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Water Impact Statement

The stormwater treatment performance of an increasingly popular horizontal subsurface-flow gravel 
wetland design in the northeastern United States falls far short of expectations. Urban field installations 
studied were characterized by negligible phosphorus retention. A laboratory experiment demonstrated 
that dissolved phosphorus export is likely driven by phosphorus leaching from engineered soil. We 
recommend a testing protocol to guide soil selection and improve performance.
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Stormwater subsurface gravel wetland hydraulics, phosphorus 
retention, and chloride dynamics in cold climates  

Eric D. Roy,*a,b,c Andres O. Torizzo,d Marcos L. Kubow,a Nisha C. Nadkarni,d Thomas M. Adler,d 
Madeline F. Yandow,d Finn A. Bondeson,b Adrian R.H. Wiegman,ac and Donna M. Rizzob,c 

Subsurface gravel wetlands (SGW) are water treatment practices that use a saturated layer of gravel, sometimes below a 

vegetated soil layer, to filter urban stormwater and remove pollutants during horizontal flow. In recent years, the 

implementation of SGWs has proliferated among municipalities in the Northeast United States to meet phosphorus (P) 

control requirements. However, stormwater SGW performance is not well researched, creating knowledge gaps related to 

P removal performance and the effects of road salt on performance in cold climates. Here, we used field monitoring of two 

SGWs over two years and a complementary series of laboratory studies to examine SGW hydraulics, P retention, and chloride 

dynamics. Field results indicated reductions in peak flows and flow volumes, net P export for approximately half of the total 

storms monitored across a wide range of influent P loads, and chloride load reductions at one site. Lab results showed that 

both engineered soils and native soils are unlikely to restrict hydraulic conductivity to the degree desired. Furthermore, two 

out of three engineered soils tested, including the one used at the field sites, can release substantial P post-installation, 

while gravels have limited ability to sorb dissolved P. Neither soils nor gravels substantially influenced chloride 

concentrations in the lab experiments, and results illustrated two potential responses of wetland vegetation to chloride 

exposure in SGWs as well as chloride assimilation by vegetation. We recommend a testing protocol based on Mehlich-3 P 

saturation ratio to guide soil selection and reduce dissolved P leaching risk.   

1. Introduction 

Subsurface gravel wetlands (SGW) are water treatment practices 
that utilize horizontal flow through a saturated bed of gravel, 
sometimes below a vegetated soil layer, to filter stormwater runoff 
and remove pollutants through a combination of physical filtration, 
adsorption, biological uptake, and microbial transformation1. Water 
level is controlled by an outlet structure to retain a permanent 
subsurface pool, with ephemeral storage above the gravel to provide 
reduction of peak flows in addition to pollutant removal2. SGWs are 
distinct from bioretention in that they (a) host subsurface horizontal 
flow through a saturated gravel layer rather than vertical infiltration 
through bioretention media and gravel and (b) are never designed to 
facilitate infiltration into local soil2,3. SGWs are becoming increasingly 
popular tools for stormwater treatment in the Northeast United 
States, including in the State of Vermont, where they are considered 
a preferred (“Tier 2”) practice for stormwater treatment when Tier 1 
infiltration practices are infeasible and are expected to offer 
substantial (60-80%) reduction in total phosphorus (P) loads3. This is 
a strong driver of implementation given ongoing efforts to meet P 
load reductions required by, for example, the U.S. Environmental 
Protection Agency’s Total Maximum Daily Load for P in the Vermont 
portion of the binational Lake Champlain Basin4. 

While there is a rich literature focused on decades of SGW 
application in the context of wastewater treatment5,6, SGWs treating 
urban stormwater, which is typically characterized by more dilute 
nutrient concentrations and more variable inflows, have been far less 
studied. Some evidence supports that SGWs can achieve >50% total 
P (TP) removal for stormwater7-9. However, others have documented 
negligible or even negative TP retention, especially where 
stormwater influent concentrations are low10. To date, urban SGWs 
have been excluded from the International Stormwater Best 
Management Practice (BMP) Database and are underrepresented in 
terms of data collected11. 

Challenges with premature adoption or flawed design of stormwater 
controls intended for urban stormwater P removal have been 
documented for other BMPs. For example, stormwater ponds were 
widely used for decades to control peak discharge and presumably 
water quality across North America and Europe8,12,13. However, in 
recent years, accumulating evidence has called into question the 
capacity of ponds to effectively mitigate the negative impacts of 
urban development on waterways simply by controlling peak 
discharge, and internal release of dissolved P from pond sediments 
has been linked to lower than expected total P retention in some 
cases14-18. Another example is stormwater bioretention systems, 
which have often been found to provide poor P retention11 due to 
insufficient P sorption capacity19,20 and leaching of P from compost 
used to support plant growth21,22. Therefore, poorly characterized 
alternatives to these popular BMPs, such as SGWs, should be 
considered with caution, and more evidence is needed to inform 
design. 

Emerging concerns about the impact of chloride (Cl-) on natural 
waters and roadside soils in cold climates raises questions regarding 
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the impact of road salt-laden runoff entering vegetated treatment 
practices such as SGWs23. In areas where salt application is 
significant, such as highways and state roadways, chloride loading to 
stormwater practices may change the hydraulic conductivity and/or 
vegetation health and survival – rendering practice performance 
different than what models predict24-26. Chloride concentrations in 
streams of Maryland, New York, and New Hampshire have reached 
as high as 5,000 mg L-1 in winter and elevated chloride concentrations 
can persist into the summer27. While the majority of chloride may 
pass directly through the soil and gravel layers of SGWs28, chloride’s 
solubility also makes it available to plants. Chloride tolerance varies 
by species, and some recommend planting “halophytic” or salt 
tolerant plants, as chloride is toxic to plants in excess29-31. 

In this study, we monitored two newly constructed SGWs in 
Vermont, USA and utilized complementary laboratory experiments 
to evaluate SGW performance and clarify opportunities to improve 
the design of SGWs treating urban stormwater in cold climates. We 
focused on both phosphorus and chloride due to ongoing 
widespread efforts to mitigate loading of these two constituents to 
freshwater ecosystems in cold climates. Our study objectives were 
to: 

(1) Determine whether two recently installed SGWs in urban settings 
are performing as expected for flow attenuation and P retention. 

(2) Determine how design variables, including material selection for 
SGW soils and gravel, affect P retention in a controlled laboratory 
experiment, and provide recommendations for future material 
screening. 

(3) Determine how chloride is moving through and being stored 
within SGWs in the field. 

(4) Determine (a) whether SGW material selection affects chloride 
transport and (b) how chloride affects plant species commonly used 
in local SGWs, using controlled laboratory experiments. 

2. Materials and methods 

2.1. Description of field sites 

Two SGW field sites were monitored during 2020 and 2021. 
Both sites were designed based on guidance now being used in 
multiple states of the Northeast USA2,3. The first SGW site, 
“Fairview”, is located in Essex Junction, Vermont, USA 
(44.49938, -73.09793) and has a drainage area of 9.4 ha, 1.6 ha 
of which are impervious, 5.3 ha are grassed, and 2.5 ha are 
wooded. The site consists of two bays, a pre-treatment forebay 
(85 m2) and a treatment bay (380 m2) (Figure 1a). Two main 
inlets feed into the forebay. The forebay is significantly elevated 
from the treatment bay, to which it is connected via a pipe and 
a rock lined emergency spillway for high flow events that exceed 
the capacity of the forebay. Pre-treated water leaves the 
forebay via an outlet structure that discharges to a 30.5 cm solid 
high-density polyethylene (HDPE) pipe that delivers runoff to 
30.5 cm perforated underdrains within the subsurface gravel. 
The pre-treated water then flows horizontally through the 
saturated gravel media layer. There are also two inlets feeding 
directly into the treatment bay. The first is a 30.5 cm culvert 
bringing drainage from an adjacent road. It has a drainage area 
of 0.085 ha, 0.004 ha of which is grassed, and the rest is 
impervious area of the road surface. The other inlet is a 38.1 cm 
culvert bringing drainage from two roads. It has a drainage area 
of 0.61 ha, 0.22 ha of which is impervious, 0.21 ha is grassed, 

and 0.17 ha is wooded. A series of 30.5 cm perforated PVC 
underdrains are located on the southern side of the treatment 
bay and collect the treated water and convey it to the outlet 
structure. Treated water then enters the outlet structure and is 
discharged via a 61 cm HDPE pipe that connects to existing 
drainage structures that pass under a road and enters a small 
stream. Construction of the Fairview SGW was completed in the 
fall of 2019 and seeded with a wetland seed mix. Wetland plants 
were beginning to establish root structures by the end of the 
2020 growing season (Figure S1, Supplementary Materials). 
 
The second SGW site, “Kennedy” is located in South Burlington, 
Vermont, USA (44.45365, -73.16999) and has a drainage area of 
3.47 ha, 2.47 ha of which are impervious, and 1.00 ha are 
grassed. This site consists of three bays - one 38 m2 forebay and 
two treatment bays (195 m2 and 143 m2) - separated by berms 
(Figure 1b). Influent discharges into the forebay via a drainage 
structure that collects stormwater from two sources: a stone-
lined swale that runs along the adjacent road and a storm drain 
crossing under the adjacent road. Influent enters the pre-
treatment forebay via a 61 cm HDPE solid pipe. Influent 
overtops the berm and flows into the first treatment bay. 
During moderate to larger storms, influent can overtop the 
berm and access the first treatment bay via a spillway. At the 
near end of the first treatment bay, influent enters subsurface 
perforated pipes, then moves horizontally through the 
subsurface gravel layer before passage to the second treatment 
bay via a 61 cm HDPE pipe. At the near end of the second 
treatment bay, water enters the subsurface perforated pipes 
for passage through the gravel medium to the far end of the 
treatment bay. Effluent departs the final treatment bay through 
a solid pipe and is discharged into a natural wetland draining to 
a stream. A stone-lined emergency spillway is located along the 
western edge of the second treatment bay. Construction of the 
Kennedy SGW was completed in the fall of 2019 and seeded 
with a wetland seed mix. Vegetation establishment was slower 
for the Kennedy system compared to Fairview, with greater 
biomass present in 2021 compared to 2020 (Figure S2, 
Supplemental Materials). 
 
At both sites, the treatment bays consisted of a 20.3 cm surface 
layer of an engineered soil material obtained from a local 
compost and soil supplier (labelled “em1” in the laboratory 
study described below). Below that, an 8-10 cm layer pea gravel 
was used to help restrict movement of fines into the gravel layer 
below, which was 61 cm deep and consisted of quartzite gravel 
(3.8 cm at Fairview, 1.9 cm at Kennedy). Soils were seeded with 
a wetland seed mix (see Supplementary Materials for details). 
Kennedy included a geotextile liner beneath the gravel layer, 
whereas Fairview did not. 
 
2.2. Field monitoring of stormwater flows and water quality 

For field monitoring, a Teledyne 6712 ISCO Portable Sampler 
was placed at each inlet and outlet riser, along with a specific 
conductance logger (In-Situ Aqua TROLL 600 Data Logger at 
inlet, In-Situ Aqua TROLL 200 Data Logger at outlet). An Onset 
HOBO Fresh Water Conductivity Data Logger was placed in a 
riser pipe in the centre of each treatment bay. Probes and 
strainers for the samplers/loggers were placed at the bottom of 
each riser. For the Fairview site, Thel-mar weirs were installed 
at the ends of two inlet culverts entering the treatment bay 
directly. HOBO water level loggers (Onset HOBO MX2001-04-SS) 
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measured water depth and temperature during each storm 
event at 5 min intervals at the inlets, outlets, and midpoints of 
each SGW, and were used to crosscheck the depth recorded by 
the ISCO flow modules.  Water quality sampling was initiated 
when a water level rise ≥3 cm was detected at each inlet and 
outlet culvert and the ISCOs continued to collect 100 ml samples 
over a 24-hour period to produce the composite sample on a 
flow-weighted interval, for a total volume of 18 L. For larger 
storms, the ISCO samplers operated for a 48-hour period. The 
anticipated flow volume was based upon predicted rainfall and 
modelled flow volume for each outlet, with the sample program 
adjusted for each event.  
 
During water sampling, the ISCO 6712 units were packed with 
ice packs. All containers in each ISCO unit were washed and 
tripled rinsed with sample water prior to sampling. Composite 
samples were retrieved after each sampling event, mixed, and 
subsampled into plastic bottles triple rinsed with sample water 
for total suspended solids (TSS) (SM 2540 D-11) and chloride (Cl-

) (EPA 300.0) measurement and new glass vials for total 
phosphorus (TP) and total dissolved phosphorus (TDP) analyses 
(SM 20 4500 P-F). Field blanks were collected every third 
sampling event for one analyte and duplicates were taken every 
fourth sampling event for all of the analytes at one sampling 
location. Samples were retrieved within 24 hours of storm event 
conclusion, kept in a dark cooler with ice, and transported to 
Endyne Laboratory in Williston, VT, USA for analysis within 4 hrs 
of subsampling.  
 
A handheld YSI Professional Plus Multiparameter Instrument 
was used to collect chloride measurements at each SGW inlet, 
outlet, and midpoint. After subsampling of ISCO-collected 
samples was complete, YSI measurements for chloride were 
also taken within the ISCO sample bottles in the 2021 sampling 
season.  
 
In 2020, an ISCO 720 Submerged Probe and Flow Module was 
installed at the inlet and outlet risers at both Fairview and 
Kennedy. Manning’s calculation was used for the inlet and 
outlet risers at both sites using the following variables 
measured in field: water level dataset (level per minute), pipe 
shape (round), pipe diameter, pipe slope, and pipe roughness. 
To reduce equipment challenges, in 2021, an ISCO 750 Area-
Velocity Probe and Flow Module was installed at the inlet and 
outlet risers at both sites using the following variables 
measured in-field: water level dataset (level per minute), 
velocity dataset (velocity per minute), pipe shape (round), pipe 
diameter, and silt level. In addition, for both years, ISCO 730 
Bubbler Flow Modules were connected to Thel-mar weirs at two 
inlet culverts to the Fairview SGW. At each culvert, a flow 
volume for each storm event was calculated using the following 
variables measured in field: water level (level per minute), weir 
type (V-notch), and weir size (90 degrees). In all cases, the 
resulting product was a total flow volume per storm event for 
each inlet and outlet. 
 
The total calculated volume at the inlet or outlet was multiplied 
by the concentration of the pollutant during the course of the 
storm event. This concentration was determined using a 
composite of stormwater sampled at the inlet or outlet over the 
course of the storm event. 
 

 

2.3. Field measurements of plant biomass, plant chloride, and soil 
chloride 

Destructive harvesting of herbaceous biomass was conducted 
in October of 2020 for standing dead and fresh litter and in 
August of 2021 for live biomass. These harvests began with 
establishing randomly selected cross-sections at the inlet, 
midpoint, and outlet of the two SGWs. Along each cross section, 
plant biomass samples were collected from three 0.25 m2 
quadrants with stems clipped to within 1-2 cm of the sediment 
surface. Samples from the three quadrants along each cross-
section were composited, homogenized, and placed in a cooler 
for transport to the lab. All sampling of plant biomass was 
conducted on dry days as samples preserve better when 
moisture is low. Samples from each cross-section were placed 
into large paper bags and set in a drying room at 60°C until 
constant weight was achieved (~1 week). Dry weight was 
recorded, samples were ground using a Wiley Mill, and then 
subsamples were sent to the University of Maine to be analysed 
for chloride via ion chromatography (EPA 9251 after CaSO4 
extraction).  

Soil core sampling was performed on the eight-inch wetland soil 
layer the Fairview and Kennedy sites August 2021 and October 
of 2020, respectively. Sampling began with establishing 
randomly selected cross-sections at the inlet, midpoint, and 
outlet of the two SGWs. A modified 60 mL plastic syringe with 
serrated end was pressed into the soil layer until it was filled 
with approximately 50 mL of soil. Four syringes of soil were 
cored per cross-section, composited, homogenized, and placed 
in a cooler for transport to the lab. Samples were submitted to 
Endyne, Inc. in Williston, VT, USA for Cl- (EPA 9056A) and 
electrical conductivity (mod. EPA 9050A) analyses.  

2.4. Laboratory soil and gravel column studies 

Soil materials tested included three engineered materials obtained 
directly from compost/soil facilities in the Northeast USA (em1, em2, 
em3), one of the engineered materials following ~1 y in place at one 
of the field sites (em1_f), and native soils from the two field sites 
(ns1, ns2). All soil materials were analysed for total solids, total 
carbon, volatile solids, total nitrogen, total phosphorus, Modified 
Morgan phosphorus, Mehlich-3 phosphorus, Mehlich-3 iron, 
Mehlich-3 aluminium, bulk density, pH, and electrical conductivity at 
the University of Maine Analytical Lab and Maine Soil testing 
Service32. For Modified Morgan phosphorus, air-dry, 2 mm sieved soil 
samples were extracted with Modified Morgan extractant (0.62 N 
NH4OH + 1.25 N CH3COOH) by shaking a soil-solution suspension for 
15 minutes at a 1:5 (soil:solution) mass ratio followed by filtering to 
remove particles above 8 μm in size. Extracts from the Modified 
Morgan procedure were analysed for P by ICP-OES. For Mehlich-3 
extractions, air-dry, 2 mm sieved soil samples were extracted with 
the Mehlich-3 solution (0.2 M CH3COOH + 0.25 M NH4NO3 + 0.015 M 
NH4F + 0.013 M HNO3 + 0.001 M EDTA) by shaking a soil-solution 
suspension for 5 minutes at a 1:10 (soil mass in g : solution volume 
in mL) ratio, followed by filtering to remove particles above 2 μm. 
Extracts from the Mehlich-3 procedure were analysed for P, iron (Fe), 
and aluminium (Al) by ICP-OES. For oxalate extractions at the 
University of Vermont, air-dried sieved (< 2 mm) and ground soils 
(0.2 g) were extracted in the dark 1:50 (weight/volume) with a pH 3.0 
acid ammonium oxalate solution following Courchesne and Turmel33 
and analysed for P, Fe, and Al by ICP-OES.  
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The phosphorus saturation ratio (PSR) was calculated using both 
Mehlich-3 (PSRM3) and oxalate (PSROX) extracts as: 

𝑷𝑺𝑹 =  
(

𝑷
𝟑𝟏

)

(
𝑭𝒆
𝟓𝟔

) + (
𝑨𝒍
𝟐𝟕

)
 

where, P = P in extract in mg P kg-1 dry soil, Fe = Fe in extract in mg 
Fe kg-1 dry soil, and Al = Al in extract in mg Al kg-1 dry soil34,35. 

Each soil material was also tested for water extractable P (WEP) at 
UVM using methods adapted from Kleinman et al.36, including a 
1:100 solid:solution mass ratio. Hydraulic conductivity was measured 
for all soil materials at UVM using a saturated hydraulic conductivity 
(Ksat) meter from Meter Group™ (n = 4 per soil). Soils were loosely 
packed in the Ksat meter to imitate field condition at time of SGW 
construction. 

Sequential soil and gravel column experiments were designed to 
simulate anticipated hydraulics within SGWs and isolate material 
effects on the dynamics of suspended solids, phosphorus, and 
chloride in stormwater (Figure 2). For the soil columns, a 20 cm 
uncompact layer of soil material was placed in a 41 cm tall PVC pipe 
(3.8 cm radius) with a perforated (0.16 cm holes) central PVC 
drainpipe (1.3 cm radius) double wrapped in matted geotextile. 
Synthetic stormwater (0.2 mg PO4-P L-1, 0.5 mg NO3-N L-1, 0.5 mg 
NH4-N L-1, and 650 mg NaCl-Cl L-1) was initially added down the 
drainpipe while the outlet valve was closed. Once the column 
reached a 20 cm ponding depth above the soil, the synthetic 
stormwater was incubated for 1 hour, after which the column outlet 
valve was opened to allow water to move through the perforated 
pipe and drain into a collection bucket underneath the column at a 
rate of 3-6 cm3 s-1. At the same time, synthetic stormwater was 
added to the water column above the soil using a peristaltic pump to 
maintain 20 cm ponding depth. For each simulation, a total of 3 L of 
synthetic stormwater was loaded to the soil column. This resulted in 
contact times ranging from approximately 15 to 75 min in total 
within each simulation, in line with expectations that standing water 
of significant depth is not expected in SGWs except for large storms2, 
the standard duration (60 min) of water-extractable P protocols36, 
and the time needed to represent initial rapid P desorption observed 
for soils37.  At the end of each simulation, collected effluent was 
mixed and a subsample was collected for water quality analyses. Six 
simulations were performed for each column, with triplicate columns 
for each material tested. Soluble reactive P (SRP) and Cl- were 
measured for all six simulations per soil core, while TP and TSS were 
measured for simulations 1, 3, and 6. Two separate soil column 
experiments were performed, each testing three treatment 
materials and a control blank (i.e., columns without any soil substrate 
receiving the same synthetic stormwater as the treatments during 
each experiment, with the same 1 hr incubation time, draining, and 
water quality analyses). The first included three engineered muck 
materials, while the second included one engineered muck material 
after ~1 year of time in the field and two native soils (one from each 
field site). For the first experiment, all effluent from treatment 
columns not used for water quality sampling was composited and 
preserved at 4°C for ≤ 1 week for the subsequent gravel column 
testing. 

Gravel materials tested included three locally available angular 
gravels (1.3 to 1.9 cm): granite, quartzite, and limestone. A 
composite of all remaining soil column effluent from the first soil 
column experiment was pumped vertically upwards through the 
gravel columns (n = 3 per gravel type, 3.8 cm radius, 61 cm height) to 
achieve a hydraulic retention time (HRT) of 24 hours (+/- 30 min) for 

6 days. This HRT aligns with expected hydraulics in field SGWs for a 
2.5 cm storm. Every 24 hours, 200 mL was sampled from the inflow 
and outflow of each gravel column. SRP and Cl- were measured for 
each sample, while all six inflow samples and all six outflow samples 
from each column were composited to obtain a single composite 
inflow sample and a single composite outflow sample for TP and TSS 
measurements for each column. Triplicate control blank columns 
without gravel but having the same HRT were also tested at the same 
time as the treatments, with identical water quality analyses. 

Methods used for water quality analysis in the column experiments 
were as follows. SRP samples were filtered (0.45 μm) and frozen for 
storage, then thawed for analysis where absorbance at a wavelength 
of 660 nm was read on a microplate reader (Synergy HT, BioTek, 
Winooski, VT USA) using the malachite green method38-40. TP 
samples were digested following the alkaline persulfate digestion41, 
and analysed using colorimetric orthophosphate analysis at 880 nm 
on a Lachat QuickChem 8500 using the ascorbic acid method for 
molybdenum blue42. TSS content was quantified by filtering a 
measured volume of water through a pre-ashed and weighed glass 
fibre filter, dried at 105°C, and then again weighed43. Cl- and pH were 
measured using an YSI Professional Plus Multiparameter Instrument. 

For each soil column experiment, results for effluent SRP, TP, and TSS 
were compared across treatment groups using one-way Kruskal-
Wallis tests followed by Dunn-Bonferonni post-hoc comparisons (α = 
0.5) in RStudio. For soil column experiments where potential trends 
in concentrations were observed for some soils across successive 
simulation events, a linear model of the format log10(x) ~ soil × 
simulation was also examined. For TSS, x+1 was used in place of x in 
this model. For gravel column experiments, the same approach taken 
with soil columns for statistical analysis was used for effluent SRP. 
For TP and TSS in gravel column effluents, Tukey HSD contrasts using 
log10 transformed concentrations were used to compare across 
treatments (α = 0.5). 

2.5. Laboratory chloride bioassay  

A greenhouse bioassay approach derived from methods presented in 
Powell et al.44 was used to further investigate chloride effects on 
vegetation included in SGWs. Shallow Sedge (Carex lurida) and 
Broad-fruited Bur-reed (Sparganium eurycarpum), both included in a 
commonly used wetland seed mix for local green infrastructure 
projects, were grown under controlled greenhouse conditions to 
measure stress response at varying levels of Cl- exposure. Plants were 
acquired as plugs from Vermont Wetland Plant Supply Company with 
plant heights ranging between 15 and 30 cm and transplanted into 
10 cm diameter pots filled with a garden soil mix (20% silt, 15% sand, 
10% peat moss, and 55% compost). During the bioassay, all pots were 
kept moist in 16 randomized block pattern trays (46 cm x 5 cm x 9 
cm) and sub-irrigated from the tray. Trays received water containing 
NaCl at three different concentrations (0, 325, and 650 mg Cl- L-1) (n 
= 5 of each concentration per plant species). The randomized block 
pattern was organized in a 91 cm x 122 cm area underneath 
greenhouse grow lights for a 16-hour photoperiod. Every three days, 
tray water was completely replaced. Chloride treatment continued 
for ~8 weeks at which point above ground biomass was destructively 
harvested by clipping where the shoot met the soil surface. Upon 
harvest, samples were placed in brown paper bags and dried at 65°C 
for 24 hours and then weighed to determine dry biomass. A 
subsample of each homogenized plant tissue sample was measured 
for chloride content at Endyne, Inc. in Williston, VT, USA45. Dry 
biomass and plant tissue Cl- were compared across treatments for 
each plant species using ANOVA and post-hoc Tukey HSD (or suitable 
nonparametric alternatives). Duplicate soil samples per species-
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treatment combination were analysed for Cl- and electrical 
conductivity (EC) using the same methods as in the field study. 

3. Results 

3.1. Field monitoring of stormwater flows and water quality 

Inlet and outlet volumes were measured during 12 storms and 20 
storms over the two-year monitoring period at the Fairview and 
Kennedy sites, respectively. Monitored rainfall events ranged in 
precipitation from 0.46 to 6.20 cm for the two sites. Measured 
inflows into the two gravel wetlands ranged from 35 to 1627 m3 per 
storm event. Inflows were strongly linearly correlated to rainfall at 
both Fairview (r2 = 0.82, p < 0.001) and Kennedy (r2 = 0.96, p < 0.001) 
(Figure 3). Measured outflow volumes from the two gravel wetlands 
ranged from 0 to 1057 m3 per storm event and were also well 
correlated with rainfall at both Fairview (r2 = 0.66, p = 0.0013) and 
Kennedy (r2 = 0.96, p < 0.001) (Figure 3). At Fairview, mean event 
percent reductions in water volume for outflows relative to inflows 
were 99%, 62%, and 46% for events with rainfall < 1 cm (n = 3), 1 to 
3 cm (n = 5), and > 3 cm (n = 4), respectively. Smaller volume 
reductions for outflows relative to inflows were observed at 
Kennedy, where mean reductions of 5%, 23%, and 8% occurred for 
events with rainfall < 1 cm (n = 7), 1 to 3 cm (n = 8), and > 3 cm (n = 
5), respectively. Hydrographs for each storm monitored are shown in 
the Supplementary Materials. Peak flows in outflows of the SGWs 
were reduced on average by 48% and 83% compared to cumulative 
inflows at Fairview and Kennedy, respectively, across all storms 
monitored. 

Net reduction of chloride load between inflow and outflow was 
frequently observed at the Fairview SGW, especially in the second 
year of monitoring (Figure 4a). Overall mean chloride concentrations 
(± 1 standard deviation) in influent and effluent observed at Fairview 
were in the 100-200 mg L-1 range both years, with no evidence of 
concentration reduction occurring in the SGW (Table 1). This 
indicates that chloride load reductions were instead linked to volume 
reductions at Fairview. The Kennedy SGW did not consistently act as 
a chloride source or sink in either year, with median load reductions 
closer to zero (Figure 4b) and mean influent and effluent 
concentrations between ~300-600 mg L-1 (Table 1). 

Substantial reduction in TSS load between inflow and outflow, >90% 
removal for half of the storms monitored and >60% for over two 
thirds of the storms monitored, was observed at both SGWs across 
both years (Figure 4). For all site-year combinations, clear decreases 
in TSS concentrations were observed from influent to effluent (Table 
1). 

The SGWs acted as net P sources for approximately half of the total 
storms monitored across a wide range of influent P loads at both 
sites, and especially at the Kennedy site (Figure 5). However, the 
SGWs did serve as net P sinks during the five largest events 
monitored (inflow total P load >0.1 kg P) (Figure 5). For individual 
storms monitored at Fairview, median TP load reduction was positive 
in 2020 and negative in 2021, indicating a shift to net P export (Figure 
4a). Total cumulative load reductions for TP during monitored storms 
were +53% and -6% in years 1 and 2, respectively, at Fairview 
(positive = SGW was net TP sink, negative = SGW was net TP source). 
At Kennedy, negative median TP load reductions were observed in 
both 2020 and 2021 (Figure 4b). Total cumulative TP load reductions 
at Kennedy for the storms monitored were -41% and +9% in years 1 
and 2, respectively. The positive cumulative TP load reduction at 
Kennedy in year 2 was driven by three events with relatively large TP 

inflow (>0.1 kg P) and removal (Figure 5) – all other events that year 
had negative net P retention. Across all storm events monitored at 
both sites in both years (n = 32), overall percent reduction in TP load 
was +8%. 

TDP results indicated that net export of dissolved P forms was a 
driver of net TP export, with positive mean TDP retention observed 
only in year 1 at Fairview (Figure 4). TDP export largely counteracted 
particulate P (PP) retention - across all storm events monitored at 
both sites in both years for both TDP and TP (n = 31), overall percent 
reductions in TDP and PP loads were -41% and +43%, respectively. 
However, our results also illustrate that reductions in PP 
concentration were not always observed (e.g., greater mean PP 
concentration in effluent compared to influent at Fairview in 2021 
and at Kennedy in 2020), suggesting some net export of PP at times 
(Table 1). For all site-year combinations, overall mean TDP 
concentration was greater in the effluent than in the influent, while 
overall mean TP concentrations were greater in effluent than 
influent for three out of four site-year combinations (the exception 
being Fairview in 2020) (Table 1). 

3.2. Field measurements of plant biomass, plant chloride, and soil 
chloride 

Aboveground plant biomass at the two field sites ranged from 0.22-
0.92 dry kg m-2 (Figure 6). Mean aboveground biomass (±1 standard 
deviation) was 0.35±0.11 dry kg m-2 in 2020 and 0.68±0.25 dry kg m-

2 in 2021 at the Fairview site, and 0.28±0.07 and 0.45±0.11 dry kg m-

2 in 2020 and 2021, respectively, at the Kennedy site. At Fairview, 
aboveground biomass was negatively correlated with plant tissue Cl- 
(r = -0.89, p = 0.018), however no such correlation was observed at 
Kennedy (p = 0.562) (Figure 6). Plant tissue Cl- ranged from ~8-20 mg 
Cl- g-1 dry across both sites and years. Soil chloride did not differ 
significantly between years at both sites, averaging between 160 and 
333 mg Cl- kg-1 dry across site-year combinations (Table 2). Soil EC, 
however, did increase markedly in year 2 of the study relative to year 
1 at both sites (Table 2). 

3.3. Laboratory soil and gravel column studies 

Table 3 shows general material properties for the six potential gravel 
wetland soil materials tested. Total solids, volatile solids, bulk 
density, pH, and EC ranged from 66-80 % (as-is basis), 6.7-17.7% (dry 
basis), 908-1015 kg m-3, 5.3-7.9, and 0.1-6.5 mmhos cm-1, 
respectively. The two native soils had lower pH and EC compared to 
the engineered soils. Total C ranged from 2.6-8.7% (dry basis) and 
total N was 0.22-0.65% (dry basis) across the six materials. Mean 
measured Ksat ranged widely from 0.41 to 82.70 cm hr-1. 

Phosphorus content and saturation varied widely across the six soil 
materials. Total P spanned an order of magnitude (0.03-0.37% on a 
dry basis), while WEP and MM-P results clearly separated the soils 
into relatively low P (em3, ns1, ns2) and high P (em1, em1_f, em2) 
groups (Table 4). The low P group had PSRM3 and PSROX of 0.01-0.10 
and 0.03-0.09, respectively, while in the high P group PSRM3 was 0.75-
1.34 and PSROX was 0.34-0.63 (Table 4).    

For soil column experiment 1, effluent SRP concentrations for two of 
the engineered materials (em1 and em2) were significantly greater 
than both the control and the third engineered material (Dunn-
Bonferroni, p < 0.001; Figure 7a). Mean (± 1 standard deviation) 
effluent SRP concentrations for the control, em1, em2, and em3 
were 0.19±0.03, 0.46±0.15, 0.33±0.09, and 0.18±0.03 mg P L-1, 
respectively, in soil column experiment 1, representing percent 
changes relative to the influent concentration (0.2 mg P L-1) of -5%, 
+130%, +65%, and -10%, respectively (positive = increase in SRP 
concentration, negative = decrease in SRP concentration). In the 
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model log10(SRP) ~ soil × simulation, the interaction between em1 
and simulation event number was significant (p = 0.0003), indicating 
a trend of declining effluent SRP with successive simulations. In soil 
column experiment 2, no treatments had significantly different 
effluent SRP concentration compared to the control (Dunn-
Bonferroni, p > 0.05). However, the engineered material tested after 
~1 year of time in the field (em1_f, 0.23±0.06 mg P L-1) did have 
significantly greater effluent SRP concentrations compared to the 
two native soils (ns1 = 0.18±0.04 mg P L-1, ns2 = 0.18±0.03 mg P L-1; 
p = 0.003 to 0.01) (Figure 7a). 

Effluent TP concentration in soil column experiment 1, like SRP, was 
significantly greater for em1 and em2 compared to the control 
(Dunn-Bonferroni, p = 2.7 x 10-5 and 4.4 x 10-3, respectively), while 
em3 did not differ from the control nor em1 and em2 (p > 0.05) 
(Figure 7b). Mean (± 1 standard deviation) effluent TP concentrations 
for the control, em1, em2, and em3 were 0.23±0.01, 2.37±3.07, 
0.62±0.26, and 0.51±0.35 mg P L-1, respectively, in soil column 
experiment 1, representing percent changes relative to the influent 
concentration (0.2 mg P L-1) of +15%, +1085%, +210%, and +155%, 
respectively. For soil column experiment 2, TP effluent for the 
engineered soil collected after 1 year in the field (em_f, 0.42±0.22 mg 
P L-1) was significantly greater than that for the control and both 
native soils (Dunn-Bonferroni, p < 0.025 in all cases), which were all 
within 12.5% of the influent 0.2 mg P L-1 on average (Figure 7b). 
Linear models of the form log10(TP) ~ soil × simulation indicated 
significant interactions between em1 and simulation number (p = 
0.0001), as well as em1_f and simulation number (p = 0.0251), 
indicating trends of declining effluent TP with successive simulations 
for these two soils. 

TSS concentrations in soil column effluents for em1, em2, and em3 
were all significantly greater than the control in experiment 1 (p = 
0.005 to 0.050), with means ranging from 18-69 mg TSS L-1 compared 
to 2 mg L-1 for the control effluent (Figure 7c). In the model 
log10(TSS+1) ~ soil × simulation, the interaction between em1 and 
simulation event number was significant (p = 0.042), indicating a 
trend of declining effluent TSS with successive simulations. In 
experiment 2, TSS was variable for all treatments with no significant 
differences from the control detected (p > 0.08 in all cases) (Figure 
7c).  

In the gravel column experiment, influent water was characterized 
by overall mean values of 0.25 mg SRP L-1, 0.56 mg TP L-1, and 21 mg 
TSS L-1. Significantly reduced effluent concentrations of SRP were 
observed for granite and limestone in comparison to the control 
(Dunn-Bonferroni, p = 0.014 for granite, p = 0.0001 for limestone) 
(Table 5). However, TP effluent decrease relative to the control was 
only significant for limestone (Tukey HSD, p = 0.0389), and the 
effluent TP concentrations across all three gravels tested were 25-
70% greater than the initial concentration used in the synthetic 
stormwater at the beginning of the linked soil column experiment 
(0.20 mg P L-1) (Table 5). TSS concentrations in gravel column 
effluents were variable (mean = 4-15 mg TSS L-1) and did not differ 
across all treatments, including the control (Table 5). For all gravel 
columns, including the control, pH was greater in the effluent 
(medians = 7.4, 7.8, 8.0, and 8.0 for control, granite, quartzite, and 
limestone, respectively) than influent (medians = 7.1-7.2). 

For all lab column experiments, chloride concentrations in effluents 
from soils and gravels (632-765 mg Cl- L-1) remained similar to 
influents (608-769 mg Cl- L-1), and near the initial synthetic 
stormwater concentration of ~650 mg Cl- L-1, with no indication of Cl- 
removal or net export for any column. 

3.3. Laboratory chloride bioassay 

Broad-fruited bur-reed biomass after 8 weeks did not significantly 
differ across chloride treatments (ANOVA, p = 0.112) (Table 6). 
Shallow sedge biomass, however, declined with increased chloride, 
with biomass for the 650 mg Cl- L-1 treatment significantly lower than 
that in the 0 mg Cl- L-1 treatment (Dunn-Bonferroni, p = 0.022) (Table 
6). Plant tissue chloride at the conclusion of the 8-week bioassay 
indicated effects of the chloride treatment, with increasing chloride 
in plant tissues as the chloride concentration in the irrigation water 
increased (Table 6). Soil chloride content at the end of the bioassay 
indicated accumulation of Cl- with greater Cl- concentration in the 
irrigation water for both broad-fruited bur-reed (mean = 293, 5173, 
and 9025 mg Cl- kg-1 for the 0, 325, and 650 mg Cl- L-1 treatments, 
respectively) and shallow sedge (mean = 139, 3508, and 5675 mg Cl- 
kg-1 for the 0, 325, and 650 mg Cl- L-1 treatments, respectively). Soil 
EC also increased for treatments with Cl- added to the irrigation 
water (0.73-1.63 mmhos cm-1) relative to the 0 mg Cl- L-1 treatment 
(0.18-0.29 mmhos cm-1). 

 

4. Discussion 

4.1. SGW flow attenuation and P retention in the field 

Both SGWs included in our field study are located in flow-impaired 
watersheds. Therefore, these systems were required to attenuate 
flow from the Channel Protection Storm (1-yr, 24-hr rainfall depth)3 
which produces a total rainfall of 5.3 cm. Flow monitoring of the two 
SGWs in the first two years of their construction provided empirical 
evidence that these systems were effective at attenuating peak 
flows, with average percent reductions in peak flow of 48% at 
Fairview and 83% at Kennedy across storms monitored in both 
sampling years (Table S1, Supplementary Materials). For storms 
similar in size to the Channel Protection Storm, peak flow reduction 
was 11% at Fairview and 81% at Kennedy across both years, 
indicating that Kennedy better reduced flow rates for such events. 
We also commonly observed flow volume reductions at both sites 
across a range of inflow amounts, and especially at Fairview (Figure 
3). This result was surprising, as these SGWs were designed to 
attenuate peak flows, but not to reduce overall flow volumes, due to 
a permanently saturated gravel layer. The observed flow volume 
reductions indicate that infiltration may be occurring at times, 
freeing up storage space in the gravel layer between storm pulses.  

Our field results demonstrate that, despite net P retention for several 
individual storm events, both SGWs failed to achieve the desired P 
load reductions of 60-80% (Figures 4 and 5). Instead, overall load 
reductions in TP across all storms monitored in both systems during 
this two-year study revealed minor P retention (+8% load reduction), 
with differences in performance between systems and years (Figure 
4). These results are more similar to those found by Sullivan and 
McDonald10 than the much more promising results from the 
University of New Hampshire Stormwater Center7-9. Furthermore, 
our field monitoring results illustrated a trade-off between 
particulate P capture and dissolved P export, with each mechanism 
being of approximately the same magnitude overall with opposite 
effects on net TP load retention (Figure 4), although concentration 
data indicated that particulate P concentration was sometimes 
greater in outflows compared to inflows (Table 1). Therefore, these 
SGWs can be effective at particle trapping, but susceptible to 
dissolved P loss. Several interrelated factors likely contributed to the 
observed net dissolved P export, including insufficient P sorption 
capacity of materials used in the SGWs, P leaching from the soil layer, 
and dissolved P released upon the mineralization of plant litter. The 
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latter mechanism may help explain why we observed positive mean 
net retention of TDP in Year 1 at Fairview when vegetation was 
relatively quick to establish (and likely assimilated some of the P 
provided by the soil media), but then net TDP export in Year 2 after 
Year 1 plants had senesced over winter. Vegetation in the SGW 
system is ultimately limited in its capacity to assimilate P into 
biomass and a portion of the P stored in biomass one year can be 
released in subsequent years via mineralization46.  

 

4.2. Effects of SGW material selection on performance and 
recommendations for future material selection 

Collectively, the soil column testing results (Figure 7) indicate that 
two out of the three engineered materials acquired from 
compost/soil manufacturers and tested here will likely be a source of 
SRP loss post-installation in the field (em1 and em2). Given that em1 
was the material used at our two field sites, the lab results suggest 
that P leaching from the soils installed at the two SGWs studied in 
the field was very likely a key factor leading to the net export of TDP 
that we observed. SRP loss from engineered soils will likely decline 
over time, as evidenced by the SRP results for em1 (reduced SRP in 
effluent across successive storms) and em1_f (not different from 
control), which originated from the same source, but with the latter 
analysed approximately one year after field installation. SRP leaching 
was not observed for native soils collected from two SGW field sites 
(ns1 and ns2), indicating that utilizing native soils has advantages 
over engineered materials from a P perspective (as well as from a 
cost perspective). Fine solids with attached P are also likely to be lost 
from all three engineered materials tested here, adding to the overall 
P loss from the material on top of SRP leaching, although this loss of 
fine particles could fade over time, as evidenced by the TSS results 
for em1_f (not different from control). 

P leaching from compost-based materials in green stormwater 
infrastructure has been documented by previous researchers as well. 
Mangum et al.47 reported that compost-amended gravel wetland 
mesocosms leached P above that of mesocosms using a soil media 
without compost, leading to maximum P concentrations of 2.9 mg P 
L-1 for 30% compost and 0.52 mg P L-1 for 15% compost. Hurley et 
al.21 investigated the effect of saturation duration on SRP leaching 
from composts and compost-amended bioretention mixes, finding 
increasing P leaching with increasing saturation time and greater SRP 
concentrations in compost leachate compared to bioretention 
mixes. Clear design specifications are needed to help guide effective 
use of compost and soil materials in green infrastructure (including 
both SGWs and bioretention) that mitigates unintended P leaching. 

Based on the results of our laboratory soil column tests (Figure 7), 
soil characterization results (Table 4), and existing literature, we 
recommend that any soils (or final soil mixes) used in SGWs and other 
green stormwater infrastructure should have a Mehlich-3 PSR 
(PSRM3) no greater than 0.10. Several soil studies have reported 
thresholds near 0.10 for PSRM3, above which release of SRP is more 
likely to occur34,35. For SGW soils assessed in our column leaching 
tests, those with PSRM3 ≤ 0.10 did not leach any SRP (Figure 7, Table 
4). PSROX based on oxalate-extractable P, Al, and Fe is also an 
effective metric for gauging soil P release risk, however it is also less 
routinely offered by commercial soils labs compared to Mehlich-3 
extraction. Wiegman et al.48 reported a threshold in PSROX of 0.23 for 
riparian soils in Vermont, above which SRP release increases. In our 
study, all potential SGW soils having PSRM3 ≤ 0.10 also had PSROX < 
0.10 (Table 4) and therefore are well below the PSROX threshold 
defined by Wiegman et al.48. Based on this combination of evidence, 

our recommended limit for PSRM3 should be effective in greatly 
reducing the potential for dissolved P export from SGWs and other 
green stormwater infrastructure in the field upon installation.  

One caveat for the recommended PSRM3 limit described above is that 
it is possible that a soil material testing at or below PSRM3 = 0.10 could 
be a source of other non-SRP forms of P. For example, in the lab 
study, engineered material #3 (em3) was a net sink for SRP, but a net 
source of total P (Figure 7), indicating that other P forms, such as 
particulate inorganic P, particulate organic P, or dissolved organic P, 
were exported from the em3 material. Such non-SRP P export will 
likely be most pronounced immediately following installation as fine 
particles are transported out of the soil layer. 

In Vermont, designers including some authors of this paper have 
started to test materials and native soils, applying our recommended 
PSRM3 limit of 0.10. Finding soil materials that meet this specification 
has been manageable in these cases. This includes some native soils 
at SGW sites, as well as mixtures of local clay and peat. We expect 
that meeting desired saturated hydraulic conductivity (Ksat) will be 
more challenging when sourcing soils for SGWs. Previous 
recommendations used by practitioners in Vermont and elsewhere 
in the U.S. for SGWs have specified that the soil material shall have 
Ksat in the range of 0.013 to 0.13 cm hr-1 (0.01 - 0.1 ft d-1). Assuming 
low to medium bulk density, these values are near the range of a soil 
with a textural analysis of ‘clay’, ‘silty clay’, ‘clay loam’, or ‘silty clay 
loam’, and possibly ‘sandy clay’ and ‘silty loam’ on the high end49. 
None of the engineering materials or native soils tested here (Ksat = 
0.41 to 82.70 cm hr-1) met this goal (Table 3). This means SGWs 
employing any of the soil materials tested in this study will likely have 
more infiltration through the soil layer than desired, and sometimes 
much more, which could lead to short-circuiting in the system. More 
research is needed to guide use of soils that both limit potential for 
P leaching and meet hydraulic goals, including monitoring to 
determine the potential for fines from clayey soils to migrate into the 
gravel layer and cause clogging. We also recommend that SGW 
designs be studied that forego use of a soil layer altogether. 
However, such designs will need to ensure that horizontal subsurface 
flow through the gravel layer is maintained.  

Limited gravel P sorption capacity is another potential driver of the 
poor TDP retention that we observed in our field study. Previous 
studies have reported highly variable P sorption capacity for different 
gravel materials, which are characterized by different surface areas 
and chemical properties50-53. The results of our lab study indicated 
that the gravels tested provide some P sorption capacity, but this is 
not enough to completely counteract the loss of P from the 
engineered soil. Mean TP effluent concentrations for granite, 
quartzite, and limestone columns were 0.30, 0.34, and 0.25 mg P L-1, 
equal to 150%, 170%, and 125% of the P concentration for the 
synthetic stormwater solution initially fed to the soil columns 
“upstream” in the lab tests (0.20 mg P L-1). This illustrates the 
potential for SGW substrates (soil + gravel) to cumulatively serve as 
net P sources, despite evidence of P retention by granite and 
limestone (according to SRP results) and especially limestone 
(according to SRP and TP results) (Table 5).  

Ultimately, decreasing direct P leaching risk from the soil layer upon 
installation may not be enough to ensure long-term mitigation of 
SGW dissolved P loss due to ongoing P loading, inherent limitations 
in P assimilation by vegetation, P release from vegetation - which 
may be exacerbated by freeze-thaw cycles in cold regions54, and 
limited SGW P sorption capacity. There may also be opportunities to 
use geochemical augmentation to increase the P sorption capacity of 
the soil layer and thus the SGW. For example, aluminium-based 
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drinking water treatment residuals have been shown to enhance the 
P sorption capacity of bioretention media55. Therefore, these 
materials or others with high P sorption capacity should be 
investigated as an ingredient in SGW soil mixtures to reduce PSRM3, 
increase capacity to sorb dissolved P loaded directly or released from 
plant litter via mineralization, and in turn reduce the risk of dissolved 
P export long-term.   

4.3. Chloride movement and storage in SGWs in the field 

Our field study results showed substantial loading of chloride to the 
two urban SGWs, especially at the Kennedy site where influent Cl- 
concentrations were 409 ± 471 mg L-1 in year 1 and 306 ±  257 in year 
2 (Table 1). Due to the highly impervious and commercialized land 
use within the Kennedy Drive wetland’s drainage area, salt 
applications are a common practice in the winter months as a road 
de-icing mechanism. There was evidence of positive net chloride 
retention at Fairview, but not at Kennedy (Figure 4). This difference 
was likely due to three factors at Fairview – lesser influent chloride 
loads, greater flow volume reductions (Figure 3), and better 
vegetation establishment during the study period (Figures S1 and S2, 
Supplemental Materials). Wetland vegetation provided a chloride 
storage mechanism in the SGWs, but much like plant P storage, this 
is ultimately finite and chloride assimilated into vegetation one year 
may be susceptible to release in future years. The observed inverse 
relationship between plant biomass and plant tissue chloride at 
Fairview (Figure 6) provides some limited evidence of chloride 
suppression of vegetation growth (which likely reduces plant 
assimilation of P). Plant tissue chloride at Kennedy was more likely to 
be ≥14 mg g-1, and the greater chloride concentration of influent 
stormwater (Table 1) was possibly one factor in the slower 
establishment of vegetation at that site. Analysis of SGW soils in both 
years did not reveal obvious storage of chloride in the soil layer, 
although the observed increase in soil EC between years at both sites 
did indicate soil salinization is occurring over time (Table 2). Aside 
from negative impacts on vegetation25,26, this could also decrease the 
soil permeability23, which may be advantageous in SGWs where 
infiltration through the soil layer is not desirable, unlike in the 
context of bioretention. Some researchers have hypothesized that 
the increased ionic strength associated with salinization should 
weaken P sorption in freshwater soils and sediments (e.g., via Cl- 
competing with PO4

3- for sorption sites), leading to P loss56. However, 
experiments testing this hypothesis have shown conflicting results, 
potentially due to concomitant changes with salinization that could 
instead enhance P sorption depending on the degree of salinization, 
the ionic composition of salinizing water, and soil/sediment 
characteristics56. 

4.4. Effects of SGW material selection on chloride transport and 
potential effects of chloride on SGW vegetation 

The laboratory column experiment results, which showed no 
retention of chloride in soils or gravels, confirmed that SGW media 
should be expected to have negligible direct impacts on chloride 
transport in the field. The laboratory bioassay results illustrated 
there may be an indirect, minor, and likely temporary chloride 
storage mechanism – evaporation of water from soils resulted in soil 
chloride accumulation. We also observed different responses to 
chloride loading in the bioassay by two plant species commonly used 
in wetland seed mixes in the Northeast U.S. Shallow sedge (Carex 
lurida) growth was inhibited by increasing chloride in the irrigation 
water, whereas this was not the case for Broad-fruited bur-reed 
(Sparganium eurycarpum) (Table 6). Variation of tolerance among 
species may provide a competitive advantage in the field to species 
more tolerant of chloride, including invasive species like reed canary 

grass (Phalaris arundinacea)57,58. Using high salt accumulating plants 
to treat chloride is a form of phytoremediation known as 
phytodesalinization59. This is a process that has been studied under 
a number of varying conditions and with different species, however 
there is limited information on the comparative potential of different 
species in the context of constructed wetlands60-65. Our lab bioassay 
results provide additional evidence alongside the field results that 
assimilation of chloride by vegetation provides a chloride storage 
mechanism (Table 6). However, even at relatively high foliar chloride 

content (e.g., 35 mg Cl- g-1 dry tissue) and plant dry biomass (e.g., 1 

kg m-2), this potential storage of chloride in SGW aboveground 
biomass (e.g., ~35 g Cl- m-2) can be much smaller than the incoming 
load of chloride (e.g., 2306 kg Cl- for the 20 storms monitored at the 
Kennedy SGW, or ~6800 g Cl- m-2). 

5. Conclusions 

Our field study indicated minor overall net TP retention by 
SGWs treating urban stormwater, falling far short of expected 
performance. Instead, the SGWs were characterized by a trade-
off between particulate P capture and dissolved P export, with 
each being of a similar magnitude. Our laboratory experiment 
demonstrated that the dissolved P export observed in the field 
is likely driven by P leaching from the engineered soil material 
used (em1), although limited P sorption capacity and 
mineralization of P temporarily stored in vegetation are also 
likely factors. Gravel materials in SGWs are unlikely to provide 
sufficient P sorption capacity to offset P leaching from 
engineered soil materials with relatively high P saturation. 
Therefore, we recommend that any engineered soil materials or 
native soils used in SGWs be characterized by PSRM3 ≤ 0.10 to 
greatly reduce P leaching risk. This recommendation can also 
apply to other types of green stormwater infrastructure 
designed for phosphorus retention. It is critical that soils 
selected for SGWs also have sufficiently low hydraulic 
conductivity, otherwise undesirable infiltration through the soil 
layer can occur resulting in short circuiting. In cold climates, high 
chloride loads driven by road salting will likely affect SGWs over 
time. Our results collectively indicate that chloride loads will 
provide competitive advantage to some plant species over 
others, that plant assimilation can serve as Cl- sink – albeit one 
that is temporary and small compared to incoming Cl- loads over 
time, and that SGW media (soils and gravels) likely have minimal 
effects on chloride transport. More experimentation and 
monitoring is needed to inform best practices for SGW design 
to effectively treat urban stormwater in cold climates. Our 
results suggest that the increasing popularity of SGWs in 
Vermont and other Northeast USA locations will likely make 
only minimal contributions to watershed P load reduction goals, 
and perhaps even have adverse effects, unless designs are 
improved to enhance P removal and be resilient to chloride 
loading. Our findings can also inform SGW design and use of 
engineered soils in urban stormwater BMPs more broadly. 
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Figure 1. Diagrams of the (a) Fairview and (b) Kennedy stormwater subsurface gravel wetlands (SGW) 
monitored during the field study. Water primarily moves through the SGWs by movement into 
perforated inlet riser and distribution pipes followed by subsurface horizontal flow through a gravel 
layer controlled by an outlet structure to remain permanently saturated. See main text for additional 
site descriptions. 
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Figure 2. Flow diagram for methods used in soil columns experiment 1 and the linked gravel columns 
experiment. Control columns are denoted by c1 and c. Soils included three engineered materials (em1, 
em2, em3), and three gravels were tested (g1 = granite, g2 = quartzite, g3 = limestone). Not pictured: an 
additional engineered material (em1_f) and two native soils (ns1 and ns2) were tested with a second 
control (c2) using the same soil column methods shown on the left side of this figure. 
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Figure 3. Measured flows (m3) for storms monitored at the two stormwater subsurface gravel wetland 
field sites as a function of storm rainfall amount (cm). Solid and dashed lines represent simple linear 
regression fits for inflows and outflows, respectively. See text for descriptions of statistical results.

Figure 4. Boxplots for storm event load reduction efficiencies (%) observed in the field study for 
chloride, total suspended solids (TSS), total dissolved phosphorus (TDP), and total phosphorus (TP) at 
the (A) Fairview and (B) Kennedy sites in 2020 (year 1) and 2021 (year 2). Note the difference in y-axis 
scale for the two sites. Boxplots show median, interquartile range, range, and extreme values.
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Table 1. Influent and effluent event mean concentrations (overall mean ±1 standard deviation) of 
chloride (Cl-), total suspended solids (TSS), particulate phosphorus (PP), total dissolved phosphorus 
(TDP), and total phosphorus (TP) during the two field study years at the Fairview and Kennedy 
subsurface gravel wetland sites. n = number of storms with concentration measurements.

Year Site Location n
Cl-

(mg L-1)
TSS

(mg L-1)
PP

(mg L-1)
TDP

(mg L-1)
TP

(mg L-1)
2020 Fairview Influent 6 117 ± 62 33 ± 26 0.087 ± 

0.082
0.062 ± 
0.025

0.14 ± 
0.102

2020 Fairview Effluent 4 128 ± 15 2.5 ± 0.5 0.019 ± 
0.009

0.069 ± 
0.012

0.089 ± 
0.008

2021 Fairview Influent 6 117 ± 13 51 ± 24 0.048 ± 
0.37

0.061 ± 
0.105

0.105 ± 
0.141

2021 Fairview Effluent 5 171 ± 99 7.5 ± 3.2 0.085 ± 
0.054

0.145 ± 
0.08

0.23 ± 
0.128

2020 Kennedy Influent 12 409 ± 471 19 ± 35 0.03 ± 
0.035

0.03 ± 0.02 0.06 ± 
0.027

2020 Kennedy Effluent 11 566 ± 335 4.8 ± 1.6 0.07 ± 
0.066

0.084 ± 
0.04

0.16 ± 
0.057

2021 Kennedy Influent 8 306 ± 257 113 ± 164 0.065 ± 
0.068

0.021 ± 
0.013

0.127 ± 
0.112

2021 Kennedy Effluent 8 332 ± 238 14 ± 20 0.04 ± 
0.029

0.105 ± 
0.036

0.149 ± 
0.045
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Figure 5. Outflow total phosphorus load (kg P) versus inflow total phosphorus load (kg P). Each point 
represents an individual storm at one of the two field sites. The 1:1 dashed line separates observations 
of the subsurface gravel wetlands acting as net P sources (upper left) versus net P sinks (lower right).
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Figure 6. Aboveground plant biomass (dry kg m-2) versus plant tissue chloride content (mg Cl- g-1 dry) at 
the two field study sites (n = 3 samples per year x 2 years at each site).

Table 2. Gravel wetland soil chloride content and electrical conductivity (EC) at the two field sites in 
2020 (n = 3 transect composite samples per site) and 2021 (n = 3 transect composite samples per site). 
Letters denote differences in a parameter at a given site between years (Welch Two Sample t-test, α = 
0.05).

Field site Fairview Kennedy

Year
soil Cl-

(mg kg-1 dry)
soil EC

(mmhos cm-1)
soil Cl-

(mg kg-1 dry)
soil EC

(mmhos cm-1)
2020 160 ± 97a 0.30 ± 0.05a 210 ± 35a 0.29 ± 0.09a

2021 333 ± 81a 2.04 ± 0.39b 208 ± 147a 1.30 ± 0.29b
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Figure 7. Boxplots for effluent (A) soluble reactive phosphorus (SRP), (B) total phosphorus (TP), and (C) 
total suspended solids (TSS) during the laboratory soil column experiments. Control cores (no soil) are 
denoted as c1 and c2. Soils included three engineered materials (em1, em2, em3), an engineered 
material after ~1 year in the field (em1_f), and two native soils from the field study sites (ns1, ns2). Two 
experiments were performed separately. Different letters denote significant differences (Dunn-
Bonferroni, p < 0.05) between treatments for a given parameter within a given experiment.    
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Table 3. Physical and chemical characteristics for the six soil materials tested in the laboratory study, including three engineered materials (em1, 
em2, em3), an engineered material after ~1 year in the field (em1_f), and two native soils from the field study sites (ns1, ns2).  

Sample TS VS BD pH EC TC TN Ksat
% 

as-is 
basis

% 
dry 

basis

kg m-3 mmhos 
cm-1

% dry 
basis

% dry 
basis

cm hr-1

em1 65.7 11.4 907.7 7.9 3.1 4.9 0.30 0.62 ± 0.37
em1_f 66.4 8.0 943.3 7.7 1.6 4.0 0.24 0.41 ± 0.14
em2 80.3 17.7 771.3 6.9 6.5 8.7 0.65 82.70 ± 33.26
em3 77.9 6.7 978.9 6.6 2.1 2.6 0.22 8.53 ± 7.34
ns1 70.9 9.7 812.8 5.3 0.1 4.0 0.23 7.07 ± 6.29
ns2 65.7 9.8 1014.5 6.3 0.1 3.5 0.31 3.05 ± 3.28

Table 4. Phosphorus metrics for the six soil materials tested in the laboratory study, including three engineered materials (em1, em2, em3), an 
engineered material after ~1 year in the field (em1_f), and two native soils from the field study sites (ns1, ns2). TP = total phosphorus, WEP = 
water-extractable phosphorus, MM-P = Modified Morgan phosphorus. Mehlich-3 and oxalate indicate to different extractions used to determine 
the phosphorus saturation ratio (PSR). 

Sample TP WEP MM-P Mehlich-3 Oxalate

% dry 
basis

mg P kg-1 mg P kg-1 mg P 
kg-1

mg Fe 
kg-1

mg Al 
kg-1

PSRM3 mg P 
kg-1

mg Fe 
kg-1

mg Al 
kg-1

PSROX

em1 0.16 41 ± 3 307 339 206 120 1.34 2055 1952 1904 0.63
em1_f 0.14 22 ± 0 192 316 294 228 0.75 586 1987 525 0.34
em2 0.37 27 ± 5 572 676 218 485 1.00 592 1206 431 0.51
em3 0.05 3 ± 2 30 161 123 1371 0.10 301 1261 2289 0.09
ns1 0.03 1 ± 1 2 10 344 1256 0.01 124 3646 1795 0.03
ns2 0.08 2 ± 0 3 56 337 1080 0.04 344 4251 1873 0.08
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Table 5. Effluent characteristics of vertical upflow gravel columns in the laboratory experiment for soluble reactive phosphorus (SRP) (n = 6 days 
x 3 replicates per gravel), as well as total phosphorus (TP) and total suspended solids (TSS) (n = 1 composite x 3 replicates for each gravel). 
Asterisks denote significant differences (Dunn-Bonferroni or Tukey HSD, p < 0.05) between a gravel treatment and the control for a given 
parameter.  

effluent characteristics (mean ± 1 standard deviation, mg L-1)
gravel SRP TP TSS
control (none) 0.24 ± 0.10 0.41 ± 0.07 5 ± 2
granite 0.13 ± 0.06* 0.30 ± 0.03 15 ± 17
quartzite 0.14 ± 0.07 0.34 ± 0.08 4 ± 1
limestone 0.09 ± 0.06* 0.25 ± 0.04* 9 ± 8

Table 6. Laboratory chloride bioassay results using irrigation water containing 0%, 50%, and 100% of 650 mg Cl- L-1. Different letters denote 
significant differences (Dunn-Bonferroni or Tukey HSD, p < 0.05) across treatments for a given species-parameter combination (n = 5 each).  

Plant species
Broad-fruited bur-reed

(Sparganium eurycarpum)
Shallow sedge
(Carex lurida)

Treatment Biomass
(dry g plant-1)

Plant tissue Cl-

(mg Cl- g-1 dry)
Biomass

(dry g plant-1)
Plant tissue Cl-

(mg Cl- g-1 dry)
0 mg Cl- L-1 1.44 ± 0.29a 2.8 ± 0.8a 0.89 ± 0.61a 19.0 ± 3.5a

325 mg Cl- L-1 1.12 ± 0.18a 17.6 ± 2.9b 0.59 ± 0.18ab 28.6 ± 5.6ab

650 mg Cl- L-1 1.45 ± 0.28a 33.8 ± 6.1c 0.34 ± 0.11b 36.4 ± 9.4b
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