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Abstract
Bioretention cells are commonly used green infrastructure in urban stormwater management
systems. They show promising performance in managing stormwater and mitigating a multitude
of pollutants. In urban catchments, they have been shown to favorably reduce the ‘flashiness’ and
overall volume of surface flow resulting from storm events by promotion of storage, groundwater
infiltration, and evapotranspiration. Previous studies have shown highly variable phosphorus (P)
removal impacts for bioretention cells, establishing a need for more comprehensive understanding
of P biogeochemistry within bioretention systems to identify the processes that are responsible. In
this study, a sequential extraction (SEDEX) method was used to analyze concentrations of six P
fractions in filtration media samples collected from a set of 12-year-old interconnected
bioretention cells in Mississauga, Ontario, Canada. The newly acquired data, when combined with
previously available data for the site, showed an average total P (TP) accumulation rate of 6678 mgP kg⁻¹ y⁻¹ in the top 10 cm of media and 4-32 mgP kg⁻¹ y⁻¹ in the 25cm – 45cm deep region.
Analysis of the measured concentrations using non-metric dimensional scaling (NMDS) identified
that variable clusters associated with redox-sensitive P and organic matter-associated P (organic,
humic-bound P, and exchangeable) fractions best represented TP variation in the system. In
contrast, little of the overall TP variation in the media was explained by the Ca or calciumassociated P concentrations. Evidence of continued P accumulation with a preferential nearsurface enrichment in the system suggests that bioretention cells have potential for long-term P
capture, especially if coupled with targeted media replacement of the surface media. Additionally,
the difference between calcium and redox sensitive fractions suggests that further consideration of
the redox sensitivity of aged cells should be considered in their design. Finally, this difference
highlights the need to employ methodologies that distinguish redox- and calcium- associated
iv

fractions when attempting to speculate about the mechanisms responsible for the P distributions
observed within bioretention systems.
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1 Introduction
Bioretention cells are common stormwater control systems designed to reduce peaks and volumes
of urban stormwater runoff and provide secondary benefits such as urban water quality
improvement (CVC and TRCA, 2010; Davis et al., 2009; Spraakman, 2021; Spraakman et al.,
2020). They consist of a depression in the ground where the natural soil has been replaced by an
engineered, usually sand-based media, covered with mulch and planted with a variety of
vegetation. While they are consistently efficient at reducing concentrations and loads of particulate
pollutants such as suspended solids and microplastics (Smyth et al., 2021; Spraakman, 2021), they
exhibit poorer performance for dissolved pollutants such as phosphorus (P) (Géhéniau et al., 2015;
Goor et al., 2021; Li and Davis, 2016a; Manka et al., 2016).
Phosphorus is regulated in many water bodies across the world due to its role in eutrophication in
P-limited water bodies. In Canada, for example, though no uniform national water quality criterion
exists for P, there are P concentration range targets depending on the water body trophic status
(Canadian Council of Ministers of the Environment, 2004). In the United States, recommended
total phosphorus (TP) levels are at 0.05 to 0.1 mg L⁻¹ for surface water bodies with more granular
guidelines at regional levels (US EPA, 2022, 1986). In Europe, while the Water Framework
Directive does not specify a unique TP concentration target, maximum allowable TP
concentrations range between 0.005 and 0.5 mgP L⁻¹ depending on the countries and water bodies
(Poikane et al., 2019). It has been reported that the urban stormwater runoff carries both particulate
and dissolved P, both containing inorganic and organic fractions of P, with TP concentrations
commonly ranging from 0.03 mgP L⁻¹ to 0.3 mgP L⁻¹ (Brezonik and Stadelmann, 2002; Goor et
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al., 2021; Hobbie et al., 2017; Janke et al., 2017; Miguntanna et al., 2013; Song et al., 2015; Song
and Song, 2019; Yang and Lusk, 2018).
Phosphorus treatment performance of bioretention systems has been often looked at in a very
general manner focusing on either TP or reactive phosphorus fractions without consideration of
their specific chemistry and impact. The majority of laboratory experiments (Ding et al., 2019;
Hsieh et al., 2007; Spraakman et al., 2020; Yan et al., 2017), databases (like the international
Stormwater Best Management Practice database), and models (Summarized in A7) focus primarily
on inflow/outflow concentrations of P (as total and/or dissolved) in systems. To elucidate the
mechanisms primarily responsible for P capture and better predict removal performance under
altered conditions, a improved understanding of the P chemistry in the input load, effluent, and
filtration media is necessary. Understanding P loading and fate within bioretention cells is
important to predict how their performance will develop over time, as well as how their treatment
performance may change under different environmental conditions (McManus and Davis, 2020).
Mechanistic processes like particle capture (Blecken et al., 2010; Ding et al., 2019; Li and Davis,
2008a, 2008b), surface chemistry (Yu et al., 2015; Zhang et al., 2018) and biological processes
(Denich et al., 2013; Li et al., 2021) have been assessed at the laboratory and mesocosm scales but
have not been validated at the time scale and complex environmental conditions that a bioretention
system will experience during its design life. Studies at that scale have been more inconsistent
both in practice (Spraakman et al., 2020) and results (Géhéniau et al., 2015; Goor et al., 2021;
Komlos and Traver, 2012; Liu et al., 2021; Lucke and Nichols, 2015).
Compared to their target design lifetimes of over 20 years (Johnson and Hunt, 2020), most
bioretention cells studied were built in the past 5 years and performance of systems near the end

2

of their design life has only been reported in a few studies (Johnson and Hunt, 2020, 2019; Marvin
et al., 2020; Spraakman et al., 2020; Willard et al., 2017). The lifetime of bioretention cells with
respect to P retention was estimated at several decades for various types of amendments. For
example, water treatment residues were assessed with 15 year loading equivalents (Zhang et al.,
2018), (Marvin et al., 2020). Such estimates, however, were obtained from extrapolations of labobtained data, which may not accurately represent realistic field conditions.
Most studies and models that discuss P accumulation rates within cells or their specific
components do so based only on input and output loads derived from input volumes and
concentrations (Summarized in A7). These estimations often rely on (untested) assumptions about
water and P fate within the system and attribute the missing loads to accumulation and removal
within the system (Davis, 2008; Goor et al., 2021; Li and Davis, 2016a). Actual field derived data
of changes observed in media are rare.
Field conditions are considerably more complex than experimental conditions controlled in the lab
due to urban runoff chemistry (pH, redox potential, ion composition, distribution between
particulates and dissolved P concentrations), filtration media properties (chemical and physical
composition, hydraulic conductivity), and environmental factors (temperature, precipitation depth,
intensity and duration, freeze-thaw cycles) that change over time. There is therefore a need to
evaluate P reaction mechanisms and estimate P accumulation rates under realistic field conditions.
In this study, in addition to a previous dataset from the study site, a sequential extraction (SEDEX)
method was used to analyze concentrations of six P fractions in filtration media samples collected
from a 12-year-old bioretention system consisting of a sequence of hydraulically connected cells.
The main objectives were to 1) provide field-derived estimates of P accumulation rates in a
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conventionally-designed bioretention system, and 2) characterize P reaction mechanisms from
field-obtained filtration media TP distributions and P fraction concentrations.

4

2 Materials and Methods
2.1

Bioretention cell site

A 6-cell bioretention system installed and managed by Credit Valley Conservation (CVC) in a
residential area of Mississauga, Ontario, Canada was selected for this study (Figure 1). The cells
have been operating since 2012 and they receive drainage from a 6,456-m2 catchment comprising
of 1,913 m2 of residential roads, a permeable pavement sidewalk, and a parking lot (Credit Valley
Conservation, 2016). Approximately 49% of the surface area from which the bioretention cell
system receives drainage is impervious. The size of each bioretention cell is approximately 14.7
m × 1.6 m and they were initially designed with layers of 5-7 cm deep mulch, 45 cm filtration
media (85-88% sand and 8-12% fines with 3-5% organic content by weight), 15 cm sand, and
storage regions of varying depths interconnected by a single perforated drainage pipe (Figure 1).
The underdrain design hydrologically links the storage regions in the cells in series from the most
upstream cell (#1) to the most downstream cell (#6). Notably, the maximum altitude reached by
the pipe connecting the lower set of cells (#3 to #6) is within the elevation range of the filtration
media in cell #6 (Figure 1b). The bioretention cells are separated from the surrounding soil by a
non-woven geotextile. A notched weir and level logger have been used since the installation of the
system to monitor the rate of outflow from the bioretention cells to storm sewers at 10-minute
intervals during storm events.

5

Figure 1: Simplified Elm Drive site schematic showing main surface drainage areas (A) and
elevation profile (B). Street grate inlet pipes to cells shown in pink and perforated underdrain
shown as a dotted purple line. Approximate locations of the cores taken in 2019 are shown as blue
stars. The cells were numbered from upstream to downstream. The elevation profile of the system
(B) is shown aligned with the upper diagram illustrating heights of bioretention media (yellow)
and water storage, bedding gravel regions (gray), and drainage structures in the system.
2.2

Filtration media sample collection and characterization

Data from analyses of filter media grab samples from 3 different cells (#1, #4, and #6) in years 1,
2 and 4 after construction (i.e., in 2013, 2014, and 2016) and from 2 depths (roughly 0-10 and ~3545 cm) were obtained from CVC (Credit Valley Conservation, 2016). Additional filtration media
samples were collected in November 2019 (7 years post-construction) from all 6 cells using 25cm long shuttle corers (Pallud and Van Cappellen, 2006), including three cores each from cells #1
6

and #2 and two cores each from cells #3, #4, #5, and #6 (Figure 1). The filtration media samples
were sliced every 2 cm and frozen to -20°C for three days, freeze-dried (Labonco Bulk Tray Dryer
Catalog No: 7806021), homogenized, ground with a mortar and pestle, sieved to 125 μm and stored
in a desiccator. All freeze-dried and sieved samples were analyzed for TP (see section 2.3). Other
analyses were performed on different subsets of the samples (results and coverage presented in A1
and A2). Samples from cell #2 were most frequently used because their cores were the deepest.
For the sake of simplicity, the central depth of the slices will be used hereafter when referring to
the depths of the individual samples collected (i.e. a 3 cm depth represents a slice covering the 24 cm depth range).
A subset of samples was analyzed for P fractions using a sequential extraction (SEDEX) method
(see Section 2.4) (Baldwin, 1996; Ruttenberg, 1992; Ruttenberg et al., 2009). Another subset was
analyzed for total carbon (TC), total organic carbon (TOC), total nitrogen (TN), and total organic
nitrogen (TON) using a CHNS analyzer (Elementar vario EL cube; detection limit of 1% by mass
for each parameter). Additionally, TOC was also measured in additional samples located 13 cm
deep from cells #3-6, 3 cm deep from cells #3, #4 and #6, and 17 cm deep from cell #5. This
allowed to fully cover the subset of samples selected for the SEDEX procedure (details in A1)
In total, the concentrations of six parameters, i.e., TP, sodium (Na), potassium (K), calcium (Ca),
iron (Fe), and manganese (Mn) were measured in all 115 samples. TOC concentrations were
measured in 36 samples of which 15 were also used to measure fractional P concentrations with
SEDEX. Though TC concentration was measured in 28 samples, only 7 overlapped with the subset
used for SEDEX. The way in which each of these different variable combinations were treated is
further discussed in Section 2.5
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2.3

Total phosphrus (TP)

All soil samples available from the core set were analyzed for TP using the magnesium nitrate
(MgNO3) digestion method described by Aspila et al. (1976) since the method corresponds to the
final step of the SEDEX and provides comparable results. In this method, concentrated MgNO3
solution (1 g MgNO3 per 1 mL water) was added to 0.1 g soil samples. The samples were then
ashed in a muffle furnace at 550°C for 2 hours. After cooling, 10 mL of 1 M hydrochloric acid
(HCl) was added, and the soil was resuspended before shaking at 100 rpm for 16 hours. After the
extraction was complete, the extracted water samples were filtered through 0.45 μm nylon syringe
filters (VWR). One mL of extract was combined with 0.2 μL of concentrated nitric acid (68%
Omni Trace HNO3) for matrix matching and diluted to 10 mL for analysis of major cations
including Na, K, Ca, Mn, Fe, and TP using Inductively Coupled Plasma – Optical Emission
Spectrometry (ICP-OES, Thermo Scientific iCAP 6300 Duo). Though the inclusion of magnesium
nitrate and high temperature ash steps in the TP extraction procedure described above differs from
the commonly used EPA acid extraction method (Method 6010C US EPA, 2007, Method 3050B
2019), both methods represent similar TP fractions (Aspila et al., 1976; Spivakov et al., 1999) but
may result in minor differences with respect to the values measured. As the aim of this analysis
was to discuss the metal concentrations with respect to how TP varied in the bioretention cell
system rather than to discuss their standalone concentrations with respect to other published
values, the non-standard method used here was adequate.
2.4

Sequential extraction (SEDEX)

The modified SEDEX method (as modified by Baldwin, 1996; originally developed by
Ruttenberg, 1992) was used to characterize the distribution of soil TP into different fractions based
on release characteristics. SEDEX distinguishes 6 phosphorus fractions (Figure 2): extractable
8

𝐼
𝐼𝐼
𝐼𝐼𝐼
(𝑃𝐸𝑥
); humic bound (𝑃𝐻𝑢𝑚
); iron bond (𝑃𝐹𝑒
); calcium bound (authigenic fluorapatite, biogenic
𝐼𝑉
𝑉
apatite, and carbonate bound ( 𝑃𝐶𝑎
); detrital apatite and inorganic bound (𝑃𝐷𝑒𝑡
); and
𝑉𝐼
organic/residual (𝑃𝑂𝑟𝑔
) (Baldwin, 1996; O’Connell et al., 2020; Parsons et al., 2017; Ruttenberg

et al., 2009). As other sequential extraction methods and even SEDEX can vary in nomenclature
(Baldwin, 1996; Ruttenberg, 1992) and chemical characteristics (Spivakov et al., 1999) when
referring to specific P fractions hereafter, the step in the SEDEX procedure will be explicitly
identified as a superscripted roman numeral.

Figure 2: Schematic of the steps used in the modified SEDEX procedure(Baldwin, 1996;
Ruttenberg, 1992) for characterizing the distribution of sediment P into different fractions (“Sln”
means “solution”).
Though the SEDEX procedure distinguishes six different fractions, the extraction steps for the first
four fractions require multiple leaching sub-steps with a specific extractant solution and a final
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rinse step with either magnesium chloride (MgCl2) or reverse osmosis (RO) water (Milli-Q)
(Figure 2). The number of extraction sub-steps in each overall step and their durations were
optimized prior to this study to maximize P extraction from the target fraction released during each
step. Step 1 of SEDEX used a 1 M MgCl2 extractant to solubilize loosely sorbed, exchangeable P
𝐼 )
(𝑃𝐸𝑥
on the surface of soil minerals by promoting anion exchange with chloride (Cl⁻) and

formation of Mg-P complexes (Ruttenberg, 1992). RO water was used as the final rinse in this step
to remove the remaining solution and P. For all subsequent steps, 1 M MgCl2 solution was used to
rinse between extractants instead. Step 2 (suggested by Baldwin, 1996; applied in O’Connell et
al., 2020; and Parsons et al., 2017) used a 1 M sodium bicarbonate buffer to leach phosphorus
𝐼𝐼 )
contained in organic, humic acid complexes (𝑃𝐻𝑢𝑚
to prevent them from co-extracting in the

subsequent step. Step 3 used a citrate, dithionate, bicarbonate (CDB) reagent mixture as the
extractant. Step 3 targeted P associated with Fe (III) minerals released through reduction with
𝐼𝐼𝐼 )
dithionate (𝑃𝐹𝑒
while citrate acted as a chelating and buffering agent. Step 4 used an acetic

acid/sodium acetate buffer system at pH 4.0 to promote the dissolution of authigenic apatite and
𝐼𝑉 )
other P containing carbonate and calcium minerals (𝑃𝐶𝑎
without dissolving the more recalcitrant
𝑉 ).
inorganic P bound in minerals of detrital origin (𝑃𝐷𝑒𝑡
The final two extractions were both

performed with 1 M hydrochloric acid, the first by shaking the mixture and collecting the filtrate
as with previous steps and the second, after ashing the soil samples and their filters for 2 hours at
550°C with 100% wt/wt MgNO₃ (Aspila et al., 1976). The two extractions targeted the remaining
𝑉
𝑉𝐼
inorganic P (𝑃𝐷𝑒𝑡
) and organic/residual phosphorus (𝑃𝑂𝑟𝑔
) fractions, respectively. For the steps

that consisted of more than one extraction, the total sum of P extracted in the individual steps was
added to calculate the total P leached during each step (Figure 2). All extract solutions except those
collected with Milli-Q water were diluted by a factor of 10 before analysis by ICP-OES and
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acidified with 2% HNO3 to match the carrier fluid of the instrument and reduce matrix effects. A
custom manifold (adapted from the design in Ruttenberg et al., 2009) was designed to hold samples
and their respective extractants on acid washed 0.45 μm polycarbonate filters throughout the
procedure. All other components that came into contact with samples or solutions were made with
Polytetrafluoroethylene (PTFE) to reduce interference with extractants and minimize P sorption.
All equipment was washed in a P-free citric acid cycle, soaked for 24 hours in a 2-M hydrochloric
acid bath, and rinsed with Milli-Q water between uses. All samples used in SEDEX were run in
duplicate and concentrations and reported as the mean of both results unless otherwise stated.
2.5

Data and statistical analysis

Since the cores collected from the bioretention cells in 2019 were not deep enough to provide
samples of equivalent depths to those reported in the deep (35-45cm) grab sample within preexisting data, 2019 data were not considered when evaluating changes in TP over time at that
depth. For shallow samples (top 10 cm of filter media), TP concentrations of all 2019 samples
within the top 10 cm of filter media were averaged to represent the values in the grab samples of
the same depth range used for pre-existing data in each of the cells.
The accumulation rate with standard error and 95% confidence intervals were calculated for each
individual cell in which pre-existing grab sample data were available, i.e., cells #1, #4, and #6 at
the two individual depth ranges (0-10 cm and 35-45 cm) for which s. A simple linear regression
(y = ax+b) was applied to the filtration media TP concentrations (y) versus time (x, i.e., years since
initial sample) and the slope (a) represents the filtration media TP accumulation rate (mgP kg yr-1)
as an annual increase in concentration.
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For more comprehensive assessments of the multivariate relationships present in the data collected,
the data was grouped into various subsets corresponding to the differing number of filtration media
samples for which certain analyses were performed. The subsets had 115, 36, 15, and 7 filtration
media samples with 6, 7, 13, and 14 different analytical parameters (e.g., concentrations) available,
𝐼
respectively. All subsets except the 115 × 6 set had non-detects (4 × OC < 1% and 5 × 𝑃𝐸𝑥
< 0.6

mgP kg-1 values in the dataset), which required the use of censored, non-parametric methods to
analyze the censored data (Helsel, 2011) as ordinal values. Though no variables with non-detects
were included in the 6 element concentrations measured in all 115 filtration media samples, nonparametric methods were still used for multivariate analysis as there was a likelihood that data may
not have fit the necessary distribution characteristics (Helsel et al., 2020). Least squares linear
regressions and Pearson correlation coefficients (a parametric method) were only used to better
quantify relationships between pairs of variables where data was normally distributed, free of nondetects and showed evidence of linear correlation without requiring transformation. A “line of
organic correlation” (Helsel et al., 2020), between molal Fe and Mn was used instead of an
ordinary least squares regression to estimate the Fe:Mn ratio that both elemental concentrations
varied within our samples in an equally biased manner.
The two primary methods used to identify the multivariate relationships were pairwise Spearman
correlations between the variables and nonmetric multidimensional scaling (NMDS) using
Euclidean distance between the ranks (Helsel, 2011, p. 284) using the R package: `vegan`
(Oksanen et al., 2020). In addition to ranked concentration values for each sample, variables for
both cell position and depth were included in the NMDS data. The predictor variables were then
plotted with respect to the two primary NMDS component weights to identify clustering of
correlated variables. NMDS was not performed on the 7×14 subset of results as 7 samples were
12

insufficient to assess relationships between 16 variables (14 concentration variables, cell #
variable, and a depth variable).
As is commonly done with principal component analysis (PCA), variables were plotted with
respect to the two primary components. Clustering of variables when plotted this way identifies
covariation. Unlike PCA, the non-parametric nature of the test and conversion to rank values in
the data mean that the absolute magnitudes of component values are not meaningful (Helsel, 2011).
The conversion to ordinal (ranked) values in the process (required to properly handle non-detects)
means that it provides primarily directional variation tendencies within the data, i.e. “higher values
of X are more likely to be found in samples with higher values of Y where ordinal position within
the dataset and not magnitude/ratio constitutes a ‘higher’ value”.
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3 Results
3.1

Total Phosphorus

The filtration media TP concentrations increased over time in the bioretention cells (Figure 3).
From the pre-existing data (Credit Valley Conservation, 2016) for cells #1, #4, and #6, the mean
TP concentrations in the top 5 cm of the cells were 333 ± 76 mgP kg-1 in 2013 (n = 3), 320 ± 20
mgP kg-1 in 2014 (n = 3), 467 ± 25 mgP kg-1 in 2016 (n = 3), and 733 ± 142 mgP kg-1 in 2019 (n
= 35) (Figure 4). The filtration media TP accumulation rates were approximately 2 times greater
near the surface than in the deeper filtration media horizon, ranging from 67 to 78 mgP kg-1 yr-1 in
the top 10 cm and from 4.2 to 40 mgP kg-1 yr-1 in 35-45 cm below the filtration media surface
(Figure 3).

Figure 3: Linear models (ax + b) with equations and 95% confidence intervals are shown for
individual cells. Slope (a) represents yearly accumulation rates per kilogram of filtration media
(mgP kg media⁻¹year⁻¹). Samples from 2016 (year 3) and prior are grab samples reported in a CVC
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technical report (Credit Valley Conservation, 2016). Corresponding values in 2019 core samples
are averages of TP concentrations nearest to the associated region (0-10 cm for shallow; NA for
deep).
When comparing TP concentrations in the depths available for all 12 cores collected in 2019 (i.e.,
0-10 cm), cells #1 to #5 all had similar concentrations (in the range of 607 to 674 mgP kg-1) and
variability (standard deviation (sd) = 82-170 mgP kg-1) while cell #6 showed significantly higher
TP concentrations and variability (745 ± 238 mgP kg-1) (Figure 4). The vertical distribution pattern
of TP concentrations in cell #6 was also different from that in the other bioretention cells. In
bioretention cells #1 to #5, TP concentrations were constant over the top 17 cm of the filtration
media profiles and exhibited a decrease deeper down. In bioretention cell #6, and especially core
#2 within it, TP concentrations peaked to ~1,100 mgP kg-1 at depths 6-10 cm below the filtration
media surface, while they were lower at the surface (650-850 mgP kg-1; see Figure 4). Note that
due to the shallow depth investigated, less than 25 cm deep, only the deeper cores exhibited
significant vertical decreases with depth.
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Figure 4: Phosphorus concentrations in slices of core samples taken from the bioretention cells
in 2019 (i.e., 7 years post-construction). Boxplots summarize distributions of concentrations by
depth (right) and core (top) for samples in the corresponding row/column. Per-core boxplots
(above table) shown for top 10 cm of all cores (top row), top 17 cm of cores more than 17 cm deep
(middle row) and all samples within the cores (bottom row). Depths shown represent center points
of 2cm slices (i.e. a 3 cm depth represents a slice covering the 2-4 cm depth range) below the
surface of filtration media.
3.2

Carbon and nitrogen

TN and TON concentrations in all samples were below 1% N by weight, the detection limit of the
instrument. Stratification was observed in the TC depth profile of the cores and was primarily
driven by decreasing TOC concentrations as depth increased (Figure 5). The inorganic fraction of
the samples (4.8 ± 1.2 %) did not vary significantly between cores or with depth. TOC was highest
(11.5%) at the surface and rapidly decreased in the top 7 cm of the filtration media to just over
1%; i.e., the method detection limit. Five samples in the overall dataset including one in the deepest
core (shown in Figure 5) had TOC below the detection limit. Compared to the overall decreasing
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trend and spatially adjacent measurements, an abnormally high amount of TOC (4.9%) was
measured at a depth of 17 cm in core #1 of cell #2 (shown in Figure 5), which was confirmed by
analyzing a duplicate sample (6.3%). The only other sample available from cell #2 at an equivalent
depth (core #2) had no detectable TOC. At the surface, TOC accounted for 66-71% (n = 3) of TC
and rapidly decreased in the top 11 cm to less than 2% OC.

Figure 5: Concentrations of organic and inorganic carbon in filtration media samples from cell
#2, core #1. Method detection limits (1% for both TC and TOC) are shown with a dashed line (n
= 1 for all samples).
3.3

Phosphorus Fractions

The concentrations present in the 6 P fractions measured using SEDEX and the proportion of TP
they represented varied throughout the samples measured in the system (Table S5-1). In samples
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𝑉𝐼
𝐼
𝐼𝐼
from the top 5 cm, concentrations of 𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
, and 𝑃𝑂𝑟𝑔
all represented greater proportions of TP

(1-5%, 4-15%, and 10-22%, respectively) than in samples from deeper zones (<0.1%, 3-10%, and
𝐼𝐼𝐼
8-18%, respectively, in samples at depth 13-17 cm). Concentrations in 𝑃𝐹𝑒
showed more complex

relationship with depth (discussed further in sections 3.4 and 4.3.2) contributing between 9% and
𝐼𝑉
𝑉
31% of the TP in the samples measured. Absolute concentrations in 𝑃𝐶𝑎
and 𝑃𝐷𝑒𝑡
remained

relatively consistent throughout the samples at 67-119 and 118-382 mgP kg-1, respectively.
𝐼
𝐼𝐼
𝐼𝐼𝐼
However, deeper samples had decreased concentrations in the other fractions (𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
, 𝑃𝐹𝑒
, and
𝑉𝐼
𝑃𝑂𝑟𝑔
) therefore proportional composition of TP was more biased towards Ca associated fractions
𝐼𝑉
𝑉
𝐼𝑉
𝑉
(𝑃𝐶𝑎
and 𝑃𝐷𝑒𝑡
). Proportionally, TP was 10-19% 𝑃𝐶𝑎
and 28-55% 𝑃𝐷𝑒𝑡
, above 5cm; and 11𝐼𝑉
𝑉
23% 𝑃𝐶𝑎
and 33-56% for 𝑃𝐷𝑒𝑡
below 13 cm. The relationships observed between variation in

fractional concentrations and other environmental parameters measured in the samples will be
discussed in more detail below.
Soil samples closer to the surface of cell #2 were proportionally higher in more labile and organic𝐼 ),
𝐼𝐼 ),
related P fractions (i.e., exchangeable P (𝑃𝐸𝑥
humic bound P (𝑃𝐻𝑢𝑚
and residual/organic P
𝑉𝐼
(𝑃𝑂𝑟𝑔
) fractions) than those deeper in the core (Figure 6 and Table A6-1). In contrast, mineral-

bound P fractions, particularly the calcium-related, tightly-bound, P fractions associated with
𝑉 )
𝐼𝑉 )
detrital calcium minerals (𝑃𝐷𝑒𝑡
and authigenic apatite adsorption/precipitation (𝑃𝐶𝑎
minerals did

not exhibit a clear relationship with sample depth. However, absolute concentrations of P in these
fractions remained relatively stable and the proportional shift was primarily driven by a decrease
𝑉𝐼
𝐼
𝐼𝐼
𝐼𝐼𝐼
in the other fractions (𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
, 𝑃𝐹𝑒
, and 𝑃𝑂𝑟𝑔
) as depth increased. Notably, a reduction in the
𝐼𝐼𝐼 )
concentrations of redox-sensitive Fe-associated P (𝑃𝐹𝑒
was observed in the deepest sample (25

18

cm) analyzed but otherwise remained relatively constant in proportion throughout the rest of the
filtration media profile.

Figure 6: Total concentrations of different phosphorus fractions in bioretention cell #2, core #1
collected in November 2019.
On average, the difference between TP estimated as the sum of all SEDEX fractional
concentrations was 26±44 mgP L⁻¹ (5±8%) lower than the directly measured TP (Aspila et al.,
1976) in the samples.
3.4

Parameter clustering in non-metric dimensional scaling (NMDS)

Multivariate analysis using NMDS and Euclidean distance between rankings for each variable
produced convergent solutions for three of the four possible sets of variables. All three solutions
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converged to stable results with well characterized distributions of error. Biplots of the two primary
components in each of the three subsets for which NMDS produced solutions are shown in Figure
7 to illustrate clustering and co-variation in the data.

Figure 7: NMDS biplots of 6, 7, and 13 parameters measured in the samples (n=115, 36 and 15,
respectively). Colours are used to parameters analyzed/measured together. ‘Pos’ variables (i.e.,
positions as Depth and Cell #) were included in the analysis.
In all three set of variables, TP concentration was well represented in at least one (15 samples ×15
variables) or both (115 samples × 8 variables and 36 samples × 9 variables) of the principal
components. Three clusters of variables associated with TP concentration were evident in the data.
TP had a positive relationship with 1) redox-associated compounds including Fe and Mn
concentrations and 2) OC concentrations, and a negative relationship with Ca, K, Na, and depth.
In all three cases, Fe and Mn concentrations clustered together indicating tight covariation. The
Fe+Mn cluster and TP concentrations were in the same principal component in all three data
groupings (6, 7, and 14 available parameters). In the 15 samples where fractional SEDEX
𝐼𝐼𝐼
concentrations were measured, TP and 𝑃𝐹𝑒
concentrations clustered most closely with Fe, and Mn

concentrations (see Figure 7). In the biplots of samples for which there were both fractional
SEDEX and carbon concentration data, 𝐶𝑜𝑟𝑔 concentrations were found to cluster near TP
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concentrations on the other side of Fe and Mn concentrations. In the 15 samples with SEDEX
𝑉𝐼
𝐼
𝐼𝐼
fractions, 𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
, and 𝑃𝑂𝑟𝑔
concentrations clustered closest to 𝐶𝑜𝑟𝑔 concentrations. Opposite

to this cluster, indicating inverse trends in variation, a cluster of K, Ca, and Na concentrations and
𝐼𝑉
𝑉
sample depth was present (in both the 15 variable- and 9 variable-sets). Neither 𝑃𝐶𝑎
or 𝑃𝐷𝑒𝑡

concentrations clustered with TP concentrations, Ca concentrations or any of the other parameters
analyzed in the system.
To identify which of these (pairwise) relationships were significant, selected regressions between
variable pairs are presented below. In the set containing all 115 samples (presented in full in
Section S4), the filtration media depth and concentrations of K, Na, and Ca in filtration media were
found to vary inversely to TP concentrations. Fe and Mn concentrations co-varied linearly (Figure
A5-1) with each other (Pearson’s R2=0.88, p<0.001) and with TP concentrations to a lesser degree
(Pearson’s R2=0.48 for Fe and 0.42 for Mn, p<0.001). The line of organic correlation for molal
𝑚𝑜𝑙 𝑀𝑛

(mmol kg-1) concentrations of Fe with respect to Mn was found to be: [𝐹𝑒] = 22.6 𝑚𝑜𝑙 𝐹𝑒 ×
[𝑀𝑛] − 75.6 𝑚𝑚𝑜𝑙 Fe Kg −1 with a mean molar Fe:Mn ratio of 15±2 in the samples. TP
concentrations were found to also vary with 𝐶𝑜𝑟𝑔 concentrations (Spearman ρ = 0.40 p<0.1 used
due to non-detects) in the 36 samples where both concentrations were measured. However, there
was no significant relationship (p>0.1) between 𝐶𝑜𝑟𝑔 concentrations and Fe or Mn concentrations.
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4 Discussion
4.1

Field estimates of P accumulation rates

The first major result of this study is the estimation of field-based P accumulation rates in the sixcell bioretention system using up to four timepoints. These data showed that on average, the yearly
rates of P accumulation in the filtration media were 70.9 ± 8.6 mgP kg-1 y-1 (top) and 25.4 ± 6.4
mgP kg-1 y-1 (within the media, at 25-30 cm deep). The corresponding areal P accumulation rate
at 25-30 cm depth, assuming a bulk density of 1,600 kg m-3, was 18.3 ± 4.6 gP m-2 y-1 or 183 ± 46
kgP ha-1 y-1. Very few data exist in the literature on the field accumulation of P in bioretention
filtration media from TP filtration media measurements over time (for examples see: Goor et al.,
2021; Komlos and Traver, 2012). The relationships we obtained (Figure 3) suggest that TP
accumulation in filtration media is linear over time, at least over the first 7 years following
construction. Therefore, we assumed such a linear relationship for other systems and used other
published filtration media TP concentrations for bioretention systems for which TP were obtained
at two time points to estimate TP accumulation rates. For example, Johnson and Hunt (2016)
measured Mehlich-3 P (M3-P) concentration in a bioretention cell located in Charlotte, NC
following construction and 11 years later. Once converted to TP concentrations using the Lammers
and Bledsoe’s equation (i.e., M3-P = 0.117 × TP) (Lammers and Bledsoe, 2017), and assuming a
linear increase in filtration media TP between these two time points, the bioretention cell of their
study accumulated 14.9 mgP kg-1 y-1, which agrees very well with our estimates. Using data of the
same authors from another study of a bioretention cell in Chapel Hill, NC (Johnson and Hunt,
2019), we calculated an accumulation rate at 9 mgP kg-1 y-1 over 17 years. Most studies do not
provide filtration media TP concentration over time, and rather focus on measuring dissolved P
concentrations in the inflow and outflow of a bioretention cell to calculate percent removal (i.e.,
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concentration or mass decreases through the system). Using various assumptions, e.g., on runoff
volume, P concentrations, and bulk density, Davis et al. 2006 estimated a filtration media P
accumulation rate at 5.3 mgP kg-1 y-1, which is within an order of magnitude of our field estimates.
The bioretention cells in our study, like the ones utilized by Johnson and Hunt (2016, 2019), were
conventionally designed, i.e., made of unamended sandy media, vegetated, and without an internal
water storage zone. As such, these cells are representative of many existing systems. Until better
filtration media TP concentration vs. time relationships (other than a linear one) and estimates are
obtained, we suggest the use of P accumulation rates at 10 to 40 mgP kg-1 y-1 within the filtration
media of such conventionally-designed bioretention cells and approximately twice as much on the
top 5 cm. There is a need for more time-dependent filtration media TP data in bioretention cells,
to get a tighter range of such estimates under realistic field conditions and for different bioretention
cell designs. Such data should be obtained over longer periods of time to estimate the length of the
linear range of P accumulation and identify when P saturation can be expected.
These field-estimated P accumulation rates are critical to predict the lifetime of bioretention cells
for P retention. However, estimation of when, how, and where P accumulation occurs within
bioretention systems has suffered from a few key limitations so far and has often been omitted
from models due to complexity (Li et al., 2018) and lack of easily comparable data (Johnson and
Hunt, 2019; Manka et al., 2016). The main inclusion of P accumulation within bioretention
systems has been in models derived from lab-scale column and mesocosms studies (Li and Davis,
2016a; Li et al., 2021; Luo et al., 2020; Marvin et al., 2020; Spraakman, 2021), which almost
universally substitute direct measurement of changes in P content within filtration media with
estimation from inflow/outflow concentration-volume derived loadings. Though rates of P
adsorption, and, sometimes, vegetation uptake of P and leaching from particulate P and/or organic
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matter to dissolved P are conceptually discussed alongside existing models (Aladesote and Hunter,
2020; Li et al., 2018; Li and Davis, 2016a, 2016b; Manka et al., 2016), the processes are at most
included as fixed empirical coefficients or entirely omitted in the implementations presented.
However, some notable exceptions to the norms above exist. For example, some models include
adsorption rates calculated based on an assumed first-order adsorption rate constant determined
from laboratory experiments (Brown and Hunt, 2011; Goor et al., 2021; Li and Davis, 2016b; Liu
et al., 2021) or vegetation uptake rates empirically derived from a mass balance (Glaister et al.,
2014; Muerdter et al., 2016). The herein presented field estimates of P accumulation rates could
be substituted for calculated adsorption, leaching and plant uptake rates.

4.2

Evidence of unsaturated cell media

The linear increase in filtration media TP concentrations over time throughout the media presents
clear evidence of continued P accumulation in the bioretention cells even 7 years post-construction
(2012-2019), as previously also reported (Guo et al., 2019; Hsieh et al., 2007; Johnson and Hunt,
2019; Kandel, 2016; Kandel et al., 2017; Komlos and Traver, 2012; Liu et al., 2021; Marvin et al.,
2020). The “low phosphorus index” initially specified for the media during construction (Credit
Valley Conservation, 2016, verified by personal communication) – though never quantified –
suggests an initially low level of TP in the filtration media. The initial TP concentrations measured
in 2014 in our system, at 327 +/- 17 mgP kg-1, were significantly higher than those reported for
sandy bioretention media immediately post-construction in other systems, e.g., at 32-144 mgP kg1

(Johnson and Hunt, 2016) that followed design guidelines for building bioretention cells with

filtration media that exhibit a low P-index, between 10 and 30 ppm (Hunt et al., 2006a). Despite
the higher initial concentrations, correspondingly higher input TP loading (e.g. > 3 mg P L−1
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reported in Goor et al., 2021) at our field site may have resulted in the strong capacity of the system
to accumulate runoff-laden P that we observed.
The vertical distribution of P in the bioretention cell filtration media, especially in cells #1 to #5,
was consistent with previous studies that also reported the largest TP concentrations and annual
accumulation rates closer to the filtration media surface (Figure 4 and Figure 3) (Brown and Hunt,
2011; Johnson and Hunt, 2019; Li and Davis, 2016b). These patterns suggest the adsorption of
dissolved P to organic material and sedimentation of P-laden particles in the top portion of the
filtration media, and some migration of P-laden particles from the top down to deeper horizons.
Along with the above-mentioned increase in P accumulation over time, both in the top of the
bioretention media, and, to a lower extent, in deeper zones, these results showed that the
bioretention cell continued to accumulate P within its media.
Filtration media P accumulation at the surface is expected until TP filtration media concentrations
are at equilibrium with inflow TP concentrations. The filtration models proposed by
Davis et al. (2016) for total suspended solids (TSS) and their associated TP load suggested an
approximately exponential decrease in concentration with increasing depth prior to reaching
equilibrium at the surface. While the overall trends we observed follow predictions from this
model, the exponential nature of filtration media TP concentration was not evident in our data.
This can be explained by the fact that our data were obtained from a shallow profile in the field
and not in controlled soil column experiments. This top filtration media zone was also subject to
freeze-thaw cycles, which are common in this region in the winter. In our previous study, freezethaw cycles were shown to slightly reduce P adsorption (Ding et al., 2019) which likely partly
explain that P filtration media saturation was not yet reached after 7 years. In the field, uncontrolled
physical, biogeochemical, and climatic factors result in more variability in filtration media TP
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concentrations than in controlled laboratory filtration media column experiments. In addition, field
studies do not allow the high depth- and time-dependent data frequency that would be required to
exhibit a specific mathematical model (i.e., exponential trends). A number of contributing factors
that are consistent with our more detailed fractional P results will be discussed in the following
section.
Cell #6, the most downstream cell, had significantly higher TP concentrations in our samples
(Figure 4), a TP peak lower than in the other cells, and the highest TP accumulation rate (Figure
3). The first explanation for these observations is that cell #6 was located on the corner of two
streets (rather than just one as for the other cells) and it received a larger volume of stormwater
runoff due to a larger associated watershed. These factors likely contributed more input P
compared to the other cells. The second explanation is related to its uncommon plumbing: cells #3
to 6 were hydraulically connected through a common underdrain, with the effluent of cell #3 being
mixed with that of cell #4, subsequently with that of cell #5, and cell #6 receiving the effluent of
all 3 previous cells in its underdrain (Figure 1b). The subsurface peak in TP observed in cell #6
might be due to upstream cell effluent backwashing within cell #6 during high-intensity events.
This likely resulted in upstream P redepositing within the media of cell #6, thus explaining the TP
peak observed at 7 to 9 cm deep.
4.3

Potential organic and inorganic drivers of TP distribution

The second major result of this work is the identification and quantification of P fractions across
the vertical profiles of the bioretention cell media layers. Phosphorus can sorb on and desorb from
Fe- and Al-oxides and clay and Ca minerals; P can precipitate as or be released to the water from
various minerals such as Ca-based hydroxyapatite [Ca5(PO4)3OH] and tricalcium phosphate
[Ca3(PO4)2] and Fe-based strengite [FePO4.2H2O] and vivianite [Fe3(PO4)2.8H2O]; and P can be
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produced from the mineralization of P-containing organic matter and be taken up by and
incorporated in plant and microbial cells (Li et al., 2021; Liu and Davis, 2014; Marvin et al., 2020;
Roy-Poirier et al., 2010; Zhang et al., 2021). These processes depend on redox and pH conditions
as well as plant and microbial activity, all of which may vary seasonally. Overall, the differences
in accumulation patterns observed for the various P fractions analyzed represent the combined
differences in upstream sources and P retention and transformation mechanisms.
4.3.1 TP associated with near-surface organic matter
Though the filtration media analyses performed in this study are insufficient to identify the specific
processes responsible for TP behavior in our study site, they provide evidence for links between
TP and organic material within the filtration media. We observed a positive correlation between
𝐼
𝐼𝐼
filtration media TP and organic carbon (OC) as well as correlations of OC with 𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
and
𝑉𝐼
𝑃𝑂𝑟𝑔
(Figure 7 and below). These correlations were particularly apparent in the near-surface

environment.
𝐼
𝑃𝐸𝑥
represented the smallest proportion of these three fractions and was only detectable (i.e. > 0.61
𝐼
mg kg-1) in the top 5 cm. Though its not nominally associated with organic matter, 𝑃𝐸𝑥
also

includes a portion of P associated with biogenic CaCO3 and has been previously reported to include
some P within plankton (Parsons et al., 2017; Ruttenberg, 1992), which suggests some P contained
𝐼
in microorganisms may also be included. Therefore, the presence of 𝑃𝐸𝑥
in the surface may be

evidence of two main sources: First, P in recently filtered ‘fresh’ particulates containing loosely
bound P that has not yet been weathered. Second, a portion of P associated with microbial activity
in the oxygen and organic-matter-rich near-surface region of the filtration media.
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𝑉𝐼
𝐼𝐼
The presence and even distribution of P in 𝑃𝐻𝑢𝑚
and 𝑃𝑂𝑟𝑔
suggests that both fractions had relevant

impacts on the overall P retention characteristics of the cells. Though organic molecules play a
𝐼𝐼
role in both of these fractions, 𝑃𝐻𝑢𝑚
primarily reflects phosphate present in complexes involving
𝑉𝐼
humic acids and a bridging cation (Fe³⁺, Al³⁺, Zn²⁺ Ca²⁺, etc.) while 𝑃𝑂𝑟𝑔
reflects P included within

organic molecules themselves (Guardado et al., 2007; Parsons et al., 2017; Ruttenberg, 1992). As
both fractions are present in approximately equal quantities, this suggests that both the weathered
𝑉𝐼
𝐼𝐼
residues associated with 𝑃𝐻𝑢𝑚
and the ‘fresher’ organic molecules associated with 𝑃𝑂𝑟𝑔
affect the

P retention within bioretention cells with neither one being the obviously dominant form of
𝑉𝐼
𝐼
𝐼𝐼
retention. The strong correlation between all three fractions (𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
, and 𝑃𝑂𝑟𝑔
) and OC (Figure

7 and Figure A5-2) further supports the hypothesis that in the near-surface environment of the cell,
the P retention characteristics we observed in the system are strongly related to organic activity
within the system.
4.3.2 Role of Fe and Mn in deeper regions
Fe based additives have comprised a large portion of the strategies employed to enhance P
retention characteristics of bioretention cells (Marvin et al., 2020; Yang and Lusk, 2018; Zhang et
al., 2018). Our data showed strong positive correlation between TP, Mn, and Fe concentrations.
𝐼𝐼𝐼
This correlation was further corroborated by the correlation of all three concentrations with 𝑃𝐹𝑒

further supporting the hypothesis that Fe and Mn related processes are involved in the P
biogeochemistry of the bioretention media.
The strong correlation between Fe and Mn concentrations in our system limits the possibility of
separately identifying their impacts. However, the good linear fit between both variables provides
some insights into potential causes of co-variation in the system. The line of organic correlation
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between Fe and Mn indicates that they co-varied at a molar ratio of 22.6:1 (i.e. a change in one
mole of Mn corresponded to a change in 22.6 additional mole Fe). This value is different from the
overall Fe:Mn molar ratio observed (Fe:Mn ~15) suggesting that more than one
mineral/equilibrium resulted in the distribution observed. As the relationships derived from NMDS
only rely on the similarities in changes between parameters, the process linking changes in TP and
𝐼𝐼𝐼
𝑃𝐹𝑒
with those in Fe and Mn in the samples would have been more likely to reflect the former

(ΔFe:ΔMn = 22.6) of the two ratios presented. While Fe:Al concentrations and ratios have
previously been reported to have an impact on P capture within bioretention media (Zhang et al.,
2018), similar ratios have not yet been reported for Fe:Mn.
Studies of prolonged flooding in agricultural soils have previously found that reducing, anaerobic
conditions during prolonged flooding can result in solubilization of P associated with Fe and Mn
(Concepcion et al., 2021; Gregory et al., 2017), an effect also seldom observed in bioretention cells
(Shetterly, 2018). A column experiment (Glaister et al., 2014) found that inclusion of a saturated,
organic-rich zone in their systems did not significantly affect overall TP removal and speculated
that Fe reduction leading to release of bound P did not occur.
4.3.3 Impact of Ca, Na and K
We observed relatively high concentrations in Na and Ca, ranging from 200 to 2,000 mgNa kg-1
(Figure A2-10) and 82-183 gCa kg-1 (Figure A2-12), which may be explained by location of the
study site in an area subject to significant de-icing salt use during the winter (Burgis et al., 2020;
Radosavljevic et al., 2022; Sansalone and Buchberger, 1996). Similar filtration media Na
concentrations were observed in bioretention media from similar cold regions (Burgis et al., 2020;
Denich et al., 2013; McManus and Davis, 2020), whereas lower concentrations were found in the
media of bioretention cells located in more temperate regions with warmer winter (and therefore
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no or limited salt applications). The cell media therefore showed evidence of accumulation in Ca,
Mg, K, and Na over time (Figure A3-1).
The inverse correlation that we found between TP and K, Na, and Ca suggests that increasing the
cation exchange capacity (CEC) decreases the TP content. This is counter-intuitive, as design
guidelines recommended a CEC larger than 10 meq/100g (i.e., 10 cmol(+)/kg) at construction
(CVC and TRCA, 2010). This result can be explained by the media’s initially low CEC (< 10
cmol(+)/kg in 2016) pointing to few cations available for P binding (Hunt et al., 2006).
This finding conflicts with those from a previous bioretention filtration media column experiment
in which simulated runoff (with added salt) was injected (Denich et al., 2013). However, these
differences might be explained by the significantly higher initial media P content, at 2.235 g P kg1

, in Denich et al.’s compared to the low P-index reported for our bioretention cells: the measured

filtration media TP in our study was an order of magnitude lower than in Denich et al.’s ( 327 +/17 mgP kg-1 in our system in 2014).
Another counterintuitive result observed within our samples was that variations in Ca
concentrations showed no significant relationship with the P fractions most closely related to Ca
𝐼𝑉
𝑉
mechanisms in filtration media (𝑃𝐶𝑎
and 𝑃𝐷𝑒𝑡
). It suggests that the factors driving soil Ca

concentration distributions are different and independent from those explaining its associated P
𝐼𝑉
𝑉
𝐼𝑉
𝑉
fractions (𝑃𝐶𝑎
and 𝑃𝐷𝑒𝑡
). 𝑃𝐶𝑎
and 𝑃𝐷𝑒𝑡
did not co-vary with most other spatial and chemical

parameters in the core samples where they were measured (Figure 7 and Figure A5-2). This
suggests that their concentrations are a result of initial P content within the media.
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5 Conclusions
Our study provided direct evidence and quantities of TP accumulation in bioretention cells. All six
fractions were present in significant quantities and showed spatially heterogenous distribution
patterns providing evidence for complex P behavior within the system. Our findings also suggest
that the distributions are likely to also change over time in addition to the horizontal and vertical
variability we observed. How fractional P composition varies in bioretention systems as a result
of changing environmental conditions and increasing age remains largely unknown and should be
further explored in future research
5.1

Implications and Recommendations

The net import observed in the filtration media of our system throughout our study period is
evidence that it continued to be capable of TP capture despite its age (7 years). Though some other
systems of this age had been suspected to near saturation (Johnson and Hunt, 2020), there were no
clear indicators (i.e., tendency towards lower TP accumulation rate) that our system was
approaching saturation as of the last samples collected at our site. This is especially encouraging
since our site did not employ any specialized media amendments targeted at increasing the
filtration media’s overall capacity to retain P.
Though elevated P concentrations closer to the surface of the cell were supported by the statistical
analyses we performed, the pattern was not as apparent in TP concentrations as it was in
𝑉𝐼
𝐼
𝐼𝐼
concentrations of those P fractions most associated with OC (𝑃𝐸𝑥
, 𝑃𝐻𝑢𝑚
and 𝑃𝑂𝑟𝑔
). Therefore,

surface media removal and plant harvesting would be most effective at removing accumulated TP
with these fractions.
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Though a short term column study representative of ‘young’ cells suggested that TP retention was
not affected by submersion(Glaister et al., 2014), our evidence for continued accumulation of TP
in reduction-sensitive fractions suggests that risk of release under submerged conditions should
continue to be evaluated as systems age. This is of particularly important in regions where extreme
flooding events are predicted to increase in frequency as a result of climate change. Future studies
should investigate fractional P changes in bioretention media during prolonged submersion periods
to evaluate potential release of Fe-associated P.
Our study showed evidence suggesting that adsorption onto and, formation or dissolution of Ca
minerals did not likely play a major role in the distribution of P in the bioretention media. This
suggests that amendments targeting these mechanisms have less potential to be effective than those
attempting to improve TP retention in Fe or OC based fractions. Further, Ca, Na, and K
concentrations were all found to negatively correlate with overall TP retention potentially
suggesting that they may have inhibited processes that promoted it. As both Na and Ca are cations
associated with winter de-icing salts commonly used in the region, future research should provide
definitive evidence for the effect of salinity on P retention in bioretention cells.
Finally, our data show evidence that comparison across two different methods (that represent
different fractional compositions) using a constant/fixed ratio to do so (as suggested in Lammers
and Bledsoe, 2017) will introduce undesired influence as a result of varying fractional soil content
between samples. As comparisons of results determined using differing methods are likely
inevitable due to the fragmented nature of testing methodologies (Dayton et al., 2017; Kleinman
et al., 2007; Spraakman et al., 2020), the assumptions inherent in each testing method and their
associated caveats should clear before comparing TP concentrations measured or calculated from
different methods.
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A1.

Summary of Analyses Performed

a
Figure A1-1: Colour coded summary of the tests performed on each of the slices available. TP,
OC, TC and SEDEX represent total phosphorus (Aspila et al 1976), Organic Carbon, Total Carbon
(Elementar vario EL cube) and SEDEX methods (Modified from Ruttenberg et al. 1992)
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A2.

Result value heatmaps

Figure A2-1:Summary heatmap of TP concentrations in all samples. A total of 115 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured,

Figure A2-2: Summary heatmap of 𝑷𝑰𝑬𝒙 concentrations in all samples. A total of 15 different
samples were analyzed of which 5 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured,
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Figure A2-3: Summary heatmap of 𝑷𝑰𝑰
𝑯𝒖𝒎 concentrations in all samples. A total of 15 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured,

𝐈𝐈𝐈
Figure A2-4: Summary heatmap of 𝐏𝐅𝐞
concentrations in all samples. A total of 15 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured,
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𝐈𝐕
Figure A2-5: Summary heatmap of 𝐏𝐂𝐚
concentrations in all samples. A total of 15 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured.

𝐕
Figure A2-6:Summary heatmap of 𝐏𝐃𝐞𝐭
concentrations in all samples. A total of 15 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured.
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𝐕𝐈
Figure A2-7: Summary heatmap of 𝐏𝐎𝐫𝐠
concentrations in all samples. A total of 15 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured.

Figure A2-8:Summary heatmap of TC concentrations in all samples. A total of 28 different
samples were analyzed of which 0 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured.
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Figure A2-9: Summary heatmap of OC concentrations in all samples. A total of 36 different
samples were analyzed of which 5 were below the detection limit (indicated with a ‘<’). Asterisks
show samples that were available but not measured.

Figure A2-10: Summary heatmap of Na concentrations in all samples. A total of 115 different
samples were analyzed.
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Figure A2-11: Summary heatmap of K concentrations in all samples A total of 115 different
samples were analyzed.

Figure A2-12: A total of 115 different samples were analyzed.
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Figure A2-13: A total of 115 different samples were analyzed.

Figure A2-14: A total of 115 different samples were analyzed.
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A3.

Temporal changes of other filtration media parameters in

CVC Technical Report

Figure A3-1: Distribution of results for the parameters analyzed in this study compared to
equivalent measurements present in previously published (CVC 2016) dataset for the site. A red
horizontal line was used to identify the maximum threshold for non-detects in the cases where
other measurements were reported uncensored below it for that parameter. Separation of shallow
(< 10 ) deep (> 23 cm) measurements is discussed further in the article.
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A4.

Differences between our methods and CVC reports

We used the acid extractable metal concentrations (Na, K, Ca, Mn and Fe) reported with the TP
method (SW-846-6010C) and “Total Organic Carbon” (only reported in 2016 using “BCMOE
TOC Aug 2014” method) to compare with our own values (acquired with methods discussed in
the manuscript). Though not directly comparable, both approximate the total available content
within the soil.
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A5.

Correlograms for all parameters measured in 2019

Figure A5-1: Pairwise (Pearson) correllogram of all parameters in dataset. Values below
detection limits omitted. Pearson correlation coefficients shown between pairs of parameters and
significance (p=0.05, p=0.01 and p=0.001 as * , ** , and *** respectively)
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Figure A5-2: Pairwise (Spearman) correllogram of all parameters in dataset. Values below
detection limits ranked as minimum Spearman correlation coefficients shown between pairs of
parameters and significance (p=0.05, p=0.01 and p=0.001 as * , ** , and *** respectively).
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A6.

Fractional P content of all SEDEX samples

Table A6-1 Concentrations of individual P fractions of each sample measured using the SEDEX
method. Proportions relative to TP measured in the same samples (using a separate method) shown
as percentages. Sum of all SEDEX fractional concentrations indicated as `𝚺 SEDEX`.
Cell Core Depth
2

1

mgP kg

1

13

23.5
(%3.23)
7.12
(%1.38)
7.74
(%1.27)
2.17
(%0.317)
<

21

<

25

<

3

13

34.4
(%5.28)
8.67
(%1.49)
9.91
(%1.41)
<

13

<

17

8.05
(%1.05)
19.2
(%2.22)
47.4
(%5.57)

5
9

2

13
4

5

6

2

2

2

𝑷𝑰𝑰
𝑯𝒖𝒎

cm

3

3

𝑷𝑰𝑬𝒙

3

3
13

-1

mgP kg

-1

69.7
(%9.57)
40.3
(%7.78)
38.4
(%6.32)
30.4
(%4.44)
35
(%5.82)
21.1
(%3.54)
9.29
(%3.08)
98.5
(%15.1)
61.6
(%10.6)
26.9
(%3.82)
5.88
(%1.17)
13.6
(%2.58)
25.4
(%3.31)
45.8
(%5.3)
83.6
(%9.82)

𝑷𝑰𝑽
𝑪𝒂

𝑷𝑰𝑰𝑰
𝑭𝒆
mgP kg

-1

133
(%18.3)
83.3
(%16.1)
126
(%20.8)
212
(%30.9)
103
(%17)
110
(%18.4)
27.9
(%9.25)
104
(%15.9)
80.2
(%13.8)
125
(%17.7)
60.7
(%12.1)
120
(%22.8)
243
(%31.7)
167
(%19.3)
212
(%24.9)

52

mgP kg

𝑷𝑽𝑫𝒆𝒕
-1

78.4
(%10.8)
67.2
(%13)
98.2
(%16.2)
89.2
(%13)
110
(%18.3)
111
(%18.6)
69.7
(%23.1)
111
(%17)
100
(%17.3)
119
(%16.9)
95.4
(%19)
102
(%19.3)
93.5
(%12.2)
115
(%13.3)
101
(%11.8)

mgP kg

-1

207
(%28.4)
154
(%29.7)
233
(%38.3)
219
(%32.1)
272
(%45.2)
196
(%32.9)
118
(%39.3)
229
(%35.2)
305
(%52.5)
286
(%40.5)
275
(%54.8)
294
(%55.6)
277
(%36.2)
382
(%44.2)
258
(%30.3)

𝑷𝑽𝑰
𝑶𝒓𝒈
mgP kg-1

160
(%22)
79.9
(%15.4)
82.7
(%13.6)
101
(%14.7)
58.5
(%9.73)
65.7
(%11)
21.4
(%7.09)
101
(%15.5)
52
(%8.96)
132
(%18.7)
41.2
(%8.2)
55.7
(%10.6)
126
(%16.5)
98.5
(%11.4)
154
(%18.1)

𝜮
SEDEX
671
(%92.2)
431
(%83.3)
586
(%96.5)
653
(%95.5)
578
(%96.1)
503
(%84.4)
247
(%81.8)
678
(%104)
608
(%105)
698
(%99)
478
(%95.2)
585
(%111)
774
(%101)
827
(%95.7)
856
(%101)
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-

*
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*
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-

-
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-

-
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-

-

-

-
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SWMM
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x

-

-

-

-
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x

-

-

?

-

model does not include P, unclear
units for reduction, SUSTAIN is an
extension of SWMM by EPA which

WinSLAMM

Catchment
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Study

x

-

-

-

-
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partitioning thereafter.

PHREEQC

Process/pore
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Own Field
Study

-

x
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x
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A8.

Image of extraction manifolds used for SEDEX procedure

Figure A8-3: Image of extraction manifolds used for SEDEX procedure. Two manifolds
containing filter me
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A9.

Quality Assurance Procedures

Both TP extraction and SEDEX procedures included various quality control and assurance steps.
For the TP procedure, at least one method blank and two reference materials (of which at least one
was externally certified) were included in each batch of samples during digestion and extraction
steps. European Commission Community Bureau of Reference BCR Reference Material No. 684
“River Sediment (Extractable Phosphorous)” was used as our external reference material. A
subsample of the reference material was taken at the start of the analysis process and subjected to
the same storage conditions as the filter media samples throughout the analytical procedure. All
results for the reference material were within the 95% confidence interval of the certified “Conc.
HCl-extract. P value” value reported. Repeated analyses of both the external and internal reference
materials used were consistently produced results within 3% of the mean value determined from
all measurements in different runs. Method blank samples, included with every batch were treated
identically to those containing media for analysis including the MgNO₃ addition, digestion, resuspension, and extraction steps to identify whether any potential contamination may have
occurred within them. None of the concentrations reported in the method blanks were significantly
different than those in the matrix-matched instrument blanks (discussed below).
For the SEDEX procedure, each run of samples was performed in duplicate and included
(duplicate) blank, externally sourced and internally sourced reference materials. As no certified
reference material that provided a good match for intermediate SEDEX fractional concentrations
was available. Regardless, the sum of all SEDEX fractions in both of the runs for which data is
shown was within 3% of the certified “Conc. HCl-extract. P value” in both of the SEDEX runs
performed.

56

For ICP-OES analysis, calibration standards, instrument blanks and quality control standards were
made such that they contained representative (appropriately diluted) amounts of each of the
extraction solutions used (i.e. one for each of the reagents in SEDEX and an additional one for TP
digestion). The appropriate, matrix-matched set of standards was then used when analyzing
extractions in each of the solutions used.
Table A9-1 Summary of detection limits for parameters reported. Total number of samples for
which parameter reported and number of samples below the detection limit are shown. The method
used to determine the detection limit reported with results is summarized for each instrument used.
Instrument
Detection
Method
Parameter
Detection
Number of
Limit Source
Limit
Non-detects
ICP-OES
sd of lowest
TP
TP
2.9 mgP kg-1
0/115
Thermo Scientific
-1
standard
Extraction
Na
99 mgNa kg
0/115
iCAP 6300 Duo
×
-1
K
146 mgK kg
0/115
students T
Ca
9.8 mgCa kg-1
0/115
×
-1
Mn
1.9 mgCa kg
0/115
dilution factor
-1
Fe
11.5 mgFe kg
0/115
𝐼
SEDEX
0.619 mgP kg-1
5/15
𝑃𝐸𝑥

CHNS
Elementar vario
EL cube

Manufacturer
Limitation

CHNS

57

𝐼𝐼
𝑃𝐻𝑢𝑚
𝐼𝐼𝐼
𝑃𝐹𝑒
𝐼𝑉
𝑃𝐶𝑎

0.619 mgP kg-1
0.619 mgP kg-1
0.619 mgP kg-1

0/15
0/15
0/15

𝑉
𝑃𝐷𝑒𝑡
𝑉𝐼
𝑃𝑂𝑟𝑔

0.619 mgP kg-1
0.619 mgP kg-1

0/15
0/15

TC
OC
TN
ON

1% C
1% C
1% N
1% N

0/28
5/36
28/28
36/36

