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A B S T R A C T

In this study, a rapid infiltration basin (RIB) designed as green infrastructure for co-disposal of wastewater
effluent and stormwater runoff was retrofitted for sustainable groundwater recharge after nitrogen removal. For
comparison of nitrogen removal efficiency via different filtration media, the RIB was divided into two sub-basins
for different filtration processes. One sub-basin was filled with a native sandy soil with about 2–4% clay (Control
RIB), and the other sub-basin was modified with Biosorption Activated Media (BAM) (BAM RIB), for the en-
hancement of microbial nitrogen removal. The two sub-basins accept an equal amount of excess reclaimed
wastewater in non-storm periods, and stormwater during periodic storm events. The infiltrate in both the BAM
RIB and the Control RIB eventually reaches the Upper Floridan Aquifer. The seven microbial species involved in
this microbial ecology study are nitrite oxidizing bacteria (NOB), ammonia oxidizing bacteria (AOB), anaerobic
oxidation of ammonium (anammox) bacteria, complete ammonia oxidizer (Comammox) bacteria, denitrifiers,
dissimilatory nitrate reduction to ammonium (DNRA) and ammonia-oxidizing archaea (AOA). The population
dynamics study was conducted with the aid of the quantitative polymerase chain reaction (qPCR) for the
quantification of the microbial gene population in support of microbial ecology discovery. The qPCR results
demonstrated the competition effect between AOA, AOB, and Comammox, the inhibition effect between NOB
and DNRA with the presence of anammox, and the complementary effect due to an abundance of NOB and AOB
in the microbial ecology. Although, competition between denitrifiers and DNRA was expected to impact po-
pulation dynamics, both microbial species were found to be the most predominant in both control and BAM RIBs.
Research findings indicate that the use of BAM RIB achieves significantly efficient nitrogen removal driven by
complementary effects in the microbial ecology.

1. Introduction

Nitrogen pollution from wastewater effluent, agricultural discharge,
and stormwater runoff has seriously impacted aquatic environments,
altered the natural nitrogen (N) cycle, and affected ecosystem integrity.
The National Academy of Engineering in the United States has con-
sistently indicated that understanding and managing the nitrogen cycle
is one of 14 grand challenges for engineering in the 21st century
(National Academy of Engineering, 2018). In addition to nitrogen,
phosphorus is of concern because the commonly exist Karst regions in
Florida presents a challenge for controlling groundwater contamination
from phosphorus (Liao et al., 2019), nitrate (Denizman, 2018), and
seawater (Xu et al., 2019) intrusion due to high permeability and
porosity (Upchurch et al., 2019).

The primary sources of nitrogen and phosphorus pollution in

surface and groundwaters are fertilizers and wastewater effluents (Isobe
and Ohte, 2014; Mueller and Helsel, 2017). Recent research trends
regarding wastewater treatment have focused on improving the
aerobic/anaerobic treatment process toward substantial biological nu-
trient removal (BNR) in the effluent (Isobe and Ohte, 2014). In BNR for
nitrogen, the application of nitrification-denitrification through a few
intertwined unit operations involving microbial organisms has been
employed in many tertiary wastewater treatment plants (e.g., the four-
stage Bardenpho process, Modified Ludzack–Ettinger Process, Anoxic
Step-Feed Process, etc.) (Jeyanayagam, 2005; Qiu et al., 2010). These
improved wastewater treatment processes have been applied world-
wide to reduce nutrients in receiving water bodies at the expense of
high energy consumption (Goldstein and Smith, 2002). Oftentimes,
when there are acceptable disposal alternatives for wastewater effluent,
a rapid infiltration basin (RIB) may be used in a wastewater treatment
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plant for final disposal and groundwater recharge. Some RIBs are
commonly used for both wastewater effluent and stormwater runoff
alternately, through which higher nitrogen contents can be partially
removed by soil layers in RIBs before reaching groundwater aquifers.

The removal of nitrate in wastewater treatment processes and nat-
ural water bodies is associated with microbial interactions (Arriagada
et al., 2017). Contamination of groundwater aquifers by nitrogen-laden
wastewater effluent and stormwater runoff can trigger additional
growth of ammonium oxidizing bacteria, nitrate oxidizing bacteria,
nitrate reduction bacteria, and archaeal species. However, the micro-
bial community in the soil layers of RIBs can play an important role in
nitrogen removal as an integral part of the N-cycle in a microbial
ecosystem (Isobe and Ohte, 2014). The microbial community includes,
but is not limited to, anaerobic ammonium oxidation (anammox) bac-
teria, ammonia oxidizing archaea (AOA), ammonia oxidizing bacteria
(AOB), nitrite-oxidizing bacteria (NOB), complete ammonia oxidation
(Comammox) bacteria, dissimilatory nitrate reduction to ammonia
(DNRA) and denitrifiers. The ammonia oxidation performed by AOA
and AOB in the initial step of nitrification under aerobic conditions
(presence of oxygen) provides nitrite for NOB to convert into nitrate
(Isobe and Ohte, 2014; Yao et al., 2011). To avoid drastic competition,
AOA and AOB prefer differing environments in terms of soil pH, oxygen
availability, and carbon source (Qin et al., 2017; Yao and Peng, 2017;
Yin et al., 2018). Although, the role of AOB in nitrification has been
well-studied; the role of AOA in nitrification has only recently been
realized (Tao et al., 2017).

New analyses have changed the conception of AOB as the only
microorganism capable of ammonia oxidation, as AOA has also been
found to take part in ammonia oxidation in wastewater treatment (Yin
et al., 2018). Further, the recent discovery of Comammox bacteria
(Daims et al., 2015; Van Kessel et al., 2015; Dang and Chen, 2017;
Annavajhala et al., 2018) has transformed the understanding of ni-
trification, as previously it was believed that nitrification could only be
performed by the two aforementioned microorganisms (Costa et al.,
2006; Koch et al., 2019). Comammox bacteria have been found in
wastewater and can oxidize ammonia while concurrently converting
nitrite to nitrate (Annavajhala et al., 2018). The interaction between
distinct microbial species in nitrification can negatively or positively
impact NOB nitrite oxidation by forming competitive or cooperative
relations among microorganisms while denitrifying bacteria contribute
to the balance of input-output nitrogen by transforming nitrate to ni-
trogen gas released to the atmosphere (van den Berg et al., 2017).
Lastly, the analysis of DNRA further contributes to link ammonium
production to its use by nitrifying bacteria and the retention of nitrogen
in the system (Friedl et al., 2018). Therefore, the evaluation of the role
of AOA, Comammox, and DNRA in the microbial community could be
critical for enhancing the understanding of the N-cycle, especially
through comparison in two different types of sub-basins, one of which
contains natural soil, while the other contains engineered green sorp-
tion media.

In this study, an existing RIB was divided into two sub-basins for
infiltration of wastewater effluent and stormwater runoff alternately to
recharge the groundwater aquifers. One sub-basin was called the
Control RIB, which contained natural soil, and the other was called the
Biosorption Activated Media (BAM) RIB (i.e., the BAM RIB), which
contained 60 cm (2 feet) of BAM covering the surface of the sub-basin
for enhanced nutrient removal. BAM are known as green sorption
media due to their use of recycled tire crumb in conjunction with clay
and sand. Chemophysical nitrogen and phosphorus removals for this
site were investigated by Cormier and Duranceau (2019). However, no
microbiological interactions responsible for nitrogen removal were
considered.

The quantification of the population dynamics of the relevant mi-
crobial species was conducted by using the quantitative polymerase
chain reaction (qPCR) to determine the relationship between the bac-
teria gene population and nitrogen removal in a recirculation filtration

tank, a passive septic tank underground drainfield, and a constructed
wetlands with the inclusion of BAM media (Chang et al., 2010; Hossain
et al., 2010; Xuan et al., 2010; Chang, 2011). However, none of the
previous studies focused on microbial ecology to explore the possible
complementary and inhibitory effects among microbial species at the
community scale in both natural soil and BAM layers. In this context,
microbial ecology is the ecology of microorganisms and their re-
lationship with one another and with their environment, in which three
major domains of life (Eukaryota, Archaea, and Bacteria) are of primary
concern. It is thus essential to deepen the understanding of the micro-
bial ecology in RIBs for future field applications.

We hypothesized that water at each sub-basin of a RIB serves as a
source of groundwater recharge, where better nitrogen removal can be
made possible through the use of BAM in the BAM RIB. The im-
plementation of a RIB allows the slow infiltration of reclaimed waste-
water and stormwater into the aquifers, reducing the impact of
groundwater extracted for tap water consumption. We also hypothe-
sized that NOB will inhibit the growth of anammox, as both depend on
the same food source (nitrite) via microbial ecology. Both NOB and
anammox compete for the acquisition of nitrite first under two oxygen
availability environments. The research questions to be answered in-
clude: 1) Are there any complementary and/or inhibitory effects be-
tween any of the seven targeted microbial species? 2) How do the
different microbial species responsible for aerobic ammonia oxidation
interact and compete? 3) Do such complementary and inhibitory effects
differ across the control RIB and BAM RIB? 4) Does denitrifying bac-
teria dominate over DNRA in the N-cycle? 5) How does the presence of
AOA and comammox address NOB survival in the nitrification process?
The objective of this study is thus to examine the microbial ecology
comparatively among targeted microbial species that could sig-
nificantly affect the nitrogen removal in the two sub-basins of the RIB
with or without the presence of BAM in the soil layers.

2. Materials and methods

In the southeastern United States, the system of aquifers in Florida
provides potable water to approximately 10 million people (Bouchard
et al., 1992; Berndt et al., 2014). Excess nitrate concentrations in
groundwater and surface waters that are used as sources of drinking
water can seriously impact the health of the human population if
consumed or exposed. One salient example is a toxic response to nitrite
concentrations in drinking water, called methemoglobinemia, which
involves the inhibition of oxygen transport in the blood, particularly for
infants (Bouchard et al., 1992). In most cases, surface water systems are
affected by eutrophication caused by excess nitrogen and/or phos-
phorus pollution (Wang et al., 2015). By applying discharge to basins
containing porous soil that enables infiltration, RIBs have been utilized
for the final disposal of wastewater effluent or stormwater runoff at
locations where direct discharge to surface waters is limited (EPA,
2003). The primary uses of RIBs include groundwater recharge and
storage of treated water for later reuse via aquifer storage and recovery
facilities; RIBs can therefore be considered green infrastructure for
sustainable groundwater recharge (Crites, 1981; O'Reilly et al., 2012a;
O'Reilly et al., 2012b).

2.1. Study location and RIB operation

This study was conducted between January 2017 and February
2018, and the study site has two sub-basins modified from an existing
RIB previously utilized for storage of excess stormwater runoff collected
from the city of DeLand, Florida. The Water Reclamation Facility
(DeLand WRF hereafter) was originally designed to treat 22,712 Cubic
Meters a Day (CMD) (or 6 MGD (million gallons per day)). The DeLand
WRF treatment process train includes bar screen, grit chamber,
pumping station, aeration carousel, media filter, chlorine contact basin
for disinfection, and storage tank, all of which is in parallel with the
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sludge treatment train including sludge storage and belt press opera-
tion. It is operated to produce reclaimed water for irrigation or final
disposal to groundwater aquifers. In the process design, the DeLand
WRF reduces nitrogen using a combination of aerobic and anoxic
treatment zones. Currently it operates at about half its treatment ca-
pacity, thus providing an opportunity for additional nutrient removal.
When there is not sufficient reclaimed water to meet irrigation de-
mands, additional water is delivered from the St. Johns River. When
there is excess reclaimed water in the storage tank, it is discharged to
the RIBs. During flood conditions, the storage water can consist of a
blend of reclaimed, river, and stormwater. Thus, the RIBs, while usually
only disposing of excess reclaimed water, can also dispose of a blend of
water, including excess stormwater. An above ground storage tank was
added to reduce effluent discharge to the St. Johns River and return
more water to the aquifer. The water in the storage tank of the facility is
discharged to the RIBs.

The difference in nitrogen removal between the two sub-basins was
analyzed through a holistic comparison (Fig. 1a). The Control RIB
maintained the original sandy soil that contained approximately 2–4%
clay, whereas the BAM RIB contained 60 cm (2 ft) of green sorption
media (BAM). The soil characteristics of each RIB, such as media uni-
formity, are expected to impact nitrogen removal. The BAM RIB, con-
structed on the north side of the existing RIB, has an area of about

0.405 ha (1 acre or 43,600 square feet (SF)), while the Control RIB has
an area of about 0.680 ha (1.68 acres or 73,200 SF). The construction
cost was $400,000 per acre, with a unit removal cost of $352/Kg
($160/pound) in a 20-year operational time frame, given that there are
minimal operating and maintenance costs for the BAM-modified RIB.

When RIBs were periodically loaded, a measure of the water in a
monitoring well was conducted to compare the groundwater and sur-
face water table depths. The well is located in the separation berm
between the BAM RIB and the Control RIB (Fig. 1b). The RIBs were used
to store excess stormwater during and immediately after Hurricane
Irma (Landfall date: Sept. 10, 2017). The depth of storage for the excess
Hurricane Irma stormwater was greater than the top of the well used to
measure groundwater and was in a flooded condition until the end of
December 2017. Thus, no data on well depths are available for that
time period. In total, 12 events in a 13-month time frame were in-
vestigated, including 10 reclaimed wastewater disposal and 2 storm-
water events courtesy of Hurricane Irma (Fig. 2). However, in the
months of January and February 2018 the water table rose above the
bottom of the RIBs by 30–60 cm (1–2 feet). The rate of infiltration
during this period decreased to about 0.32–0.64 cm/h (0.125–0.25
inch/hour). During other times in 2017, the infiltration rates varied
between 1.12 and 5.08 cm/h (0.5 and 2.0 inches/hour).

Fig. 1. (a) Sampling Locations of BAM and Control RIBS (source: EFIRD Surveying Group, November 11, 2016, provided by the City of DeLand), (b) 3D photo of RIB
(Source: Google Maps (reference time March 2017).
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2.2. Material characteristics

The BAM in this study are a mixture of clay, tire crumb, and sand
(also called “CTS” specification) with a ratio of 5%, 10%, and 85% by
volume, respectively. The measured bulk density was 1,009 kg/cubic
meter (63 pounds/cubic foot) with a porosity of 32% at a dry condition
without compaction. The compacted CTS at the BAM RIB was about
1,441 kg/cubic meter (90 pounds/cubic foot). The depth was 60 cm (2
feet). The BAM, which have been proven cost-effective and sustainable,
were manufactured with natural and recycled materials. At least 2%,
but less than 6%, of the final product size passed the #200 sieve. The
BAM mix was composed of 85% poorly graded sand and 15% sorption
materials by volume. The sorption materials were composed of recycled
tire crumb with no metal content and mined clay that had no less than
99% clay content. Percentages were determined by in place volume.
The mix was non-flammable, as tested up to 250 °C (482 °F). Water
passing through the media did not exhibit acute or chronic toxicity and
did not change the pH of the filtered water by more than 1.0 unit. The
BAM mix has a water holding capacity (amount of water that the media
can hold for crop use) of at least 10%, and a total porosity of 35%. The
permeability, as measured in the laboratory, was greater than 2.54 cm
per hour (1.0 inch per hour) at maximum compaction.

The particle size distribution for BAM and natural soil, as well as the
physical properties of natural soil and BAM, are presented in Fig. 3 and

Table 1, respectively. The uniformity coefficient (Cu) and coefficient of
curvature (CC) were derived from the gradation curves (Fig. 3). The Cu

for both BAM and natural soil laid below 4, indicating that they are
uniformly graded. Furthermore, BAM has a higher Cu value in com-
parison to natural soil, implying a higher range of particle size. The CC

values laid below 1 or approximately equal to 1, confirming that nat-
ural soil and BAM are uniformly graded. The BET surface area of nat-
ural soil was approximately half of that of BAM as a consequence of clay
particles contributing to more having difference in particle sizes in
BAM. The larger BET surface area and porosity of BAM can be asso-
ciated with a greater capacity for adsorption based on the availability of
pores and exterior particle surface. Lastly, the hydraulic conductivity
provides insight as to the ease that water travels through the porous
spaces. BAM and natural soil possess similar hydraulic conductivity
values, although the hydraulic conductivity of natural soil is slightly
slower.

2.3. Microbial pathways for nitrogen removal

To explore the microbial interactions for nitrogen removal, two
nitrification and denitrification pathways were investigated in con-
gruence to dissimilatory nitrate reduction to ammonia or nitrate/nitrite
ammonification. The first nitrification pathway consists of the familiar
nitrification species of AOB, AOA, and NOB. The second nitrification
pathway corresponds to Comammox bacteria, which is completely re-
sponsible for the two nitrification steps (NH3/NH4

+ → NO2
− →

NO3
−). The nitrogen removal pathways described in Fig. 4a were ex-

plored given the current understanding of the nitrogen cycle with re-
spect to known microorganisms in nitrification, denitrification, and
DNRA. Whereas the two nitrification pathways are driven by Co-
mammox and AOB, the two denitrification pathways involve anammox
and denitrifying bacteria when nitrate/nitrite ammonification is com-
pleted by DNRA. The chemical equations and enzymes analyzed for
nitrifying and denitrifying bacteria via qPCR are also delineated in
Fig. 4b. Note that the overall anammox pathway is divided into two
reactions corresponding to the conversion of NH4

+ and NO to N2H4

(enzyme Hzs) and N2H4 to N2 (enzyme Hzo) (Kartal et al., 2011; Zhou
et al., 2018).

2.4. Sample collection

To determine inhibitory and/or complementary effects among the
microbial species across both sub-basins, soil and water samples were
collected. Once excess water was discharged into the sub-basins of the
RIB and the water infiltrated the soil gradually, water samples were
collected from the lysimeters (20 L bucket with a filter lid, buried 60 cm
underground for collecting infiltrated water) at multiple vertical loca-
tions in the Control and BAM RIBs, partitioned by a berm in the middle
(Fig. 1). Additional inlet samples were collected after loading. Soil
samples from three vertical locations adjacent to the lysimeters were
extracted from the BAM and Control RIBs at the surface of the basin and
depths of 30 cm (1 foot) and 60 cm (2 feet). Further, soil samples
around the edge of the Control and BAM RIBs were collected to analyze
the microbial communities in the natural soil. The soil samples col-
lected at the BAM and Control RIBs are labeled locations 1–6, while the
soil samples extracted around the RIBs are referred to as locations A-F.

Fig. 2. Depth of water in the BAM RIB and the Control RIB with the bottom of
the media as the reference point; reclaimed water loading is marked by
downward blue arrows (Chang, 2018). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 3. Particle size distribution for BAM and natural soil.

Table 1
Physical properties of BAM and natural soil.

BAM Natural Soil

Density (g/cm3) 1.39 1.56
BET Surface Area (m2/g) 0.7059 0.3150
Porosity (%) 40.10 ± 2.28 34.22 ± 0.49
Hydraulic Conductivity (cm/s) 0.026 ± 0.48 0.020 ± 0.0007
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These samples were collected at the same depths as the RIB samples for
comparison.

2.5. Sample analysis

Influent and lysimeter samples were collected and delivered to the
City of DeLand Wiley Nash WRF and a certified laboratory
(Environmental Research and Design, Inc.) for chemical analyses, re-
spectively. Water quality constitutes include TKN (Total Kjeldahl
Nitrogen), TN (total nitrogen = TKN + Nitrite + Nitrate), TP (total

Fig. 4. Microbial ecology analysis (a) Interactive metabolic pathways of microbial species for nitrogen removal in the nitrogen cycle (b) major microbial enzymes
relevant to qPCR analysis with respect to AOA, AOB, Comammox, NOB, denitrifiers, DNRA, and anammox. Arrows in both graphs represent the reactions from
ammonia, nitrite, nitrate oxidation, and denitrification.

Table 2
Standard methods for wastewater and lysimeter analysis.

Parameter City of DeLand Wiley
Nash WRF

Environmental Research and Design, Inc
(ERD)

TKN EPA method 351.2 –
NOx EPA method 353.2 SM-21 Sec. 4500-NO3, F
TP EPA method 365.4 SM-22, Sec. 4500 P F
TN – SM-21, Sec 4500 N C
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phosphorus), and NOx (Nitrite + Nitrate). The standard methods for
the water quality analyses performed by the City of DeLand Wiley Nash
WRF and the certified laboratory are outlined in Table 2. The RIB soil
samples collected on February 2, 2017 (i.e., initial sampling event), and
February 16, 2018 (i.e., final sampling event), and the natural soil
around the RIBs collected on October 9, 2018 (i.e., background soil
investigation), were utilized for qPCR analysis. In each event, three
samples were collected per lysimeter location, totaling 18 soil samples
per event (Fig. 1).

2.6. DNA extraction and qPCR analysis

Quantitative Polymerase Chain Reaction analysis (qPCR) was used
to quantify the population dynamics of AOB, NOB, AOA, Comammox,
denitrifiers, DNRA, and anammox (Dionisi et al., 2001; Henry et al.,
2004; López -Gutiérrez et al., 2004; Rotthauwe et al., 1997) in the BAM
and Control RIBs in addition to the natural soil around the two sub-
basins. The primer sequences and thermocycling conditions associated
with the AOA, AOB, NOB, Comammox, denitrifiers, DNRA, and ana-
mmox are listed in Table 3. The 16 S RNA gene sequencing was used for
the classification of all the microbial species.

The DNeasy PowerSoil kit (Qiagen, Germany) was used for DNA
extraction according to the manufacturer's instructions for all the soil/
media samples. The SYBR Green master mix (Applied Biosystems®) was
used for NOB and denitrifier gene quantification, while PowerUp SYBR
Green master mix (Applied Biosystems®) was used for the analysis of
AOB, AOA, anammox, DNRA, and Comammox. The qPCR mix for the
NOB and denitrifier analysis for each well consisted of 10 μL of SYBR
Green master mix, 0.8 μL of DNA specific forward primer, 0.8 μL of
DNA specific reverse primer, 5 μL sample DNA, and 3.4 μL of qPCR
water. The same quantities were utilized for the AOB and AOA analyses,
apart from the use of the PowerUp SYBR Green master mix. The qPCR
mix for the anammox analysis of each well consisted of 10 μL of SYBR
Green master mix, 0.8 μL of DNA specific forward primer, 0.8 μL of
DNA specific reverse primer, 4 μL sample DNA, and 4.4 μL of qPCR
water. The final primer concentration in each reaction well was 0.4 μm
for each analysis. The samples were analyzed in a 48 well plate; each
well plate was composed of 5 duplicated standards, 12 triplicate sam-
ples from each location and depth, and 1 negative control.

3. Results

3.1. Media characteristics in rapid infiltration sub-basins

The different physical characteristics of the media in the Control
and BAM RIBs impacted the cultivation capacity and the ultimate nu-
trient removal performance. In natural soil the smaller porosity due to a
lower range in particle size provided smaller void spaces between the

soil particles, impacting and decreasing the hydraulic conductivity. This
contributed to the decreased influent infiltration of the natural soil of
the Control RIB, and in return, decreased the hydraulic retention time
(HRT) of the influent and diminished the oxygen and nutrient source
availability, thereby decreasing the treatment capability of the soil. On
the other hand, the BAM RIB contains small clay content and homo-
geneous media composition with a unique texture that permits equal
distribution of the influent to maintain the required HRT, providing
sufficient contact time for biological reactions given the passage of
oxygen and availability of nutrients (Fig. 5). Moreover, a larger porosity
from BAM mixture indicates larger void spaces allowing for faster in-
filtration. In addition, the infiltration of stormwater and reclaimed
wastewater delivers carbon sources as electron donors, providing an
adequate source for denitrifier growth (Chang, 2011). Table 4 sum-
marizes the average nitrate percent removal for both BAM RIB and
Control RIB.

Nevertheless, influent treatment, and consequently nitrogen re-
moval, in both sub-basins is dependent on microbial communities that
are present in media composition. The microbial population dynamics
are impacted by media composition through the formation of biofilms.
The cultivation or deterioration of biofilm impacts the interactions
among microbial species by transporting nutrients and oxygen. The
stratification of microbial species such as AOB, NOB, Comammox, de-
nitrifiers, anammox, DNRA, and AOA within the developed biofilms can
occur in the BAM and Control RIBs when constrained by the availability
of oxygen and nutrients (Fig. 5).

3.2. Microbial populations of natural soil in the surrounding area of RIB

qPCR analysis revealed a small quantity of microbial populations of
AOB and AOA, with larger quantities of NOB, Comammox, denitrifiers,
and DNRA in the undisturbed natural soil, confirming the difference in
physical characteristics between the natural soil and the green sorption
media utilized in the BAM RIB. Anammox was found to be under the
detection limit, thus it was not included in the results. As observed at
two locations around the sub-basins, the AOB microbial population was
scarce, while AOA was present at all localities, albeit in small quantities
(Fig. 6a), highlighting the lean resource availability in the soil. How-
ever, the NOB, Comammox, denitrifier and DNRA populations were
more predominant than AOB populations (Fig. 6b). Overall, DNRA was
most prominent at the soil surface followed by NOB and Comammox.
Albeit, Comammox was not detected at all the sampling locations in
comparison to denitrifiers, NOB and AOA. The observed population
dynamics substantiate the stratification and the role each micro-
organism plays in the environmental conditions.

Table 3
Primer used in this study for targeting the key species in nitrification and denitrification.

Bacteria Primer Sequence Thermocycling Reference

AOA Arch-amoA-for, Arch-
amoA-rev

5′-CTGAYTGGGCYTGGACATC -3′,
5′- TTCTTCTTTGTTGCCCAGTA-3′

50 °C for 2 min, 95 °C for 5 min holding stage, 40 cycles
at 95 °C for 30 s, 56 °C for 45 s and 72 °C for 45s

Wuchter et al. (2006)
Marshall et al. (2018)

AOB amoA-1F, amoA-2R 5′-GGGGTTTCTACTGGTGGT-3′,
5′-CCC CTC KGS AAA GCC TTC TTC-3′

50 °C for 2 min, 95 °C for 2 min holding stage, 40 cycles
at 95 °C for 15 s, and 60 °C for 60 s

Rotthauwe et al. (1997);
Shimomura et al. (2012)

NOB NSR1113f, NSR1242r 5′- CCTGCTTT CAGTTGCTACCG- 3′,
5′-GTTTGCAGCGCTTTGTACCG-3′

50 °C for 2 min, 95 °C for 2 min holding stage, 40 cycles
at 95 °C for 15 s, and 63.8 °C for 60 s

Dionisi et al. (2001); López
-Goldstein and Smith (2002)

Comammox A387f,
C616r

5′-TGGTGGTGGTGGTCNAAYTAT-3′,
5′- ATCATCCGRATGTACTCHGG-3′

50 °C for 2 min, 95 °C for 5 min holding stage, 45 cycles
at 95 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s

Xia et al. (2018)

Denitrifier narG-1960m2f, narG-
2050m2r

5′-TACTGTGCGGGCAGGAAGAAACTG-3′,
5′-CGTAGAAGCTGGTGCTGTT-3′

50 °C for 2 min, 95 °C for 2 min holding stage, 40 cycles
at 95 °C for 15 s, and 60 °C for 60 s

Bru et al. (2007);

Anammox amx809 F, amx1066 R 5′- GCCGTAAACGATGGGCACT-3′,
5′- CAGCTCGTGTCGTGAGACGTT-3′

50 °C for 2 min, 94 °C for 5 min holding stage, 40 cycles
at 94 °C for 15 s, and 62 °C for 60 s

Tsushima et al. (2007)

DNRA nrfA2F,
nrfA2R

5′-CACGACAGCAAGACTGCCG-3′,
5′-CCGGCACTTTCGAGCCC-3′

50 °C for 2 min, 95 °C for 10 min holding stage, 40 cycles
at 95 °C for 30 s, 60 °C for 60 s and 72 °C for 60 s

Yin et al. (2017)
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3.3. Population dynamics in the two sub-basins of the RIB

The population dynamics of the BAM and Control RIBs differed
greatly from the initial to the final sampling events. The AOB popula-
tion was below the qPCR detection limit during the initial stage but was
significantly improved after one-year in operation, especially for the
BAM RIB. The initial sampling events observed AOB populations at only
3 out of 6 locations, with two of the locations corresponding to the
Control RIB. However, in the second sampling event, an AOB popula-
tion was observed in all 6 locations (Fig. 7a). Nevertheless, there was a
decrease in population density in the Control RIB between the initial
and final sampling for the majority of the vertical sample depths. The
population of AOA was observed for all sampling locations for the final
sampling event rather than the initial sampling; however, these quan-
tities were minor when compared to AOB (Fig. 7b).

The BAM RIB appears to favor the cultivation of AOA, as noted by
the increase of the gene population between the initial and final sample
events (Fig. 7b). Yet, even with the decrease of AOA population density
in the Control RIB after one-year, this density was higher than that in
the BAM RIB. At locations 1–3, there were few to no gene copies

recorded for the initial event, followed by an observable increase in the
final sample event in the BAM RIB. At the final sampling, the AOA
population in the Control RIB increased in most locations and depths.
Although AOB and AOA populations increased between the initial and
final sample events, AOB had a more prominent growth in the BAM
RIB, becoming the principal aerobic ammonia oxidizing organism.

The NOB population density observed for the BAM RIB in the final
sample event was very minimal compared to the Control RIB (Fig. 8a).
Only 3 out of the 6 locations displayed abundant NOB populations in
the initial sample event, and the locations with abundant NOB corre-
sponded to the Control RIB, while 5 locations had NOB gene quantifi-
cation for the second sample event (Fig. 8b). In general, there was an
increase of NOB in the BAM RIB, but a large decrease of NOB in the
Control RIB after one-year in operation. Furthermore, the Comammox
population was observed only at location 2 of the BAM RIB during the
final sampling event, with population densities under detection limits in
the initial sampling event (Fig. 9a). Overall, Comammox was more
abundant in the Control RIB, being quantified at 2 locations (Fig. 9b).

The presence of denitrifier microorganisms confirms their con-
tribution to nitrogen removal via the denitrification pathway. All 6
locations corresponding to the BAM and Control RIBs had denitrifier
populations from the initial to final sample events. However, only 4
locations experienced an increase in denitrifier population at the sur-
face layer after one-year of operation. Deviating from this trend, the
vertical location of 30 cm (1 foot) below the surface had the highest
denitrifier population for the BAM media samples at locations 1 and 2
for the initial sample date, as opposed to the final sampling event
(Fig. 10a). While the population dynamics of the final sample event
showed the largest denitrifier gene population at the surface of location

Fig. 5. Media environment and texture characteristics leading to different microbial population dynamics in biofilm formation at the soil or BAM surface in the
Control and BAM RIBs.

Table 4
Average nitrate percent removal (Chang, 2018).

Type of RIB Percent Removal (%)

Reclaimed Wastewater Stormwater

BAM 83 95
Control 40 90
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2 in the BAM RIB, followed by location 6 in the Control RIB. Further,
the quantification of denitrifier genes determined that the greatest
population was present at the top layer for all the soil samples for both
the BAM and Control RIBs.

The DNRA population substantially increased between the initial
and final sampling events, with higher population density occurring at
the surface of both BAM and Control RIBs (Fig. 11a) and their locations
(Fig. 11b). Further, according to the total microbial population the most
abundant microbial species at the Control and BAM RIBs for the initial
sampling events are NOB and denitrifiers, respectively (Fig. 12), which
comprise 55% and 98% of the total microbial population. After one-
year operation, the most abundant microbial specie from the overall
population at all locations and vertical depths were denitrifiers ac-
counting for 62–86% of the total microbial population of the Control
and BAM RIBs, respectively.

4. Discussion

4.1. Microbial community, population dynamics, and microbial ecology
analysis

Current studies have shifted focus from traditional nitrifying bac-
teria and archaea (AOA, AOB) responsible for ammonia oxidation to the
recently discovered Comammox. The activity of Comammox in ni-
trification in natural soil was investigated by Wang et al. (2019), while
its presence (Spasov et al., 2019) and effect in nitrogen removal in
wastewater systems (Cotto et al., 2020) was also explored. It has also
been found that the competition between anammox and denitrifiers for
nitrite and their dependence on NOB for nitrite can be avoided in
wastewater treatment by utilizing partial denitrification (Cao et al.,
2019). Additionally, the exploration of DNRA and its interaction further

Fig. 6. Background microbial population at the surrounding RIB basin for (a)AOB, AOA, and (b) NOB, denitrifiers, Comammox and DNRA.
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contributes to the interconnection of microbial species in the microbial
community as the competition between DNRA and denitrifiers for
oxidized nitrogen compounds such as nitrite and nitrate can be in-
vestigated by this study (Putz et al., 2018; van den Berg et al., 2017).
Hence the interrelationship between the reactants and products re-
quired for nitrification and denitrification can be elucidated via a hol-
istic approach in microbial ecology.

In this study, seven microbial species present in the biofilm were
linked to the required sources for the nitrification, denitrification and
nitrate/nitrite ammonification processes conducted in nitrogen removal
under aerobic and anaerobic conditions (Fig. 13). In the aerobic

process, the microbial species require the presence of the preceding
microbe for food source availability, resultant of prior chemical reac-
tions. On the other hand, the conversion of ammonium to nitrogen gas
is completed by anammox alone in oxygen deprived conditions. Hence,
the interaction and interdependence between distinct bacteria in the
microbial community motivates the exploration of research question 1.
The need for nitrite by anammox as an electron acceptor in the absence
of oxygen requires the dependence of AOB, AOA, and Comammox to
produce nitrite, while fostering a competitive relationship with NOB
and DNRA for the accessibility of nitrite. However, the qPCR results
revealed the absence of anammox in the microbial community,

Fig. 7. (a) AOB Gene and (b) AOA (copies/g-dry mass) for BAM (Locations 1, 2, and 3) and Control (Locations 4, 5, and 6) in the initial (February 2, 2017) and final
(2/16/2018) sampling. Error bars represent the standard deviation.
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suggesting inhibitory effects from the environment and the presence of
the other microbial species. As nitrite could have been primarily uti-
lized by NOB and DNRA reducing the available quantity remaining for
anammox uptake. Furthermore, the oxygen requirement greatly influ-
ences which microbial species utilizes nitrite first, thus enabling po-
pulation survival and growth. In addition, anammox are slow growing
organisms which prevent the microbial population from being culti-
vated at a fast rate compared with the other microbial species. This is
because AOB, NOB, and anammox are autotrophic, whereas denitrifiers
are heterotrophic. Moreover, denitrifying bacteria utilize nitrate, fos-
tering a dependence on NOB and Comammox for its nitrate source
while competing with DNRA for nitrate or nitrite. Thus, the com-
plementary and inhibitory effects of the seven microbial species were
determined and interpreted from the population dynamics obtained
from the qPCR analysis.

Further, the specific interactions between aerobic ammonia oxi-
dizing microbial species address research question 2. Biofilm cultiva-
tion and competition for food sources between these microbial species

could contribute to their absence in specific sample regions. This is a
possible consequence of competition between the Comammox bacteria,
AOA, AOB, and anammox species in the sampling location, as they
compete for the procurement of ammonia substance in the biofilms. The
competition between AOA and AOB is severe, and AOB seems to be the
winner. However, the competition between AOB, AOA, and Comammox
did not hinder AOB or Comammox cultivation, thus primarily im-
pacting the population dynamics of AOA. The AOA genes detected were
relatively low in quantity compared to those of AOB, which supports
the competition assumption between aerobic ammonia oxidizing spe-
cies. However, the population densities of Comammox are observably
larger than both AOA and AOB, although the presence of Comammox is
not consistent throughout all the locations. This suggests that 1) the
competition for ammonia uptake by the three species did not com-
pletely impact an individual microbial specie, and 2) these microbial
species possibly utilized different sources of ammonia (organic, in-
organic) which forced the continual oxidation of ammonia to nitrite.

Since AOB and Comammox are the dominant ammonia oxidizing

Fig. 8. (a) NOB Gene (copies/g-dry media) for BAM (Locations 1, 2, and 3) and Control (Locations 4, 5, and 6 in Fig. 2(a)) in the initial (February 2, 2017) and final
(2/16/2018) sampling, (b) Comparison of nitrate concentration and NOB genes at the surface layer for BAM and Control RIB for locations 1–6 for the second sample
event for nitrate removal. Error bars represent the standard deviation (Chang, 2018).
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species, the inhibition effect of Comammox and AOB on anammox was
also observed in the gene quantification. The gene population densities
of anammox were determined to be under detection limits, thus redu-
cing its influence in the microbial community. This confirms the hy-
pothesis regarding the inhibition of anammox by nitrifying micro-
organisms. Anammox requires ammonium and nitrite for the
production of nitrogen gas under anaerobic conditions (Tsushima et al.,
2007), thereby being indirectly impacted by AOB, AOA, and Co-
mammox, as the necessary constituent required for the microbial pro-
cesses of each of these microbial species was primarily consumed by
aerobic ammonia oxidizing bacteria, leaving anammox disengaged.
Therefore, in addition to nitrite availability and competition between
the species, an aerobic and anaerobic environment would impact the
process.

Also, there were notable differences in the microbial population
densities in the Control and BAM RIBs, leading to consideration of re-
search question 3. The BAM RIB experienced a small decay in the de-
nitrifier population from the initial to the final sample event for the
majority of sample location depths in comparison to the BAM RIB.
Where the observed increase in NOB population would aid in the

increase of denitrifying bacteria, as opposed to an increase in DNRA
population which could decrease the growth of denitrifier population
density. The increase in both NOB and DNRA is observed for the BAM
RIB, with only an increase of DNRA achieved by the Control RIB after
one-year operation.

The abundance of denitrifiers compared to AOB and AOA (Figs. 7
and 9a) may be attributed to the high nitrate concentrations of the
influent and the nitrifying bacteria available in the soil layers of the
BAM and Control RIBs under the aerobic conditions produced in the
biofilm structure (Mustafa, 2009). Note that the denitrifying bacteria
utilize nitrate as an electron accepter in the absence of oxygen. Nitrate
may have been more abundant in the influent than ammonia, pro-
moting the denitrifier population instead of the growth of ammonia
oxidizing species.

Moreover, the gene density of AOB and AOA were relatively low
compared to that of NOB. The AOB and AOA gene populations were not
observed for some of the layers in the Control and BAM RIBs, indicating
the complementary effect NOB and AOB or AOA have on each other.
This interaction can change with the inclusion of nitrification by
Comammox, since Comammox bacteria can perform both nitrification

Fig. 9. Comammox Gene (copies/g-dry-media) for BAM (Locations 1, 2, and 3) and Control (Locations 4, 5, and 6 in Fig. 2(a)) in the initial (February 2, 2017) and
final (2/16/2018) sampling, (b) Comparison of nitrate concentration and Comammox genes at the surface layer for BAM and Control RIB for locations 1–6 for the
second sample event for nitrate removal. Error bars represent the standard deviation (Chang, 2018).
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steps. Additional causes for microbial community differences are the
physical characteristics of the natural soil and BAM media at each sub-
basin. BAM has a much faster infiltration rate than the control side,
which provided the biofilm more nutrients in a certain period of time
and in turn caused the whole microbial community to flourish.
However, since AOA, AOB, and Comammox mainly live within the
upper layers in biofilm, they might be affected most via possible biofilm
detachment. However, even with these differences and complementary
and inhibitory relationship, denitrifiers, DNRA, and NOB were found to
be the three most prominent microbial species in both sub-basins ac-
cording to the total population density. This result moves to address
research question 4, suggesting denitrifying bacteria to be more pre-
dominant than DNRA in the BAM and natural soil biofilms. Proposing
denitrifiers to be more dominant than DNRA in the N-cycle of both sub-
basins. Even when considering the presence of both microbial species at
each location of the RIBS, denitrifiers population are visibly more
consistently present. Additionally, the large presence of DNRA allowed
for additional ammonia production and contribution for nitrifying
bacteria utilization providing a continual and closed cycling of

nitrogen.
Further, the NOB population was affected by the nitrite concentra-

tion in the soil media in the Control RIB. This phenomenon results from
the amount of nitrite generated by AOB, AOA, Comammox, and deni-
trifiers. However, most denitrifiers live at the deeper layer of biofilm,
and the nitrite they produce may not cause any significant impact on
NOB at the upper layer of biofilm. This prompts the consideration of
research question 5. If insufficient AOB or Comammox populations are
present in the soil, a deficit of nitrite is salient due to the absence of
nitrite formed from ammonia oxidation. However, the presence of
Comammox can impact NOB by independently transforming ammonia
to nitrate without the inclusion of NOB for nitrite oxidation.
Consequently, the absence of nitrite either from its absence in the in-
fluent or from microbial competition inhibits the cultivation of NOB. In
the traditional two-step nitrification process corresponding to three
bacteria types, AOB or AOA and NOB (Mustafa, 2009; Xia et al., 2008),
the reactants and products of each reaction affect the proceeding step.
According to Yao and Peng (2017), having more growth of AOB com-
pared to NOB yields a higher ammonium oxidizing rate than the nitrite

Fig. 10. (a) Denitrifier Gene (copies/g-dry-mass) for BAM (Locations 1, 2, and 3 in Fig. 2(a)) and Control (Locations 4, 5, and 6 in Fig. 2(a)) in the initial (February 2,
2017) and final (2/16/2018) sampling, (b) Comparison of nitrate concentration and denitrifier genes at the surface layer for BAM and Control RIB for Locations 1–6
in Fig. 2(a) for the second sampling event for nitrate removal. Error bars represent the standard deviation (Chang, 2018).
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oxidizing rate. However, this growth is related to the quantity of am-
monium present in the environment available for utilization. Also, the
thriving NOB population may also indicate the existence of abundant
nitrite in the liquid phase, which could be toxic to many other species in
the community when its concentration is high enough (Bollag and
Henninger, 1978). Thus, the coexistence of aerobic ammonia oxidizing
species can be a reason for abundant nitrite availability for NOB.

4.2. Comparison of nitrogen removal

The nitrogen removal performance of the BAM and Control RIBs
was analyzed to determine which soil media provided enhanced ni-
trogen removal in addition to promoting microbial activity. The media
of the BAM RIB assisted in the improved reduction of nitrogen in
comparison to the Control RIB. The BAM RIB consisted of the green
sorption media containing a mixture of tire crumb, sand, and clay,
which provided a homogeneous environment with carbon sources for
microbial activity, compared to the heterogeneous natural soil com-
position of the Control RIB, which consisted of more compact sand and
clay soil with less void spaces, thus retaining more moisture than the
BAM RIB. As a result, the BAM RIB has a homogeneous infiltration rate
that constantly provided the appropriate conditions for biofilm

development, enabling better nitrogen removal due to having more
denitrifier population density in a moist environment, as opposed to the
Control RIB. As larger denitrifier population provides greater conver-
sion of nitrate to nitrogen gas. Additionally, BAM has been found to
have large surface area per volume derived from its fine-grained texture
(O'Reilly et al., 2012b). Natural soil is usually very non-homogeneous in
soil structure and soil moisture distribution, causing preferential flows
and oxygen addition that disturbed the denitrification process. Hence,
some removal of nitrate was observed at the Control RIB due to natural
clay providing both physiochemical and microbiological effects.

The BAM RIB surpassed the Control RIB in reclaimed wastewater
and stormwater nitrogen removal with 83% (±4%) and 40% (±10%)
for reclaimed wastewater as well as with 95% (± 1%) and 90%
(±4%) for stormwater, respectively. The overall nitrate removal of
89% for BAM RIB corroborates the efficiency of BAM for removing
nitrogen. This level of treatment is not unique to reclaimed wastewater,
as research has been conducted on BAM for stormwater and ground-
water treatment. Other field applications of BAM media have obtained
suitable nitrogen removals and explored the microbial biofilm com-
munities, as in the case for linear ditch located beside a road and farm
land (Wen, 2018, 2019a; Chang et al., 2019), and blanket filters placed
in a retention basin (Wen et al., 2019b).

Fig. 11. DNRA Gene (copies/g-dry-mass) for BAM (Locations 1, 2, and 3 in Fig. 2(a)) and Control (Locations 4, 5, and 6 in Fig. 2(a)) in the initial (February 2, 2017)
and final (2/16/2018) sampling, (b) Comparison of nitrate concentration and DNRA genes at the surface layer for BAM and Control RIB for locations 1–6 for the
second sample event for nitrate removal. Error bars represent the standard deviation (Chang, 2018).
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5. Conclusion

The nitrogen removal in the two sub-basins of the RIB were com-
pared based on lysimeter samples with BAM RIB surpassing the Control
RIB in reclaimed wastewater and stormwater nitrogen removal. The
quantification of NOB, AOA, AOB, Comammox, denitrifiers, DNRA, and
anammox bacteria through qPCR enabled the analysis of microbial
ecology when these microbial species coexisted in the same environ-
ment. The population dynamics of microbial communities contributed
to the understanding of the complementary and inhibitory effects of
nitrifying and denitrifying microbial species in the BAM and natural
soil. NOB, denitrifier and DNRA population dynamics contributed to
better nitrogen removal efficiency in the BAM RIB due to their com-
plementary effects. The interaction between the three aerobic ammonia
oxidations was found to support NOB population, which indicates that

microbial ecology in BAM RIB does play a critical role in polishing the
effluent for nutrient removal, leading to sustainable groundwater re-
charge.
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