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Abstract 7 

Internal water storage (IWS), a below-grade saturated layer, is a bioretention design 8 

component created by adjusting the underdrain outlet elevation. Anaerobic conditions and the 9 

presence of a carbon source in IWS facilitates denitrification. Yet it remains unclear how 10 

underdrain height within the IWS impacts nitrate (NO3
-) removal. This study applied synthetic 11 

stormwater with NO3
- to three laboratory columns with underdrains located at the bottom, 12 

middle, or top of a 32 cm thick gravel-woodchip IWS. Under steady state conditions, underdrain 13 

nitrogen removal demonstrated a positive linear relationship with increasing hydraulic residence 14 

time (HRT). For a 1 cm/h hydraulic loading rate (HLR), nitrogen removal efficiency increased 15 

from 52 to 99% as underdrain height moved from the top to the bottom. Despite identical IWS 16 

thickness across columns, immobilize zones below the middle and top underdrains limited the 17 

steady state nitrogen removal. Dual isotopes in NO3
- also indicated denitrification occurred in 18 

mobile zones and showed little or no denitrification in immobile zones due to limited mass 19 

transport. Transient flow conditions were applied, to mimic storms, followed by dry conditions. 20 

Lower effluent nitrogen concentrations and mass fluxes were observed from the bottom 21 

underdrain across the range of HLRs tested (1 to 5 cm/h) but performance of all three 22 

underdrains converged after the application of one pore volume. The top underdrain enhanced 23 

mixing between new incoming low-DOC stormwater and old IWS water with high-DOC which 24 

minimized effluent DOC concentrations. NO3
- isotope enrichment factors indicated 25 
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denitrification during transient flow for all three underdrain heights and enrichment increased for 26 

the 5 cm/h HLR. For sites with narrow IWS geometries (width to depth ratio < 1), optimal 27 

underdrain height is likely located between the bottom and top of the IWS to promote mixing 28 

with old IWS water high in DOC and sustain denitrification during storms.    29 

Keywords: 30 

internal water storage design, nitrogen management, dual nitrate isotopes, urban stormwater 31 

quality, DOC, immobile zones  32 

1. Introduction  33 

Urban runoff is considered a major pollutant source to receiving waters. Nutrients, such 34 

as nitrogen, conveyed in runoff cause habitat degradation and algal blooms which are expected 35 

to worsen with population growth and climate change (Whitehead et al., 2009). Green 36 

stormwater infrastructure (GSI) is implemented in urban landscapes to protect water resources. 37 

Bioretention is a passive GSI strategy that employs multiple functions (ponding, infiltration, 38 

biotic processes, and water storage) to manage runoff quantity and water quality. The main 39 

design components include a vegetated basin filled with engineered media. An underdrain is 40 

often incorporated in a gravel layer below engineered fill media to collect a portion of infiltrated 41 

stormwater and discharge to the sewer network or receiving waterbody. 42 

Internal water storage (IWS) is a subsurface bioretention design component created by 43 

raising the outlet elevation of the underdrain. For combined sewer systems, IWS provides 44 

additional storage volume and water is primarily released via exfiltration into native media. For 45 

separate sewer systems, sites with less permeable soils, or nutrient sensitive watersheds, IWS can 46 

be implemented for water quality improvements (Brown et al., 2009). Nitrate (NO3
-) removal in 47 

bioretention occurs via plant uptake or biotic processes including denitrification or dissimilatory 48 

NO3
- reduction to ammonia (DNRA) (Bu et al., 2017; Igielski et al., 2019; Li et al., 2019). When 49 
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the IWS remains saturated and a carbon source is available (often leached from woodchips), IWS 50 

provides favorable conditions for denitrification and NO3
- is reduced to nitrogen gas (N2)(Kim et 51 

al., 2003). IWS design often connects the perforated underdrain, located at the base of the gravel 52 

layer, to an upturned elbow. Alternatively, a raised underdrain can be positioned at the top of the 53 

IWS to achieve the same thickness and storage capacity (Donaghue et al., 2022). However, the 54 

impact of IWS underdrain configuration on NO3
- removal needs to be evaluated.  55 

Understanding the impact of IWS design choices on water quality, specifically NO3
-, 56 

advances design and informs practitioners. Increased hydraulic residence time (HRT) 57 

corresponds to increased NO3
- removal (Halaburka et al., 2017; Igielski et al., 2019). For 58 

example, one study demonstrated that HRT accounted for 93% of NO3
- removal compared to the 59 

variables of dissolved oxygen (DO), temperature, and influent NO3
- concentration (Martin et al., 60 

2019). We previously employed bioretention columns and modeling to demonstrate that raised 61 

underdrain heights, with respect to the bottom of the IWS, introduced nonideal flow regions, or 62 

immobile zones. Raised underdrain heights reduced hydraulic efficiency and consequently the 63 

measured HRT (Donaghue et al., 2022). It is expected that IWS underdrain height would 64 

influence NO3
- removal efficiency which served as a primary motivation to this study. In urban 65 

environments, space limitations and property costs present challenges for GSI implementation. 66 

Understanding the impact of IWS underdrain height on NO3
- removal, particularly in narrow 67 

systems, can allow design flexibility without compromising water quality goals.  68 

Because IWS underdrain height induces different flow patterns, the consideration of how 69 

IWS underdrain height impacts NO3
- dynamics as a function of rain intensity and dry periods is 70 

critical. Under intense precipitation, faster infiltration rates into the IWS can shorten HRTs and 71 

consequently reduce NO3
- removal. Optimizing IWS underdrain configuration to site specific 72 
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characteristics could combat these effects and maximize NO3
- removal during precipitation. 73 

During antecedent dry periods (ADP), woodchips leach dissolved organic carbon (DOC) into 74 

IWS porewater and DOC concentrations can increase as ADP increases (Lynn et al., 2015a). 75 

However, during prolonged ADPs evapotranspiration and exfiltration to underlying media can 76 

expose woodchips at the top of the IWS to unsaturated conditions. Others have shown that 77 

woodchips in unsaturated layers degrade faster than saturated woodchips and can export higher 78 

DOC and organic nitrogen (Lynn et al., 2015a). The selection of an appropriate IWS underdrain 79 

configuration may require balancing multiple water quality parameters such as NO3
- and DOC. 80 

Dual isotopes in NO3
- is a tool gaining traction to characterize nitrogen processing in 81 

stormwater (Burgis et al., 2020; Burns et al., 2009; Carey et al., 2013; Yang and Toor, 2016). 82 

Dual isotopes refer to the analysis of both the nitrogen isotopes (14N and 15N) and the oxygen 83 

isotopes (16O and 18O) in NO3
-. Isotopes can be useful for identifying transformation processes 84 

when the process preferentially favors an isotope, leading to fractionation. For example, a kinetic 85 

isotope effect is created during microbial denitrification, as organisms preferentially consume 86 

lighter nitrogen and oxygen isotopes (14N and 16O); this depletion creates solute NO3
- enriched in 87 

heavier isotopes (15N and 18O)(Mariotti et al., 1981; Zhang et al., 2019). Consequently, 88 

denitrification is marked by a predominantly linear, positive trend in both the δ15N and δ18O. 89 

Batch experiments demonstrated microbial denitrification can cause isotopic fractionation within 90 

tens of minutes to several hours (Currie, 2007; Kim et al., 2003; Sebilo et al., 2019). However, 91 

isotope patterns in flow-through systems such as IWS are not well-studied. Here, column 92 

experiments coupled with dual isotope analysis contribute to understanding the application of 93 

nitrogen isotopes in GSI systems. 94 



5 

 

This work employs three laboratory bioretention columns comprised of a gravel-95 

woodchip IWS with varying underdrain height to distinguish microbial denitrification from 96 

dilution under steady state and transient flow. Steady state conditions considered the effect of 97 

HRT on NO3
- removal efficiency and NO3

- removal kinetics. Transient conditions evaluated the 98 

effect of hydraulic loading rate (HLR) and ADP on IWS water quality, NOx dynamics, and 99 

potential denitrification during flow events.  100 

2. Materials and methods 101 

2.1. Bioretention column design  102 

IWS underdrain height varied across three cylindrical bioretention columns (28.8 cm ID 103 

× 82 cm height) (Fig. 1a) by adjusting the elevation of 2 cm thick screened openings on the 104 

center PVC pipe as follows: 0 to 2 cm bottom column (1 cm, Fig. 1b), 14 to 16 cm middle 105 

column (15 cm, Fig 1c), and 30 to 32 cm top column (31 cm, Fig. 1d). IWS media included a 106 

blend of pea-gravel and hardwood woodchips at a ratio of 2:1 by volume; the mixture and ratio 107 

were selected based on performance reported by others (Lynn et al. 2015b). Further details 108 

regarding column media are provided in the SI and our previous work (Donaghue et al., 2022). 109 

The center PVC pipe connected to an upturned elbow outside each column. The invert elevation 110 

of the outlet was 30 cm above the column base to maintain a constant IWS thickness across all 111 

columns. The IWS included two sample port groups located 5 cm (proximal, P) and 10 cm 112 

(distal, D) from the center PVC pipe, respectively. The sample port heights were 5, 10, 20, and 113 

25 cm above the column base (Fig. 1a). Sample identification notes the sample group followed 114 

by sample height. For example, P-20 refers to the proximal IWS sample port 20 cm above the 115 

column base. Sampling also included the underdrain effluent. 116 



Fig 1
Universal column schematic (a) and underdrain configurations for the bottom (1 cm) (b), middle (15 cm) 
(c), and top (31 cm) (d) underdrain heights. The IWS was comprised of pea gravel and hardwood 
woodchip at a 2:1 ratio by volume.
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2.2. Key nomenclature 117 

 Bioretention columns were differentiated by the height of the underdrain using the terms: 118 

bottom column (1 cm), middle column (15 cm), and top column (31 cm). When referring to the 119 

underdrain sample location we used the terms bottom, middle, or top underdrain. Our previous 120 

study (Donaghue et al., 2022) employed tracer studies and USGS VS2DRTI (USGS, 2019) 121 

modeling to characterize IWS hydraulics. Results demonstrated the presence of mobile zones 122 

(areas of flowing water) generally above the underdrain and immobile zones (low flow or 123 

stagnant areas) below the middle and top underdrain. To account for the presence of immobile 124 

zones, measured HRT was calculated by multiplying the volume of column media by the 125 

effective pore volume (PV; which considers only the mobile region) divided by flow rate 126 

(Equation S1).  127 

The experimental design included steady state (“SS”; continuous flow) and transient 128 

(“Trans”; intermittent flow) events. Replicate transient events were conducted for each condition 129 

and are indicated using capitol roman numerals. Flow conditions were conducted at HLRs of 1, 130 

2.5, and 5 cm/h, which was also included in the event name. Transient events considered three 131 

different ADPs (2.8, 6.8, and 13.8 days) defined here as the dry time between the end of the 132 

transient event (x) and the start of event (x+1). For reporting purposes, nominal ADPs are used 133 

(i.e., 3, 7, and 14 days). The term “old” IWS water describes water stored in the IWS between 134 

transient events and “new” water refers to fresh incoming synthetic stormwater applied to the top 135 

of the column (Wang et al., 2018). The final event concentration refers to the final sample 136 

collected at t=300 minutes during transient events. While NO3
- was the only nitrogen source 137 

added to synthetic stormwater, column samples were analyzed for total nitrogen (TN), total 138 

dissolved nitrogen (TDN), ammonium/ammonia (NH4
+/NH3), and NOx (the sum of NO3

- plus 139 
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nitrite (NO2
-)). Nitrite comprised less than 5% of NOx (monitored during events SS-5 and SS-140 

2.5); therefore, analysis was limited to NOx for events following and was assumed to be 141 

predominantly NO3
-. NOx and DOC mass loads released from the underdrain during flow were 142 

used to assess column performance. Mass loads were determined by integrating the area under 143 

the underdrain concentration curve using the trapezoidal method. Mass flux (mg/m2 for a given 144 

transient even) equals the total mass load released from the underdrain during flow divided by 145 

the column horizontal cross-sectional area (0.064 m2). 146 

2.3. Synthetic stormwater preparation and application  147 

Synthetic stormwater was prepared using deionized water or reverse osmosis water in a 148 

246 L tank. NO3
-, in the form of sodium nitrate, was added at a nominal concentration of 3 mg-149 

N/L which agreed with other column studies (Igielski et al., 2019; Kim et al., 2003; Peterson et 150 

al., 2015) and mimics NO3
- porewater concentrations observed for monitored field sites in 151 

Philadelphia, PA. Synthetic stormwater also included: orthophosphate (0.1 mg-P/L) to support 152 

microbial growth, sodium chloride (58.4 mg/L) for ionic strength, and sodium bicarbonate (252 153 

mg/L) for buffering capacity (Table S1). The pH was adjusted to ~7.0 using hydrochloric acid. 154 

Synthetic stormwater was applied to the top of columns using a Masterflex L/S digital drive 155 

peristatic pump (Cole-Parmer) and evenly distributed through a polyethylene ring with 156 

equidistant perforations.  157 

2.4. Water quality analysis 158 

For steady state water quality parameters measured included pH, DOC, NH4
+/NH3, NOx, 159 

DON, PON and TN from the underdrain and NOx from IWS sample ports (Table S3). DO was 160 

measured in the IWS using a UNISENSE Oxygen MiniOptode 3000 µm (UniSense, Denmark). 161 

UNISENSE probes were located at 15 cm above the column base. Underdrain flow rates were 162 
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measured gravimetrically by collecting underdrain effluent for one minute in a beaker. The mass 163 

was then measured and converted to mL/min. DOC and pH were measured for the underdrain 164 

location only. For steady state, DOC was determined by catalyzed combustion using a TOC-V 165 

CHS Analyzer (Shimadzu). DOC samples from SS-1HLR exceeded holding times following 166 

COVID lab restrictions and were not analyzed. For transient events, UV absorbance (254 nm) 167 

was measured using an Agilent 8453 spectrophotometer and was employed as a surrogate for 168 

DOC (e.g., similar to Abusallout and Hua, 2017; Berger et al., 2019). Samples were analyzed the 169 

same day of collection. pH was measured using a Thermo Scientific Orion Versa Star module.  170 

Nitrogen chemistry analysis included TN, TDN, NOx, and NH4
+/NH3 using an AQ300 171 

Discrete Analyzer (SEAL Analytical). Samples for dissolved constituents were centrifuged at 172 

1,000 x g for 8 min to remove particulates and bacteria. NOx and NH4
+/NH3 were analyzed in 173 

accordance with EPA methods 126-D Rev. 0 and 150-A Rev. 2, respectively. TN (uncentrifuged) 174 

and TDN determination used peroxodisulfate oxidation digestion (Ebina et al., 1983) followed 175 

by NOx analysis described above. Particulate organic nitrogen (PON=TN-TDN) and dissolved 176 

organic nitrogen (DON=TDN-NOx-NH4
+/NH3) were determined by difference. AQ300 batch 177 

analysis included continued calibration verification (CCV), continued calibration blank (CCB), 178 

and reference material (Hach 2833249) quality control samples analyzed every 10 samples. For 179 

digested TN and TDN samples, an ammonium reference material (2.5 mg-N/L) was included 180 

with each batch as a quality control measure for digestion recovery (conversion of NH4
+

 to NO3
-

181 

). Acceptance criteria for quality control samples and the digested reference material sample was 182 

±10% of the known concentration. Error propagation for DON concentrations determined by 183 

difference was calculated using the standard deviation of replicates for NOx and NH4
+/NH3 184 

chemistries reported in method precision studies. When considering the 2.5 mg-N/L digested 185 
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reference material, this corresponded to an uncertainty less than 5%. Sample preservation and 186 

analytical detection limits are reported in Table S6.  187 

2.5. Isotopic analysis and enrichment factor calculations 188 

Stable isotope samples for NO3
- were collected at the end of each steady state event from 189 

the underdrain location and sample ports D-10 and D-25 (Table S3) and during transient events 190 

(Table S4). Isotope samples were filtered (0.45-µm) and stored frozen in 30-mL wide-mouth 191 

high-density polyethylene (HDPE) bottles (Thermo Scientific™, DWK Life Sciences 192 

Wheaton™ Leak-Resistant). Isotope analysis was conducted at the Davis Stable Isotope Facility 193 

(SIF), University of California. Samples selected for 15N and 18O analysis had NOx 194 

measurements above SIF lower limit of quantitation (0.4 μM or ~0.05 mg-N/L) and methods 195 

followed a bacteria denitrification assay (University of California Davis Stable Isotope Facility, 196 

2021). Nitrogen (N) and oxygen (O) content in column samples were compared to laboratory 197 

reference materials with known 15N and 18O. Analytical results were presented in delta notation 198 

(δ), expressed as parts per mil (‰), based on the following formulas:  199 

δ15N = [(15N/14N)sample/(
15N/14N)reference material x 1000]  (1) 200 

δ18O = [(18O/16O)sample/(
18O/16O)reference material x 1000] (2) 201 

The presence of denitrification is suggested when decreasing NOx concentrations 202 

coincided with increasing δ15N-NO3
- and δ18O-NO3

- along a linear slope between 0.5 and 1.0 203 

(Kendall et al., 2007). When isotopic signatures suggested denitrification, enrichment factors (ɛ) 204 

provided an estimation of column denitrification efficiency. Enrichment factors were calculated 205 

using the isotopic ratios in equations 3 and 4:  206 

휀 15𝑁 =  (𝛿 15𝑁𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿 15𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙)/𝑙𝑛 (𝑁𝑂3
−

𝑠𝑎𝑚𝑝𝑙𝑒
/𝑁𝑂3

−
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

)   (3) 207 

휀 18𝑂 =  (𝛿 18𝑂𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿 18𝑂𝑖𝑛𝑖𝑡𝑖𝑎𝑙)/𝑙𝑛 (𝑁𝑂3
−

𝑠𝑎𝑚𝑝𝑙𝑒
/𝑁𝑂3

−
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

)   (4) 208 
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where difference between sampled and initial isotope values are compared to the fraction of NO3
- 209 

concentration remaining. The enrichment factor is the slope of the linear trend between the 210 

isotope difference and concentrations on a log normal scale and more negative ɛ indicates more 211 

efficient microbial denitrification. Enrichment factors were determined for 15N-NO3
- and 18O-212 

NO3
- for select steady state and transient events. It was assumed NOx equaled NO3

- for 213 

enrichment factor calculations. 214 

2.6. Steady state events  215 

Steady state (SS) considered the three events SS-5HLR, SS-2.5HLR, and SS-1HLR 216 

(Table 1; additional detail in Table S2) which corresponded to HLRs of 5, 2.5, and 1 cm/h, 217 

respectively. Before initiating SS, tracer studies described elsewhere occurred under continuous 218 

flow from November 2019 to January 2020; approximately 32 total PVs were applied to each 219 

column during this time (Donaghue et al., 2022). The IWS remained fully saturated during SS-5 220 

through SS-1 (February 2020 to March 2020). For each event, flow application remained 221 

constant until the relative standard deviation of NOx concentrations varied less than 30% for 222 

three consecutive measurements at the underdrain and mobile zone IWS sample ports. This 223 

generally occurred within 5 days. The average influent synthetic stormwater NO3
- concentration 224 

for steady state was 2.90 ± 0.26 mg-N/L. Samples were generally collected daily Monday 225 

through Friday and analyzed for parameters listed in Table S3.  226 

The steady state NOx removal efficiency was determined at the underdrain location using 227 

equation 5 228 

𝑁𝑂𝑥 (%) = (
𝐶𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡−𝐶𝑢𝑛𝑑𝑒𝑟𝑑𝑟𝑎𝑖𝑛

𝐶𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
) ∗ 100 (5) 229 



Table 1. Column event sequence. 

Event HLR Bottom U. (0 cm) Middle U. (15 cm) Top U. (30 cm) ADPd 
   Flow HRT Flow HRT Flow HRT   
  cm/h avg. Eff PVc avg. Eff PVc avg. Eff PVc days 
    mL/min h  mL/min h  mL/min h    
SS-5HLR 5 50.2 4.7 53.0 3.7 51.9 2.8 -- 
                  
SS-2.5HLR 2.5 26.1 9.4 26.2 7.4 26.4 5.6 -- 
                  
SS-1HLR 1 10.7 21.9 11.2 17.4 11.4 13.2 -- 
                  
Dormant Periodb  (3/16/2020 - 8/10/2020)             
SS-1.5HLR-post-dormant 13.8 17.6 13.6 13.9 14.0 10.5 -- 
                  
Trans-1HLR-I 1 11.8 -- 11.0 -- 11.3 -- 6.8 
                  
Trans-1HLR-II 1 10.9 -- 10.6 -- 10.6 -- 6.8 
                  
Trans-2.5HLR-I 2.5 Not sampled            6.8 
Trans-2.5HLR-IIe 2.5 28.0 -- 27.2 -- 26.7 -- 6.8 
                  
Trans-2.5HLR-
IIIe 2.5 25.6 -- 26.5 -- 26.2 -- 6.8 
                  
Trans-5HLR-I 5 Not sampled            6.8 
Trans-5HLR-II 5 54.3 -- 55.1 -- 55.3 -- 6.8 
                  
Trans-5HLR-III 5 53.1 -- 51.5 -- 53.7 -- 6.8 
                  
Trans-14ADP-I 2.5 25.3 -- 25.9 -- 24.9 -- 13.8 
                  
Trans-3ADP-I 2.5 25.1 -- 26.1 -- 25.6 -- 2.8 
                  
Trans-14ADP-II 2.5 26.6 -- 25.9 -- 26.1 -- 13.8 
                  
Trans-3ADP-II 2.5 27.1 -- 26.8 -- 27.7 -- 2.8 
                  
                  
A detailed version of this table in included in the Supplementary Data 
a steady state (SS) flow refers to continuous flow conditions. Transient flow events were applied for a    

5 h duration                 
b During COVID, lab access was restricted and columns experienced a dormant period from March    

2020 to August 2020.                
c hydraulic residence time (HRT) was calculated based on effective pore volume (PV); in other words,    

the portion of pore volume that contributed to flow.           
d Antecedent dry period (ADP) equals the number of days between events; nominal ADP reported in    

the event name.                 
e Events Trans-2.5HLR-II and Trans-2.5HLR-III also correspond to Trans-7ADP scenarios. 
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where Cinfluent equals the synthetic stormwater NOx concentration (~3 mg-N/L) and Cunderdrain 230 

equals the observed underdrain effluent NOx concentration. Significant differences across steady 231 

state events were determined using a paired t-test (α of 0.05).  232 

SS-1HLR finished on March 16, 2020 after 5 months of continuous operation. Due to 233 

interruptions in lab access associated with COVID restrictions, the columns sat dormant for 4.5 234 

months (March through August 2020) and a portion of the IWS became unsaturated during the 235 

dormant period. Upon returning to the lab, a pulse tracer test was performed for all columns to 236 

establish a new baseline for hydraulics (see SI for details). SS-1.5-postdormant was introduced at 237 

a HLR of ~1.5 cm/h to reacclimate denitrifying conditions before transitioning to transient flow 238 

events. During SS-5HLR through SS-1.5-postdormant ~110 total PVs were applied to each 239 

column. 240 

2.7. Transient events   241 

Transient flow provided an environmentally relevant representation of episodic storm and 242 

dry conditions. Transient events lasted five hours (300 min) and considered HLRs of 1, 2.5, and 243 

5 cm/h and ADPs of 3, 7, and 14 days. Table 1 reports transient event sequencing; the event 244 

identification notes either the HLR or ADP testing scenario and the event replicate (i.e., I, II, or 245 

III). For example, Trans-2.5HLR-II refers to transient flow at a 2.5 cm/h HLR, replicate two. For 246 

ADP transient events, a HLR of 2.5 cm/h was applied. After event Trans-2.5HLR-I, different 247 

initial IWS water levels were observed. Each IWS was upfilled using reverse osmosis water prior 248 

to the start of the event to ensure IWS water level depths were consistent across columns (low 249 

NO3
-~0.4 mg-N/L, and phosphorous, ~0.2 mg-P/L, concentrations). Reverse osmosis water was 250 

applied through the center PVC pipe (filling the IWS from the screened opening upward) and 251 

pumped at a flow rate of 20 mL/min. This approach was adopted for the remainder of transient 252 

events. 253 



12 

 

Transient sampling followed the frequency listed in Table S4. Samples were collected 254 

immediately before flow application (t = 0 min) and then at time points of 100, 140, 180, 220, 255 

260, 300 min for the middle and top column and 120, 160, 200, 240, 280, 300 min for the bottom 256 

column. Sample locations included the underdrain, D-25, and D-05. The D-25 and D-05 257 

locations were chosen to collect samples from both mobile and immobile zones determined from 258 

previous tracer studies (Donaghue et al., 2022). To account for potential transitional effects 259 

between events, sample collection was omitted for Trans-2.5HLR-I and Trans-5HLR-I. A final 260 

pulse tracer test was performed at the end of transient events and confirmed flow patterns were 261 

not altered (Table S5, Fig. S1). 262 

3. Results and discussion 263 

3.1. Steady state NOx removal, isotopes enrichment for mobile zones, and IWS non-ideal flow 264 

NOx removal efficiency (equation 5) increased as underdrain height decreased for all 265 

steady state events (Fig. 2). As HLR decreased from 5 to 1 cm/h, effluent NOx removal increased 266 

from 25 to 99% for the bottom underdrain, 22 to 84% for the middle underdrain, and 10 to 52% 267 

for the top underdrain (Fig. 2, p-value < 0.05 for SS-2.5HLR and SS-5HLR). Superior 268 

performance observed for the bottom underdrain is attributed to longer HRTs relative to the 269 

middle and top underdrains heights (Table 1). For example, mean tracer residence times equaled 270 

5.0 h, 3.8 h, and 3.5 h for the bottom, middle, and top column, respectively for an applied HLR 271 

of 5 cm/h. Others demonstrated how longer HRT increases NO3
- removal (Halaburka et al., 272 

2017; He et al., 2018). Studies considering regression on DO, temperature, influent NO3
- 273 

concentration, and HRT indicated HRT contributed most (93%) to NO3
- removal (Martin et al., 274 

2019).  275 



Fig 2
Percent NOx removal observed at the underdrain as a function of hydraulic residence time (HRT). HRT 
was determined based on effective pore volume. r2 values for events SS-1HLR, SS-2.5HLR, and SS-5 
HLR equaled 0.9337. 
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The dual isotope data from SS-1HLR support the effectiveness of mobile zones in 276 

denitrification. The δ15N versus δ18O plot shows a 1:1 line indicating denitrification (Fig. 3a) 277 

with up to a 13‰ difference from the synthetic stormwater water. The middle and bottom 278 

columns showed a linear slope on the enrichment plots for both isotopes, which confirmed that 279 

denitrification was occurring (Fig. 3b). However, the top column showed a non-linear 280 

enrichment response, which indicated mixing of denitrified water and immobile zone water 281 

where NO3
- mass transfer was limited. The isotope enrichment calculation helped distinguish 282 

between lower NO3
- concentration due to mixing with immobile zone water and denitrification 283 

which removes NO3
-. The enrichment factors of –5.2 and –4.7 for δ15N versus δ18O were close in 284 

value (Table 2) with slightly lower expected for δ18O. Isotope enrichment factors for middle and 285 

bottom underdrains were also similar although slightly lower for middle underdrain (-4.6 and –286 

3.5 for δ15N versus δ18O). Isotope enrichment for SS-1HLR versus SS-1.5HLR-post-dormant 287 

was also similar (-5.1 versus -5.4 for δ15N and -4.5 versus -5.0 for δ18O) although the highest 288 

fractionation was observed for a single sample in SS-1HLR from the bottom underdrain.  289 

Water quality parameters of DO, DOC, and NH4
+ confirmed favorable conditions for 290 

denitrification existed in the IWS for all columns. Denitrification conditions require DO less than 291 

3 mg-O2/L (Gómez et al., 2002) and an adequate carbon source such as DOC leaching from 292 

woodchips (Newcomer et al., 2012). Steady state IWS DO concentrations (measured at 15 cm 293 

height) remained less than 0.2 mg-O2/L across all three columns (Fig. S2a-S2b). Average DOC 294 

concentrations were 2.1 to 4.8 mg-C/L during SS-5HLR and decreased to non-detect levels (< 2 295 

mg-C/L) during SS-2.5HLR. Decreasing DOC concentrations as HLR decreased is likely 296 

associated with longer HRT for NO3
- removal and DOC utilization (Lynn et al., 2015a). During 297 

steady state, effluent NH4
+ concentrations ranged from non-detect (i.e., ≤ 0.016 mg-N/L) to 298 



Table 2. Enrichment factors calculated for steady state events. 

Event 15N enrichment  
(Ɛ) 

18O enrichment 
(Ɛ) 

Number of 
points 

All -5.2 -4.7 8  

SS-1HLR -5.1 -4.5 3 
SS-1.5HLR -5.4 -5.0 5 
Bottom - 
(SS-1HLR & SS-1.5HLR) 

-5.4 -5.2 4 

Middle -  
(SS-1HLR and SS-1.5HLR) 

-4.6 -3.5 4 

 

  



Fig 3

Steady state isotope data (a) dual isotope plot and (b) isotope 

enrichment plot. δ15N and δ18O plot along a denitrification 

line. Enrichment plot shows bottom and middle column plot along a 

line, but top column data do not, indicating low concentrations 

reflected the immobile zone rather than just denitrification.
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0.156 mg-N/L (or < 4% of the TN concentration) and confirmed DNRA was not a primary 299 

pathway for NOx removal. Average effluent pH (across all SS events) increased relative to 300 

synthetic stormwater (7.06 ± 0.03) to 7.36 ± 0.07, 7.34 ± 0.02, and 7.47 ± 0.09 for the bottom, 301 

middle, and top underdrain, respectively.  302 

HLR affected in situ IWS NOx concentration profiles as a function of depth (Fig. 4); 303 

however, transport across all three columns varied due to the presence and size of immobile 304 

zones. In situ two dimensional IWS sampling proved a useful approach to identify where 305 

processes occur and improve system design. For the bottom column, NOx concentrations 306 

decreased as IWS sample port height decreased (i.e., approached the base). For SS-2.5HLR, 307 

average proximal IWS NOx concentrations decreased from 2.9 to 1.6 mg-N/L as sample port 308 

height decreased from P-25 to P-05 cm (Fig. 4a). Additionally, the concentration difference 309 

between the P-25 to P-05 IWS sample height (i.e., NOx(P-25) – NOx(P-05)) increased from 0.50 310 

to 2.2 mg-N/L as HLR decreased from 5 to 1 cm/h (Fig. 4a). The increased differential is 311 

attributed to increased residence time and consequently NOx removal where denitrification was 312 

occurring.  313 

IWS NOx concentrations decreased substantially for regions below the middle and top 314 

underdrain heights and is likely attributed to limited mass transport into the immobile zones. For 315 

example, NOx concentrations remained less than 0.04 mg-N/L for IWS locations P-20 through P-316 

05 for the top column for SS-5HLR through SS-1HLR (Fig. 4c). Steady state bioretention 317 

column NOx concentration profiles and dual isotope analysis coupled with tracer studies and 318 

flow modeling from previous work, suggest that while favorable conditions for denitrification 319 

exists in regions below the top and middle underdrain heights, NO3
- removal is less efficient due 320 

to limited mass transport (i.e., limited NO3
- exchange into the immobile zones)(Donaghue et al., 321 



Fig 4
Steady state NOx concentration profiles as a function of IWS underdrain height and (a) hydraulic loading 
rate (HLR) for (b) bottom (c) middle, and (d) top columns. Error bars equal to ± σ. Red asterisks (*) 
denotes immobile zones. Hydraulic residence time (HRT) is based of effective PVs. ND = non-detect 
(0.008 mg-N/L). The solid red line notes the average tank concentration (2.9 ± 0.26 mg-N/L).
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2022). However, the degree of mass transport to the immobile zone is governed by the 322 

concentration gradient. Thus, higher influent NO3
- concentrations would potentially increase 323 

mass transfer rates into this zone.  324 

Velocity heat maps for the SS-1HLR (Fig. S3) illustrate the presence of immobile, or low 325 

flow, zones below the middle and top underdrain. Column tracer experiments and VS2DRTI 326 

flow and transport modeling conducted by this research group (Donaghue et al., 2022) for the 327 

same experimental design demonstrated the presence of immobile zones below the top 328 

underdrain (thickness ≤ 20 cm) and middle underdrain (thickness ≤ 5 cm). Calculated hydraulic 329 

efficiencies (ev), the mean tracer residence time divided by the theoretical residence time, and 330 

tracer breakthrough curve statistics supported the presence of immobile zones. Specifically, ev 331 

decreased from 1.0 to 0.76 as underdrain height increased from 1 to 30 cm. Hydraulic 332 

efficiencies < 1 indicate non-ideal flow where the mean tracer residence time is less than the 333 

theoretical residence time—an undesirable design scenario where treatment volume is 334 

underutilized. The presence of immobile zones suggests nonequilibrium flow where fluid is 335 

partitioned into regions of mobile (flowing) and immobile (stagnant) zones. Nonequilibrium flow 336 

includes a mass transfer coefficient as a third parameter to account for exchange between mobile 337 

and immobile zones (Field and Pinsky, 2000).   338 

The effect of IWS underdrain configuration on system hydraulics and transport processes 339 

will also be influenced by the IWS width to depth ratio. The presence of immobile zones below 340 

the middle and top underdrain was specific to a case where the IWS width to depth ratio equaled 341 

0.5 (15 cm width/30 cm depth). Two-dimensional flow patterns were observed in mobile regions 342 

of the IWS (Fig. S3) with higher velocity zones closest to the underdrain location. As a result, 343 

distal sample ports had longer residence times and demonstrated lower NO3
- concentration 344 
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profiles (Fig. S4). Simulations performed by our research group elsewhere (Donaghue et al., 345 

2022) also considered IWS width to depth ratios greater than 1 (50 cm width/30 cm depth). For 346 

this scenario hydraulics efficiencies ranged 0.89 to 0.96 and immobile zones comprised less than 347 

2% of the IWS. For IWS width to depth ratios greater than 1, velocity heat maps showed a wider 348 

distribution of velocities. While simulations indicated immobile zones were minimal for a IWS 349 

width to depth ratio of 1.67, maximizing HRT will still be an important factor for achieving 350 

higher NO3
- removal efficiency. 351 

3.2. Zero-order kinetics and evidence of IWS aging  352 

Underdrain NOx removal demonstrated a linear correlation with HRT (Fig. 2). For events 353 

SS-5HLR through SS-1HLR, higher correlations were observed for zero-order (k0 = 3.21 g-N*m-
354 

3*d-1, r2 = 0.946, Fig. S5a) compared to first-order kinetic estimates (k1 = 4.25 d-1, r2 = 0.790, 355 

Fig. S5b). The rate model employed by Peterson et al. 2015 was used to determine rate constants 356 

(details in SI). Often, NO3
- removal kinetics are considered zero-order where the reaction rate is 357 

controlled by an independent parameter (i.e., HRT or release of DOC from woodchips) rather 358 

than NO3
-. Halaburka et al. observed zero-order kinetics for “aged” (saturated > 13 months) 359 

woodchip bioreactor columns for an input NO3
- concentration of 10 mg-N/L and constant 360 

temperature (2017). First-order removal rates have been reported for laboratory bioreactor 361 

columns (influent of 1 to 6 mg-N/L)(Igielski et al., 2019). Additionally, transition to first-order 362 

kinetics may occur at lower NO3
- concentrations (<0.5 mg-N/L)(Schipper et al., 2010). Addy et 363 

al. compiled data across 26 peer reviewed papers which included 14 bed field studies and 10 364 

laboratory column woodchip bioreactor studies (2016). Authors reported that NO3
- removal rates 365 

during the first year were more than 3 times higher than aged systems. Therefore, rates after year 366 

one of operation are more representative of performance long-term. Interestingly, columns in this 367 
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current paper operated 5 months and did not meet the definition of “aged”. Yet, observed zero-368 

order rates agree with mean NO3
- removal rates (2.8 g-N*m-3*d-1) for “aged” (13 to 24 month) 369 

bioreactors rather than younger (< 13-month-old) bioreactors (9.1 g-N*m-3*d-1) (Addy et al., 370 

2016). 371 

During SS-1.5HLR-postdormant (orange symbology, Fig. 2), removal rates for the 372 

middle and bottom underdrain decreased by 46% and 23%, respectively. These decreases are 373 

relative to the pre-dormant performance and the percent removal deviated from linear trends 374 

observed during SS-5HLR through SS-1HLR (green symbology). NO3
- removal rates can vary 375 

during the initial one to three years of operation before stabilizing (Addy et al., 2016). One 376 

column study using wood pulp and sand media reported a 50% decline in NO3
- removal 377 

efficiency within 1 year of operation (Robertson et al., 2008). Higher NO3
- removal rates that 378 

occurred during early operation were attributed to woodchips leaching excess organic material, 379 

but leaching rates stabilized after extended use (Halaburka et al., 2017). For bioretention 380 

systems, IWS media may not remain permanently saturated between precipitation events due to 381 

evapotranspiration and exfiltration to underlying media. The 4.5-month dormant period during 382 

COVID here represented an exaggerated ADP case. However, the observed decline in NO3
- 383 

removal for the bottom and middle underdrains suggest prolonged exposure to semi-saturated 384 

conditions could contribute to woodchip aging. As stated above, the isotope data showed the 385 

largest fractionation for a single sample in SS-1HLR, but similar enrichment factors before and 386 

after the 4.5-month dormant period (Table 2). 387 

3.3. NOx, dual isotope, and water quality patterns for transient events under different HLR  388 

 As transient event HLR increased, a higher fraction of old IWS water was replaced with 389 

new incoming synthetic stormwater. Consequently, NOx concentrations (Fig. 5b) and the mass 390 



Fig 5
Water quality results for transient events withs variable hydraulic loading rate (HLR). Prior to transient 
events, a total of ~150 total PVs were applied to each column across steady state conditions and tracer 
tests. *absorbance measured at 254 nm.
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flux of NOx leaving the system (Table S7) increased at the underdrain for all three columns. In 391 

between transient flow, water was stored in the IWS for a prolonged residence time (7 days) 392 

(Trans-1HLR-I through Trans-5HLR-III) and is more relevant to field conditions. The bottom 393 

column performed best in minimizing the mass flux of NOx from the underdrain followed by the 394 

middle and the top columns (Fig. 5b, Table S7). For the highest HLR (5 cm/h) tested during 395 

transient events, the applied IWS pore volume was 2.3 (total pore volume equaled 1); the final 396 

C/Co ranged from 0.69 to 0.84 (Fig. 5b, Fig. S6) and suggested NO3
- removal. Furthermore, final 397 

C/Co for Trans-5HLR was similar to NO3
- removal efficiency (=100%*(1-C/Co)) observed 398 

during steady state, SS-5HLR, which ranged from 10 to 25% (C/Co = 0.75 to 0.90).  399 

NOx concentration profiles for the D-05 location highlighted the underutilization of 400 

treatment volume for a portion of the IWS below the middle and top columns during events (Fig. 401 

5c). For Trans-2.5HLR and Trans-5HLR, the bottom column NOx concentration profiles for the 402 

underdrain and D-05 followed similar breakthrough patterns (Fig. 5c). Average normalized peak 403 

NOx concentrations for the bottom column D-05 location equaled 0.57 and 0.84 mg-N/L for 404 

Trans-2.5HLR and Trans-5HLR, respectively. In contrast, the middle and top column, 405 

normalized Cpeak NOx concentrations at the D-05 location remained 97% less than the influent 406 

concentration across all HLR events (Fig. 5c). Low NOx concentrations observed at D-05 for the 407 

middle and top column are likely attributed to presence of an immobile zone and limited mass 408 

transport below raised underdrains (Donaghue et al., 2022). However, the IWS volume below 409 

raised underdrains was not entirely characterized by an immobilize zone. Top column IWS NOx 410 

concentration profiles at the conclusion of Trans-2.5HLR-II and III demonstrated that mixing 411 

and mass transport occurred a certain depth below the underdrain (Fig. 6a). For example, D-25 412 
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NOx was ~2.2 mg-N/L but ranged from non-detect to 0.16 mg-N/L for location D-05 to D-20 413 

(Fig. 6a). 414 

Old IWS water (t = 0 min) NOx concentrations were considerably lower relative to the 415 

final event concentrations (t = 300 min) (Fig. 6). This cycle is observed over multiple events 416 

(Fig. 5) and suggested that NOx removal also occurred between storms. For example, at the 417 

conclusion of Trans-2.5HLR-I (t=300 min sample time) the bottom column IWS NOx 418 

concentrations were 2.9 mg-N/L (D-25) and 1.8 mg-N/L (D-05) (Fig. 6a, Table S8). In contrast 419 

corresponding old IWS water NOx concentrations declined more than 94% and equaled 0.17 mg-420 

N/L (D-25) and 0.04 mg-N/L (D-05) (Fig. 6b).  421 

All three columns showed a linear slope between δ15N and δ18O (Fig. 7a) and isotope 422 

enrichment factors indicated denitrification (Table 3) albeit with limited data for the top column 423 

due to little change in NO3
- concentrations. Trans-1HLR and Trans-2.5HLR showed roughly half 424 

the enrichment of steady state (-2.7 to -3.8 for δ15N and -1.6 to -2.9 for δ18O), while Trans-5HLR 425 

showed higher enrichment (-7.6 to –9.6 for δ15N and –5.1 to –6.5 for δ18O). However, there were 426 

limited data for the middle and top columns for Trans-5HLR; additionally, some points did not 427 

fall on a linear enrichment trend (e.g., the bottom underdrain at t = 180 min; Fig. S7). Where 428 

sufficient data were available, the slopes (enrichment factors) for t = 180 min and t = 300 min 429 

were similar, excluding the outliers (Fig. 7b,c). In some cases (Trans-1HLR and top column 430 

Trans-2.5HLR) the δ18O data were not linear, unlike the steady state conditions. The higher 431 

enrichment for Trans-5HLR may be a reflection of more NO3
-
 mass that was applied and 432 

available for processing at the higher flow. For example, ~50 mg-N were applied for Trans-433 

5HLR compared to ~10 mg-N applied during Trans-1HLR. 434 



Table 3. Enrichment factors calculated for transient events. Points that did not fall on a linear trend were 
excluded from the slope calculation as indicated under the Dataset column. For the bottom column intermediate 
time is 200 minutes, and for the middle and top columns it is 180 minutes. Orange shading indicates insufficient 
data. 

Event Dataset 15N 
enrichment 
(Ɛ) 

18O 
enrichment 
(Ɛ) 

Number of points 

Trans-1.5HLR  all -2.7 -1.6 8 
Trans-2.5HLR  all but bottom column 

T200min 
-3.8 -2.9 12 

Trans-5HLR all but bottom column 
D-05 and D-25, 
T200min 

-7.6 -5.1 6 

     

Trans-1HLR  all -2.7 -1.6 8 
Trans-1HLR  bottom column -2.9   2 δ18O not linear 

Trans-1HLR middle column -2.7 -1.8 2 
Trans-1HLR top column -2.7 -1.8 4      

Trans-2.5HLR  all but bottom 
underdrain T200min 

-3.8 -2.9 12 

Trans-2.5HLR  bottom column -3.7 -3.0 3 
Trans-2.5HLR middle column -3.0 -1.8 4 (2 off scale) 

Trans-2.5HLR top column     4 (not linear)      

Trans-5HLR  all but bottom column 
D-05, D-25 T200 min 

-7.6 -5.1 6 

Trans-5HLR 
bottom c. 

bottom column -7.5 -5.1 4 

Trans-5HLR  middle column 
  

1 insufficient data 
Trans-5HLR top column 

  
1 insufficient data      

Trans-1HLR   all  -2.7 -1.6 8 
Trans-1HLR   T300 min -2.9 -2.0 4 
Trans-1HLR T180-200 min -2.6   4 δ18O not linear 
     

Trans-2.5HLR all but bottom 
underdrain T200 min 

-3.8 -2.9 12 

Trans-2.5HLR  T300 min -3.8 -3.0 6 
Trans-2.5HLR T180-200 min -3.8 -2.8 6      

Tanns-5HLR  all but bottom column 
D-05, D-25 T200 min 

-7.6 -5.1 6 

Trans-5HLR T300 min -9.6 -6.5 5 
Trans-5HLR T180-200 min     1 insufficient data 

 



Fig 6
Comparison NOx concentration profiles for top and bottom columns for Trans-2.5HLR event. *denotes 
immobile zones. ND = non-detect (0.008 mg-N/L). Event water includes mixture of old IWS water and 
new synthetic stormwater.
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Fig 7

Transient isotope data for (a) dual 

isotope plot and isotope enrichment plots 

for (b) Trans-1HLR and (c ) Trans-

2.5HLR events. Insufficient data to 

compare time steps for Trans-5HLR 

events. δ15N and δ18O plot along a 

denitrification line for all three 

HLR. Enrichment plot shows similar 

slopes for time steps (T) of 180-200 min 

and 300 min samples. For the bottom 

column intermediate time is 200 

minutes, and for the middle and top 

columns it is 180 minutes.
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During transient flow, effluent pH was less than synthetic stormwater (~7.0) and effluent 435 

peak DOC concentrations were associated with old IWS water and occurred at the beginning of 436 

events. Hydrolysis of woodchips produces volatile fatty acids and is associated with a decrease 437 

in pH (Lynn et al., 2015a). Except for event Trans-1HLR-I, average effluent pH was 6.7 (bottom 438 

underdrain) and 6.6 (middle and top underdrains) (Table S9). Other woodchip bioreactor 439 

columns demonstrated decreased pH relative to influent conditions under transient flow (Lynn et 440 

al., 2015a; Peterson et al., 2015). During dry periods, fungi and bacteria can degrade 441 

lignocellulose biomass like woodchips which increases DOC concentrations in porewater (Lynn 442 

et al., 2015b; Malherbe and Cloete, 2002). Concomitant with decreased pH, effluent DOC 443 

concentrations spiked at the beginning of event sampling (first ~0.1 to 0.25 total PVs) except for 444 

the top underdrain (Fig. 5d). Compared to steady state conditions, transient IWS water quality 445 

highlights the role dry periods play in promoting DOC leaching for potential denitrification. 446 

DON was observed in effluent across all three columns (Fig. S8a) and NH4
+ was non-detect for 447 

most events (Fig. S8b) (see discussion in SI).  448 

Generally, the top column resulted in lower effluent DOC mass flux (Table S7, Fig. S9 449 

and DOC concentrations (Fig. 5d) from the underdrain. This is attributed to more mixing 450 

between old IWS water and new water during events compared to the bottom column. For the 451 

Trans-5HLR scenario, NOx and DOC mass flux released from the bottom underdrain were 298 452 

mg-N/m2 and 3,560 mg-C/m2, respectively compared to 564 mg-N/m2 and 1980 mg-C/m2 for the 453 

top underdrain (Table S7). For the middle underdrain, NOx and DOC mass fluxes were 449 mg-454 

N/m2 and 3,360 mg-C/m2 for Trans-5HLR scenarios. Opposing trends observed between effluent 455 

DOC and NOx mass fluxes highlight two important considerations regarding underdrain 456 

placement. First, under transient conditions, raised underdrains promote mixing between old 457 
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IWS water and new water relative to the bottom column and provide an opportunity to utilize 458 

DOC built up during ADPs for denitrification. For the top column, old IWS water DOC 459 

concentrations ranged from 3.8 to 26 mg-C/L for P-25 and ranged from 30 to 36 mg-C/L for P-460 

05 (Fig. S10a). In contrast, old IWS water DOC concentrations for the bottom column were 461 

consistent across the P-25 and P-05 locations (Fig. S10a). Following application of new 462 

stormwater two trends occurred for the top column: 1) P-05 IWS DOC concentrations spiked and 463 

2) the final event concentration gradient between the P-25 and P-05 increased with increasing 464 

HLR. For example, the gradient ranged from 0.41 to 0.76 mg-C/L/cm for Trans-1HLR and 465 

ranged from 2.2 to 2.7 mg-C/L/cm for Trans-5HLR (Fig. S10a). During transient flow for the top 466 

column, incoming new stormwater pushed a fraction of old IWS water, with increased DOC, to 467 

the P-05 location. This transport phenomena was supported by transient chloride tracer storms 468 

conducted previously where chloride (a conservative tracer) accumulated at the P-05 location 469 

over the course of four transient events (Fig. S4 in Donaghue et al., 2022). However, DOC 470 

concentrations in old IWS water declined before the next event suggesting utilization (Fig. S10a-471 

c) and likely higher DOC mass transfer rates to immobile regions during flow conditions. A 472 

second consideration for underdrain placement is that for bioretention systems, release of labile 473 

DOC to receiving water bodies is also an undesirable outcome and could potentially increase the 474 

biological oxygen demand.  475 

Column studies with a bottom underdrain IWS commonly assume ideal plug flow when 476 

describing NO3
- removal (Igielski et al., 2019; Lynn et al., 2017; Subramaniam et al., 2016) and 477 

immobile zones are assumed absent or minimal. However, flow conditions were classified as 478 

non-ideal for the middle and top columns as demonstrated by hydraulic efficiencies ≤ 1 479 

(Donaghue et al., 2022). The extent of the immobile zone is also impacted by the HLR; we 480 
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previously demonstrated that the immobile zone fraction decreased from 36 to 14% as HLR 481 

increased from 4 to 13 cm/h (Donaghue et al., 2022). Thus, site infiltration rates will also 482 

influence optimal underdrain height within the IWS in order to promote mixing with old IWS 483 

water and enhance NO3
- removal during storm events. 484 

3.4. Impact of ADP on NOx and isotope patterns 485 

 For ADP conditions, the NOx mass flux increased in the order of bottom column < 486 

middle column < top column and longer ADPs generally resulted in lower NOx mass fluxes 487 

(Table S7) and concentrations from the bottom and middle columns. For example, the middle 488 

underdrain average NOx mass flux was 69 mg-N/m2 after 14 days compared to 106 mg-N/m2 489 

after 3 days (Table S7). Final normalized NOx concentrations (C/Co) for the middle underdrain 490 

decreased from 0.55 to 0.26 as ADP increased from 3 to 14 days. For the top underdrain, average 491 

NOx mass flux decreased from 215 to 166 mg-N/m2 as ADP increased from 3 to 7 days; the 492 

average mass NOx flux was 188 mg-N/m2 following 14 days. Unlike the middle underdrain, final 493 

normalized NOx concentrations ranged 0.70 to 0.74 and did not show a decreasing trend as ADP 494 

increased from 3 to 14 days.  495 

DOC concentrations in old IWS water generally did not increase as ADP increased from 496 

3 to 14 days, with the exception of a few events. For example, P-05 old IWS water DOC 497 

concentrations ranged from 18.5 to 30.2 mg-C/L across the variable ADPs considered (Fig. 498 

S11a). But old IWS water DOC concentrations for the middle column P-05 increased from 16 to 499 

31 mg-C/L between consecutive events Trans-7ADP-III and Trans-14ADP-II (Fig. S11b). 500 

Previous columns studies with similar IWS media composition reported increasing old IWS 501 

water DOC concentrations as ADP increased from 0 to 16 days (analytical methods differed) 502 

(Lynn et al., 2015a). Authors attributed concurrent DOC build up with increased dry periods to 503 
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DOC leaching rates exceeding DOC utilization rates. However, Lynn et al. observed that DOC 504 

leaching declined over longer ADP periods; the maximum DOC concentration of ~114 mg-C/L 505 

occurred following a 14 day ADP but decreased to ~ 76 mg-C/L after a 30 day ADP (2015a).  506 

Isotope data collected to monitor ADP focused on evaluating the end of the dry period 507 

(labeled as t = 0 min associated with the subsequent transient event). The isotope data neither 508 

confirmed nor contradicted the ADP assessment because NO3
- concentrations were low at the 509 

end of the dry periods. These low concentrations limited analytical precision for the isotope 510 

analysis. Only one sample submitted for analysis met the data quality requirements. The one 511 

sample with sufficient NO3
- indicated a second source of NO3

- released during the dry period 512 

with 2‰ lower δ15N than the synthetic stormwater composition (likely woodchip organic 513 

matter). Five samples that were below the suggested detection limits also showed lower δ15N 514 

than the synthetic stormwater. A possible scenario is that fractionation went to completion and 515 

the isotope signal for denitrification was “lost”. This highlights an important consideration when 516 

incorporating isotope analysis and suggests isotope sample collection should target the time 517 

period immediately following the storm event (i.e., ~3-5 h post storm) rather than the end of the 518 

ADP. 519 

3.5. IWS design considerations and environmental implications 520 

IWS design for water quality and NO3
- removal is relevant to nutrient sensitive 521 

watersheds where one point of regulation is storm sewer systems. Under these applications, 522 

maximizing HRT during a storm event is critical to enhance NO3
- removal during a storm. For 523 

example, the underdrain could extend several feet from the outlet structure rather than span the 524 

entire length of the basin. This design would increase travel time. While not tested in this study, 525 

other design components in addition to IWS underdrain height can be included to enhance water 526 

quality. For example, an area of impermeable liner could be placed between overlying fill media 527 
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and the IWS near the outlet location to prevent suspected short circuiting. Additionally, baffles 528 

could be implemented into the IWS to minimize immobile zones.   529 

Operation and maintenance considerations may also influence IWS underdrain  530 

placement. Gas buildup from denitrification can cause impediments to flow and was observed to 531 

occur during ADPs of this study. Between storms, raised underdrains provide a release conduit, 532 

which may help maintain intended hydrology. We recognized in our previous work that issues 533 

with the underdrain clogging, due to sediment, are minimized when the underdrain is raised 534 

compared to bottom underdrain configurations (Donaghue et al., 2022).   535 

In situ IWS sampling reveals spatial and temporal variations related to transport 536 

processes. Limiting sampling to inlet and outlet locations may overlook the presence and 537 

influence of immobile zones on system performance—a critical component to improving GSI 538 

design. Additionally, dual isotope analysis is a valuable tool to distinguish whether low NO3
- 539 

concentrations are a result of denitrification or dilution during storm events. However, the 540 

application of dual isotope approaches is limited for studying dry periods if NO3
- concentrations 541 

are below detection limits. Therefore, it is important to collect enough samples to follow 542 

temporal trends before dilution occurs. If additional NO3
– sources occur during prolonged ADPs, 543 

dual isotopes can be used to identify them in field or laboratory systems.     544 

 4. Conclusions 545 

Specific conclusions from this study include the following:  546 

 NO3
- removal efficiency increased with increasing HRT and zero-order kinetics were 547 

observed across all three IWS underdrain heights for steady state. As a result, IWS design 548 

strategies that increase HRT will enhance NO3
- removal efficiency. For steady state 549 
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conditions tested here, the bottom column always outperformed the middle and top 550 

columns with respect to NOx removal because of longer residences times.  551 

 Steady state NOx removal decreased following a 4.5-month duration when the IWS was 552 

partially saturated. Woodchip longevity and effectiveness may become compromised in 553 

climates with extended dry periods or if the IWS water level lowers due to exfiltration 554 

between storms. Impermeable liners at the base of IWS could help to mitigate this 555 

challenge.  556 

 Under steady state conditions, immobile zones, created by underdrains at the top of the 557 

IWS, reduced hydraulic efficiency and limited denitrification despite low DO and a 558 

sufficient carbon source. Contrasting NO3
- isotope enrichment trends support this 559 

conclusion, where the mobile zone exhibited linear NO3
- isotope enrichment response 560 

(for both isotopes) compared to non-linear NO3
- isotope enrichment response for the top 561 

column. 562 

 For transient events, a linear NO3
-
 isotope enrichment response was observed across all 563 

columns regardless of IWS underdrain height. While effluent NOx concentrations 564 

converged across all columns for the highest HLR, the top underdrain resulted in lower 565 

effluent DOC mass fluxes. These results suggests that during storm conditions, top 566 

underdrains enhance mixing between old IWS water and new stormwater which allows 567 

microbes to utilize DOC built up during ADPs and enhance denitrification during storm 568 

events.  569 

 An IWS underdrain configured at the bottom of the IWS increased residence time but can 570 

force plug flow conditions that limit mixing with old IWS water and utilization of DOC. 571 



26 
 

IWS design for water quality enhancement will require incorporating measures that 572 

balance denitrification with DOC exportation. Design decisions may include an 573 

underdrain located mid depth of the IWS to promote mixing, shortening the length of the 574 

underdrain to minimize short circuiting, or incorporating impermeable liners at discrete 575 

locations between fill media and the IWS to increase travel times. 576 
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