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Managed aquifer recharge (MAR) systems can be designed and operated to improvewater supply and quality si-
multaneously by creating favorable conditions for contaminant removal during infiltration through shallow soils.
We present results from laboratory flow-through column experiments, using intact soil cores from two MAR
sites, elucidating conditions that are favorable to nitrate (NO3) removal via microbial denitrification during infil-
tration. Experiments focused on quantitative relations between infiltration rate and the presence or absence of a
carbon-rich permeable reactive barrier (PRB) on both amounts and rates of nitrate removal during infiltration
and associated shifts in microbial ecology. Experiments were conducted using a range of infiltration rates rele-
vant to MAR (0.3–1.4 m/day), with PRBs made of native soil (NS), woodchips (WC) and a 50:50 mixture of
woodchips and native soil (MIX). The latter two (carbon-rich) PRB treatments led to statistically significant in-
creases in the amount of nitrate removed by increasing zero-order denitrification rates, both within the PRBma-
terials and in the underlying soil. The highest fraction of nitrate removal occurred at the lowest infiltration rates
for all treatments. However, the highest nitrogenmass removal (ΔNL)was observed at 0.4–0.7m/day for both the
WC andMIX treatments. In contrast, the maximum ΔNL for the NS treatment was observed at the lowest infiltra-
tion rates measured (~0.3 m/day). Further, both carbon-rich PRBs had a substantial impact on the soil microbial
ecology in the underlying soil, with lower overall diversity and a greater relative abundance of groups known to
Keywords:
Managed aquifer recharge
Denitrification
Water quality
Soil microbiology
Water resources
Biogeochemical cycling
rtment of Earth and Climate Sciences, 1600 Holloway Avenue, San Francisco, CA 94132.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.138642&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.138642
mailto:ggorski@ucsc.edu
https://doi.org/10.1016/j.scitotenv.2020.138642
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 G. Gorski et al. / Science of the Total Environment 727 (2020) 138642
degrade carbon andmetabolize nitrogen. These results demonstrate that infiltration rates and carbon availability
can combine to create favorable conditions for denitrification during infiltration for MAR and show how these
factors shape and sustain themicrobial community structures responsible for nutrient cycling in associated soils.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Managed aquifer recharge (MAR) is a suite of techniques that in-
crease groundwater storage through the collection and infiltration of
excess surface water (Bouwer, 2002). Infiltration can be achieved
through dedicated basins, canals or wells, and source water can be de-
rived from rivers, streams, and wetlands (Grau-Martínez et al., 2018;
Valhondo et al., 2018), treated wastewater (Bekele et al., 2011),
stormwater runoff (Page et al., 2017), desalinized seawater (Ganot
et al., 2018), or other sources. During passage through the soil, nutrients
(and other contaminants) can be removed, leading to improved
groundwater quality (Grau-Martínez et al., 2018; Tzoraki et al., 2018;
Valhondo et al., 2015; Wang et al., 2018).

There is considerable interest in the conditions under which nitrate
(NO3) can be removed from infiltrating water via microbially mediated
denitrification. Nitrate is a pervasive contaminant in groundwater and
surface water with detrimental effects on human and ecological health
(Burri et al., 2019; vanDrecht et al., 2003). In bothmanaged and natural
environments, denitrification is influenced by hydrologic and geochem-
ical controls. For example, several studies have noted an inverse rela-
tionship between infiltration rate and denitrification (Hampton et al.,
2019; Nordström et al., 2017; Schmidt et al., 2011). Lower infiltration
rates allow higher hydraulic retention time (HRT), allowing more geo-
chemical processing. Geochemical conditions can also have a strong in-
fluence on nitrate removal as increased carbon availability is often
associated with denitrification (Seitzinger et al., 2006). Abundant elec-
tron donors, including organic carbon, accelerate oxygen consumption
leading to more favorable conditions for denitrification. Relatively little
is known about how soil microbial communities respond to changes in
carbon availability and hydrologic conditions, although earlier field
studies suggest connections (Beganskas et al., 2018; Valhondo et al.,
2018).

MAR sites offer a unique window into linked hydrologic, geo-
chemical, and microbiological processes and how they interact to in-
fluence denitrification during infiltration. Many MAR sites are
located in areas that infiltrate water rapidly; rapid infiltration and
thus short HRTs may result in suboptimal conditions for denitrifica-
tion. In an effort to enhance denitrification, a carbon amendment
can be added to the soil, often in the form of woodchips or other
carbon-rich materials. A layer of one or more of these materials, col-
lectively known as a permeable reactive barriers (PRB), can promote
denitrification even at low HRTs, ≤ 1 h, and can increase nutrient cy-
cling and microbial activity during infiltration (Beganskas et al.,
2018; Grau-Martínez et al., 2018).

Field-based observations at MAR sites are critical for constraining
the key factors that control denitrification during infiltration and help
to generate testable hypotheses. For example, denitrification ratesmea-
sured during active infiltration for MAR showed a positive relationship
with infiltration rate up to 0.6–0.8 m/day, above which denitrification
rates apparently ceased (Schmidt et al., 2011). It is unclear if this is a
common phenomenon as many MAR site operators do not measure in-
filtration rates andporewater fluid chemistry simultaneously across the
range of relevant infiltration rates. Recent studies have found evidence
for enhanced denitrification in pore fluid samples collected from soils
beneath an infiltration basin installed with a PRB made of vegetal com-
post (Grau-Martínez et al., 2018; Valhondo et al., 2014). While samples
collected beneath a carbon-rich PRB showed more evidence of nitrate
removal than those beneath unamended soil, the extent of spatial and
temporal variability in denitrification is unclear.
Quantifying controls on denitrification during infiltration is inher-
ently difficult in a field setting due to challenges in contemporaneous
and co-located sample and data collection, dynamic processes that
change on multiple timescales, and spatial heterogeneity in soil and
fluid properties across multiple scales. One useful approach is to con-
duct laboratory studies that are carefully linked to field conditions,
allowing strong control on system parameters that is not feasible in a
field setting (Bertelkamp et al., 2016; Park and Lee, 2018; Ronen-eliraz
et al., 2017). Previous work demonstrated a method for conducting
flow-through experiments on intact sediment cores collected from
MAR sites to test the effect of infiltration rate on denitrification
(Gorski et al., 2019). Laboratory experiments in that study included as-
sessment of nitrate removal after passage through sediment columns,
showing results that were similar to those measured at the field site
using equivalent soils.

In the present study, we collected intact soil cores from two other
MAR sites to quantify the relationship between infiltration rates and ni-
trate removal in the presence or absence of a carbon-rich PRB. The close
coupling between field and laboratory techniques allowed controlled
testing across a range of parameters that are relevant to operating
MAR systems, including infiltration rates up to ~1.4 m/day. The objec-
tives of this study were to: (a) quantify relationships in multiple soils
between infiltration rates and the extent/occurrence of denitrification
during infiltration for MAR; (b) determine how those relationships
change in the presence of PRBsmade of woodchips and a 50:50mixture
of woodchips and native soil; and (c) compare the influence of infiltra-
tion on microbial community ecology in the presence and absence of
the carbon-rich amendment, with an emphasis onmicrobes that are in-
volved in carbon and nitrogen cycling. Results of this work elucidate
chemical and microbiological responses to integrated hydrologic and
geochemical controls on denitrification during infiltration for MAR. Ad-
ditionally, the results can be tested in the field, and used in design and
operation of MAR systems to simultaneously improve water supplies
and quality.
2. Methods

2.1. Column collection and sediment sampling

Three intact soil cores were collected from each of two sites in the
Pajaro Valley Drainage Basin (PVDB) in central coastal California, USA
(Fig. 1). Cores from Site A were collected from an active MAR site in
the northwestern part of the PVDB and cores from Site B were collected
from a proposed site near the coast (Section S1 for details).

Intact soil cores were collected in 10 cm internal diameter (ID)
polyvinylchloride (PVC) tubes, 100 cm in length. The cores were tested
in the same tubes, in order to maintain the layering, structure, and mi-
crobial habitat of the soil. Detailed description of the coring procedure
can be found in the Supporting Information (Section S2) and an earlier
study (Gorski et al., 2019). Three cores were collected from adjacent lo-
cations at each site, in an effort to minimize variability. After collection,
cores were capped and transported back to the laboratory for testing.

At each site, sediment sampleswere collected by hand auger ≤10 cm
laterally from the core locations, and after each experiment fromwithin
the columns used for testing. Soil sampleswere collected at 10 cmdepth
intervals to 60 cm below ground surface, and sample splits were ana-
lyzed for soil texture, total organic carbon (TOC), total nitrogen (TN),
and microbial 16S rRNA genes. Microbial sequencing has been
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Fig. 1.Map of site locations where soil columns were collected. Insets show the grain size distribution and soil carbon and nitrogen for each site as a function of depth.
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completed to date only for soils from Site A. Detailed sampling and an-
alytical techniques are described elsewhere (Gorski et al., 2019).

2.2. Experimental configuration

Soil coreswere excavated to a standardized length of 50 cm, approx-
imately the thickness of the saturated zone that develops in the shallow
subsurface during infiltration for MAR at regional field sites (Beganskas
et al., 2018; Gorski et al., 2019; Schmidt et al., 2011). At 10, 30, 50 and
60 cm along the column length, micro-sampling ports using ceramic
0.15 μm pore size rhizon samplers (Rhizosphere, Wageningen,
Netherlands) were installed for pore water collection during
experiments.

PRB capsuleswere constructed for each treatment and placed in line
with the columns (Fig. 2 and S2). Capsules were built from the same
Saturated

Unsaturated

Infiltration basin
PRB

S

A

Fig. 2. Experimental configuration. Columns were constructed as direct analogs to sediments f
were collected from beside the infiltration basins so as not to disturb operations. The columns
woodchips (WC), a 50:50 mixture of native soil and woodchips (MIX) or native soil (NS).
stock material used for coring, 30 cm in length, and filled with native
soil from the sites (NS), local redwood woodchips (WC), or a 1:1 by
weight mixture of woodchips and topsoil (MIX). Untreated redwood
chipswere purchased fromAptos Landscape Supply (Aptos, CA) and av-
eraged 3–5 cm in length. An additional fluid sampler was placed in the
PRB capsule to collect pore fluid during the experiments.

For each soil site, three treatments were run in parallel with the
same influent water pumped in an upward flow direction; first through
the PRB capsule and then through an inverted soil core using a peristal-
tic pump. Cores were inverted prior to starting the flow experiments so
thatwaterwould flow in the same direction as itwould flow in thefield,
and a range of flow rates could be tested under saturated conditions,
without core drainage (Fig. 2). Influent water was local tap water
mixed with KNO3 (~3 mg/L NO3-N for most tests, and up to ~12 mg/L
for a selection of additional tests), similar to measured concentrations
30
 c
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rom the saturated zone beneath an infiltration basin during MAR operation (A), but they
were inverted, and flow was in an upward direction (B). The PRB capsule was filled with
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of stormwater collected for MAR projects in the region. Core hydraulic
properties were determined using Darcy experiments and break-
through tracer tests (with an inert tracer) for each core.

Average hydraulic retention times (HRT) were calculated by divid-
ing the effective pore volume of the soil column and the PRB capsule
by the volumetric flow rate. The effective pore volume of the soil col-
umns was determined from solute breakthrough tests (Supporting In-
formation Section S4, Fig. S3, and Table S1). Effective pore volumes of
the PRB capsules were calculated based on an effective porosity of 0.7
for the woodchip PRBs (Addy et al., 2016; Nordström et al., 2017;
NRCS, 2016; van Driel et al., 2006), 0.3 for the native soil PRBs (average
value from soil breakthrough curves), and 0.5 for themixed PRBs (aver-
age of native soil and woodchips). The average infiltration during the
breakthrough tests was 0.74 ± 0.13 m/day and the average HRT was
9.6 ± 3.9 h.

2.3. Experimental procedures

Tests ran continuously and lasted 68–74 days for each set of col-
umns, and temporal results are reported in terms of infiltration days
since test start. Infiltration rates tested during experiments were 0.30
to 1.44 m/day (volume/area/time), covering a range that is commonly
observed in MAR settings (Beganskas and Fisher, 2017; Bouwer,
2002), equivalent to volumetric flow rates of 1.7 to 8.0 mL/min. Every
1–2 days, the infiltration rate was measured, and pore fluid samples
were collected from the influent, three sampling points along the col-
umn, PRB capsule, and the effluent (Fig. 2).

At each new infiltration rate, the system was allowed to equilibrate
for ≥24 h before sampling and a minimum of two sets of daily samples
were collected for each rate. Sampleswere analyzed for nitrogen species
(NO3, NO2 and NH4), dissolved organic carbon (DOC), and for δ15N and
δ18O of NO3. Sample collection and analysis procedures are described in
Supporting Information (Section S5). Isotopic enrichment factors were
calculated using a simplified version of the Rayleigh equation (Eq. S3).

The influence of initial NO3 concentration was tested with samples
from Site B. Three initial nitrate concentrations (3.2, 5.9 and 11.6 mg/L
NO3-N) were used, each at two infiltration rates (0.45 and 0.64 m/
day). Each new initial NO3 concentration equilibrated for ≥24 h before
sampling, and each combination of infiltration rate and initial nitrate
concentration was sampled twice for each treatment.

We use [NO3-N] to refer to the sumof [NO3-N]+ [NO2-N] unless ex-
plicitly stated otherwise. Nitrate removal was calculated in two ways.
The mass removal rate of nitrate (ΔNL) was calculated as:

ΔNL ¼ Δ NO3−N½ � � IR ð1Þ

where ΔNL has units of g N/m2/day, IR is the infiltration rate (m/day),
and

Δ NO3−N½ � ¼ NO3−N� þ ½NO2−N½ �ð ÞInfluent− NO3−N� þ ½NO2−N½ �ð ÞEffluent
ð2Þ

Zero order NO3-N removal rates were calculated as:

RN ¼ Δ NO3−N½ �
HRT

ð3Þ

where RN is reported in units of mg-N/L/day and HRT is the hydraulic
residence time. RN for soil columns and PRB capsules were calculated
using their respective effective pore volumes.

To compare RN between treatments and soils, we analyzed flow pe-
riods in which nitrate was not fully consumed along the length of the
column, and therefore was not considered limiting (infiltration
rate ≥ 0.68 m/day for WC and MIX, and ≥ 0.44 m/day for NS). Under
these conditions, denitrification is often modeled as a zero order reac-
tion (e.g., Ghane et al., 2015; Halaburka et al., 2017). Statistical methods
were applied to determine the significance of observed differences be-
tween treatment and depths, as detailed in the Supporting Information
(Section S6).

2.4. DNA extraction, sequencing, and data processing

DNA was extracted from soil samples using the PowerSoil DNA Iso-
lation Kit (QIAGEN). The normalized and pooled sequences were quan-
tified using a Qubit 4 Fluorometer (Invitrogen). The pooled library was
sequenced on the Illumina MiSeq (600 cycles v3 PE300 flow cell kit)
at the University of California, Davis Genome Center. Primer specifica-
tions and PCR set up were identical to those in an earlier study
(Beganskas et al., 2018).

Resulting 16S rRNA Illumina paired end sequences were filtered,
trimmed, andmerged using the Divisive Amplicon Denoising Algorithm
version 1.7.7 (DADA2) (Callahan et al., 2016). Sequences were assigned
to Operational Taxonomic Units (OTUs) using an RDP naïve Bayes clas-
sifier (Wang et al., 2007) and the Greengenes reference database
(DeSantis et al., 2006) version 13.8 with a 97% similarity threshold.
The phyloseq package (McMurdie and Holmes, 2013) was used with R
(v.3.6.0) to perform data analysis. More details are provided in
Supporting Information (Sections S7–8).

3. Results

3.1. Net nitrogen transformations

For all treatments, more nitrate was removed from the columns at
lower infiltration rates (Fig. 3). For WC andMIX treatments, greater in-
creases in [DOC] were observed at lower infiltration rates. This is likely
due to a combination of higher hydraulic retention times within the
PRB capsule and the most soluble carbon leaching from the woodchips
during the early part of the experiments (Fig. 3). Woodchip aging is
discussed in Supporting Information (Section S9). Despite clear differ-
ences in [DOC] between WC and MIX in both soils near the beginning
of the experiments, [NO3-N] and [NO2-N] patterns are similar within
each soil.

At infiltration day39 (for Soil A) and30 (for Soil B), bothWC andMIX
treatments showed elevated [NO2-N], but [NO2-N] never exceeded
1.0 mg/L, the USEPA drinking water contaminant level (USEPA, 2011)
and decreased near the end of the tests. Similar to previous studies, el-
evated [NO2-N] appeared to be associated with the onset of incomplete
denitrification and decreased HRT (Christianson et al., 2017; Hua et al.,
2016). [NO2-N] decreased after infiltration day 60 in both soils, even at
higher infiltration rates, suggesting that microbial populations may
have responded to increased nutrient fluxes (Betlach and Tiedje,
1981). Additionally, NH4 was observed in Soil B in all treatments at
low concentrations (≤0.5 mg/L [NH4-N]) with generally less NH4 at
the end of the experiments; this pattern was not observed in Soil A. Al-
ternative pathways for nitrogen cycling, such as the generation of NH4

via dissimilatory nitrate reduction to ammonia (DNRA) or ammonifica-
tion of organic N and subsequent conversion to N2 by anaerobic ammo-
nium oxidation (annamox) are possible under these suboxic conditions
(Bernard et al., 2015; Zhao et al., 2013). However, while these pathways
may have been active during these experiments, we saw no evidence
that they accounted for major N-cycling; we did not observe concomi-
tant changes in the standing stock of [NO2-N] or [NH4-N], nor didwe ob-
serve large changes in the relative abundance of the phylum
Planctomycetes, which are primarily responsible for annamox (Strous
et al., 1999).

δ15N values of NO3 during days in which [NO3-N] removal was ob-
served show enrichment consistent with denitrification (Fig. S4 and
Table S3). Enrichment factor values for δ15N (ε15N) ranged from
−6.92 to −18.18‰ (median − 11.83‰), overlapping ranges reported
in column flow-through denitrification experiments using aquifer
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materials (Carrey et al., 2013), and field experiments using a soil carbon
amendment to enhance denitrification (Beganskas et al., 2018).
3.2. Effect of infiltration rate on amount and rate of nitrate removal

For all treatments in both soils, the fraction of initial nitrate removed
decreased as infiltration rates increased (Fig. 4A–C). The WC and MIX
treatments produced similar patterns (p N 0.1) of decreasing nitrate re-
moval with increasing infiltration rate, ranging from near total removal
at ≤0.5 m/day to approximately ~15% removal at the highest infiltration
rates measured, 1.24–1.44 m/day (Fig. 3B,C).

ΔNL decreasedmonotonically with increasing infiltration rates inNS
treatments (Fig. 4D), whereas in WC and MIX treatments the relation-
ship was more complex (Fig. 4E,F). At lower infiltration rates (≤0.5 m/
day), inWC andMIX treatments, virtually all nitrate was removed, sug-
gesting that the systems were nitrate limited at these lower infiltration
rates. As infiltration rates increased, ΔNL increased until it reached a
peak between IR=0.45 to 0.70m/day, before decreasing at higher infil-
tration rates. For Soil A, maximumΔNL values of 1.31± 0.10 and 1.42±
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0.07 g-N/m2/daywere observed at 0.64 and 0.69m/day forWC andMIX,
respectively. Soil B showed higher maximum ΔNL values of 1.75 ± 0.06
and 1.80 ± 0.12 g-N/m2/day forWC andMIX at infiltration rates of 0.46
and 0.58m/day, respectively. In comparison, forNS columns, the largest
ΔNL values were observed at the lowest infiltration rates and were only
32–51% of those measured for amended soils (Fig. 4). Maximum ΔNL

values for NS were 0.46 ± 0.14 and 0.90 ± 0.07 g-N/m2/day for Soil A
and Soil B, respectively. TheseΔNL values compare favorably to a survey
of nitrate removal rates calculated from flow through experiments of
undisturbed sediment cores collected from shallow water environ-
ments, 0.06–0.76 g-N/m2/day (Laverman et al., 2012).

3.3. Depth of nitrogen transformations

Infiltration rates impacted both the amounts and locations of nitro-
gen transformations along the length of the columns (Fig. 5). For all ex-
periments, a lower infiltration rate resulted inmoreNO3 removalwithin
the PRB and at shallower column depths. At infiltration rates ≤0.68 m/
day during the MIX and WC experiments, ≥50% of the initial [NO3-N]
was removed within the PRB and the first 10 cm of the soil columns in
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both soils. In contrast, in the NS experiments, N50% [NO3-N] removal
along the whole length of the column was observed only at the lowest
infiltration rate in Soil A (0.32 m/day) and the two slowest rates in
Soil B (0.31 and 0.45 m/day).

At higher infiltration rates in all treatments, unprocessed NO3

flowed farther along the length of the columns to depths that became
active in cycling as theywere exposed to increasedNO3 fluxes. At higher
infiltration rates in bothMIX andWC experiments (≥1.04m/day), there
was ≤60% NO3 removal in both soils. In Soil B, at higher infiltration rates
(≥1.04 m/day), there was a consistent and progressive removal of NO3

with depth, continuous between PRB and column in both MIX and WC
experiments (Fig. 5E,F). In Soil A, at higher infiltration rates (≥1.05 m/
day), the patterns were less consistent, but persistent removal was ob-
served bothwithin and below the PRB in bothMIX andWC experiments
(Fig. 5C,D).

In the WC treatment in Soil A at 10 cm depth, [NO3-N] values devi-
ated from the trend at high infiltration rates (≥1.05m/day).We hypoth-
esize that these samples might have originated from occluded pore
space that, under lower infiltration rates, was in better communication
with primary flowpaths. The potential for development of biogeochem-
icalmicrozones or processinghotspots has been observed in natural and
modeled soils inmultiple settings (e.g., Briggs et al., 2015;McClain et al.,
2003).

For each treatment, zero-order nitrate removal rates (RN) generally
decreased with greater infiltration rates, a trend that was more pro-
nounced in the PRB capsules than in the soils (Fig. 6). The WC and MIX
soil columns exhibited generally higher RN values than the NS soil col-
umns at all infiltration rates (Fig. 6C,D), a difference that is more clearly
demonstrated in Soil B, where the differences are statistically significant
(p b 0.05). This observation is consistent with earlier results that have
demonstrated that a woodchip PRB increases denitrification rates both
within and below the woodchip layer likely due to the transport of
DOC from the PRB layer into the underlying soil (Beganskas et al.,
2018). However, as the infiltration rate increased, the difference be-
tween treated soils and non-treated soils diminished.

In general, RN values measured within the PRB capsules of the WC
and MIX treatments were higher than those measured in the NS treat-
ment (where the PRB capsule was filled with native soil) (Fig. 6A,B).
Those differences are statistically significant (p b 0.05) at infiltration
rates ≤0.68m/day in Soil A and ≤ 0.79m/day in Soil B (Supporting Infor-
mation, Table S6). At the highest infiltration rates measured (1.24 m/
day in Soil A and 1.44 m/day in Soil B), RN values in the PRB capsules
for all treatments began to converge, although the MIX treatment in
re Woodchips
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Soil A maintained an elevated RN value of 3.18 ± 0.92 mg-N/L/day. RN
values within the PRB capsules with WC and MIX PRB treatments
showed a strong dependence on infiltration rate (p b 0.05), perhaps in-
dicating a limitation imposed by the short hydraulic residence time
within the PRB. In contrast, in the NS treatments, the PRB capsules and
the soil showed less dependence on infiltration rate, likely because car-
bon availability limited RN.

3.4. Effect of initial nitrate concentration

Variations in the initial [NO3-N] in Soil B, tested at two intermediate
infiltration rates (0.45 and 0.64m/day), showed that higher initial [NO3-
N] resulted in a smaller fraction of [NO3-N] reduction in all treatments
(Fig. 7A and B). The highest initial [NO3-N] measured (11.6 mg N/L) at
higher infiltration rates of 0.64 m/day led to a similar fraction of nitrate
removal for all treatments (Fig. 7B). However, the response of ΔNL

showed a marked difference between the two infiltration rates
(Fig. 7C and D). At 0.45 m/day, a higher initial [NO3-N] led to more
load reduction with WC and MIX treatments, but slightly less with NS
treatments (Fig. 7C); in contrast, at 0.65 m/day, a higher initial [NO3-
N] led to no difference in ΔNL inWC andMIX and a decrease in removal
in NS (Fig. 7D). This pattern suggests that with low initial [NO3-N]
values, ΔNL values were limited by nitrate availability at 0.45 m/day,
but limited by HRT at 0.65 m/day, consistent with observations from
the main flow-through experiments (Fig. 4).

Combined results from all initial [NO3-N] concentrations show that
the fractional removal of [NO3-N] decreased exponentially with the
product of [NO3-N] and infiltration rate, equivalent to the incoming ni-
trate load (mass/area/time) (Fig. 7E). Data from WC and MIX experi-
ments follow a similar pattern, approximated by the function FNO3 =
Aexp(-BLi), where FNO3 = fraction [NO3-N] removed, Li = incoming ni-
trate load and A and B are fitted parameters (Fig. 7E). The data from the
NS treatments can be approximated with a similar function, but with a
much less [NO3-N] removal. The difference between these two func-
tional relations can be conceptualized as the benefit provided by the
PRBmaterial in terms of the fractional removal of [NO3-N] (blue shading
Fig. 7E).

Similarly, these data show that ΔNL varies with incoming [NO3-N]
load in distinctways for columns testedwith (WC andMIX) andwithout
(NS) the use of a carbon-rich PRB (Fig. 7F). Note that for both fractional
[NO3-N] removal and ΔNL (Fig. 7E,F), the benefit is maximized at inter-
mediate values of incoming [NO3-N] load. This occurs because low in-
coming loads are marked by low initial [NO3-N] and/or infiltration
rates (and thus there is relatively little NO3 to remove). In contrast, at
higher incoming loads, the influence of the PRB is limited mainly by
short hydraulic retention times. In addition, the intermediate incoming
[NO3-N] loads that lead to the largest calculated benefit are different for
the two metrics: fraction removed versus mass removed.
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3.5. Differences and changes in microbial ecology

Soil samples collected after each treatment from Soil A cluster inde-
pendently and form a gradient of beta (between sample) diversity, with
NS samples showing themost similarity to samples collected before the
experiments, and MIX and WC showing more dissimilarity (Fig. 8A).
Within the samples collected before the experiments, the three most
abundant phyla were Proteobacteria (26.0%), Acidobacteria (18.8%)
and Actinobacteria (14.2%) (Fig. 8B). Soil samples collected after the
NS experiments showed an increase in Proteobacteria (37.2%), and a de-
crease in Actinobacteria (6.7%), and smaller changes among the other
phyla. Soil samples collected after theWC andMIX experiments showed
a marked decrease in diversity, with the threemost abundant phyla ac-
counting for ≥79.1% of all sequences. Proteobacteria (54.6% in MIX and
54.0% in WC treatments) and Bacteroidetes (21.4% in WC and 13.2% in
MIX treatments) showed the biggest increases in both relative abun-
dance and raw sequence reads compared to before samples. Increases
in Proteobacteria relative abundance after infiltration are consistent
with other MAR studies (Li et al., 2012). PRB samples showed similar
but more extreme trends, with Proteobacteria alone accounting for
82.0% and 66.2% in theWC and MIX PRBs respectively.

Changes in select groups of microorganisms shown to be capable of
carrying out key steps in the denitrification process account for many of
the aforementioned shifts in microbial community structure (Fig. 9).
While denitrification is a common microbial function generally carried
out by consortia of inter-reliant species, the families listed in Fig. 9
have been identified previously as havingmembers associated with de-
nitrification, and as such, we refer to them as “denitrifiers” even though
their mechanistic role in the denitrification process may not be fully
understood.

In comparison to samples collected before infiltration, all samples
collected after the experiments show increases in the relative abun-
dance of denitrifiers and concomitant decreases in the total number of
unique OTUs (Fig. 9). For samples collected after the flow experiments
within in each treatment, the PRB showed the lowest number of unique
OTUs identified and the highest relative abundance of denitrifiers.

The WC PRB showed the lowest number of unique OTUs identified,
only 42 compared to an average of 355 from before the experiments.
The twomost abundant families in theWC PRBwere Spingomonadaceae
(28.7%) and Comamonadaceae (12.5%). Within Spingomonadaceae, the
most abundant genera were Sphingobium (21.0%), Novospingobium
(4.2%) and Sphingomonas (3.2%); species within each are capable of ni-
trate reduction and degradation of complex organic molecules (Glaeser
and Kampfer, 2014). Within the family Comamonadaceae, the genera
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Limnohabitans (5.8%) andMethylibium (3.2%) were the most abundant;
both genera contain facultative organotrophs that could play important
roles in breaking down wood-derived carbon (Hahn et al., 2010;
Nakatsu et al., 2006). Within the MIX PRB, the most common
denitrifying families were Comamonadaceae (12.8%), Rhodocyclaceae
(6.5%), Rhodobacteraceae (5.9%), Methylophilaceae (5.2%), and
Spingomonadaceae (5.0%), accounting in aggregate for 35.4% of the
total sequences. The NS PRB showed more overall diversity than the
other PRBs, with Rhodospirillaceae (7.5%), Oxalobacteraceae (5.8%),
Comamonadaceae (5.4%), and Spingomonadaceae (4.8%) being the
most common denitrifiers.

In the soil below each PRB, microbial communities were more di-
verse than their respective PRB materials, and showed large changes
compared to soil collected from the same depths before the experi-
ments (Fig. S7). At all depths for all treatments there was an increase
in the Rhodocyclaceae family (p b 0.01 for all depths except WC 10 cm
where p b 0.05), most of which can be attributed to the genera
Dechloromonas, Zoogloea, Azoarcus and to a lesser extent
Methyloversatilis and Propionivibrio. Dechloromonas, Zoogloea, and
Azoarcushave been identified as acetate andmethanolmetabolizers im-
portant in denitrification of wastewater treatment (Ginige et al., 2005;
Hagman et al., 2008). Significant increases in the Comamonadaceae fam-
ilywere identified at 30 and50 cmbelow theMIX andWC PRBs (p b 0.01
for all depths except MIX 50 cm where p b 0.05), but not below the NS
PRB. Members of the Comamonadaceae family were also enriched in
studies of enhanced denitrification in nitrate impacted aquifer sedi-
ments (Calderer et al., 2014).

4. Discussion

4.1. Both PRB materials enhance denitrification

The two carbon-rich PRB treatments (WC and MIX) enhanced deni-
trification compared to the native soil treatment in both soils. There ap-
pears to be little systematic difference in denitrification when
comparing a PRB made of woodchips and one made of a 50:50 mixture
of woodchips and native soil. While effluent [DOC] values were consis-
tently higher in theWC treatment than in theMIX treatment, nitrate re-
moval at high infiltration rates appeared to be limited by hydraulic
retention time and not [DOC], as the two treatments showed similar ni-
trate removal within each soil (Figs. 3 and 7E,F). At lower infiltration
rates, where hydraulic retention time was not limiting, both WC and
MIX showed effluent [DOC] ≥ 4.2 mg/L, concentrations in excess of the
required carbon for complete consumption of initial nitrate, assuming
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a 5:4 stoichiometric C:N ratio of consumption (Korom, 1992). Thus,
both materials released sufficient carbon to consume the available
nitrate.

Interestingly, for all treatments, Soil B showed higher ΔNL values
than Soil A at similar infiltration rates, up to ~1 m/day (Fig. 4). Soil B
had a higher initial soil carbon content (Fig. 1), and perhaps the “native”
soil carbon influenced the maximum amount and rate of nitrate re-
moval. This could have resulted from the molecular makeup and bio-
availability of the carbon, or perhaps associated differences in native
soil microbial ecology. Additionally, Soil B had a larger average grain
size and a greater fraction of sand, which could contribute to greater
biofilm production and function (Perujo et al., 2017). Finally, experi-
ments on Soil A were started on infiltration day 20, due to leakage is-
sues, whereas Soil B experiments were started on infiltration day 10.
This may have resulted in a higher fraction of the soluble carbon
leaching off the woodchips in Soil A before the experiments began.

While the geochemical results show little difference between WC
and MIX treatments, microbiological analysis shows that changes in
the community structure in the WC treatment were more extreme
than that for theMIX treatment (Figs. 8,9). TheWC PRB and the soil di-
rectly below were marked by a lack of microbial diversity compared to
that from the MIX treatment. However, deeper in the soil (30 and
50 cm), the diversity beneath the WC and MIX PRBs were comparable.
These differences in microbial community structure appeared to have
little to no effect on the nitrate removal as the WC and MIX treatments
showed comparable depth-resolved nitrate removal (Fig. 5). The MIX
PRB and soil showed higher relative abundances of the family
Rhodobacteraceae, whereas theWC PRB and soil showed higher relative
abundances of the family Sphingomonaceae. Both families contain car-
bon degraders and groups with the ability to carry out key steps in the
denitrification pathway. The differential abundances between the treat-
ments are striking and additional work is underway to resolve genomic
relations. The similar geochemical response coupled with differences in
microbial community structure between WC and MIX treatments may
not be surprising, as many diverse groups of microbes are capable of
carrying out carbon degradation and denitrification. A PRB comprised
of pure woodchips may be a more extreme and selective environment
than that within native soils used for the 50:50 mixture PRB, and this
could result in fewer groups of microorganisms thriving and becoming
relatively more abundant.

4.2. Integrated controls on denitrification during infiltration

The incoming load of nitrate exhibits primary control on denitrifica-
tion during infiltration for a given soil and treatment. The fraction of ni-
trate removed decreases exponentially with increasing initial nitrate
load (Fig. 7E). This is consistentwith the expectation that higher infiltra-
tion rates lead to deeper penetration of oxygen and thus less favorable
conditions for denitrification (e.g., Greenan et al., 2009; Lepine et al.,
2016). In the initial flow through experiments, the influent nitrate con-
centration was held constant, making differences in the incoming ni-
trate load dependent entirely on the infiltration rate (Fig. 4A–C). In
the later experiments in which the influent nitrate concentration was
varied and different infiltration rates were tested, the initial nitrate
load was a function of both variables, but a similar pattern emerged
(Fig. 7E). This suggests that, under some conditions, nitrate load may
be a fundamental controlling factor, rather than concentration or infil-
tration rate per se.

Thenitrate load reduction (ΔNL) in theNS treatments exhibited a de-
creasing, monotonic trend as a function of the initial nitrate load
(Figs. 4D and 7F). However, ΔNL for the carbon amended treatments,
WC and MIX, showed a more complicated pattern, with maximum
values at intermediate initial nitrate loads (Figs. 4E,F and 7F). This
may be a function of the carrying capacity of the denitrifying microbial
community within the PRB and underlying soils. At low infiltration
rates, load reduction is limited by the delivery of nitrate, whereas at
high infiltration rates it is limited by hydraulic retention time. As such,
higher infiltration rates result in the breakthrough of more unprocessed
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nitrate, leading to lowerΔNL. As a consequence, for these tests and asso-
ciated experimental configurations, the peak in load reduction occurs
with input of ~5 g-N/m2/day (Fig. 7F).

The addition of a carbon-rich PRB stimulates denitrification by creat-
ing favorable conditions within the PRB that are subsequently trans-
lated into the underlying soil. The addition of carbon leads to
quantitative shifts in themicrobial community structure, including a re-
duction of microbial diversity and an increase in groups known to de-
grade carbon and/or metabolize nitrate. The enriched microbial taxa
in these studies are a combination of some taxa that were detected in
the soil before the experiments and some that were not, perhaps be-
cause theywere below detection limits. In addition to providing organic
carbon formetabolic processes, thewoodchipsmay also provide habitat
and substrate for microbial communities to colonize and for the growth
and formation of biofilms, which have been linked to denitrification in
wastewater bioreactors (Chu and Wang, 2013).

4.3. Implications for MAR design and field operations

These results demonstrate the complexity in assessing the perfor-
mance and water quality benefits that accrue during infiltration for
MAR. Benefit can bemeasured by nutrient load reduction (ΔNL), lower-
ing of nutrient concentrations (Δ[NO3-N]), and/or the rate of nutrient
removal (RN), and each metric has a unique relationship with infiltra-
tion rate in the presence or absence of a PRB. Based on results from
the present study, there does not appear to be a universal optimum
where all metrics are maximized (e.g., low infiltration rates lead to
large reductions in nutrient concentrations, but low load reduction),
as has been proposed in other settings (e.g., Lepine et al., 2016). This
suggests that designing and operating MAR systems to improve water
qualitywill requiremaking a choice ofmetrics and benefits to prioritize.

The addition of a PRB does not fundamentally change these consid-
erations, but it does allow for a greater range in infiltration rates to de-
liver water quality benefits and increase the extent of benefits achieved
with native soils, thusmaking operational considerations less restrictive
and potentially improving the ability of MAR systems to achieve multi-
ple goals. Soils whose infiltration rate is too high to improvewater qual-
ity (N~1 m/day) in native soil could potentially deliver quantitative
supply and quality benefits if a PRB were installed.

The determination that WC and MIX treatments produced similar
patterns of nitrate removal has significant implications for MAR opera-
tions. First, half of the carbon amendment produced the same water
quality benefit, which could have significant cost and time implications
for installation in large basins or fields. Second, the installation of a pure
PRB layer within an infiltration basin or an active agricultural field or
other open space is difficult to maintain due to the fragility of such a
layer and the buoyancy of many carbon sources. Mixing a PRB material
into the shallow subsurface of an infiltration basin or field (by disking,
tilling, or other methods) presents easier management over the long
term, more readily allowing removal of fine sediments that are depos-
ited as inflowing waters slow and drop their suspended load
(Beganskas and Fisher, 2017; Racz et al., 2012). New results suggest
that, at high infiltration rates, nitrate removal was limited mainly by
short hydraulic retention times. For a given infiltration rate, the hydrau-
lic retention time within the PRB could be increased by increasing the
thickness of the PRB layer, simply mixing the same amount of material
deeper into the native soil. As we learn more about linked hydrologic,
biogeochemical, and microbial processes that occur during infiltration
forMAR,we are likely to find additional opportunities to design and op-
erate these systems for more extensive and diverse benefits.

5. Conclusions

Laboratory flow-through experiments that were tightly coupled to
field conditions demonstrated that the addition of a carbon-rich perme-
able reactive barrier made of woodchips or a mixture of woodchips and
soil increased the nitrate concentration reduction, nitratemass removal,
and denitrification rate bothwithin the carbon-rich layer andwithin the
underlying soil. Infiltration rate, and more precisely, the incoming load
of nitrate, exhibits a primary control on the amount of nitrate removed
during infiltration.We foundno evidence for a systematic difference be-
tween a layer of pure woodchips and a layer of 50:50 woodchips and
soil in terms of nitrogen cycling during infiltration. Both carbon-rich
layers had a profound impact on the microbial community structure of
the soil below the layer. The changes in community structure were
more extreme in the case of the pure woodchips compared to the
50:50 mixture of woodchips and soil. For both materials, the changes
could be broadly characterized as a reduction in microbial diversity
and an increase in the abundance of groups capable of degrading carbon
and metabolizing nitrogen.

These results highlight the coupled hydrologic and geochemical con-
trols on denitrification and demonstrate that water quality benefits can
be achieved across awider range of infiltration rates by adding a carbon-
rich amendment to soils used for infiltration duringmanaged aquifer re-
charge. This means water quantity and quality can be improved in a
wider range of settings.
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