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a b s t r a c t
Managed aquifer recharge (MAR) systems can be designed and operated to improve water supply and quality simultaneously 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 inﬁltration. 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 relevant 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 increases in the amount of nitrate removed by increasing zero-order denitriﬁcation rates, both within the PRB materials and in the underlying soil. The highest fraction of nitrate removal occurred at the lowest inﬁltration rates
for all treatments. However, the highest nitrogen mass removal (ΔNL) was observed at 0.4–0.7 m/day for both the
WC and MIX treatments. In contrast, the maximum ΔNL for the NS treatment was observed at the lowest inﬁltration 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
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degrade carbon and metabolize 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 the microbial 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 increase 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 derived 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; van Drecht et al., 2003). In both managed and natural
environments, denitriﬁcation is inﬂuenced by hydrologic and geochemical controls. For example, several studies have noted an inverse relationship 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 geochemical processing. Geochemical conditions can also have a strong inﬂuence on nitrate removal as increased carbon availability is often
associated with denitriﬁcation (Seitzinger et al., 2006). Abundant electron 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, geochemical, and microbiological processes and how they interact to inﬂuence 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 denitriﬁcation. 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, collectively known as a permeable reactive barriers (PRB), can promote
denitriﬁcation even at low HRTs, ≤ 1 h, and can increase nutrient cycling 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 rates measured 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 inﬁltration rates and pore water 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 compost (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 inherently 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 conduct 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 assessment 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 nitrate 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 objectives 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 PRBs made of woodchips and a 50:50 mixture
of woodchips and native soil; and (c) compare the inﬂuence of inﬁltration on microbial community ecology in the presence and absence of
the carbon-rich amendment, with an emphasis on microbes that are involved 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. Additionally, 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 microbial 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 locations 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 samples were collected by hand auger ≤10 cm
laterally from the core locations, and after each experiment from within
the columns used for testing. Soil samples were collected at 10 cm depth
intervals to 60 cm below ground surface, and sample splits were analyzed 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.

completed to date only for soils from Site A. Detailed sampling and analytical techniques are described elsewhere (Gorski et al., 2019).
2.2. Experimental conﬁguration
Soil cores were excavated to a standardized length of 50 cm, approximately 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 capsules were constructed for each treatment and placed in line
with the columns (Fig. 2 and S2). Capsules were built from the same

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
chips were purchased from Aptos Landscape Supply (Aptos, CA) and averaged 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 peristaltic pump. Cores were inverted prior to starting the ﬂow experiments so
that water would ﬂow in the same direction as it would ﬂow in the ﬁeld,
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
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Soil
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Fig. 2. Experimental conﬁguration. Columns were constructed as direct analogs to sediments from the saturated zone beneath an inﬁltration basin during MAR operation (A), but they
were collected from beside the inﬁltration basins so as not to disturb operations. The columns were inverted, and ﬂow was in an upward direction (B). The PRB capsule was ﬁlled with
woodchips (WC), a 50:50 mixture of native soil and woodchips (MIX) or native soil (NS).
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of stormwater collected for MAR projects in the region. Core hydraulic
properties were determined using Darcy experiments and breakthrough tracer tests (with an inert tracer) for each core.
Average hydraulic retention times (HRT) were calculated by dividing the effective pore volume of the soil column and the PRB capsule
by the volumetric ﬂow rate. The effective pore volume of the soil columns was determined from solute breakthrough tests (Supporting Information 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 the mixed PRBs (average 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 columns, 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 column, 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. Samples were 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 sum of [NO3-N] + [NO2-N] unless explicitly stated otherwise. Nitrate removal was calculated in two ways.
The mass removal rate of nitrate (ΔNL) was calculated as:
ΔNL ¼ Δ½NO3 −N  IR

ð1Þ

where ΔNL has units of g N/m2/day, IR is the inﬁltration rate (m/day),
and
Δ½NO3 −N ¼ ð½NO3 −N þ ½NO2 −NÞInfluent −ð½NO3 −N þ ½NO2 −N ÞEffluent
ð2Þ
Zero order NO3-N removal rates were calculated as:
RN ¼

Δ½NO3 −N
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 periods 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 reaction (e.g., Ghane et al., 2015; Halaburka et al., 2017). Statistical methods

were applied to determine the signiﬁcance of observed differences between 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 Isolation Kit (QIAGEN). The normalized and pooled sequences were quantiﬁed 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 speciﬁcations 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, and merged 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 classiﬁer (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 and MIX treatments, greater increases 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 differences 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 day 39 (for Soil A) and 30 (for Soil B), both WC and MIX
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, elevated [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. Alternative pathways for nitrogen cycling, such as the generation of NH4
via dissimilatory nitrate reduction to ammonia (DNRA) or ammoniﬁcation of organic N and subsequent conversion to N2 by anaerobic ammonium 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 concomitant changes in the standing stock of [NO2-N] or [NH4-N], nor did we observe 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 observed 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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Fig. 3. N-species and DOC inﬂuent and efﬂuent. Soil A (A) and Soil B (B) [NO3-N], [NO2-N], [NH4-N], and [DOC] for 3 different soil treatments. The light blue rectangles indicate the range
and mean (solid line) of the initial concentration of the inﬂuent water before introduction into the columns. Black, yellow, and red indicate the efﬂuent concentrations for NS, MIX, and WC,
respectively. Plots are divided by vertical lines that delineate analysis periods for different inﬁltration rates, which are tabulated above each section. Inﬁltration rate standard deviation
within each ﬂow period were always ≤10% (Supporting Information Table S4). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

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 removal 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 decreased monotonically with increasing inﬁltration rates in NS
treatments (Fig. 4D), whereas in WC and MIX treatments the relationship was more complex (Fig. 4E,F). At lower inﬁltration rates (≤0.5 m/
day), in WC and MIX treatments, virtually all nitrate was removed, suggesting 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 0.70 m/day, before decreasing at higher inﬁltration rates. For Soil A, maximum ΔNL values of 1.31 ± 0.10 and 1.42 ±
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(F) treatments across a range of inﬁltration rates relevant to MAR for two soils. Both
were measured as net changes between the inﬂuent and the efﬂuent ﬂuid from the
columns. 100% removal is shown for reference in D and F.

0.07 g-N/m2/day were observed at 0.64 and 0.69 m/day for WC and MIX,
respectively. Soil B showed higher maximum ΔNL values of 1.75 ± 0.06
and 1.80 ± 0.12 g-N/m2/day for WC and MIX at inﬁltration rates of 0.46
and 0.58 m/day, respectively. In comparison, for NS 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. These ΔNL values compare favorably to a survey
of nitrate removal rates calculated from ﬂow through experiments of
undisturbed sediment cores collected from shallow water environments, 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 nitrogen transformations along the length of the columns (Fig. 5). For all experiments, a lower inﬁltration rate resulted in more NO3 removal within
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

Native soil

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 they were exposed to increased NO3 ﬂuxes. At higher
inﬁltration rates in both MIX and WC experiments (≥1.04 m/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 observed both within and below the PRB in both MIX and WC experiments
(Fig. 5C,D).
In the WC treatment in Soil A at 10 cm depth, [NO3-N] values deviated from the trend at high inﬁltration rates (≥1.05 m/day). We hypothesize that these samples might have originated from occluded pore
space that, under lower inﬁltration rates, was in better communication
with primary ﬂow paths. The potential for development of biogeochemical microzones or processing hotspots has been observed in natural and
modeled soils in multiple 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 pronounced 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 columns 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 between 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 treatment (where the PRB capsule was ﬁlled with native soil) (Fig. 6A,B).
Those differences are statistically signiﬁcant (p b 0.05) at inﬁltration
rates ≤0.68 m/day in Soil A and ≤ 0.79 m/day in Soil B (Supporting Information, 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
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rates in which [NO3-N] were not limiting. Rates are shown for Soil A (A and C) and Soil B (B
and D) for each treatment. Error bars represent one standard deviation during each ﬂow
period.

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 indicating 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 carbon 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 0.64 m/day), showed that higher initial [NO3N] 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 [NO3N] led to no difference in ΔNL in WC and MIX 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 nitrate load (mass/area/time) (Fig. 7E). Data from WC and MIX experiments follow a similar pattern, approximated by the function FNO3 =
Aexp(-BLi), where FNO3 = fraction [NO3-N] removed, Li = incoming nitrate 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 functional relations can be conceptualized as the beneﬁt provided by the
PRB material 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 distinct ways for columns tested with (WC and MIX) and without
(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 intermediate values of incoming [NO3-N] load. This occurs because low incoming loads are marked by low initial [NO3-N] and/or inﬁltration
rates (and thus there is relatively little NO3 to remove). In contrast, at

∆NL (g-N/m2/day)

0.6 0.8 1.0 1.2 1.4
Infiltration rate (m/day)

Infiltration rate:
0.64 m/day

Native soil
Woodchips
50:50 Mixture

B

0.4
0.2
0.0

C

D

1.0
0.5
0.0
−0.5
2

0.8
Fraction [NO3-N]
removed

0.4

A

0.6

1.5

0

∆NL (g-N/m2/day)

RN (mg-N/L/day)

RN (mg-N/L/day)

A

7

4 6 8 10 12 2 4 6 8 10 12
Initial [NO3-N]
Initial [NO3-N]
Native soil
Woodchips
50:50 Mixture

E

0.6
FNO3 = 0.88e
0.4

(-0.33Li)

Maximum Fraction
Removed
Benefit

0.2
0.0

(-0.74Li)
FNO3 = 0.35e

1.5

F

1.0
Maximum Load
Reduction
Benefit

0.5

0.0

0

2

4

6

8

Incoming [NO3-N] load
(g-N/m2/day)
Fig. 7. Variable initial nitrate concentration. Experiments done on Soil B to determine the
effect of varying the initial nitrate concentration on the fraction of [NO3-N] removed (A
and B), and ΔNL (B and C) at two ﬂow rates (0.45 m/day, A and C and 0.65 m/day, B and
D). E shows the fraction of initial [NO3-N] removed and F shows the change in ΔNL as a
function of the incoming load in g-N/m2/day for each different soil treatment. Curves
were developed by varying inﬁltration rate (0.45 and 0.65 m/day) and initial [NO3-N]
(3.2, 5.9, and 11.6 mg/L). Dashed lines in E show exponential ﬁts with ﬁtted constants
shown, where FNO3 is the fraction of NO3-N removed and Li is the incoming nitrate load.
Dashed lines in F are schematic.

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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Limnohabitans (5.8%) and Methylibium (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 diverse than their respective PRB materials, and showed large changes
compared to soil collected from the same depths before the experiments (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
Azoarcus have been identiﬁed as acetate and methanol metabolizers important in denitriﬁcation of wastewater treatment (Ginige et al., 2005;
Hagman et al., 2008). Signiﬁcant increases in the Comamonadaceae family were identiﬁed at 30 and 50 cm below the MIX and WC 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 sediments (Calderer et al., 2014).

3.5. Differences and changes in microbial ecology
Soil samples collected after each treatment from Soil A cluster independently and form a gradient of beta (between sample) diversity, with
NS samples showing the most 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 decrease in Actinobacteria (6.7%), and smaller changes among the other
phyla. Soil samples collected after the WC and MIX experiments showed
a marked decrease in diversity, with the three most abundant phyla accounting 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 abundance 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 the WC 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 having members associated with denitriﬁcation, 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 abundance 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 two most abundant families in the WC PRB were 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 nitrate reduction and degradation of complex organic molecules (Glaeser
and Kampfer, 2014). Within the family Comamonadaceae, the genera

4. Discussion
4.1. Both PRB materials enhance denitriﬁcation
The two carbon-rich PRB treatments (WC and MIX) enhanced denitriﬁcation compared to the native soil treatment in both soils. There appears 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 consistently higher in the WC treatment than in the MIX treatment, nitrate removal at high inﬁltration rates appeared to be limited by hydraulic
retention time and not [DOC], as the two treatments showed similar nitrate 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 removal. This could have resulted from the molecular makeup and bioavailability 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, experiments on Soil A were started on inﬁltration day 20, due to leakage issues, 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 the MIX treatment (Figs. 8,9). The WC PRB and the soil directly 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 the WC PRB and soil showed higher relative
abundances of the family Sphingomonaceae. Both families contain carbon degraders and groups with the ability to carry out key steps in the
denitriﬁcation pathway. The differential abundances between the treatments 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 denitriﬁcation during inﬁltration for a given soil and treatment. The fraction of nitrate removed decreases exponentially with increasing initial nitrate
load (Fig. 7E). This is consistent with the expectation that higher inﬁltration 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 concentration was held constant, making differences in the incoming nitrate 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 inﬁltration rate per se.
The nitrate load reduction (ΔNL) in the NS treatments exhibited a decreasing, 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

10

G. Gorski et al. / Science of the Total Environment 727 (2020) 138642

nitrate, leading to lower ΔNL. As a consequence, for these tests and associated 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 creating favorable conditions within the PRB that are subsequently translated into the underlying soil. The addition of carbon leads to
quantitative shifts in the microbial community structure, including a reduction of microbial diversity and an increase in groups known to degrade 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 because they were below detection limits. In addition to providing organic
carbon for metabolic processes, the woodchips may 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 performance and water quality beneﬁts that accrue during inﬁltration for
MAR. Beneﬁt can be measured by nutrient load reduction (ΔNL), lowering of nutrient concentrations (Δ[NO3-N]), and/or the rate of nutrient
removal (RN), and each metric has a unique relationship with inﬁltration 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
quality will require making a choice of metrics and beneﬁts to prioritize.
The addition of a PRB does not fundamentally change these considerations, but it does allow for a greater range in inﬁltration rates to deliver water quality beneﬁts and increase the extent of beneﬁts achieved
with native soils, thus making operational considerations less restrictive
and potentially improving the ability of MAR systems to achieve multiple goals. Soils whose inﬁltration rate is too high to improve water quality (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 operations. 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 deposited 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 hydraulic 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
for MAR, we are likely to ﬁnd additional opportunities to design and operate these systems for more extensive and diverse beneﬁts.

soil increased the nitrate concentration reduction, nitrate mass removal,
and denitriﬁcation rate both within the carbon-rich layer and within 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 found no evidence for a systematic difference between 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 controls on denitriﬁcation and demonstrate that water quality beneﬁts can
be achieved across a wider range of inﬁltration rates by adding a carbonrich amendment to soils used for inﬁltration during managed aquifer recharge. This means water quantity and quality can be improved in a
wider range of settings.
CRediT authorship contribution statement
Galen Gorski:Conceptualization, Methodology, Formal analysis, Investigation, Writing - original draft, Writing - review & editing.Hannah
Dailey:Methodology, Validation, Data curation, Writing - review &
editing.Andrew T. Fisher:Conceptualization, Methodology, Resources,
Writing - original draft, Writing - review & editing, Supervision, Project
administration, Funding acquisition.Nicole Schrad:Investigation, Data
curation, Writing - review & editing.Chad Saltikov:Resources, Project
administration, Funding acquisition.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
The authors thank Paige Borges, Molly Cribari, Sarah Faraola, Jennifer
Pensky, Araceli Serrano, and Walker Weir for their help with laboratory
and ﬁeld sampling efforts. We would also like to thank Kelli Camara and
Brian Lockwood for their guidance and cooperation with ﬁeld work, and
project land-owners for permission to access sites and collet cores and
other samples.
Funding
This work was supported by the Gordon and Betty Moore Foundation (Grant GBMF5595), UC Water Security and Sustainability Research
Initiative (UCOP Grant #13941), the USDA/NIFA (Award #2017-6702626315), the Water Foundation (Award #10069), the National Science
Foundation Graduate Research Fellowship Program, and the Recharge
Initiative (http://www.rechargeinitiative.org/).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138642.

5. Conclusions
References
Laboratory ﬂow-through experiments that were tightly coupled to
ﬁeld conditions demonstrated that the addition of a carbon-rich permeable reactive barrier made of woodchips or a mixture of woodchips and

Addy, K., Gold, A.J., Christianson, L.E., David, M.B., Schipper, L.A., Ratigan, N.A., 2016.
Denitrifying bioreactors for nitrate removal: a meta-analysis. J. Environ. Qual. 45,
873. https://doi.org/10.2134/jeq2015.07.0399.

G. Gorski et al. / Science of the Total Environment 727 (2020) 138642
Beganskas, S., Fisher, A.T., 2017. Coupling distributed stormwater collection and managed
aquifer recharge: ﬁeld application and implications. J. Environ. Manag. 200, 366–379.
https://doi.org/10.1016/j.jenvman.2017.05.058.
Beganskas, S., Gorski, G., Weathers, T., Fisher, A.T., Schmidt, C., Saltikov, C., Redford, K.,
Stoneburner, B., Harmon, R., Weir, W., 2018. A horizontal permeable reactive barrier
stimulates nitrate removal and shifts microbial ecology during rapid inﬁltration for
managed recharge. Water Res. 144, 274–284. https://doi.org/10.1016/j.
watres.2018.07.039.
Bekele, E., Toze, S., Patterson, B., Higginson, S., 2011. Managed aquifer recharge of treated
wastewater: water quality changes resulting from inﬁltration through the vadose
zone. Water Res. 45, 5764–5772. https://doi.org/10.1016/j.watres.2011.08.058.
Bernard, R.J., Mortazavi, B., Kleinhuizen, A.A., Biogeochemistry, S., August, N., Bernard, R.J.,
Mortazavi, B., 2015. Dissimilatory nitrate reduction to ammonium (DNR) seasonally
dominates N03 reduction pathways in an anthropogenically impacted sub-tropical
coastal lagoon. Biogeochemistry 125, 47–64. https://doi.org/10.1007/s.
Bertelkamp, C., Verliefde, A.R.D., Schoutteten, K., Vanhaecke, L., Bussche, J. Vanden,
Singhal, N., Hoek, J.P. Van Der, 2016. Science of the Total environment the effect of
redox conditions and adaptation time on organic micropollutant removal during
river bank ﬁ ltration : A laboratory-scale column study. Sci. Total Environ. 544,
309–318. https://doi.org/10.1016/j.scitotenv.2015.11.035.
Betlach, M.R., Tiedje, J.M., 1981. Kinetic explanation for accumulation of nitrite, nitric
oxide, and nitrous oxide during bacterial denitriﬁcation. Appl. Environ. Microbiol.
42, 1074–1084 (doi:Article).
Bouwer, H., 2002. Artiﬁcial recharge of groundwater: hydrogeology and engineering.
Hydrogeol. J. 10, 121–142. https://doi.org/10.1007/s10040-001-0182-4.
Briggs, M.A., Day-Lewis, F.D., Zarnetske, J.P., Harvey, J.W., 2015. A physical explanation for
the development of redox microzones in hyporheic ﬂow. Geophys. Res. Lett. 42,
4402–4410. https://doi.org/10.1002/2015GL064200.
Burri, N.M., Weatherl, R., Moeck, C., Schirmer, M., 2019. A review of threats to groundwater quality in the anthropocene. Sci. Total Environ. 684, 136–154. https://doi.org/
10.1016/j.scitotenv.2019.05.236.
Calderer, M., Martí, V., Pablo, J. De, Guivernau, M., Prenafeta-boldú, F.X., Viñas, M., 2014.
Effects of enhanced denitriﬁcation on hydrodynamics and microbial community
structure in a soil column system. Chemosphere 111, 112–119. https://doi.org/
10.1016/j.chemosphere.2014.03.033.
Callahan, B.J., Mcmurdie, P.J., Rosen, M.J., Han, A.W., A, A.J., 2016. DADA2: high resolution
sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. https://
doi.org/10.1038/nmeth.3869.DADA2.
Carrey, R., Otero, N., Soler, A., Gómez-Alday, J.J., Ayora, C., 2013. The role of Lower Cretaceous sediments in groundwater nitrate attenuation in central Spain: column experiments.
Appl.
Geochem.
32,
142–152.
https://doi.org/10.1016/j.
apgeochem.2012.10.009.
Christianson, L.E., Lepine, C., Sibrell, P.L., Penn, C., Summerfelt, S.T., 2017. Denitrifying
woodchip bioreactor and phosphorus ﬁlter pairing to minimize pollution swapping.
Water Res. 121, 129–139. https://doi.org/10.1016/j.watres.2017.05.026.
Chu, L., Wang, J., 2013. Chemosphere denitriﬁcation performance and bioﬁlm characteristics using biodegradable polymers PCL as carriers and carbon source. Chemosphere
91, 1310–1316. https://doi.org/10.1016/j.chemosphere.2013.02.064.
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T., Dalevi,
D., Hugenholtz, P., Dalevi, D., Hu, P., Andersen, G.L., 2006. Greengenes, a chimerachecked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072. https://doi.org/10.1128/aem.03006-05.
Ganot, Y., Holtzman, R., Weisbrod, N., Russak, A., Katz, Y., Kurtzman, D., 2018. Geochemical processes during managed aquifer recharge with desalinated seawater. Water
Resour. Res. 54, 978–994. https://doi.org/10.1002/2017WR021798.
Ghane, E., Fausey, N.R., Brown, L.C., 2015. Modeling nitrate removal in a denitriﬁcation
bed. Water Res. 71, 294–305. https://doi.org/10.1016/j.watres.2014.10.039.
Ginige, M.P., Keller, J., Blackall, L.L., 2005. Investigation of an acetate-fed denitrifying microbial community by stable isotope probing, full-cycle rRNA analysis, and ﬂuorescent in situ hybridization-microautoradiography. Appl. Environ. Microbiol. 71,
8683–8691. https://doi.org/10.1128/AEM.71.12.8683-8691.2005.
Glaeser, S.P., Kampfer, P., 2014. The family Sphingomonadaceae. In: Rosenberg, E.,
DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes:
Alphaproteobacteria and Betaproteobacteria. Springer, pp. 641–707. https://doi.org/
10.1007/978-3-642-30197-1.
Gorski, G., Fisher, A., Beganskas, S., Weir, W., Redford, K., Schmidt, C., Saltikov, C., 2019.
Field and laboratory studies linking hydrologic, geochemical, and microbiological
processes and enhanced denitriﬁcation during inﬁltration for managed recharge. Environ. Sci. Technol. 53. https://doi.org/10.1021/acs.est.9b01191 acs.est.9b01191.
Grau-Martínez, A., Folch, A., Torrentó, C., Valhondo, C., Barba, C., Domènech, C., Soler, A.,
Otero, N., 2018. Monitoring induced denitriﬁcation during managed aquifer recharge
in an inﬁltration pond. J. Hydrol. 561, 123–135. https://doi.org/10.1016/j.
jhydrol.2018.03.044.
Greenan, C.M., Moorman, T.B., Parkin, T.B., Kaspar, T.C., Jaynes, D.B., 2009. Denitriﬁcation
in wood chip bioreactors at different water ﬂows. J. Environ. Qual. 38, 1664–1671.
https://doi.org/10.2134/jeq2008.0413.
Hagman, M., Nielsen, J.L., Nielsen, P.H., Jansen, J.C., 2008. Mixed carbon sources for nitrate
reduction in activated sludge-identiﬁcation of bacteria and process activity studies.
Water Res. 42, 1539–1546. https://doi.org/10.1016/j.watres.2007.10.034.
Hahn, M.W., Kasalický, V., Jezbera, J., Brandt, U., Šimek, K., 2010. Limnohabitans australis
sp. nov., isolated from a freshwater pond, and emended description of the genus
Limnohabitans. Int. J. Syst. Evol. Microbiol. 60, 2946–2950. https://doi.org/10.1099/
ijs.0.022384-0.
Halaburka, B.J., Lefevre, G.H., Luthy, R.G., 2017. Evaluation of mechanistic models for nitrate removal in woodchip bioreactors. Environ. Sci. Technol. 51, 5156–5164.
https://doi.org/10.1021/acs.est.7b01025.

11

Hampton, T.B., Zarnetske, J.P., Briggs, M.A., Singha, K., Harvey, J.W., Day-Lewis, F.D.,
MahmoodPoor Dehkordy, F., Lane, J.W., 2019. Residence time controls on the fate
of nitrogen in ﬂow-through lakebed sediments. J. Geophys. Res. Biogeosci. 124,
689–707. https://doi.org/10.1029/2018JG004741.
Hua, G., Salo, M.W., Schmit, C.G., Hay, C.H., 2016. Nitrate and phosphate removal from agricultural subsurface drainage using laboratory woodchip bioreactors and recycled
steel byproduct ﬁ lters. Water Res. 102, 180–189. https://doi.org/10.1016/j.
watres.2016.06.022.
Korom, S.F., 1992. Natural denitriﬁcation in the saturated zone: A review. Water Resour.
Res. 28, 1657–1668. https://doi.org/10.1029/92WR00252.
Laverman, A.M., Pallud, C., Abell, J., Cappellen, P. Van, 2012. Comparative survey of potential nitrate and sulfate reduction rates in aquatic sediments. Geochim. Cosmochim.
Acta 77, 474–488. https://doi.org/10.1016/j.gca.2011.10.033.
Lepine, C., Christianson, L., Sharrer, K., Summerfelt, S., 2016. Optimizing Hydraulic Retention Times in Denitrifying Woodchip Bioreactors Treating Recirculating Aquaculture
System Wastewater. , pp. 813–821. https://doi.org/10.2134/jeq2015.05.0242.
Li, D., Sharp, J.O., Saikaly, P.E., Ali, S., Alidina, M., Alarawi, M.S., Keller, S., 2012. Composition
and diversity in managed aquifer recharge systems. Appl. Environ. Microbiol. 78,
6819–6828. https://doi.org/10.1128/AEM.01223-12.
McClain, M.E., Boyer, E.W., Dent, C.L., Gergel, S.E., Grimm, N.B., Groffman, P.M., Hart, S.C.,
Harvey, J.W., Johnston, C.a., Mayorga, E., McDowell, W.H., Pinay, G., 2003. Biogeochemical hot spots and hot moments at the interface of terrestrial and aquatic ecosystems. Ecosystems 6, 301–312. https://doi.org/10.1007/s10021-003-0161-9.
McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8. https://doi.org/10.1371/
journal.pone.0061217.
Nakatsu, C.H., Hristova, K., Hanada, S., Meng, X.Y., Hanson, J.R., Scow, K.M., Kamagata, Y.,
2006. Methylibium petroleiphilum gen. nov., sp. nov., a novel methyl tert-butyl
ether-degrading methylotroph of the Betaproteobacteria. Int. J. Syst. Evol. Microbiol.
56, 983–989. https://doi.org/10.1099/ijs.0.63524-0.
Nordström, A., Herbert, R.B., Herbert, R.B., 2017. Denitriﬁcation in a low-temperature bioreactor system at two different hydraulic residence times : laboratory column studies.
Environ.
Technol.
3330,
1362–1375.
https://doi.org/10.1080/
09593330.2016.1228699.
NRCS, 2016. Iowa Amendment to the Engineering Field Handbook. NEH Part 650 Amendment IA68.
Page, D.W., Peeters, L., Vanderzalm, J., Barry, K., Gonzalez, D., 2017. Effect of aquifer storage and recovery (ASR) on recovered stormwater quality variability. Water Res. 117,
1–8. https://doi.org/10.1016/j.watres.2017.03.049.
Park, S., Lee, W., 2018. Science of the total environment removal of selected pharmaceuticals and personal care products in reclaimed water during simulated managed aquifer recharge. Sci. Total Environ. 640–641, 671–677. https://doi.org/10.1016/j.
scitotenv.2018.05.221.
Perujo, N., Sanchez-Vila, X., Proia, L., Romaní, A.M., 2017. Interaction between physical
heterogeneity and microbial processes in subsurface sediments: a laboratory-scale
column experiment. Environ. Sci. Technol. 51, 6110–6119. https://doi.org/10.1021/
acs.est.6b06506.
Racz, A.J., Fisher, A.T., Schmidt, C.M., Lockwood, B.S., Huertos, M.L., 2012. Spatial and temporal inﬁltration dynamics during managed aquifer recharge. Ground Water 50,
562–570. https://doi.org/10.1111/j.1745-6584.2011.00875.x.
Ronen-eliraz, G., Russak, A., Nitzan, I., Guttman, J., Kurtzman, D., 2017. Investigating geochemical aspects of managed aquifer recharge by column experiments with alternating desalinated water and groundwater. Sci. Total Environ. 574, 1174–1181. https://
doi.org/10.1016/j.scitotenv.2016.09.075.
Schmidt, C.M., Fisher, A.T., Racz, A.J., Lockwood, B.S., Huertos, M.L., 2011. Linking denitriﬁcation and inﬁltration rates during managed groundwater recharge. Environ. Sci.
Technol. 45, 9634–9640. https://doi.org/10.1021/es2023626.
Seitzinger, S., Harrison, J.A., Böhlke, J.K., Bouwman, A.F., Lowrance, R., Peterson, B., Tobias,
C., Drecht, G. Van, 2006. Denitriﬁcation across landscapes and waterscapes: a synthesis. Ecol. Appl. 16, 2064–2090.
Strous, M., Fuerst, J.A., Kramer, E.H.M., Logemann, S., Muyzer, G., van de Pas-Schoonen,
K.T., Webb, R., Kuenen, J.G., Jetten, M.S.M., 1999. Missing Lithotroph Identiﬁed as
New Planctomycete. p. 400.
Tzoraki, O., Dokou, Z., Christodoulou, G., Gaganis, P., Karatzas, G., 2018. Assessing the efﬁciency of a coastal managed aquifer recharge (MAR) system in Cyprus. Sci. Total Environ. 626, 875–886. https://doi.org/10.1016/j.scitotenv.2018.01.160.
USEPA, 2011. Drinking Water Contaminants: List of Contaminants & their MCLs. U.S. Environmental Protection Agency, Ofﬁce of Water Program Operations.
Valhondo, C., Carrera, J., Ayora, C., Barbieri, M., Nodler, K., Licha, T., Huerta, M., 2014. Behavior of nine selected emerging trace organic contaminants in an artiﬁcial recharge
system supplemented with a reactive barrier. Environ. Sci. Pollut. Res. 2. https://doi.
org/10.1007/s11356-014-2834-7.
Valhondo, C., Carrera, J., Ayora, C., Tubau, I., Martinez-Landa, L., Nodler, K., Licha, T., 2015.
Characterizing redox conditions and monitoring attenuation of selected pharmaceuticals during artiﬁcial recharge through a reactive layer. Sci. Total Environ. 512–513,
240–250. https://doi.org/10.1016/j.scitotenv.2015.01.030.
Valhondo, C., Martinez-Landa, L., Carrera, J., Ayora, C., Nödler, K., Licha, T., 2018. Evaluation
of EOC removal processes during artiﬁcial recharge through a reactive barrier. Sci.
Total Environ. 612, 985–994. https://doi.org/10.1016/j.scitotenv.2017.08.054.
van Drecht, G., Bouwman, A.F., Knoop, J.M., Beusen, A.H.W., Meinardi, C.R., 2003. Global
modeling of the fate of nitrogen from point and nonpoint sources in soils, groundwater, and surface water. Glob. Biogeochem. Cycles 17, 1115. https://doi.org/10.1029/
2003gb002060.
van Driel, P.W., Robertson, W.D., Merkley, L.C., 2006. Denitriﬁcation of agricultural drainage using wood-based reactors. Trans. ASABE 49, 565–574. https://doi.org/10.13031/
2013.20391.

12

G. Gorski et al. / Science of the Total Environment 727 (2020) 138642

Wang, F., van Halem, D., Ding, L., Bai, Y., Lekkerkerker-Teunissen, K., van der Hoek, J.P.,
2018. Effective removal of bromate in nitrate-reducing anoxic zones during managed
aquifer recharge for drinking water treatment: laboratory-scale simulations. Water
Res. 130, 88–97. https://doi.org/10.1016/j.watres.2017.11.052.
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naïve Bayesian classiﬁer for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261–5267. https://doi.org/10.1128/AEM.00062-07.

Zhao, Y., Xia, Y., Kana, T.M., Wu, Y., Li, X., Yan, X., 2013. Seasonal variation and controlling
factors of anaerobic ammonium oxidation in freshwater river sediments in the Taihu
Lake region of China. Chemosphere 93, 2124–2131. https://doi.org/10.1016/j.
chemosphere.2013.07.063.

