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Abstract

Phosphorus (P) is a key limiting nutrient for algal growth in freshwater whose excess loading to
freshwater bodies contributes to cultural eutrophication and the associated symptoms of water
quality deterioration. Urban stormwater is a significant conttiou of P to downstream
ecosystemgrom variouspoint and nonpoint sources andia a variety ofransport and emission
pathways. Stormwater best management practices (BMPs) sustoaawater ponds(SWPs, a

type of traditional stormwater BMPRand bioretenton cells (BRCs, a type of leinpact
development (LID) BMMjave the potential to attenuatd® loadsfrom urban areasand hence
mitigate eutrophication risks to aquatic ecosystems. Despite their rapidly growing
implementation worldwide, the effects of these stormwater BMPs on urban stormwater P
concentrations and loads remain poorly understood.

In this thesis, | assess the effects of urban stormwater BMPs on P export, with the goal of
determining (1) what are the knowgnand unknows regarding thesources, pathways, and
influence ofstormwater BMPs on urban P export, (2) what are the dominant internal processes
that control P reduction irBRCbased on procesbased modelling, (3) what are the general
effects of BRG on urban stormwater runoff P and how are they different from the effects on
nitrogen (N), and (4) how to predict the effects of BM&s urban stormwater runoff BFhrough
the use ofdata-driven mode$, and what are the potentiahfluencingfactors. | address these
research questions by reviewing urban P sourdissussed in théiterature, quantifying P mass
balance in 8BRCacility in Mississauga, ON, assessing effects of urban stormwater BMPs on P
export based on data fronthe International Stormwater BMP Database, and through the
development of procesbased and datariven BMP P modsl

In Chapter 2, | review the existingerature and analyzedata from the International
Stormwater BMP DatabagéSBD}Jo summarizethe sourcespathwaysand speciation of urban
stormwater P,and the effects ofurban stormwater BMPs on Bxport This study acts as an
introduction to the issues of P in urban stormwater runoff and identifies the research gaps
associated with understanding effects of stormwater BMPs on urban stormwater P export. | show,
based on both previous literature and the datethe ISBDthat the effects of stormwater BMPs

on urban P export remain highly uncertain and unknown. There is a lack of predictive tools for



estimating effects of stormwater BMPs on urban P export, and | go on to fill this research gap in
Chapters 3, 4, and 5.

Following Chapter 2, | address my research questigpndeveloping a processsed P model
for a BRC facility iMississauga, ONhis model is calibrated using field monitored data for flow,
water quality and filter media soil chemistry (from core samples). In Chapter 3, the model
simulates thanulti-year P partitioning, accumulation and export in tsisrmwaterBMP. | show,
via the analysis of model simulation results, theatfiltration to underlying native soil was
principally responsible for decreasittige surface water discharge from trB@RC(63% runoff
reduction), while accumulation in the filter media layer was the predominant mechanism
responsible for the reduction in P outflow loading (57% retentiototd! P TP inflow load). Of
the P retained within the filter media layer, only 118as storedin easily mobilizable forms.
There were no signs that the P retention capacity of BRGvas approaching saturation after 7
years of operation. Thus, my results demonstrstistainecefficient P load reduction by thBRC

In Chapter 4 | evaluate the general effects BRCson urban stormwater runoff P
concentration and loadingy analyzing datirom a large number oBRC#n the ISBD fromacross
the United Statesl further comparethe influence of BRG@s P andN export. | also introduce the
data-driven approach in Chapter 4 by trainingandom forestmodel to predictthe reduction
and enrichment effects of BRCs and compare the importance of different explanatory variables
| show that while BRCs typically enrimbncentraions of TP andsoluble reactive PSR, the
corresponding outflowoads of TP and SRP, were generally lower, mainly because of reductions
to surface runoff volumes via exfiltration to the subsurface. This finding raises questions
regarding the relative importance of this infiltrating P to the subsurface environment and
potentialimpacts to groundwater qualityBecause they are generally more efficient in reducing
N loads than P loads, BRCs tended to decrease theahioPof stormwater runoff, potentially
altering nutrient limitation patterns in receiving aquatic ecosystemsg findings also imply that
the impacts of BRCs on P and N concentrations, speciation, and loads in urban runoff are highly
variable. This variability can be partly accounted for by some explanatory variables related to the
climate, watershed and BRC chateristics, and predicted by machine learning (ML) methods

such as the random forest model. Random forest modeling identifitolw concentratiors and
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BRC age as key variables modulating the changes in TP, SRP, and total N concentrations between
AYFE26 YR 2dziFf 26 d C2 Nistordga vblanie @l AraidagezadBd y A O Db
emerged as important explanatory variables.

Chapter 5also focuses onthe ISBD, similar t&€hapter 4, but the analysis of P control
performance is expanded tsix categories of BMPs. | compare thecuracy ofifferent data-
driven modes for the prediction ofBMP P reduction/enrichment factgrshrough the use of
different ML methods | show thatalthoughLIDBMPs aregenerallymore efficient at reducing
runoff quantity, they are more likely to enrich TP and SRP concentrations compared to traditional
BMPsleadingto poorer P load reduction performancamongstLID BMPsBoth traditional and
LID BNPs are more likely to enrich SRP concentratibien influent SRP concentration is loim,
watersheds withhigher imperviousness and drier climates The influenceof LID BMPsn SRP
concentrationis also more sensitive tolimate, watershed andBMPcharacteristiccompared to
traditional BMPs. | show thdlhe random forest model providethe mostaccurate estimatiorof
BMPs effects on urban stormwater P concentratiarisen compared tomodels produced using
other ML methods. This study suggests that switghto LID BMPs hdlse potential to increase
eutrophication risks and requires further examination. It also proposes that ML methods,
especiallyuse of therandom forest model carepresent anore robustapproachto estimatethe
effects of stormwater BMPs on urban runoff P by accmgfor both P reduction and enrichment
effects.

My results show thathat BRCs&nd other stormwater BMPs have highgriableeffects on
urban P export. | show that although tBRQA investigated in Mississauga, ON, exhibits efficient
reductionof P export,it appears to be atypical and that BR&&l other LID BMPs are generally
more likely to enrich P concentration compared to traditional BMPs based ornfrdeea large
number of BMP systemis the ISBD Thisconcentrationenrichment may further impact the
quality of groundwater and surface waterbodigSonsidering the global environmental policy
trend to promote replaement of traditional stormwater BMPs with LID BMPs, the finding
this thesisshould serve as a caution to policy makers, as understanding of the effects of

stormwater BMPs on urban P export remain incomplete.
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Chapter 1

General introduction

1.1Importance of phosphorus (P) for freshwater ecosystems

Phosphorus (P a nutrient that isessentialfor all iving thingsin the earth asit playsa major
role in buildinggenetic material (DNAnd RNA transporting cellular energyaé ATP),and
forming cell membranesbones and teett{Schipper, 2014 Sinceit was first purified and found
by German alchemist Hennig Brandtlaie 17" century, is significance in food productiomas
not realizeduntil mid-19" century whenthe German chemislustus vorLiebigfoundthe Law of
the Minimum,which states that the plant yield isontrolled by theessentialnutrient, including
P, that isdeficient in theenvironmentfor plant growth(Cordell & White, 2011 he wide use of
Pin agriculture(as one of the keyngredients in fertilizey, military (e.g, in white phosphorus
bomb) anddaily necessitiese(g, detergentsyiveprominence to heimportance of P fohuman
societyafter industrial revolutior{Ashley et al., 2011Although P isbundantin the earthQ@ust,
it has beenconsidered as scarceresource in recent years due to the limitation Bfeserves
(e.g, phosphate rockjhat can be harvestetbr agricultural and industrial usg€ordell & White,
2011)

In the other handPalsoplays a significant role in freshwater ecosystems by influencing algal
productivity as acrucial (ce)limiting nutrient (Conley et al., 2009; Howarth & Paerl, 2008;
Schindler et al., 2016Hence, the excessive loading of Rviter bodies is a primary factor that
drives eutrophicatiorfFigure 1.1)a widespread global problem and major driver of water quality
deterioration including the growth of harmful algal blooms (HAB) and oxygen depletion
(Amirbahman et al., 2003; Carey et al., 2013; Carpenter, 2005; Carpenter et al., 1998; Diaz &
Rosenberg, 2008; Jenny et al., 2016; Smil, 2@@)essive P loadings to the lakes and reservoirs
from surrounding landscapes have been identified as a major contributor to the increased
occurrence of HAB over the past decad€sirey et al., 2013; Smith et al., 2016; Walsh et al.,
2012) The increase in P loadings to freshwater systems is largely attributed to human activities,

including excessive fertilizer usage, deforestation that leads to soil erosion, sewage discharges,



and etc(Filippelli, 2008)intensiveusage andiemand of P by human activitiafter the industrial
revolution interrupted the natural P biogeochemical cycle aigphificantly increase the P content
in freshwater systemall over the worldwhichraises the concern about eutrophicati¢@liveira
& Machado, 2013)For examplelongterm fertilizer application andanimal wastes associated
with agricultural land has elevatete P loadings to water bodieerosdJSADaniel et al., 1998)
Wide realization of thenegative water quality impact of anthropogenic input ofP to
freshwater systemsn the 1970spromoted thelegislationto control the Pdischargein North
America(and later all over the world)Ashley et al., 2011; Fletcher et al., 20&B) theefficient
reduction of P loadingwas already evident insome casegSchindler et al., 2016 However,
various studies have demonstrated that despite efforts to reduce P itgptihe water bodies
eutrophication may persist due to internal nutrient cycling, wherein legacy P remains in the
sediment or water column (i.e., internal loadin@enny et al., 2016; Tong et al., 20Z0hus,
addressing the issue of overabundance of P in freshwater systems requires understanding and
mitigating both external and internal P loadings. Effective management strategies should
consider theanthropogenic drivers of increased P loadings, emphasizing the importance of
sustainable practices to safeguard the health and integrity of freshwater ecosystems including

lakes, ponds, rivers, and reservoirs worldwide.

These
nutrients
. e cause an
increase in
phytoplankton

N

Figurel.l: Left:diagram of eutrophication (adapted fro@ity of Lincoln, NerbraskaRight:.Lake
226 whole-lake experiment which showsgnificant algal bloom under P additi(edapted from
Fisheries and Oceans Canada)



1.2 StormwaterP export from urban landscapes: a growing concern

To control excessive humaraused input of P to freshwaters, agricultural watersheds have been
the focus of most efforts, recognizing their significant contribution to anthropogenic P on a global
scale (Engelbrecht & Morgan, 1961; Macintosh et al.,, 201l8pwever, it is important to
acknowledge that urban watersheds have also become significant sources of P with the
continued expansion of urban development worldwifieuval, 2018) Urban land cover has
increased rapidly in the past decades, converting natural or agricultural land to more impervious
land cover(Stammler et al., 2017)he United Nations has projected a significant increase in the
global population from 7.7 billion in 2020 to 9.7 billion in 2050, which is expected to result in a
rise in urbanization in the near future (Cilluffo & Ruiz, 201@pan land cover introduces
different sources/sinks and transport and emission pathways of P to the water¢Rinise 1.2)
(Duval, 2018; Yang & Toor, 2018gnerally, urban P export comprises discharg® afboth
wastewater sewage (point source) and stormwater runoff @pamt source)Carey et al., 2013)
Followed by the concentration of population in urban argasmoted byindustrial revolution,
urban wastewater and stormwater infrastructusevere developedvith the modeto drainage

the sewage andtormwater runoff whichcarry theP-rich human wasteto the natural water
bodiesas quickly as possihléenstead ofdisposing the human waste intagricultural lands
surrounding the citiess it was in the ancient tim@Ashley et al., 2011)This converd the
modern civilization from P recycling tooRe-way through-put dynamic whichultimately enrich

P in natural water bodies and bring widespread eutrophication iséAgsley et al., 2011)

Given recent advances in the collectigreatment, and recoveryof point-source Pfrom
wastewater, stormwater runoff is emerging as an increasingly important contributor to P export
in urban areagDesmidt et al., 2015; Liao et al., 2017; Oliveira & Machado, 20h8)percentage
of impervious land cover, stormwater drainage infrastructures, climatic and hydrologic
characteristics, hydrogeological conditions, soil and vegetation type, and land use type are
among variables that make stormwater P export comgBaek et al., 2020; Jacobson, 2011,
Walsh et al., 2005)The increased imperviousness and the resulting changes in hydrology modify
P build up and wash off processes. These effects cumulatively result in higher stormwater runoff

P export in urban land covers compared to natural lands, especially under high precipitation and



snow melting event¢Beck & Birch, 2012; Duan et al., 2012; Duval, 2018; Yang & Toor, 2018;
Zeiger & Hubbart, 2017ncrease of salt input to receiving water bodies frompervious urban
areascan furthermagnify the eutrophication risk associated wRrenrichment by enhancing the
stratification of water bodies and promoting the internal P loadi{ladosavljevic et al., 2022)

As a result, it is crucial to understand the effects of urbanization on stormwater runoff P export
to evaluate their negative effects on urban freshwater bodies and develop viable mitigation
strategies.These include the strategies teducethe P export loadings at both the source and
the dischargingpoint. Recoveryof Pfrom urban stormwater runoffaswhat has been widely
practiced in wastewater treatmeniDesmidt et al., 2015)s also warranted due to the scarcity

of P agesource for agricultural and industrial activities.

Microbial
processes

Figure 1.2: Sources and export pathways of nutrients (including P) in urban Environment
(adapted fromyang & Lusk (2013)



1.3 Stormwater best management practices (BMPs): potential to mitigate P export
from urban stormwater runoff

Municipalities across the world are trying to adopt stormwater BMPs to deal with the negative
impact of stormwater runoff on water quality and on urban flood{#ghley et al., 2005, 2007;
Jefferson et al., 2017Early stormwater management aimed to reduce the export of particulate
pollutants to receiving water bodies by attaching a stormwater pond (SWP) to the end of a
conventional drainage network and using the storage volume and an outlet control structure to
O2y iNRf (GKS LISIF1 RAAOKINHS (-2f-LR2BWA, weIbitnde A @1y S|
1.3) (BertrandKrajewski, 2021; Persson & Wittgren, 2Q03)VPs have been widely used for
stormwater quality control for over 20 years and many municipalities regularly require inclusion
of SWPs in subdivision drainage plans in southern OntBriake & Guo, 2008However, there

has been an increasing recognition over time that negative trajectories are associated with
urbanization at even low levels of imperviousness, and that the high connectivity of urban
drainage systems has negative consequences for the ggalbsurface water systengg/alsh et

al., 2012) A range of approaches have now evolved to address additional concerns about water
quality, erosion, and temperatur@letcher et al., 20150ne example of this is the decentralized
implementation of low impact development techniques (LID) BMPs sudioastention cells
(BRC} which can be used to retain and treat urban runoff at the source with lower impact than
SWPs on local aquatic ecoldéygure 1.3fChiandet & Xenopoulos, 2016; Gao et al., 2013; Hager
et al., 2019) These technologies divert and filter the water before they get to the pipes of a
conventional drainage systeifGao et al., 2018)and are aimed to restore preevelopment
hydrographgBurns et al., 2012; Davis, 2008; Jefferson et al., 2017)

Stormwater BMPs can reduce urban runoff P loadings export via both hydrologic and
biogeochemical processes, which can change the surface runoff quantity and P concentration,
respectively. Many urban stormwater LID BMPs are efficient at reducing surfacf quiantity
by enhancing infiltration of stormwater into underground, thus reduce the ilogsiof P export
through surface runoffJefferson et al., 2017Pollutants, including Rn stormwater runoff can
be reduced by a variety biogeochemical processes such as filtration, adsorption, sedimentation,

nitrification/denitrification, and plant and microbial uptakBeckingham et al., 2019; Hager et



al., 2019; Sharma et al., 2011, 2016; Song et al., 2015; Yang & Toor,e20X§)propriate non
structural stormwater BMPoptions such as sweeping and harvestoan also help reducing
urban stormwater runoff P export at the sour¢®@ang & Lusk, 201&nd should be thus
incorporate with structuraktormwater BMRB (Janke et al., 2017However the effectsof many
stormwater BMPson urban P controfemain mostly unexplored and highly uncertditager et

al., 2019) Understanding of the effects of stormwater BMPs on urban P export as well as the
change of those effects under different environmental forcings is thus important for urban P

management.
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1.4Key questions and thesis structure

The overarching objective of my PhD research is to assesgftbets of stormwater best
management practicesBMP$ on phosphorus ) export from urban landscapes. The main
questions | addressed in my research include:

0] What are theknowns and unknows aboutthe stormwater runoff Psourcesand
pathways andthe effects ofstormwater BMPs ogontrollingP exportin urban area®
(Chapter 2)

(i) How to predict P reduction performance bforetention cell(BRCwith process
based model? What are the dominant internal processes that control P reduction in
thistype of stormwater BMPZChapter 3)

(i)  What are the general effects of BRCs on urban stormwater runoHd®?are they
different from that ofnitrogen (N)? What are the potential factors that may affect
these effects{Chapter 4)

(iv)  What are thegeneral effects of othecommonly usedypes ofstormwater BMPs on
urban stormwaterrunoff P?How different are they®hat are thepotential factors
that may affect these effectsndhow to predicttheseeffectswith data-driven modeP
(Chapter 5)

| begin the research portion of this thesis (Chaptés) 2vith a review of existing literatures
about thestormwater runoff Psourcesand pathways andthe effects ofstormwaterBMPSwith
stormwater pond and BRC as representative systEmgraditional and LID BMPsn P loading
in urban stormwater to address my first key research question. | also analyze the dh& in
International Stormwater BMP Databad&BD])Clary et al., 202ap evaluate the typical urban
stormwater runoff Rconcentration andspeciation.

Following Chapter 2, | address my second research question with an individual sygstiem
field study of P dynamics in EIm DrRQGacility located in Mississauga, ON. | develop a process
based model in Chapter 3 to simulate and analyze the rgalir P partitioning, accumulation
and export in thiBRCI also conduct mass balance and sensitivity analysaetdify the fate of

Pand the key P retention procesgsthis stormwater BMBystem.



In Chapter 4 | evaluate the general effectB&®C®n urban P export by analyzing the data
of multiple BRCsacross North America ithe ISBD | compare these effects with the effects of
BRCon urban N export. | also introduce the dateven approach in Chapter 4 by training a
random forestmodel to predictthe reduction and enrichment effects &RCs on stormwater
runoff P and N concentrationThis model is then used compare the importance of different
explanatory variableand to identify the directn of influence by these variables.

Chapter 5 focuses on the same database as Chapter 4, but the analysfifea$ on
stormwater runoff Pis expanded to 6 typical categories of BM®#h the focus on comparing
the difference of effects between traditional aridD stormwater BMPs | compare the data
driven model forprediction ofBMP P reductiomnd enrichmenteffectswith different machine
learning methoddo address my fourth research questiofihe model with highest prediction
accuracy ispplied to compare the importance of different explanatory variables and to identify
the direction of influence by these variables.

Chapter 6 summarizes the major conclusions to the four research questions and the main
scientific contributions of this research. | also discuss about the potential future research
directions following the work in this thesis. In particular, | discuss rieed for further
understanding about the internal P processes within the urban stormwater BMPs, and for
applying the modelling tools developed in this thesis apscaled studies to improve the
understanding o&ffects of BMPs on urban P. | conclude wittriaf discussion of the challenges

and opportunities associated with urban P export control with stormwater BMPs.



Chapter 2

Contributions of sources, pathways and control solutions on
phosphorus loading in urban stormwater: a review

This chapter is modified from:
Radosavljevic, 3.Zhou, B, Slowinski, S Rezanezhad, F., MacVicBt, Kaykhosravi, Shafii,
M., Parsons, C. T., & Van Cappellen, P. (2028jributions of sources, pathways and control

solutions on phosphorus loading in urban stormwater: a revignder reviewby coauthors.

*Authors contributed equally to this work



2.1Summary

Phosphorus (P) is a key limiting nutrient for algal growth in freshwater ecosystems and
contributes to cultural eutrophication and water quality impairment. Urban stormwater is a
significant contributor of P transport to downstream ecosystems due to irsonggpoint and non

point P sources and transport pathways in urban areas. As a result, urban stormwater best
management practices (BMPs) such as stormwater ponds (SWPs) and bioretention cells (BRCs)
are used to manage runoff from urban aresmsd attenuate P loadings in the watershed. In this
review, we explore the state of knowledge about the sources and pathways of stormwater P
loads, as well as impacts on P speciatMie also review the impact of BMPs with a focus on
SWPs and BRCs. Finally, we identify research gaps and priorities with respect to the impacts of
urban stormwater, and control solutions such as SWPs and BRCs, on P speciation and loading.
Notable research g that we identify are the lack of understanding about internal P roycli
processes within urban stormwater control solutions, as well as the impact of climate change on

urban P speciation and loading.

2.2Introduction and sope of literature review

Phosphorus (P) is one of the key limiting nutrients for algal growth and ¢bogibutes to
worsening eutrophicatioPaerl et al., 2016; Schindler, 1974; Schindler et al., 20tbBanization
canmakesignificantchangeon the natural P dynamidsy introducingvariousPsources and sinks
(Nyenje et al., 2010; Riemersma et &006)and byincreasing imperviousness, which further
modifiesthe hydrologic processas stormwater(Jacobson, 2011; McGrane, 201H)is change
can be even more complicated under the wide adoptionidifan stormwater best management
practices (BMPsbr runoff volume and water quality contrgLeFevre et al., 2015; Troitsky et al.,
2019) Climate change adds another layer of uncertainty to itftuence of urbanization on P
dynamicsdue to the potentialchange of urban Bmissionstransportand the performance of
stormwater BMPsinderextreme eventgGoh et al., 2019; Miller & Hutchins, 2017)

While several previous review articles have explored P dynamics in urban landscapes
(Riemersma et al., 2006; Yang & Lusk, 2048)argue that the scope of each review was limited.
A systematic review and summary of stormwater runoff P sources, and transport and emissions

pathways, and the effect of stormwater BMPs on urban P species and loading is lacking. Thus, a
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comprehensive and holistic review that encompasses all the pathways, processes, and speciation
is currently warranted. In this review, we explore the state of knowledge about multiple aspects
of P in urban watersheds aiming to understand the impact of nrdaad cover on P speciation

and loading.We first examined thetypical urban stormwater runoffP concentration and
speciation Wethen assessdthe state of knowledge about P sources and emission and transport
pathways in urban areaandreviewed and evaluatethe effect of stormwater BMPs on urban P
speciation and loadingWe also analyzed the data from thénternational Stormwater BMP
Databas€1SBDJClary et al., 202Qp figure out typicalurbanstormwater runoff P concentration

and speciation and theP control performance ofirban stormwaterBMPs Research gaps and

priorities are also highlighted for advancing tinederstanding of urban stormwater P dynamics.

2.3Urbanstormwater runoffP. speciatiorand concentration

2.3.1 P speciation

P occurs in many different chemical forms in urban stormwater runoff. The distributiootal

P (TP among these chemical forms of P in a water sample determines the relative reactivity to
produce dissolved phosphate, the most bioavailable form of P, and therefore determines the
potential bioavailability and eutrophication potential of all the P atomthat sample. Although

P does occur as different chemical species per se, the term speciation is often used to describe
the distribution of P among its ffierent operationally defined pools even when those pools are

not actually different chemical species. The most common division for P speciation is dissolved
versus particulate P (DP versus PP), and this division is operationally defined by filtratughthro

a 0.45 um filter. Among both the dissolved and particulate fractions, P can be found in either
organic and inorganic forms, defined by whether the P is found in organic bonds (e.g., ester bonds)
or not (Dunne & Reddy, 2005y hus, urban stormwater P speciation can be further classified into
particulate inorganic P (PIP), particulate organic P (R¥3plved inorganiP OIP anddissolved
organic P (DORIrigure 2.1)
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Figure2.1: Phosphorus (P) speciation in urban stormwater run®Rg total P, PR; particulate
P, DR dissolved PPOPg particulate organic P, PiPparticulate inorganic P, DOfdissolved
organic P, DIP dissolved inorganic P, NRPon-reactive P, SRPsoluble reactive P

The most common origin for organic P in the environment is nucleic acids (e.g., DNA and
RNA), while the other major organic P species are other nucleotides, inositol phosphates,
phospholipids, and phosphonatéBaldwin, 2013)Examples dPOR then, are particulate forms
of P that contain nucleic acids such as algal cells and microbial cells, while good examles of
are molecules derived from plants, algae, or microbes such as phosphodiester,
phosphomonoester, or pyrophosphate compoun(@sost et al., 2019; Song et al., 2015, 2017)
Examples oPIPspecies are calcium and aluminum phosphate minerals and phosphate ions
sorbed to mineral surfaces, while examples DfP species are phosphates, either the
orthophosphate ion or condensed phosphate molecyldsKelvie et al., 1995 olloidal humic
acidbound phosphate is sometime considered as DOP species given its association with organic
humic acid molecules, however, the P is technically not found in organic bonds in this species.

The most common way of determining P speciation within the dissolved and particulate
fractions is using chemical extractions, that is, determining the reactivity of the P in a sample to
a specific chemical extractant. In the case of dissolved orthophosplia@ most bioavailable

and most abundant form of P in natural waters, the most common method for analyzing for it is
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the molybdate blue reagentNagul et al., 2015)This reagent also reacts with and detects not
only free orthophosphate, but also hurdbound colloidal orthophosphate and even potentially
organic polyphosphates, howevéXagul et al., 2015; Tarapchak, 1983)r this reason, DP that

is reactive to molybdate blue has been cakeduble reactive FSRPor dissolvedeactive PDRR

or molybdate reactive P, MRP) to denote the fact that it is the dissolved (<0.45 um) fraction of P
that is reactive to molybdate blugMcKelvie et al., 1995; Nagul et al., 201%5ptal DP can be
determined in a <0.45 pum filtered sample directly by atomic emissions spectroscopy or persulfate
digestion of a filtered (<0.45 um) sample and molybdate blue analysis of the digest {8Rthe
produced by the oxidation of theissolved unreactive @UB (McKelvie et al., 1995)ftotal DP

is determined,DUPcan then be determined as the difference betweBRPand DP. The DUP
fraction represents more complex inorganic and organkcoRtaining molecules than
orthophosphate such as polyphosphates, condensed phosphates, and the DOP molecules
mentioned above (phosphodiester and phosphomonoester compounds). AlththglSRP
species is not necessarily just orthophosphate, because it is the fraction of P that is reactive to
molybdate blue, which requires that the phosphate group in@euoule can be detached by the
molybdate blue or are hydrolysable by the acidic molybdate solugidegul et al., 2015)it is

often considered the fraction d?that is the most bioavailable for uptake by algae in watao

et al., 2022) And the other part of P(i.e., nonreactive P (NRP), NRP =-TBRP)s typically
considered as unavailable for biological uptékeure 2.1).

2.3.2 Urban stormwater runoff P concentratiamd speciation

Urbanization typically results in higrfPconcentrations in stormwater runoff compared with TP
concentrations in rainfa(l0.0016- 0.13 mg t2) (Migon & Sandroni, 199@nd natural land runoff

(with typical TP concentration @09 mg %) (Minnesota Pollution Control Agency, 2008)th a
median event mean concentration (EMC) of 0.22 rllable2.1) forTPbased on data fror897

sites in the ISBD. The EMC of urban stormwater runoff can vary significantly across different sites
and events Figure 22). For example, runoff from specific source areas such as surface parking
lots with high levels of biogenic nutrients can have TP concentrations as high as 3:6 mg L
(Berretta & Sansalone, 2011dn some regions, TP concentratioh stormwater runoff from

urbanized watersheddrequently exceeds thelocal water quality criteria. For example, TP
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concentration of urban stormwater runoff in Ontario, Canada typically exceed®tbencial
Water Quality Guidelin€d.03 mg L* for TP)(Tuppad et al., 2010)

In urban stormwater runoff TP concentration is often strongly correlated with PP
concentration(Czemiel Berndtsson, 2014; Dunne & Reddy, 2005; Uusitalo et al., 2000he
fraction of PP in TP can be as high as @éfretta & Sansalone, 2011ahe median EMC and
fraction of PP in urban stormwater runoff are generally higher compared to DP levels (0.18 mg L
land 62% for PP versus 0rhg Lt and 39% for DP, respectively) (Figuresahd?2.3; Table2.1).
These patterns are attributive to the transportation of more sedimbatind particulate matter
during the first flush (as observedYiang et al. (202L)Even though PP is typically not considered
as a bioavailable P form, the hydrolysis of POP and the desorpt@iPiybm PIPcould increase
the bioavailable P species in natural streams becaus®040 of PP in urban runoff is associated
with fine-grained sediments (Xla p 1 whith makesPP transported in urban stormwater
runoff prone to hydrolysis and desorption in receiving waterbodfsrry et al., 2009; Yang &
Lusk, 2018) SRR known as the only bioavailable form of TP and the main contributor to
eutrophication risks, typically accounts for-80% of DRBerretta & Sansalone, 2011a; Goor et
al.,, 2021; Liu & Davis, 20144 medianSRHraction of 5% in DP has been reported based on
data from 4L sites in thelSBDAs high a®96% of DP in urban stormwater runevhls foundto be
bioavailablen a study(Perry et al., 2009)n another study conducted in Florid&RRvas found
to be the dominant P form, accounting for approximately 68% of TP in urban stormwater runoff
(Yang & Toor, 2018previous studiesuggest that DOPanalso be an importantontributor to
the bioavailability of P in stormwater runoff other than IR & Brett, 2013; Li & Davis, 2016)
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Table2.1: Site median event mean concentration and fraction of different P species in TP in urban
stormwater runoff calculated frorthe International Stormwater BMP Databa@&BD)

P species Site average runoff EMC Fraction in TP
Median Data Number Median Data Number
(mg LY (sites, events) (%) (sites, events)
TP 0.23 397, 4836 - -
PP 0.18 118, 1542 62 118, 1544
DP 0.10 116,1519 39 118, 1560
SRP 0.07 204, 2437 32 199, 2544
DUP 0.05 39, 543 17 39,518
TP PP
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Figure2.2: Distribution (histogram and density plot) of site averagent mean concentration
runoff (EMQ for TP(a), PP(b), DP(c), and SHP (d) obtained from thelnternational Stormwater
BMP Databas@élSBD)Median values are shown as dashed lineachplot. Median, total site
and event numbers are summarized in Tahle
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Figure2.3: Distribution (histogram and density plot) of site average runoff fractioRPfa), DP

(b), SFP (c), and DJP (d) in TP obtained from the International Stormwater BMP Database.
Median values are shown as dashed limeachplot. Median, total siteand event numbers are
summarized in Tabl2.1.

2.4Urban P dynamics: sources and emission/transport pathways

The P cycle is impacted by a multitude of environmental sources and transport pat{figyse

2.4). Synthetic fertilizer production and application are major contributors to global primary P
flows and inputs. Although the fertilizers are mainly used in agriculture, aboutlorceof mined

P has been utilized in urban areéSordell et al., 2009)potentially accumulated in urban
landscapes, eventually leading to pollution in receiving water boesémykova et al., 2012)
Urban runoff, while representing only a small fraction of global TP inputs, can be a significant
contributor to Pexportfrom urban areagMacintosh et al., 2018jia storm drains, ponds, and
other stormwater management infrastructuf@ang & Lusk, 2018 urban watersheds, P inputs

can be diverse and vary in their significance within the watershed. P sources include natural

sources such as erosion and atmospheric deposition, anthropogenic sources such as synthetic
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fertilizers, pet waste, automobile exhaust, detergents, leaking sanitary sewers, street solids,
effluents from wastewater treatment plants (WWTP), and landfills, as well as biogenic sources
such as leaf litter and grass clippin@satt et al., 2017) Among these sources, fertilizempet
wastes, and atmospheric deposition are the most significant @pomt) sources of P to urban
watershedgMacintosh et al., 2018; Yang et al., 2021)

SOURCES OF P IN URBAN AREAS:

a — atmospheric deposition

P: co-limiting nutrient ) b — pet waste

¢ — construction sites

d — automobile exhaust and non-exhaust

e — inadequately functioning septic systems
+ detergents from house hold waste

f, g — decomposition of soils and plant materials
(e.g. leaf litter)

h — lawn fertilizing

i — grass clipping

j — waste water treatment plants (effluents)

k — landfills

| - street solids

m, n, o —miscellaneous sources (e.g. cemetery,
gas stations, husbandry)

P TRANSORT PATHWAYS:

1 - Impervious surface as pathway for urban runoff to stormwater (SW) pipes or receiving water bodies

2 — Runoff which enters in SW systems discharge either directly into receiving water or to SW
management systems such as ponds or bioretention cells (from where it is redirected to receiving waters)
3 - Leaching or infiltration of P to soil/groundwater, where it can be connected to receiving waters

Figure2.4: Major phosphorus (P) sources and transport pathways in urban @éapted from
Yang & Lusk (201)8)

In contrast to other land use systems such as agriculture, where P can be removed by
plants and livestock, P removal pathways in urban watersheds are limited. Thus, relatively low P
inputs may result in high runoff P concentrations and loadings duringsetprecipitation events
(Kalmykova et al., 2012Therefore, proper understanding of the diverse sources and transport
pathways of P in urban watersheds is critical for managing urban runoff and minimizing the

impact of urban environments on receiving water bodies.
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2.4.1 Sources

2.4.1.1Synthetic P fertilizers
Synthetic P fertilizers applied to urban lawns, parks, and golf courses accumulate in the soil and

represent a primary source of PP runoff from vegetated urban af@aklat et al., 2009)This is
concerning as soil P content is highly correlated with P runoff. Stormwater runoff exports from
households' grass lawns and parks exhibit high variability, averaging 2.34 k&t TPobaet al.,

2017) Meanwhile, golf courses contribute between €. kg ha' yrito DIP and 1% kg hat yr*

to TP(Bock & Easton, 2020The variability in fertilizer inputs can be attributed to a range of
factors, including the distribution of land cover within the watershed, type of fertilizers used,
application timing, soil and plant type, and weather conditions. For instance, ardaa Wwigher
density of households with lawns may experience greater fertilizer inputs, which can lead to
higher levels of P runoff. Similarly, areas with higher levels of rainfall may experience greater P
runoff due to the greater volume of stormwater rufigBock & Easton, 2020; Soldat et al., 2009)
2.4.1.2 Pet waste

There has been limited research on the role of pet waste as a source of P in urban areas. Several
studies have highlighted pet waste as a contributing factor of nutrients in waterdqlB=ter et

al., 2007; Bernhardt et al., 2008; Kalmykova et al., 2012; Macintosh et al., 2018; Morée et al.,
2013) but few have emphasized its importance as a source(bfoBbie et al., 2017; Macintosh

et al., 2018) Macintosh et al. (2018) showed that in an urban watershed in Minneapolis, P inputs
from pet waste were a significant contributor, with 0.82 kgha®! (82 kg k? yrt) entering the
watershed as either urine or feces that were not picked up. Similarly, Hobbie et al. (@0hd)

that pet waste contributed to 76% of the P input in seven developed watersheds, with P export
from pet waste ranging from approximately 40 to 250 kgZym*.

Furthermore, Kalmaykova et al. (2012) reported P export fluxes of 1bfoythe city of
Gothenburg, Sweden, which equates to 0.30 kfpgar household with petgrissore et al. (2011)
conducted a study on P export from 360 households in developed areas of Minnesota and found
export fluxes of @.53 kg y* per household for dogs, while Baker et al. (2007) reported a value
of 0.12 kg yt. However, the speciation of P in pet waste as a source has received limited research
attention. The majority of solid pet waste is in particulate form, specifically POP, the form that

pet waste P enters stormwater runoffFissore et al., 2011Yhe variability in P inputs from pet
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waste can be attributed to various factors, including the uneven distribution of pets, the type of
breed, food intake, and the awareness of pet owners in properly disposing of pet waste in an
environmentally friendly manngiMacintosh et al., 2018Due to considerable magnitude of pet
waste P in urban runoff, understanding its speciation will shed light on the development of
effective management strategies to P mitigation in urban watersheds.

2.4.1.3 Atmospheric P deposition

Atmospheric deposition, comprising both wet and dry deposition, may play a substantial and
variable role in the input of P in urban areas, primarily composed of DIP and TP. While a few
studies have explored the impact of atmospheric deposition on P dysamiarban settings,
their focus has been on the overall P export rather than P specidtiabbie et al., 2017,
Kalmykova et al., 2012; Redfield, 2002xaImykova et al. (2012) reported a total P mass of 3 t yr
Lfrom atmospheric deposition for the urban municipality of Gothenburg, Sweden, with surface
area of 44,900 ha. This resulted in an areal P export of 6.7 kgykfn Pandey et al., (2013)
observed an increase in Didbadingby atmospheric deposition from 2007 to 2011 at eight sites
within the Ganga River, ranging from 0:2% kg ha yr! to 0.53.1 kg ha yrl. Hobbie et al.
(2017) found that P in atmospheric deposition contributee3B3% of the overall P inputs to seven
urbanized watersheds, with values ranging from around 40 kéykrhto 210 kg krf yrt. Hobbie

et al. (2017) noted that P deposition in the Minneapolis area was influenced by wind erosion from
construction sites. Nevémeless, it is difficult to discern P deposition originating within versus
outside of the watershed transferred by wind via atmospheric deposition. Further research on
atmospheric P deposition is needed to better understand its contribution and speciatishan
areas.

2.4.14 Erosional P sources

Erosionalsources of P from sediment are thought to follow the general model of sediment
production and yield through different phases of urbanization as propos&udiynan and Schick
(1967) Under this model, the phase of active construction is likely to increase the exposure of
soils to erosion due to the removal of vegetation as part of constructiogeneralurban areas

and urban stormwater are associated with construction sites and yard (i#wkbie et al., 2017)

but they are also dependent on geology and pedology of the area, as well as on weather
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conditions(Hobbie et al., 20175ediment yield has been shown to be extremely high during the
construction (12200+ times background levednd moderately high (1-3 times background
level) during active buildingChin, 2006) A comprehensivaeview by Russell et al. (2017)
classified sites into forested, agricultural, and urban; and showed that urban sediment yield was
much higher (even by the order of magnitude) than those in forested and agricultural sites. They
also found that urbasediment yieldvas largely variable from site to site.

Sediment yield from a watershed can be sourced from the channel floodplain or the
uplands @lso known agsi KS G KA f f &f 2 LIS gRéssell &t &l., 20¥0d thelbalshder K S R
of these two sources will have different implications for channel evolution and P export. In the
first phase, the increase of surface erosion is thoughhtiuce a phase of channel aggradation
that can last just a few years or a couple of decafi&lsin, 2006) In the second phase, the
increasing power of the river and reduced inputs from upland sediment sources changes the
balance so that the channels start to accelerate the transport of sedirfieagppangelakis et al.,
2019) beginning a phase of sediment export and channel enlargement that typically lasts
multiple decadegChin, 2006)Trimble (1997)for examplefound the sediment storage loss from
within the channel can be a major contributor to the watershed sediment yi€ldannel
enlargement in response to urbanization is well documer{téelvan et al., 2018; Hammer, 1972;
Hawley et al., 2013; Pizzuto et al., 2000)s therefore necessary to distinguish the source of
sediment from previous studies such as those reviewed by @006 and Russell et a{2017)
to ascertain whether elevated sediment yietsthce the initial phase of urbanization is complete
is a function of hillslope or channel process&lémendinger et al. (2007jor examplefound that
upland erosion is an equal source tedimannel erosion over a 4gear period after watershed
developmentFraley et al. (200®mphasized the importance of floodplain sediments, which can
store significantoadings of hillslope sediments and be readily mobilized by bank erosion during
the channel enlargement phase of urban development.ufban hillslope sampling study by
Russell et al(2019) provided some of the best evidence to show that hillslope sources remain
elevated, even for coarse sediments and even when the catchment is fully developed. Key

sources were thought to gravel sources, construction activities, and residarees.
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Toour knowledge, there is no researtthdatewhichreports specific P export coefficients
or speciation informatiorior erosional sourcem urban areas. However, studies such as those of
Carpenter et al. (1998Where erosion rates from watersheds under construction are as high as
0.05 kg km? yr!, must represent a significant source of P. The erosional sources of P mainly
contain PP which is attributed to total suspended solids. We assume that P fluxes from
erosion/construction sites in urban areas will be highly variable due to the geological and
geotechnical conditions of the site, as well as which materials are used, and how waste of the
site is managed and how is protected from different weather conditigasfall, wind). High
importance of erosional sources in urban areas, thus P sources, lay in a huge sediment transport
efficiency and increased runoff potential that could additionally lead to more eroding of available
sedimentary sources(g.,urban decay and renewal; construction sites and infill development;
gravel surfaces in parks) (Russell et al., 2017).
2.4.1.5Biomass (leaf litter, grass clipping, and street sweeping)
Biomass represents an important P source (Cowen & Lee, 1973; Wallace et al., 2008) that can
increase the P content in urban stormwater runoff significailpbbie etal., 2017; Wallace et
al., 2008) A single grown tree can shed-25 kg of litterfall each fa{Novotny et al., 1985)and
the P content of litterfall is typically between 0.1% and 0.3% of its iftéesskman & Kluchinski,
2001; Hobbie et al., 2014Most of the P released from the litterfall is in form of DOP and PP.
Previous studies have also shown correlations between tree canopy cover and the P content of
street solids(Kalinosky, 2015nd urban street runoffWaschbusch et al., 199%iobbie et al.
(2014)found that leaves sitting in water for 24 hours can leach up to 90% of their P, with®.4
mg DP per gram of leaves leached over this time period.

Grass clippings are another source of biomass that can contribute to P inputs in urban
areas.Barten and Johnson (200fund that runoff from grass clippings has TP concentrations
of 0.9420.18 mg i of P, based on an analysis of 26 households with lak#abkbie et al. (2017)
showed that grass clippings contribute-36% of the total P budget (20 kg kn? yr?), while
leaf litter accounts for about 222% (1637 kg kn? yr?) of P inputs. Street sweeping accounts
for 2-4% (37 kg kn? yr?) of P inputs. However, reported data may vary depending on the timing

of street debris removal following leaf litterfall in the watershed, overall management strategies
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regarding leaf removal, and the type of vegetation present in the area. Understanding the
dynamics of P inputs from biomass is crucial for effective urban nutrient management due to
potential high contribution to overall P budget.

2.4.1.6Street solids

Street solidsepresenta complex mixture of particulate matter which accumulates on roads and
parking lots(Olsen et al., 2017)Street solids contribute to PP loading. The particle size of the
street solids is an important control on the P speciation in the street solids. Often, due to the
direct connectivity of impervious areas to stormwater management systems, it is impodant t
understand the contribution of this source to control P discharge from urban landscapes. Street
solids build up over timéSorenson, 2013nd reach their peak buildup at one or two weeks of
dryness(Sartor & Boyd, 1972; Sorenson, 2Q18khough the P speciation in street solids have
not been study well, the analyzed data showed that TP in street solids varied from 33.5°kg km
yrito 370 kg knf yr! (DiBlasi et al., 2009Prought followed by rainfall will be washed off the
imperviousness, and the buildup process will resi@tsen et al., 2017Bioavailability ofP
increase along with the builgh time duringperiod ofdry daygWang et al., 2020Yhe variability

of street solids buildup mass is affected by traffic speed, traffic volume, curb height, wind speed
and climate(Novotny, 2003)A commondemonstrationamong anumerousstudy is that street
solidsloadings are higher in the fall season compared to other seagOfsen et al., 2017)

2.4.17 Automobile emissions

Automobile emissions (exhaust and rRerhaust),which are usually minor contributors to P
sources in urban areas, could become important source of P in big @eato et al., 2011,
Farrauto et al., 2019; Parenago et al., 20Z)tomobile exhaust represents motor emissions of
matter which contain P, usually as additive to gasqlindris et al., 2020; Karjalainen et al., 2014)
while automobile norexhaust PP comes from wear of brakes, tires, and road pavement (Amato
et al., 2011). Despite the importance of these sources in urban areas, data on P from automobile
non-exhaust is scarce, while from exhaust are almost-existing. Gasoline additive contains

900 mg kg of P Karjalainenet al., 2014), however, the amount of additive into gasoline is
uncertain and it depends on manufacturer (Indris et al., 20K4rjalainenet al., 2014).

Consequently, it is difficult to evaluatedghmportance of automobile emissions overall on P
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dynamics despite the traffic is huge component in urban areas. According to Amat@¢2€r14).
automobile norexhaust source depends arlimate, road surface characteristics and traffic
conditions More research is needed to evaluate this source in urban areas.
2.4.1.8Urban wastewater
Urban wastewatedischarged from residential/industrial areas via pigesitains high amourst
of Pthat is coming frondetergentstogether withexcreta from humanvaste(Billen et al., 2021;
Li et al., 2012; Quynh et al., 2008)rban wastewater is rich in DP (both DIP and DOP) species.
From 1950s, detergents significantly added to the urban P buddetée et al., 2013)and since
1990s they are recognizable sources of P in surface wWBtewrley et al., 2016 contributions
from detergents increased from 0 in 1950s to around Tg? yrtin 2000s Klorée et al., 2013
due to production of Fhased detergentsP in formssuch assodium tripolyphosphate are used
as additivedor increasing the effectiveness of the detergdiMu et al., 2008)After use,Pin
detergents is often discharged with wastend can become part of the stormwater especially
during rainfall event¢Chen et al., 2022)

The contribution of P through detergents differs from region to region. For example, after
1970 for North America, North Asia, asdme European countriesotal Ploading decreased
due to wastewater treatment improvements and the use ofrBe detergents(Morée et al.,
2013. In countries where bans of P in laundry detergents viq@emented(Hong et al., 2012)
dishwasher detergent could also be the source ¢HBnN et al., 2011; Sabo et al., 20243 well
as P in deodorants, toothpaste and cosmetics (Sabo et al., 2021) and loading of P in those
countries is estimated as 0.5 kg persom! (Han et al., 2011), while Sabo et(&021) estimated
0.163 kg persot yrt of P. Chen et al. (2022), in a study on few provinces in China (where
detergent with and without P are sold), estimated P inputs from detergents below 30 Ryikm
1 except in highly populated areas such as Shanghai or Beijing, where P inputs from detergents
vary between 35 and 148 kg Knyr™. In another study in UK, Comber et al. (2013) estimated P
contribution of 0.175 g persohday?.

Human waste (excreta) has a significant contribution to urban wastew@tamber et al.
(2013)reported 0.82 g P persdrday* that goes into the wastewater (from both urine and feces),

while studies byBalmer et al. (1998)nd Jonsson et al. (20049r western populations reported
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value of 1.4 g P persdmay* for both types of excreta. Sabo et al. (2021) estimatailly Pfeces
and urine values sum tihe total of 0.51 kg P persdhyr®! (where range for urine was 0.453
g P person day?, while for feces was 0.36.9 g P perschday?).

Although wastewater is typically discharged to receiving waters directly through
separatedsewage drainage systenB,can entesurface stormwater runoftlischargethrough
leaks from sanitargewerpipes(Sercu et al2011) Small leaks from sanitary sewers (of less than
10% of the total flow in the sewers) are comm@roffman et al., 2004)and they could easily
increase P loadings in stormwater.
2.4.1.9Wastewater treatment plant effluents
Wastewater treatment plant§WWWTPSs) can serve as potential sourceBfoir urban runoff due
to the inherent nature of their treatment processes. In the context of urban environments,
WWTPs play a pivotal role in treating domestic and industrial wastewater to reduce its pollutant
content before discharge into receiving watdrodies. However, during this treatment,
phosphorus compounds can be inadvertently concentrated and subsequently released into the
urban environment(Carey & Migliaccio, 2009Although tre procesgs in WWTPreduce
phosphorus in the treated water, it can also result in the accumulation of phosphimtusiudge
in WWTPs, which may, over time, be disposed of in landfills or used as agricultural fe(fleers
Bashan & Bashan, 2004)
2.4.1.10Landfills
Landfillsserve as repositories of not only solid waste but also biochemically active agents, capable
of generating leachate rich in various pollutants, includh@P represents a critical component
in the potential environmental impact of urban runoff stemming from landfills. The typical
concentrations for TP of approximately 30 my is reported to be released into the surrounding
environment warrant careful consideratiofPapadopoulou et al., 2007)he percolation of
leachate, containing this nutrient, through the landfill substrates can engender a substantial risk
of introducing elevated P levels into adjacent groundwater resources. As runoff events occur,
particularly during precipitation eventshe leachateenriched water can be mobilized and
transported towards surface water bodies, exacerbating the potential for nutrient enrichment,

and contributing to undesirable eutrophication phenomeliBapadopoulou et al., 2007)
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Addressing the potential sources of total P in urban runoff from landfills necessitates a
multifaceted approach that encompasses both improved leachate management strategies within
landfills and effective urban planning measures to mitigate the downstreapacts on aquatic
ecosystems.

2.4.1.1 Septic tanks and other subsurface sources

In addition to leaky sanitary sewers, underground septic tanks, whether decommissioned or still
operating, can be sources of P (and other nutrieri@pbertson et al., 20190ther potential
subsurface sources of P include cemeteries and hydrocacbataminated sites such as
decommissioned gas stations. Cemeteries have also been shown to potentially cause elevated P
concentrations in nearby groundwated CNJ y O2 S | f &3 HWhiletfhe A& OK?2
concentrations of P in petroleum hydrocarbons such as oil and gas are not well characterized, P
containing compounds used to be added to gasoline and other motofRritwke et al., 2009;

Indris et al., 2020; Totten, 2019)Given the large number of petroleum hydrocarbon
contaminated sites worldwide, many of them located in urban watersheds, it is likely that these
contaminated soils could be a source of P in some watersheds.

2.4.1.12Wild animals and husbandry

In urban environments, the influence d® sources fromwild animals and husbandrgn
stormwater runoff presents a complex yet crucial research domain. Wild animals, through their
natural activities and excreta deposition, can introdiiato urban landscape@essborn et al.,

2016; Metson et al., 2012; Scherer et al., 19nilarly, urban husbandry practices, including
livestock keeping and poultry farming, contributeRanput through animal waste accumulation
(Cooke & Williams, 1973Yhese sources possess the potential to ele\at®ncentrations in
stormwater runoff, which, upon transport to urban water bodies, can foster nutrient enrichment
and subsequently lead to adverse ecological consequences such as eutrophiddimsn.
estimated amount of P from that source is 0.25 kg P (@ooke & Williams, 1973nvestigating

the extent and impact oP contributions from wild animals and husbandry in urban stormwater
runoff necessitates a comprehensive assessment of animal behavior, waste management
practices, and hydrological dynamics within urban landscapes. Addressing these sources'

implications notonly enhances our understanding of urban nutrient dynamics but also informs
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the development of sustainable urban planning strategies to mitigatelated environmental
challenges.
2.4.2 Transport pathways
P in urban areas could have various souy@ssdiscussed earliesind it can buileup over time
(Yang et al., 2021PDnce P has accumulated in the watershed, precipitation events can transport
it through the drainage systerfFigure2.4). In conventional systems that are constructed of
gutters, channels and pipes, the connectivity is high and travel times are low so that P is moved
directly to receiving surface water bodies with little chance for filtration, adsorption, or
deposition(Yang et al., 2021; Yang & Lusk, 2018)

For transportation of particles, together with P, seasonalitsth is important, and it occurs
when the initial storms of the have high pollutant/nutrient/particles concentrationsoadings
than the storms later in the event. After a long dry period, fflessh could contribute significant
Ploadingin stormwater runoff and, thus, receiving water bod{&sang et al., 2021Yhe presence
and strength of the firstflush depend on the species of P as influenced by multiple hydrologic
and land use characteristi¢kiu et al., 2019)For examplel.ee et al. (2002)bserved a strong
first-flush effect of DIP in urban stormwater in watersheds of South Kdreat al. (2015)
reported that in China, the firdlush strength of TP in stormwater associated with higher rainfall
intensity.
2.4.3 Contribution of different urban land use types to P loadings
Ultimately, the P species andadings originating from various sources in a catchment are
combined together in stormwater. Within the urban land use type category, there are various
land use types, such as: high density residential, medium density residential, low density
residential, indugtial, commercial, and parks and green spaces. Each of these urban land use
types typically has a similar combination of different P sources, and as a result, the P
concentration,loading and speciation from each of these land use types can be typified. For
example, theEMCdor TP andSRRobserved in thdSBDgrouped by land uséype (Figure2.5)
show that industrial land use has both the highest median TP SRBEMCs, followed by
residential, and then commercial land uses. It is not surprising that industrial land use contributes

higher amounts of TP an&RRyiven that it is typically highly impervious, which, for transport
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limited contaminants, can drive high concentrations. Industrial land use may also represent a
high concentration of vehicle (both exhaust and mthaust) emissions of P. Commercial land
use likely has similar sources and transport pathways (high impemnv®s) as industrial land use.
Residential catchments contributing the néxghest TP andRPEMCs is also not surprising,
given the high population density in these catchments, and the human activities associated with
residential areas that are potentiaburces of P such tending lawns and gardens and having pets
(Kalmykova et al., 2012; Small et al., 2028hile residential catchments do have some pervious
areas such as lawns and gardens, they also represent a concentratdfamperviousness,
depending on whether the residential area is high density, medium density, or low desmgity (
depending on the extent of urban sprawl). Sources of imperviousness in residential catchments

include roads, sidewalks, driveways, and roofs
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Figure2.5: Boxplot of site average runoff EMC foP (a) and SAP (b) under different land use
types obtained from the International Stormwater BMP Datab&dedian values are shown as
solid linein the boxplots.

2.5Urban stormwater best management practices (BMP) sysismstential
solutions for urban P control

Both traditionaland LIDstormwater BMR can exert and influence on urban P dynamics by
changing P loadings export through converting surface runoff to underground pat(®aty et
al., 2019; Kratky et al., 2017; Zahmatkesh et al., 20d%)nging P concentration and modifying
P speciationFrost et al., 2019; Marvin et al., 2020; Song et al., 204Mough many studies
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show thatthe loadings otommon pollutants such as TSS, nitrogen, pathogens and heavy metals
in urban runoff can be reduceeéffectively by stormwater BMPs via various physical and
biogeochemical processéBeckingham et al., 2019; Hager et al., 2019; Sharma et al., 2011, 2016;
Song et al., 2015; Yang & Toor, 201Bg effectsof manystormwaterBMPson urban P control
remains mostly unexplored and highly uncertéittager et al., 2019For exampleanalysis of

data from USA National Pollutant Performance Database shows that the P reduction
performance of most BMP options cannot reach existing P removal targets, aadegjories of
BMPsexcludingstormwater pond4SWP9 havea high degree of uncertainty in their DP removal
performance (Liu & Davis, 2014)Both BRCs and SWRBkow highly variable P retention
performanceunder different catchment characteristics and climatic conditidrecause of their
complex internal biogeochemical P cycling processes and the sensitivities of these processes to
environmental forcinggMarvin et al., 2020; Sgberg et al., 2020; Troitsky et al., 2019)

Here we review the P cycling mechanisms of two stormwater BME®W?s and
bioretention cells BRCs) (Figure2.6), which are representative as traditional and LID stormwater
BMPs We also revievheir effects on P loading and speciation in the stormwater they discharge
at their outlets.Except folSWPs and BESs, other stormwater BMPs such as permeable pavement,
infiltration trenches, and bioswales remain less studied and can have even higher P control
performance uncertainties due to their variable desigmstards(Hager et al., 2019nd for this
reason, they are not included in thisview. In this review, we used the reduction efficignas
the metricto evaluate effect of SWPs and BRGa runoff P sincet is widelyusedin previous
literatures (Duan et al., 2016; Janke et al., 2022; Marvin et al., 2EA@nt scale eduction
efficiengy ('Y Q is calculatedas below:

YO —— (Equation2.1)

where) .and/ 5 4rethe inflow and outflowvalues forEMGC event totalflow volume
or event totalloading Further,we calculated thesite averageY dor BMPs inthe ISBD Site
average concentratioiY ‘Gs calculated as the mean value of respective reduction efficiencies of
all events monitoredn aBMP Site averagéow or loading reduction efficiency is calculated by
usingEquation 2.1with total inflow and outflowflow or loading summed up from all available

events in EBMP
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phase

Figure2.6: Typicalmternal P processes in stormwater po¢a and bioretention celll). PP¢
particulate P, SRPsoluble reactive P, DUfdissolved unreactive P.
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25.1 Effects ostormwater ponds
For traditional urban stormwatdBMPs such eSWPsthe median TP loading reduction efficiency

calculated forSWPs in thelSBDis 62%(see Table.2), other studies show a wide range of P
reduction efficiencies fo8WPs, with TP loading reduction efficiency ranging from negéivan

et al., 2016)to as high as 80%Janke et al., 2022Many studies show that the P reduction
performance ofSWPs is poorer thamexpected For example, a study investigating the water
quality of over 7068WPs in Minnesota, USA found that the TP concentrations of pond water in
most (73 %) of thos&WPs are higher than US EPA Nationwide Urban Runoff Program criteria
(0.15 mg 1) (Austin et al., 2021)Another study in Minnesota shows that over 40% of the 98
SWR monitored have higher outflow than inflow TP concentrations and they are likely to export
rather than retain FTaguchi et al., 2020)Janke et al. (2022¢cently reported the flow reduction

by exfiltration and evapotranspiration, rather than P concentration reduction by internal
biogeochemical processes, mainly account for the observed DP loading reductionSki\se
they studied. The export of both DP and Pk shave been found to be more common during
dry periods (lowflow period) when internal processes contribute more than external irtput
outflow P loadinggChiandet & Xenopoulos, 2011; Duan et al., 2016; Song et al., 2015; Williams
et al., 2013)

P enteringSWPs from urban stormwater runoff is eventually either flushed out at the
pond outlet, taken up by macrophytes, or buried in &t Q& 0 2 i (i 2 YSchio& RtAaly Sy (i & @
(2018)reported an average burial rate of 1geP nPyear! according to data collected in BWPs
in South Carolinag?P is mainly retained by settlementhose efficiencys expected to decrease
as a giverSWP ages because the accumulation of sediments decrefastser accumulation
capacity (Drake & Guo, 2008)Thereare multiple reduction processes of DP i8WPs e.g.,
adsorption to suspended particles and pond sediment, and uptake by both phytoplankton and
macrophytes(Troitsky et al., 2019However, elease of P from accumulated sediment at the
bottom of SWPs (i.e., internallBading)can result irP enrichment in water column

Internal P loading in SWPs can result either from the desorption and dissolution ef solid
bound P from pond sedimen{®uan et al., 2016)similar to the P mobilization pathway widely

observed in natural lakd®rihel et al., 2017)r from the release of DOP via labile organic matter
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decay in sediment§Song et al., 2017; Taguchi et al., 20dayure2.6a). Diurnal and seasonal
thermal stratificationof SWPs, which can be reinforced by both increasing salinization by high
road salt inputs and reduced wind mixing by high vegetation cQlatke et al., 2022; McEnroe

et al., 2013) produces periodic or extensive anoxia zone at the sedimeter interface(He et

al., 2015; Song et al., 2013)his stratification of redox condition in SWPs can stimulate different
internal P loading mechanisms:-Beund P (or other redoesensitive P phases) is more likely to

be mobilized under anoxic conditions via the reductive dissolution of Fe (oxyhydr)¢kidas

et al., 2016; Orihel et al., 201While microbial decay of labile organic P is more active under
aerobic conditiongTaguchi et al., 2020Recent studies have shown that reegensitive and

labile organic P phases are the dominant contributors to internal P loadinglakite organic P

often contributing more than redolabile P due to its higher abundance in SWP sedimgnisk

& Chapman, 2021; Taguchi et al., 202®hich is similar to what has been observed for lake
sedimentsbyh Q/ 2y y St t ®S{A (I Kb a0 Wiy aK2gy GKF G 71 pis
organic form and the seasonal mineralization of sediment organic matter, most of which have
external origin(Schroer et al., 2018may release significant amount of DOP and can contribute

to a large portion of DP in pond water columns in summer due to more significant microbial
activity (Frost et al., 2019; Song et al., 201Table2.2 also shows that based on the data in the
ISBD, SWPs have much lower concentration and loading reduction efficiencies for DUP compared
with PP and SRP, indicating that DOP release from SWPs may be of greater concern.

Biological assimilation by phytoplankton in SWPs is intensive and is likely to transfer
internal DP release from pond sediment to autochthonous suspended PP production in SWPs
(Duan et al., 2016; Williams et al., 20,18nhd further decay of the PP in phytoplankton biomass
can significantly increase SRP export from pafRiEEmerFelgate et al., 2011 SRP uptake by
macrophytes is not considered to contribute significantly to overall P reduction but macrophytes
can reduce internal P release by both regulating pH to neutral state to prevent release of Fe
bound P and entrapping PP at the root zq@B®rne, 2014) However, another study analyzed
data of over 60 SWPs suggests that macrophytes are also likely to increase internal P loading in

SWPs by providing organic carbon for Fe reduction in sedinfAntin et al., 2021)
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Table2.2: Median sitescaleconcentration, flow and loading reduction efficiency for different P specissoomwaterpond and
bioretention cell calculated from International Stormwater BMP Database.

BMP category

Site average reduction efficiency

Flow Water quality Concentration Loading
Median Data Number parameter Median Data Number | Median Data Number
(%) (sites, events) (%) (sites, events)| (%) (sites, events)
Stormwater 25 36, 228 TP 36 64, 673 62 35, 220
Pond PP 57 22,278 79 11, 64
DP 30 21, 320 38 10, 63
SRP 35 37, 429 69 18, 149
DUP -11 10, 114 -37 3,24
Bioretention 61 27, 247 TP -87 38, 457 60 25, 224
Cell PP -4 5,81 74 3,52
DP -286 4,80 20 3,52
SRP -518 26, 275 33 18, 156
DUP 14 2,35 78 1,32
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2.5.2 Effects obioretention cells
UrbanLID stormwater BMPs such as@®Rre usually required to reduce betwe&5 and 85% of

inflowing TP loads in regional stormwater BMP design mariGalk et al., 2019However, Table
2.2shows that although the median TP loading reduction efficiency of BRs can be as60g#) as
it is mainly achieved by flow reduction by groundwater recharge because oietative(-87%)
median TP concentration reduction efficiengywhich means TRoncentration is on average
enriched Both experimental and field studies in the literature show tB&RCs have much higher
P reduction performance variability compared to SWPs, with TP concentration and loading
reduction efficiencies ranging from negative (that is, concentration increase or loading export) to
100% (all retainedfMarvin et al., 2020)This is likely attributed to the highly uncertain DP
reduction performance of BB, with loading reduction efficiency ranges fro®.3 ~ 91%
reported in literatures for field applicatiofLeFevre et al., 2015 nd PP reduction efficiency can
be usually much higher (as high as over 90% basdduwand Davis (2014due to the efficient
filtration of particles by BRC@.i & Davis, 2008)The much less efficient reduction of DP
concentrations and loads compared to PP can be attributed to the high possibil@Hof
concentration enrichment in BRs, with median concentration reduction efficiencies calculated as
low as-538% in Table.2

The P that loaded via surface runoffBRCs can be accumulated in its filter media (filled
with engineered soll), infiltrated into the native soil (and further recharged to the underlying
groundwater aquifer) or lost via drainage at the outl®oyPoirier et al., 2010a)There are
different retention mechanisms by BRs for different forms dPP:in runoff is mainly retained in
BRy filtration (Li & Davis, 2008yhereas DFs reduced by various processes such as adsorption
(Erickson et al., 200'Nlei et al., 2012; Zhang et al., 201®)ant uptake(Fowdar et al., 2017,
RycewicaBorecki et al., 201@nd microbial activityFraser et al., 2018; Poor et al., 20{Bgure
2.6b). While highly reversible rapid electrostatic i@mxchange adsorptionot filter media is
considered as the dominant DP retention procesBRCsluring storm events, irreversible slow
sorption with inner sphere metdilydroxyl complexes or coprecipitation with minesalan
regenerate adsorption sites and can play more important inlehe accumulation of stable P

mineral phases in theong term(Hsieh et al., 2007; Liu & Davis, 2014; Lucas & Greenway, 2008;
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Stumm, Werner, 2012Most of the DP adsorbed by BRC filter media soil is availablddot
uptake (Hsieh et al., 2007)While pant uptakeis considered to play a minor role IBRCP
reductionin many studiegLucas & Greenway, 2008, 2011; Muerdter et al., 20@Der studies
have shown that plants can accumulate up to 64% of the inflowindFd®dar et al., 2017;
RycewicaBorecki et al., 2017)The P reduction by plant uptake in BRC has been attributed to
rhizosphere microbial activitf ucas & Greenway, 201A I NKAT 2 AaLIKSNBE YA ONRO
of organic associated P species to produce P species which are available for plant uptake. BRCs
colonized with mycorrhizal fungi has been found to have 13~48% and 14~60% lower export for
TP andSHP, respectivelyPoor et al., 2018; Taylor et al., 2018)

However BRCs filled with highiiRdex media is more likely to export rather than to retain
SRRHunt et al., 2006; Shrestha et al., 2018pmpost mixed into BRC filter media to support
plant growth is also likely to diminish P reduction efficiency by incred3iigaching(Tirpak et
al., 2021) Prolonged salt input, which is common in cold regions where road salt applied during
winter, can even enhance release ®IRFrom BRC during snowmelt seasfoor et al., 2021)
To enhance DP reduction, BRC filter media is usually amended with Fe or Al associated materials

(e.g., water treatment residual(Ament et al., 2021; Liu & Davis, 2014; Marvin et al., 2020)

2.6Research gapdentified by literature review

2.6.1 Not all urban P sources and pathways are fully understood

As discussed in sectidh4.l1, the actual contributions of various potential P sources in urban
landscapes to stormwater P are still not well understood. Examples of potential sources that are
understudied for their contributions to P loading are: cemeteries, old subsurface stoodsaofi

gas, other underground storage sites, leaky sanitary sewers, groundwater, and vehicle emissions
(both exhaust and noexhaust). More work is needed to characterize the contributions of these
potential sources, and to dermine whether their contribution to the P loadings is considerable
compared with other major P sources. While the contribution of some of these sources may be
challenging to quantify, they may be crucial in understanding the P mass balance and metabolism
of urban systems, and ultimately, the impact of urban catchments on P loading and speciation to

downstream water bodies.
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Given the significant contributions of P by human activities to the landscape in urban
catchments, as outlined previously, a substantial amount of P is likely to be accumulated in the
landscape and to have not been flushed out via stormwater ryneffich can function as P
sources in the long rurrhis legacy P has been studied in agricultural catchments before, where
it has been shown that up to 96% of the P added to the landscape can be retained in some
landscape compartment such as soils, reservoir grarian sediments, landfills or groundwater
(Powers et al., 2016; Van Meter et al., 2021; Wironen et al., 20d8) Meter et al. (2021)
showed that P accumulated most in soils, followed by reservoir and riparian zone sediments,
landfills, and finally followed by groundwater (i.e., soils > reservoir and riparian zone sediments >
landfills > groundwater). In contrgsa similar study about legacy nitrogen accumulation showed
that a larger fraction, comparable to the amount accumulated in soil, was accumulated in
groundwater(Liu et al., 2021 )reflecting the higher sorption and retention capacity of P by soils
than of N.

In urban catchments, potential locations for accumulation and legacy storage are similar
but slightly different than in agricultural catchments, with BMP sediments and filter media
replacing reservoir sediments, giving potential landscape compartmentsacti#mulation of:
soils, BMP sediments and filter media, stream riparian zones, landfills, and groundivager.
expected that soils are the major accumulator of P like what has been observed in agricultural
catchments. Interestingly, but also unsurprigiyy, Yuan et al. (2007pund that urban and sub
urban soils were enriched in P relative to background levels in Nanjing (ChinZhangl (2004)
found that P accumulation was higher in urban and-adian relative to rural soils in Hangzhou,
China Characterizing the legacy P accumulation in urban watersheds will enable us to better
predict how and when the accumulated P could be released, where it will be released from, and
therefore, the potential impacts of urban catchments on P loading andiapec (Haygarth et
al., 2014; Sharpley et al., 2013)

2.6.2 Pcontrol performance of urban stormwater BMP systems is still not guaranteed
Based on secti®2.5.1 and 25.2, both SWPsand BRG have highly uncertaireffects onP,
especially DP (f@WPsandBRCsit is more likely to be associated with DOP and DIP, respectively)

due to their complicatedinternal biogeochemical processes that may remobilize previously
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accumulated P within the systenfSensitivities of these internal processes to external
environmental forcings related to watershed and climatic factors can further increase the
dzy OSNIiF Ayde 2F adGd2N¥NgIl (S N({Barbmda&tal., DEP2FMaOia é al.2 y  dzN.
2020; Sgberg et al., 2020; Troitsky et al., 2019)

However the internal P biogeochemical mechanismihin urbanstormwater BMPstill
remainpoorly understood by both researcheend practitionergdBeckingham et al., 2019; Yang
& Lusk, 2018Most of previous studigsavefocused merely on quantifyinitpe TP concentration
or loading reduction efficiency ofban stormwater BMP@Hager et al., 2019; Marvin et al., 2020;
Troitsky et al., 2019)while just a few studies haveied to characterizehe distribution of P
species with time and/or deptmside these system&oor et al., 2021; Liu & Davis, 2014; Song
et al., 2017; Taguchi et al., 2020; Zhou et al., 20B8re is also a lack of studies focusing on the
impact of internal P loading from accumulated legacy P in BMPs on urban stormwater P export.
Thus, more research that investigatehe internal P cycling processes withimlifferent
stormwater BMPs to better understandow these internal processes respond to external
stressors and how these stormwater BMPs can be better designed to enhance reduction is
needed. Quantification of P transformation kinetics of critical processes such as
adsorptioridesorption, plant and microbial uptakgfiltration and hydrolysig stormwater BMPs
is highly recommended, which can help idenkibth critical P reductiorand P leachingrocesses.

Reactive transport modelling is also proposesh reliable tool forprovidinginsight into
internal P processes stormwaterBMPs Although plenty of studies have focused on modelling
the biogeochemical dynamics of other water quality parameters inside urban stormwater BMPs
(Ahadi et al., 2020; German et al., 2003; Vezzaro et al., 2011, 2014, 2015; Vezzaro & Mikkelsen,
2012; Zhang et al., 2016; Zhang et al., 20@d&re is a lack of modelling studies focused
specifically on the P cycling dynamics within those systems. Stormwater modelling software such
as SWMM and MUSIC has oversimplified water quality module, which only accounts for the
simple firstorder kinetic or the dilution effect by rainwater, to simulate P reduction by
stormwater BMPgBaek et al., 2020; Imteaz et al., 2013; Kaykhosravi et al., 2019; Wong et al.,
2006) This is insufficient for not only the accurate estimation of TP loading reduction by

stormwater BMPs, but also the simulation of transformation dynamics among various P species.
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More intensive and rapid P transformation occurring in urban stormwater BMPs limits the
application of existing model developed for natural systéimeitsky et al., 2019)Thus, there is

a need to translate the P cycling knowledge gained from previous and future field and
experimental studies to develop comprehensive P reactive transport model for stormwater BMPs.

Overall,a better understanding ahe Pdynamicsn urban stormwater BMPsan improve
the design, deployment andhaintenance of these systemsghich can further improve their
performance on controlling urban P expamder current and future climatdJnderstanding the
accumulation of P in BMPs will also potentially enable the recovery and recycling of P, like what
is performed with urban wastewatdMetson et al., 2018)
2.6.3Interactions of P with other urban contaminants
Urban watersheds are known to be important sources of other contaminantsdingsalt ions
(e.g., chloride, sodium, calcium), sulfate, dissolved nitrogen species (e.g., nitrate, ammonium,
organic N), increased pH (e.g., increase in ©RL), heavy metals (e.g., lead, cadmium),
pharmaceuticals, and other contaminants of emerging concern such as microp{asgocsnte
et al., 2022) These contaminants originate from the same sources as P (e.g., fertilizers) or from
other sources that are more abundant in urban relative to+uwban areas, such as 4eng salts
and construction materials. Due to the multitude of biogeochemical pses which contribute
to P cycling in urban watersheds, these other chemical contaminants may have important
interactions with P cycling that can modify P loadings and/or speciation.

For example, salt ions are known to compete for sorption sites with phosphate ions,
mobilizing phosphate ions from soil surfaces and enhancing P concentrations and loadings in
runoff (Kaushal et al., 2022Yhe competition between salt ions and phosphate idksm &
Koretsky, 2011pr the enhancement of stratification due to salinization may also enhance
internal DP loading in BRCs and S\WRsEnroe et al., 2013High catchment sulfate loadings
have been shown to drive sulfate reduction and sulfide formation in SiKR<t al., 2016)
Sulfate reduction can sequester iron into iron sulfides rather than iron oxides, reducing the
capacity of sediments to retain(Raraco et al., 1989; Gachter & Mdiller, 2003; Katsev et al., 2006)

In contrast, enhanced dissolved calcium concentrations and increased pH may make calcium

phosphate mineral precipitation favourable, contributing to a redtable sink for P in SWPs and
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BRC¢Liu et al., 2021)Other nutrients (e.g., nitrate and ammonium) and pharmaceuticals may
either reduce or enhance the uptake of P by algae and pl@uster et al., 2015; Carvalho et al.,
2014)

In addition to the impact of these contaminants on within watershed processes and urban
stormwater P loading and speciation to downstream water bodies, there are also interactions
that can affect the eutrophication potential of P once it reaches the whatelies. For example,
the ratio between dissolved (bioavailable) nitrogen species, and dissolved bioavailable P species
can impact whether N or P is the limiting nutrient for algal grogi@lodds & Smith, 2016; Ryther
& Dunstan, 1971)Another macronutrient for certain algal species (diatoms) whose ratio with DP
can impact algal community composition is dissolved silibtaavara et al., 2018)he presence
of dissolved iron, and likely its ratio with DP, can also determine the favourability for nitrogen
fixing cyanobacterigMolot et al., 2014; Verschoor et al., 201 Balinization of downstream
receiving bodies due to high external salt loadings originating from road salts or other urban
sources can also enhance internal P recycling and other eutrophication sym(Raahssavljevic
et al., 2022)and mobilize heavy metals in sedimelfk&aushal et al., 2019, 202Hence, urban
contaminant loading evaluations should not focus only on P, urban water quality assessments
also require taking into account the interactions of P with other urban contaminants in soils,
stormwater runoff, BMPs, and in downstream water badie assess the cumulative impacts of

urban land use on the water quality.

2.64 Impact of climate change on urban P cycling

2.64.1 Climate changempactson urban P export and eutrophication potential
Climate change is attributed to increasing anthropogenic emission of greenhouse gases, which

causes global warming due to increasing solar radiation being trapped within the atmosphere
(Solomon et al., 2009)Along with temperatureand precipitationbeing impacted by climate
change(Kaushal et al., 2014; Withers & Jarvie, 20@treme events such as heavy rain;
windstorms; extreme heat and cold temperature; and droughts are forecasted to occur more
frequently in the coming decadg§orzieri et al., 2018; Kaushal et al., 201)r example, in
Canada, climate projections predict that the winters will be wetter and warmer, while summer

temperatures will be systematically higher with significant potential for prolonged periods of
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drought (Zhang et al., 2008; Zhang et al., 2004). Globally, an increase in both average air
temperatures and extreme periods of drought followed by extreme precipitation events (in terms
of both intensity and depth) are projectgiRomereLankao et al., 2014At the same time, the
climate is considered the main natural stressor of change in stormwater runoff water quality and
guantity (Kaushal et al., 2014; Kim & Newman, 2019; Semddanies et al., 2008; Sohn et al.,
2019) Climate change can also increase the seasonal variability of stormwater runoff
characteristic{Schindler, 2009; Wilby et al., 2006; Withers & Jarvie, 2008yhich, can affect

water quality in receiving freshwater bodies due to increased export of suspended sediments,
organic matter, and nutrients from watershe(#/ithers & Jarvie, 2008)

A few previous studies have highlighted how the cumulative effects of climate change and
might be expected to modify P speciation and loading in watersheds, with an increase in P loads
being expectedChen et al., 2015; Yindong et al., 2022; Zango et al., 2BaRkxample, Zango
et al. (2022) predicted that P loads from urban watersheds will increase by 19 to 24% due to
climate change. Chen et al. (2014) also forecasted an increase in anthropogenic P loads to
receiving waterbody due to both urbanization anohte change. Yingdong et al. (2022) showed
that the terrestrial P retention capacities of watersheds will decrease under future climate
scenarios, and the duration and frequency of extreme precipitation events associated with
climate change could increasikee export of accumulated P. Under climate change, increasing
level of CO2 is likely to decrease plant uptake ¢MBharajan et al., 2021and this may also
weaken the P retention capacity of urban watersheds.

Additionally, climate change is expected to exacerbate the eutrophication risk introduced
by elevated urban P export to receiving water bodies. This impact takes place in many ways that
include, but are not limited to: (1) increasing P accumulation inivéog waterbodies during
summer because of increases in water residence times and the duration of the anoxia during
longer periods of droughtvan Vliet & Zwolsman, 20Q&2) enhancing internal biological growth
and production under elevated average air temperatu®githers & Jarvie, 2008)and (3)
increasing internal P loading in receiving water bodies due to the more stable stratification

caused by increasing road salt application under more extreme cold seasons in urban areas
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and/or due to the increased duration of anoxia associated with longer durations of drought
periods(Ladwig et al., 2023; Radosavljevic et al., 2022)
2.6.4.2 Impact of stormwater BMP systems on urban P loading control under future climate
The water quality improvement effects bgtormwater BMs can be affected by multiple
geophysical factors such as climate, hydrology, land,awdl topographical conditiondBarbosa
et al., 2012) An importantguestion is thus to what extertheir P reduction performancehanges
under different climatic conditionsIncreagd frequency of occurrence of extreme hydrologic
events under climate change brings larger uncertainties for urban P cycling by modifying the
patterns of runoff hydrograph, pollutants buildup and snow accumulation/snowmelt processes
(Aygun et al., 2020; German et al., 2003; RoMankao et al., 2014; Sharma et al., 2011, 2016;
Trenberth, 2011)This can bring uncertainties to theydrologic and Peductionperformance of
existingstormwater BMRB by both changing the magnitude and temporal distribution of P input
loading to the systems and modifying the internal biogeochemical processes within lthess
been found thathe disproportionatdy high export opollutants duringusta few extreme events
can account for a large portion oféRportfrom stormwater BMPsystems such @BBRC¢Goor et
al., 2021; Jefferson et al., 201P loading reduction efficiency of BRCs is likely to be decreased
due to the significant deterioration ofunoff reduction performanceunder changing inflow
regimesdriven by climate changéChowdhury & Chakraborty, 2016; Daly et al., 2012; Hathaway
et al., 2014; Metson et al., 2018or SWPs, decreassdttlement efficiencyfor TSS due to less
water residence time under increasingly intensive inflow regifBeckingham et al., 2019;
Chiandet & Xenopoulos, 2016; Drake & Guo, 2008; Persson & Wittgren, 2003; Sharma et al., 2016)
may decrease PP reduction efficiency. Whereas water quantity redystidarmance of existing
stormwater BMPsystems is more likely to be affected by changing rainfall voJuwager quality
(e.g, P) controlperformance is expected to be significantly influenced by changing temporal
distribution of rainfall(Baek et al., 2020)

Despite the expectation that the functiorg of stormwater BMP systems can be affected
under future climate, previous studies shedstormwater BMP systems suchBRCand SWPs
are still likely to attenuate the climate change impact on urban runoff quantity and quality

(Cording et al., 2018; Sharma et al., 2011, 2088prmwater BMP systems are believed to
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provide climate impact mitigation benefits for urban P loading control by increasing resiliency of
urban hydrologic cyclinPudula & Randhir, 2016; Gill et al., 2007; Pyke et al., 2011; Zahmatkesh
et al., 2015) even thoughthese benefits can be diminished under increasing extreme events
(Kratky et al., 2017; Wang et al., 2019; Wang et al., 20I8)enhance the adaptability of
stormwater BMP systems under increasing extreme events brought by climate change,
redundant application of stormwater BMP systems is suggested because treating a small portion
of impervious area has little change on urbaater and P cycling due to the hysteresis effect of
those systemgJefferson et al., 2017Although there are studies investigate the effectiveness of
stormwater BMP systems on control of other water quality parameters under various climatic
condition (Baek et al., 2020; Dudula & Randhir, 2016; Sharma et al., 2016; Zahmatkesh et al.,
2015) few of previous studies focused directly on impact of climate change on P reduction effect
of stormwater BMP systems. Previous models developed for systate stormwater BMP P
cycling analysi¢éLi & Davis, 2016; Liu & Davis, 2014;-Royier et al., 2010blhave not been
coupled with watershegscale P model and climate change projections to simulate urban P
cycling under climate change conditioMore upscalingresearchwith specific focus on
investigating theimpacts of the interactions between urbanization, climate change and
stormwater BMP systems on P speciation and loadimgaommendegwhichrequiresadvanced
understanding on the impact of climate change on internal P biogeochemical processes of urban

stormwater BMP systems.
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2.7Conclusions

Urban stormwater runoff can contribute substantial loads of phosphorus, a nutrient that can
contribute to water pollution and eutrophication in receiving water bodies. The uncertainties
surrounding P sources in urban stormwater arise from a complex iatgrpf hydrological,
climatic, land use, human activity, and other factors. Runoff from impervious surfaces such as
roads, rooftops, and parking lots can contain that originates from a variety of sources in urban
lanscapes, including sedimebbund P from eoded soil, residual fertilizers from lawns and
gardens, and organic matter from decaying plant material or pet waste. The exact composition
and proportion of these sources can vary greatly depending on factors like land use patterns,
weather conditionsand maintenance practices within the area. The speciation and loading of
the P originating from urban landscapes can be variable due to the different combinations of
sources. The dynamic nature of urban environments makes it challenging to preciselyfyquanti
the contributions of each source, leading to uncertainties in predicting P loadings accurately.

In spite of the wide adoption of stormwater best management practices (BMPSs) in urban
area, both traditional (e.g., stormwater pond) and innovative (e.g., bioretentionB®&IBs have
highly uncertain performance in P export control. Various stormwater BMPs have different
effects on changing the concentration, loadings, and species of P export from urban areas. The
inefficient control of P (especially for dissolved P) by manynrsi@ter BMPs can be largely
attributed to their complex internal biogeochemicalechanisms that can cause significant
release of legacy P, which is typically enriched due to prolonged accumulation of P from the
catchment and inappropriate maintenance activities. The increased uncertainty of the internal P
mechanisms within urban stotwater BMPs under changing climate conditions further questions
their efficacy on controlling urban P export under future climate.

To effectively manage P pollution in urban stormwater, it will be essential to enhance the
understanding of the biogeochemical mechanisms ah® its interation with other pollutants
at sources, transport pathways, and stormwater BMPs in urban area so as to optimize the
management strategy. This can be achieved by employing a combination of field monitoring and
modelling to analyze and predict the P speciation and loadings in exporbesh stormwater,

and the resulting impacts on water quality, under current and future climates.
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Chapter 3

Modeling multiyear phosphorus dynamics in a bioretention cell:
phosphorus partitioning, accumulation, and export

This chapter is modified from:

Zhou, B., Shafii, M., Parsons, C. T., Passeport, E., Rezanezhad, F., Lisogorsky, A., & Van Cappellen,
P. (2023) Modeling mulgear phosphorus dynamics in a bioretention cell: Phosphorus
partitioning, accumulation, and expoicience of The Total EnvironmeBi6, 162749.
https://doi.org/10.1016/j.scitotenv.2023.162749
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3.1Summary

Phosphorus (Pgxport from urban areas via stormwater runoff contributes to eutrophication of
downstream aquatic ecosystems. Bioretention cEBIRCsare a Low Impact Development (LID)
technology promoted as a green solution to attenuate urban peak flow discharge, as well as the
export of excess nutrients and other contaminants. Despite their rapidly growing implementation
worldwide, a predictive undatanding of the efficiency dBRCsn reducing urbanP loadings
remains limitedHere, we present a reactietnansport malel to simulatethe fate and transport

of P in aBRCfacility in the greater Toronto metropolitan area. The model incorporates a
representation of the biogeochemical reaction network that controls P cycling withirBB&

We used the model as a diagnostic tool to determine the relative importance of processes
immobilizing An the BRC The model predictions were compared to muyléar observational

data on 1) the outflow loads of total P (TP) and soluble reactive P (SRP) during tH202012
period, 2) TRlepth profiles collected at 4 time points during the 264219 period, and 3)
sequential chemical P extractions performed on core samples from the filter media layer
obtained in 2019.Results indicate that exfiltration to underlying native soil was principally
responsible for decreasing the surface water discharge fromBR€&(63% runoff reduction).
From 2012 to 2017, the cumulative outflow export loads of TP and SRP only accounted for 1%
and 2% of the corresponding inflow loads, respectively, hence detnmatimg) the extremely high

P reduction efficiency of thiBRC Accumulation in the filter media layer was the predominant
mechanism responsible for the reduction in P outflow loading (57% retention of TP inflow load)
followed by plant uptake (21% TP retention). Of the P retained within the filter media layer, 48%
occurred in stable, 41% in potentially mobilizable, and 11% in easily mobilizable forms. There
were no signs that the P retention capacity of BBRGvas approaching saturation after 7 years

of operation. The reactive transport modeling approach developed here can in principle be
transferred and adapted to fit othdBRQlesigns and hydrological regimes to estimate P surface
loading reductions at a range of temporal scales, from a single precipitation event téelong

(i.e.,multi-year) operation
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3.2Introduction

Urban runoff is a major source of surface water and groundwater poll({#onold & Gibbons,
1996) In particular, urban runoff can carry excess phosphorus (P) to receiving surface freshwater
bodies (Perry et al., 2009; Valtanen et al., 2014; Yang & Lusk, 2@i&) it contributes to
worsening eutrophicatioiSchindler, 1974; Schindler et al., 2Q16) alleviate urban peak runoff
flows and contaminant export, stormwater best management practi(@sMPs)are being
implemented, including decentralized low impact development (LID) technologies. Bioretention
cells(BRCsare a common LID approach; they consist of a depression in the ground where the
natural soil has been replaced by an engineered filter media often covered with vegeBRQs

can potentially reduce runoff P loading by (i) facilitating groundwater recharge and, hence,
reducing surface moff, and (ii) retaining P in the filter media through physical and
biogeochemical processes, and through removal via plant uptakeber et al., 2003; Hager et

al., 2019; Li & Davis, 2008b; Spraakman et al., 2020)

P in stormwater runoff is usually partitioned into four operationatigfined pools:
dissolvednorganicP QOIP), dissolvedrganicP (BDP), particulate organic P (POP) and particulate
inorganic P (PIRDunne & Reddy, 2005)n most instances, particulate P (PP = POP + PIP)
dominates the total P (TP) logdaze & Chiew, 2004J hesoluble reactive PSRPpool is largely
comprised oDIP(e.g.,phosphate)and is of most direct concern because it is readily assimilated
by plants, including aquatic algé@rihe et al., 2017Nonetheless, a fraction adissolved organic
P OOP and even some forms of PP may also be bioavai(ébk Brett, 2013; Young et al., 1985)
Moreover, biogeochemical processes such as enzymatic hydrolysis of eRgantt desorption
of PIP may generate additional SRP while, conversely, the formation of mineral precipitates may
transform SRP into stable and less mobile PIP ph&xdse et al., 2017)

A growing number of studies have assessed the performanB&afén reducing PP and
total suspended solids (TSS) loagelg( Li & Davis, 2008b; Liu & Davis, 2014; Teng et al.,)2004
Significant variation in the removal dissolved P (DP BIP+ DOP) has been reported, with
reductions in DP concentrations between inflow and outflow ranging f@@1to +91%LeFevre
et al., 2015; Marvin et al., 2020; Perry et al., 20@)me authors attribute observed reductions

in DP surface loads BRCe®ntirely to a reduction in the surface runoff flow, rather thancell
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biogeochemical processes immobilizing (D&fferson et al., 2017This explanation may apply to
BRCswvhose filter media have a high background P content or older cells that have reached P
saturation because of the excessive application of compost and fertilizers to promote vegetation
growth (Hurley et al., 2017; Mullane et al., 2015; Tirpak et al., 20¢Zt) overall, our predictive

understanding of the internal processes that affect the fate of BR€Csemains rather limited.

Existing stormwater management and reactive transport modety, SWMM, COMSOL,
HYDRUS, and DRAINMOD, have been appliBR@%Abi Aad et al., 2010; Brown et al., 2013b;
He & Davis, 2011; Stewart et aRP17) Modeling studies have also focused on better
understanding the hydrology 8RCge.g.,Daly et al., 2012; Dussaillant et al., 2003, 2004 Roy
Poirier et al., 2015and assesng the reactive transport of various contaminan€abir et al.,
2017; Li & Davis, 2008; Quinn & Dussaillant, 2014; Randelovic et al.,l20d@)er few studies
have specifically addressed the fate of BRC¢$Li & Davis, 2016; Roy Poirer et al., 20Ibere
is also a lack of data on the efficiencyBRRCgo reduce surface runoff P overmultiryear time

window.

Key processes that control P dynamicsBiRCsnclude filtration, (fast) adsorption, slow
sorption (which includes processes such as absorption and minerghi@cpitation), organic P
hydrolysis, and plant uptake. By representing these processes in a mass balance model, it
becomes possible to anale their relative contributions to the performance oB&Gn reducing
P outflow loading. Such knowledge, in turn, may help inform the design and implementation of
BRCsin urban P abatement strategies designeml combat eutrophication of downstream
streams, lakes and wetlands. To our knowledge, BRECP model presented here is the first to
incorporate all the main P transformation processes within the cell system. The model is
calibrated using mukyear data series on meteorology, cell outflow discharge and water
chemistry,in addition toP accumulation and chemical fractionation fdRQGocatedin Ontario,

Canada
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3.3Material andMethods

3.3.1Study #e, field monitoring and lab analyses

The study BRCfacility is locatedin the City of Mississaugawithin the greater Toronto
metropolitan region (Ontario, Canada),and monitored by the Credit Valley Conservation
authority (CVCsince the facilitywas built in 2011. The facilithereafter referred to as the Elm
Drive bioretention systentomprisesa sequence of six hydraulically connected osith a total
surface area of 145 ffFigureAAl in Supplementary Materia)seceivingdrainage froma 6456

m? residential catchmentand dischargng into Cooksville Creek, a tributary of Lake Ontario
(Sakshi & Singh, 201@&ach cell consists, from top to bottomf: 1) a 15cm ponding areao
accommodate ponded water, which is equipped with an overflow outlet directly draining into
the underdrain pipe when the maximum storage capacity is exceeded; 2cen4bter media
layer filled with fine sand augmented with533% dry weight leaf composnéd covered by an
additional thin (1 ~ 5 cm) shredded hardwood bark mulch layer, in accordance to the Low Impact
Development Stormwater Management Planning and Design guide of Cedigiy Zonservation
(CVC, 2010); 3) a 1-tdbedding storage layer that includes a thin (0.15 m) coarse sand layer and
a 1 m thick gravel layer. The sills are connectedia elevatedperforated underdrain pipgin

the bedding storage layewhich draineexcess water whewater level in the bedding storage

rises abovehe bottom elevation othe pipe

Between 2012 and 2017, CVC monitored-site precipitation (rain and snow), air
temperature outflow discharge, outflow water chemistry, water level in the bedding storage
layer (multiple piezometers) andoil chemistry (CVC, 2018)An area velocity flowmeter
connected to an automated water sampler recorded the outflow discharge and triggered water
sample collection in a maintenance hole at the downstream outlet ofBR&facility. For each
precipitation event, a flowveighted composite sample was collected and analyzed in an
accredited laboratory for TP and SRP concentrations using the Standard Methc® @%ige et
al., 2012) Due to difficulties associated with collecting sheet flow water samples in the study
drainage area, inflow water discharge and chemistry were not directly moni{&akishi & Singh,
2016) and rather approximated using rainfallnoff modeling and existing water quality data in

this study.
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In 2013, 2014 and 201@mplesfrom two depthintervals(0-5 cm and25-30 cm) of the
filter medialayer were collected from three cells and analyzed for acid extractable TP by EPA
Method 6010QSymbol, 2007)In 2019, we collected 2 to 3 cores in each of the six cells, with
sampling locations distributed between the upstream and downstream edges of a cell. Details on
the 14 cores, including their locations and the analyses performed, can be found in Ligogorsk
(2022). The vertical TP distributions in the filter media were measured using the magnesium
nitrate digestion method ofAspila et al., 1978)on core slices from 2 cm depth intervals. In
addition, we determined thdistribution of the solidbound P among different operationally
defined pools using a modification of SEBEMuential extraction method detaildd o h Q/ 2 Yy S €
et al., 2020; Parsons et al., 2017; Ruttenberg, 19925 shown inFigure AB2in the
Supplementary Materials, SED&Xracted P poolsnclude reactive P, mineral P, recalcitrant
inorganic P and unreactive organig®ols The chemical extractioresults reported for depth
intervals 24 cm were composites from 4 different filter media samples, and for depth interval
12-14 cm from 5 samples. Results from the other depth intervals were fepticateanalyses

ona single coresample.

3.3.2Phosphorus reactivieansport modeling

3.3.2.1 Conceptual framework
The six cells of the EIm Drive bioretention system all have the same structural configuration.

When a hydrological event (rainfall or snowmelt) occurs, the inflow water is distributed over all
the cells. We therefore modeled the bioretention system as simgle (average) cell consisting

of the 3 layers illustrated in Figure 3.1. Figures 3.1 and 3.2 further identify the hydrological and P
transformation and exchange processes considered within each layer; Table 3.1 provides the
terminology and Table 3.2 theotations used throughout the text. In agreement with the
monitoring data, the hydrological model assumed thadinage from the bedding storage layer
only proceededwhen the stored water level exceead the elevation ofthe bottom of the
underdrainpipe. $milar model structureshave beenconsideredn previous studiesf BRCéut
without the granular representation of the physical and biogeochemical procexaging P

cycling inside the ce(Daly et al., 2012; Randelovic et al., 2016)
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Figure3.2: Conceptual diagram of the biogeochemical phosphorus model for the bioretention
cell.
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Table3.1: Terminologyused inChapter 3

Bioretention cell

Ponding layer

Filter media layer

Bedding storage layer

depressed zone on top of the cell that accommodates excess inflow during heavy
rainfall

layer above the underdrain pipe, also referred to as the soil layer

combination of layers just above and below the underdrain and including a thin (1
cm) sand layer and a deep (1 m) coarse (stone) layer

Hydrology
Inflow
Infiltration

Overflow

Leakage

Internal water storage (IWS)

Drainage

Outflow
Exfiltration

Evapotranspiration

runoff flowing into the cell via the ponding layer
fraction of the inflow that percolates through the filter media layer

water draining directly from the ponding layer into the underdrain (and then
discharged via theutflow) when the maximum ponded water storage is exceeded

water draining from the filter media layer into the bedding storage layer

water stored in the submerged zone of bedding storage layer

excess water draining into the underdrain pipe when the IWS water level rises abc
the underdrain level

water leaving the cell via the underdrain pipe.

water leaving the cell by percolating into the surrounding soil

water leaving the bioretention system via evapotranspiration

P biogeochemical processes

Filter media layer accumulation

Plant uptake

Filter media retention efficiency

Bedding storage layer accumulation

Adsorption
Desorption

Precipitation

Filtration

Hydrolysis

total P (TPaccumulating in filter media layer

dissolved P (DP) taken up from the filter media layer by plants and removed wher
plants are harvested

fraction of inflow TP accumulating in the filter media layebeing extracted by plants

fraction of inflow TP accumulating in the bedding storage layer
fast transfer of dissolved P (DP) into the adsorbed P pool
fast desorption of adsorbed PIP porewater DP

combination of all slow chemical sorption processes, including mineral (co
)precipitation, that lead to stable soil mineral P

combination of all the physical processes that retain colloidal irteyception,
sedimentation, and particle diffusion

hydrolysis of labile organic P compounds releasing soluble reactive P (SRP) to th:
water solution
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Table3.2: Notationsused inbioretention cell P model.

Kinetic filtration coefficient

51

Abbrev. Explanation Abbrev. Explanation
For inflow water quantity and quality estimation
0 Area ofbioretention cells Y Snowpack, ung m
0 Area ofpermeablepavement Y Water storage in catchmentepression zone,
unit: m
DA Drainagearea %D Evaporation, ung m
a® Impervious fraction of drainage area o'y Available water storage space in catchme
repression zone, unit: m
0 Area of BMPBystem 0 Precipitation, unit: m
Q Fraction of rainfall events that produce runoff “Y Air temperature,C
Y Runoff coefficient of drainage area 00"y Potential  evapotranspiration, unit: m
Estimated by Thornswaite methdd. H. Chang
1959)
Y Threshold temperature for occurrence of 0 Runoff generated in catchment, unit: m
snowmelt
DD Degreetime factor o} Inflow TPconcentration
“Yi Maximum repression zone water storage spa | s Fraction of DP, PIP and POP in inflow TP
in catchment |
3 Coefficient for evaporation estimation in 1 T Labile and stable fraction of inflow POP
catchment ngression zone
0 Inflow water quantity, units: m T Adsorbed, mineral and recalcitrant fraction ¢
f 1 inflow PIP
0 Snowmelt, unitsm i SRP fraction of inflow DP
For ponding layer
“Yi Maximum ponding storage 0 Overflow water,units: m
Y Pondedwvater,units m 6 Overflow concentration of speciégDP or
PP)
For filter media layer
Q Thickness ofilter media layer kO] Maximum plant P uptake rate
] Hydraulic conductivity of filter media soil VI Michaelis constant for plant P uptake
3 Porosity of filter media soll 0 n Minimum DP concentration for th@ccurrence
of plant uptake
i Saturation at hygroscopic point Ko Precipitation (slow sorption) rate constant
1 Leakage coefficient ko) Hydrolysis rate constant
i Field capacity of filter media @ Transport distance along sdiépth
i Soil moisture 0 ,06 Porewater concentration of DP and PP
Ko} Infiltration, units; m Y Y Reactive rate of DP and RFporewater
oY Evapotranspiration, unit: m (o] Dispersion
0 Leakage from filter media to beddisgporage ® Advection rate in porewater
layer, unis: m
Dispersity Y ,Y Y Reaction rate of filtration, adsorption, plant
Y 'Y uptake, precipitation and hydrolysis

Eaquilibrium DP concentration in porewater



CA

Q

Maximum adsorption capacity

Thermodynamic parameter of adsorption

Adsorption (fast sorption) kinetjgarameter

=

=3

=x3

=2

Soil concentration (unit: mg/kg soil) of
adsorbed PIP, mineral PIP, recalcitrant PIP,
labile POP and stable POP

Outflow concentration of speciesGDP or
PP)from filter media layer

Forbedding storagdayer
Bottom elevation of the bottom of underdrain _

0

e g

Exfiltration rate constant
Basedlevel of internal water storage (IWS)

Threshold IWS water storage for drainage
Porosity ofbedding storage zone

Exfiltration rate

Water storage in bedding storage layer, snit
m

Drainage water from bedding storadgyer,
units: m

Outflow water from bioretentiorcell, unis: m

o}

O: O O ESa

0

Filtration coefficient for PP in internal layers
except filter media

Elevation of top of filter media

Depth of internal layers except filter media
that is effective for PP removal

Elevation of bottom of bedding storage zone
Base level of water in IWS zone

PP concentration of water enters IWS zone
Concentratiorof species(n water in
submerged zone of bedding storage layer
Outflow loading of speci€§{DP or PP)

Trained neural network model for drainage
rate

52



3.3.2.2 Hydrological processes
The equations representirfyydrological processes are given in Teh8 We used mass balance

equations to identify water level in various compartments of BRC Similar to a previous study
(Sakshi & Singh, 2016)e calculatednflow to the BRCbhased onprecipitation data a simple
rainfallrunoff modelgiven in(Schueler, 1987F)anda fixed runoff coefficient. Snow accumulation
and snowmelt were derived from the precipitation and air temperature data follo8ilGH &
KUMAR, 1996We estimated evaporation witthe Thornthwaitemethod (Chang, 1959Water
ponding occurs when inflow rate exceeds infiltration ratkere the latter is assumed to follow

51 NDeQa flgd az2zRStf RAGSNIA AyFiz2g RANBOGfe& G2
water exceeds the maximum storage capacity of 0.15 m. We split the bedding storage (with
coarse grain size) into unsaturated and saturated zones (i.e., inteai@r storage (IWS)) as
shown in Figur@.1. Variations of water level in this layer are calculated from the net difference
between leakage from the filter meal layer and the exfiltration plus drainage from the bedding

storage layer

When waterin the bedding storage layeises above the drainage pipe, model calculates
the drainage rate proportional tthe hydraulic head, that is, the difference between the IWS
level and the underdrain bottom elevatigAbi Aad et al., 2010Available data from piezometers
indeed revealed a strong correlation between drainage flow and the hydraeid. We used
the data to train a neural network regression modelderive the functional dependencén]
between the drainage outflow and the hydraulic head. This approach yielded a better model
performance than a traditional fitted nonlinear regression model. Full detailperné@dedin the
Supplementary Materials (section Meth@@Al). Moreover, ketween inflow events, when the
water level of tle bedding storage layer dropped below the drainage pipe, the piezometric data
showed an exponential deepening of the water level due to exfiltration of water into the
underlyingnative soil(Brown et al., 2013b; He & Davis, 2014Ence, the exfiltration flow was
modeled assuming a linear dependence on the water mass in the bedding storage layer. The
entire set of equations describing the hydrological model was solved numerically using the

forward Euler method.
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Table3.3: Equations of the hydrologic model.

No. Process Name (references of mode Mathematical Equation
equation included in brakets)

Inflow water quantity estimation

T3.3.1 Inflow* (Schueler, 1987) -~ 00JY 0 20
N 0

08y © D

6 WmMEY Y

(o]

6 Yomey "y

o 0
T332  Snowmelt(SINGH & KUMAR, 1996) ; [ ENROQOTY 'Y mmEy Y
mMeEY Y
T3.3.3  Snowpack mass balance ay 0 'MeY Y

Qo  OMmMEY Y

i ayY o .
T3.3.4  Catchment repression storage water balance QY 42 i AOYiveD

Qo
T3.3.5  Evaporation in catchment repression zone %D ¢ D O"Y
T3.3.6  Catchment retention 6'Y I Aagf ETY; YD
Water in ponding layer
T3.3.7 Ponded water mass balance ay I

oo GOEYs Rday OO
T3.3.8  Overflow 0 [ Aagfiy O 0 "Yj

Water infilter media layer

3. i i i ) Qi N
T3.3.9  Soil moisture mass balaneaio et al., 2001) i M 3_0 0 0°Y b

T3.3.10 Infiltration 0 i ETO YEE D Op i hhmE p
v 00 Y ME  p ORIk G0
T3.3.11 EvapotranspiratiorfLaio et al., 2001) o~ O i DOAYMEY m
oY S e s
Th O MEY 1
T3.3.12 Leakag€dLaio et al., 2001 o 0
od ) [ AGh—— 20 o MO p
) Q _p
‘@ omE p
Water in bedding storage layer
T3.3.13 Bedding storage water balance g O 0O v
Qo 3
T3.3.14 EXxfiltration v i Iy
Q
T3.3.15 Drainage 5 QY Yqg h 0MEY Yy
mh  OMEY Y
T3.3.16 Outflow 0 0 O

*Assume all the precipitation on the permeable pavement and bioretention cell will go into the bioretention cell and can be
O2dzy i SR gAGKAY WAYTFE26Q0
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3.3.2.3 Phosphorus fate and transport
The conceptual structure and mathematical formulatiortted P modelre presentedn Figure

3.2 and Table3.4. Because no direct data on P concentrations and chemical speciation of the
inflow were collected at the study site, wesed literature values for P irurban runoff in
temperate climate zones. We assumed an average 40% of the inflowing TP to be under dissolved
forms(Berretta & Sansalone, 2011b; Goor et al., 2021; Liu & Davis,, 200dequal distribution

of dissolved P (DP) between SRR€re we assume it is equivalent as DdRY DORGoor et al.,

2021; Liu & Davis, 2014)s an initial guess, we assumed the partitioning of inflowing particulate

P (PP, including colloidal material) over various operational pools (labile POP, stable POP, and
adsorbed, mineral and recalcitrant PIP) to resemble that obtained with the cheaxitactions

of the coretop samples collected in 2019. Moreover, we further adjusted the partitioning of
inflowing PP to yield the best model fit to the depth distributions of various pools observed in
2019. In multiyear model simulations, the inflow T™@@ncentration, DP and PP fractions (40 and
60%), and the partitioning of DP and PP over their different fractions were assumed to be time
invariant. Clearly, this is a simplifying approximation that cannot be assessed independently with

the available data.

The representation of the fate and transport of P inside the filter media layer builds on
previous studie$Li & Davis, 2016; Liu & Davis, 2014; Marvin et al., 2020PBiogr et al., 2010b)
The DP and mobilei(e., colloidal) PP distributiong/ere calculated by solving orgimensional
advectiondispersion equations fosaturated/unsaturated soils with terms accounting for P
biogeochemical transformations andxchanges between the mobile pore water and the
immobile solid matrix. We used modified versions of equations giv&amdelovic et al. (2016),
Zhang et al. (2016andZhang et al. (2016p assess the performance BRCsn treating micre
pollutants and retaining nanoparticles, respectively. The advection tajeg equal to the pore
velocity and derived aeach time step from the infiltration rate simulated by the hydrologic
model. Within the typical range of dispersivity values for soil environments, the transport of DP
and mobile PP was advecti@ominated, and therefore the model results were not very sensitive

to the actual value assigned to the dispersivity.
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In the filter media layer, P was transferred from the mobile phase to the immobile matrix
by fast, reversible adsorption of DP and by filtration of colloidal PP. Porewater DP was further
taken up by plant roots and the assimilated P was subsequently perntisiremoved from the
BRC when vegetation was pruned or repladedngthe regular maintenance at the sit®hile
adsorbed P could return to the pore water by desorption, a fraction of the adsorbed P was
permanently immobilized in the solid phase by was slow, irreversible sorption processes,
including the (ceprecipitation of phosphateontaining mineral phasef_ucas & Greenway,
2008) For the P transformation processes considered, we opted for simple yet robust model
representations reported in the literature, such as linear rate expressions or Mtyped

expressions.

Porewaterand solidphase P iithe filter medialayerare partitioned into the same pools
asin the inflow TP i(e., SRP, DOPP and PIP)-or the solidphase Pan additional poolof
microbial PORvas included. Although microbial growth and decay can result in gbort
changes to the mass of P stored in microbial biomass as well as to the SRP concentration in
porewater(Lucas & Greenway, 2011; Zinger et al., 20@&)assumed that their net effect on the
long-term P distribution pattern was negligib{Eowdar et al., 2017; Lucas & Greenway, 2011)
Stated otherwise, the soil microbial POP pool was treated as being at steady state. The POP and
recalcitrant PIP pools could thus only increase upon P removal from the pore water via filtration,

while DP could be produced by hydrolysis of labile POP.

The partial differential equations (PDEs) describing the mobile DP and PP mass balances
in the filter media layer were solved numerically by the Chintolson method. The time
dependent upper boundary conditions were the DP and PP inflow concentratioimgdieriods
of infiltration (that is, when the water level in the ponding layer was positive); they were set
equal to 0 during periods when there was no ponding water and, hence, no infiltration. No
diffusion Neumann lower boundary conditions were imposgédhe bottom of the filter media

layer.

The model treats the watesaturated portion of the bedding storage zone as aweked
reservoir. P mass balance equations were therefore ordinary differential equations that were

solved numerically by the forwarHuler method. The leakage P flux from the overlying filter

56



media layer was imposed as input to the bedding storage layer. Filtration of colloidal PP in the
unsaturated bedding storage zone was assumed to be at stefadg and was simulated by a
simple depth filtration model. The concentrations of the differergd®ls in the water carried by

the underdrain pipe to the outflow were assumed to be the same as those in the water of the
bedding storage zone. We calculated the outflow P loading by summing the loads from the
underdrain pipe and the overflow. The overfloMP concentration was treated as a calibration
parameter based on the measured outflow data. Note that overflow rarely occurred at the study
site during the observation period and, hence, most outflow P was associated with water from

the bedding storage {ger leaving the cell via the underdrain.
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Table3.4: Equations of P model
No. Process Name (references of model Mathematical Equation
equation included in brackets)

P in filter media layer

T3.4.1 DP transport in porewatefRandelovic et al., 10 - L 0 . 0 .
; O O— 0 O— Y
2016) 1o To T o
T3.4.2 PP transport in porewatgiZzhang et al., 2016 0 ; 0 . ; 0
P P & 9 ) T—‘ 6] : 0 - Y
T O Tw T ®
T3.4.3 Adsorbed Plifass balance Q0 B
w0
0
Y
T3.4.4 Mineral PIP mass balance Q0 B
— Y Yy 2 2
Qo0
T3.45 Recalcitrant PIP mass balance Q0 B
oF Y 9 23
0
T3.4.6 Labile POP mass balance Q0 i
= Y 2 6] Y
Qo
T3.4.7 Stable POP mabslance Q0 A
o
T3.4.8 DP Reactive Rate in porewater Y Y Y Y
T3.4.9 PP Reactive Rate in porewater Y Y
T3.4.10 Dispersion o |
T3.4.11  Advection X kS
V]
¢ Jd
T3.412 PP kinetic filtration( Tufenkiji & Elimelech, 'Y RS 1 Jpe
2004; Zhang et al., 2016)
T3.4.13  DP adsorptior& desorption(Limousin et al., o . U e
2007; McGechan & Lewis, 2002; Mei, puod

Yang, Guo, et al., 2012)
T3.4.14  Plant UptakgBarber, 1995)

Y U p (0] 0 p

T3.415  HydrolysigOlson, 1963; Miiller & Y QD F

BUnemann, 2014)
P in bedding storage layer
T3.4.16 PP depth filtration(Tiveron et al., 2018) 6 6 M °
T3.4.17  DP and PP concentration in IWS ®» 0> ¢ 0% &6 B

Qo , & 0 6

T3.4.18  Outflow P loading 0 6 B 6 D
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3.3.3Model parameterizationgalibration and evaluation
The earliest TP data measurements of the filter media in 2013 indicated that the original media

material was already relatively rich in TP. The chemical extractions performed on deeper sections
of the 2019 cores (below 20 cm) further suggested that thigalnP was largely in the mineral

and recalcitrant pools. Based on the final model calibration, the initial mineral and recalcitrant
PIP pools in the filter media layer were fixed8tand 190 mg k§ respectivelyThe initial pore

water TP concentratius in both layers were set to 0. The initial concentrations of the other-solid
phase P pools in both the filter media and bedding storage layers were also set to 0, with the
exception of the microbial POP pool in the filter media, which was fixed at 1Iyiigased on
literature valueqLucas & Greenway, 201Note that the microbial POP pool remained constant

during the simulations.

Similar to the time scale of the climate data series, our model also runs at theride
time scale covering the period from November 2012 to December 2019. To evaluate model
performance, we considered multiple quantities and compared the simulated agasuned
values. These quantities include water outflow volumes as w&8Ri3 and TP outflow loads from
2012 to 2017 (calculation details are in Supplementary Materials, section MedAdgy, TP
concentrationsin the filter media measured in 2013, 2014, B)-nd 2019, andertical (along
depth)distributions of Fpoolsextracted from 2019 cores (Tal#eh). We used he NaskSutcliffe
efficiency (NSEpetricto evaluate the goodness of fit between simulated resaltsl observed
concentrations/loadgLegates & McCabe, 199Regarding TP profile in depth of the soil media
compartment, we comparethodelsimulated timedependent profileswith median values of TP
concentrations measured on all the filter media samples available for a given time point and
depth interval.For P pools within PP, as shown in Table 3.5, we assdssedrtespondence
between modelsimulated P poolsrad measured SEDEX extraction data. The sum of loosely
adsorbed and humiassociated P extracted in steps 1 and 2 of the SBRIEOC0l was compared
to the sum ofthe modelcalculatedabile fractions of PIP and PQitus 90% othe microbial POP
(based orParsons et al. (2017) and Ruttenberg (1992)

We used the dynamicalgimensioned search algorithm dlson & Shoemaker (2007)

to conduct automatic model calibraticendfind optimum values of modglarametes. First, we
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started with the hydrology model, found the best hydrology model parameters, and then
followed with the identification of best values for P model parameters. Permissible ranges for
the adjustable parameters in the two models were compiled friodormation contained in
technical reports for the study site . soil hydraulic conductivity, exfiltration rate constant), as
well as values reported in the literature.§., hydrolysis rate constant). Thesulting information

is summarized Table3.6.

The calibration of the hydrology model involved optimizing 13 parametersawimize
the NSE for the monthly outflow volumes. By contrast, the calibration of the P model had multiple
outcome targets, namely, matching TP accumulation in the filter media layer, the 2019 TP
partitioning over the different P pools, plus the outflow aRd SRP loadings. Therefore, the P
model parameters were adjusted in two steps. First, 10 parameters related to P fate and
transport processes in the filter media layee( dispersion, adsorption, filtration, precipitation,
plant uptake, and hydrolysisand the 3 parameters describing the relative contributions of DP,
PIP, and POP to the inflow TP were tuned to best reproduce the results of the SEDEX sequential
extraction results for 2019. Second, the filtration coefficient of the bedding storagedagkthe
overflow TP concentration were calibratedrmatch the cumulative outflow TP loading between
2012 and 2017, that is the period over which CVC did monitor the outflow volumedinahe

calibrated parameter values are given in Tahig

3.3.4 Sensitivity analyses
We conducted global sensitivity analyses to assess (1) the sensitivity of the-pnedmited

runoff flow reduction on the 13 calibrated parameters of the hydrology model, and (2) the
sensitivity of the modeled P accumulation in the bioretention cell oe @4 calibrated
parameters of the P model. We applied the elementary effects (EEs) m@iards et al., 2014)
using the Matlab SAFE (Sensitivity Analysis for Everyone) to@amosi et al., 2015For the P
model, we conducted two rounds of sensitivity analyses. In the first round, the objective function
was the cumulative filter media TP accumulation from 2012 to 2019. In the second round, we
focused on the accumulation of reactive forms of Pdeyining the objective function as the

average fraction of the accumulated TP in the filter media layer that was present as reactive P at
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the end of 2019. For more details on the sensitivity analyses, see Supplementary Materials
(section MethodAA3).

Table3.5: Matchedobserved andimulateddata for model simulation evaluation

Simulated Data Observed Data (n: data Lab Analysis Lab Analysis Period of
number) Method to Method Available
Obtain Observed References Observed
Data Data
For Hydrologic Model
Simulated outflow flowrate Outflow flowrate (measured - - Nov 2012 ~
in 10-minute interval) Dec 2017
For P Model
Simulated TP concentration for ~ Measured TP concentration  Standard Method (APHA, 2018) Nov 2012 ~
outflow composite samples* for outflow composite 4500P Dec 2017
samples (n = 44)
Simulated SRP concentration for Measured SRP concentration Standard Method (APHA, 2018) Nov 2012 ~
outflow composite samples* for outflow composite 4500P Dec 2017
samples (n = 43)
Simulated TP loading for Calculated TP loading for Calculated* - Nov 2012 ~
monitored events with composite monitored events with Dec 2017
samples* composite samples (n = 44)
Simulated SRP loading for Calculated SRP loading for  Calculated* - Nov 2012 ~
monitored events with composite monitored events with Dec 2017
samples* composite samples (n = 43)
Simulated soil TP Measured soil TP (n =133) EPA Method 6010C (Aspilaetal., 1976; 2013, 2014,
(for 2013, 2014 and  Symbol, 2007) 2016, 2019

2016); Magnesium
nitrate digestion
method (for2019)
90% microbial POP + labile POP - Reactive P (Loosely adsorbec SEDEX** (extraction (Parsons et al., 2017; 2019

Adsorbed PIP P + Organic associated P, n = step 1 and 2) Ruttenberg, 1992)
15)
Mineral PIP Mineral P (Fébound P + Ca  SEDEX** (extraction (Parsons et al., 2017; 2019
bound P, n = 15) step 3 and 4) Ruttenberg, 1992)
Recalcitrant PIP Recalcitrant inorganic P (n = SEDEX** (extraction (Parsons et al., 2017; 2019
15) step 5) Ruttenberg, 1992)
10% microbial POP + Stable Unreactive organic P (n = 15) SEDEX** (extraction (Parsons et al., 2017; 2019
organic P step 6) Ruttenberg, 1992)

* Calculated by the method specified in Supplementary Materials (Method AB2).
**Details about SEDEX method can be seen in Supplementary Materials (Figure AB2).
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Table3.6: Parametes ofhydrologic A) and P B) model

Abbrev. Adopted Reported/ Selected/  Units A
value* Calculated values**

For inflow water quantity estimation

0 145 1452 a

0 530 5302 &

DA 5781 57812 a

aw 0.446 0.446° -

0 675 0 0 0 a

Q 0.62 035~1 -

Y 0.33 Y mhu Cad -

Y -0.23 -0.3~0.3 3

DD 057 10° mMwed v pmP°® & 23 PpuaQe

3 0.09 0.02~0.09 a

13 10 2~10 -

For ponding layer

3 0.15 0.152 a

For filter media layer

Q 0.45 0.452 a

0 0.0213 0.0208-0.0233 a Op Q¢

€ 0.4 0.35~0.5°¢ -

i 0.083 0.08-0.19° -

1 12,5 12.1~ 14.8° -

i 0.35 0.35-0.65° -

For bedding storagelayer

) -1.216 -1.216° &

o 189 170~2009 p T Q¢

A -1.45 -1.45 ~-1.35¢ a

Y, 0.21 Y, 6 ® G

€ 0.48 035~05 -
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Abbrev. Adopted Reported/ Selected/ Units B
value* Calculated values**

For inflow P concentration and partitions

o 4.3 0.37~6.5 mglL

\ 0.4 0.3~0.53f -

\ 0.18 - -

\ 0.42 - -

f 0.27 - -

f 0.73 - -

) 0.36 - -

f 0.02 - -

f 0.62 - -

f 0.5 0.4~0.58 -

For ponding layer

6 0.33 - mg/L

For filter media layer

\ 1 0.01~19 Qa

_ 0.025 0.01 ~ 0.06 (median: 0.02) cnv!

0 683.5 2751 ~ 8435 mg P kg

0 0.2 0.02 ~ 0.2 -

Ko) 0.15 0.1~0.41 (10 miny!

No) 3.33 107 2.68~9.79 107k mmol (cn¥)?s?

0 j 12.7 0.4 ~ 16 mmol Lt

0 & 0.25 0.1 ~0.6¥ mmol Lt

Y 0.052 0.03~042' mg P kg! day?

o) 50 104 3.1~5 10*™ day*

For bedding storagelayer

_ 0.06 - cnrt

o -0.271 -0.2712 a

Q 72.9 0 0 @ Q ®a

@ -1.871 -1.8712 a

6 0.42 6 © O a




* Values obtained by calibration (in ndatalic) or selected based on references (in italic).
** Sources of selected data:

a.(CVC, 2016) h. (Li & Davis, 2008c)

b. (Kuusisto, 1980; SINGH & KUMAR, 1996) i. (Mei, Yang, Guo, et al., 2012)

C.(Laio et al., 2001) j- (Mei et al., 2012; Zhang et al., 2018)

d. Observed from monitoring data. k. (Barber, 1995; Fohse et al., 1991; Kelly et al., 1992)
e. (Berretta & Sansalone, 2011; Yang & Lusk, 2018) I. (Muller & Biinemann2014)

f. (Berretta & Sansalone, 2011; Goor et al., 2021; Liu & Di m. (Jones et al., 1984)

2014)

g. https://www.enviro.wiki/;
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3.4Results

3.4.1 Outflow water quantity

Simulated outflow water quantity from November 2012 to December 2017 agreed well with the
observed values with an NSE of 0.79 and 0.77 at the monthly and daily scales (se8.8ifjure
the results at monthly scale). Model results imply that, over thge&r simulation time frame
during which outflow was monitored, the bioretention facility reduced the cumulative runoff by
64%, which is close to the runoff reduction efficiency (68%timated from monitored outflow

data.

6 10” Observed and Simulated Monthly Outflow, NSE: 0.79 g
5
1100 3
) 1200 &
o
I Precipitation (Rain + Snow) Jagg
=t Estimated Inflow z
= —e— Simulated Outflow *g
I o Observed Outflaw 2
L Q
=3[
=
E
o
S,
'1 -

Figure 3.3: Monthly precipitation, inflow, and outflow for the period during which outflow
volumes were monitored (November 7, 2012, to December 30, 2017). The modeled monthly
inflow and outflow volumes were estimateing the equations Table3.3. The offset between
inflow and outflow is due to evapotranspiration and exfiltration.
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3.4.20utflow TP and SRP loads
Simulated cumulative TP and SRP outflow loadings of all monitored events from November 2012

to December 2017 agreed well with the observed values with an NSE of 0.79 and 0.76 (Figure
3.4). Note that, as no inflow TP data were available, we ran the model using a range of values for
P in the inlet, and realized that an inflow TP concentration of 4.3 Tekst explained the
observed cumulative TP outflow loads (Fig84) and the observed TP accumulation in BieC
(Figure3.5). With significantly lower (gher) TP inflow concentration, the model underpredicted
(overpredicted) both the outflow and accumulation of P (Fighh8 in Supplementary Materials).
Mean, median and standard deviation values of modelled TP and SRP outflow loadings also
agreed well with those of the observed data (Figé¥4 in Supplementary Materials). Most
inflow events resulted in small outflow P loads: < 10 g per event for TP and < 6 g per event for
SRP. The few large events recorded over tyed&r period contributed over 50% of thHd® and

SRP outflow loads. For example, a single-Amh event in July 2013, accounted for about 36%

of the observed cumulative export of TP and 27% of that of SRP between 2012 and 2017.
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o
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o
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£ 40+
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I
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o

W

0 i i i i i i i i i
Jan 2013  Jan2014 Jan2015  Jan 2016 Jan 2017 Jan 2018
Time

Figure3.4: Observed and modeled cumulative TP and SRP outflow loads for the period during
which the outflowvolumes plus the concentrations of TP and SRP were measured (November 7,
2012, to December 30, 2017). N&Suitcliffe efficiency (NSE) values for the simulated cumulative
TP and SRP loads are 0.79 and 0.76, respectively.
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3.4.3 P accumulation in thidter medialayer
Model properly reproduced vertical profile of TP concentratiomsoil media (see Figure 3.5)

with NSE of 0.82. Moreover, model reproduced the patterns that we had observed in our data.
Among these patterns arthat TP concentrations measured in the filter media layer increased
with time and decreased with depth with pronounced gradient down the soil media as time
passed. However, there was significant variability in TP concentrations in a given depth interval
and at a given time point, as shown in Fig@B. This variability illustrates thkarge horizontal
heterogeneity in P distributions within and between the six cells of the bioretention system. The
larger TP concentration ranges for the year 2019 reflect the greater number of core locations we
sampled in 2019 compared to the far fewec&tions sampled in previous years by CV€spite

the relatively large concentration ranges in Fig@rg, a clear londerm P accumulation trend

can be observed. It was this muytear temporal trend, and those shown Figure3 .4, that the

1D reactiontransport model was designed to capture

Notable discrepanciebetween measured and modelled TP concentrations occurred in
2014 at 5 cm depth and those near and below 20 cm in 2019. Between sample collection in 2013
and 2014, maintenance work was conducted to replieevegetation in thdBRCThis may have
disturbed the topmost filter media and reset the TP concentration in the top layer to the

observed lower value.

Both the measured and modelled TP depth profiles imply that P actively accumulated in
the filter media betweerDctober 2013 and November 2019. According to model results, average
TP concentration in the filter media layerwr(, integrated from O to 45 cm depth) increased from
331 mg kd in 2013 to 534 mg kyin 2019. Per unit mass filter media, the accumulation was
equivalent to 35 mg P Kgyr'; per unit cell surface area, to 25 g P prt. For the entireBRC
facility, this translates to about 3.6 kgyrmonotonically increasing since the facility was built.
Results further showed that the accumulation™® mostly took place in the upper part of the
filter medialayer. For instance, 63% of all the TP that had accumulated by 2019 was stored in the
top 22 cm. As seen in Figudé, the model also reproduced the observed decreasing trends with
depth of the proportions of reactive soloound P and unreactive POP pools (defined in Table

3.5. These trends were balanced by increases in the relative contributions of mineral and
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recalcitrant PIP with depth. (Notiat depth profiles of absolute concentrations of P pools are

plotted in FigureAA6 in Supplementary Materigls
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Figure3.5: Measured and modeled concentration depth profiles of TP in the filter media layer as
a function of time. Dots representedian values and error bars indicate maximum and minimum
values of the TP concentrations measured at a given depth in the cores collected at the times
indicated on the graph. The Na$htcliffe efficiency (NSE) for the ensemble of modeled
concentration pofiles is 0.82.
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Figure3.6: Measured (bottom, unshaded bars) and modeled (top, shaded bars) distributions of
TP over the different pools in the filter media layer as a function of depth. The measured results
were obtained from the SEDEX extractions on core samples collected on Naven2019 (see
text for details). NastSutcliffe efficiency (NSE) values for the simulated fractions of reactive P,
unreactive organic P, mineral P, and recalcitrant inorganazeP0.73,-0.16, 0.35, and 0.11,

respectively.
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3.4.4Mass balances and plants
According to the water balance, exfiltration into the underlying native soil was the dominant

surface runoff reduction (63% of inflow) mechanism (Figiv&). Most outflow exited the cell

via the underdrain (32% of inflgwwith overflow only accounting on average for 3.5% of the
inflow. Evapotranspiration plus internal storage had the smallest contributions to the water
balance (1.5% of inflow)The interannual water balance varied depending on the climate
conditions. For example, runoff reduction via exfiltration increased to 73% in the dry year of 2016,

while overflow increased to 13% in the wet year of 2013 (Figé&in Supplementary Materigls

4% 1% 13% %

32%

63%
1%

a =
57% 3%
[ Overflow [T10utflow (Overflow + Drainage) Il Recalcitrant PIP
B Drainage [ |Bedding Storage Layer Accumulation [“IMineral PIP
[ Evapotranspiration + Internal Storage| M Exfiltration Il Adsorbed PIP
I Exfiltration [IFilter Media Layer Accumulation [[IStable POP
ElPlant Uptake Il Labile POP

Figure3.7: Fate of water inflow to the bioretention cell system),retention and export of P
entering the bioretention celld), and €) partitioning of P accumulated in the filter media layer
over the different extracted pools. The percentages are maadtulated cumulative values for
the period 20132019.

The P mass balance modeling results in Fi@irb implied that the filter media layer
retained the most P entering the facility®%),followed by plant uptake (21%) and accumulation
in the bedding storage layet @%).Plant uptake retained the most SRP (51%) entering the facility,
while accumulation in the filter media accounted for 45% of SRP retention (Figure AB8 in
Supplementary Materials)Export through outflow and exfiltration was estimated tmly
represent about3 and 4%of the TPand SRIhflux, respectively The distribution of P retained in
the filter media layer between the different pools is shown in Figtive. The largesP sink in

the BROwas mineral PIP. Hccouned for 41% of all P accumulated in tifider media layer,
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compared to just 3%or the adsorbed PIP poologether, he stable(i.e., unreactive)POP and

recalcitrant PIP poolepresented48% ofthe Paccumulated in the filter media layer

Because of the lack of quantitative data on vegetation growth and removal, we also ran
the modelwithout plant P uptake. Thtal TP retention by the filter media layer did not change
much, from 77% to 79% without and with plants, respectiveigreAA9a in Supplementary
Materials). The partitioning of P in the filter media layer changed significantly, however. In
particular, the adsorbed PIP pool increased from 3.1% in the presence of plants to 22% in their

absence EigureAA9b in Supplementary Materia).

3.4.5 Sensitivity analyses
The sensitivity analysis of the hydrologic model identifi@the climatic parameter representing

the fraction of rainfall events producing runoff, as having the most significant impact on the
runoff reduction efficiency of th8RC(mean elementary effect or EE of OR2gureAA10a in
SupplementaryMaterialg. Other sensitive parameters were, in descending orderand¢

which are related to water storage in the bedding layer (EE values of 0.13 and 0.09, respectively),
and theexfiltration rate constant)Q (EE value of 0.023). Parameters with the lowest sensitivities
were those related to filter media characteristics and evapotranspiration {(i.é., ,i ,&¢ ,

0 ), which had mean EE values < 0.01.

For the P modelthe kinetic filtration coefficient,_, exerted the most influence on TP
retention (mean EE value of 31.6igureAALOb in Supplementary Materidls Furthermore, the
model was less sensitive the parameters describing the equilibrium adsorption isotheom,
and0 (mean EE of 0.12 and 0.05, respectijjedpmpared to kinetic parameters includitige
adsorptioncoefficient('Q , mean EE: 2.J0plant uptake parametersy ; ,"O andd
with mean EE values of 0.50, 0.32 and 0.10, respectively), and the mineral precipitation rate
constant {Q , mean EE value of 0.16). Parameters with relativelyslemsitivity were those
describing the partitioning of inflow TP over the different popls ( ,T andr , With
mean EE values of 0.04, 0.04 and 0.03, respectively), the hydrolysioretant (Q , with a
mean EE value of 0.02), as well rasst hydrological model parametersvith the notable
exception of thefraction of rainfall events that produce runof€{with mean EE value of 0.18)

(FigureAA10c in Supplementary Materia)s
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3.5Discussion

3.5.1 fhosphorusunoff reduction

3.5.1.1 Hydrological impacts
According to the modeling resultgexfiltration plays a dominant role in reducindghe surface

runoff volume, yetit accounsfor less thanl%of the reductionin the Pinput flux. The reason is

that most P entering the system is immobilized within the topmost part of the filter media layer

(Figure 3.5) and, therefore, never makes it to the bottom of the bedding storage layer. The
sensitivity analysesf the hydrologic parameters further imply that it iot onlyi KS OSt f Q&
hydrologybut also itsPrunoff reduction performance that are mainggnsitive to the faction of

rainfall events that produceunoff (‘Q. This is not entirely surprising aBR@nly functions when

it receives inflow and the associated P.

Climate studies show increasing trends in precipitation extrefoesSouthern Ontario
that will likely continue in the coming decad@een et al., 2016, 2021)Vith the risingrequency
of highintensity precipitation eventsmore rainfall is converted intorunoff. In turn, this
decreases theurface floweduction efficiencyf the BRGince less water can be exfiltrated into
native soil under wetter year (sdeigureAA7 in Supplementary Materials). The greater outflow
and decreased contact time of porewater P with the filter media can potentially cause a greater
fraction of the P input to be exported with the outflow and this can be further verified by future
scenarios analysis with the model developed in this stuRhgvious researchhas similarly
highlighted thatchangesin the inflow regime driven by climate change withpact BRC
performance in terms cdurfacerunoff reduction(Beecham & Chowdhury, 2012; Daly et al., 2012;
Hathaway et al., 2014ndrunoff P reduction (Shrestha et al., 2018)
3.5.1.2Role of P immobilizatiqprocesses
Our modeling results indicate thahé majority of Pis retained in thdilter medialayer (57%)
followed by the bedding storage layer (20%). Earlier work has shown comparably high retention
efficiencies of P loading lyRilter media €.g9, 47¢59% inGeronimo et al. (201%)Previous
studies have shown continuous P retentionBRCfilter media under longerm (7 years)
operation (Johnson & Hunt, 2016; Komlos & Traver, 2012; Muerdter et al., 2016). Similar to our

results, these studies show preferential P accumulation within the uppermost portion of the filter
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media compared to lower depths (secti@¥.3. Nonetheless, our model estimates show that
the deeper zone (235 cm) of the filter media still trapped a significant fraction of the incoming
P (37% of all P accumulated P in the filter media). This contrasts with the work of Komlos & Traver
(2012) andViuerdter et al. (2016) who suggested a ne&mmplete retention within the top 10
cm of filter media (Komlos & Traver, 2012; Muerdter et al., 20b&ur model simulations, 41%
of the P accumulation in the tdr media is due to adsorption of DP followed by stabilization by
slower sorption processes (see Figué&'c). The latter may include (gprecipitation of
phosphate ionsvith Ca, Al, and Fe minerals suclhgdroxyapatite, variscitestrengite, and ferric
iron (hydr)oxidegHussain et al., 2015; Robertson et al., 2019; Sabur et al., . ZD2&r studies
support the prevalence of thisP retention mechanism insoittype media. For example,
precipitationof mineralcoatings containinghosphatehas beerfound to be the dominant long
term P retentionmechanismin soils ofdrainfields andseptic systemgRobertson et al., 2019)
Irreversible P sorption in bioretention filter mediahas also been shown to be enhanced by
amendments ofly-ash or water treatment residuthat contains high contents of Ca,, Ahd Fe
(Liu & Davis, 2014; Marvin et al., 2020; Zhang et al., 2018; Zhang et al., 2008)

Hydrolysis of organic P is a potential sourcBBéxportedfrom bioretention cels (Hurley
et al.,2017) However, for the EIm Drive bioretention system, the results do not support a major
role for this procesgFigureAAL1Ob in Supplementary Materia)JsAny DOP released the pore
solution is rapidly sequestered by satption and subsequently immobilized by slow sorption
mechanisms However, the modesimulations suggest thatydrolysis oforganic Paffectsthe
lability of theaccumulatedPOP andtherefore,the fractionof retained P that is under reactive
forms (FigureAA10d in Supplementary Materia)JsOu findings agree with those of the recent
study of Liu et al. (2021) who also report that irreversible sorptiaimesmajor SRP retention
mechanism ira BRCwhile the hydrolysis of organic P is negligithles et al., 2021)
3.5.1.3Importance of plant uptake
Comparison of model runs with and without plant P uptake illustrates the importance of a
vegetative layer as a design component of bioretention cells. Our analyses imply that plant
uptake accourdfor 21%decrease in thenflowing Pload in our study sitéFigure3.7b). Previous

laboratory experiments presented in Geronimo et al. (2015) indicated that plants removed
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between 2 and 21% of the P input. Our results further show that plant uptake removes 51% of
the inflowing SRP (Figure AB8a in Supplementary Materials), that is, somewhat lower than
Fowdar et al. (2017) who reported a 64% removal of the SRP inflow by.plattie latter study,

the inflow SRP concentration (~ 3 mg) lwas significantly higher than the average SRP
concentration estimated for the inflow to the Elm Drive bioretention system (0.86-fhg/Nhen

we ran the model with a 3 mglinflow SRP concgration, the fraction of inflow SRP removed

by plants increases to 58%, which is close to that found by Fowdar et al. (2017).

The P removal performance by plants can be expected to vary significantly from one
bioretention system to another. First, the uptake is not constant through time but varies with the
season and may even be mostly dominated by bursts of activityyobrrhizafungiduring storm
events(Lucas & Greenway, 20119econdthe importance of plant P uptake likely depends on
the plant species selecte@enderson et al., 2007pas well as the maintenance regimed,
frequency of pruning and biomass removal). Because detailed information on the vegetation
cover in our study case was not available, we opted for a simple mathematical representation
(Table 3.4) with the model parameter calibration constrained by vakjgsrted in the literature

(Barber, 1995; Fohse et al., 1991; Kelly et al., 1992)

According to model results, averageraal plantP uptakewas 1.4 kg P, or 9.6 g P pet.m
From year to year, the uptake ranges between 1.0 andkg.gr, that is, 6.9 and 13 m?yr™.
These values fall towards the high end of thageof annual plant? uptake rates inBRC$ound
in the literature:0.02 to11g nm?yrt(Lucas & Greenway, 2008; Turk et al., 20detause of the
relatively high P inflow loading indicated by our model. The typical P content in macrophyte
plants inBRCéurther ranges from 0.85 to 2.5 mg'¢Lucas & Greenway, 2008; RycevBorecki
et al., 2017; Schachtman et al., 199&hich yields an annual production between 3.8 and 11.1
kg ofplant biomass per ffor the EIm Drive bioretention system. For comparison, macrophyte
biomass production rates of 0.5 to 10.8 kg pr! have been reported for treatment wetlands
that tend to receive higher P loadsadlec & Wallace, 2008)o avoid P stored in plant biomass
to be returned to the filter media with litterfall, the vegetation needs to be removed regularly

from the bioretention system. Considering typical harvestable amounts of P of standing crops (1
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to 5 g P nt; (Dagenais et al., 2018; Kadlec & Wallace, 2008nnual plant removal is
recommended to delay the saturation of the filter media layer.

3.5.1.4 Inflow TP concentration

Average TP concentrations reported for urban runoff are typically much smaller than the TP
inflow concentration of 4.3 mgtLwe obtained from the model calibratiof¥ang & Lusk, 2018)

To verify the credibility of such a high concentration, we decided to collect water samples near
the inlet to the bioretention system, as well as ponded water and water extracted from the mulch
layer on top of the filter media during a rain event in Ax#o 2021 (details on sampling and
analytical protocols are given in Meth@d5 in Supplementary Materials). The TP concentrations
measured near the inlet showed high variability between the first flush (5.4 hmyelasured on

one water sample) and 0.1 mg measured subsequently on two water samples. The ponded
water sample exhibited a relatively high TP concentration (2.8 mig Wwhile the SRP
concentrations measured on ten water samples extracted from the mulch layer (which can be
considered closest to the water entering the filter media layer) were as high as 8.1 withla

mean concentration of 2.5 mg!LTogether with the observed TP mass accumulation in the filter
media (see MethodAA4 in the Supplementary Materials), the measured TP and SRP
cone@ntrations are consistent with a high average inflow TP concentration (i.e., 4.3%ng L
inferred from fitting the model to the available data. However, further monitoring will be needed

to fully characterize the inflow P speciation and concentrations during precipitation events.

A possible reason for the high inflow P concentration is the location of the bioretention
system in a fairly dense subdivision and adjacent to a parking lot (FAdglje Surface runoff
from parking areas can be enriched in P, as shown by Berretta & Sansalone (2011) who reported
TP concentrations as high as 6.5 migabd a mean value of 3.5 mg.Ln addition, our filter
YSRAI O2NB lylrfeasSa yR Y2RStf aAavdzZlGAzya SE
O2y OSYUGNY GA2YQ AY 2 dzNFlush? FPScOncetratiNS@rin tieRfdter G 2 |
media layer, that is, after the inflow water has passed through the mulch layer. Mulch used in
BRC4o0 attenuate soil erosion can exhibit a much higher P sorption capacity than the underlying
filter media(Mei et al., 2012a)Our limited eventbased field sampling in October 2021 suggests

that both high initial runoff P concentrations and P leaching from the mulch layer could

74



contribute to the elevated TP input concentration inferred for this bioretention system. Thus,
attention should be given to the potential impact of P release from the mulch layer on the long
term P retention performance in this and othBRCsThe use of low mulch and the regular

removal of plant litter are recommended as part of the maintenance plans of bioretention

systems.

Even when a much lower inflow TP concentratiod@&7 mg L' is imposed, the model
still predicts a very higremoval of the inflow P. The retention of P in the filter media plus plant
P uptake then account for 77% of the P input, compared to 79% in the simulation4.9itig L
L TP inflow. The relative importance of plant uptake in th87 mg L simulations is much
reduced, however (FigurBA9, panels ¢ and d). This is because the much lower porewater DP
that often becomes limiting for plant uptakeges Eq 8.4.14). Under the low inflow TP conditions,
mineral PIP and stable POP represent 85% of the P accumulation in the filter media. In other

words, more of the accumulated P is present in stable (or unreactive) forms.

3.5.2 Bioretention systems: design considerations
The fate and transport model presented here provides a tool to assess the roles of various design

components oBRG in controlling the P runoff reduction performance. As shown here for the
Elm Drive bioretention system, the efficient reduction of the P outflow flux is predominantly due
to the filter media layer that provides a high capacity for filtration of inconidy as well as
sufficient sorption sites for DFo avoid a premature saturation sbrption siteqQiu et al., 2019)

one approach is to add to the filter media-Ahd Ferich materials that have a high affinity for
phosphate ions and can promote transformation of loosely adsorbed P to more stable forms of
P (Marvin et al., 2020)However, these amendments can decrease the hydraulic conductivity of
the filter media layer(Ament et al., 2021)in turn increasing the risk of overflow during
precipitation eventsIn a similar vein, a fingrained filtermedia that increases the filtration
capacity (Sansalone & Ma, 2009), may cause clogging and formation of cake layer on top of the
filter media layer also resulting in a drop in the hydraulic conduct{litg Davis, 2008a, 2008b)
Themodel simulations presented here indicate that the high P runoff reduction capacity of the
Elm DriveBRGsystem reflects a good balance between maintaining a sufficiently high hydraulic

conductivity of the filter media layer, and efficient filtration and sorption that immobilizes the
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incoming P plus plant uptake. It is worth noting that in addition to the importance of vegetation
as P accumulators inferred from the modeling results, plant roots can help to counteract clogging

in bioretention cell{Skorobogatov et al., 2020)

A key question regarding the use BRCdor urban P abatement is how long the filter
YSRAI OFly O2yiliAydzS G2 | 00dzydzA GS tX GKIFEIG A&Z
(Hager et al., 2019; Marvin et al., 202Qur core data and model results show no evidence that
the ElIm DrivéBRUs approaching saturation after 7 years of operation. They further suggest that
most of the dissolved P input to the cell is retained as condensed mineral phases, rather than
simply partitioning onto a limited number of sorption sites of the filter mediuas is often
assumed in P retention models (Komlos & Traver, 2012; Muerdter et al., 2016). The formation of
these mineral phases may confer a very large capacity to accumulatbéBRCThe longterm
P retention performance may therefore be more controlled by processes such as clogging of the
filter medium by the particulate load of urban runoff entering the cell than by an actual saturation
of the P accumulation capacity (Li & Davi@)&a). More research on the actual forms under
which P is retained iBRCss recommended, given the importance for implementing effective

maintenance practices that extend the h§pan of the P retention benefits 8RCs

The model simulations also highlight the importance of the bedding storage layer in
reducing surface runoffBrown et al., 2013b)which results from the effective exfiltration of
water to the underlying native soil. In addition, the modeling suggests that further removal of PP
occurs in the bedding storage layer itself. The P immobilization in the filter media layer plus that
in the bedding storage layer limits the amount of P that is exfiltrated and, hence, potentially

transported by groundwater flow to a downstream water body.

3.5.3 Model limitations
The model reproduces the main features of the observed ryeléir P accumulation and the 2019

depth distribution of the P pools in the filter media layer, as well as the easéd outflow P
loadings (Figure8.4, 3.5, 3.6). Nonethelessfurther model developments and data acquisition
should help resolve uncertainties associated with the assumptions, approximations, and
oversimplifications that underpin the current results. One obvious approximation is the time

invariant inflow TP conceration and its frationation among the different pools. The simulations
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also ran with all model parameters remaining constant over time, including reaction and
physiological parameters that are known to be temperature dependent. As a result, in its current
form, the model does not account for seasonal patterns in P cyclingesmadval processes, such

as plant uptake or POP hydrolysis. One example of nabatal discrepancy is the underpredicted
outflow under the higkflow conditions of spring snowmelt (such as in April 2015). This likely
reflectsthe simpistic method used to eimate inflow based on a single runoff coefficie(dee
Table 3.3, E®. T3.3.1 to T33.6). Duringthe snowmelt period, the lower actual rates of
evapotranspirationresult in higher runoff than simulated. More sophisticated and accurate
rainfalkrunoff calculations that more realistically simulate the runaféneration during
snowmelt seasomvould helpimprove the performance of thenydrology and, therefore, th®

fate and transporimodelfor the bioretention systems

Themodelfurther does notaccount for the high variability in TP and SRP concentrations
of composite samplebservedduring lowflow events (see FigureAAS in Supplementary
Materialg. Lowflow events showed variable outflow TP and SRP concentrations, including some
of the highest values measured, while the higher flow events were associated with relatively low
outflow TP and SR#®ncentrations (FigurdA5). The model simulations most closely reproduced
the flow-weighted outflow concentrations for events A (i K ¢nig L1 vhich®epresents 70%
2F (GKS 2dz0Fft 206 almgll(h&hrepteseir 80povot the dtflowbsamples),
most of which occurred when the total event outflow was larger than 30,000 L. The reason why
the model does not capture the high variability in the TP and SRP outflow concentrations during
low-flow eventscould indicate an aspect of the P dynamics in BiRCsystem that is not
represented in the model and will require further investigation. This reduced performance at the
lower outflow volumes only had a minor impact on the lelegm modelpredicted cumulative
TP and SRP loads, however. Besides, not all the deviations between measured and modelled P
concentrations are necessarily due to the model. Errors associated with esarolbéction,
storage and analysis could also contribute to variations in observed concentr@lamee et al.,
2002)
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3.5.4 Modelfuture applications
The modeling results highlight the processes and chemical speciation that control thefong

P retention efficiency of thBR@® ! & &dzOKX GKS NBadzZ 6a LINRPOARS
functioning and generate recommendations for maintenance and monitoring practices. By
contrast, many P retention studies rely on concentrations measured in the inflow and outflow.
Although these twdies quantify the instantaneous P concentration reduction in surface runoff,

they vyield little information on the fate of thenxcoming P because the cell is treated as a black

box. For theBRCconsidered here, we conclude that the surface P load reduction is truly due to
retention of P in the system and not P leaching to the underlying native soil. Should the latter be

the case, theBRCcould potentially act as a loAgrm pathway of P pollution to the regional
groundwater system. It is important to note that the efficient trapping of P in the filter media
Ffaz2 NBFESOGa GKS OStf Qa NI Aa@Bdentht ReSalGBMehtA y |y |
of anoxic conditions that could cause a release of P from the filter medium back to the pore water,

followed by P export from the system.

The P reactive transport modeling approach outlined in our study can be transferred and
adapted to fit other bioretention system configurations and hydrological regimes. With
appropriate field monitoring data, ideally includingsgstem P speciation datthe parameters
for the hydrologic and P partitioning process calculations could be recalibrated. In the absence
of sufficient data, the parameter values and ranges reported here could be used as initial guesses.
Model simulations similar to those perforrdéhere could then estimate the P loading reduction
performance of a giveBRCat a range of temporal scales, from a single precipitation event to

long-term (i.e., multiple years) operation.

The model also provides a baseline for further model developments and adaptation to other
urban settings that, in turn, can enable future data interpretation applications and scenario
testing. This latter could include assessing the impacts of hydrolagieaiges accompanying
climate warming on the performance of P runoff reductioB&Csboth at the individual system
scale and watershed scale. The detailed, prodssed model could also be used to derive simple

relationshipsbetween the P runoff reduan efficiency and design characteristicsBRCsand
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biophysical conditions that could be used to scale up the effedBR&®n the export of P from

entire urban watersheds.

3.6Conclusions

This study presents a numerical model that simulates the fate and transport of P in a bioretention
system located in Ontario, Canadblnlike existing modelswe incorporated a detailed
representation of the biogeochemicahd exchangg@rocesses that control P cyclingvarious
compartments of the systemWe further compard modelpredicted depth distributions of
different P forms (that are, reactive, unreactive organic, mineral and recalcitrant inorganic form)
in the filter media layer (i.e., within the piaculate P pool)with data obtained from detailed
sequential chemical extractions of Pverall, the results indicate that, over they&ar study
period, the study bioretention system decreased 64% of surface water runoff, principally through
groundwater recharge. Moreover, almost all (~98%) of the P input to the system was prevented
from entering the outlet, mostly retained in the filter media layer, some in the bedding storage
layer, and some within plant biomass. The modeling and sequential extraciianpbint to
mineral (inorganic) P as the largest sink for incoming P. The latter accumulates as a result of
filtration of colloidal P and fast adsorption of dissolved P followed by)doecipitation of
phosphatecontaining mineral phases. Extremely higftenuation of P loadings in the system
exhibits excellent performance in controlling stormwater runoff and P waSfrom the urban
drainage area upstream of our study site.

¢2 | t1INBS SEGSyiGzr (KS aédaidsSvyoa LISNF2NXYIyO
FAEfGSNI YSRAI tF&@8SNRa t AYY20AtAT FGA2y OF LI OA G
favorable hydraulic conductivity that avoids excessive overflowdthitian, sufficient space in
the bedding storage layer and regular pruning and harvesting of the vegetative cover are
important design and upkeep considerations for the ldagn runoff P reduction performance
of the system. The model presented in this was thus potential to be a predictive tool for
bioretention cells system design and performance evaluation under certain P reduction targets.
¢KS YlILaa olflyOS OFrtOdA FiA2ya yR aSyarxiArorie
P reduction efitiencies are lower during wet years or when more of the yearly precipitation

occurs as intensive events. Because the latter are becoming more frequent with ongoing climate
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change, future applicationsf the modeling approach presented here could include simulations

of surface flow and P runoff reduction under regional climate projections.
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Chapter 4

How efficient are bioretention cells in controlling phosphorus
and nitrogen enrichment of urban stormwatansights from
the International Stormwater Best Management Practice
Database

This chapter is modified from:

Zhou, B., Parsons, C. Shafii, M.Rezanezhad, FRPasseport, E., & Van Cappellen, P. (2628Y
efficient are bioretention cellsin controlling phosphorus and nitrogeenrichment of urban
stormwater? Insights from the International Stormwater Best Management Practice

DatabaseUnder review
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4.1Summary

Bioretention cellfBRCsare a common technology toeduce stormwater runoff volumes and
peak flows. They have also been proposed as a best management p(&&gto control the
export of contaminantérom urban landscapes, including thecronutrients phosphorus (P) and
nitrogen (N). We extracted hydrologic and nutrient concentration data for over 400 precipitation
events across more than 30 BRCs from the International Stormwater BM&base The
concentration data includedotal P (TP), soluble reactive P (SRP), total N (TN), and dissolved
inorganic N (DIN)The concentrations of Pand SRPwere on average higher in the surface
outflows compared to the infiws. However, the corresponding outflowads of TP and SRP,
were generally lower, mainly because of reductions to surface runoff voluByesontrast, on
average BRCs exhibited slightly lower outflow TN concentrations while DIN concentrations were
similar between outflow and inflow. Hence, because they are generally more efficient in reducing
N than P loads, BRCs tended to decreaseTiNelP and DIN:SRP ratiof stormwater runoff,
potentially altering nutrient limitation patterns in receiving aquatic ecieyns Changes to P and

N speciation were also prevalent, with BRCs typically increasing the SRP: TP ard@NDIH;*

ratios. Random forest modeling identifiedflow concentratiors and BRC age as key variables
modulating the changes in TP, SRP, BNdoncentrations between inflow and outflowarIN,

the. w/sfrage volume and drainage aralso emerged as an important explanatory variable.
Overall,our findings imply that the impacts of BRCs on the P and N concentrations, speciation,
and loads of urban runoff are highly variabfdthough the P and N loads in surface runoff are
usually reduced by BRCs, the implications for downstream nutrient limitation and potential

groundwater quality deterioration deserve further attention.

4.2 Introduction

Urbanization increases the imperviousness of land cover which, in turn, may enétiloxeof
suspended solids, heavy metals, organic contaminants, and nutrients to receiving water bodies
(Valtanen et al., 2014Conveyance of phosphorus (P) and nitrogen (N) by urban stormwater can
exacerbate eutrophication of aquatic ecosyste(@shindler, 1974; Schindler et al., 2Q0IR)e
export of soluble reactive P (SRP) and that of dissolved inorganic N (Ridte=N + nitrite-N +

ammoniumN) are of particular concern because these are the chemical forms of P and N that
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are most readily utilised by algae and aquatic plé@amargo & Alonso, 2006; Orihel et al., 2017)
Therefore, interest in implementing stormwater best management practices (BMPs) to control P

and N release from urban landscapes is growing.

Bioretention cells (BRCs) are a common BMP that not only helps attenuate stormwater
runoff through subsurface infiltration but may also protect receiving surface water bodies against
excess nutrient loading. For instance, BRCs have been reported to rdMassociated with
suspended matter by filtratioiBerretta & Sansalone, 2012; Liu & Davis, 2@ to reduce
dissolved P loads by sorption to the filter medihtsieh et al., 2007; Sansalone & Ma, 2009)
microbial activity(Poor et al., 2018; Taylor et al., 2018nd root uptakegFowdar et al., 2017,
Lucas & Greenway, 2008 imilarly, BRCs may reduce N loading through filtration, nitrification,
and denitrification(Geronimo et al., 2015; Goh et al., 2019; Luo et al., 2020)

Nonetheless, the performance of BRCs as a P and N control BMP is highly variable,
especially when considering the most bioavailable nutrient fract{@msg et al., 2019; Goh et al.,
2019; Marvin et al.,, 2020)Among stormwater BMPs, BRCs exhibit the most widely ranging
differences in P concentration between inflow asdrface outflow (Jefferson et al., 2017)
Additionally, the effects of BRCs on P and N concentrations and loads tend to show significant
seasonal trend¢Brown et al., 2013a; Goor et al., 2021; Passeport et al., 2008)le BRCs are
often assumed to remove P and N from stormwater runoff, several studies have reported
increased P and N outflow concentrations, in particular for SRP andBBoWn et al., 2013a;
Hager et al., 2019; Jefferson et al., 2017; Shrestha et al., 2018; Tirpak et al., 2021; Valenca et al.,
2021) Factors purportedly contributing to nutrient enrichment of the outflow include: (i) surface
application of fertilizers and compo@tlurley et al., 2017; Mullane et al., 2015; Tirpak et al., 2021)

(if) saturation of sorption sites of the filter media (or soil) as the BRC(Bige=h et al., 2007; Koch
et al., 2014)and(iii) variations in external factors, such as watershed.(imperviousness) and
climatic characteristice(g.,precipitation) that influence P and N fate and transport in Bf&oé

et al., 2019; Kratky et al., 2017; Schroer et al., 2018; Shrestha et al., 2018)

In this study, multyear monitoring data on BRCs were extracted from the International
Stormwater BMP Database (ISBD), an epetess online databag€lary et al., 2020)n contrast

to previous work, we assessed the effects of 861 and N loads in addition to concentrations.
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We aimed to answer the following questions: 1) Are BRCs an effective BMP to reduce
eutrophication risks caused by excess of P and N concentrations and loads in urban stormwater
runoff? and 2) Which factors affect the changes in P and N concentrations &eftwiow and

outflow of BRCs?

4.3 Methodology

4.3.1Dataextraction and treatment
The ISBD comprises precipitation, discharge, and water quality(datarded as event mean

concentratiors, orEMG) O2f ft SOGSR FTNRY wmMdppdp G2 Haum F2NJ
BMP categories) located primarily in the continental USA. The dataset further provides
information on the upstream watershedf the BRCs, including the drainage af€#ary et al.,
2011) and the average climate conditions based on loegn (> 50 years) historical records
(Driscoll et al., 1989)We extracted discharg#ata plusEMG oftotal P (TP), total N (TN), soluble
reactive P (SRP), ammonithin(NH*-N), nitrateN (NOs-N), and nitriteN (NQ-N). The analytical
methods are summarized in Tal#&L of the SupplementaryMaterials.Forconcentrations below

the detection limit (approximately 6% of the data), we assigned a value equal to the detection
limit. The inflow and outflow concentrations were then paired with discharge data to estimate
eventintegrated (.e.,total mass) loads. We further calculated the DIN {N¥+NGO;-N + NQ-

N), nonreactive P (NRP = TFSRP), and nereactive N (NRN = T&NDIN) EMCs, as well as the
event mean SRP:TP, DIN:TNQ{ + NQ):NH,*, TN:TP, and DIN:SRP molar ratimsaddition to

long-term (avelage) climate conditions at each site, we inclutteel meanmonthly temperatures

to assess seasonal trends.

4.32 Reduction and enrichments factors
Becauseof high variability in the relative effects among BRCs and flow events on the various

water quality and flow parameters considered, reduction and enrichment facREFS were
calculated for each event, as:
——hQQ. / 54

YOO . (Equation4.1)
—h"QQ5 4 ) .
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where) .and/ 5 4pply to the inflow and outflow values for any given EMC, total event
flow volume, eveniintegrated load, or event mean molar ratiBvents for which IN > OUT imply
a reduction of the parameter value considered while, conversely, when OUT > IN the parameter
Ad KAIKSNI 2NJ GdSYNRKROKSR¢ A RERRIKE radgddefiveed San@ldzi ¥ £ 2
for both reduction and enrichment. To minimize the impact of outliers, the Wilcoxon sigaréd
analysis(Walpole et al., 1993yvas used to test for differences between inflow and outflow

parameter values.

We also report the percentages of BRCs that, on average, exhibit a reduction or
SYNAOKYSy( 2F (GKS 4l GSNJ ljdzr t AGe OFNARIOGfSa 02y
averageY O @lue was calculated as the arithmetic mean of all e\BES$or that site, while a
. w/ Qa | gRIadcalculated-wih Emtion4.1 using the total inflow and outflow loads
summed over all the events. For sites with data for more than 5 events, the #andall test
(Helsel & Hirsch, 1992)as used to evaluate temporal changes to P and N concentration and
loadingREFsHowever, because most BRCs were monitored for less than 2 years @&Riure
supplementary materials) very few significant temporal trends were detected (Pl and,

hence, not further considered here.

4.3.3 Machine learning
Random forest regressions were used to determine to what extent the potential explanatory

variables listed in Tabk.1 can account for the observed variability in tREFvalues of TP, TN,

{wt> FYR 5Lb O2yOSYuN) GA2Yy aod R(BColorBré&NRr &1L WNI y
2018) The algorithms were trained on 80% of the data and three separateldOsalidations

were carried out to identify the best model. The remaining 20% of data were used to evaluate
predictive accuracyGoodness of fit between predicted and observiRBFsvas evaluated with

the NashSutcliffe efficiency (NSHLegates & McCabe, 1999The importance of each
explanatory variable was quantified by the permutation feature importance method using the

WLIS N A Y LIQ (Dkbékt et all, 20286 expressed as a percentage. Partial dependence
FylrfteasSa ¢gSNBE OF NNA SR R@Gdznwel, RAl Ko adalkyz thiVinjpaaiQ LI O |

each explanatory variablen the REF&xcept land use (because it is a categorical variable).
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Table4.1: Explanatory variables included in threndom forest regression analysis of the
concentration reduction and enrichment factoiREFs
Abbreviation Description

Bioretention cell characteristics

V_BMP:DA Ratio of the bioretention cell (BRGpiage volume (filter media volume + pondin
volume) to the drainage area of the BRC (units: m)

Age BRC age at a given inflow event (units: years), calculated as the difference be
SPSy i NBO2NR RIGS IyR GKS . w/Qa aidl

Watershed characteristics

IN_Conc Influent concentration for a given event (unitag L)
Imperv Imperviousness of watershed (units: %)
LandUse [FYR dzaS GeLls 2F 6+ GSNBKSRT OFds3azr

ACNI YALRNIFGA2YEéS AGLYRAAGNRIEEX &/ 2
g2 2F ' T2NBYSyliAz2ySR (elLilSaz So3ao:
Site-specific averagelinate conditions

P_Depth_SA Average annual total precipitation depth (units: cm)

P_Intensity_SA Average precipitation intensity (units: cm¥r

ADP_SA Average interevent dry duration (units: hour)

BEvent-specificclimate characteristics

Month Month of event date

Temp Monthly average air temperature for the month during which the event occur
(units: °C)
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4.4 Results

4.41 Nutrient concentrations, ratios, and loads

The evertbased inflow and outflow concentrations and loads of the different P and N chemical
pools extracted from ISBD are compared in Figure 4.1; the molar ratios are shown in Figure 4.2.
While the mean outflow concentrations of TN and DIN usually remained close to their respective
mean inflow values, the mean concentrations T and SRP concentrations were markedly
higher in the outflow than the inflow (Figurela). Only 40% and 18% of the individual events
recorded showed a reduction in the outflow TP and SRP concentrations, respectively 4REgure

and Table4.2). On average, 73% and 89%lef BRC sites were found to enrich the TP and SRP
outflow concentrations (Figuré.3c and Tabld.2). By contrast, on average 60% and 48% of BRCs

reduced the outflow TN and DIN concentrations, respectively (F§8oeand Tabld 2).

The above concentration changes translated into a generally higher contribution of SRP
to TP in the outflow (mean SRP:TP of 0.65) relative to the inflow (mean SRP:TP of 0.27). By
contrast, although most events (79%) and BRCs (88%) exhibited an enrichintbat(NG:+
NO):NH;* ratio (Figuregt.3b,4.3c andAB? and Tabl&.2), the mean DIN:TN ratios of inflow and
outflow were similar (0.45 and 0.46, Figu4e?). As a result, for most events thHeN:TPand

DIN:SRIPatiosdecreased between inflow and outflow

The P and Nloads showed distinctly different trends than the corresponding
concentrations (Figure$.1 and4.3). OverallmostBRCs experienced reductionghieir outflow
SRP, TP, DIEnd TN load (67% for SRP 2% for TP83% for DIN, 95% for TNable4.3). This
was mainly due to the general decrease in the outflow volumetric flow relative to the inflow
(FigureAB3).
4.4.2 Seasonality
The seasonality of TP and TN EMCs and the correspdréiirgre shown in Figure 4.4. Both TP
and TN EMCs tended to be the highest in the summer. Enrichment of outflow TP was also more
likely in the summer and extending into fall (June to October). The seasonal trends of the DIN
concentration andRERvere similar tothose of TN (Figur&B4). For SRP, the seasonal patterns
were more complicated than for TP (FigukB4), with enrichment dominating across the entire

year, including during theiinter (Decembeto March).
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Figure4.1: Boxplos of inflow and outflow concentratios @) and loadsk) of TP, SRP,RR, TN,
DIN and NRNThe number of data points included for each variable is shown on top of the plot.
Note thatsome events did not generate any outflow; in these cases, the outflow loads were 0.

Because we used a logarithmic scale, zero values were excludeglvb(h).
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Table4.2: Statistics for inflow and outflow concentratieand molarratios. REFE= reduction or enrichment factor.

Water Quality Eventscale results Total site number and % of sites tha
Parameter | Total event number and % of events tha Wilcoxon pvalue*  Mediand 3 exhibit reduction
exhibit reduction
TP 467 (40%) 22 10° 0.25 (Enrichment) 39 (26%)
SRP 286 (18%) 1.5 102 0.77 (Enrichment) 27 (11%)
NRP 276 (64%) 1.6 108 0.33 (Reduction) 26 (54%)
TN 261 (63%) 1.2 108 0.21 (Reduction) 25 (60%)
DIN 306 (49%) 0.10 0.04 (Reduction) 25 (48%)
NRN 229 (58%) 0.013 0.17 (Reduction) 19(53%)
SRP:TP 275 (16%) 6.0 1036 0.67 (Enrichment) 26 (19%)
DIN:TN 229 (45%) 0.28 0.06 (Enrichment) 19 (37%)
(NOs+NQ):NHy* 306 (21%) 1.3 10% 0.75 (Enrichment) 25 (12%)
TN:TP 246 (60%) 0.042 0.17 (Reduction) 26(50%)
DIN:SRP 204 (76%) 7.6 1014 0.57 (Reduction) 21 (62%)

*p value of Wilcoxon Signedank test by comparing inflow and outflow values. Difference between inflow and outflow values can be considered aalistaiigtificant ifp

value is smaller than 0.0p.values that are higher than 0.05 are highlightedbahd.

Table4.3: Statistics for inflow and outflownads.

Water Quality Eventscale results Total site number and % of site
Parameter Total event number and % of events Wilcoxonp-value* Mediand 3 that exhibit reduction
that exhibit reduction
TP 225 (75%) 3.0 10 0.63 (Reduction) 25 (72%)
SRP 163 (61%) 0.057 0.42 (Reduction) 18 (67%)
NRP 146 (90%) 7.4 10% 0.85 (Reduction) 17 (83%)
N 160 (91%) 2.6 1022 0.68 (Reduction) 19(95%)
DIN 175 (82%) 3.4 10% 0.67 (Reduction) 18 (83%)
NRN 139 (88%) 6.0 1070 0.70 (Reduction) 14 (93%)

*p value of Wilcoxon Signeédank test by comparing inflow and outflow values. Difference between inflow and outflow values can be considered aallstaigtificant ifp

value is smaller than 0.0p.values that are higher than 0.05 are highlightedbatd.
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Figure4.4: Boxplot of inflow and outflow concentrations of TP and TN (data from all available
sites)in different months (left panelsfaandb), and the corresponding reductiar enrichment
factors (Y O &pfor the same parameters (right panelsa&ndb). Month 1 is January and Month

12 is December. Dashed line in the right panels showsénevalue that is no reduction or
enrichment. The number of data points includid each variable ishown on top of the plot.
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4.4,3 Randomforestregressions
The random forest predictions yielded the highest simulation accuracy for SRP (NSE = 0.71) and

the lowest accuracy for DIN (NSE = 0.45) (Figure 4.5). The inflow concentrations emerged as the
most important predictive variable for thREF®f TP, TN, SRP, and Rihhcentrations(Figure

4.6), followed by the age of the BRC, except for DIN where the ratio between the BRC storage
volume and drainage area played a slightly more important role than age. Variables related to
annually averaged climate characteristics (see Table 4.69 l@es important than those related

to seasonal climate variability.€., month of the year and monthly average temperature), except

for the TP concentrations whodREFappeared to be more sensitive to the average annual
precipitation depth and intensityFactors related to climate conditions played relatively more

important roles for the EMCs of TP and TN than for their most bioavailable fractions, that is, SRP
and DIN.
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Figure 4.5: Random forest regression&ventbased predicted vs. observed reduction and
enrichment factors"y O)@r TP &), SRPW), TN ¢), and DIN ¢). Green shading corresponds to

reduction of the corresponding concentration, red shading to enrichmBISE stands for the
NashSutcliffe efficiency
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4.4.4 Partial dependence plots
Partial dependence plots (PDPs) for REF®f TP, SRP, TN, and DIN EMCs are shown in Figure

4.7 and Figure&Bb to AB7 in supplementary materialdn the PDPs, positive and negative values
indicate reduction and enrichment of tlmrresponding EMCs, respectively. The PDPs for TP, TN,
and DIN exhibited minimal values during the summer months and negative trends with
temperature. By contrast, SRP enrichment appeared to be enhanced at lower temperatures.
Wetter conditions ie., higher precipitation depth and intensity plus shorter irrent dry
periods) favored the reduction of the TN and DIN concentrations while also lowering the
enrichment of TP and SRP. Lower (higher) inflow concentrations generally promoted enrichment
(reduction) of the outflow concentrations. Aging of BRCs enhanced the reduction performance
for TN but had the opposite effect for DIN. The PDPs all showed a sharp drop when
imperviousness of the watershed crossed a threshold, with the lowest threshold of around 50%

observed for the TP concentrations.
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4.5 Discussion

Do BRCs reduce P and N in urban runoff? Answers to this question depend on which nutrient
element (P or N), what chemical forms (speciation), and whether concentrations or loadings are
considered. The data extracted from the ISBD further indicate thaetfexts of BRCs on the

EMCs and runoff loads of P and N are highly variable. The following sections therefore focus on

the general trends emerging from our data analyses.

4.5.1 SRP and DIN concentrations and loads
The majority of BRCs included in our analyses exhibited enrichment of the TP and SRP

concentrations in their outflow (see secti@gh4.1). By contrast, enrichment of the outflow DIN

EMC occurred almost as frequently as reduction. Increases in the concentrations of SRP and DIN
have previously been attributed to leaching from fertilizer or mulch applied to BRCs to support
vegetation growth(Hurley et al., 2017; Mullane et al., 2015; Tirpak et al., 20Ehhanced
leaching of dissolved P and N, as well as export of particalgeciated P and N, has also been
observedimmediately after construction ofa BRC(Dietz & Clausen, 2005This may reflect
leaching from materials used in the construction of a BRC, especially when plants and their root
systems have not fully matured. One would then expect the occurrence and magnitude of SRP
and DIN enrichment to diminish over time as theuses in the filter medium and mulch layer

are gradually depleted and uptake by plant roots gains in importédDestz & Clausen, 2005)

Biogeochemical transformations within BRCs can also cause changes in the SRP and DIN
EMCs between inflow and outfloing et al., 2019; Zhou et al., 202Bpr instance, SRP and
DIN can be generated by the decomposition of dissolved and particulate organic matter entering
the BRC. Desorption of phosphate from inorganic particulate matter can also be a source of SRP,
while denitrification can have the oppdsieffect on DIN. Further procetmsed studies are
recommended to fully unravel the biogeochemical reaction networks within BRCs and their role

in modulating theRERvalues of SRP and DIN concentrations.

Based on the comparison of inflow and outflow P and N concentrations, some authors
have argued that BRCs generally act as nutrient sofiégsak et al., 2021; Valenca et al., 2021;

Weiss et al., 20085uch a view, however, ignores the impact of BRCs on P and N loads. Because
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BRCs usually efficiently reduce surface runoff volumes (FAgg)ethey can offset concentration
enrichments. As a result, BRCs on average reduce surface runoff loads of TP, NP, TN, NRN and
DIN (Figure4.1b). Nonetheless, a relatively large proportion of BRC sites (33%) still shows
enrichmentof both SRP concentrations and SRP loads. This is concerning given the role of SRP as
the primary driver of algal blooms in many freshwater bodigaker et al., 2014; Mohamed et

al., 2019; Schindler, 1974; Schindler et al., 2016)

Phosphorus load reduction is a common approach to protect receiving lakes from the
impacts of eutrophicatior{Bocaniov et al., 2023; Environment and Climate Change Canada &
Ontario Ministry of the Environment and Climate Change, 20A8) example, designating total
maximum daily loads (TMDL) that a water body can receive is a federally mandated nutrient
control criterum for impaired waters in the United Statgdarvie et al., 2013)In severely
impacted aquatic ecosystems, however, controlling nutrient concentrations may be critical for
the protection of aquatic lif¢Canadian Council of Ministers of the Environment, 200fgrefore,
given that BRCs typically increase SRP concentrations they may not be suitable in locations where

abatement of P concentrations in receiving water courses is the primary goal.

4.5.2Potential impacts on groundwater quality
Perhaps the largest knowledge gap identified through our analyses is the ultimate fate of P and

N removed from surface flows. While BRCs overall tend to reduce the surface runoff loads of TP
and TN, the extents to which P and N are retained within thes cefhitted to the atmosphere

(for N), or exported to the underlying native soil and shallow groundwater remains largely
undetermined. In other words, few complete P and N mass balances have been developed for
BRCs. Such mass balances are best informeineyseries data on P and N concentrations and
speciation for inflow, outflow, atmospheric deposition, and filter media, plus estimates of mass
removal with harvested vegetation and satimosphee exchanges (for N). Such data sets,

however, are currently very scar(@®r an exception, see Zhou et al. (2023))

OEFATGNI GAZ2Y FNRY .w/ & A& NINBfe RANBOGE &
water balance based dimown or estimated inflow, outflow, and evapotranspirati(hou et al.,
2023) Except in arid climates, evapotranspiration is typically a small component of the water

budgetand, hencesurface flow reductions are mostly due to exfiltration to the underlying soil.
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It is also reasonable to assumieased on most BRC designs, that the nutrient concentrations in
exfiltrating water are close to those measured in the outflowing surface water (Zhou et al., 2023).
Thus, in most cases for TP and SRP, and half the cases for DIN, the exfiltrating conegntratio

would be higher than the inflow concentrations.

Nitrate is a pollutant of concern in groundwater due to its high solubility and negative
impact on public healtiWorld Health Organization, 20Q8yhile SRP in discharging groundwater
can impact the water quality of connected surface water bodiRgy & Bickerton, 2014Yhus,
given the growing implementation of BRCs in urban areas, research into the possible nutrient
enrichment of shallow aquifers and downstream surface water bodies caused by enhanced
groundwater recharge via BRCs should be prioritidedferson et al., 2017)his is especially
true at locations with shallow water tables and permeable soils where the transfer of solutes

from BRCs to groundwater is facilitatéthang & Chui, 2017)

4.5.3Potential impacts on nutrient limitation
Our results clearly show that BRCs have divergent impacts on surface runoff P and N

concentrations, speciation, and loads. On average, the outflow TN:TP and DIN:SRP ratios are
lower than their inflow counterparts. Thus, BRCs promotetthasition of urban runoff from P

to N stoichiometriclimitation of algal growth. The shift is more pronounced for DIN:SRP than
TN:TP because of the greater increase in the SRP:TP ratio compared to the DIN:TN ratio (Figure
4.2). That is, BRCs tend to increase the more bikaa fraction of TP to a greater extent than

that of TN. While the importance of controlling N loads compared to P loads to mitigate
eutrophication of freshwater ecosystems remains contentifidellweger et al., 2022; Paerl et

al., 2016, 2020; Schindler et al., 201dgcreases in molar N:P ratios below the canonical Redfield
value of 16 have been associated with undesirable ecological consequences, including the
emergence cyanobacterial dominance (Schindler 2816 and references therejnand toxin

production(Orihel et al., 2012)

Several factors may contribute to the dissimilar effects of BRCs on the DIN:TN and SRP: TP
ratios. These include differences in the nature of inflowing N and P in urban stormwater runoff.
A large fraction of P carried by urban storm water runoff typicatiyues in the NRP fraction that,

in turn, is mostly associated with suspended maitéang & Toor, 2018Jiltration of the latter
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then effectively retains NRP in the BRC where it accumulat&s Davis, 2008; Zhou et al., 2023)

By contrast, a large fraction of TN in stormwater runoff is usually under the form of DIN (Figure
4.2). Furthermore, much of inflowing neneactive (NRN) tends to occur in dissolved form, such
as dissolved organid (Lusk et al., 2020; Troitsky et al., 2019¢nce, filtration is not as effective

for Nasfor P(Li & Davis, 2014)

Various geochemical and biological processes within BRCs can eliminate SRP and DIN from
inflowing surface runoff, including ion exchange reactions, mineral precipitation, plus
assimilation by plants, fungi, and bacteftdsieh et al., 2007; Poor et al., 2018; Sansalone & Ma,
2009; Skorobogatov et al., 2020; Taylor et al., 20EB)m the information available in ISBD, it is
not possible to evaluate the relative importance of these removal mechanisms. However, one
critical difference between P and N is the importance of gaseous species in the biogeochemical
cycling of N, but noof P(Wang et al., 2015Denitrification and, to a lesser extent, nitrification
may cause the permanent removal of DIN to the atmosphdyestin et al., 2004; Li & Davis,

2014) In summary, the observed changes in N:P ratios imparted by BRCs carry the signatures of

the large differences in the biogeochemistry of the two nutrient elements.

Also noteworthy is the observation that BRCs typically reduc@&lth& concentration but
enrich theNOs+NQ concentration (FiguréB), hence increasing theNQ:+NG):NH;* ratio
(section 4.4.1). This finding is consistent with previous studigkere BRCs were found to
efficiently remove ammonium via sorption and nitrification bwere inefficient at nitrate
removalvia denitrification, hence increasing the risk of nitrate leachibig& Davis, 2014)A
simple mass balance calculati@mows that the observed average reduction of thesNM
concentration at most accounts for 52% dfe mean increase in theNOs-N+NQ-N
concentration. In other words, nitrification of inflowigH" alone cannot explain theO;+NQ”
enrichment in the outflow. Other N sources must therefore play a role such as the oxidative

degradation of organid\.

The changes in DIN speciation caused by BRCs may timpadfjal community structure
and toxin production in receiving water bodi@donchamp et al., 2014; Trommer et al., 2020)
Moreover, many aquatic species are sensitive to elevated levels of ammonium and nitrite and,

less so, nitrate(Canadian Council of Ministers of the Environment, 20@/)erall, our data
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analysis therefore highlights the multiple effects BRCs can have on the P and N concentrations,
speciation, and loads of urban runoff’lhen advocating BRCs as a eutrophication risk reduction
strategy,the potentialconsequences for the ecology of receiving water bodies and groundwater

quality should therefore be carefully evaluated.

4.54 Insights from random forest modeling
The discussion so far has emphasized the importance of inflow speciation ays$tém

biogeochemical processes in modulating the changes in P and N concentrations between inflow
and surface outflow. The random forest modeling provides complementary ifioom on the

roles of watershed and climate drivers, as well as the age and storage volume of BRCs. Together,
these additional variables contribute significantly to explaining the observed variations in the
concentration REFs afP, SRP, TN, and DIN, aswsh by the fair agreement between the
observed and predicted REFs in Figdre In particular, the random forest regressions are
reasonably successful in separating the eveassilting inenrichment versus reduction of the TP,

SRP, TN, and DIN EMCs.

4.5.4.1Watershed characteristics
The inflow concentrations are identified as the most important variables affecting the

correspondingREFvalues (Figurel.6). Enrichment of TP, SRP, TN and DIN concentratiens
predicted to bemore likely during events with lower influent concentratigisection4.4.4). This

finding is both conceptually intuitive and consistent with previous observations that show
leaching of P and N from BRCs experiencing dilute inflow e{eegts Li & Davis, 2016; McGechan

& Lewis,2002) This raises the possibility of a release of legacy P and N accumulated in BRCs
following improved nutrient management in watershethat lowers the input concentrations

reaching the BRCs.

Relative to the inflow concentrations, watershed imperviousness and laedeem to
carry less explanatory importance for the TP, SRP, TN, and DIN concentration changes.
Nonetheless, the true importance of imperviousness and laisé effects may be under
represented because these watershed characteristics also influence inflow nutrient
concentrations and speciatio®lowinski et al., 2093Schroer et al. (2018jor example, showed

how imperviousness affects pollutant and nutrient buildup and wash off, as well as their
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accumulation rates within stormwater BMP systems. The PDPs in §&drandABS to AB/ in
supplementary materialsmply a highly nodinear response of the concentratioREFsto
increasingmpervious land covemith abrupt increases in TP and SRP enrichment and decreases
in TN and DIMeduction. Tis would imply thatin densely built urban areas, BRCs may be less
effective as a nutrient control practice.

4.5.4.2Climate and seasonality

Previous studies have linked variations in P and N concentration enrichments and reductions to
differences in local climaticonditions(Goh et al., 2019; Kratky et al., 201Qur finding that
wetter climate conditions tend to dampe? concentration enrichmentand promote N
concentrationreduction by BRCs is in line with the studyHurvath et al. (2023)Our work
further showsthat P and N concentratioREFare more sensitive teseasonal climacyclesghan
long-term climaticaverages (Figust 4, 4.6, andAB). For example, the TP concentration shows
the highest meanREFvalues during summer to late fall (JtNypvember, Figuretda). A
somewhat similar pattern is observed for the DIN concentration (Fig&#) with, on average,
enrichment during the months of June to September and reduction for most of the rest of the
year. Whereas the mean TN concentratiREFshow only a weak seasonal trend (Figdi4b),

the SRP concentrations exhibit their highest enrichment during the winter months (January to

March, FiguréAB4a) and the lowest enrichment in spring (Aqviay).

The contrasting seasonal trends of tREF®f the TP, TN, SRP, and DIN concentrations
arise from the interplay between multiple seasdependent drivers, including temperature, the
frequency and intensity of inflow events (FigukBd), the inflow concentrations (Figurdst and
AB4), as well as biological and biogeochemical activities (nutrient uptake by roots, microbial
heterotrophic activity, etc.) not explicitly represented in our random forest modeling. The
seasonal trends highlight the differences between P and N, as welesntportance of
speciation. For example, the dissimilar seasonal trends of the concentiREdi®f TP and SRP
may in part be the outcome of their opposite dependencies on temperature (compare HBigure
and FigureABb). A deeper understanding of the seasonal and watemual trends in P and REFs
will be needed to predict how changing weather conditions projected under climate warming,

includingincreased frequency of higihtensity rainfall and extended dry periods betweminfall
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events (Portner et al., 2022; Tebaldi et al., 2006&)ay alter the effectof BRCs on P and N
speciation, concentrations and loads of urban surface runoff.

4.5.4.3BRC age and design characteristics

The anticipated life cycle of most BRCs falls withitb §eargdKomlos & Trave2012) Upto 5

years, BRC age shogldnerallyhave little effect on SRP enrichment (Figaib), while over the

same time span BRCs may switch from reducing to enriching outflow DIN (FAgdye
Furthermore, the prediction for SRP appears to contradict results of some previous studies, such
asLucas & Greenway (201d/ho proposed that, with the exhaustion of sorption sites, BRCs tend

to progressively become less efficient at retaining SRIese predictions, however, should be
considered with caution because most BRCs included in the random forest regressions were less

than 5 years old (FigureB3).

Cell storage volume to watershed area ratio was identified to be a more important predictor
variable for DIN than BRC age (Figus). The role of this factor may be due to its relationships

to water saturation and residence time in the filter medium that, in turn, control the relative
impacts of ammonification, nitrification, and denitrification, with the latter typically favored by
longer water residence timg$Seitzinger et al., 2006; Zarnetske et al., 200ther design factors,

such as the presence of an internal submerged zone and vegetation, are known to be important
in modulating concentration changes of P and N by EB@=hm et al., 2020; Wang et al., 2019;
Zhang et al., 2021) onger monitoring data series, in concert with more detailed information on
the design and maintenance regime of BRCs, will be needed to fully delineate the complex effects

of BRCs on P and N in urban runoff.
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4.6 Conclusions

The synthesis and analysis of the data extracted from the ISBD offer insights into the range of

impacts of BRCs on the speciation, concentrations, and loads of P and N in urban surface runoff.

The major findings and trends emerging from our work are thievong.

1.

On average, BRCs enrich the surface outflow concentration of TP and even more that of
SRP; they reduce the outflow concentration of TN and impatrt little change to that of DIN.
The outflow loads of TP and DIN typically decrease due to the reduction of surface flows
by BRCs. However, because of the compensating effects of flow reduction and
concentration increase, the mean SRP inflow and outflow loads are not significantly
different. However, BRCs exhibit a markedly greater likelihood of enriahi@gSRP
concentration inurban runoff thanthat of DIN.

Because of the different impacts on P and N, BRCs are more likely to decrease the N:TP
and DIN:SRP ratios, hence causing urban runoff to become more N limiting relative to P.
Outflow from BRCs generally carry higher SRP:TP angt-(N®):NH;* ratios than the
inflow. Thus, when proposing BRCsaapotential eutrophication control strategy, the
multiple effects on P and N speciation, concentrations, and loads should be taken into
consideration.

Random forest regressions identify inflowing concentrations and BRC age as major
variables affecting the enrichment or reduction factors of the concentrations of TP, SRP,
TN, and DIN.

Wetter climate conditions tend to weaken P enrichment and enhance N reduction by
BRCswhile veryhigh watershed imperviousness may hamposite effects.

The impacts of BRCs exhibit strong seasonal variability because of the large seasonal
cyclicity of temperature, precipitation patterns, inflow concentrations and speciation, and

in situ biogeochemical activity.

The consequences of exfiltration from BRCs for groundwater nutrient enrichment and

subsurface transport require further research.



Chapter 5

Phosphorus control by stormwater infrastructure: modelling
with datadriven approach and exploring thmportance of
BMP, climate and watershetaracteristics

This chapter is modified from:

Zhou, B. Parsons, C. T., & Van Cappellen, P. (2028)sphorus control by stormwater
infrastructure: modelling with datalriven approach andxploring the importance of BMP,

climate and watershed characteristiddnder review by coauthors
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5.1 Summary

A variety of best management practices (BMPs) have been employed to attenuate phosphorus
(P) export in urban stormwater and mitigate the eutrophication of receiving waterbodies.
However, P control performancearies considerably depending on the BMP, climate, and
watershedconditions. Many BMPs are reported to enrich P concentrations, which questions their
efficiency to control P export from urban watersheds. In this study, we evaluated the effects of
BMPs on total P (TP) and soluble reactive P (SRP) @amn utmoff using hydrologic and
concentration data forsix categories of stormwater BMPs. These included traditional systems
(retention pond, wetland basin and detention basin) and-iawpact development (LID) systems
(bioretention cell, grass swale and grass strip), from the International Stormwater BMP Database
Further, we developed machine learning (ML) models to predict P reduction or enrichment
effects for specific BMP systems under different watershed and climatic conditions. We found
that although LID BMPsnore efficientlyreduce runoff volume, they are generally more likely to
enrich TP and SRP concentrations compared to traditional BMPs. These combined effects lead to
poorer P load reduction performance for LID BMPs$hBaditional and LID BMPs are more likely

to enrich SRP concentratiomdrier climateswheninfluent SRP concentrations are lawd when
watershed imperviousnesss high The SRP concentration reduction and enrichment
performance of LID BMRsalsogenerally moresensitive to theBMP, climate, andvatershed
factors than traditional BMPs. We found thathe random forest modelpresented herein
provided the mostaccurate estimatiorof BMPs effecton P concentrations compared to other

ML methods. This study suggests tlatitching to LIIBBMPs from more traditional approaches
has the potential to exacerbate driveneutrophicationin receiving water bodiesOur results
alsoshowthat ML methods, especialthe random forest modelcan more robudy estimatethe
effects of stormwater BMPs on urban runoff P comparedhi® traditionalreduction efficiency

method by accounting for both P reduction and enrichment effects.



5.2 Intioduction

Urbanization increases impervious land cover and concentrates huelared activity, which

has elevated and intensified pollutant export to receiving water bodies via surface stormwater
runoff (Valtanen et al., 2014; Yang et al., 2021; Yang & Lusk,.20h@®ng exported pollutants

from urban areas, phosphorus (P), especially in bioavailable forms (e.g., soluble reactive P (SRP)),
is of great concern due to its role as the nutrient limiting eutrophication in many water bodies

(Schindler, 1974; Schindler et al., 2016)

In response to this challenge, policies promgturban stormwater managemertave
been implementedall over the world in the past 40 yea(€hang et al., 2018A variety of
structural stormwater best management practices (BMPs) have been applidoniiothe
ecological impact of urban stormwater runoff on receiving waterbodies, including traditional
options such as endf-pipe stormwater ponds (SWPs)and more innovative lovimpact
development (LID) options such as bioretentionc@RCsfHager et al., 2019; Jefferson et al.,
2017) As shown irFigure 1.3 in Chapter, While traditional BMPs reduce runoff pollutant load
via centralized retentiorbased treatments, LID BMPs were designed to reduce surface runoff
pollutant load bypromotion of decentralized infiltration, which diverts surface runoff tioe
subsurfacgGao et al., 2013; Hager et al., 2019; Sample et al., 2012)

Many urban stormwater BMPs systems have proven efficient for control of flooding as
well as certain pollutants such as TSS and heavy metals. However, the efficacy of these systems
with respect to the control of P export is more variafdefferson et al., 2017; Li & Davis, 2008;
Teng et al., 2004)Vhile some studies show that BMPs are efficient at reducing P loads in urban
stormwater runoff(Liu & Davis, 2014; Zhou et al., 2028hers found that they can enrich P
concentration due to leaching of legacy P, originating either from fertilizer inappropriately
applied directly to theBMP, or accumulated from the watershdtiurley et al., 2017; Taguchi et
al., 2020) It is recognized that different categories of BMPs can have different effects on P
concentrations and load$iager et al., 2019nd it has also been shown that the efficacy of BMPs
within the same category can also vary considerably depending on individualdiM&te, and

watershedconditions(Barbosa et al., 2012; German et al., 2003; Liu et al., 2018)
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Although complex mechanistic models have been developed for a few individual BMP
systemgLi & Davis, 2016; Zhou et al., 2028)st modelling tools used to estimate the effects
of BMPs on P export at the watershed scale are oversimplified. Typically, such models assign
either a fixed reduction efficiency or a single fistler P reaction coefficient based on the
average valuerbm a few previous studie@Baek et al., 2020; Hanief & Laursen, 20I%)ese
methods, lack the complexity needed to account thfferent BMP,watershed or climatic

characteristics in any particular location which diminishes their accuffagsther, they are
unable to forecast BMP performance based on climate or land use change sceliaritisg

their utility for watershed planningA few recent modelling studiefavetried to account for
variations inrBMP P control performandarough the use oinnovative methodsuch as Bayesian
method, frequency analysis and Monte Carlo analysis to simulate the distribution of P reduction
efficiency(Liu et al., 2018; Park et al., 2015; Sparkman et al., 26fbfyever, mosstill make the
optimistic assumption that BMPs reduce P concentratioroughout their lifespanwith few

considering the possibility ¢t concentratiorenrichment(Lintern et al., 2020)

In recent years, machine learning (ML) methddse emerged agpowerful tools with
applications across many domains, including the prediction of BMP hydrological and pollutant
reduction performancéFang et al., 2021; Khan et al., 2013; Wang et al., 2019; Zhang et al., 2021)
The use of ML methods has resulted in higher prediction accuracy but has also highlighted the
need for consistent monitoring and effective consolidation of the resulting data, as ML methods
typically perform better when trained on large datasets. Theernational Stormwater BMP
Database (ISBD)Clary et al., 2020)s an excellent example of consolidated high quality
monitoring data, which can facilitate the use of ML modétsthis study, we examined the
concentration and load reduction and enrichment effectsidftypical categories of traditional
and LID BMPghree for each)from the ISBDWe then trained ML models to estimate their
reduction and enrichment effects on P concentratigiven BMP, watershed and climatic

conditions.
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5.3 Methodology

5.3 1 Dataacquisitionselection, and synthesis

Influent and effluent water quality data, recorded egentmean concentrations (EMC) of total
phosphorus (TP) and SRRvere retrieved from version 0@82021 of the ISBD

(https://bmpdatabase.org). The data were selected to include six typical urban stormwater BMP

categories (Tablé.l) located primarily within the continental United States (see spatial
distribution of BMPs in Figur&C1 in supplementary materiqdsThese include three traditional
centralized BMP categoriest¢rmwater pond SWP), detention basin (DB) and wetland basin
(WB)), and three decentralized LID BMP categories (bioretention c€l), (@@Rss swale (BS) and
grass strip (B)) We matched water quality data with flow (inflow and outflow), precipitation
(eventmean precipitation intensity watershed characterists (drainage area, imperviousness
and land use types), and local climatic conditions obtained from historical climate recieds (s
average annual precipitation depth, precipitation intensity and irgeent dry duration for
analysisTP and SRP event loads were estimated from EMC data from the inflow and outflow and

corresponding flow data.

To include factors related to the BMP system characteristics, we calculated the ratio
between BMP surface area and drainage area, as well as the BMP system age at the time each
event occurred. The air temperature for each event was assigned based on tit@lynmcal
average air temperature obtained from the United States Geological Suti®¢$) Science

Database(https://www.sciencebase.gov/catalog/item/4fb5528ee4b04ch937751d9aand use

types within the watersheds were split between six categories (institutional, residential,
transportation, industrial, commercial and undeveloped) plus mixed land use types, based on key
words associated with each BMP in the ISBD {&aade ACL in supplementary materials for
details).
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Table5.1: Definition of BMP category*

Category Description

Detention Basin (DB) Dry extended detention gradmed and concrete lined basins that empty ot
after a storm.

StormwaterPond SWP) Surface wet pond with a permanent pool of water, may include undergrot
wet vaults.

Wetland Basin (WB) Similar to a retention pond (with a permanent pool of water), typically witt
more than 50 of its surface covered by emergent wetland vegetation.

Grass Swale (BS) Shallow, vegetated channel, also called bioswale or vegetated swale.

Grass Strip (BI) Vegetated areas designed to accept laterally distributed sheet flow from
adjacent impervious areas, also called buffer strips or vegetated buffers.

Bioretention Cell (B Shallow, vegetated basins with a variety of planting/filtration media and

often including underdrains. Also called rain gardens and biofiltration.
*Adapted fromClary et al. (2020)

5.32 Metrics of BMP effects on P runoff
at Qa STFSOG 2y NHzy2FF ¢t FyR {wt | NBscaeg@l t dz

and site/scaleeduction/enrichment factors'Y ‘G3) in this study, aslaboratedin section4.3.2

5.33 BMP performance predictions usimgchine learning methed
To predict BMHAP reductionperformancegivenBMP, climate andwatershedcharacteristicswe

trained 6models using commoNIL methods (Tabl®.3). Factorslistedin Table5.2 were usedas
predictors.Thedataset was splitwith 80% used for model trainingnd 20% for validation. We

conducted 3 separate Hold crossvalidatiors for each model and recorded theverageNash

Sutcliffe efficiency (NSHE)egates & McCabe, 199&) compare model accuracyrhe method

which providedhe highestaveragesimulation accuracy wasubsequently usetb evaluatethe

importance ofpredictors by quantifying their effectsn model prediction accuracy. We uskbe

WLIRLIQ LI O113S Ay w (2 O2Yy RdzQuinerical prelidtotofidenfs LISY RSy
the direction of influence oY A3 (Greenwell, 2017)Land use and BMP category predictors

were excluded from this analysis as the only categorical predictors in the dataset.



Tableb.2: Explanatory variables included in the machine learpiragliction of the concentration
reduction and enrichment factorsREFp of urban stormwater best management practices
(BMPs)

Abbreviation Description

BMP characteristics

A _BMP:DA Ratio between BMP surface area to the drainage area of the E
BMP_Category Category of BMP (see Table 1)
Age* BMP age at a given inflow event (units: years), calculated as

RAFFSNBYOS 08688y S08yid NB
service date

Watershed characteristics

IN_Conc Influent concentration for a given event (uniteg L)
Imperv Imperviousness of watershed (units: %)
LandUse Land use type of watershed; categories included

GLyadAddziAz2y L tés awSaAaRSylA

G/ 2YYSNOAFE €S da! yRSOSE 2LISRE

FF2NBYSyiA2ySR (eLlSasz Sodo:
Site-specific average climate conditions

Precip_Depth_SA Average annual total precipitation depth (units: cm)

Precip_Intensity SA Average precipitatiomntensity (units: cm ht)

ADP_SA Average interevent dry duration (units: hour)

BEvent-specificclimate characteristics

Month** Month of event date

Temp* The monthly local average air temperature at the month when
event occurred (unit?Q

Precip_Intensity E** Event mean precipitation intensity (unit: cm¥r

*Calculate average values for all available events of each site fegcsite analysis
*Not included in sitescale analysis

Tableb5.3: Machine learning methodsied in the study

Method R function Reference
Generalized linear model (GLM) glm (Chambers & Hastie, 1992)
Nearestneighbour clustering (kNN) knn (Torgo, 2016)
Neural network (NN) nnet (Torgo, 2016)
Linear support vector machines (SVM) svmLinear (Karatzoglou et al., 2019)
Decision tree (DT) rpart (Therneau & Atkinson, 1997)
Random forest (RF) rf (Breiman, 2001)
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5.4 Results

5.4.1P reduction performance by BMPs

Figure5.1 shows that the number of traditional BMPs monitored increased dramatically in the
late 1970s, whereas LID BMPs did not become prevalent until the late 1990s. Most (62.5%)
traditional BMPsi(e., DB,SWP and WB) reduced SRP concentrations whereas most (92.5%) LID
BMPs e, BS, Bl and BRenriched SRP concentrations (Figuseld and5.2a). Similar patterns

are present for TP (Figugela). On averag&WPs exhibited the strongest reduction effect for
SRP concentration, whereas ®Rshowed strongest enriatent effect (Figuré.2a). Compared

to traditional BMPs, LID BMPs generally exhibited 10W& 83or SRP concentration and higher

Y 'O&Jor flow, which, although exerting opposing effects on loads, cumulatively result in lower
SRPY O &Jor loads.

TP LID Design Manual by Prince George's County S RP LID Design Manual by Prince George's County
NURP (LID promotion) NURP (LID promotion)
(Traditional BMP promotion) (Traditional BMP promotion)
1.0 1
g Reducti : g Reducti
3 eauction A X = eauction BMP type
."? 0.5 “E 05 ' - ¢ LD
c - c ¢ Traditional
g . LFITY g 2
A .
£ i ) £ ‘. BMP categories
E 00 . 1 "..',!.‘ ) ’ * Grass strip (BI)
Q@ . " afT o2 « ,% , A Bioretention cell (BRC)
5 t e 5 L P ® Grass swale (BS)
= 24 A = i N + Detention basin (DB)
S-05 'l i Sos : Y A @ Stormwater pond (SWP)
B ~ = " g LA * Wetland basin (WB)
& ‘!l H : & oA
Enrichment . A Enrichment “‘E‘
4
-1.0 1
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010

(a) Start date of operation (b) Start date of operation

Figureb.1: Sitescale TPa) and SRR) concentration reduction/enrichment factors of traditional

and lowimpact development (LID) stormwater best management practices (BMPs) along their
start dates of operation. The arrows mark the time when the application of traditional and LID
stormwater BVPs were promoted in the USA (though the implementation of US EPA National

' NBFY wdzy2FF t NRANIY Oob!wto YR GKS Lzt AOF G,

County, respectively).
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Figure 5.2. Eventscale SRP concentration, flow and logtluction/enrichment factors of
different categories of BMPSee Table 5.1 for the definition BMP categories.

5.4.2Comparison of Machine Learning models
Of the six ML models evaluated herein, the Random Forest (RF) model consistently provided the

most accurate predictions of SRP and TP concentratié3JFigure AC2lrigure5.3 showsan

exampleof validation resultsfrom one foldfor prediction ofSRRoncentration’Y O8per event

(Figure 5.3) and peisite (Figure 5.8) using the RF model. This example provitd&E values of

0.67 and 0.8, respectivelysimilar to the average values provided by the triplicatefdl@ cross

validation of X and Y (Figuf&2 and TabléAC3J.

SRP concentration (NSE:0.67)

SRP concentration (NSE:0.76)

- -
1 el 1 g
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o L ge] -
% * wa™ e -:' . % P
T 0 ° - - T 0 e
BY L st ot B
[ ] L ] L [ ]
0.5 -'0’;??’ ./ * .* «* . 0.5 ’.; o . .
°® ] § o
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1 ﬁ 1
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(a) Observed (b) Observed

Figure 5.3. Event @) and site I§) scale observed vs. simulated SRP concentration
elimination/enrichment factors('Y O® by random forest model. Zones where observed
reduction cases are also predicted correctly as reduction are colored as green, while zones where
observed enrichment cases are also predicted correctly as enrichment are colored as red.
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5.4.3 Factors influencing BMP P reduction performance
The relative importance of factors contributing to the RF model for the prediction of SRP

concentration’Y O’jaer site are shown in Figure4a. BMP system characteristics are identified
as the most important category, followed by watershed and climatic factors. Partial dependence
plots, shown in Figure 5b, indicate that SRP concentrations tend to be enriched at sites where
influent SRP concerdtions (N_Cong, annual total precipitation depth (Precip_Depth_SA) and
average precipitation intensity (Precimtensity SA) are lower and when the average inter event

dry period (ADP_SA), temperature (Temp) and watershed imperviousness (Imperv) are higher.

The partial dependence analysis (Figurébh and factor value plot (Figur&C3) are in
good general agreement with two exceptions. Partial dependence plots show that BMPs tend to
reduce SRP more efficiently as they age, whereas FR@Beashows that BMPs which enrich SRP
concentration are on average older than those which reduce SRP. Similarly, partial dependence
analysis indicates the absence of a monotonic influence of temperature on SRP concentration
control performance, whereas factaralue box plots Kigure AG3) show that BMPs at lower
temperatures tend to enrich SRP more than those at higher temperatures. Comparison of the
Box plots of factor values also shows that differences between sites which enriched SRP
concentrations and those that reduced SRP conceiona are more significant among LID BMPs

compared to traditional BMPs, as indicated byglues.
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Figure 5.4: (a) Relative importance of factors under different categories (see T&ldefor
definition for factors and their categories) quantified by random fomasitdel for prediction of

per site SRP reduction/enrichment factory O ¥ (b) Partial dependence plot for factors
included in random forest model for prediction of per site SRP reduction/enrichment factors
('Y O8D BMP category and land use predictors are excluded as categorical variables (see Table
5.2 for definition for factors). Partial dependence with positive values represent reduction effects
while negative values represent enrichment effects.

114



5.5 Discussion

5.5.1 Adoption of LID BMPs magrease P export

Changes to urban stormwater BMP implementation over time, reflected inSB&) are closely
correlated with the promotion of urban stormwater BMPs in the United States (Figuje
Subsequent to The Clean Water AdS Congress, 1972nacted in 1972, and the National Urban
Runoff Program (NURR)S EPA, 19823)onducted between 1979 and 1983, the implementation
and monitoring of traditional BMPs increased markedly (Figute These regulatory and policy
implements both emphasized the importance of controlling pollutant loads in urban stormwater
runoff (Fletcher et al., 2015)

Similarly, following the publication and distribution of the LID Design Manual by Prince
DS2NESQa [/ 2dtyNimey OS/ DvMIPgNE Srtaay plbfcdaytiiodtiss invtiedud 0
shifted to the preferential adoption of LID BMPs over traditional options. This abrupt shift in
stormwater management strategy, evident in Figdrd, was due in part to a desire to restore
predevelopment hydrographs in urban are@detcher et al., 2015; Gao et al., 2018Jthough
the punctuated timing of changes to stormwater management strategies discussed herein are
likely specific to the US, the general trend away from traditional and toward LID BMPs over the

last two decades is exhibited in many other count(i€sang et al., 2018)

Surprisingly, although LID BMPs are commonly assumed to be more environmentally
friendly (Gao et al., 2013)ur analysis indicates that they typically enrich stormwater runoff P
concentration more frequently and to a greater extent than traditional BMPs (Fidufesnd
5.2a). This finding is consistent with several previous studies which report enrichment of P within
urban stormwater by some LID BMPairley et al., 2017; Mullane et al., 2015; Tirpak et al., 2021)
However, our findings, based on an extensive dataset, indicate that enrichment of P
concentration by LID BMPs is not limited to a few isolated systems but is prevalent across the
continental United States (Figurésl and 5.2a). This unintended effect merits increased
recognition and should be considered by authorities tasked with stormwater management prior
to the replacement of centralized traditional stormwater BMPs with decentralized LID BMPs in

urban areas.



The top considerations for LID BMP design and maintenance are often the promotion of
stormwater infiltration, to reduce flood risk, and increasing urban green spaces, to foster local
community acceptance. Therefore, the ability of BMPs to reduce P ex@yrtom diminished in
deference to these primary goals of the BMP design. For example, vegetation is considered
important in LID BMPs for soil porosity regulation, pollutant uptake and ecological aesthetics
(Fowdar et al., 2017; Skorobogatov et al., 2020)wever, addition of compost and fertilizers to
promote vegetation increases P stored in LID BMPs, which can enrich P concentrations in runoff
(Hurley et al., 2017; Mullane et al., 2015; Tirpak et al., 2@ Spturation of soil within LID BMPs
can also be caused by continuous inputs of P from the upstream drainage area. While this
accumulation does remove P exported from the drainage area, it can also diminish the capability
of the BMP to reduce P concentian in P runoff over time and lead to desorption of SREtas
& Greenway, 2011 Evidence for this effect within this study is mixed as partial dependence plots
and factor analyses provide conflicting evidence on the effect of BMP age (Figlvesm8AG3).
Further, P saturation of soil is rarely observed in LID BMP field studies due to the typically high P
adsorption capacity of engineering soil applied in those sys{@otsnson & Hunt, 2016; Komlos

& Traver, 2012; Zhou et al., 2023)

Traditional BMPs can also enrich stormwater runoff P concentration in their outflow due
to internal P loading which recycles legacy P from sediments back to the water o@uinel et
al., 2017; Song et al., 2017; Taguchi et al., 2026)vever, our results suggest that enrichment
of stormwater P concentrations by LID BMPs, likely caused by leaching of P from soil media, is
much more prevalent than P enrichment from traditional BMPs caused by internal P loading.
Although LID BMPs exhilbetter surface runoff flow reduction performance than traditional
options, their SRP loading reduction efficiencies are lower compared to traditional BMPs due to
concentration enrichment (Figurg.2b and c). Further, the quality of infiltrating water asso
largely unknown. If SRP concentration increases are present in infiltrating water, similar to those
exhibited in the surface outflows, the quality of shallow aquifers can be jeopardized in addition
to the quality of nearby surface waterbodies due tisurface flow pathglefferson et al., 2017;

Zhang & Chui, 2017)
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5.5.2 Machine learning model as a practical predictive tool for BMP P reduction performance
estimation
The fact that many BMPs, especially those designed as LID, failed to reduce P concentration

questions the typical method to estimate urban BMP P reduction performance at watershed
scale by assigning these systems a fixed P removal efficiency, which absayse that BMP
systems can reduce P concentrati@aek et al., 2020; Hanief & Laursen, 20A9nore practical

and accurate method to predict and evaluate urban BMP applications should consider their
failure to reduce surface runoff P, or further, account for their potential enrichment effects on
surface runoff P under certain design, watershed a@timatic context. In this study, the data
driven ML methods can predict both P reduction and enrichment cases, thus provide significantly
higher prediction accuracy than traditional methods. As shown in this study, ML method can also
shed light on the rak of importance of different variables on affecting the P reduction
performance of BMPs by quantifying the importance of variables (predictors) based on their
influence on prediction accuradpinov, 2018) Our results show that RF model outperforms
other ML options in case of prediction accuracy. Another study also found RF method provides
KAIKSNI I OOdzNF 08 F2NJ oA2NBGOSyliAaAzy OSftfQa KSIge
NN method(Fang et al., 2021However, some other ML options can generate the model under
more explicit mathematical format. For example, GLM can generate mathematical equations
while DT can provide explicit trdgased rule for predictioDinov, 2018)

Compared to mechanistic model, ML model can not incorporate internal biogeochemical
processes. This thus limits its prediction accuracy if the BMP system, watershed and climatic
conditions differ significantly from existing data. Besides, some potentibritant variables,
including the initial legacy P accumulated and the plant density and species in BMP systems, can
not be included in this study due to lack of information available. Future data collection for urban
stormwater BMPs should not only incresihie number of sites under different design, watershed
and climatic context monitored, but also increase the dimensions of data (i.e., variables recorded)
to improve the prediction performance of ML model. In spite of its limitation, ML model can still
be a more accurate method to estimate BMP P reduction performance especially at watershed

scale, where the simulation of internal processes within BMP is not the main focus.
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5.5.3 A bunch of factors contribute to uncertainty of BMP P reduction performance
Our study shows that a bunch of factors, related to BMP system, watershed and climatic

characteristics, are potential to make urban stormwater BMP more likely to reduce or enrich P
concentration. Generally, the influence of these factors seems more sagmifior LID compared

G2 GNIRAGAZ2YyLEE . ata o06SOldaAS 2F GKS Y2NB aiidy
reduction and enrichment cases (see sect®d.3). The RF model developed in our study
indicates that watershed characteristics plays moreantgnt role on affecting P reduction and
enrichment effects of BMPs compared to climatic and BMP system characteristics.

5.53.1 BMP system characteristics

The RF model developed in our study indicates that system characteristics play a more important
role compared to climatic and watershed characteristics on affecting SRP concentration
reduction and enrichment effects of BMPs at ssteale. As discussed .1, BMP categories

play an important role here because LID BMPs are much more likely to enrich SRP concentration
compared to traditional BMPs. However, the actdakction of the influence of BMP age (Age)

and area ratio (A_BMP:DA) are not clear as the contradictory results we got from partial
dependence plots and boxplots (see Figureahnd FigureAG3).

5.5.3.2 Watershed characteristics

It is notsurprisingthat sites with larger imperviousness are more likely to enrich P concentration

in our results (Figur&.4). This can be attributed to excessive external P loading to BMPs from
stormwater runoff at urban watersheds with low BMP coverage and high imperviousness
(Valtanen et al., 2014; Yang & Lusk, 20%8)ich speed up the legacy P accumulation in BMPs
and deteriorate their P reduction performanck.is noteworthy that compared to traditional
BMPs, LID BMPs are more frequently applied in watersheds with higher imperviousness, which
may be another reason why LID BMPs are more prone to enritifliRent concentration is a
factor that can indirectly reflect the watershed characteristics. Our results show that LID BMPs
are significantly more likely to enrich P when the influent concentration is lower.c@hive
attributed to the fact that the soil media of LID BMPs are more likely to release SRP when the
water phase concentration is lower than the equilibrium concentratitin & Davis, 2016;
McGechan & Lewis, 2002)
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5.5.3.3 Climatic characteristics
Our results suggest that both traditional and LID BMPs are more likely to enrich P under dryer

(i.e., lower site annual precipitation and intensity, higher interevent dry perbdjate (section

3.3). A previous study focused on ISBD also found that LID BMPs are more likely to leach SRP
under dryer climate(Horvath et al., 2023)One possible explanation for more significant P
enrichment effects by BMPs at dryer places is that the internal P release affects outflow P
concentration more significantly during leflow events, which has already observed in many
traditional BMPgChiandet & Xenopoulos, 2011; Duan et al., 2016; Song et al., 2015; Williams et
al., 2013) Prolonged anoxia in BMPs at dryer places due to less oxygen fed by stormwater runoff
can also promote internal P release, especially in traditional BM&an et al., 2016)50il media

of LID BMPs typically have higher P availability (i.e., higher possibility to leach P) at sites with
higher aridity(Ippolito et al., 201Q)

Internal P loading from sediments in traditional BMPs due to either desorption or organic
matter decay is typically thought to be positively correlated with temperature due to prolonged
stratificationrelated anoxia at watesediment interface and enhancexicrobial activities under
warmer climateg(McEnroe et al., 2013; Song et al., 2017; Taguchi et al., 2B2@gilability in the
high-sand (>50%) soil, typically used as the media materials of LID BMPs, is also found to be higher
under warmer climatéHou et al., 2018)The finding that both traditional and LID BMPs are more
likely to enrich P concentration at lower temperature in this study may thus suggest that other
temperaturerelated factors were playing major effect in here. One possible factor is the
excessive rad salt application in cold region, which can promote the immobilization of adsorbed
P in soil media of LID BMPGoor et al., 2021and enhance the internal P loading due to

prolonged stratification of traditional BMKRadosavljevic et al., 2022)



5.6 Conclusion

We evaluated the P concentration and load reduction and enrichment performance of 6
categories of urban stormwater BMPs (3 as traditional systems and 3 as LID systems). We further
developed machine learning models to predict the reduction and enrichmefectsf of
stormwater BMPs on stormwater runoff P concentration under specific BMP systems, watershed
and climatic conditions. We conclude that although LID BMPs are more efficient at reducing
runoff quantity, they are generally more likely to enrich TP &8RP concentrations compared to
traditional BMPs, which further leads to the poorer P load reduction performance of LID BMPs.
Both traditional and LID BMPs are more likely to enrich SRP concentration under higher BMP
system age, higher watershed impervioess and dryer and colder climates. While SRP
concentration reduction and enrichment performance of LID BMBIso more sensitive to BMP
system, watershed and climatic factors compared to traditional BMPs. We found that random
forest model provides more@OdzNJ G0 S SadGAYIFGA2Y F2NJ . ataQ S¥F-
concentrations compared to other machine learning methods.

Our findings indicate that switching from traditional to LID BMPs may actually increase
the eutrophication risks of receiving waterbodies due to elevated P concentration in both outflow
and infiltrated water from LID BMPs. More studies focus on understgntie mechanisms of
enrichment effects by BMPs are needed. We also recommend amendments of design and
maintenance guidelines for BMPs, especially those LID systems, to improve their P reduction
performance and to avoid P enrichment effectfiemachine larningmodeldeveloped in this
studycan provide more accurate and reliable estimatiorg NJ . at 8aQ STFFSOda 2y d:
P export compared to traditional methodtue to its ability to predicboth P reduction and
enrichment cases. Further collection and integration of urban stormwater monitoring data can

improve the predictive accuracy of this model.
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Chapter 6

Conclusions

6.1 Summary of major findings

In this thesis, | reviewed thienowns and unknowns abosgburces and pathways of stormwater
phosphorus IP) export, and the effects obtormwater best management practiceBNIPs)on P

control in urban areasBy analyzing data from the inflow, outflow and soil cores collected from
EIm Drive BRC and stormwater BMPs in the International Stormwater BMP Database (ISBD), |
evaluated theeffects of several typical categories sibrmwater BMPsWith specific focus on
bioretention cellBRC)) onrban stormwaterunoff P exporiand the implications of these effects

on receiving surface water bodies and groundwater quaBtyth processased and datalriven
modelling toolswere developed to predict these effects, which advances the understanding of
the impact of internal processes and external factorsthe efficacy of stormwater BMPs for
attenuation of urbanP export.

By reviewing the sources and pathways of urban stormwater P export, | found that a
variety of sources can contribute to elevating the P content in urban stormwater runoff, which
makes urban stormwater runoff a substantial P export pathway that needs toob&olled
(Chapter 2). The diversity of P sources and pathways under different land uses makes the loading
and speciation of P in exported urban stormwater runoff highly variable, and this complexity can
be further increased due to interactions with othpollutants and climate change (Chapter 2).
Although | foundhat the EIm Drive bioretention facility is efficient at reducing urban stormwater
P exportby accumulating P in relatively stable formghin filter media over multiple years
(Chapter 3), my review of case studiasthe literature (Chapter 2) and analysis of datatire
ISBD(Chaptes 4 and 5) indicate thaBRCsand other stormwater BMPs have highhgriable
effects on urban P expgrwith many BMPs typically enriching P concentration instedd o
reducing it My results show that compared to traditional BMRsy-impact developmentl(ID
BMPs €.g, BRG) are more likely to enrich P concentrati@hapter 5), which indicates excessive
legacy P accumulated within these systems during opera#diiough this P concentration

enrichment can be partially offset by the more efficient flmduction by LID BMPs, the P loading
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reduction performance of LID BMPs is still worse than traditional Biyfifsally (Chapter 5)My
work also highlights thagnriched P concentration lgomeLID BMPs such &RCsnayincrease
the P loading diverted tsubsurfacgpathways and decrease the N to P ratio in stormwater that
is discharged to receiving waterbodies, whiiplicatefurther P enrichment igroundwater and
changes to nutrient limitation isurface waterbodie$Chaptes 4 and 5.

By reviewing the literature, analyzing the modelling results of the Elm Drive bioretention
facility, and checking the importance of variables in the machine learning model developed using
data from the ISBD, | found that the highly variable P control tffexhibited by urban
stormwater BMPs can be attributed to both complicated internal processes within the BMPs that
promote the retention or release of P (Chapters 2 and 3) and the impact of explanatory variables
related to climate, watershed and BMP chetexistics (Chapters 4 and 9hrough develoment
of a processbased model for EIm Drive bioretention facility, | found tha efficient P loading
reduction provided by this BRCis largely attribuable to filtration of particulate P and
transformation of loosely adsorbed P to stable minerahdtde the systenwhich increases the
accumulation capacity for P (Chapter 3). On the other hand, by developinglda¢s models
with machine learning method®(g.,random forest) | found thatLID BMPs are geredly more
sensitive toexplanatory variables related to climate, watershed and BMP characterikcs
traditional BMPs. Furthermore, LID BMPs arere likely to enrich P under specific conditipns
such as when the influent P concentration is low, imedclimates, and when watershed
imperviousness is high (Chapgerand 5).

Both the proces$ased and datalriven model developed in this thegigpresentnovel
tools to estimate the P control performance of urban stormwater BMRsnpared tdhe most
traditional estimationmethod, which uses a single reduction efficiermyefficient the process
based model developed in Chapterepresents a more robust modelling framework to estimate
the longterm accumulation of P and other pollutants in an individual stormwater BMP by
accounting for complex internal physical and biogeochehpoacesses. The datdriven model
developed inChapters 4 and Bonstitutesa more accurate modelling toalhich can be applied
directlyat larger scalewhere dataon P contents within BMPs are hard to obtairhis model can

be usedto estimatethe effects of stormwater BMPs on urban P export under different climate
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and watershed contexts. However, the limitations of ddtaven mode$ comparedto process
based modelssuch as the lack of strength to explain internal mechanisms, sheulecognized
Considering the global environmental policy trend to promote replacing traditional
stormwater BMPs with LID BMPs, the findirag this thesisshould serve as a cautidghat the
effects of stormwater BMPs on urban P expogtuire carefulinvestigaton, and potentially,
further regulaion. Systematic P reduction should not be assumed for urban stormwater BMPs
Current design and maintenance of urban stormwater LID BMPs, which typigathyenhance
plant growthviaappication offertilizers, mayexacerbag the P enrichment effectsf infiltration-
based systemsbserved hereinand increasedownstream eutrophication risks.From the
perspective of policy making, clear BMP P control regulation may be warranted. Potential
previously unrecognized side effects of stormwater BMPs, such as nutrient enrichment and
changes to nutrient limitation in groundwater and surface waters $thalso be considered.
Variability of the P control performance of these systems under different watershed and climatic
conditions need to beonsidered for more robust stormwater management. Appropriate design
and maintenance regimes for urban stormwater BMPs is needed to avoid excessive legacy P
accumulation and to enhance the retention of P in more stable forms. Overall, more efforts are
needed to enhance the capacity of urban stormwater BMPs to reduce P export and related

eutrophication risks.



6.2 Future perspectives

6.21 Improve proces®ased modeafor urban stormwater BMPs

My results in Chapter 3 indicate that transformation of loosely adsorbed P to mindaeddly
accounts forthe efficient P retentiorobservedin the ElIm Drive bioretention facility. Thus, the
adsorption capacity oBRCfilter media for loosely adsorbed Blone does notadequately
represent the retention capacity for dissolved P. However, the prebasedBRCP model
developed in Chapter 3 simulates the slow sorption rate with a constant transformation rate,
without considering the capacity &RQilter mediato transform loosely adsorbed P into mineral
td ¢KS OFLIOAGEe 2F &2Af dstEnatbdba$dd brifie concaiitkation W& f 2 &
of Al and Fe oxides in the s@fillcGechan & Lewis, 2002)hiscouldbe included in the process
based model to provide a more accurate estimation on the lifespaBRCfilter media for
efficient P retentionprior to saturaion. More field monitoring studies are also needed to
characterize the typical concentration of Al and Fe in bioretention filter media so as to estimate

its maximum capacity for P retention.

Besides, the procedsasedBR@ model developed in Chapter 3 relies on the assumption
that there is no leaching of P frothe mineral P pool. Thig likely notvalid in reality under
certain redox conditions. Althougie presence of underdrain in soniBRCganhelp maintain
oxic conditions inthe system, anoxic environments IBRCfilter media under prolonged
saturation caused by stormwater events can enhance the dissolution of P from Fe bound mineral
P pool(Hurley et al., 2017)Redox conditions can also increase the release of P in other BMP
systems. For example, as shown in Chapter 2, anoxic corghitidine sedimentwater-interface
can also increase P leaching from sediment. Thus, future research can focus more on investigating
the redox conditions inside the urban stormwater BMPs and on understanding the impact of

redox conditions on internal P release frarban stormwater BMPs.

Another aspect whicliequiresfurther investigation is the P contensccumulated in
urban stormwater BMPdue to the addition ofertilizer or other anthropogenic productsvhich
are rarely recordedThiscanhelp toaccomplish the mass balance analysis for urban stormwater
BMPsand to explain the P concentration enrichment effects by many urban stormwater BMPs

shown in Chapte4 and5. By improving the understanding thie transformationmechanisms of
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P within the urban stormwater BMPs and the quantification of the P input to these BlEs,
processbhased modetleveloped in this thesisan befurther improved and will benore robust

to estimate the P reductionr enrichment effects ofirban stormwater BMPs

6.22 Application of procesbased and datalriven urbanstormwater BMP P modsfor
upscaled studies
Both processased and datalriven modelling tools | developed in this thesis were applied to

estimatethe effects of urban stormwater BMPs at individual system scale. One future potential
application of these modelling tools is to apply themlaper scaleso estimate the effects of
urban stormwater BMPs on P export at watershed, regional or continental scale. This will be
important for evaluation of the influence of urban stormwater BMPs on both surface and ground
water quality, as discussed in Chamdr and 5. The upscaled modelling of effects of urban
stormwater BMPs on P export can be done by connecting the prdiessd and datalriven
modelling tools developed in this thesis with existing modellingsfowlurban stormwater runoff
guantity and quality simulation. Furthermore, tidegratedwatershedBMP model can improve

our understanding of the impact of climate change on urlséarmwater P exporby running

under different climatic scenarios.

For the procesdased P model foBRCsleveloped in this thesis, further simplification is
needed for upscaled studies due to the complexity of the model. This can be achieved by
assuming steady state and neglecting unimportant processes identified by sensitivity and mass
balance analysis imé model, which can simpy the complicated procedsased model tca
parsimonious model. However, as discussed in seddi@hl, further understading of the
internal processes for fansformation(especially the dyamic for Penrichmen) within urban
stormwater BMPsis required to increase the applicability of procdmsed model (and

associated parsimonious model) to upscaled studies.

On the other hand, because the datiiven modelling tools developed in this thesis are
trained by field monitoring data from BMPs across different watershaimhate and BMP
characteristicsthey can be used directly for upscaled studigthout the intensive demand of
field monitoring data for each BMP siteowever,the accuracy of datariven mode$ can be

improved withtraining the model with extensivéatathat coversBMPsunder diverse watershed,



climateand BMP characteristicEtended collection and aggregation of field monitoring BMP
performance datain databases such as the ISBDessential in the future to improvthe
prediction performancelnformation about the P contents within existing urban stormwater

BMPs is warranted.

6.23 Explorethe impact ofP exported fronurban stormwater BMPs arceiving water bodies
andgroundwater
As discussed in Chapters 4 and 5 in this thesis, enrichment of P concentration and decrease of N

to P ratios caused by some BMPs, such as BRCs, requires more attention due to its potential to
alter the nutrient limitation in receiving water bodies. A fuethresearch direction is to explore

to what extent nutrient limitation in natural water bodies can be influenced. Another interesting
direction is to quantify to what extent the groundwater quality may be impacted by urban
stormwater BMPs since the exfgiion of stormwater from BMPs (especially LID BMPs) diverts

P into the subsurface (Chapters 4 and 5). Almost all previous studies focused on analyzing the P
contents inside the stormwater BMPs and at inflow and outflow, while few studies studied the
fate of P after it is exfiltrated to the subsurface. Analysis of the exfiltrated water quality and
changes to groundwater quality underneath BMPs is warranted. To improve stormwater
management strategies using LIDs both their advantageag Gave of spaces, fefient runoff

guantity reduction) and the aforementioned potential disadvantages should be considered.

6.24 Extend analysis and modellitagother chemical constituents
In this thesis, | compared the effectsBiRCsn P and N export and found that there is significant

decoupling of theselements within BRC3his analysis can be further expanded in the future to
understand the tradeoff between the control of P and other chemical constituents by urban
stormwater BMPs. For example, although in this thesis | showe®BiRa&sre not as efficient as

we expected to control SRP export, they have been shown to be efficient at reducing the loads
of heavy metad and TSS in marstudies(Lange et al., 2020; Li & Davis, 2008b, 200849 also
important to understando what extentthe removal of other pollutants mighie affectedmy
implantation ofmeasures to enhance f@moval The urban stormwater BMP model developed

in this thesis can be further extended to other chemimastituents. It can also be extended to

guantify this tradeoff by coupling the reactive transport processes of P and other constituents.
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In this thesis | focused on exploring the influence of factors relatefirtate, watershed
and BMP characteristics on P control performangéhin urban stormwater BMRsAnother
potential future research direction is thus to understand the impact of other chemical
constituents on BMP P control performance. @mpter 2 of this thesis already showed, other
chemical constituents such as chloride can compete with the adsorption sites and deteriorate
the P control performance of bioretention ce{lSoor et al., 2021)'he conplicated composition
of urban stormwater runoff may indicate that P control performance cannot be separated from
the interaction from other chemical constituenturther characterization of the effects and
mechanisms of the interaction between P and otheltfemical constituentswithin urban
stormwater BMPs can enhance our qualitative and predictive understanding on the effects of

urban stormwater BMPs on P control.
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Code andDataAvailability Statement

The model and data analysisde used for this thesiwill be availableonline after the work is
published For Chapter 3the model code andsimulateddata usedare made available on the

Federated Research Data RepositfiRDRyttps:/doi.org/10.20383/103.0640). Field

monitoring dataused wagrovided byCredit Valley Conservation (C\&Q)hority and is available

on their open data portalhftps:/cvc-camaps.opendata.arcgis.com). Lab analysis data of soil

cores collected in 2018h Elm Drive bioretention cel(lsee section3.3.]) is availableon the

Federated Research Data RepositfiRDRhttps://doi.org/10.20383/103.0643 ). Data used in

Chapter 2, 4 and wasextracted from theopen accesiternational Stormwater BMP Database

(http://www.bmpdatabase.org/ , accessed January 2022)d relateddata analysis and model

code will be shared through the GitHub repository.
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AppendixA. Supplementary Material: Chapter 3
Supplementary Figures
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Figure AA1. Vertical view of EIm Drive bioretention cells. All 6 cells are connected by an
underdrain pipe inthe bedding storage layethrough which waterdrainsout of the system

Diagram adapted from CVC Technical ReffoxtC Water and Climate Change Science Division,
2016)
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Figure AA2. Flow diagram of the modified SEDEX protocol used for the determination of
phosphorus pools in filter media (modified Bxarsong2017) after Ruttenberg (1992)).
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TP accumulation in top 35 cm of filter media (from 2013 to 2019)
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FigureAA3. (a) Estimated (based on observed data) versusulated TP accumulation within the

top 35 cm of filter media under different assumed inflow TP concentrations (0.37, 4.3 and 8 mg
LY) during the period from 2013/10/02 to 2019/11/01. The error bar plottedaishows the
minimum (13 kg) and maximum (19.9 kg) possible accumulation of P load)ngst{mated
(based on observed data) versus simulated total outflow TP loading for all monitored events
between 2012 and 2017 under different assumed inflow TP concentrations (0.37, 4.3 and 8 mg
LY.
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FigureAA4. Violin plots for outflow TPa] and SRFb] loadings of monitored events estimated
from observed data and simulated results. Data number, mean, median and standard deviation
(Std) values for each violin plot are shown in the figure.
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shows that concentration may decrease as flow increases for both TP andcpRRd ():
Duration curves of simulated and observed outflow TP and SRP concentration, which shows that
model performance is superior when predicting events with lower outflow TP and SRP

concentration.
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FigureAA6. Measured (bottom, unshaded bars) and modeled (top, shaded bars) concentrations
of different P pools in the filter media layer (aka, the soil) as a function of depth. The measured
results were obtained from the SEDEX extractions on core samples collectddvember 1,

2019 (see sectio.3.1in Chapter Jor details).

174



& 6
£ s
2 2
} = 4
“ U
-
3 38
: p
© 2
=
0
2013 2014 2015 2016 2017 2018 2019 Year
Y
- [JOutflow (Overflow + Drainage)
[ 0verflow [IBedding Storage Layer Accumulation
[ Drainage [ Exfiltration
(a ) [JEvapotranspiration + Internal Storage b [JFilter Media Layer Accumulation
[ Exfiltration [ Plant Uptake
100 100
_— m i 80
2 > 60 A
= 601 64.7 1
E = 56.1|57-954.8(56.7|56.2 |55 ¢
¢ S 4
5 40T o
2 =
s ol P ol 11 l1ollos]
207 18-T 19.4(19.5(19.4|19.7|19.6|19.
0
2013 2014 2015 2016 2017 2018 2019
2013 2014 2015 2016 2017 2018 2019 Year
Year
] Outflow (Overflow + Drainage)
[ Overflow [IBedding Storage Layer Accumulation
[ Drainage [ Exfiltration
c [ Evapotranspiration + Internal Storage (d ) [IFitter Media Layer Accumulation
I Exfiltration [ Plant Uptake

FigureAA7. Annual mass balance analysis results for EIm Drive bioretentionajelnfiual fate
of water in volume (rf); (b) Annual fate of P in loading (kg$) Annual fate of water expressed

as a percentagedj Annual fate of P as a percentage.



FigureAA8. Retention and export of SRP entering the bioretention cell under the scenarios with
high inflow TP concentration (4.3 mg, with inflow SRP concentration as 0.86 miy @), and
very high inflow TP concentration (15 mg with inflow SRP concentration as 3 my) (b). The

percentages are modaalculated cumulative values for the period 2€A@19.
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