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ABSTRACT: Horizontal levees are a nature-based approach for
removing nitrogen from municipal wastewateremt while
simultaneously providing additional bespnsuch asood control.
To assess nitrogen removal mechanisms and ¢heyeof a
horizontal levee, we monitored an experimental system re .
nitri ed municipal wastewateruent for 2 years. Based on mass = ——
balances and microbial gene abundance data, we determin@éthat — /\«(e@‘“a";’.’{,..,
much of the applied nitrogen was most likely removed:m'iﬁ"y
heterotrophic denitérs that consumed labile organic carbon
from decaying plants and added wood chips. Fe(lll) and sulfate
reduction driven by decay of labile organic carbon also produced
Fe(ll) sul de minerals. During winter months, when heterotrophic
activity was lower, strong correlations between sulfate release and

nitrogen removal suggested that autotrophic dersitaxidized Fe(ll) sudes using nitrate as an electron acceptor. These trends
were seasonal, with Fe(ll) sld minerals formed during summer fueling deatiion during the subsequent winter. Overall,
around 30% of gaseous nitrogen losses in the winter were attributable to autotropéis. demifniedict long-term nitrogen
removal, we developed an electron-transfer model that accounted for the production and consumption of electron donors.
model indicated that the labile organic carbon released from wood chips may be capable of supporting nitrogen removal f
wastewater aient for several decades withdailminerals, decaying vegetation, and root exudates likely sustaining nitrogen
removal over a longer timescale.

KEYWORDS:denitrication, nature-based treatment, redox, wetlands
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INTRODUCTION Horizontal levees consist of a wedge of sediments that

Humans have signantly transformed the global nitrogen buttresses storm control _Ievees tq protect Iqw—lying urban
cycle with negative environmental impac®hrough the areas from storm surgeshile removing contaminants from
Haber Bosch process, we have doubled the natural rate WStewater aient in subsurface lay€r$hese systems build
terrestrial Bl xatior® creating excess nitrogen in agriculturalupon insights from riparian wetlaridsnd denitrication
runo and municipal wastewateruent that stimulates the walls*'®> and can provide ancillary bese(e.g., terrestrial
growth of toxic algae and causes eutrophication in marine amabitat, ood control, and recreation) that are valued by local
estuarine systefhdBecause increasing global temperaturestakeholderS. In past studies, horizontal levees removed
likely will amplify these ects; more eective management of wastewater-derived contaminants, including nitrogen (primar-
anthropogenic sources of nitrogen is néeded. ily as nitrate), in a smaller footprint than other types of
gb

Municipal wastewater treatment plants are often dominaghnsiructed wetlantfs Additionally, removal of nitrate in
sources of anthropogenic nitrogen regionally, but engmeerj\%
Y

nitrogen removal systems require large capital investments és}z Sé/ iflzrtgsr ,:grr:ag]rzgu?égg ei\:ggscétérlfr;gr;h;/v&gtzigwhen the
installatiohand are expensive to opefdtecontrast, nature- 9 P

based treatment systems can remove nitrogen at lower cGsis
while providing other berts? However, nature-based Received: November 4, 2021 TS
systems have not been as popular because they often reqGf@sed: January 11, 2022
larger areas and exhibit a diminished performance in cdigcepted: January 12, 2022
temperaturéé’. Published: January 25, 2022

Horizontal levees are a new type of nature-based treatment
wetland that may overcome some of these limitations.
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Despite these promisingdings, the pathways for nitrogen (10 30% v/v) on average. The combined depth of the
removal in horizontal levees were not fully characterized subsurface was 0.9 m. Below the sand and gravel layers, a
past research. Microbial processes in the subsurface wewenpacted clay liner preventedtiation. E uent from the
presumed to be important because isotopic analyses indicaéeliacent conventional activated sludge municipal wastewater
that plant uptake was only responsible for about 10% @featment planthitps://oroloma.org/sewage-treatmgmas
wastewater-nitrogen remadvaHiowever, the combination of passed through a nitrifying graiter prior to being delivered
the quantied removal pathways and canonical deaiion to the subsurface at the top of the slope. A detailed description
did not explain the lack of seasonal variations in dissolvefl the experimental horizontal levee site, including (1) site
nitrogen removal. Plant senescence and lower water temgagouts and design schematics, (2) averagmiecomposi-
atures during winter led to lower nitrogen uptake rates byon, (3) descriptions of the wetland treatments, (4)
plants’ and should have resulted in lower rates ofspecications for soil types and wood chips, (5) information
heterotrophic denitiation;*'® but overall nitrogen removal on plant species, and (6) a timeline of operational conditions,
rates did not exhibit seasonal variations. is available elsewhéte.

To explain these observations, we hypothesized that theSample Collection. Porewater, iient and e uent water,
majority of nitrate was removed by microbial deition soils, and plant tissues were collected at locations delineated in
with decreased rates of activity of heterotrophic demitri Figure S1 of theSu Porting Informatiomsing methods
species in winter compensated for by the less temperatugescribed previouény Porewater was collected quarterly
sensitive autotrophic deniétis'® Autotrophic denitriers along the wetland slope to track changes in chemical
often reduce nitrate by extracting electrons frondesul indicators. Porewater samples were collected at depths ranging
minerals, which can form when the plentiful sulfate found iftom 0.6 to 0.9 m using stainless-steel PushPoint porewater
municipal wastewater @ent is reduced. Our hypothesis was samplers (MHE Products, East Tawas, MI, USA). Samples
consistent with observations from wetland micrdCasnts  were collected from those depths because the majority of the
full-scale constructed wetldndshere sude-driven deni-  water applied to the systeawed through the sand and gravel
tri cation was important even whendent organic carbon  sublayers. Porewater samples € 259) were collected
was available for heterotrophic deeitsi during multiple seasons. Additionally, over 1000 samples of

In addition to denitrication, other pathways, such aswater owing into and out of the horizontal levee were
anaerobic ammonium oxidation (anammox), ammoniungollectedf from the inuent pump wet well and the 12uent
oxidation coupled to iron reduction (feammox), andmonitoring wells located at the bottom of the wetland slope
dissimilatory nitrate reduction to ammonium (DNRA), mayusing a Masteex E/S portable sampler (Cole-Parmer, Vernon
contribute to nitrogen removal in wetl&idS. For example,  Hills, IL, USA). Water samples wetered and stored on ice
researchers have indicated thatlstdriven DNRA can serve prior to analysis, which normally occurred withid@4.
as a link between anammox and sulfur cycling in constructedNew growth plant leaves were collected from representative
wetland$’ and tropical wetland sedimefits. species every 8 months between August 2016 and June

To better characterize the processes responsible for nitrogegng across the wetland slope, as described préfiously.
removal in the horizontal levee, we performed mass balangcegwves were placed in plastic bags and stored on ice prior to
on nitrogen and a suite of redox-active elements (e.g., sulfgturning to the lab. Soil samples were collected from the top
and iron) and collected seasonal measurements of redox-actigecm. In 2016, soil samples were collected from nine
aqueous species. Mass balance approaches have often hg®fomly selected locations per cell. Additional samples were
used to quantify nitrogen cycle processes in constructe@llected in 2017 and 2018 for comparison. In 2018, soil
wetland$! ** These methods are advantageous because theymples were collected at 10 cm intervals at two locations to
(1) can be applied easily ateld scale, (2) do not require investigate whether depth stitions had developed with
specialized instrumentation, and (3) do_not involve maniptespect to soil carbon and nitrogen content and whether the
lations that have the potential to bias reSuttswever, mass  overall soil nitrogen content had changed (as described in
balances must be paired with additional methods'®e.g., Section S4.3 of tiRupporting InformatiprSoil samples were
pool dilution_studies) to directly quantify nitrogen cyclestored on ice during transport and frozen prior to processing
process ratés” In our study, mass balance results wereand analysis.
supported with measurements of microbial gene abufitlances Sample Processing and Analysis. Sample processing and
and assessments of mineral formation using synchrotron-bagggllytical methods were described previgtslgrie y,

X-ray uorescence spectromicroscopy. Our data were used iagions and cations were analyzed by ion chromatd@géphy,
quantitative model of elemental cycling in horizontal levees nd non-purgeable organic carbon, dissolved inorganic carbon,
predict how subsurface biogeochemistry will impact long-terfizng total dissolved nitrogen were measured using a Shimadzu

nitrogen removal. TOC-V/CSH analyzer with an attached TN-1 unit (Shimadzu
Scientic Instruments, Columbia, MB).Dissolved metals
MATERIALS AND METHODS (i.e., Mn,q and Fg) were analyzed by inductively coupled

Experimental Horizontal Levee Site. As described in  plasma mass spectrometry (I8F5)3* Organic nitrogen
detail previousiy,the 0.7 ha experimental wetland consistedconcentrations were calculated by subtracting concentrations
of 12 hydraulically separated parallel sloped subsurface wetlahaitrate, nitrite, and ammonium from total nitrog&hl
cells, which were used to test four treatments: (1) cells plantasid %0 in nitrate were measured previdlslythe bacterial
with willows, cells planted as wet meadows with sedges atehitri cation method?
rushes in (2) coarse, or (3ne topsoils, and (4) cells Leaf samples were dried immediately upon returning to the
constructed with swales. In all cells, coarseecclay loam  laboratory at 65C for 48 h. Soil samples were frozen
topsoils were underlain by sand and gravel layers. The layenmediately and then freeze-dried in a Labconco FreezeZone
were amended with approximately 24 g wood chips (k§ soil)12 Freeze Dryer (Labconco, Kansas City, MO). Dried leaf and

2771 https://doi.org/10.1021/acs.est.1c07512
Environ. Sci. Technol. 2022, 56, 27702782


https://oroloma.org/sewage-treatment/
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07512/suppl_file/es1c07512_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07512/suppl_file/es1c07512_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology pubs.acs.org/est

a
Nitrified
Secondary
Effluent,
- WERR) i ; i \/ 74 W\
164 kmol N - A, | AN 7 W77 Wetland

Wastewater Effluent e
164 kmol N : SR s '® 59 kmol N
Removed Nitrogen
104 kmol N Wetland Effluent
NO;-N, 59 kmol N
133 kmol, NO,~-N,

81% 80 kmol,76%  NO,-N, NOy-N,

NO,-N, . 4.8 kmol, 53 kmol, NH,+-N,
4.9 kmol A 89% ‘ 0.01 kmol,
3% <0.02%
NH+-N, oo NO,-N,
NH,+-N, DON, 14 kmol, » 0.1 kmol,

14 kmol, 54kmol,  14% 6.5 kmol, g 50,
9% 5% e

N
(Denitrification)

36 kmol

Plant N
+ 11 kmol

164 kmol N 2 Wastewater N
- 104 kmol

Wetland
9.9 kmol Effluent

' Decaying

Roots
+ 6.5 kmol N

Microbial
biomass N
+ 49 kmol N

Figure 1.Nitrogen mass balances over the 2 year monitoring period. (a) Distributions of aqueous nitrogen speaiesitinrémoved
nitrogen, and euent. (b) Mass balances conducted on nitrogen. Blue arrows and the white text represent wastewater-dedwedamittogen
their magnitude. Net changes in the size of nitrogen storage pothafet.&) are indicated with the black text in the ovals corresponding to
each pool. The magnitudes of these changes are represehtaed Y. Purple arrows, ovals, and text represertwiiseof soil nitrogen, soil
nitrogen components, and changes in their size. Green, brown, and tan arrows repeseaf titeogen from aboveground plant biomass,
plant roots, and litter. Th@ure is not to scale.

soil samples were ground tona powder (200 mesh) usinga  Mass and Electron Balances. Mass balances were
mortar and pestle, a SPEX SamplePrep 8000 Mill (SPEXnducted on nitrogen, organic carbon, sulfur, iron, and
SamplePrep, Metuchen, NJ), or a Mini-BeadBeater (Biospe@nganeséaccording to egs S1.1 through S1.4, as presented
Products, Bartlesville, OK). Soils were analyzed for iron aid the Supporting InformatiorFor all elements other than
manganese by inductively coupled plasma atomic emissf#POn, the sole inputs were the aqueous species in e nitri
spectrometry (ICPAES) after nitric acid/hydrogen peroxide Secondary euent wastewater applied to the wetland. Aqueous
closed vessel microwave digestion. Dried and powdered Shfces left the system only in wetlanibat. Mass inputs

, and outputs in the aqueous phase were calculated as the
and plant samples were also analyzed for nitrogen, carbon, B

i % d iah dmi b d sulf uct of the aqueous concentration of that species and the
sulfur content (% dry weight) and nitrogen, carbon, and sulfufy,, - A5 described previodglyinputs of nitrogen from

H H 1 1 3. 36 H . .. . .
stable isotope ratios N, 'C, and *S)” which are  atmospheric deposition and, Nxation were considered
reported elsewhe'e.” Isotope abundances for carbon are pegligible (i.e., each source accounted for less than 0.5% of
presented in notation as deviations from Vienna PeeDeeahe total nitrogen inputs). It was also assumed that

Belemnite (V-PDB) and have a long-term precision ohtmospheric deposition was a negligible input of all other
+0.1060. redox-active elements.
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Figure 2.Median concentrations with 90th and 10th percentile error bars for nitrate and other dissolved nitrogen species in porewater samj
collected from the gravel/coarse sand layer of the subsurface. Notzahesdiales of the vertial axes. DON = dissolved organic nitrogen.

Inputs of organic carbon from plant biomass were calculatédsample regions of interest was determined using Fe K-edge
from biomass productidrand the elemental stoichiometry of X-ray absorption near-edge structux\NES) spectroscopy.
the plant biomass as determined previduSiher elements  Further details can be found in Section S5 ddubeorting
assimilated into plant biomass (i.e., primarily nitrogen aniiformation
sulfur) were assumed to have come from the soil or from the Microbial Community Characterization. Five samples
aqueous phase and were calculated as described ptévioushere collected along the centerline of a coarse wet meadow cell
Additional details are described in Section S4 of th&om the gravel sublayer of wetland at distances of
Supporting Information approximately 2.5, 6, 15, 23, and 38 m from the inlet in July
Electron balances were calculated by converting mad@19. Samples were frozen in e using liquid nitrogen
loadings of electron acceptors (e.g., nitrate, sulfate) amdd stored at80°C prior to processing. Genomic DNA was
electron donors (e.g., organic carbondalto electron  extracted from the soil samples, sequenced, and used to
equivalents as described in Section S1.2 &uheorting quantify gene abundances for microbial processes associated
Information Briey, molar ratios of electron equivalents With nitrogen and sulfur cycling in soils. A detailed description
consumed or produced (eq rﬁ))lwere calculated for a of the methods for sample collection, analysis, and data
standard set of oxidation and reduction half-reactions. Detddcessing is provided in Section S6 of Shpporting
are described in Section S1.3 ofStheporting Information Information
Mineral Characterization. Four samples were collected at _ Statistical Methods. Statistical analyses were performed in
distances of approximately 1.5, 6, 23, and 38 m from the infexcel (Microsoft Corporation, Redmond, WA, USA) using the
of the wetland along the centerline of the cell using a 4 in stof}eal Statistics Resource Pack software (Release 5.4).
soil auger (AMS, Inc., American Falls, ID, USA) in Februargeported values were derived from non-parametric analyses
2020. Soils were immediately transferred into 50 mL centrifu@less spe@d. Only when data were normally distributed
tubes, which werdled completely to minimize headspace and(-€., with ap value > 0.05 for both Shapikilk and
stored on ice under g headspace in an AtmosBag (Sigma_d’Agostlno-Pearson tests) were parametric analyses used.
Aldrich, Inc., St. Louis, MO, USA). While still in the
AtmosBag, samples were ground with a mortar and pestle RESULTS AND DISCUSSION
before loading into metal sample trays with Kapton tapeén the pilot-scale horizontal levee, water played a critical
Samples were stored frozen undej@ eadspace prior to  role in nitrogen removal Applied wastewater eent either
analysis. underwent subsurfacew with residence times of approx-
X-ray uorescence spectromicroscopy data were collectediatately 10 to 20 days, where nitrogen wageetly removed,
the Advanced Light Source (ALS) XFM beamline 9.3.2, or overland ow, which resulted in hydraulic residence times
Lawrence Berkeley National Laboratory (LBNL), Berkeleyetween 10 and 24 h with negligible nitrogen removal.
CA, USA, with the storage ring operating in tomade at Evapotranspiration concentrated solutes in the remaining
500 mA, 1.9 GeV. All data were recorded at room temperatusabsurfaceew water, as evidenced by the increase in
in the uorescence mode using a Si(111) monochromator withorewater chloride concentrations by up to a factor of 5
the samples oriented af 45 the incident X-ray beam. Micro- (Figure SR Because evapotranspiration removed a large
focused X-rayuorescence KRF) mapping of iron and sulfur volume of water from the subsurface, porewater concentrations
was performed at 7210 eV (100 eV above the Fe K-edge) amere normalized using conductivity measurements to allow for
3938 eV (100 eV below the Ca K-edge), respectively, usimgmparisons of mass removal, as described prévisuslie
pixel sizes ranging fronx% to 12x 12 m. Iron speciation  cells illustrated the importance of subsurfage less than
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35% of the applied nitrogen was removed in these cells becalisgzontal levee due to (1) an abundant supply of organic
approximately 60% of the water nevdirated the subsur- carbon (i.e., wood chips and decaying plants), (2) the rapid
face. As a result, these cells were excluded from our analyssmoval of nitrate with distance along the slope, (3) a
The full data set is available on Mendeley’Data. signi cantly higher supply of nitrate relative to ammonium
Nitrogen Cycling in the Horizontal Levee. Throughout (i.e., the average irent concentrations were 1.8 and 0.21 mM
the 2 year monitoring period (June 2Qlihe 2019), respectively for nitrate and ammonitimdnd (4) clear
nitrogen species were removeciently when hydraulic evidence of iron and sulfate reduction after nitrate was no
conditions were optimiz&dRemoval of nitrate, ammonium, longer detected. We also hypothesized that dexiitih was
and nitrite exceeded 98% when overlandwas eliminated. fueled by a combination of electrons derived from various
Only about 40% of the dissolved organic nitrogen (DON) waserganic carbon sources anddailminerals, as discussed in
removed, although it only accounted for about 7% of theubsequent sections.
levess in uent nitrogen. Nitrate accounted for the majority of In addition to mass balance calculations, we observed
nitrogen lost in the levee, making up over 80% wérih isotopic fractionation and microbiological evidence consistent
nitrogen mass loading during the stiityufe &). Of the 104  with denitrication serving as the primary nitrate removal
kmol N removed, 77% was nitrate-N, with ammonium-Npathway. As described previously, fractionation of oxygen and

nitrite-N, and DON accounting for the remaining 23%. nitrogen isotopes in nitrate in the horizontal levee followed
Porewater concentrations of nitrogen speEigsr¢ 2 Rayleigh kinetics and were strongly corréfatetiich is
followed consistent trends with distance. In tse5 m, typical when denitigation is the dominant nitrate removal
removal of nitrate was rapid and sagmit p < 0.03)*** and process>** In contrast, when nitrogen removal by anammox
ammonium and nitrite were removed within tts¢ 2 m. is substantial, a decoupling’8® and N in nitrate caused

Concentrations of DON decreased and then rebounded withy reoxidation of nitrite during carbortion is expectéd.
no signicant changep(= 0.13) within the rst 15 m of the = Furthermore, we did not observe any anammoxesgees
wetland, suggesting that initial removal of DON was followgdhzsandhdh across the entire length of the wetland slope,
by the release of DON from other processes (e.gdiminishing the likelihood that anammox played a major role
decomposition of plant residues). After 15 m, concentrationis nitrogen cyclingrigures S21 and §22
of all nitrogen species did not change samily ¢ > 0.05). Unlike anammox-specigenes, genes associated with full
No signicant dierences f > 0.05) were observed in denitri cation and DNRA metabolic pathways were present
porewater nitrogen concentrations seasonally or amomgross the entire length of the slope at similar gene abundances
wetland cell typé%,except for nitrite, which exhibited slightly (Figures S21 and §2Zhe similar abundances of genes
lower concentrationg < 0.02) in wet meadow cells with specic to denitrication firK, nir§ norBC andnosZ and
coarse soils. The lower nitrite concentrations observed in cdllBIRA (nirBD and nrfAH) suggest that nitrogen was cycled
with coarse topsoils may have been due to small, bthrough both metabolic pathways. However, of these
signi cant, dierences in pH. The median pH in theuent processes, only denitdtion can lead to the permanent
was signcantly ¢ < 0.005) lower, exiting cells with coarse nitrogen removal observed in the system because DNRA is
topsoils (pH = 7.1) compared toe topsoil cells (pH = 7.5).  only involved in internal cycling. Although we did not observe
These observations are consistent with previous résearch. anammox genes or chemical indicators of anammox (e.g.,
Mass balance calculations (Section S1 dbupporting  nitrate production) direct quantication methods (e.g°N
Informatiol indicated that of the 104 kmol of nitrogen tracers)” would be needed to increase our dence in the
removed during the monitoring period, approximately 81 kmalonclusion that denitdation accounted for all of the
N (77%) was removed by conversion to gaseous forms (i.previously unexplained nitrate removal.
Ny and NOy) (Figure b). An additional 15 kmol N Ammonium accounted for 14% of the nitrogen mass
(14%) was assimilated by microorganisms or stored immoved. Its loss was likely explained primarily by microbial
particulate forms in the soil (section S1.1.3 dbtpeorting assimilation because microorganisms preferentially utilize
Informatiof. The remaining 8.8 kmol N (8%) was taken up ammonium over nitrate and DOGNAlthough anammox
into aboveground plant biomass (6.6 kmol N) or plant root@nd feammox can also remove ammonium in anoxic wetland
(2.2. kmol N)}” Flows of nitrogen between elient  sediment$>*°°these processes were not likely important for
compartments were substanti@bre b). Assuming that previously described reasons. Additionally, anammox relies on
(1) soil nitrogen reached a steady state and (2) plant anditrite inputs and feammox forms nitrite as a protioet,we
litterfall turnover had reached maturity by the end of thalid not observe transient nitrite concentrations indicative of
monitoring period, these compartments (e.g., soil nitrogen atitese processes (although nitrite rarely accumulates when
plant residues) do not represent important long-term sinks sfi cient labile organic carbon is pre§é¥13ased on the
wastewater-derived nitrogen. Based on the mass balances, ionlyent loading of ammonium, we estimated the maximum
denitri cation and anammox can explain the observed loss pétential contribution of anammox and feammox to nitrogen
dissolved nitrogen species. removal at 27 and 14%, respectively. Additional experiments
In water-saturated subsurface wetlands where sedimentsae needed to determine the importance of anammox and
amended with organic substrates that receive high nitraisammox more precisely.
loadings, denitreation is often the dominant nitrate removal Partial removal of DON was likely due to ammation,
mechanisfit “°because dissolved oxygen is rapidly consumédllowed by denitrcation:® Despite residence times of more
in the subsurfadé. Moreover, even in systems where than 12 days in the subsurfaaely about 38% of DON was
anammox and denittation occur simultaneously, increasingremoved. This was consistent with padings that indicated
organic matter correlates strongly with the relative importanoaly about half of wastewater-derived DON is bioavailable to
of denitri cation?**%*° We therefore hypothesized that microorganisms in receiving watefhus, we inferred that
denitri cation was the main nitrate removal pathway in thehe fraction of DON originating from the wastewater that
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Figure 3.Concentrations of Mg, Fg,q, and sulfate in wet meadow cells withtopsoils (ac) and in wet meadow cells with coarse topsoils
(d f). Blue circles represent median concentrations from the winter and spring. Orange squares represent median concentrations in the su
and fall. Error bars represent 90th and 10th percentile values. Noter¢né wirtial axis scales for each analyte.

passed through the horizontal levee consisted of forms thaas present as soil-derived organic carbon. Before wastewater
were resistant to microbial transformation. However, momas introduced into the horizontal levee, organic carbon in the
labile forms of DON may have also been released within tiseil (i.e., from both wood chips and soil organic carbon) had
horizontal levee from decomposition of ptatesching from  decreased by approximately 15%. This decrease was likely due
soils>® and microbial biomass turnoVeEurther character- to a combination of oxidation of accessible forms of organic
ization of the euent DON is needed because the forms ofcarbon by aerobic microorganf$rasd leaching and export

DON produced in the horizontal levee (e.g., plant residuedjom organic carbon residifesuring the period when the

could be more bioavailable in receiving waters than municigistem was irrigated with sprinklers and the subsurface was

wastewater-derived DON. unsaturated. See section S1.1.4 &upporting Information
Biogeochemical Cycles of Redox-Active Elements. A for further details.
complex web of interacting biogeochemical cyclehaes Between 2017 and 2018, organic carbon from all sources

nitrogen fate in horizontal levees because many of thiecreased by approximately 22% (0.03; one-tail Mann
microbial processes that drive these cycles compete for lab&itney test) from around 7200 to 8200 kmol C. The increase
organic carbon. Our data suggest that organic carbon fuelethasoil organic carbon suggested that organic carbon inputs
cascade of redox processes with progressively lower endrgyn plants outpaced removal by oxidation in the water-
yields (i.e., reduction of,@nd NQ , followed by Mn and Fe  saturated subsurface. Overall, approximately 1400 kmol C of
oxides, and then $0, as is expected in wetland sedinf@nts. plant biomass was produced over the 2 year study, with 18%
Although other electron donors may have also been producsired belowground, as calculated from previously published
from reactions of products of these processes (e.g., irbiomass measuremert3hese values were consistent with
sul des), the reducing power of the system was ultimatejyast studies in constructed wetlahaehich indicated that
provided by the decomposition of organic matter in woo@00 to 7900 kmol C yrwould be produced aboveground in a
chips and wetland plants. These processes are describedvétland of this size, with approximately 25% of total plant
greater detail in the following subsections. biomass stored belowground. Due to plant turnover (section
Organic Carbon Cycling and Mass Balance. Five sources S4 of theSupporting Informatipn nearly 90% of plant
of organic carbon were relevant to the biogeochemistry of thi®omass produced during the 2 year study was either deposited
system, including three solid forms: (1) wood chips mixed intas plant residues on the wetland surface or became decaying
the sediments during construction, (2) decaying plant biomassots. Plant residues should be more readily assimilable than
and root residues, and (3) soil-derived organic carbon, as webod chip$' due to their lower lignin content (e.g., <10% for
as two dissolved forms: (4) plant root exutfatesd (5) plant residués compared to >25% for wood chifis)ising
wastewater-derived dissolved organic carbon. Prior to plantinggasurements of carbon and nitrogen isotopes with depth
the largest single reservoir of carbon was wood chigsection S4 of thBupporting Informatipywe estimated that
(approximately 7800 kmol C), accounting for approximatelgpproximately 80% of the carbon in litter residues was
66% of the organic carbon. An additional 4000 kmol C initiallyntegrated into the sediments over the monitoring period.
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Figure 4 X-ray uorescence spectromicroscopy data for samples collected from a coarse wet meadow cell in February 2020. Samples 1, 2, 3,
were collected at distances of 1.5, 6, 23, and 38 m, respectively, from the inlet to the wetland, as demonstrated in (a). (b) The fraction of Fe-be
minerals idented by LCF tting of the Fe K-edgeXANES data for each sample broken down by Fe mineral groups and oxidation states. Sulfur-
bearing minerals are represented in blue, with iron carbonates in red, and all others in gray$eale .u@rescence elemental distribution

maps of sulfur in samples x(8 m pixels), 2 (& 8 m pixels), and 3 (18 10 m pixels) that illustrate the change in the sulfur content with
distance from the inlet. Scale bars arerfi@@ith the same gamma value used. Note that the detector was moved away from the sample for the 2:
m sample (e).

Plant roots also likely exported sigamt amounts of  (Figure SI0 Sulfate reduction occurred as well, butisul
organic carbon into the subsurface by releasing labile, lominerals also remained undersatur&tedie S1)1
molecular-weight compounds (i.e., exudates). Using root-massAfter nitrate was depleted, dissolveg;Fand Mn,
based relationships reported previously for plants used ¢ancentrations increased, leveling out after 5 m in the coarse
constructed wetlantfswe estimated that 19 kmol C yr  substrate cells. Sulfate removal indicated that sulfate reduction
(95% CI = 6.3 kmol yt, 38 kmol C yrY) were exuded by Was likely the dominant heterotrophic process after nitrate was
plants. Based on these estimates, exudates could suggfpoved until sulfate was depleted between 5 and 20 m from
approximately 16% of the electrons required for théhe inlet. The distances at which we observed sulfate removal
heterotrophic processes in this system. varied seasonally in thee substrate cellsSigure $as well as

Wastewater-derived dissolved organic carbon (DOC) di@mong the derent cell types~(gures 3and S9, with the
not appear to be an important source of electrons for microbi@Seét of sulfate removal occurring after 2 m in ke
processes. The mass of DOC did not changecaigty ¢ = substrate_ cells during the winter.

0.11) between the inent and euent, consistent with past Assuming that sulfate was converted tdesuhe cells were

studies in wood chip-amended syst&f@rganic carbon in likely supersaturated with respect todsuminerals after

wastewater aient is typically recalcitrant: past measurement rgsu;;rczh7ccr)rr]{dggtpe%nidr:no%hl;:?%r; t:r?iccggréyoﬁrﬁgaonr]een%]g}j subsur-
indicated that only 1B0% of wastewater @ent DOC is 9

biodegradabf@®® For this reason, labile organic carbon isface ow wetlands indicates that sulfate is typically reduced to

fi dded to stimulate denicti ; i t sul de, resulting in the formation of acid-volatiledes(’
often 261 ed 1o stimulate denitation in wastewaler — aqgitionally, iron was abundant in the wetland sediments,
e uent?™ We did not determine if wastewater DOC was

) . capstituting approximately 2.5% of the sediment by weight
consumed and replaced with organic carbon leached from ?@Ection S1 of th&upporting Informatipnwith structural

organic carbon or plant residues, but even if we assume thah, iron silicates, and iron oxides abundémtie #) based

30% was consumed (29 kmoP&},it would account for less o Fe XANES measuremerfsg(re S18; Table S%For

than 25% of the electrons required for heterotrophic processgfese reasons, we hypothesized that iron and sulfate reduction
Heterotrophic Processes and Mineral Formation. In the  resulted in the sigmiant formation of Fe(ll) sule minerals

rst 5 m of the wetland, nitratéigure 2 was consumed and  (up to approximately 19 kmol).

there were modest increases in concentrationg,pfafe Changes in aqueous measurements of those species were

Mn.q) (Figure 3, likely due to reduction of Fe and Mn oxides consistent with black coatings observed on sediments collected

within anaerobic bibms after nitrate was depleted. Dissolvedfrom depths below 75 cm at distances at 6 and 23 m from the

inorganic carbon increasé&i(res S7 and pbut modeling inlet (Figure SIZ*’? as well as with mineral characterization

indicated that carbonate minerals remained undersaturatiedthe gravel sublayer during the winter using XANE® ¢
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Figure 5.Concentrations ([C]) of (a) nitrate (blue circles) and sulfate (orange squares) ang,(@r&sg triangles), ammonium (green circles),
and nitrite (black squares) in porewater samples collected from the gravel and sand layers of the subsuréeadadow cell on April 10,
2019. Note the derence in vertical axes scales. Data points represent individual samples, and lines represent moving averages.

4). Sul de minerals such as greigite (Fe(ll)Fe@l}y), the Mn and Fe oxides would be exhausted after approximately 20
most frequently idendd sulde mineral, as well as pyrite and 750 years, respectively.
(FeS) and arsenopyrite (FeAsf were identied in Autotrophic Sul de-Driven Denitri cation and DNRA. In

February 2020 at distances of 6, 23, and 38 m along tlaldition to the evidence of heterotrophic processes discussed
slope Figure &; Table SR Elemental mapping indicated that above, we frequently observed increasing sulfate concen-
the sulfur content in the gravel sublayer increased substanti&igtions in the rst 5 m of the slope coincident with nitrate
between 1.5 and 6 migure H,c). At 23 m, the sulfur content removal, particularly during winter and springute 8,f,
saturated the detector and sulfur mapping had to be conducteldie circles). This trend was more evident in data collected
with the detector at a greater distance from the sdfiqples(  from the ne substrate wetland cells. For example, in April
4e). These ndings suggest that the majority of sulfur2019, nitrate concentrations dropped from 2.1 mM to less than
precipitated onto sediments beyond 1.5 m from the inleD.01 mM in therst 5 m of a ne wet meadow cell over the
Based on rapid sulfate removal observed during the sumnmesame distance that sulfate concentrations increased from
we suspect that small amounts ofdsuminerals may also approximately 0.45 to 1.0 mMrigure % The inverse
have formed on sediments within thet few meters<igure correlationi = 0.97;p = 0.002) between sulfate and nitrate in
S13. these observations suggests that autotrophite-dulven
After sulfate was depleted, fermentation and methandenitri cation and/or DNRA occurréd’* These processes
genesis, along with continued Fe(lll) reduction, were likely thare fueled by swle minerals (e.g., acid-volatile dasg),
most important biogeochemical processes. This hypothesisvisich, as shown previously, were formed during iron and
consistent with the observed ubiquity of fermenters ansulfate reduction (Section S3.2 of $hgporting Informa-
methanogens in soils and sediments glckilly the highly  tion). These minerals likely formed in thst 5 m of the
reducing and anoxic conditions observed in the second halfsafbsurface during summer and fall when biological activity was
the horizontal levee slope, which favor their acfiBiggween  the highest and subsequently were consumeddsrdriven
25 and 45 m, concentrations of dissolved inorganic carbaenitri cation and/or DNRA in the winter and spring. The
nearly doubled~gure SBprimarily due to removal of water likelihood of sube-driven denitrcation and/or DNRA
by evapotranspiratiofrigure SR Under these conditions, processes is supported by the ubiquity of dissimilatory sulfur
stable porewater Eg and Mn,q, concentrations were reduction and oxidation genes along the length of the wetland,
consistent with the presence of carbonate minerals. Coalingiteconjunction with denititation and DNRA geneBifures
a Mg/Fe(lll) carbonate, was idemtil using Fe XANES at S22 and S23Di erences inow rates or microbial biomass
distances of 23 and 38 fidure $ andTable SR Despite between substrate types may have caused this phenomenon to
the abundant presence of Fe(lll) and Mn(lV) minerals in thebe less pronounced in the coarse substrate cells. The apparent
subsurface, water loss by evapotranspiration, and productiomiokrences between cell types may have also been due to the
inorganic carbon by microbial processes, dissolved Mower sampling resolution in the coarse substrate cells in the
concentrations in porewater only increased by @3% ( winter.
0.01; one-tailedtest) in this part of the slope and dissolved Fe Sul de-driven DNRA can link nitrate reduction and
concentrations did not change=0.17; two-tailed Mann anammox in constructed wetlaidsyt ammonium concen-
Whitney test) ftigure Sh suggesting that Mg and Fg, trations in our system did not increase as nitrate was removed
were precipitating as Mn(ll) and Fe(ll) minerals. (Figure B), as would have been expected if DNRA was
At the start of the experiment, approximately 39 kmol Mrimportant. Rather, our results were more likely attributable to
and 2300 kmol Fe were present in the wetland sedimentsul de-driven denitrcation a process that has been
Based on porewater concentrations of,Mand Feg observed in marifie and riverine sedimefitsand in
collected at the outlet from the wetland, we estimate thatonstructed wetlands with high sulfate loddingviany
only about 9 and 0.3% of these metals were exported from tha@l de-oxidizing deniters can also oxidize Fe(ll), which may
wetland, respectively, during the study. Porewater Mn and Egplain_the low Fg concentrations observed in these
concentrations did not vary seasonally 0.05; Wilcoxon  sample§’
signed-rank test) but were sigantly lower in cells planted In the horizontal levee, these trends were seasonal, with
with willows (Figure S5; Section S2 of fgporting release of sulfate in thest few meters only observed to a
Information). Based on these export rates, we estimate thaigni cant degree in winter and spring. Due to the seasonality
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of these trends~(gure 3 we hypothesized that autotrophic approximately 10% of the reductants needed for this process,
sul de-driven denitrcation was more important in winter. primarily during colder seasons when rates of heterotrophic
Sulfate reduction occurred in thet 3 m of the subsurface denitri cation decreased. Approximately 20% of organic
during summer, particularly me substrate cellBiQure 8), carbon consumption (54 kmol C) was not accounted for by
likely leading to the formation of Fe(ll) slds that fueled the monitored electron acceptdfgy(re Spand may have
autotrophic denitrcation during winter and springigure been due to methanogenesis or fermentation (Section S1.2 of
S13. Oxidation of sutle by denitriers during winter may the Supporting Informatid,f°

partly explain the low sulfur conteffig(ire €) and the lack If all of the added carbon in the wood chips were
of sulde minerals idengd at 1.5 m along the slopégure  bioavailable, it could supply 44,000 Keq of reducing power,
4b, Table SR enough to denitrify all of the nitrate applied to the

The distance at which nitrate removal occurred was neixperimental system for approximately 65 years. However,
signi cantly dierent seasonallp € 0.78; Figure S6; Section complete mineralization is unlikely because the high lignin
S2.3 of theSupporting Informatign This contrasts with  content of wood chipsassures that not all of the organic
pre.ViOUS|.y pUb“Shed research in constructed Wetlands, darbon can be released qui%ﬁ(n]he results from previous
which nitrate removal rates slowed as the temperatutgudies of wood chip-amended treatment systems indicate that
decreased in surfaaew® and subsurface wetlafitiOn biological activity stimulated by wood chips decreases over
the basis of water temperature changes between sumer (24ecadal timescafésikely as more easily extracted fractions of
0.8°C) and winter (17 1.3°C), we would have expected \ood chip carbon are exhausted. Thus, we expect organic
nearly a 40% decrease in nitrate removal rates, which woplgon release from wood chips to decline over time with some
have extended the length of the denitrifying zone of thgaction of the wood persisting for over a century. Considering
wetland from approximately 4 to 7 m. However, the lack Qhe amount of organic carbon in the soil available at the
sea_sonallty ot_)served in nitrate rgm_ov_al may have been bec nning of the experiment8R00 kmol C: including wood
an increase in sde-driven denitrcation, a process that ching soil organic matter, and decaying root biomass) and the
typically exhibits a weaker temperature depertdéhce,  .ic o organic carbon consumptiod20 kmol yr': Section
compensated for more temperature-sensitive removal PO 1 4 of theSupporting Informatiyn we estir7nate that

ceTsrs],es. bility of the horizontal | ¢ dissol ccessible organic carbon in the soil would be depleted in
. eea ity Otl Z .OI‘IZOdI’_'I a teveee 0 remove t'ss?hvﬁ pproximately 50 years without additional inputs. However,
nitrogen € ciently during derént seasons Suggests a.flants growing on the surface of the wetland produce litter

horizontal levees may not exhibit the dramatic diminution i %proximately 1400 kmol C ¥r that could replenish

performance that has previously led some decision-maker % . B :

discount the use of nature-based solutions. Horizontal lev X sumed_ organic carHénA_ddltlonally, redu_cmg power
: . om plant root exudafésand iron sulde deposits may also

may also be attractive for nitrogen removal when wastewa] gé | microbial processes like dewation

contains high sulfate concentrations (e.g., reverse osm i . ) .

concentrate). Moreover, the amendment of horizontal levee 0 assess the ability of a horizontal levee to remove nitrate

sediments with Fe(lll) oxides or g&ould stimulate sule- i the long term, we developed a model that balances

driven nitrate removal in constructed wetlands, as has be%rr?qucttlcm .Of total electt_ron tcrllonorsh n tr;ebh?nz?ntal erveef
reported previous{y®® and may help prevent seasonal a?a'tns telrlcc;nsump |or1 rosug i mgi‘;’gﬁ raltw_s ers o
performanceuctuations. electrons to electron acceptors (Section S1. piperting

Based on changes in sulfate and nitrate concentrations dA{Prmation Table S4). We estimate that plants would
the stoichiometry of sde-driven denitréation, we estimated Produce around 1000 kmol C'yafter they reach maturity

that 130 Keq of the approximately 440 Keq of electron donof@sed on observed bio(r)nass production rates reparted in our
required for nitrate reduction during winter were supplied b?rev[ous StUdV-”_JUSt 10% of this annual biomass production
the oxidation of sude mineral&'®! This suggests that nearly 1S ultimately available to microbes in the subsurface, the ability
one-third of wintertime denitcation and 18% of overall ©f the system to completely remove nitrogen would be
nitrate removal during winter were fueled by Fe(lljesu sustained without the need to amend the system with electron
Over the entire year, this would account for approximatef§onors (e.g., wood chips). _

10% of nitrate removal. Additionally, althougbesdleposits The size of alternative electron acceptor reservoirs can also
may become less reactive as they are converted to more stiBRact the amount of organic carbon available for nitrate

forms (e.g., pyritéf, ®* there is growing evidence that they femoval by denitation. Reactive Mn(lll)/Mn(lV) and
still can provide electrons for denttation’®®° Fe(lll) oxides in construction materials could serve as sinks for

Implications for the Horizontal Levee Design. To organic carbon that would otherwise be used for demitri

illustrate how biogeochemistry can inform horizontal level#on, similar to Mn and Fe oxides in marine sedififerigh

design, we used our data to evaluate the role eserti sulfate reduction rates could also deplete the reservoir of
electron donors and acceptors in nitrogen removal (Section 81ganic carbon if sulfate-rich wastewater streams (i.e., reverse
of the Supporting InformatidnApproximately 1000 Keq of 0smosis concentrate from wastewater reuse projects) were
electrons was transferred to the most abundant electr@pplied to horizontal levees. However, iron and sulfur may also
acceptors (i.e., ONO; , NO, , Mn(lV), Fe(lll), SQ?) be benecial if they are stoichiometrically balanced to avoid
during the 2 year study. Known electron donors providetfee sulde-induced phytotoxicifyor export of reduced forms

su cient reductants to drive these processesiré Sy of those elements from the system. Not only would large
Among the major electron acceptors, we estimated thatputs of Fe(lll) and sulfate favor Fe(ll) sl formation in
approximately 670 Keq (about 50%) of the electrons suppligdese systems, creating a reservoir of electrons that can sustain
by electron donors was used to convey M@d NG into high rates of nitrogen removal in the winter, but also Fe(lll)
N, and trace amounts of,®l;. Metal suldes provided and sulfate can inhibit the formation of meftatieand
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