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Abstract: Extensive fertilization and irrigation in commercial plant nurseries generates
runoff containing high levels of nutrients. Biochar-amended bioretention systems with
internal water storage zones (IWSZs) have been shown to enhance total nitrogen removal
from urban runoff. However, their effectiveness for treatment of nursery runoff and
the role of biochar in the IWSZ remain understudied. The goal of this research was to
investigate nitrogen transformations in pilot-scale bioretention systems treating nursery
runoff with varying biochar-amendment strategies: (a) throughout both the unsaturated
zone and the IWSZ (CBA), (b) only in the unsaturated zone (PBA). Variables investigated
included hydraulic loading rate (HLR; 0.11, 0.22, and 0.55 cm/min), IWSZ depth (44 and
69 cm), and the presence of plants (Muhlenbergia capillaris). The presence of biochar in the
IWSZ (CBA) enabled significantly greater nitrogen removal (p = 0.031) compared to PBA.
CBA had improved hydraulic efficiency by mitigating short-circuiting (34% increase in
mean retention time) and likely enhanced performance by promoting nutrient uptake and
microbial activity. Three times the above ground plant biomass was observed in CBA vs.
PBA (0.73 kg in CBA vs. 0.23 kg in PBA). The highest nitrogen removal efficiency (84%)
was achieved in the planted CBA unit at an HLR of 0.22 cm/min and IWSZ depth of 69 cm.
A spreadsheet-based tool, utilizing a logarithmic regression model for CBA (R? = 0.88 for
TIN, 0.86 for NOx) and PBA (R2 = 0.50 for TIN, 0.60 for NOy), was developed for system
design to achieve nitrogen removal targets. The greater variability in the PBA-fitted model
(lower R?) compared to CBA (higher R?, better fit) suggests biochar’s ability to mitigate
short-circuiting and improve hydraulic performance.

Keywords: nursery runoff; bioretention; biochar; design tool; internal water storage zone;
nitrogen; plants

1. Introduction

The horticulture industry—which includes greenhouse, nursery, and floriculture
production—is a vital contributor to the U.S. economy, with combined wholesale and retail
sales generating a total output of $30 billion, >200,000 jobs, and $16 billion in value-added
benefits [1]. Fertilizer application is essential to produce marketable plants; however,
rainfall and irrigation can wash fertilizers from plant containers, leaching nitrogen and
other nutrients into drainage ditches and retention ponds [2—4]. This results in ground
and surface water quality impairment, eutrophication, fish kills, and economic loss [5].
In response, the US state of Florida requires farmers to adopt best management practices
(BMPs) to limit nutrient discharges into nearby water bodies. Consequently, runoffs must
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comply with numeric water quality criteria [2,6] and total maximum daily load limits
(TMDLs) [7,8]. Nursery plant production managers must, therefore, consider optimizing
their operations with the most cost-effective BMPs.

Conventional nature-based solutions (NBSs) that rely on sedimentation, filtration,
biodegradation, and plant uptake have had limited success in achieving complete nitrogen
removal from agricultural runoff [9]. For example, constructed wetlands are effective
for treating nursery runoff (70.7-94.7% N removal) but require significant land area and
cost [10,11]. Although floating wetlands are less expensive to implement, they require
regular maintenance and have achieved variable nitrogen removal rates (12.9-82.9%) de-
pending on the plant species used [12]. Vegetated buffer strips and algal turf scrubbers
present additional options; however, their effectiveness can be inconsistent depending
on system hydraulics, vegetation type, and soil characteristics [13-15]. Larson et al. [16]
highlighted the challenges buffer strips face in handling high nutrient loads, reporting
that high influent concentrations in dairy farm runoffs resulted in an increase in chemi-
cal oxygen demand (COD), total Kjeldahl nitrogen (TKN), ammonia (NH;*), and nitrate
(NOs7) (11-45 mg/L) leaching from the buffer strips [16]. As a result, attention has shifted
towards smaller-scale, high-throughput BMPs, such as bioretention systems, for effectively
managing agricultural runoff.

Bioretention is a type of NBS that has been used to manage both urban and agricul-
tural runoff [17]. Conventional bioretention systems are constructed with the following
layers (from bottom to top): (i) a gravel drainage layer; (ii) porous filtration medium; and
(iii) topsoil, mulch, or compost as a surface layer, with or without plants. Bioretention
systems can be modified by raising the outlet pipe to provide alternating unsaturated and
saturated zones to promote nitrification and denitrification [18]. The elevated outlet creates
an internal water storage zone (IWSZ) at the bottom of the system where runoff is retained
during the antecedent dry period (ADP) between irrigation events, which allows more
time for denitrification. The saturated conditions in the IWSZ limit oxygen transfer, which
promotes the anoxic conditions needed for denitrification [5]. An electron donor, such as
woodchips, compost, or elemental sulfur, can be added to the IWSZ to promote denitrifica-
tion of carbon-limited runoff [5,19]. In stormwater studies, modified bioretention systems
improve the removal of NHy*, nitrate-nitrite (NOx), and dissolved organic N (DON) and
provided better performance in delaying peak flows than conventional systems [20-22].

Biochar is a low-cost material, produced by pyrolysis of organic feedstocks (such as
wood, animal waste, or plant matter) in a controlled, oxygen-limited environment [23].
The high specific surface area (SA) and microporosity enable biochar to adsorb and trap
contaminants. Biochar’s high cation exchange capacity (CEC) improves its ability to
retain positively charged ions, such as NH;*. In crop studies, biochar improves soil
quality by retaining moisture, nutrients, and organic carbon, enhancing microbial activity,
nitrogen fixation, and plant growth [24,25]. Biochar addition in the unsaturated zone
can improve nitrification by retaining NH4* during the wetting period, allowing more
time for nitrification during the ADP between irrigation events when the pores of the
filtration media fill with air. Biochar amendment to saturated woodchip biofilters has
also been shown to improve NO3;~ removal during intense runoff events by lowering
dissolved oxygen, increasing biomass density, and enhancing water retention, resulting in
denitrification rates five times higher than conventional systems [26-28].

Several variables affect bioretention performance, including hydraulic loading rate
(HLR) and the presence of vegetation. The HLR is the influent runoff flow rate divided
by the cross-sectional area of the bioretention system. For a given flow rate, the higher
the HLR the less land area is needed for the BMP but the shorter the hydraulic residence
time (HRT) in the system. A short HRT results in less time for the microbes to react with
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the substrate [21]. Adding vegetation to bioretention systems provides additional path-
ways for nutrient removal through plant uptake and increased microbial activity in the
rhizosphere [29-32]. Henderson et al. [30] investigated the effect of plants in bioretention
systems under three different soil types (gravel, sand, and sandy loam); vegetated systems
achieved 85-94% TP and 63-77% TN removal, compared with 31-90% TP and —12-25% TN
removal in unvegetated systems [30]. Conversely, Muerdter et al. [33] and Skorobogatove
et al. [34] reported that plant roots can negatively impact the media by forming macrop-
ores, potentially causing short-circuiting, which can lead to non-uniform breakthrough
and poorly treated runoff. However, more research is needed to fully understand how
interactions between the filtration medium and plants affect nutrient removal in modified
bioretention systems.

Research is also limited on the effect of the IWSZ outlet height on nitrogen transfor-
mations in bioretention systems [17]. An increased IWSZ depth (higher outlet heights)
increases the saturated zone HRT but reduces the depth of the unsaturated zone, which is
needed for oxygen-dependent nitrification. Mai and Huang [20] found that an increased
IWSZ height improved N-removal and runoff capacity [20,35,36], while other researchers
reported a minimal impact or even nitrate leaching [37,38]. These contradictions highlight
the need for further study, including how interactions between IWSZ depth, biochar amend-
ment, and plants [39] affect bioretention performance under varying loading conditions.

This study makes several novel contributions to our understanding of biochar-
amended bioretention. First, it is the first study to explore biochar-amended bioretention
for treatment of commercial nursery runoff. This is important, due to the large contri-
bution of nursery runoff to agricultural nutrient loads and differences in N speciation,
concentration, and loading rates between nursery runoff and other non-point N sources
(e.g., urban or dairy farm runoff). Second, this research provides new insights into the
performance of modified bioretention systems with different design configurations that
have not previously been investigated, specifically with and without biochar in the IWSZ
and with different IWSZ depths. Lastly, by applying statistical methods to assess the impact
of these configurations on nutrient removal, a predictive model was developed.

Therefore, the goal of this research was to investigate nitrogen transformations in
pilot-scale bioretention systems treating nursery runoff with varying biochar-amendment
strategies: (a) biochar addition throughout both the unsaturated and IWSZ (CBA) and
(b) biochar only in the unsaturated zone (PBA). Variables investigated included HLR, IWSZ
depth, and the presence of plants (Muhlenbergia capillaris). Conservative tracer studies were
used to investigate hydraulic efficiency. A spreadsheet-based tool, utilizing a logarithmic
regression model, was developed for system design to achieve nitrogen removal targets.

2. Materials and Methods
2.1. Site Description

Holmberg Farms, located in Lithia, FL, is a large commercial nursery specializing in
the cultivation and distribution of citrus trees, flowering plants, and fruit plants. Runoff
from greenhouses at the facility was captured via a culvert and treated in two pilot-scale
bioretention systems. The selected greenhouses (~5 ha) were primarily used to grow citrus
trees. The potting medium included a controlled-release fertilizer (Florikan, Bowling Green,
FL, USA). Trees were irrigated using overhead spray irrigation systems two to three times
per week. Additional details about the site and methodology can be found as outlined by
Richardson [40].
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2.2. Porous Medium Materials

Proprietary high permeability sand media (HPS) was donated by a stormwater man-
agement company. The biochar used in this study was donated by Biochar Now (Berthoud,
CO, USA). Biochar and HPS were washed with tap water to remove dust and soil and
sieved with a #8 sieve using a RO-TAP™ Sieve Shaker to achieve particles > 0.22 cm. The
sieved HPS had a porosity of 0.44 cm3/cm?, hydraulic conductivity of 0.01 cm/s, and a
uniform coefficient of 3.20. The cumulative particle size distribution at 10% (d10), 50%
(d50), and 60% (d60) for HPS were 0.112 cm, 0.326 cm, and 0.357cm, respectively. The
biochar used in this study was derived from pine woodchip feedstock that was pyrolyzed
at 550 °C. The biochar was characterized for pH, hydraulic conductivity (K), bulk density
(BD), porosity (n), moisture content (MC), electrical conductivity (EC), grain size distribu-
tion (GSD), CEC, surface area (SA), and pore size distribution (PSD) by Rahman et al. [28]
using the American Society of Testing Materials (ASTM) protocols. Briefly, the biochar
had a bulk density of 0.19 g/cm?, SA of 136 + 45.51 m?/g and a CEC of 13.63 cmol/kg.
Its high pore volume of 0.13 cm?®/g included 0.061 cm?®/g and 0.062 cm®/g mesopore
volume. Biochar had a porosity of 0.50 cm®/cm?, hydraulic conductivity of 0.007 cm/s,
uniformity coefficient of 3.51, and d10, d50, and d60 of 0.100 cm, 0.319 cm, and 0.352 cm,
respectively. Oak woodchips were obtained from a local tree service and were hand sorted
to achieve particle sizes between 2 and 10 cm. Gravel was obtained from Sefner Rock &
Gravel (Tampa, FL, USA).

2.3. Pilot-Scale Bioretention Systems

Schematics of the two pilot-scale bioretention units before and after planting are
shown in Figure 1. The two 340 L molded polyethylene tanks (0.9 m x 0.6 m x 0.6 m) were
purchased from United States Plastics Corp. (Lima, OH, USA) (Figure S1). The outlet was
configured with an underdrain and “upturned elbow” using 2.5 cm internal diameter PVC
pipes. The upturned elbow was configured with ball valves to allow testing of varying
outlet elevations; the lower outlet was 44 cm high, and the upper outlet was 69 cm high.

The completely biochar-amended unit (CBA) had biochar in both the INSZ and
unsaturated layer. The CBA unit consisted of the following layers (from bottom to top):
5 cm gravel drainage layer, 2.5 cm HPS separation layer, 46 cm HPS + biochar + woodchips
(2:2:1 by volume), 25 cm HPS + biochar, 2.5 cm HPS, and 10 cm free board (Figure 1a). The
partially biochar-amended unit (PBA) had biochar amendment only in the unsaturated
layer. The PBA unit consisted of the following layers (from bottom to top): 5 cm gravel
drainage layer, 2.5 cm HPS separation layer, 46 cm HPS + woodchips (4:1 by volume), 25 cm
HPS + biochar, 2.5 cm HPS, and 10 cm free board (Figure 1c). Gravel and separation layers
at the bottom of the system were designed to prevent clogging in the outlet pipes. The HPS
layer at the top was used to prevent biochar from floating to the surface.

Auxiliary equipment included a screen, pump, and float switch (Danner Manufactur-
ing, Inc., Islandia, NY, USA), powered by a Jackery (Freemont, CA, USA) power supply and
solar panels. The float switch, power supply, and solar panels allowed for automatic opera-
tion of the bioretention systems when irrigation was initiated. The system was equipped
with a float valve at the feed pipe to manage overflow, along with protective housing
for the electrical components using a Husky professional heavy-duty storage container
(Pacific, MO, USA) to protect against weather and insects.

The target HLR was calculated using Equation (1), assuming that the bioretention
surface area would be designed as a percentage of the greenhouse area. The runoff flow
rate (44 L/s) was based on the results of an influent runoff characterization study [40].
The irrigated greenhouse area was 49,000 m? (~5 ha). This resulted in target HLRs of
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0.11 cm/min, 0.22 cm/min, and 0.55 cm/min for bioretention areas of 5%, 2.5%, and 1% of
the greenhouse area, respectively.

L

Q 44L m®  100cm  60s
HER=% = Yoofarea)  1000L Tmi M)
2 o of area m min
(49,000 m?) + (Zegfaren )
(a) (b) 7 S—
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g k 2
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Partially Biochar-Amended Unit (PBA)

Partially Biochar-Amended Unitwith

Plant (PBA+P)
Figure 1. Schematic diagrams for the (a) completely biochar-amended (CBA) unit, (b) completely
biochar-amended unit with plants (CBA + P), (c) partially biochar-amended (PBA) unit, and (d) par-
tially biochar-amended unit with plants (PBA + P).

After construction, the systems were fed nursery runoff for 1 month prior to sampling
to acclimate microbial communities. The study investigated the effects of HLR (low,
medium, high), outlet elevation (lower, upper), and plant presence on nutrient removal
(Table S1). Each variable was tested in triplicate. During each event (Events 1-18), influent
runoff and effluent samples from both systems (CBA and PBA) were collected every 30 min
for 180 min, resulting in 21 samples per event. Events 1-3 operated at lower HLR, lower
outlet height, and no plants; Events 4-6 operated at medium HLR, lower outlet height,
and no plants; Events 7-9 operate at high HLR, lower outlet height, and no plants; Events
10-12 operated at high HLR, upper outlet height, and no plants; Events 13-15 operated at
high HLR, lower outlet height, with plants; Events 16-18 operated at lower HLR, upper
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outlet height, with plants. Note that Event 2 data were excluded from data analysis due to
interruptions in bioretention operations caused by rain.

Two Muhlenbergia capillaris (Muhly grass) plants, from Holmberg Farms
(Lithia, FL, USA), where the project was located, were transplanted to convert the CBA and
PBA units to CBA + P and PBA + P (Figure 1b,d). The significance of plant presence was
studied during Events 13-18. Muhly Grass is a native Florida perennial with distinctive
fluffy stalks that attract wildlife and thrive under sandy or rock soil and favorable light and
moisture conditions [41]. Known for its adaptability, low maintenance requirements, and
rapid growth rate, Muhly grass can reach up to 4 feet tall and wide, making it an excellent
choice for bioretention systems [39,41]. After planting, the plants were given six weeks to
become established before monitoring began.

2.4. Tracer Studies

Tracer studies were performed to investigate the influence of biochar amendment and
outlet elevation on HRT. Experiments were carried out on both bioretention systems at
both outlet heights (54 cm vs. 79 cm) with a constant HLR, and without Muhly grass. To
begin the tracer study, a 1 L slug of 20 g/L potassium chloride (KCI) solution was sprayed
onto the bioretention surface. Runoff was subsequently fed to the systems until the effluent
conductivity was equal to the influent conductivity. Effluent conductivity was measured
every 5 min, while influent conductivity was measured every 30 min and linearized to
values every 5 min. Analysis of the tracer data was conducted following the method
described by Crittenden et al. [42]. The SI includes Equations (S1)—(S13) used to carry out
the calculations; additional details can be found in the study of Richardson [40].

2.5. Sample Collection and Water Quality Analysis

Samples were transported on ice to the University of South Florida (Tampa, FL, USA)
Environmental Engineering laboratory for testing. All analytical methods followed Standard
Method protocols [43]. Concentrations of NO,~, NO3;~, and NH;* were measured after
filtration through 0.45 pm membrane filters (Fisher Scientific, Waltham, MA, USA) using a
Metrohm 850 Ion Chromatography System (Herisau, Switzerland). Total inorganic nitrogen
(TIN) was calculated as the sum of NO, "-N, NO3 ~-N, and NH4*-N. NOx-N was calculated
as the sum of NO3™-N and NO, ™-N. COD concentrations were measured using Lovibond
(Amesbury, UK) test kits and a Lovibond spectrophotometer. pH and Alkalinity were
measured using calibrated Orion 5-Star meter and probe (Thermo Scientific, Beverly, MA,
USA). Dissolved oxygen (DO) and conductivity concentrations were measured in the field
using a YSI ProQuatro multiparameter meter (Yellow Springs, OH, USA). Method Detection
Limits (MDLs) were determined using Standard Method protocols [43] and can be found in
the study of Richardson [40].

2.6. Data Analysis

Nutrient loading rate (NLR; mg/L-min) and Nutrient removal rate (NRR; mg/L-min)
and % Load Reductions were calculated using Equations (2)—(5).

Vempty
EBCT = —2PY 2
o )
_ G
NLR = EBCT 3)
NRR = S0 =G (4)

EBCT
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Z’f Qi * Ci,’rl * At
Y1 QixCopx At
where EBCT is the empty bed contact time (min), Vempty is the total volume of the empty
filter bed (L), Q is the influent flow rate (L /min), and Cy and C; are the influent and effluent
concentrations (mg/L). It is important to note that EBCT represents a simplified measure

% Load Reduction = (1 — ) * 100% (5)

of contact time, as it considers the total volume of the filter bed without accounting for
the media void space. The % Load Reduction represents the cumulative reduction (%)
across all time points over the duration of the study. Due to the porous media’s high
hydraulic conductivity, the systems were assumed to reach steady state quickly, with
influent and effluent flow rates (Q;) considered equal to each other during each monitoring
event. The subscript n represents sample number. The At values were the time between
sample collection.

Statistical analysis was conducted using R (version 4.4.2, R Foundation for Statistical
Computing, Vienna, Austria). A one-way analysis of variance (ANOVA) with a significance
threshold of 95% (x = 0.05) was employed to identify significant differences in % Load
Reductions across varying configurations and bioretention units. For statistical comparisons
between configurations, a sample size (n) of 12 was used. For comparisons between systems
(CBA vs. PBA), an n value of 34 was used.

To develop the regression model, outlier removal was addressed using Tukey’s in-
terquartile range (IQR) method [44], retaining only NLR and NRR data points within the
first quartile (Q1, representing the 25th percentile) and the third quartile (Q3, representing
the 75th percentile) resulting in IQR = Q3 — Q1, where IQR measures the spread of the
middle 50% of the data. This method ensured the robustness of the models by minimiz-
ing the impact of extreme values, which are defined as outliers < Q1 — (1.5 x IQR) or
outliers > Q3 + 1.5 x IQR. The strength of the regression model was measured using R?,
which indicates how well the model explains the variation in the data. A higher R? value
means the model fits the data better. This was used to compare models and select the one
that best fits the data.

3. Results and Discussion
3.1. Tracer Studies and Hydraulic Performance

During irrigation, runoff was generated slowly after irrigation commenced, reached a
steady flow rate of approximately 44 L/s between 75 and 220 min and decreased rapidly
once irrigation ended (Figure S2). Pollutant loading rates, calculated by multiplying the
flow rate and concentration, steadily increased over time and then decreased at the end
of the event (Figure S3). The observed flow and nutrient loading results are typical of
irrigated container plants, where drainage increases over time as pots become saturated,
while nutrient leaching follows a “first flush” behavior, with the highest concentrations at
the beginning of the event [45]. The flow rate value was scaled down using Equation (1),
assuming a bioretention surface area of 5%, 2.5%, or 1% of the irrigated greenhouse area,
leading to HLRs of 0.11 cm/min, 0.22 cm/min, and 0.55 cm/min, respectively.

Conservative tracer studies revealed key hydraulic differences (Table 1 and Figure 2)
between bioretention systems with and without biochar in the INSZ (Figures 54-57). The
CBA unit had a longer mean retention time (MRT) of 70 min compared with 46 min
for the PBA unit, likely due to biochar’s microporosity reducing flow and hydraulic
conductivity [46]. Parameters ty, t59, and tgy indicate the time that 10%, 50%, and 90% of the
tracer mass exited the system. Short-circuiting was lower in the CBA unit (t590/MRT = 0.89)
compared to the PBA unit (t5o/MRT = 0.74), indicating reduced preferential flow, likely
due to biochar’s macropores. The Morrill Dispersion Index (MDI) and “n” values for the
tanks in series (TIS) model describe mixing and short-circuiting in the units [42]. When
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the units operated with the lower outlet, uniform flow in CBA was supported by lower
MDI and standard deviation and a higher TIS n value. Differences between units were
less pronounced when the effluent exited the upper outlet (Table 1). Raising the outlet
height significantly increased the MRT at an equalized HLR (MRT multiplied by HLR).
The MRT multiplied by the HLR experienced a 154% increase from 22 cm to 34 cm for the
CBA unit and a 234% increase from 13 cm to 31 cm for the PBA unit. This indicates that
MRT depends more on IWSZ residence time than time spent in the unsaturated layer. The
results underscore biochar’s role in improving hydraulic efficiency and the impact of outlet
height on retention and treatment efficiency. Influent and effluent specific conductivities
and supporting data are shown in Tables S1-54.

Table 1. Tracer study data revealing key hydraulic differences between CBA and PBA
bioretention systems.

Parameters CBA Lower Outlet PBA Lower Outlet CBA Upper Outlet PBA Upper Outlet

HLR (ecm/min) 0.31 0.29 0.56 0.50
MRT (min) 70 46 60 62

MDI (tog/t19) 35 6.7 3.0 24

ts0/MRT 0.89 0.74 0.85 0.89
Standard Deviation (min) 32 33 27 23
TISn 5.8 3.0 6.1 8.4

Mass Recovered (%) 99.9 98.0 104 102

Note(s): HLR = hydraulic loading rate; MRT = mean retention time; MDI = Morrill Dispersion Index; TIS = tanks
in series.

1.20

1.00 000®

0.80 ®

] ® CBA Unit
0.60 °

é PBA Unit

0.40 €]

Cumulative Mass Fraction

0.20 ®

®
0.00 ge®
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 2. Cumulative tracer mass fraction exported vs. ® for bioretention systems configured at their
lower outlets.

3.2. Nitrogen Removal

The flow-weighted average influent TIN concentration in the nursery runoff was
2.84 mg N/L, consisting of 0.18 mg/L of NH;*-N, 0.06 mg/L of NO,-N, and 2.55 mg/L
of NO37-N. NO3z ™~ was the dominant inorganic nitrogen species across all events, making
up 84% of influent TIN throughout the study (Table 2). Nitrate is the dominant form of N
in controlled-release fertilizers (CRFs) and is highly mobile in soils [47,48].

Average flow-weighted effluent concentrations and removal efficiencies (Table 2) show
consistent TIN and NOx-N removal, as has been reported for other woodchip-amended
bioretention system studies [49]. The box and whisker plots in Figures 3-5 illustrate the
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distribution of influent and effluent concentrations for the CBA and PBA units. These plots
compare different biochar-amendment strategies, outlet elevations, and plant presence,
and they are annotated with the mean (p), standard deviation (o), median (v), and %
Load Reductions. On average, TIN removal rates were 12 g/m>-day for the CBA unit
and 10 g/m3-day for the PBA unit, showing that biochar amendment in the IWSZ can
significantly enhance nitrogen removal rates, most likely by increasing retention times,
reducing short-circuiting, and supporting microbial activity (Table 2, p = 0.031). The pres-
ence of biochar in the IWSZ of the CBA unit also reduced effluent DO concentrations (see
Figures S8 and S9) compared with the PBA unit (Figure S10), which further promotes
denitrification. During some events, a slight increase in effluent NO, ™ concentrations was
observed, indicating either partial nitrification (NH4" — NO, ™) or partial denitrification
(NO3;~ — NO, 7). Higher export of NH4 " during some events was likely due to ammonifi-
cation of organic N. Alkalinity increased across all events for both units, consistent with
denitrification. An increase in effluent COD was observed in 17% of events for the CBA
unit and 72% for the PBA unit, possibly due to organic carbon leaching from woodchips.

Table 2. Overall average influent and effluent concentrations and corresponding removal percentages
for runoff events 1 and 3-18.

CBA PBA 1 p-Value
Parameter Average Average Average Average Average CBA vs. PBA
Influent Effluent % Removal Effluent % Removal A
TIN (mg/L) 2.84 +2.51 0.71 +£0.48 70.15 £ 17.58 1.63 £1.38 54.59 +20.73 0.031 *
NH4*-N (mg/L) 0.18 £0.14 0.30 £ 0.17 —150.70 £+ 252.48 0.13 £ 0.08 —58.62 + 141.28 NS
NO;~N (mg/L) 0.06 £ 0.04 0.11 £ 0.06 —121.13 £+ 190.27 022 +0.23 —191.78 £+ 167.54 NS
NO3;~N (mg/L) 2.55 +£2.52 0.30 + 0.33 85.33 + 15.58 1.28 £1.19 61.96 4 18.52 0.002 **
2NOx~N (mg/L) 2,62 +2.42 0.42 +£0.36 78.93 +17.11 1.50 £ 0.08 57.41 4+ 18.29 NS
COD (mg/L) 32.55 +6.37 27.61 + 5.07 13.16 = 11.80 33.52 +6.38 —21.89 +44.72 0.032 *
Alkalinity
(mg/L as 123.46 £ 18.20 152.80 £ 50.05 —20.36 £ 19.69 124.10 £ 30.19 —17.46 £11.48 NS
CaCOs)
pH 7.81 £0.17 7.20 £ 0.20 7.76 £2.78 725+ 0.24 7.39 £3.27 NS
3 DO (mg/L) 497 +0.82 0.78 £0.20 83.46 £+ 2.80 0.35 £ 0.60 77.55 £7.04 NS
Note(s): 1 ANOVA p-value significance: * p < 0.05, ** p < 0.01, NS = not significant, with CBA achieving higher
removal rates. 2 Nitrate-nitrite (NOx-N) represents the combined measurement of NO3 ~-N plus NO, ~-N or TIN
minus NH;-N. ? Dissolved oxygen (DO) was only measured for events 8-12.
Low HLR, Lower Outlet Height, No Plants Medium HLR, Lower Outlet Height, No Plants High HLR, Lower Outlet Height, No Plants
5.0 w272
0:1.74
4.5 v:2.72
Removal: NA%
— 4.0 —
<
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@ 30 vi1.64
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g 25 u:0.82 T u: 0.96
= . 10.54
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2 i 0.59 Remox‘/al" 75.6% 0:0.34 Removal: NA% 0:042
8 15 1 0:0.44 o } v: 0.62 _ 1 0.37 v:0.38
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F o Remov_al_.79.5/u o - ,—L‘ . v O:'?:m% —
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e ; — | = L
0.0 o
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(a) (b) ()

Figure 3. Box and whisker plots comparing effluent TIN concentrations for CBA and PBA units

across varying HLR: (a) low, (b) medium, and (c) high.
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High HLR, Lower Outlet Height, No Plants High HLR, Upper Outlet Height, No Plants High HLR, Lower Outlet Height, Yes Plants
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o 3.0 o i p: 1.64
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== v:0.26 - o I -
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Figure 4. Box and whisker plots comparing effluent TIN concentrations for CBA and PBA units
across varying outlet height IWSZ depth). Figure (a,b) are without plant amendment. Figure (c) is
with plant amendment. A comparison of Figure (a,c) allows an assessment of the effects of Muhly
Grass on TIN removal.

Medium HLR, Upper Outlet Height, Yes Plants

12
11 H:7.8
0:1.46
10 v: 8.64
5 9 Removal: NA%
=
z
o
g s x
123
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L
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€ 5 0:1.36
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S 4 p: 1.2 Removal: 78.6%
o 0:027
é 3 v:1.07
Removal: 83.7%
2 X
1 X
0
Influent CBA Unit PBA Unit

Figure 5. Box and whisker plot comparing effluent TIN concentrations for CBA and PBA operating
at optimal configuration of medium HLR, upper outlet height, and Muhly Grass addition (after
plant acclimatization).

HLR was a critical factor affecting TIN removal, as shown in Figures 3 and S11. Lower
HLR leads to a longer HRT. This extended HRT provides more time for mass transfer and
degradation of the substrate loads. Significant differences in TIN removal were observed
between low and high HLR events (p = 0.022) and medium and high HLR events (p = 0.046),
with lower HLR achieving greater load reductions, while no significant difference was
found between low and medium HLR events (p > 0.05). There was a small but not significant
(p > 0.05) increase in TIN removal when the systems were configured with the upper outlet
elevation (Figure 4). These findings suggest that decreasing the HLR and increasing the
depth of the INSZ can improve TIN removal by extending residence time in the IWSZ and
promoting denitrification pathways. Based on these results, subsequent testing prioritized
a medium HLR and an upper outlet height.

3.3. Effect of Plants

As shown in Figures 4 and 5, the addition of Muhly Grass to the bioretention systems
influenced TIN removal in both systems. Before planting, systems operating at high HLR
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(0.55 cm/min) and low outlet height achieved 61.5% TIN removal for CBA and 37.4% for
PBA. After planting, TIN removal initially decreased to 39.2% for CBA + P and 26.2% for
PBA + P, an unexpected outcome, likely due to leaching of a residual controlled-release
fertilizer from the root systems. Sarazen et al. [32] emphasized the need for monitoring
to prevent nutrient leaching after plant and media establishment. Additional monitoring
of the bioretention systems with plants continued throughout Events 16-18 for the two
bioretention systems operating at the “optimal” design of a medium HLR of 0.22 cm/min,
upper outlet height, and with established plants (Figure 5). Under these conditions, the
systems were able to achieve the highest overall TIN load reductions of 83.70% for CBA +
P and 78.6% for PBA + P. Biochar addition to the IWSZ also dramatically enhanced plant
growth in the CBA + P system, with an above-ground biomass of 0.73 kg compared to
0.23 kg in the unamended PBA + P system. Previously published studies have reported
that biochar increases the height and biomass of plants such as Sesbania cannabina [50,51],
Medicago sativa, Amaranthus caudatus, and Zea mays [52]. Visual observations also indicated
greater root development in the CBA + P system (Figure 6). The greater root development
is attributed to biochar’s ability to increase soil organic carbon [53], moisture retention,
and nutrient availability [54] and enhance soil structure [55]. This makes biochar addition
in the CBA + P system conducive to microbial growth and activity in the rhizosphere by
promoting plant growth [56].

(b)
Figure 6. Image of roots of Muhly Grass from the (a) CBA unit (above-ground biomass = 0.73 kg) and

(b) PBA unit (above-ground biomass = 0.23 kg). Shoes included for scale.

3.4. Regression Model

The logarithmic regression model, combined with Tukey’s outlier removal method
achieved the highest overall R?, indicating the best fit among the tested models. It was
selected because it more accurately captures the relationship between NLR and NRR
(Figures 7 and 8). Other tested models included standard linear regression with outlier
removal methods, such as Cook’s distance, robust regression, and Windsorized regression,
did not perform as well with lower R? (Figure 512). The model dataset consisted of 17 points,
representing the average values for each event from a total of 18 events, excluding Event 2
due to interruptions in runoff and bioretention operations caused by rain. For TIN removal,
the IQR method excluded three outliers for the CBA unit (final N = 16), while all 17 points
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were retained for the PBA unit. No outliers were removed for NOx-N in either unit. The
CBA unit demonstrated a strong correlation between NLR and NRR, with R? values of 0.88
for TIN and 0.86 for NOx-N (Figures 7 and 8).

CBA Unit PBA Unit
5‘ 204 204
a 18] NRR = 5.23log(NLR) + -4.43 184 NRR = 3.78log(NLR) + -3.14
g R? = 0.88 RZ = 0.50
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T -
& 144 PR INEVE
© ° -
> - °
2 12 * - = 121 .
[ o 7 ”,
X 104 g 10+ LT
] o2 _-"
8’ 8 ’° ° 81 ° . e
= ° /. oo
Z 5 4 61 o/ ’ °
L / R
& 4 / 4 ¢ e
o [ 2 ®/ i
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£ 2 21 °
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0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Total Inorganic Nitrogen Loading Rate (mg/L-day)
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Figure 7. Logarithmic regression model for total inorganic nitrogen removal for the (a) CBA unit and
(b) PBA unit.
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Figure 8. Logarithmic regression model for nitrate + nitrite (NOx) removal for the (a) CBA unit and
(b) PBA unit.

In contrast, the PBA unit showed greater variability, with lower R? values of 0.50 for
TIN and 0.60 for NOx-N. This variability may have been due to short-circuiting, where the
influent bypasses the media, potentially causing the poor fit between the model and experi-
mental results. These findings further support the hypothesis that biochar amendment in
the IWSZ enhances hydraulic efficiency by mitigating short-circuiting and improving the
overall system performance.

The results reveal that while NLR initially increases removal efficiency due to higher
substrate mass transfer and utilization rates, the system eventually saturates, causing the
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removal rate to plateau. Increasing the outlet height to deepen the IWSZ may mitigate
these effects by extending the residence time and promoting denitrification pathways.
Incorporating plants further supported nitrogen removal through nutrient uptake and
increased microbial activity. For high loading conditions, expanding the bioretention
system volume or depth may be necessary to sustain efficiency to accommodate a higher
runoff volume.

A spreadsheet-based tool was developed for preliminary design of a bioretention
system tailored to treat runoffs from commercial nurseries with similar water quality char-
acteristics as the demonstration site. The tool incorporates logarithmic regression models
derived from this study. Default nutrient concentrations were derived from experimental
averages in this study [40]. Using runoff volume and nutrient concentrations, the tool
uses the model to estimate NLR and predicts NRR. Farmers can customize inputs such as
bioretention system size and biochar inclusion to calculate the required surface area and
nitrogen removal efficiency. This user-friendly spreadsheet tool streamlines nutrient man-
agement for irrigation runoff, providing a practical solution for improving water quality.
Figures 9 and 10 illustrate the tool’s input parameters and output results.

B C D E [F G H ) K L

A
1 |BIORETENTION SYSTEM DESIGN AND COST INPUT

STEP 1

Select units

Manually input irrigated acreage 12 acres

STEP 2

Manually input irrigation rate (average runoff flow rate) 440 L/s  <--pick units

STEP 3

Select Target Contaminant TN v

STEP 3

M lly input nutrient ions OR leave as "DEFAULT" value 2.8 mg/lL  <--enter value otherwise DEFAULT value = 2.85 mg/L TIN

2]

TEP 4

Select Bioretention size (% area used for bioretention) 25% LI

STEP5

Select Bioretention Design Type

RESULTS

Completely Biochar Amended (CBA) W

- To see results, go to the OUTPUT sheet.

Title Page  INPUT  ouTpPUT Bioretention Constraints Lookup Tables o =

Figure 9. Spreadsheet tool user input tab.

A B C D E 7 G H
1 OUTPUT SUMMARY
2 (Recommended Design for maximum nutrient removal)

3 Parameter Value Units

4 Technology BRT

5 Target Contaminant N

6 Design Type CBA

7 Average Flow 822 cm"3/min = 0.82 L/min
8 Hydraulic Loading rate 0.22 cm/min = Medium

9 EBCT 358 min = 6.0 hr
10

11 Outlet Height 79 cm = Upper
12 Length 61 cm

13 Width 61 cm

14 Plant Yes (e.g. Muhly grass)

15

16 Cinf 2.85 mg/L

17 NLR 11.47 mg/(L-day)

18 Ceff 0.78 mg/L

19 NRR 8.35 mg/(L-day)

20

21 Removal Efficiency 73%\ Note:

Title Page  INPUT ~ OUTPUT  Bjoretention Constraints  Lookup Tables

Figure 10. Spreadsheet tool output tab showing recommended design for bioretention system and
total inorganic nitrogen removal efficiency.
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3.5. Cost Estimation

Bioretention systems are increasingly adopted as sustainable and effective stormwater
management solutions for both agricultural and urban areas to mitigate runoff and improve
water quality [17]. The installation of a bioretention system typically involves several
stages, including design and engineering, plant selection, soil preparation, and ongoing
maintenance. For agricultural applications, examples include a ditch diversion bioreactor
(35 x 7.9 x 0.9 m) installed in November 2015 on a private farm (soybean, lima bean, or
sweet corn—spinach) in Caroline County, Maryland, US. This system treated a 35-hectare
(ha) drainage area at a total cost of $27,000, equivalent to $770/ha of treated area [57].
Another example used three in-line, in-ditch woodchip bioreactors (two at 27 x 1.1 x 0.7 m
and one at 38 x 1.1 x 0.7 m) installed in December 2015 on a corn-wheat-soybean farm
in Somerset County, Maryland, US. These bioreactors treated a 6.6-hectare area at a total
cost of $18,000, or $2700/ha [57]. Generally, installation costs for subsurface drainage
woodchip bioreactors in agricultural areas range from less than $5000 to $27,000 [58]. In
urban settings, bioretention construction costs typically range from $5000 to $10,000 for
larger areas or $33/m? to $162/m?, depending on site-specific factors such as soil type. For
example, costs vary from $17 to $33/ m? for highly permeable soils and $43/ m? to $65/m?
for slowly permeable soils [59,60].

Assuming the effective incorporation of biochar into modified bioretention systems
requires 20% (PBA) to 40% biochar by volume (CBA). If a bioretention system has a total
media volume of 100 m? to treat a 1-hectare drainage area, and the density of biochar is
approximately 0.19 g/cm? (0.21 tons/m?) as used in this study, then about 20 m3 (4.2 tons)
to 40 m3 (8.4 tons) of biochar would be needed. Biochar typically cost between $200-$1000
per ton, averaging around $400/ton but varying depending on quality [61]. At an average
cost of $350/ton for wood biochar [62], this would result in an additional biochar cost
ranging from $1470 to $2940 amended to the bioretention system, depending on the specific
design and biochar pricing. Compared with other BMPs, biochar-amended bioretention
systems are considered to have a more constant cost with relatively lower construction
cost. For example, the initial construction cost for a free water surface constructed wetland
averaged about $18,200/ha for systems treating less than 3785 m?3/day, with operating
costs ranging from $0.026/m? to $0.08/m? treated [63].

3.6. Limitations

This study has multiple limitations. The bioretention units were set up in closed tanks
rather than open systems in the field. A slipstream from the main flow of the greenhouse
runoff was pumped at a constant HLR during each event rather than having the flow vary
over time. Influent runoff was distributed across the top of each unit more evenly than
typical full-scale systems in the field. By performing so, potential short cutting and poor
performance may have been prevented. In addition, operational issues, such as clogging
of the effluent piping, and the growth of invasive vegetation, are more easily controlled
with the pilot-scale units. It is unknown how performance would be affected if these issues
occurred in field scale systems.

4. Conclusions

Nitrogen removal was investigated in modified biochar-amended bioretention systems
for treatment of nursery runoff. Two pilot-scale units were set up to treat runoff from a
commercial citrus nursery. Both units included biochar in the unsaturated zone to capture
NH,4* and enhance nitrification. One of the units also had biochar and woodchips added
to the IWSZ media (CBA) and the other unit contained a mixture of sand and woodchips in
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the IWSZ (PBA). Variables investigated included HLR, upturned outlet elevation, and the
presence of vegetation (Muhly Grass).

Biochar amendment in the IWSZ resulted in several benefits to bioretention perfor-
mance. Conservative tracer studies showed that biochar in the IWSZ improved hydraulic
efficiency by mitigating short-circuiting (34% increase in mean retention time). Total inor-
ganic nitrogen removal efficiency was significantly higher in CBA (p = 0.031) compared to
PBA. After planting with Muhly Grass, the CBA unit had three times the above-ground
plant biomass growth (0.73 kg in CBA vs. 0.23 kg in PBA), which likely enhanced perfor-
mance by promoting nutrient uptake and rhizosphere microbial activity. During the final
events, the highest nitrogen removal efficiency (84%) was achieved in the planted CBA
unit, at a HLR of 0.22 cm/min and an IWSZ depth of 69 cm.

A spreadsheet-based tool, utilizing a logarithmic regression model for CBA (R? = 0.88
for TIN, 0.86 for NOx) and PBA (R? = 0.50 for TIN, 0.60 for NOx), was developed for system
design to achieve nitrogen removal targets. The greater variability in the PBA-fitted model
(lower R?) compared to CBA supports biochar’s ability to mitigate short-circuiting and
improve hydraulic performance. The model formed the basis of a spreadsheet-based biore-
tention design tool that can be used by farmers to achieve nitrogen reduction targets. This
is the first study to investigate the use of bioretention for treatment of nursery runoff and
the effects of biochar addition to the IWSZ on hydraulic efficiency and nitrogen removal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17030330/s1, Figure S1: Photographs of bioretention units;
Table S1: experimental design details; Equations (S1)—-(S13): Equations used for analysis of tracer
data; Figures S2 and S3: runoff characterization results details; Figures S4-S7: tracer results details,
Table S2: Tracer flow rates; Tables S3-S6: Detailed tracer study data; Figures S8-510: Influent and
effluent concentrations for irrigation event 8; Figure S11: TIN load reduction summary; Figure S12:
regression model details and code.
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