively prevented the degradation of DNA and RNA
(de Felippes and Weigel 2010). DNA and RNA were extracted
from 2 +£0.01 g sediment per sample using the RNeasy
PowerSoil total RNA kit and RNeasy PowerSoil DNA elution kit
(Qiagen). Quality and quantity of the DNA and RNA extracts
were checked spectrophotometrically (nanodrop ND-2000C,
Thermo Scientific). RNA was found degraded due to mis-
preservation, and thus, we only quantified the key functional
gene of nifH in DNA. We used the PolF (TGC GAY CCS AAR
GCB GAC TC) and PolR (ATS GCC ATC ATY TCR CCG GA)
primers to amplify the 361-bp nifH fragment (Poly
et al. 2001). A standard curve of QPCR was made by amplify-
ing nifH gene using conventional PCR technique, followed by
purification, cloning and serial plasmid dilutions of the PCR
product extracted from agarose gel (Fan 2013). We used a
20-uL reaction mixture including 2-uL. template DNA (about
10-40 ng uL~1 after 10 times dilution), 1 uL of each primer
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(10 uM), 6-uL real time-qPCR grade water, and 10-uL PowerUp
SYBR green master mix. Quantitative real-time PCR was per-
formed on a CFX Connect Real-time system (Bio-RAD) with
the thermocycling conditions including 5 min at 95°C,
35 cycles of 30 s at 95°C, 30s at 55°C, and 40s at 72°C. A
melting curve analysis was done after the amplification by
heating the products from 50°C to 95°C at a rate of 0.5°C s7%,
the results of which confirmed the specificity of the amplifica-
tion. All qPCR analyses were performed in two 96-well plates
with each of the seven standards in triplicate, samples in trip-
licates, a no-template control in each plate, and several
repeated samples between plates to check the consistency
between two assays. The efficiencies for standard curves
ranged from 97% to 101% and the R* values were over 0.99.
The gene copy numbers were calculated based on nanograms
of amplicon following the equation:

Gene copy number =

Amount (ng) x Abundance (6.022 x 10?3 mol"1>

bp (361) xngg=1(10”) x gmol ™' of bp (660)
(2)

One-way ANOVA was used to test the significance of
OM;ediment and bulk density among the experimental sites.
The significance of inorganic nutrient, dissolved gas fluxes as
well as N, fixation and denitrification rates among the treat-
ments and experimental sites were tested using repeated mea-
sures ANOVAs with three sampling events in each core as the
repeated measures. Benthic fluxes did not show significant dif-
ference among the three sampling time series (3, 6, and 9 h
after preincubation, see supporting information Table S1), indi-
cating that incubations in each site achieved steady state during the
sampling period. Two-way ANOVA was used to test the difference
of nifH copy numbers per gram of dry sediment in response to the
interaction between study sites and NO;~ treatments. We did
Shapiro-Wilk normality tests before ANOVA tests and used Box—
Cox transformations and some other transformations (JMP soft-
ware) to achieve normality for some sets of data that were not nor-
mally distributed before ANOVA tests (Supporting Information
Table S2). Tukey’s HSD post hoc test with all pairwise compari-
sons was used when differences were significant at a 95% confi-
dence level. The difference of the §'°N;, values of total N between
the ambient sediments and incubated sediments under different
treatments in every experimental site was tested using ANOVA
followed by Dunnett’s test at p < 0.05. Data analyses were con-
ducted using JMP software and results were presented as means
with error bars of standard error (SE).

Results

Characteristics of experimental sites and lab incubations
There was a strong decrease in sediment bulk density from
1.2t0 02 ¢g cm™? and increase in OMegiment CONCeNtrations
from 4.5% to 20.6% from the lower-OM;ediment Site (younger
subtidal area) to higher-OM;egiment Site (older supratidal area,

Heterotrophic N, fixation in coastal deltaic floodplains

Fig. 3). The study area is a tidal freshwater wetland with salin-
ity £ 0.2 in surface waters and 0.2-0.5 in pore waters (Table 1).
NO;3;~ concentrations of in-situ surface water ranged from
58.0 uM at the lower-OM;egiment Site to 6.6 uM at the higher-
OM;ediment Site, which were higher than NO3™ concentrations
in pore water in the corresponding site. NH," concentrations
were low in the in-situ surface water (0.5-5.4 yM) but high in
the pore water (41.3-182.6 uM). NO,~ and PO,3~ concentra-
tions of the in situ surface water and pore water were low in
all the experimental sites. Lab incubations were conducted in
a water bath controlling the temperature at 19.5-21.9°C with
influent water saturated with dissolved oxygen (Table 2). All
sediment cores were incubated under similar physical and
chemical conditions except for the three different treatments
of influent NO3™ concentrations.

Sediment oxygen consumption and benthic nutrient fluxes
Mean rates of sediment oxygen consumption were not sig-
nificantly different among the three NO3~ treatments for each

1.50
a
~ 1.25
«w
=
Q
oy 1.00
N—"
2
Z 075
]
o
= 050
M
0.25 a
LOWGr—OMsedimem Int_OMsedimem Higher—OMsedimen(
C
b
20

Total organic matter (%)

Lower-OM

Int'OMsediment
Experimental sites

sediment ngher—OMsedimenl

Fig 3. (a) Bulk density and (b) organic matter concentrations in the top
4 cm of sediment in the three experimental sites representing lower
(lower-OMsediment), intermediate (int-OMegiment) and higher (higher-
OM;ediment) Sediment organic matter concentrations (mean + 1 SE, n=9).
Letters designate significant differences among experimental sites using
Tukey’s HSD test (p < 0.05).
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Heterotrophic N, fixation in coastal deltaic floodplains

Table 1. Ambient surface water and pore water conditions in experimental sites including lower (lower-OMg.giment), intermediate (int-
OMgediment), and higher (higher-OMgcgiment) sediment organic matter in Wax Lake Delta, Louisiana. There was no measurement of dis-

solved O, concentration in pore-water samples.

Surface water

Porewater

I-ower'o'\/lsediment Int'olvlsediment

Higher'OMsediment

I-ower'OMsediment Int'OMsediment Higher'OMsediment

Salinity 0.2 0.2 0.2
0, (mg L™") 4.6 5.2 2.1
NO3~ (uM) 58.0 56.7 6.6
NO,~ (uM) 0.9 0.3 2.1
NH4* (uM) 0.5 23 5.4
PO43~ (uM) 2.7 2.2 1.6

0.5 0.3 0.2
NA NA NA
1.4 5.5 0.1
0.3 0.8 0.1
182.6 41.3 97.7
0.4 0.7 1.4

Table 2. Incubation conditions of intact sediment cores at different overlying NO3~ concentrations in each of the three experimental
sites representing lower (lower-OM;egiment), intermediate (int-OM;ediment), and higher (higher-OM;egiment) sSediment organic matter con-
centrations in Wax Lake Delta, Louisiana. The three treatments of overlying NO3™ concentrations were: 0 uM NO3™ enrichment, 10 uM

NO;3™~ enrichment and 100 xM NOs™~ enrichment.

I-ower'owlsediment

Int'ONIsediment

Higher'OMsediment

ouM 10 uM 100 uM 0o uM 10 uM 100 M 0ouM 10 uM

NO; NO3 NO; NO3 NO; NO; NO; NO; 100 M NO;5
Temp (°C) 19.5 19.5 19.5 21.9 21.9 21.8 21.5 21.6 21.6
0O, 9.7 9.5 9.4 8.3 8.1 8.3 9.4 9.4 9.5

(mgL™)

NOs3 (uM) 0.0 9.1 85.9 0.4 9.9 86.0 1.4 10.5 86.2
NO, (uM) 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1
NH,4 (M) 0.9 0.9 1.0 1.0 0.9 1.4 1.8 1.6 2.1
PO4 (uM) 0.2 0.2 1.2 0.8 0.8 0.6 1.4 0.7 0.6

site, but there was a significant increase (p <0.0001) from
lower to higher OMediment Sites for each NO3~ concentration
(Table 3). Benthic NO3~ fluxes were significantly different
among both the three NO3;™ treatments (p < 0.0001) and sites
(p = 0.005). Benthic NO3;~ uptakes increased from 21.7 £+ 2.4
to —157.6 + 44.8 ymol m~2 h™! in the lower-OM ediment Site
with increasing NO3~ loading from O to 100 yM. Similarly,
benthic NO3;~ uptakes increased from 10.0+3.7 to
—260.0 £ 52.1 ymolm™2 h™! in the int-OMsediment Site and
from -13.5+4.3 to —213.9 +35.5 ymolm™2 h~! in the
higher-OM ediment Site as overlying NO3;~ loading increased
from 0 to 100 M. NO3~ fluxes in the int- and higher-
OM;ediment Sites were more negative (uptake from water col-
umns to sediments) than fluxes in the lower-OM;cdiment Site in
each of the three NO3;~ treatments. NH," fluxes were positive
(release from sediments to water columns) with an increase in
NOj3~ concentrations from O to 100 uM in each of the experi-
mental sites. The higher-OM;eqiment Site was significantly
higher in benthic NH,* release (67.3 + 11.61 yumolm—2 h™*,
p = 0.03) than the other two sites (27.1+4.0-
33.1 +£10.3 ymolm™2 h7! in int-and lower-OMegiment Site,

respectively) in each NO;3;~ treatment. NO,~ fluxes in 0 and
10 uM treatments (1.3 + 0.3-1.6 + 0.2 umol m~> h™?, respec-
tively) were significantly lower (p < 0.0001) than the fluxes of
11.0 £ 1.7 ymol m~2 h7! in 100 uM NO;~ treatment. There
was no clear trend of NO,™ fluxes among the OMgediment gradi-
ent. The benthic fluxes of PO,*~ did not show clear patterns
among the treatments or experimental sites.

Nitrogen fluxes in response to N, fixation and
denitrification

30N, fluxes were mostly negative under different NO;3~
treatments in the three experimental sites, indicating the
occurrence of N, fixation that consumed 3°N,. The int-
OMiediment  Site showed significantly higher *°N, uptake
(p <0.0001), especially at O and 10 uM NOj;~ treatments
(Fig. 4a). In contrast, the lower-OM;ediment Site had signifi-
cantly lower *°N, uptake (p < 0.0001) regardless of the overly-
ing NO3~ concentrations. Net fluxes of the sum of 25N,, N,
and 3°N, were mostly positive under different treatments in
the three experimental sites (Fig. 4b). Net fluxes of the sum
of ?®N,, ?°N,, and *°N, indicated a combined signal of
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Li et al. Heterotrophic N, fixation in coastal deltaic floodplains

Table 3. Benthic fluxes of dissolved oxygen and inorganic nutrients at different overlying NOs™ concentrations in each of the three
experimental sites representing lower (lower-OM;egiment), intermediate (int-OMgcgiment), @and higher (higher-OM;egiment) Sediment
organic matter concentrations in Wax Lake Delta, Louisiana. The three treatments of overlying NO3™ concentrations were: 0 uM NO3;~
enrichment, 10 uM NOs3~ enrichment and 100 uM NO3™~ enrichment.

I-ower'OMsediment Irlt'OMsediment Higher'OMsediment
0xM 10 uM 100 uM 0uM 10 uM 100 uM 0 uM 10 uM 100 M
Flux NO; NO; NO; NO; NO; NO; NO; NO; NO;3
0,(g 0, m2d™) -0.3 -0.5 -0.5 -1.5 -1.6 -1.3 -1.7 -2.2 -1.9
(SE) (0.0) (0.0) (0.2) (0.1) 0.1) 0.1) 0.1) 0.1) 0.2)
NOs~ (umol m~2 h™") 21.7 7.3 -157.6 10.0 -97.2 —-260.0 -13.5 —-49.6 -213.9
(SE) (2.4) (3.3) (44.8) (3.7) (25.9) (52.1) (4.3) (5.4) (35.5)
NO,™ (umolm=2h™") 1.6 1.8 4.6 1.7 1.3 14.4 0.7 1.8 14.2
(SE) (0.4) (0.4) (1.6) (0.6) (0.5) (3.3) 0.2) 0.2) 2.5)
NH,* (umol m™2 h™") 19.6 20.5 59.3 19.0 25.1 37.2 32.7 56.9 112.5
(SE) 8.2) (5.3) (28.3) (3.6) (5.2) 9.7) (16.4) (13.9) (20.9)
PO43~ (umol m™2 h™") 1.1 7.4 -7.1 10.1 13.7 8.4 -6.8 9.3 -1.5
(SE) (0.5) (0.6) 3.1 1.3) (3.5) 1.6) 1.7) (3.7) (0.5)
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Fig 4. (a) Benthic fluxes of 30N, and (b) net fluxes of 28+22+30N,, at the sediment-water interface across the three treatmeeents of NO5~ addition in the exper-
imental sites representing lower (lower-OMsegiment), intermediate (int-OMsegiment) and higher (higher-OMgegiment) sediment organic matter concentrations
(mean £ 1 SE, n=9). Letters designate significant differences among the interaction of experimental sites and treatments using Tukey’s HSD test (p < 0.05).

denitrification and N, fixation as positive fluxes demonstrated than denitrification. The lower-OMgegiment Site had positive net
a dominance of denitrification that produces N, whereas nega-  fluxes of ?®N,, N, and *°N, with significantly higher fluxes in
tive fluxes demonstrated a dominance of N, fixation rather 100 uM NO;3~ treatment compared to the other two (0 and

1968

85UB017 SUOWIWIOD 8AIT1D) 3ot |dde 8Ly Aq pausenob a1e ssjpie YO ‘8N JO S3InJ 10 Akeid 18Ul UO A8]1M UO (SUOTHPUOD-pUe-SLLLBY/WIOD"AB 1M Ae1q 1 BUUO//:SANY) SUOTIPUOD pue SWis | 8U188S *[£202/TT/0z] uo Arigiauliuo A1 ‘Ariqi fenins 01601099 'S'N Aq LELTT 0UI/Z00T OT/10p/W0d A8 | Areiqijeutjuo'sgndo se//sdny woiy papeojumod 'S “TZ02 ‘06556E6T



Lietal.

500

400

300

200

N, fixation (umol N m h!)

Denitrification (umol N m h-1)

Heterotrophic N, fixation in coastal deltaic floodplains
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sediment
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Fig 5. (a) Heterotrophic N, fixation rates determined by the sum of 22 * 29+ 3N, fluxes minus the estimated denitrification rates and (b) estimated deni-
trification rates from the discrepancy between the measured fluxes of DIN (NH4* + NO3™ + NO, ") and the estimated fluxes of DIN based on benthic oxy-
gen consumptions multiplied by the Redfield ratio of 16/138 (mean =1 SE, n = 9; Li et al., 2020). Letters designate significant differences among the
interaction of experimental sites and treatments using Tukey’s HSD test (p < 0.05). Sites include lower (lower-OM;ediment), intermediate (int-OM;ediment)

and higher (higher-OM;ediment) sediment organic matter concentrations.

10 uM) NO;~ treatments (Fig. 4b). In the int-OMgediment Site,
increasing overlying NO3;~ concentrations from 0 and 10 to
100 uM shifted the negative net N, fluxes (-130.6 to —140.6
umolNm=2 h™) to positive fluxes (199.4 umolNm=2 h™). A
similar pattern was observed in the higher-OMgegiment Site as net
N, fluxes switched from negative to positive with the increasing
overlying NO3;~ concentrations.

Heterotrophic N, fixation rates in the lower-OMgediment Site
(0-21.0 ygmol N m~2 h™') were significantly lower (p < 0.05) than
the other two sites regardless of overlying NO3;~ treatments
(Fig. 5a). Denitrification rates in the lower-OMediment Site
increased from 18.5 to 141.4 yumol N m~2 h™' as overlying NO3~
concentrations increased from 0 to 100 uM (Fig. 5b). Heterotro-
phic N, fixation rates in the int-OM;eqiment Site ranged from
189.2 to 437.3 yumol N m~ h™! with a lower N, fixation rate in
100 uM NOj3~ treatment compared to the other two (0 and
10 uM) NO;3~ treatments. Denitrification rates in the int-
OMgediment Site increased significantly (p < 0.0001) with the
increased NO3~ concentrations from O to 100 pM. The range of

denitrification rates from 189.1 to 377.1 yumol N m~2 h™! in the
int-OMgediment Site were comparable with the N, fixation rates in
this site. The higher-OM;egiment Site had a decrease in N, fixation
rates from 283.6 to 52.6 umol Nm~ h~! and an increase in
denitrification rates from 238.1 to 350.7 ymolNm™= h7! as
overlying NO3~ concentration increased from 0 to 100 zM.

We detected the presence of nifH gene in all three experi-
mental sites under different NO3™ treatments (Fig. 6). The nifH
copy numbers per gram of dry sediment revealed significant
difference (p <0.0001) in diazotrophic community abun-
dances across the three experimental sites with different
OM;ediment  CONcentrations. 8Ny,  values significantly
increased (p < 0.0001) from the lower-OM;ediment Site (4.9 %o)
to the higher-OM;egiment Site (7.7 %o) in the ambient sediment
samples collected in the field (light gray columns in Fig. 7).
The 8'°N,;, values after incubations were slightly higher than
the respective preincubation values in the ambient sediments,
especially under lower overlying NO;~ additions (0 and
10 pM). But only the lower-OMgediment Site at 0 yM NO3~
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addition (p = 0.026) and the higher-OM;cdiment Site at O and
10 pM NO;3~ additions (p = 0.0042 and 0.0051, respectively)
indicated significant differences of 815N, values compared to
values in the corresponding ambient sediments based on
Dunnett’s test (asterisked in Fig. 7).

Discussion

Nitrogen fixation affected by nitrate loading and
OM;ediment CONcCentrations

Heterotrophic N, fixation rates are frequently excluded in
benthic N budgets as previous indirect measurements indi-
cated that N, fixation rates are not significant in coastal eco-
systems (Howarth et al. 1988; Damashek and Francis 2018).
However, recent research revealed that N, fixation is a signifi-
cant part of N cycle in estuarine and coastal sediments using
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Fig 6. NifH copy numbers in DNA extraction per gram of dry sediment
using gPCR (mean = 1 SE, n = 3). Letters designate significant differences
among the interaction of experimental sites and treatments using Tukey’s
HSD test (p < 0.05). Sites include lower (lower-OMsegiment), intermediate
(int-OM;ediment) @and higher (higher-OM;ediment) Sediment organic matter
concentrations.

Heterotrophic N, fixation in coastal deltaic floodplains

improved methods of isotope enrichments (either NO3;~ or
30N,) with intact-core incubations and nifH quantification
(An et al. 2001; Fulweiler et al. 2007; Newell et al. 2016a).
Direct measurement of N, fixation that fixes N, to reactive N
is necessary to define the role of coastal deltaic floodplains in
processing eutrophic riverine water.

We evaluated sediment N, fixation directly with the
30N, tracer addition in response to increasing overlying
NO3~ concentrations in the emerging delta with different
OM;ediment CONcentrations representing different stages of
morphological development. Lower OMgegiment CONcCentra-
tions occur in younger subtidal hydrogeomorphic sites due
to mineral sedimentation dominating the earlier stages of
delta development while intermediate and higher
OM;ediment CONcentrations occur in older supratidal sites
with greater biotic feedbacks associated with ecological suc-
cession (Bevington and Twilley, 2018; Li and
Twilley, 2021). The occurrence of N, fixation in the
research area was also supported by the measured nifH gene
abundances in the three experimental sites. 815Ny, results
showed slight increase in incubated sediments with 3N,
enriched influent water compared to 815N, values in ambi-
ent sediments, especially when overlying NO3~ concentra-
tions were lower (0 and 10 yM), indicating the occurrence
of N, fixation in the delta. The increased signal of 8'°Ny;,
in the top layer of sediments may be more significant if the
20-h incubation is extended to a longer duration (Newell
et al. 2016a).

The rates of N, fixation from O to 437 ymol Nm™2 h7!
measured in this study were comparable to heterotrophic N,
fixation rates of 0-650 yumol N m~2 h™! reported in other estu-
arine and coastal ecosystems (Table 4). Our study area had
slightly higher NifH gene abundance than nifH copies reported
in saline ecosystems. The possible reason is that Wax Lake

Site B Ref
9 Lower-OM.giment Int-OMegiment Higher-OMginen Il Treatments of NOy-
si = =
= 6 *
z 3
o 4
3,
2
1,
0,
¢ » M M @ S D D & D DD
RN R T QY oY ¥ RN SV ¥
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R
Treatments of different NO;~ concentrations

compared to reference

Fig 7. 8"°Ny;; values of total nitrogen in the top 4 cm layer of incubated sediments compared to the ambient sediments as references collected in the
field in the respective experimental site (mean £ 1 SE, n = 3). The asterisk indicated a significant difference between the reference and the incubated sedi-
ments from a certain treatment in each site using ANOVA followed by Dunnett’s test at p < 0.05. Sites include lower (lower-OM;egiment), intermediate
(int-OM;ediment) and higher (higher-OM;cgiment) Sediment organic matter concentrations.
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Fig 8. Comparison of denitrification rates measured directly using iso-
tope pairing technique at the 100 xM addition (Li and Twilley, 2021) with
estimated denitrification rates using stochiometric assumptions in this
study under similar incubation conditions at the same experimental sites.

Delta as a suntropical freshwater ecosystem has lower sulfate
concentration that facilitates the growth of diazotrophic bac-
teria and leads to higher capacity in heterotrophic N, fixation
(Marino et al. 2003; Howarth and Marino 2006). Our research
indicates that N, fixation rates were comparable to or exceed
denitrification rates under certain environmental conditions,
which is also observed in other coastal ecosystems. The
change of environmental factors like temperature, salinity,
NO3™ loading and the stoichiometry of carbon, N, and phos-
phorus leads to a wide range of N, fixation rates in different
ecosystems (Hou et al. 2018). Methodology difference and
extreme events like hurricanes may also cause variations of
sediment N, fixation and denitrification in different coastal
ecosystems (McCarthy et al. 2015). The coastal deltaic flood-
plain of Wax Lake Delta shows higher capacity in both N, fix-
ation as a N source and denitrification as N loss, highlighting
the importance of benthic N cycling to water quality condi-
tions before river waters are exported to coastal ocean.
Heterotrophic N, fixation rates were lower at higher overly-
ing NO3~ concentration (100 uM) compared to rates at lower
and intermediate NO3;~ concentrations (0 and 10 pM) in each
experimental site, which supports the research result that
increasing N loading repressed N, fixation in wetland sedi-
ments (Scott et al. 2008; Moseman-Valtierra et al. 2010). Cur-
rent NO3z~ concentrations within the Mississippi River Basin
vary from 54 to 106 uM, which are around 10 times greater
than historical NO3;~ concentrations during the pre-industrial
periods in the earlier 20" century (Goolsby et al. 2000;
Rabalais et al. 2002; Broussard and Turner 2009). The
increased importance of N, fixation rates with decreased over-
lying NO3~ concentrations especially in the int- and higher-
OM;ediment Sites demonstrated that the net flux of N, in the
int- and higher-OM;egiment Sites was likely to be controlled by
N, fixation as an important source of reactive N when

Heterotrophic N, fixation in coastal deltaic floodplains

overlying NO3;~ concentration was 10 uM or even lower in the
early 1900s (Goolsby et al. 2000). Currently higher NO3™ con-
centrations around 100 uM suppresses N, fixation, but the
inhibited N, fixation still equals to 28-50% of total reactive N
loss via denitrification when OMgediment CONcCentrations are
higher than 6.5% (int- and higher-OM;cgiment sites). Thus, we
propose that a positive net N, flux across sediment-water
interface at higher NO3™ concentrations does not preclude the
possible occurrence of N, fixation. Heterotrophic N, fixation,
though decreasing with increasing NO3™~ loading, is not totally
suppressed under higher NO3~ concentrations (100 xpM). Thus,
net N, fixation rates estimated from the net uptake of N, flux
may underestimate the significance of N, fixation as N, fixa-
tion can occur even under higher NO3;™ concentrations.

The int- and higher-OM;egiment Sites had higher potential
in N, fixation than the lower-OM.qiment Site under certain
NO;3~ concentration from 0 to 100 M (Fig. 5). Such variation
of N, fixation as higher rates occurred with higher OM;ediment
was reported in other aquatic sediments (Howarth et al. 1988;
McCarthy et al. 2016). The increased abundance of nifH gene
from lower-OM;egiment tO higher-OMgediment Sites also
supported the finding that the site with higher OM;eqiment had
higher potential of N, fixation than the lower-OM;egiment Site.
It is reasonable that the site with lower OM;cdiment Nad lower
N fixation and nifH abundance as labile organic carbon is an
important carbon source for heterotrophic diazotrophs to pro-
duce nitrogenase enzyme and fix N (Romero et al. 2012;
Fan 2013; McCarthy et al. 2016). Even though the nifH gene
was present in the lower-OM;egiment Site, N2 fixation rates were
low in this site. This situation is possible as the presence of
nifH gene does not necessarily mirror N, fixation rates (Zehr
et al. 2001; Piehler et al. 2002; Bentzon-Tilia et al. 2015). The
abundance of nifH gene only indicates the potential capacity
of the experimental site to fix N, but not represent the actual
amount of nifH gene expressed under in situ conditions dur-
ing experimental incubations (Howarth and Marino 2006;
Bentzon-Tilia et al. 2015).

It is noteworthy that the absence of N, fixation and sig-
nificantly lower abundance of nifH gene in the lower-
OM;ediment Site might be related to the occurrence of
Hurricane Barry (McCarthy et al. 2015). Hurricanes can
cause substantial mineral sedimentation to the delta, which
changes the initial bulk density and OMjegiment CONcentrations
(McCarthy et al. 2015; Bevington et al. 2017). However, the bulk
density (1.2 g cm™3) and OMjegiment CONcentration (4.5%) in the
lower-OMgeqiment Site measured after the hurricane in 2019 were
not significantly different with the bulk density (1.5 g cm™)
and OMgediment (2.9%) measured in summer 2018 (Li and
Twilley, 2021). The hurricane event induced a sudden increase
of surface water salinity from 0.2 to 4.3 within 11 h (data from
CRMS 0464 station on the east side of the delta) then dropped
back to 0.2 by the date we sampled this area. Our estimated
denitrification rates of 141 + 44.3 ymol Nm™2 h™! (100 uM
overlying NO3™) after Hurricane Barry in summer 2019 are
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Fig 9. Heterotrophic N, fixation rates relative to denitrification rates among the three sites at lower (lower-OMsegiment), intermediate (int-OMsediment),
and higher (higher-OM;egiment) Sediment organic matter concentrations in each treatment of NO5™ addition. F ratio and p values from ANOVA test were

shown below each equation.

similar to denitrification rates of 197 4+ 17 ymol Nm™2 h™!
measured in summer 2017 (Li et al. 2020) and 115 + 6.4
umolNm=2 h™! measured in summer 2018 (Li and
Twilley, 2021) under similar incubation conditions, indicating
benthic denitrification was not significantly impacted by the
hurricane event. The lower-OMgegiment Site is a subtidal site
with lower sediment surface elevation (—0.61 m NAVDS8S8)
and is inundated year round (Li et al. 2020). Submersed
aquatic vegetation and benthic microalgae dominate the ear-
lier successional zones of delta development in this area. We
speculate that the site with lower soil surface elevation had
minor benthic disturbance from Hurricane Barry and is repre-
sentative of lower-OM;ediment treatment as used in this study.
The absence of N, fixation and significantly lower abundance
of nifH gene in the lower-OMgediment Site is very likely to due
to lower OM;ediment CONcentrations in this site rather than the
hurricane effects. We propose that more field research is nec-
essary before drawing any sound conclusion about hurricane
effects on N, fixation in the lower-OMgegiment Site.

Denitrification and its correlation with N, fixation
Denitrification rates measured directly with 100 uM >NO3~
enrichment using isotope pairing technique varied from 87 to
229 ymolNm== h~! along the increasing gradient of
OMediment in the delta in summer 2018 (Fig. 8, Li and
Twilley, 2021). Estimated denitrification rates based on the
stochiometric ratio of benthic fluxes (summer 2019) ranged
from 141 to 377 ygmol N m~2 h™! under the similar incubation
condition in this research. The estimated denitrification rates
are within the same range of the measured denitrification
rates, especially in the lower- and higher-OMsediment Sites,
supporting that the estimate denitrification rates are

representative for the real denitrification potential in the three
experimental sites. It is noteworthy that certain amount of
heterogeneity between estimated and measured denitrification
existed as the two studies were conducted at different years.
The significantly higher denitrification rates estimated here
in the int- and higher-OM;egiment Sites compared to the lower-
OMjediment Site are consistent to the increasing trend of 8Ny,
values in the ambient sediments from the lower-OM;egiment tO
higher-OM;ediment Sites (light gray columns in Fig. 7). The nat-
ural abundance of '°N in ambient sediments reflects a long-
term isotopic fractionation with a preferential consumption of
lighter "*N and residual of >N during denitrification, ana-
mmox, and/or volatilization (Robinson 2001; Reis et al. 2019).
For experimental sites with the same N source, sites with
higher denitrification rates usually had higher 8'°Ny;; values
in total N content as more '*N was released from sediments
back to atmosphere through denitrification (Bryantmason
et al. 2013; Reis et al. 2019). As such, our result of 8'5Ny;,
values increasing from the lower-OMgediment tO higher-
OM;ediment Sites in the ambient sediment samples demon-
strates that the area with higher OM;egiment COncentrations
had greater N loss to the atmosphere, which supports the find-
ing that higher OM;ediment facilitates denitrification in coastal
deltaic floodplains (Li et al. 2020; Li and Twilley, 2021).
Heterotrophic N, fixation was positively correlated with
denitrification in each NOjz~ treatment (Fig. 9) probably
because that the increased OM;ediment pProvided favorable con-
ditions for both N, fixation and denitrification (Howarth
et al. 1988; Henry and Twilley 2014; Li et al. 2020). Greater
OM;ediment Can increase benthic metabolism and expand an
anaerobic zone, which then enhance benthic denitrification
(Cornwell et al. 1999; Boynton et al. 2018). On the other
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Oligotrophic Condition N,
(lower NO;™ of 10 uM)

Water column

Eutrophic Condition N,
(higher NO5™ of 100 pM)

Fig 10. Nitrogen budgets at the sediment-water interface under (a) oligotrophic condition with historically lower NO;~ concentration (10 M) and (b)
eutrophic condition with currently higher NO3™ concentration (100 M) in study areas representing different successional stages of coastal deltaic flood-
plain development. The earlier successional stage has lower sediment organic matter concentrations (based on results from the lower-OMegiment Site)
and the later successional stage has relatively higher sediment organic matter concentrations (based on results from the int- and higher-OM;ediment Sites).
Summarized rates for all four stages of ecosystem development are presented in umol N m™2 h~'. Negative values indicate uptake from overlying water
column to deltaic sediments. Ammonification rates were evaluated based on sediment oxygen consumptions divided by the stochiometric ratio of O:

NH,* (13.25) in each experimental site (Cowan et al. 1996).

hand, higher OM;eqiment provided a greater source of labile
organic carbon for heterotrophic diazotrophs to generate
nitrogenase enzyme for N, fixation (Romero et al. 2012;
Fan 2013; McCarthy et al. 2016). The slope of the fitted
equation was 1.7 when overlying NO3;~ concentration was
0 uM, indicating that N, fixation generally outcompeted
denitrification under oligotrophic (low NO3; concentration)
conditions especially when OM;ediment CONcentrations were
no < 6.5%. The slope of fitted equation decreased to 0.9
when overlying NO3~ concentration increased to 10 uM,
which means sediment N, fixation was barely sufficient to
offset N loss via benthic denitrification. However, when the
overlying NO3;~ concentration increased to 100 uM, the
slope of the fitted equation decreased to 0.7 and the inter-
cept became more negative (-92.3), demonstrating that N,
fixation was less significant to N loss via denitrification in
the eutrophic system. In summary, though N, fixation and
denitrification both increased with increasing OM;ediment
concentration, the relative importance of these two pro-
cesses were impacted mostly by overlying NOj3~

concentrations as increasing NO3;~ gradually switched the
dominance of N, fluxes from N, fixation to denitrification
in a coastal deltaic floodplain.

Nitrogen budgets in the emerging coastal deltaic
floodplain

We evaluated benthic N budgets with a major focus on N,
fixation and denitrification under lower and higher overlying
NO3~ concentrations at the earlier and later successional
stages of coastal deltaic floodplain development. Benthic
fluxes at the earlier successional stage of the delta were based
on the results measured from the lower-OMcgiment Site,
whereas benthic fluxes at the later successional stage were
based on the averaged results from the int- and higher-
OM;ediment Sites. NH4™ production from ammonification was
calculated from sediment oxygen consumptions divided by
the stochiometric ratio of O: NH4* (13.25) in each experimen-
tal site (Cowan et al. 1996). Under historically lower NO3;~
concentration (10 xM), ammonification rates increased from
92 to 369 yumol N m~ h™! in study areas from earlier to later
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successional stages, which were higher than respective NH,*
release rates from sediments to overlying water columns (13-
41 yumol N m~2 h~!; Fig. 10a). The difference in NH4* fluxes
between ammonification and sediment release to overlying
water might represent N buried in wetland sediments and/or
converted to NO3™~ via nitrification. Heterotrophic N, fixation
occurred under both successional stages of delta development
but the later successional stage with higher OM;ediment
concentrations had higher N, fixation capacity (309 ymol
Nm2 h') than the earlier successional stage with lower
OM;ediment CONcentrations (21 /mlole_2 h™!). Denitrifica-
tion varied from 41 to 314umolNm=Z h~! along the
increased OM;ediment gradient from earlier to later successional
stages, but net NO3;~ uptake rates from overlying water to del-
taic sediments were no larger than 74 ymol N m~2 h~!, indi-
cating that <24% of the removed N via denitrification was
from overlying NO3;~ loading directly. Instead, the majority of
N removed via denitrification might be from fixed N through
heterotrophic N, fixation and/or OM;eqiment ammonification
under historically lower overlying NO3~ concentration.

Under currently higher NO3~ concentration (100 M) due
to anthropogenic fertilization, ammonification rates were sim-
ilar to the respective rates at lower overlying NO3;~ concentra-
tion (Fig. 10b). NH,* fluxes across sediment-water interface
slightly increased compared to the rates at lower NO3™ loading
but were still smaller than the respective ammonification
rates. Heterotrophic N, fixation rates were inhibited at both
successional stages with lower and higher OM;egiment CONCen-
trations (3 and 144 ymol N m~> h™!, respectively) compared
to the corresponding rates under historically lower overlying
NO;3;~ concentration. However, denitrification rates were facili-
tated under higher overlying NO3~ concentration, resulting in
an increased significance of denitrification compared to N, fix-
ation in dominating benthic N fluxes in coastal deltaic
floodplain. Net NO3™ uptake rates from overlying water to del-
taic sediments increased to 158 ymol N m~2 h™! at the earlier
successional stage and 237 ymol N m~2 h~! at the later succes-
sional stage due to the increased overlying NO3~ concentra-
tion. The comparable rates between denitrification and
benthic NO3;~ uptake under higher overlying NO3~ concentra-
tion demonstrate that deltaic sediments were an important
sink of riverine NO3;~ as over 65% of the removed N via
denitrification was from riverine NO3~ loading directly.

Balancing the N budgets in the emerging coastal deltaic
floodplain can serve as an analog of benthic N dynamics dur-
ing different stages of deltaic development in continental mar-
gins of major rivers around the world. The evaluation of N
budgets at different OM;egiment CONcentrations representing
different stages of deltaic development helps to clarify the
change of N, fixation and denitrification with ecological suc-
cession associated with OM; eqiment accumulations. Compari-
son of N budgets between historically lower and currently
higher NO3;~ loadings advances our understanding of how
benthic N dynamics of N, fixation and denitrification have

Heterotrophic N, fixation in coastal deltaic floodplains

been altered by significant increase in riverine NO3~ due to
anthropogenic fertilization. However, benthic N dynamics
were more complex than analyzed here since other sources of
N like groundwater input, atmospheric deposition, and auto-
trophic N, fixation may also play an important role in N input
in natural ecosystems (Nixon et al. 1995). Also, except for N,
fixation and denitrification evaluated in this research,
other co-occurred N pathways like coupled nitrification—
denitrification and dissimilatory nitrate reduction to ammo-
nium (DNRA) and the possible occurrence of anammox may
alter benthic N dynamics in coastal deltaic floodplains (Li and
Twilley, 2021). Further analysis of model simulation that
accounts for all the possible N input and output as well as nat-
ural hydrodynamic conditions may provide a more clear and
accurate evaluation of benthic N budget in coastal deltaic
floodplains in continental margins of major rivers.

Conclusion

We evaluated heterotrophic N, fixation rates in a newly
emergent coastal deltaic floodplain in Mississippi River
Delta using continuous flow-through incubations with *°N,
enrichment. The occurrence of heterotrophic N, fixation was
supported by the presence of nifH gene and the increased 5'°N
of total N in sediment cores after incubation. The results indi-
cated that increasing NO3;~ loading decreased N, fixation rates
and increased denitrification rates at each OM;egiment CONCEN-
tration in wetland sediments. However, the decreased N, fixa-
tion rates under higher NO3;~ concentration (100 uM) still
equal to 28-50% of N loss via denitrification, demonstrating
the importance of N, fixation as a N source in benthic N
cycling. Both N, fixation and denitrification increased with
OM;ediment CONcentrations, but the relative importance of
these two processes was impacted mostly by overlying NO3;~
concentrations as increasing NO3~ gradually switched a domi-
nance of N, fixation to a dominance of denitrification in ben-
thic N cycling in a coastal deltaic floodplain. The evaluation
of benthic N budgets focusing on N, fixation and denitrifica-
tion reveals that N, fixation was comparable to denitrification
under historically lower NO3;~ concentrations (10 pM). The
majority removed N (276%) via denitrification at historically
lower NO3;~ concentrations was from heterotrophic N, fixa-
tion and/or OM;ediment ammonification rather than riverine
NO3™ loading. In contrast, currently higher overlying NO3;~
concentration (100 uM) makes denitrification the dominant
benthic N pathway compared to N, fixation and over 65% of
the removed N via denitrification was from riverine NO3~
loading. This study highlights the importance of N, fixation
and clarifies the variation mechanism of N, fixation and deni-
trification in a newly emergent coastal delta in response to
increased NO3~ loading. We propose that the quantification
of heterotrophic N, fixation is necessary to evaluate coastal N
budget not only in oligotrophic environment but also in
eutrophic environment.
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