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Abstract
The interactions between the microbial reduction Fd (lll) oxides and sediment

geochemistry are poorly understood and mostly uwknéor the Louisiana deltaic plain.
This study evaluates the potential of P mobilizatimr this region during bacterially
mediated redox reactions. Samples were collecteth ftwo wetland habitats (forested
wetland ridge, and marsh) characterized by vanatio vegetatiorstructureand elevation in
the currently prograding Wax Lake Delta (WLD) amdothabitats (wetland marsh, and
benthic channel) in degrading Barataria Bay in L@letaouatche (BLC). Our results show
that PQ* mobilization from WLD and BLC habitats were nedig under aerobic
condition. Under anaerobic condition, there is teptial for significant release of ROfrom
sediment and wetland soils. FOrelease in sediments spiked with Fe reducing biacte
Shewanella putrefaciens (Sp-CN32) were significantly higher in all caseghwespect taa
control treatment.In Wax Lake delta, P§ release from sediment spiked with Sp-CN32
increased significantly from 0.060.001 to 1.4660.005 umol/g in the ridge and from
0.072:0.007 to 2.40%0.001pmol/g in the marsh substrates. In Barataria bay, R€lease
increased from 0.1&®.006 umol/g to 0.60%0.008umol/g in the channel and 0.G8D.000

to 0.618:0.026umol/g in marsh substrates. The PQelease from sediment slurries spiked
with Sp-CN32 was higher in the WLD habitats (maB§Hfold, ridge 22fold) compared to
the BLC habitats (marsh #dld, channel &old). The increase in Pg release was
significantly correlated withhe Fe bound P§ in sediments from different habitats but not
with their organic matter content. This study cimites to our understanding of the release
mechanism of P§) during bacterial mediated redox reaction in wetlaoils undergoing

pulsing sediment deposition and loss.
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1. Introduction

The availability of phosphorus (P) controls primanpduction rates in aquatic ecosystems
including estuarine and wetland dominated enviramsieP has a low stoichiometric
biological demand compared to other major nutri¢b@C: 16N: 1P; Redfield, 1958). Thus,
excessive P loading can promote growth of harnlfydléblooms, exacerbate eutrophication,
and lead to hypoxia (Schneider, 1997; Correll, J988temperate latitudes, one of the most
conspicuous eutrophic regions in the Gulf of Mex{€@OM) is coastal Louisianalhe
northern Gulf of Mexico is mostly under the infleenof the Mississippi River, which
delivers the seventh largest discharge (2104 million cubic-feet/yr) in the worldThis
discharge maintains protractedincrease in N and P loading in coastal watersesihe
1950’s as the nitrate (N©) flux from the Mississippi River to GOMastripled (Rabalais et

al., 2002; Strauss et al., 2011; Goolsby et aD120

Historically, nutrient excess in Louisiana watedias have caused extensive and persistent
toxic cyanobacterial blooms and fish kills, partaly across coastal regions that include the
Atchafalaya and Mississippi River watershed bagidwtch and Achee, 1998; Poirrier and
King, 1998; Bargu et al., 2011; Day et al., 1998}hough specific plans to reduce, mitigate,
and manage hypoxia in the northern GOM includerdaleiction of inorganic nutrients, most
of the management actions are focused on” M&luctionand notP (e.g., PG, Soluble
Reactive Phosphorus-SRP) (EPA, 2015). This approsedms prevalent despite the
recognition of P as a key additional driver impagtregional eutrophication (Rabalais et al.,
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2002; Justic et al., 2003; Scavia & Donnelly, 208¢avia et al., 2003). It is necessary to
recognize the different roles and interactions @iapy NQ and PQ* as they undergo
different biogeochemical transformations that aharacterized by major differences in
residence time in benthic sediments, wetland saitg] the water column. For instance,
unlike NG;, sedimentary release of P can maintain eutropbmcliions even after external
loads are reduced or eliminated (Sylvan et al.,62@tavia & Donnelly, 2007). Although
wetland restoration strategies have traditionallgused on the external loading of P (Rivera-
Monroy et al., 2011), the internal release of RAnfreediments and soil has received little
attention. This potentially large P input from gednt and soil (i.e., “legacy P”; Sharpley et
al., 2013; McDowell et al., 2002) needs to be as=bsn the context of long term wetland
restoration projects (i.e., decades) to projetttrichanges in eutrophication conditions and
water quality in estuaries and wetland habitatsi{§v& Reddy, 1999), lakes (Malecki et al.,

2004; Reddy et al., 2007).

In the Mississippi and Atchafalaya River basinsgnRhe water column is characterized by
relatively low SRP concentration (527 uM; Whiteaét 2009) whilethe suspended sediment
can containa large amount of total particulate P (9,645 uM; Zhan al., 2012). A major

portion of the particulate P associated witlihe sediment is eventually deposited in
estuarine benthic substrates (McDowell et al., 200&aniel et al., 2009) and wetland soils
(Reddy and DeLaune, 2008herebyameliorating P loadings in coastal waters (Hoffrean

al., 2009 ;Ekka et al., 2006; Wang et al., 20119welver, wetland soils are subjected to
variable hydroperiod (i.e., flooding duration angduency, depth) and long duration of

inundation can trigger persistent soil reductiomditbons promoting the release of P
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(hereinafter referred to as P sedimentary relefase) both wetland soils and in the receiving

basin sediments (White et al., 2006; Zhang eall?).

Sedimentary P release is regulated by the fluanatin physiochemical variables including
redox potential, pH, temperature (Kim et al., 200Breti et al., 2015), salinity (Jordan et al.,
2008; Upreti et al., 2015), and sediment microbiivity (Hupfer et al., 1995; Jaisi et al.,
2008; Jaisi et al.,, 2011; Upreti et al., 2018)though the role of bacteria is widely
recognized in P cycling, our knowledge about theclmeisms regulating P release from
anoxic substrates is lacking in comparison to othevironmental drivers. Our current
understanding about microbial community’s role ircyeling include a) decomposition of
organic P compounds (e.g. Khoshmanesh et al., 1999yemoval of polyphosphate stored
inside cells (e.g. Hupfer et al., 1995), and aepwater dissolved oxygen (DO) consumption
by bacteria in sediment/soils leading to a lowelosepotential (<100 mv) and reduction of
Fe (lll) to Fe (ll) causing subsequent releaseroh ioxide-bound P (Lovley & Phillips,
1988). This reductive dissolution of Fe (lll) oxgdender anoxic conditions by microbes and
subsequent release of P is a keynsformation that could ledd an increase in both pore
water and water column SRP (Kemp et al.,, 2005¢hSdissimilatory reduction of iron
oxides in soils and sediments can be carried out by lbattteria and archaea that can
perform anaerobic respiration utilizing metal aseeminal electron (Richter et al., 2012;
Weber et al., 2006). Several studies have foundltitose bacteridike Shewanella sp. and
obligate anaerobes likeeobacter sp, Dechloromonas sp. in wetland sediments (Weber et al.,

2006; Cooper et al., 2017; Pakingking et al., 20I8)ese microbes can carry out iron
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reduction in sediments across a variety of enviremmincluding marine, brackish and

freshwater (Weber et al., 2006).

The potential sediment release of P under anoxnditons associated with flooding have
been examined by few studies in coastal Louisi@taw et al., 1985; Roy et al., 2012;
Zhang et al., 2012). However, none of these stualsess the specific interactions between
the microbial reduction of Fe (lll) oxides and sednt geochemistry. There is a general lack
of information on the magnitude of P fluxes undgrctanoxic conditions in wetland soils
including the extent of microbial reduction of HH#)(oxides. It is expected that an increase
in air temperature, as a result of climate changd, translate into major changes in
vegetation dominance in coastal Louisiana (Henrywlley, 2012; Ward et al., 2016), and
therefore, on the availability of different organicarbon sources fueling microbial
transformations; from N removal via denitrificatiooa P release from soils and sediments
with different mineral to organic content ratios.id important to experimentally evaluate
how P release varies as a function of seasonalgelsaand how microbial reduction of Fe
(111) oxides mobilizes P under different organiadainorganic P and C availability. Louisiana
naturally provides such a contrast for our curi@ntly in terms of organic matter and iron
mineral content. It is among one of the few regionthe world where both newly formed
prograding wetlands with low organic carbon to maheatio as well as mature degrading
wetlands with high organic matter to mineral ratice present, under similar climatic
conditions (Day et al., 2000; Twilley and Rivera-Moy, 2009). This setting allows us to
test our main hypothesis that the interaction betwarganic matter and iron mineral content

play an important role in microbial mediated rekeasP from wetland soils.
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Thus the main objective of this study is éaperimentally quantifghe potential magnitude
of PO and Fe (1) sedimentary release from benthic sedtmand wetland soils commonly
found in the Louisiana delta plain (LDP); these sttdies have distinct physical properties
and are subjected to a range of hydrological addremntary processes. As a result of major
alterations in the delta cycle in the LDP causedgrological landscape-level alterations
(Matrtin et al., 2002), there are distinct regionslergoing different rates of wetland loss (i.e.,
degrading Barataria Bay-BB) (Day et al., 1997) gath (i.e., prograding: Wax Lake Delta-
WLD) (Martin et al., 2002). Our specific objective®re to i) measure RO fluxes in intact
sediment, soil cores, and slurries obtained in @@igg and degrading deltas characterized
by similar type of habitats (i.e., marsh), anddi)aluate the potential sedimentary £#0
mobilization usingshewanella putrefaciens CN32. This is a facultative anaerobe commonly
found in sediments and used as a model bacteriwstutty Fe (lll) reduction (e.g. Upreti et
al., 2015). We addressed three questions: 1) e thesignificant difference in RO fluxes
between benthic sediments and wetland soils ungelas seasonal conditions? 2) How do
PQO,* fluxes and Fe (Il) release vary among differerisstates within each coastal basin?
and 3) what is the relationship between potenti@i®*Pfluxes and Fe (Il) release across

different habitats?

2. Materials and Methods

2.1 Study area description and sample collection

Samples were collected during winter (Decemberaly), spring (March-May), and
summer (June-August) from two distinct habitatd\iax Lake Delta (WLD) and Barataria

Bay-Lake Cataouatche (BLC) region. WLPin coastal Louisiana about 20 milssuthwest
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of Morgan City (Figure 1B). fiis delta was recently formed as a result of sedimenati

through a man-made outlet (Wax Lake Outlet), whicds dredged to divert water from
Atchafalaya River to the Gulf of Mexico (Figure BA,(Roberts & Sneider, 2003; Rosen &
Xu, 2013). New land in tharea emerged above the water line, after the regtridood of

1973 by forming a sub aerial delta (Henry & Twille3013). WLD is characterized by a
diurnal micro tidal regime, which can be hampersdaesult of wind-driven effects (Allen
et al., 2012). The delta has a current extensidbdént and has increased at a rate of Zkm
year® (1983-2010) promoting the establishment of distimarsh and forested wetland

vegetation across elevation gradients (Allen ¢28l12; Holm & Sasser, 2001).

BLC is an estuarine wetland system located betwkenMississippi River and Bayou
Lafourche and separated from the Gulf of Mexicalhain of barrier islands (FitzGerald et
al., 2004). In contrast to the WLD region, the Baria Bay region represents an area of net
wetland loss although new land and wetlands haea lbecated upstream around the David
pond diversion structure (Boesch, 2006; BoescH.e1994). It is estimated thatithregion
had a net wetland loss of 1,1#7106 knf (31%) between 1932-2016 (Couvillion et al.,
2017). It has been divided into four interconnecald-basins (Figure 1C) with the northern
region occupied by lakes while the southern reggdrdally influenced (Li et al., 2011). The

basin encompasses a total of approximately 6,0000knvater bodies and wetlands.

Sediment cores were collected from two dominantithtsbwith different vegetation structure
within each basin. In the WLD (Mike island, Figui¢, we sampled a forested wetland

(herein referred to as ridge; dominant specseix nigra) and a marsh (dominant species:
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Sagittaria spp Colocasia spp Typha spp) while in the Barataria Bay (north Lake
Cataouatche, Figure 1) we sampled a marsh (domspeties:Sagittaria spp Typha spp,
Bidens spp) and benthic sediments in a channel adjacer® () to the marsh site (Figure
1). All sampling sites represented freshwater kisdicwetlands with soil pore water salinity
ranging from 0.1 to 0.4 ppt and salinity in the mhal water column from 0.1 to 0.3 ppt
(Upreti, unpublished da)a Sediment cores were collected at each siteipticite using
acrylic tubes (length: 36 cm; internal diameter:116m) to perform intact core incubations.
One additional core was taken from each habitdiath sites to perform sediment slurry
incubation (see below) with and without soil baicter Shewanella putrefaciens CN32 to
estimate potential PO release. Soil cores in the wetland habitats wetleated by carefully
placing the acrylic core tubes on the solil surfaeé pushing them into the soil. Cores in the
channel were collected using a core sampler opkfeden a boat (Hartzell et al., 2010). Site-
specific water samples (6 L) for the laboratoryuination experiments were collected from
the lake in BLC, whereas water in the WLD was sa&auph a tidal channel adjacent (~0.3 m)
to the ridge site (Figure 1). Samples were coltketesummer, winter and spring seasons
(Figure 1B) during 2015-2016. We performed seassaaiplings to warrant actual situ
substrate conditions (e.g., microbial biomass, i inorganic nutrients) and the
temperature regimes used in the laboratory incabstiare similar to average water
temperatureneasured each sampling peri@dnter: 10°C ; spring: 2°C; summer: 30C).
Water temperature at each site was recorded cantshyiusing a HOBO temperature logger
(Onset-HOBO) deployed in the channel during theaton of the study. The average
monthly water temperature during the winter, spramgl summer times when samples were

collected were 11.2 °C, 22.2 °C and 28.1 °C, retppadyg for WLD; and 10.4 °C, 21.3 °C
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and 28.9 °C for BLC, respectively. Thus, tempeestof 10 °C (winter), 20 °C (spring) and
30 °C (summer) were selected as treatments to sepreeach seasomhis allowed us to

compare different sites across similar temperategenes.

Sediment cores collected in the field were trangabto the laboratory by partially draining
the overlying water column to a water column height=-3 cm above the sediment. This
action prevented substrate resuspension duringdaatation and preserved swilsitu redox
conditions. Cores were then stored in an ice coater 5C to reduce bacterial activity
duringtransport andbrought to the laboratory within six hours of cotien. Upon arrival to
the laboratory, one set of cores (3 cores from dwatsitat) were prepared for intact core
incubation and the remaining core from each habias$ sliced into 4 cm vertical depth
intervals. The top 4 cm slice was then homogenamsdi used for slurry incubations spiked
with a set volume of the soil bacteriughewanella putrefaciens CN32. Water collected from

each site was filtered (filtered size: 0.5 pm)un mcubation experiments.

2.2 Laboratory Incubation Experiments
2.2.1 Intact Core Incubations

Core incubations were conducted in triplicate udiisolved @ (DO) concentration reached
approximately 50% of the initial value (~ 40 mg/rLdll core incubations) to evaluate BO
fluxes under aerobic conditions at different tenapgnes. Cores were carefully filled with
situ filtered water previously air-bubbled up to DOwation. Each core was then tightly
capped with custom-made PVC caps ensuring the ebsehany headspace; caps were
equipped with electrically controlled stirrers (&8n) to maintain a mix water column inside

the cores. Two independent ports located on topagh lid allowed simultaneous water

10
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sampling and replacement from a reservoir, aldedfiwith in situ filtered water, during
incubations. Cores were then immersed in an incul{ptastic sealed chamber 105.74 cm x
47.47 cm x 51.44 cm) filled with water (volume: 14Pat temperaturecorresponding to the
season theyvere ollected (i.e., winter: 10C; spring: 20°C; summer: 30C). Cores were
incubated for 2-3 hoursrior to the start of the experiment for acclimation. DO
concentrations inside the cores were monitoredutiirout the duration of the experiment by
using an oxygen sensor (Unisense). Samples welectsal every 1.5-3.0 hours depending
on DO consumption rates. The incubation was tertathavhen oxygen concentration was
found to be ~50% of the initialgftDO saturation value. The total incubation peritaiged
from 6-18 hours based on how fast DO concentratahvaged; this reduction in DO was

associated tdifferences in substrate (soil, sediment) orgaratten content.

DO Samples and nutrient analyses consisted of b@vater samples withdraw at each
sampling time after discarding the first 5-10 ml wiing dead volume. Water was
automatically replaced at each sampling period ftleenreservoir attached to the core lid and
kept at a higher elevation to maintain constantrlgiey water depth inside the core.
Volumetric corrections during flux calculations wgrerformed for minor dilutions occurring
at each sampling time step (Steingruber et al.1p0@ater samples were then filtered (GF/F
syringe filter 0.45 um) and stored in 20 ml plagt@ntillation vials inside a freezer until
analyses (usually within 2 weeks of collectionP@® using auto analyzer (O.l. Analytical).
The fluxes were calculated from the six-point lineagression of concentration (corrected

for sample volume withdrawn) as a function of tiaseshown in Eq. 1 below.

_ dc
F = ExV)A [Eq. 1]

11
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where, F is the fluxg—i Is the change in concentrate over time derivednfitbe linear

regression; V is the volume of water incubated @nds the cross-section area of the

sediment core.

Bulk Density and Organic Carbon analysis

Sediment cores were sliced at 4 cm depth- inteamal oven dried at 68C to a constant
weight. Bulk density (BD) was determined by diviglithe total dry weight of the sediment
by the soil volume (Buckman and Nyle, 1960). Prasito the analysis of % organic matter
(OM), each sample was grinded using a Straub grindnill and analyzed using Loss of

Ignition (LOI) method at 556C (Heiri et al., 2001).

2.2.2 Sediment Slurry Incubation
A sediment slurry (1:50) was prepared (Upreti ef daD15; Jaisi et al., 2007) from a

homogenized mix of the top 4 cm sediment layer fomres collected from each habitat (see
section 2.1 sample collection). The slurries were placed in 125 ml serum bottesl
incubated with and without facultative bacte8aewanella putrefaciens CN32 (Sp-CN 32)
capable of surviving in both oxic and anoxic coiudis at 2@1 °C temperature and to
evaluate the effect of biologically mediated redeaction and P§ release from each

habitat substrate.

Three treatments were used to estimatg’P@lease from each habitat substrate: a) bacteria
spike (i.e, enhanced biological activity) mixediwihe slurry, b) sediment with spike of dead

microorganisms (dead cells: autoclaved at %2Tor 15 minutes), ¢) control, slurry without

12



290

292

294

296

298

300

302

304

306

308

310

312

any bacteria spike. The treatment spiked with bect®nsisted of freshly grown CN32 cells
at final concentration of 1.3x%a1.8x1@ cells/ml (Jaisi et al., 2005; Upreti et al., 2015)p-
CN32 was grown in a minimal nutrient broth in labdescribed in (Jaisi et al., 2005; Upreti
et al., 2015). Twenty mM lactic acid (pH 7.0+0.2asvused as electron donor in all
incubations. All incubations were performed insitie anaerobic chamber at a substrate:
water ratio of 1:45 (i.e.,, 2 g in 90 mL) after 24uns of substrate water suspension
equilibrium (Upreti et al., 2015). Samples wereetafrom each incubation tube at selected
sampling time points (0, 0.3, 1, 2, 4, 8, 12 ddws)PQ*> and Fe (Il) measurements. All

slurry incubations were performed in triplicate pesatment combination.

PO,* and Fe(I1) Analysis

Water samples for Fe(ll) measurement were acid{fied mL sample with 0.5 mL 1 N HCI)
inside an anaerobic chamber in order to avoid rdaton of Fe(ll) to Fe(lll). Samples
collected for both P} and Fe (lI) were filtered through 0.45-micron sge filters. Water
PO,> concentrations were measured using phosphomolyboleie method (Murphy &
Riley, 1962) while Fe (ll) were determined usinge Ferrozine assay method (Stookey,
1970) in a UV/VIS Spectrophotometer. Total fluxeerev determined using triplicate
measurement of the slope of a six-point linearesgjon of concentration as a function of
time. Slurries from pre and post incubation werqusatially extracted to quantify the
loosely bound and Fe bound Bpools following the standard sequential extractivethod

SEDEX (Ruttenberg, 1992; Delaney and Anderson, 1997

13
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2.3 Statistical Analysis
2.3.1 Intact Core Incubations

Statistical analyses were performed using SAS &M Statistical packages (SAS institute
2012; PROC MIXED). Since one of the objectives wasvaluate differences in marsh
PQO,* across regions (BLC vs WLD) in three different pmmatures (proxy for season:
winter, spring, summerwe performed a three-factor factorial ANOVA (fiactors). In the
case of the WLD region, we used a two-factor faatoANOVA to evaluate differences
between wetland type (marsh and forested wetlandidge) and season. Because we also
sampled cores in a channel habitat in BLC, we atallithe differences in fluxes between
channel and the marsh habitats across seasonshamdinteractions using a two-factor

factorial ANOVA.

2.3.2 Sediment Slurry Incubation

In the case of the slurry incubation experiment,ag® used factorial ANOVASs (fix factors)
to evaluate the role of bacteria in B@nd Fe (l1) release from sediments following thesa
experimental design (region, habitat) as in the cdshe intact cores within each region. The
main difference in this case is that the incubatiomere performed at one incubation
temperature representing the seasonal average Y2I8€). The third treatment in this

experiment has three levels of bacterial addit(mescells or control, dead cells and spike).

All statistical analysis was evaluated at 0.05 lev&est of normality for P§ and Fe (I1)
was performed using proc univariate. Additionalsy,regressions analysis was used to
determine the interaction between £ @nd Fe (Il) substrate release over time duringslu
incubations.

14
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3. Results

3.1 Field characteristics-study area

3.1.1 Soil properties

Organic matter content in WLD ridge and marsh sa@itsgged between 5.94-8.39% and 4.32-

17.19% respectively for the upper 16 cm of the ¢bigure 2). In BLC, organic matter
ranged between 24.31-48.76% in channel sedimerds 2357-80.13% in marsh soils.
Overall the organic matter content did vary greatith depth for any of the sites. Similarly,
the bulk density was lower in habitats with higleeganic matter content. In WLD habitats,
bulk density ranged between 1.09-1.30 g*dmthe ridge soils, and 0.21-1.14 g & the
marsh soils (Figure 2). In BLC, bulk density rangedm 0.19-0.28 g ci in channel
sediments and 0.41-0.59 g €in marsh soils. Overall BLC marsh soil was foundhave the

highest organic matter content while WLD ridge Ittael lowest organic matter.

3.1.2 Surface and pore water chemistry
The dissolved P& concentrations in the channel water that was usearry out incubation

varied between 1.51-2.5 pM at WLD and 1.9-4.9 uMB&IC (Table 1). The P&

concentrations in both the WLD and BLC channel weghest in the summer.

PO,> concentrations in soil porewater for marsh ranfyjech 0.59 to 2.05 puM in the WLD
while in the BLC the range was from 0.28 to 0.96 (ible 1).In situ DO measurements at
the soil/water interface in WLD and BLC were lowdarnged from 0.5-1.7 mgL Salinity

in the WLD and BLC ranged between 0.1-0.4 ppt.

15
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3.2. Changes in dissolved £and PO,* concentrations during intact core incubations

DO concentration in the water column reached 50%hef initial () concentration at
different times depending on incubation temperatumé habitat. It ranged from 15-18 hours
at 10°C (winter), 12-15 hours at 2L (spring), and 6-7.5 hours at 30 (summer) (Figure
3a, ¢). The @consumption rates were similar for all sites imt@r while for spring both the
sites from WLD had significantly higher,Gconsumption rates than the BLC sites. In
summer, BLC channel had the highest d@@nsumption among all the sites (Figure 3a, c,
Table 2). PG in intact cores remained similar even when DO reasiced by 50% (Figure
3b, d) indicating P@" fluxes were not significant irrespective of locatiand temperature
(Figure 3d, Table 2). The only exception to thiswiae marsh site at BLC which had a net

flux of 90.05pmol m? d* in summer.

3.3 Bacterial enhanced P@ release in sediment slurry experiments
3.3.1 PO,* mobilization from sediment

PO,* release was significantly higher when spiked v@#CN32 compared to control and
“dead cells” treatment in all habitats within eaelgion (Table 2, Figure 4a). In WLD, the
ridge (i.e., forested wetland) habitat showed dd®@-increase in P concentration, from
0.064 to 1.46Qumol g* when spiked with Sp-CN-32. Although we also obedran increase
in the other treatments, the increase was smdhem 0.0670 to 0.539¢imol g*in the
control (8-fold; control) and from 0.056 to 0.238nol g* (4-fold), in the dead cells
treatment (Figure 4a). A similar positive increagas observed in the marsh habitat, but
comparatively this value was significantly highlean in the forested wetland; from 0.079 to
2.407umol g* (30-fold) when spiked with Sp-CN-32. The marshtoartreatment showed a

10-fold increase from 0.0749 to 0.75@60l g* while the dead cell showed 4-fold increase,

16
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from 0.068 to 0.266umol g* (Figure 4a). P flux in WLD ridge was 0.11mol ¢g*d*

and 0.18Qumol g*d™in marsh when spiked with Sp-CN32 (Figure 4c).

In the BLC region, there was an increase in’PEncentration when spiked with Sp-CN32
across treatments and within habitats, yet thisesme was significantly lower than in the
case of the WLD core incubations. BQoncentrations in channel samples treated with
bacteria increased 6-fold from 0.103 to 0.¢Miol g while in marsh increased from 0.050
to 0.618umol g* (12-fold) (Figure 4a). In contrast, control samptesged between 0.036-
0.185pmol g in channel and 0.032-0.234mol g*in marsh. The “dead cells” treatment
responded with changes in PQzoncentration from 0.037 to 0.18#nol g* for channel and
from 0.033 to 0.16Qumol g*in the marsh habitat. R® flux in BLC channel was 0.037

pmol g*d™*and 0.043umol g*d* in the marsh when spiked with Sp-CN32 (Figure 4c).

3.3.2 Fe(I1) mobilization from sediment

Fe (Il) concentrations in the sediment slurry ekpent followed the same pattern observed
in the case of soluble RDacross habitats and region treatments (Tablegir&i4b). In the
case of the WLD region, Fe (Il) concentration imged significantly from 0.810 to 4.802
pmol g* (5-fold) in the ridge habitat and from 1.170 tdT0umol g* (6-fold) in the marsh
when spiked with Sp-CN32. RO concentration was highly correlated (linearly)wite (I1)

in samples from both habitats. We also observetherease in Fe (lI) concentration with
time in both control and dead cells treatments. tl@brsamples showed an increase from
0.808 to 1.90@umol g* in the ridge and from 1.154 to 3.3p#ol g* in the marsh habitats.

Fe (Il) concentration in samples with the deadscakatment ranged from 0.810 to 1.487

17



410

412

414

416

418

420

422

424

426

428

430

pmol g in the ridge and from 1.163 to 2.4@Mol g* in marsh habitats. Fe (I1) flux in WLD
ridge was 0.37&mol g*d*and 0.576umol g* d*in marsh when spiked with Sp-CN32

(Figure 4d).

The marsh and channel habitats in the BLC regioowsld similar trend in Fe (ll)
concentration over time (Figure 4b). Samples spikéd iron reducing bacteria responded
with increasing Fe (Il) concentrations from 0.1880t575pmol g* in the channel and from
0.137 to 0.642umol g* in the marsh habitats. Control treatments alsavsdoan increase,
although in much lower magnitude, from 0.136 to79.2mol g* (channel) and 0.138 to
0.287pmol g* (marsh). Concentrations in the dead cells treatniecreased from 0.137 to
0.176 umol g in channel and 0.139 to 0.218nol g* in the marsh. Fe (Il) flux in BLC
channel was 0.058mol g*d*and 0.059umol g*d* in the marsh when spiked with Sp-

CN32 (Figure 4d).

3.3.3 Exchangeable and iron bound PO,*-SEDEX phases

Sediment samples from the three replicates of é&etment were combined at the end of
slurry experiment to provide enough material forrgiag out sequential extraction of
phosphorus. The first two steps of the SEDEX pracedvas carried out to determine the
loosely bound and iron bound FO fractions; thus, the errors represent analytical

uncertainties rather than standard error.

Exchangeable Loosely bound PO,*: The sequential extraction of BOfrom substrate

slurries sampled in the WLD region showed similanaentration of loosely-bound RGin
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both the marsh and the forested wetland (i.e. glithgbitats. Loosely-sorbed PQpool were
0.232+0.01pmol g* in ridge to 0.208+0.0umol g* in marsh. In the case of sediments
extracted after incubation spiked with Sp-CN32,skly bound PG decreased from
0.232+0.01 to 0.181+0.0dmol g in the ridge and from 0.208+0.01 to 0.185+0.010l g*

in the marsh substrate. Similarly, in BLC, looskbund PG@* were similar in both habitats
(Figure 5). Loosely bound R®in the sediment did decrease post incubation airtsl WLD
habitats, particularly when spiked with bacteriupr@G\N32 in both habitats at BLC. In the
case of Sp-CN32 spiked condition, loosely boundsP@ecreased from 0.971+0.05 to
0.452+0.03umol g* in the channel and from 1.00+0.06 to 0.470+Qué®l g in the marsh.
Loosely bound P¢) was found to be higher in both BLC habitats coragao the WLD

habitats.

Fe bound PO,*: In WLD, Fe bound P was about 1.5-fold higher in the marsh compared
to the ridge habitat (Figure 5). Fe bound P®aried from 0.30umol g* in the ridge to
0.518 pmol ¢* in the marsh habitat. Fe bound £0On the sediment extracted after
incubation with Sp-CN32 showed a significant deseefiom 0.309 to 0.11mol g* in the
ridge and from 0.518 to 0.14lmol g* in marsh (Figure 5). In BLC, Fe bound Bralues
were very similar in both habitats (Figure 5). Feibd PQ* in the sediment decreased post
incubation as in the case of WLD habitats. Howetrez, magnitude of Fe bound FOwas
much lower compared to WLD. Fe bound #Ovalues decreased post incubation,
particularly when spiked with bacterium Sp-CN3daoth habitats of BLCbutthis reduction

wasnot significant. In the case of Sp-CN32 spikedttremt, Fe bound P decreased from
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0.281+.01 to 0.211+0.0fimol g* in the channel and 0.252+0.01 to 0.208+0.@dol g* in

the marsh.

4. Discussion

This study shows that there is no significant diffeeric PQ* fluxes between benthic
sediments and wetland soils under aerobic conditammoss different temperature
representing different seasons. However,’Pfluxes and Fe (Il) release under anaerobic
condition was found to vary significantly amongfeient substrates within each coastal

basin.

4.1 PQ* mobilization during aerobic condition

The sediment oxygen consumption rates during i@ incubations variesimongseasons
and habitats due to differences in temperature agdnic matter content (Figure 3a, c).
Despitethe large range in ©@consumption rates, there were no significant selda PQ*
with up to ~50% drop in dissolve oxygen (Figure 8, PQ> fluxes between benthic
sediments and wetland soils under similar aerobraitions did not show any significant
difference irrespective of location and temperat(ffegure 3b, d). To the best of our
knowledge, there is no previously reported studP@f release from intact cores at either
of our study sites. However, similar results haweerb reported for sediment slurry
experiments carried out in Big Mar Lake, Louisiaalbout ~35 miles East from Lake
Cataouatche (Zhang et al., 2012); this study regdonb release in soluble reactive P (SRP)
under aerobic conditions (0.0883013 uM) in contrast to a 32-fold (1.823293 uM)

increase in SRP under anaerobic conditions.

20



478

480

482

484

486

488

490

492

494

496

498

500

It is likely that PQ* concentrations along with other reduced adsorhmetiss like
Fe"¥Mn*? can be mobilized from sediments to pore watereddjmg on the redox conditions
in the sediments. Mobilized RO along with other dissolved species then diffuseaifhe
oxic/anoxic boundary and themereprecipitated with Fe/Mn oxides/hydroxides forioatin
presence of oxygen (McManus et al., 1997). Oudfafdservations suggest that the dissolved
oxygen at or near sediment water interface weremeampletely anoxic but variedound
0.8+0.2 mg [* in both WLD and BLC marshes. Thus, PQnobilization taking place under
reducing conditions in sediments is probably drivan facultative bacteria capable of
thriving in both aerobic and anaerobic conditiornEhese substrateshave a PG’
concentration as high as 2.4fhol g* that can be mobilized from sediment by Sp-CN-32 or
similar sediment bacteria (Upreti et al., 2015) ofkrer possibility for this observed absence
of net P flux from soil could be due to direct ggaf P by microbial community in the soil.
Microorganisms effectively compete with plants émailable orthophosphate in soil and can
thus represent a significant pool of immobilizedPchardson and Simon, 2011). Such
microbial mediated capture of P can be signifi@rdur study sites due to higher availability

of C in the soil (Cheng, 2009).

4.2 PQ* mobilization potential under anaerobic condition

4.2.1 Role of Fe reduceBhewanella putrefaciens CN32 in PO,> mobilization

In this studyshewanella putrefaciens CN32 (Sp-CN 32) was used as the model bacterium to
understand Fe (lll) reduction. These bacteria wermginally isolated from marine
environment, brackish water, and sediments (Bul®d4; Pakingking et al., 2015). Since

then, it has been reported from different ecosysteimcluding freshwater environment
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(Bowman, 2005, Koziska and Ekala, 2004). In recent times, it has been widebjated
from various freshwater systems £Baior, 2016). The optimum growth temperature $or
putrefaciens varies between 4 and 37°C (Bowman, 2005, #ska and Ekala, 2004,). The
major reason for selectirffhewanella putrefaciens as a model bacterium in our study is that
it has an ability to switch from oxygen to Fe (I4$ a terminal electron acceptor under low or
no oxygen condition (Lovley & Phillips, 1988; Jasdi al., 2005; Jaisi et al., 2008; Roden,

2006; Upreti et al., 2015).

The sediment slurry incubations were carried oytresence ofhewanella putrefaciens to
specifically understand the potential of microhjathediated release of P under anaerobic
conditions in these coastal habitaBediment bacterium such &sewanella putrefaciens
CN32 have been widely found to consume dissolveeh@he water column for respiration
before inducing reductive dissolution of Fe (llixides (Lovely and Phillips, 1988) and
subsequent release of Fe (Ill) bound;P®om the sediment (Jaisi et al., 2011; Upretilet a
2015). In this study, the RO release from the sediment spiked wittputrefaciencs CN32
were significantly high (p<0.05) compared to norked experiments for both benthic
sediments and wetland soils in WLD and BLC regi@ifigure 4a, c). Sediments amended
with bacteria resulted in 3-fold increase in thiease rate of P§& compared to control,
highlighting the role of bacteria in modulating BOelease rate from sediments (Figure 4c).
Concurrent with these changes we also observedoa43old increase in Fe (II) between
spike and control. The changes in/£@nd Fe (ll) concentration had significant positive
regression (=0.96, p<0.005) throughout the duration of the expent. This finding

suggests that reductive dissolution of Fe (lll)d®s is leading to release of Fe (lll) bound
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PQ,* in presence of the bacteaputrefaciens CN32. There is a general lack of data about
what prevailing conditions are favorable to suchcrofial community. Our current
understanding suggests that iron reducing bactwreh asShewanella putrefaciens are
positively impacted by amount of available orgamatter in the soil (Cooper et al., 2017;
Richardson and Simpson 2011) and can be negatimglgcted by high concentration of#e
leading to saturation of the metal binding siteghia bacterial cell wall (Hyacinthe et al.,

2008).

Bacterial enhanced R® mobilization has not been studied in coastal Liani. Similar
studies have been conducted in other coastal actaas Chesapeake Bay. Fe (lIl) reducing
bacterium, GS-15 isolated from Potomac River sedtmehowed increase in Fe (ll) by 1.5-
7.0 times during 14 days of slurry incubation (Leywl& Phillips, 1988). Similar increase in
both PQ* and Fe (ll) by 4-15 and 4-10 times, respectivelyemeported from East Creek,
Chesapeake Bay when the sediment slurries wereedspikith Shewanella putrefaciens
(Upreti et al., 2015). Similarly, Borch et al., () evaluated alterations in surface
composition induced by P®adsorption on reduction of ferrihydrigend found an increase
in PO surface coverage when spiked withewanella putrefaciences. These patterns
highlight the importance of Fe reducersd the role ofShewanella putrefaciens CN32 in
PQO,*> mobilization suggestingthat our study regions follow similar trends observed in
temperate coastal zones. Other Fe reducing baciecia asGeobacter species, capable of
dissimilatory Fe Ill reduction has also been de@cin fresh water sediments during
microbially mediated redox cycling of Fe in Tallgdewetland in Alabama (Weber et al.,

(2006).
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4.2.2 Variability in PO,> mobilization between habitats
548 PO,> concentration in both WLD and BLC increased siguaifitly irrespective of habitat
when spiked with bacteria Sp-CN32. However, theaase was differerdmongregions and
550 habitats (Figure 4a, c). The POrelease from sediment slurries spiked with Sp-CMN@2
the highest in the WLD marsh (30 fold) followed tne WLD ridge (22 fold), BLC marsh
552 (12 fold), and BLC channel (6 fold) (Figure 4a, 8uch variability in PG release with
different habitats might be driven to some extgnbtganic carbon content in the sediments.
554 Higher organic matter content results in faster @8dsumption leading to more reducing
conditions while sustaining a larger microbial plapion, which would facilitate reductive

556 dissolution of Fe (Il) and associated release of PO

558 PO, release rates from different habitats when contpiéh their OM content showed no
such correlation (p< 0.2107; MSE 18.93213 k) = 1.5913). In fact, our results show that
560 the trend is opposite. WLD is associated with higR€> release compared to BLC,
although BLC has higher average OM content. Heagganic matter content alone cannot
562 explain the higher P§ release from WLD habitats compared to BLC. Thasfinding that
organic carbon is the major driver of this rele@keshi et al., 2015) does not hold true for our
564 studysites; his indicate that the availability of iron oxides the sediment must also be an
important driver of PGJ release processe., the reductive process. Therefore, the amount of
566 PO,> bound to such iron oxide/hydroxides minerals sticag considered a critical factor
towards determining the rates of PQelease, especially in case of WLD where iron exid

568 concentration is high.
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Sequential extraction of sedimentary £@ndicates that WLD wetland marsh has highest Fe
bound PQ® content and the highest POrelease (Figure 4a, c, 5). Overall, £@elease was
higher for both WLD habitats compared to BLC, whwbuld be due to higher Fe-bound
PO, in WLD soils, particularly in the wetland marsh gBie 4a, c, 5). Fe bound FQn
WLD was almost a factor of two higheompared to BLC. In BLC, Fe bound FOwas
similar in both habitats since there was no difieein PG*> and Fe (I1) release from both
habitats. Our findings are supported by the stroagelation between the pre and post
incubation decrease in iron bound £an sediments and net release in,2Q? = 0.98) and

Fe (#=0.99) from the sediment (Figure 6). In generag tigher the release, the larger the

loss of the sediment fraction across all habitapeeially in wetland habitats.

4.2.3 Relationship between Pg and Fe (lI) release

To explore what is the source of POand Fe (lI) released throughout the course of the
experiment, we calculated the ratio of £@nd Fe (ll) released at each time step. This ratio
is determined as the change in concentration of RDd Fe (l) between two consecutive
time steps and denoted ABO,>/AFe (I1). This release ratio was not constant thhmur the
duration of the experiment (Figure 7). In the figst hours APQ,>/AFe (ll) ratio steadily
increased from 1.26 to 1.96 in the WLD wetland eidd from 0.26 to 1.02 in the WLD
wetland marsh. After this periodPO,*/AFe (I1) started decreasing reaching a value of 0.84
in WLD ridge and 0.27 in WLD marsh by the end of gxperiment (Figure 7a). A similar
trend was also observed in the BLC benthic chaandlwetland marsh habitats (Figure 7b).
This variability inAPQ,*/AFe (lI) ratio over time indicate that Fe bound,£@ not the only

source of P@' and/or there are other sinks of £OOne possibility is that some of the
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loosely bound PG is contributing to the PY release as evidenced by the pre and post
incubation loss of loosely bound O Another alternative explanation is the initiatteial
uptake of the loosely bound BOpool when bacteria respired on oxygen. This patier
consistent with the other studies showihgt tacteria prefer loosely sorbed FQover less
bioavailable PG¥ pools in sediments (Jaisi et al., 2011). It imgiessible that new R®
released from reductive dissolution of iron cantt@sformed to loosely bound over the
course of the experiment. It is beyond the scopeunfexperiments to determine how both
sources and sinks of P are changing throughoutitination of experiment, but it is quite
evident that this net release of B0s driven bymoredynamic processes than just reductive

release of iron-bound RO

Conclusion

Phosphorus biogeochemistry across freshwater/lsfaclelystem is influenced by the
inundation of river waters during flood-pulse eventhus, it is important to understand the
biogeochemical function of nutrients such as Pahaic systems before it enters the coastal
waters. PG¥ mobilization from wetlands in coastal Louisiananisgligible under aerobic
condition. This is an important finding from theimoof eutrophication and water quality
managementOur study sites are heavily influenced by the watdflow from various flood
control and diversion structures and as such the @f water is heavily controlled:hus,we
can expect soil P remobilization to be significantler pulsed water release which can lead
to more Q depleted stagnant water compared to continuoesselof watethat can supply
relatively oxygen rich moving water. Under low g@en, a prevalent condition in these

coastal areas, there is a potential for the sicpuifi release of P® from sediment and
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616 wetland soils. Under the low or no oxygen conditibimlogically mediated redox processes
can contribute significantly to the release of,P@®om these substrateSubstrates amended

618 with a commonly found sediment bacteria such a€SB2 resulted in significant R® and
Fe (Il) release rates. Therefore, bacterially mediatezhsa of iron boun®Q,* in wetland

620 soils and benthic sediments could be an importanotcg and with other environmental
parameters remainingonstant, this fluxcan vary significantly as a function of Fe bound

622 PO, present in the sediments.

624 This study advances our understanding of micrami@thanisms and processes controlling
the coupling between sedimétil and overlying water exchange of dissolved congtittie
626 across the sediménbil-water interfaceSuch bacterial mediated processes need to be bette
qguantified in coastal Louisiana since the sedirseritbacterial community is sensitive to
628 major alterations in pH, salinity and temperatureuisiana coastline is facing one of the
highest sea level rise in the world (Jankowski let 2017) and future changes in salinity
630 regimes in thestresh water wetlands can greatly impact the miablviediate P cycling as
increases in pore water salinity can reguld decrease of iron oxide-bound P (Jordan et al.,
632 2008). Hbwever, the direcimpact of such salinity increase to iron reducing micedbi
community isstill unknown. Further studies are needed to betterratad®l the impact of
634 such microbial mediated processes, not only inhiseder dominated systems but also in
brackish and saline wetlands along coastal Louwssi&uch studies should include isolation
636 and characterization of these microbial communitgshigher spatial resolution across
salinity gradients, including temporal variabilitg fully understand the role of microbial P

638 cycling in coastal wetlands and how it might chamgge future along withclimate.
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Table 1. Water column and pore water physicochemical properties in Wax Lake Delta
2 (WLD) and Barataria Lake Cataouatche (BLC). Data not available is represented by (-).

Year Sampling Season Region Habitat Substrate Temperature (o] Salinity (ppt) Surface water P[)f' (uM) Pore water P[)f' (uM)

2015 Winter WLD  Channel Benthic 12.7 0.4 1.51
Ridge Wetland - - -
Marsh Wetland - - - 1.258
2015 Spring WLD  Channel  Benthic 25.9 0.1 2.1 -
Ridge Wetland - - - 1.33
Marsh Wetland - - - 2.05
2015 Summer WLD  Channel Benthic 25.8 0.2 2.55 -
Ridge Wetland - - - -
Marsh Wetland 26.3 0.2 - 0.598
2016 Winter BLC  Channel Benthic 12.5 0.1 1.899 -
Marsh Wetland 16.4 2 - 0.472
2016 Spring BLC  Channel Benthic 222 3.983 -
Marsh Wetland 25.05 0.2 0.96
2016 Summer BLC  Channel Benthic 26.5 0.2 4.977 -
Marsh Wetland 27.2 0.2 - 0.284
4
6
8
Table 2: Summary of analysis of variance (ANOVA)
10
Incubation Type Source  DF Sumof Squares  Mean Square  F Ratio P value
Intact Core Incubation
Oz Modd 3 156906.61 52302.2 9.5355 0.0001
Error 32 175519.35 5485
C.Totd 35 332425.96
PO43r Modd 3 90.37997 30.1267 1.5913 0.2107
Error 32 605.82601 18.9321
C.Totd 35 696.20599
Sediment Slurry Incubation
PO43r Modd 5 0.07653849 0.015308 73.6367  <0.0001
Error 30 0.00623644 0.000208
C.Totd 35 0.08277493
Fell Modd 5 0.92251898 0.184504 72.6632  <0.0001
Error 30 0.07617489 0.002539
C.Totd 35 0.99869386
12
14
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