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ABSTRACT: We present linked field and laboratory studies
investigating controls on enhanced nitrate processing during
infiltration for managed aquifer recharge. We examine how
carbon-rich permeable reactive barriers (PRBs) made of wood-
chips or biochar, placed in the path of infiltrating water, stimulate
microbial denitrification. In field studies with infiltration of 0.2—
0.3 m/day and initial nitrate concentrations of [NO;-N] = 20—28
mg/L, we observed that woodchips promoted 37 + 6.6% nitrate
removal (primarily via denitrification), and biochar promoted 33 +
12% nitrate removal (likely via denitrification and physical
absorption effects). In contrast, unamended soil at the same site
generated <S5% denitrification. We find that the presence of a
carbon-rich PRB has a modest effect on the underlying soil
microbial community structure in these experiments, indicating

Cumulative N

Biochar PRB —_
P Woodchip
L PRB

Infiltration Day

that existing consortia have the capability to carry out denitrification given favorable conditions. In laboratory studies using
intact cores from the same site, we extend the results to quantify how infiltration rate influences denitrification, with and without
a carbon-rich PRB. We find that the influence of both PRB materials is diminished at higher infiltration rates (>0.7 m/day) but
can still result in denitrification. These results demonstrate a quantitative relationship between infiltration rate and
denitrification that depends on the presence and nature of a PRB. Combined results from these field and laboratory
experiments, with complementary studies of denitrification during infiltration through other soils, suggest a framework for
understanding linked hydrologic and chemical controls on microbial denitrification (and potentially other redox-sensitive
processes) that could improve water quality during managed recharge.

1. INTRODUCTION

Managed aquifer recharge (MAR) is an important technique
for sustaining groundwater supplies and mitigating the impact
of increased demand, climate change, and shifting land use.!
MAR projects collect and infiltrate excess surface water flows
using a variety of techniques including stream-bank filtration,
dry wells, and dedicated infiltration basins.” Water for MAR
can be derived from nonpristine sources such as stormwater,’
treated wastewater,” or other excess surface flows;’ in some
cases, these source waters can contain contaminants that
threaten groundwater quality. In addition, infiltrating water is
subject to physical, geochemical, and microbiological process-
ing, which can improve or degrade water quality.*"°

Nitrate (NO,) is a common and pervasive contaminant in
both groundwater11 and surface water,'”"® and elevated
concentrations have been linked to toxicity in humans and
negative environmental effects on ecosystems.“’15 Nitrate can
be removed through microbial denitrification,'® a multistep
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process that (if run to completion) converts nitrate to inert N,
gas through a series of reactive intermediates. Denitrification
requires an electron donor (often in the form of organic
carbon), takes place under suboxic to anoxic conditions, and
can be affected by additional factors such as soil pH,
temperature, saturation, and ve(t.r,etation.17

Earlier studies have demonstrated the feasibility of
enhancing denitrification with carbon-rich permeable reactive
barriers (PRBs) made of materials such as woodchips, biochar,
or compost.'®'” These materials are often used in
denitrification bioreactors, a broad class of systems designed
to reduce nitrate concentrations in agricultural runoff,*® treated
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wastewater,”! contaminated groundwater,22 and other set-
tings.23

PRBs can be applied in conjunction with MAR to improve
water quality during infiltration, particularly by enhancing
denitrification. For example, a PRB made of vegetal compost
and woodchips was installed in an MAR system to promote
denitrification during infiltration of diverted river water,
resulting in 30—40% nitrogen removal on some days but
negligible removal or addition on other days.” Controlled
percolation experiments using water with elevated [NO;]
demonstrated that adding a woodchip PRB to coarse-grained
soils (>90% sand) led to enhanced denitrification during rapid
infiltration.”* This study also noted a negative correlation
between rates of infiltration and denitrification, with tests run
at infiltration rates up to 1.9 m/day. While these studies show
promise in using a PRB to enhance denitrification during
infiltration for MAR, the notable variability in the occurrence
and extent of denitrification highlights sensitivity to chemical
and hydrologic conditions. This makes it difficult to design and
operate MAR systems beyond the specific sets of parameters
and conditions documented at each site.

MAR systems operate across a range of soil substrates and
fluid chemistries, and understanding the complex interactions
between soil characteristics (e.g., grainsize distribution, soil
organic matter), hydrologic conditions (e.g, infiltration rate,
saturated zone thickness, fluid residence time), and chemical
constraints (e.g, abundance and/or availability of electron
donors) during infiltration is important for maximizing water
quality benefits during MAR and avoiding resource degrada-
tion. While a subset of these factors has been investigated (e.g.,
increased carbon on denitrification in bioreactors), few studies
have combined colocated measurements of hydrologic, geo-
chemical, and microbiological data in order to elucidate the
fundamental processes that control denitrification at rapid
infiltration rates that are typical for MAR systems.

In this study, we present colocated physical, geochemical,
and microbiological observations from linked field and
laboratory studies using intact soil cores from the same site
to quantify how horizontal PRBs made from carbon-rich
materials (woodchips or biochar) can enhance denitrification
during infiltration for MAR. We are particularly interested in
quantifying the dependence of denitrification on infiltration
rate with and without a PRB. The field and laboratory studies
link hydrologic conditions and the nature of carbon-rich PRB
materials to concomitant geochemical and microbiological
changes during infiltration. Laboratory studies are particularly
useful in this context for extending field results to different flow
rates. We present data from new experiments, combine these
results with those from other studies, and propose a conceptual
framework for understanding denitrification during infiltration
leading to MAR, including a dependence on flow rate, with and
without a carbon-rich PRB.

2. MATERIALS AND METHODS

2.1. Study Site. The study site for this project was an
active ranch in the Pajaro Valley near Watsonville CA, adjacent
to Monterey Bay and the Pacific Ocean (Figure S1), where
installation of an MAR infiltration system is planned that will
collect stormwater runoft from >1000 acres of farmland and
rangeland. Soils at the site are representative of soils in the
southeastern portion of the valley, comprising mainly flood
plain, alluvial, and fluvial deposits adjacent to the Pajaro River,
the primary drainage channel for the valley. Other infiltration
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and recharge projects are being operated nearby or are being
considered for installation.*

2.2. Experimental Design and Operation: Field
studies. Field percolation studies emulated continuous
infiltration that would occur during MAR operation, using an
experimental design similar to that apjzolied in an earlier study
of coarser soils in the same region”* (Figure 1A and SI,
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Figure 1. Field and laboratory experimental configurations. (A) Cross
section of layout and plot construction for field percolation studies,
with instrumentation installed within the central 0.16 m* of the plot.
PRB layer was installed for tests with woodchips (WC-Perc) and
biochar (BC-Perc). For native soil test NS-Perc, the plot construction
was identical except no PRB layer was installed. (B) Laboratory
column studies were designed to simulate the saturated zone within
the field studies with identical layering. Columns were inverted for
testing to maintain saturated conditions under different infiltration
rates, retaining the same flow direction as used for field tests.

Sections S1.2—S1.3). The current study differs from earlier
work in several respects, including testing of adjacent materials
in the field and lab. Three square plots with an area of 1 m*
were hand-excavated to 1 m depth. Lateral flow through the
sides of the plots was limited by installing fiberglass walls on
plot sides, caulking corner joints, and backfilling the annulus
around the walls with activated bentonite.

One plot was used as a control to test native soil conditions
(NS-Perc), and the other two plots were augmented with 40
cm thick PRBs made of woodchips (WC-Perc) or biochar (BC-
Perc), installed above the plot base (see SI, Sections S1.2—S1.4
for details). During each test, water with elevated [NO;] was
applied to the plot through an inlet hose supplied by a nearby
groundwater well. Water level was controlled with an
automated inflow management system that used a float switch
connected to a solenoid valve. The system maintained
saturated conditions below the base of the plot and prevented
overtopping the plot walls. Tests were run sequentially, each
for 14—15 continuous days to establish saturated, quasi-stable
conditions in the subsurface below the plot base.

2.3. Physical Hydrology: Field Studies. Infiltration
testing generally results in a large fraction of horizontal flow,
especially around the edges of the test plot (see discussion in
S1.5 for details). Fluid measurement and sampling instrumen-
tation for this study was placed within a 0.4 X 0.4 m central
area within each plot, where the vertical component of
infiltration was expected to be greatest.

The tests were designed to facilitate independent measure-
ments of total infiltration and the vertical component of
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infiltration near the center of the plot. Total infiltration was
measured by recording the change in water stage over time
during each infiltration cycle (the period of time when there
was no flow into the plot and water was infiltrating into the
subsurface). Temperature loggers were installed in thermal
probes, at depths of 5 and 20 cm below the base of the plot
(bpb), to measure the vertical component of infiltration using
heat as a tracer.”

2.4. Experimental Design and Operation: Lab
Studies. Intact soil cores (60 cm X 10 cm ID) for laboratory
testing were collected adjacent to field test locations using a
custom hammer coring system (SI, Figure S2 and Section
S1.10). After cores were transported to the lab, woodchips,
biochar, or coarse sand (1—2 mm, well rounded, > 95% silica,
used as a control) was added to the top of the cores as a PRB
layer (~30 cm thick, similar to that used for field testing), and
the cores were sealed and inverted for testing. These tests are
referred to as WC-Col, BC-Col, and NS-Col, respectively.

A solution of local tap water and NO; (~30 mg/L N-NO;)
was premixed in a 550 L tank and then pumped through the
columns in an upward flow direction so that saturated
conditions could be maintained across a range of flow rates;
this approach has been taken in earlier studies’” ' (see SI,
Section S1.10 for more details). Results from column tests are
presented for two analysis periods of quasi-stable flow, AP1
and AP2 (Figure S4). AP1 lasted from infiltration day (ID)-32
to ID-52, when the vertical rate was ~0.17 m/day, overlapping
with vertical infiltration rates observed in the field percolation
experiments. The pumping rate was increased to ~0.72 m/day
and flow was allowed to stabilize for 18 days with AP2
occurring from ID-71 to ID-94 (Figure S4).

2.5. Fluid Sampling and Analysis. For field tests, two
nests of mini-piezometers (screens 10 cm long) were installed
in the soil below each field plot to sample infiltrating fluid, with
screened depths centered at 30, SS, and 80 cm bpb (Figure
1A). Another fluid sampler was installed in each plot to sample
water before it infiltrated. In WC-Perc and BC-Perc, an
additional fluid sampler was placed within the PRB layer.
During laboratory tests, influent and effluent samples were
collected from each core. Fluid samples were collected during
both percolation and laboratory experiments every 1—2 days.

All fluid samples were analyzed for nitrogen species (NO;,
NO,, and NH,) and dissolved organic carbon (DOC). A
subset of the field fluid samples was analyzed for 6"°N and
5'80 of NO,. Analytical methods for these solutes and isotopes
are discussed in SI, Section S1.7.

Net changes in solutes for each day were calculated as

A[N] = ([NO, - N] + [NO, - N] + [NH, - N]);,
— (INO, - N] + [NO, - N] + [NH, - N])

surface

(1)

A[DOC] = [DOClyy, — [DOC]

2)
where A[N] and A[DOC] are net changes in inorganic
nitrogen and DOC concentrations (mg/L). For field studies,
surface and depth refer to the inflowing water and water
sampled from the 80 cm piezometer, respectively, unless
otherwise stated. For lab studies, surface and depth refer to the
influent and effluent, respectively, corresponding to the same
infiltration flow direction as in the field. A[N] accounts for
interconversion of N between species but neglects common

surface
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gaseous forms of N such as NO, N,0, and N,, intermediate,
and final products of denitrification.

The mass of nitrogen removed from the system as A[N] was
converted to a rate of mass loss

AN, = (A[N]X IR,) 3)

where AN; = load reduction (g-N-m™*day™!), and AN} < 0
indicates a net removal of nitrogen. IRy is the vertical
infiltration rate for field tests and the measured flow rate for
the laboratory studies. We use vertical infiltration rates as these
values represent conditions near the center of the plots (where
fluid samples were collected and thermal probes were
deployed), which allows the most direct comparison between
field and lab experiments (see SI, Section S1.5 for more
details) and operating conditions during MAR. In order to
distinguish differences in A[N] and AN, between exper-
imental treatments and between flow rates, single-tailed ¢ tests
were conducted in experimental results. To distinguish
differences with depth within experiments, single-factor
ANOVA tests were performed. For both tests, results were
considered significant when p < 0.0S.

2.6. Sediment Sampling and Analysis. Sediment
samples were collected before and after each field and lab
experiment and analyzed for (1) soil texture, (2) total organic
carbon (TOC) and total nitrogen (TN), and (3) phylogenetic
sequencing of microbial DNA. Microbial samples were
collected using sterile techniques and were immediately placed
in a liquid nitrogen field dewar for storage. DNA samples were
kept at —80 °C until extraction.

2.7. DNA Extraction and Phylogenetic Sequencing.
Methods for microbial analysis of soil samples were similar to
those applied in an earlier study in the Pajaro Valley.** Briefly,
soil DNA was extracted with a PowerSoil DNA Isolation Kit
(QIAGEN). The Qubit 4 Fluorometer (Invitrogen) was used
to quantify DNA extracts. PCT amplicons (~550 bp) were
generated from PCRs with soil DNA and 16S rRNA gene
primers targeting the V4 and V5 variable regions. The PCR
amplicon sequencing pipeline used in this study was adapted
from Illumina MiSeq platform protocol for 16S metagenomic
libraries.”* The overall pipeline included steps for the primary
PCR using 16S rRNA primers,”> PCR cleanup, library
preparation (adding unique sequencing indices [barcodes] to
each PCR amplicon), normalizing DNA concentrations of each
library, and library pooling. The pooled library was sequenced
on the Illumina MiSeq (600 cycles v3 PE300 flow cell kit) at
the University of California, Davis Genome Center. The raw
sequence reads have been uploaded to the National Center for
Biotechnology Information Sequence Read Archive (accession
number: PRINAS23645).

2.8. Phylogenetic Data Processing. To analyze differ-
ences in microbial community structure, soil samples were
grouped based on experimental conditions (see supporting
tables). Samples were grouped into six categories based on (1)
experiment (field or laboratory), (2) treatment (NS, WC, or
BC), and (3) whether they were collected before or after
infiltration. Within each group, samples collected from 10 and
30 cm depth were grouped and selected for comparison, as
these depths showed the most significant nutrient cycling. For
more detail, see SI, Section S1.6.

3. RESULTS
3.1. Field Studies. The first 6 days of field percolation tests
comprised an “initialization period,” when the soil system was
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saturating, and biogeochemical cycling adapted to new storage
and flow conditions (Figure 2). During the subsequent
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Figure 2. Results from field percolation experiments for three soil
treatments showed enhanced nutrient cycling in both WC-Perc (red)
and BC-Perc (gray) compared to NS-Perc (blue). Experiments were
divided into initialization period (gray) and analysis period (white).
(A) Total (open circles with dashed lines) and vertical (closed circles
with solid lines) infiltration rates. (B) Surface [N] and [DOC]. (C)
A[N] and [DOC] between surface and 80 cm fluid sampler. (D)
Daily AN} measurements for each treatment as defined by eq 3. Open
triangles in parts A and D indicate the data was not used for ANy
calculations; see section on Soils and Infiltration Rates for
explanation.

“analysis period”, total infiltration rates were relatively stable
and nutrient concentrations developed consistent patterns
relative to the initialization period.

3.1.1. Soils and Infiltration Rates. Soil samples from the
three field plots had median clay, silt, and sand fractions
consistent with textural characterization of loam (Figure SS).
However, some samples from NS-Perc and WC-Perc were
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sandy loam, whereas some samples from BC-Perc were finer,
particularly in the upper 20 cm bps, including silt loam. All soil
samples showed consistent TOC (0.3—0.9%-wt) and TN
(0.04—0.08%-wt); there was no systematic variation with
depth or soil treatment, and no systematic difference between
samples collected before and after the tests (Figures S6 and
S7).

Mean total infiltration rates were 2.40, 0.78, and 0.28 m/day
for NS-Perc, WC-Perc, and BC-Perc, respectively (Figure 2A).
The differences in these infiltration rates are best explained by
local soil heterogeneity, as plots were constructed on adjacent
areas (separated laterally by 3—4 m), using identical
configurations and materials. In addition to differences in soil
texture, macropores can lead to large variations in hydraulic
properties. Similar spatial differences in infiltration rates have
been observed during earlier tests in sandy deposits™* and in
measurements made in active managed recharge systems.m3

Vertical infiltration rates for NS-Perc and WC-Perc were
consistent throughout the experiments (IRy = 0.20 and 0.21
m/day, respectively) whereas vertical infiltration rates for BC-
Perc were higher (IRy = 0.36 m/day) and more variable,
peaking near ID-11 (IR, = 0.60 m/day) and exceeding total
infiltration rates for several days (Figure 2A). Vertical
infiltration rates are point measurements, whereas total
infiltration rates are calculated by mass balance and applied
to the full plot area. When vertical infiltration rates exceed total
infiltration rates, this likely indicates a response to highly
conductive infiltration paths, perhaps root tubules or
burrows.”** It is unlikely that water flowed quickly down the
side of the probe as the annulus around the thermal probes was
filled with silica slurry during installation. Because these
transient rates are not representative of broader infiltration
conditions and nutrient load is calculated explicitly using the
vertical infiltration rate (equation 3), we do not include data
from these days (ID-9 to ID-13 in BC-Perc) in the assessment
of AN.. However, we include a longer infiltration record (ID-7
to ID-15) for analysis of A[N] and A[DOC], as these values
are calculated using only the differences between observed
concentrations at the surface and at depths.

3.1.2. Nutrient Changes. The water supply for field
percolation tests had elevated [NO;-N] throughout the
experiments, ranging from 20 to 28 mg/L (Figure 2B).
Variability in the surface concentration resulted from pulling
this water from a nearby supply well. Influent [NO,-N] was
below detection in 7 of 21 samples (always <0.8 mg/L), and
[NH,-N] was below detection in all influent samples except
one (0.1 mg/L; see SI Tables). Pore fluid analyses indicated
the smallest systematic shift in [N] during NS-Perc (A[N] =
—1.0 =+ 1.4 mg/L), whereas A[N] during WC-Perc and BC-Perc
showed greater changes (A[N] = —8.8 + 2.5 mg/L and —7.1
+ 3.3 mg/L, respectively; Table 1 and Figure 2C), indicating
more nitrate removal (p < 0.05). A[N] was more variable
during BC-Perc, ranging from —10.2 mg/L on ID-9 to —3.9
mg/L on ID-12, but WC-Perc and BC-Perc showed statistically
similar A[N] (p > 0.05).

WC-Perc showed consistent load reduction, with AN values
between —1.5 and —2.5 g-N-m~2-day™" (Figure 2D), and BC-
Perc showed AN values similar to WC-Perc (p > 0.05), AN, =
—22 to —1.4 g¢N-m >day " Surface [DOC] was consistent
during individual percolation tests but was lower during NS-
Perc and WC-Perc (2.0 and 3.0 mg/L, respectively) than during
BC-Perc (5.1 mg/L). A[DOC] was greatest in WC-Perc with
an average of 10.4 + 1.3 mg/L compared to 3.8 + 3.0 mg/L
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Figure 3. Average nutrient concentrations during the analysis period
of field percolation experiments at measured depths show
considerable differences between each soil treatment in [DOC],
[N] and residual NO; 6"°N and §'0. Increases in [DOC] are shown
on the left of the bar plot, and increases to [N] are shown on the right
of the bar plot. Bars show the range of nutrient and isotope
measurements during the analysis period. (A) NS-Perc showed
negligible changes with depth ([N] and [DOC], p > 0.05). Changes
in [N] and [DOC] with depth are significant for WC-Perc and BC-
Perc (single factor ANOVA, p < 0.05) but are insignificant for NS-Perc
(Table S3). (B) During WC-Perc, there was a progressive decrease in
[N] and increase in [DOC] both within and below the PRB and a
fractionation in both 6N and §'*0 ([N] and [DOC], p < 0.05). (C)
BC-Perc showed a decrease in [N] and increase in [DOC] within the
PRB accompanied by an enrichment in 5'°N and §'®0, followed by a
decrease in [DOC] and an increase in [N] with no isotope
fractionation below the PRB ([N] and [DOC], p < 0.05).
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passage through the woodchip/biochar PRBs and no
consistent change in [DOC] during passage through the
sand or native soil.

For WC-Col and BC-Col, higher infiltration rates during AP2
led to less N removal (lower magnitude A[N]) than at lower
infiltration rates during AP1 (Table S2). However, A[N]
values were more similar during AP1 and AP2 for NS-Col
(Figure 4).

3.3. Microbiological Changes. Groups of microorgan-
isms that are thought to contribute to soil nitrogen and carbon
cycling were found in both field and lab samples, including the
Nitrospira family, capable of nitrite reduction,* and Azoacorus,
a denitrifier which has been isolated from activated sludge.*
Additionally, all sample groups included ammonia-oxidizing
archaea of the phylum Thaumarchaeota™ with a relative
abundance of 3—5%. Marmoricola, within the order Propioni-
bacteriales showed increases in relative abundance after WC-
Perc, BC-Perc, NS-Col, and BC-Col; they are capable of
reducing NO; using acetic acid and propionoic acid as carbon
sources.” Small increases in the Sphingomonadaceae family,
which contain species known to reduce nitrate** and utilize a
wide variety of C sources,”” were observed after BC-Perc and
BC-Col.

Comparison of grouped soil samples before and after each
test revealed no systematic shifts in the relative abundance of
the most common phyla (Figure S10). This result contrasts
distinctly with results from an earlier study in sandy soils,*
where there were significant shifts in microbial ecology
following infiltration. However, beta (between-sample) diver-
sity plots for the current experiments show weak grouping of
WC-Perc and BC-Perc compared to samples collected before
the field studies began (Figure 4B). No such grouping was
evident with samples collected from the laboratory studies.

4. DISCUSSION

4.1. Effect of PRB on Denitrification during Infiltra-
tion. In the field studies, both WC-Perc and BC-Perc showed
statistically significant increases in [DOC] and decreases in
[N], whereas NS-Perc showed no change with depth in either
[DOC] or [N] (Table S3). Although both biochar and
woodchips were associated with enhanced nitrate removal,
their mechanisms for doing so appear to be different. It is
generally understood that woodchips enhance denitrification
through the release of organic carbon,'”****** a portion of
which is available for capable microbial communities to utilize
as an electron donor for cellular processes. This increases rates
of microbial respiration, which depletes oxygen concentrations,
leading to the consumption of nitrate.

During WC-Perc, there was an increase in [DOC] within the
PRB and a concomitant decrease in [N] (Figure 3B),
accompanied by a fractionation of the residual NO; pool to
values more enriched in 5"°N and §'®0 in a ratio indicative of
denitrification (Figures 3B and S8). Additionally, these
patterns continued below the PRB, at 30 cm bpb, where
additional [DOC] increases were observed, along with even
greater nitrogen removal and isotopic fractionation. These
patterns persisted to depths of 55 and 80 cm bpb, although
differences were smaller at depth (Figure 3B). These trends
suggest that woodchips provide benefits by enhancing
denitrification within the PRB, and those benefits are carried
into the underlying soil by the infiltrating water, in effect
extending the thickness of the zone where enhanced nitrogen
processing can occur. These results are consistent with tests
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Figure 4. Combination of laboratory and field studies. (A) A[N]
measurements across a range of vertical infiltration rates for field
studies (closed circles) and laboratory studies (open circles) show
that both woodchips and biochar are associated with greater
magnitude A[N] at lower infiltration rates compared to higher
infiltration rates during both field and laboratory testing. Additionally,
both woodchips and biochar show greater magnitude A[N] compared
to native soil treatments at lower infiltration rates (Tables 1, S1, and
S2), but the difference is not significant at higher infiltration rates.
Error bars show one standard deviation. (B) Beta (between sample)
diversity of soil microbial community from before (open shapes) and
after (closed shapes) each experiment, shows a weak grouping of WC-
Perc and BC-Perc samples (red and gray closed circles). No such
grouping is apparent for NS-Perc (blue closed circles) or laboratory
studies (triangles). Beta diversity was calculated using Bray—Curtis
distances with nonmetric multidimensional scaling (NMDS) for
ordination (see SI, Section S1.6 for more detail).
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done in coarser soils, which show denitrification occurring
both within and below a woodchip PRB during rapid
infiltration.”*

In contrast, biochar appears to promote denitrification
within but not below the PRB. During BC-Perc, we observed a
large increase in [DOC] within the PRB associated with a large
decrease in [N] and an enrichment of residual NO; §"*N and
5'%0 (Figure 3C), all consistent with denitrification. However,
below the PRB, [N] increased and [DOC] decreased, with no
fractionation of residual NO; isotopes (Figure 3C). These [N]
increases below the PRB could be associated with physical
processes such as absorption/desorption, which do not
appreciably fractionate stable isotopes,"**’ suggesting that
some of the [N] removal that occurred within the biochar PRB
was reversible.

Biochar can affect soil N and C cycling through many
mechanisms; *** for example, its high specific surface area’
has been shown to provide an abundance of locations for
microbial communities to colonize, which could help to
explain high rates of cycling within the PRB (resulting in NO;
isotopic shifts) that are not continued within the underlying
soil.

4.2. Effect of Infiltration Rate on Denitrification
during Infiltration. The effect of infiltration rate on
denitrification is best elucidated by comparing AP1 and AP2
during laboratory columns studies, where the infiltration rate
was more easily controlled. All three treatments showed higher
magnitude A[N] (more N removal) at lower infiltration rates
(Tables 1 and S2). These results are consistent with the
understanding that higher infiltration rates result in greater
penetration of oxygen and less favorable conditions for
denitrification. Previous studies have identified fluid residence
time as a primary control on nitrogen removal within
bioreactor systems,”””"*> but conditions in those systems are
fundamentally different from those that occur during
infiltration for MAR. In particular, residence times under
saturated conditions during the present study are shorter and
less easily controlled than those commonly seen in bioreactors.
In addition, the present study shows that the infiltration rate
dependence of denitrification is influenced by the presence and
type of a PRB carbon source.

Figure 4A shows the relationship between A[N] and
infiltration rate, demonstrating that both biochar and wood-
chip PRBs significantly enhanced denitrification at lower
infiltration rates. At higher infiltration rates, the biochar and
woodchips had no discernible effects compared to the native
soil (Table S1). Distinct relationships between A[N] and
infiltration rate are suggested based on the presence and
composition of a PRB (Figure 4A), but additional work will be
needed to assess the monotonic (possibly nonlinear) nature of
these relations.

The consistently low ANy values for the NS experiments
across all infiltration rates (Table 1, Figure S9) are comparable
to measurements of denitrification during controlled percola-
tion studies and active MAR operations (AN ~ 0.20 g-N/day-
m™) in coarser-grained soils.”** For WC and BC treatments,
lower infiltration rates are associated with higher magnitude
AN, (more N load reduction) at higher infiltration rates
(Table 1, Figure S9). This dependence appears to be similar to
that for A[N]; because ANy is the product of A[N] and
infiltration rate, AN} values are neither maximized at low
infiltration rates nor at high infiltration rates (due to low
A[N]). Instead, there is likely an intermediate range of
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Figure 5. Schematic representation of primary factors controlling denitrification during infiltration through coarse-grained soil (A and C) and fine-
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infiltration rates that result in maximum AN, as a function of
the nature of the carbon source, soil properties, and other
factors. As ANy is of primary concern for the health of aquifers
and surface water bodies through the reduction of export loads,
our results suggest it may be possible to identify an optimum
infiltration rate for a given set of MAR conditions.

4.3. Effect of Infiltration on Microbial Ecology.
Observed nitrate load reduction during biochar and woodchip
PRB field and laboratory experiments, coupled with relatively
modest changes in the diversity and relative abundance of soil
microbial communities before and after each test, suggest that
sufficient microorganisms capable of carrying out denitrifica-
tion during infiltration were present in the soil before the start
of infiltration. The change in [N] (and ANy ) is likely the result
of these preexisting microorganisms increasing their activity in
response to changes in environmental conditions (i.e., water
saturation, availability of carbon, development of suboxic/
anoxic conditions). The presence of microorganisms that have
previously been identified as important in nitrogen and carbon
cycling in soils is consistent with this interpretation.
Sphingomonadaceae, a family with many genera capable of
nitrate reduction,”® was observed in all samples. Other
researchers have observed increases in its relative abundance
in the presence of woodchips™ and biochar,” and have
interpreted those increases as a signal of the family’s
importance to soil nitrogen and carbon cycling. Similarly, the
order Burkholderiales and family Bradyrhizobiaceae were
present in all sample groups and have been identified as
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potentially important groups carrying out key steps of
denitrification in both amended*” and unamended™”* soils.

The immense complexity and interconnectedness of soil
microbial ecology make it unlikely that changes in nutrient
cycling can be directly connected to changes in individual
groups of microorganisms without more detailed investiga-
tions, including studies focused on functional activity and soil
metagenomics and metatranscriptomics. Additional work is
underway that explores these topics and should help to
elucidate microbial controls on denitrification (and nutrient
cycling more broadly) during infiltration for MAR.

4.4. Physical and Chemical Controls on Denitrifica-
tion during Infiltration. By combining the results from the
current study with similar studies carried out in coarse-grained
soil,”** we developed a conceptual model that illustrates how
two primary factors may affect denitrification during
infiltration: (1) the presence or absence of a bioavailable
carbon source and (2) soil texture and associated influences on
pore fluid storage and flow rate (Figure 5).

The effect of the woodchip PRB (Figure SC,D) is 2-fold;
first, the PRB supplies carbon (and potentially habitat and/or
other benefits) to microbial communities that have the
capacity to accomplish denitrification. Second, the PRB affects
the thickness of the saturated zone that develops in the shallow
soil above an inverted water table during infiltration.
Considerable geochemical processing occurs within this zone,
including denitrification, under suitable conditions. The
addition of a PRB increases the thickness of the saturated
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zone without having a significant impact on the infiltration
rate, because PRB materials tend to have large particle sizes
relative to the underlying native soil. The increased saturated
thickness, in turn, increases the residence time of fluid within
this zone.

The second factor, soil texture, has a primary influence on
both the infiltration rate and the saturated zone thickness.
Coarser soils tend to have higher infiltration rates than finer
soils, resulting in a lower residence time for a given saturated
thickness. But in addition, coarser soils tend to also be better
drained, leading to a shallower inverted water table. We did not
measure the saturated thickness during field percolation tests
in the present study but have found that shallow piezometers
tend to produce fluid samples at greater depths in finer-grained
soils than in coarser-grained soils (SI Section S2.2 and Figure
S11), a trend consistent with other field studies.”** Thus fluids
infiltrating coarser soils tend to have a shorter residence time
within the saturated zone compared to that in finer soils, both
because the infiltration rate is greater and because the saturated
zone is thinner.

We hypothesize that these two processes will tend to
reinforce differences in conditions that are most favorable for
denitrification (Figure S). Oxygen infiltrating with surface
water into shallow soils can reach the base of the saturated
zone if the fluid is moving too quickly for soil microbes to
consume it and/or because the saturated zone is thin. Both
conditions are more likely to occur in coarse soils than in fine
soils. In finer soils, the saturated zone is likely to be thicker to
begin with, compared to that in coarser soils, and the slower
rate of infiltration tends to result in a commensurately longer
fluid residence time in the saturated zone and thus conditions
that are more favorable for denitrification. Adding a carbon-
rich PRB makes denitrification more favorable for both coarse
and fine soils (Figure S) by helping to speed the rate of
biological consumption of available oxygen, but the extent to
which this favorability is expressed depends on the details of
saturated zone thickness and infiltration rate (and thus
residence time), the concentration of nitrate, and the
bioavailability of carbon.

Both woodchips and biochar demonstrate potential to
enhance nitrate removal during infiltration, but [N] processing
in shallow soils below a woodchip PRB is more clearly
associated in the present study with denitrification. In contrast,
while a biochar PRB may also provide a sink for nitrate, some
of the A[N] apparent from field and laboratory tests with
biochar may have resulted from absorption or denitrification
that occurs mainly within the PRB layer. It may be that a PRB
assembled from a mixture of woodchips and biochar would be
particularly beneficial, as it could both slow the movement of
nitrate by adsorption and provide habitat for microbial
consortia that accomplish denitrification (among other
functions).

Our results, in combination with other studies, suggest that
infiltration for managed recharge could be optimized for
improvements to both water supply and water quality. Given
the long-term challenges in many basins associated with
managing loads of salts and nutrients, there may be benefits to
designing MAR systems to provide opportunities to improve
water quality, not just avoid degradation. Many questions
remain about the complex interplay between physical and
chemical conditions and processes that could stimulate
naturally occurring microbiological communities in the subsur-
face to consume and process carbon and nutrients during
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MAR. While each infiltration and recharge project is subject to
specific goals and conditions and a variety of water quality
concerns involving redox-sensitive solutes, the definition of
quantitative links between biogeochemical cycling and physical
hydrologic processes can lead to improved practices, helping to
enhance resources under a range of natural and managed
conditions.
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