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Abstract

Excess phosphorus (P) loading increases the frequency of harmful algal blooms (HABSs), posing
severe threats to drinking water setyueind aquatic ecosystems. Efforts to reduce the inputs of P

to Canadiaragricultural soils started in the late 1941y 1980s, and were initially successful,

but surface wateP loadingbecame persistent agamthe 2000s. HABs wera problem in the
southernLaurentian Great Lakes (LGL) before the initial nutrient mitigation efforts, and the re
emergence of HAB#® Lake Eriein the 2000s wais parta result of legacy P that had accumulated

in soils and groundwater in agricultural watersheds. Legaeyidesas a result of historical inputs

of P, typically fertilizer used in excess of crop needs. Consequentially, even after reducing P inputs,
legacy P continues to be exported from soils after several deta@mpte2, alargescale mass
balance wagsonduded for the Ontario watersheds to locate and quantify agricultural and other
anthropogenic P inputs from 196t 2016, utilizing existing datasets as well as historical
reconstructions of P inputs to the landscdajpes scale ofP massbalancehas not beencompleted

before inOntario. The mass balance model was implemeimtieda Geographical Information
System (GIS) platformio delineatepotential areas witlegacy P accumulation and depletion
within the landscape. These maps identified areas wgth P nhputs and large potential stores of
legacy P Historically, southwestern Ontario hasdthe densest agricultrand populatedrea

in Ontarioand has had high P inputs over tinGauntyscale trends such as shifts to intensive
livestock or cropbased agiculture, or increasing urbanization were also identifladChapter3,

the fate and transport of P and the possible development of P legacies was explored in the context
of risk. P export is influenced bgnvironmentatonditions in soilas suchthere is spatial variance

in the likelihood that P willunoff or accumulaten soils. The environmental conditions may
therefore be used to represent the vulnerability of the system and the risk to either lose or
accumulate P.The cumulative agriculturaP surplus mapwas usedin conjunction with
vulnerability mapgo construcsoil P risk mapsDifferent vulnerability models were explored, and
ultimately il erosionpotentialmapswere used tadentify vulnerable areas with a high risk of P
losses to sdace water and areas with a high risk of P accumulatignil. It was deterrmed that

there was a higher risk of P accumulation in soil along the coast of Lake Erie, and it is possible
that P legacies exist in these are@ke resultsinform nutrient maagement and abatement

strategies and thedaptiveimplementation of conservat practices
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Chapter 1  Generallntroduction

Excessnputs of phosphorus (P) to the environment as a result of agricultural intensification and
human population growth pose a sigrant risk to both human wellbeing and the health of aquatic
ecosystems. The most visible impact of elevated P levels is therence of algal blooms,
including har mful al gal bl ooms (HABs) and the
lakes ad coastal areg€arpenter et §11998) Other impacts includ€ladophoranuisance algae

blooms (Holeton, 2013) which negatively affect recreation and can reduce-&idke property
values.Phosphoruss widely considered to be the primary limiting nutrient in freshwater systems
(Smith and Schindle2009) andin recent decademitigating P inputs from nepoint sources

(NPS) has been considered Watershedmanagers to be an essential strategy for controlling

freshwater eutrophicatiof@arvie et al.2013b)

The use of fertilizers and manure in agriculture is a major driver of the excess supply of P and
other nutrients to water bodiéButterbachBahl et al., 2013; KirchmarendThorvaldsson, 2000;
Widory et al., 2004)An area of major concern for HABs caused by NPS inputs is the Laurentian
Great Lakes (LGL), particularly Lake Er{¢ichalak et al. 2013) Both Canadian and United
States governments have recognized that high P loadings have led to HABs in the western Lake
Erie Basin and have agreed to redécadings by 40% by 202&reat Lakes Water Quality
AgreementAnnex 4 2012) Conservationpractices CPs) aim to reducanthropogenic NPS
nutrient inputs to surface waters and groundwated their implementation has been widespread

in the LGL watershed (LGLW(international Joint Commissip2014)

However, despite widespread implementatioCBt,adverse effects relatéd P loadingare still
seenintheLGLL n addi ti on, t o dagycdltaral NRSaallactmot enlycuirenP f r o
farming practices but also nutrient legacies that have accumulated over time in soils, groundwater,
sedimeng, riparian zones, and iatdsas a result of past applications of manure and fertilizer

(Jarvie et al.2013a Sharpley et a).2013 Van Meter and Basw2015) Legacy nutriers are

believed to be a major reason the observed delays waterquality improvementgSharpley et

a., 2013) among other processes including internal loading from lake sedif@mitel et al.,

2017) Thepersistence afiutrient release from legacy storeay beoffsetting the improvements

expected fronCPs(Sharpley et aJ.2013;Van Meter et al.2016) The question then becomes

how important are the contributions of these legacies to the export of P from agricultural



landscapes, and how lgnill they pesist into the futureTo answer this question, thegacy P

stores throughout the LGLW and Ontaoierallmust first bedelineaedand quantiied.

1.1 Ontario Agricultural Land Use History

Ontarb agricultural ecords da back to 1826 meaning that agriculta, as designed by
Europeans, has been@mtariofor at leastwo centuriesEarlier still, First Nations used the fertile
soil to grow corn, squash, and kidney be@lmes, 1946)Agriculture has been a major land use
in Ontario throughout its history, and still is todaithough the amount éarmland andropland
has decreased since the early 1900® total area of crop and pastiumeOntarioincreased to a
maximum in 1891 at nearly 6 millidma, and has since decreased to a relatively stable 4 million
ha(Smith, 2015)Total farm aregeaked in 1931 at over 9 millidra, 10.1% of Ontario land area,
and decreased to just over 5 millibain 2011, 5.6% of Ontario land aré8mith, 2015) In
southern Ontario, the total percent of area taken up by farmland was 60.7% i@i833.5% as

of 2011 (Smith, 2015) The decreasen agricultural land usevas driven byincreased crop
productivity and higher yieldsjrbanization,and the extensiorof agricultual development to
western Canadg@mith, 2015)

Major agricultural trends Ontarioobserved bysmith(2015)since 1920include a large decrease

in the number of cattle raised, and an increase in the amount of corn, wheat, and soybeans grown.
These trendsiot only reflect consumer preferences and economingdsathey alsoinfluence

nutrient cycling Further examination of these trends is warranted at a finer scale, especially in
southern Ontario. Fillingknowledgegapsin agrienvironmental land usgends in Ontaridhas

aidedin the further development amgbpication of policies and CP$Smith, 2015) Combining
agriculturaltrend analysis with a P mass balance analysis can help us further understand what

drives P cycling in Ontario watersheds.

1.2 Phosphorus Pollution in Ontario

The gldaltrend ofP fertilizerusehasincreagdover time, beginning in the 1940sthe post war
figreerd revolution (Cordell et al. 2009) Combined with the increasing use ofriRdishwashing

and laundry detergents, the ambwf excess P in water systems had become a major issue
approaching the 1970soined ascultural eutrophicatior{Hasler 1969) The consequences of
excess P in surface watamerged as nuisance algae, taste and odour prolaledi$ABs leading

to fish dieoffs in lakes and coastal areg&chindler 1977 Paer| 1988 Carpenter et 811998



International Joint Commissigr2014) A major example is in Lake Erie, which is the shallowest

of the Great Lakes, making it more vulnerable to eutrophicationH#&®k (International Joint
Commission2014) To address the problems in the binational waters di@ie Canada and the

US coordinatel their efforts The Great Lakes Water Quality Agment (GLWA) was signed in
1972and updated in 2012 to improve programs targeted at the integrity of chemical, biological,
and physical properties of the lakgsternational Joint Commissip8013) It was known that P

was a problem nutnme in freshwater systems when the original GLWQA was signed, however,
the significance of P linktion in freshwater and the resulting problems caused were confirmed in
the study bySchindler(1977. Emphasis on reducing Ppuats from both point sources and non

point sources were included in later iterations of the GIANQ

1.3 Point Sources

The initial goals of thed972 GLWQA regarding P involved reducing input from point sources.
This includedreducing P concentrations in laundry and dishwashing detergents, as well as
updating processes in water treatment plénternational Joint Commissip8014) Policies and
regulations were implemented in the United States@athda to reduce the amount of P from
detergents to aid in the growing problem of excess P inputs, Wwhidisome succesandwas
magnified by the updated management policies of other anthropogenic point fikaioesistrial
wasteand humanwaste waterJoosse and BakeP011) The control ove point sources of P
contributedto a successfubveralldecrease in P loading to the L&bom the 1970s to the 2000s
Therewere efforts to improve land stewardship over the same period through the adoption of
reduced till and naill practices,however,there was no detectable change in the magnitude of
NPS of P during that timgloosse and Bake2011)

Detergent regulationsut in place by the Canadian ggament aiming to reduce P concentrations
in detergenbegan in the 1970snd the US followed su{Maki et al, 1984 Litke, 1999) The
Canada Water Act of 1970as passed with theraiof limiting P in laundry detergents and other
cleaning agents to 20% P by weigBbothandQuinn, 1995; McGucken, 1989)hiswas further
reduced to 2.2% by weight in 190cGucken, 1989)The most recent change to the legislation
was in 2010, where maximum allowable weight percent of P in both laundrglisim detergents
was reduced to 0.5¢&nvironment Canada, 201However, thiglid not include industrial use of
detergent, whiclvasallowed to stayt 2.2% maxnumallowable weight percent of P. The change

in regulation was set to be in effect by July 1, 2010 and was announced withhetime for
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manufacturing companies to make changes to their detergent foymitlasnany removing P

completely,opi ng t o mar ket deter.gents with fAzero ph

1.4 Non-Point Sources

Following the success in point source reduction in the LGLW, NPS leettemain nutrient input

to the freshwatersystem(Bennettet al., 1999)and are now the focus of CPs to achieve water
quality goalsA mgor source oNPSnutrient inputsn southern Ontarias agricultural activities
(Bennettet al., 1999)In 1976, it was estimated that 2486 P entering the LGLW was from
agricultural sourceévan Bochove et g12011) In Lake Erie alone, this proportion incredge
60% for rual NPS of P(van Bochove et gl2011) NPSare more difficult to control, as their
behaviour isnore difficult topredictand measure on land management scatesding from NPS

is alsoinfluenaed by spatially variable fertilizer inputs, land use changes, and weather conditions
such as rainfall frequencyn addition, as rainfall frequency and intensity varies with climate
changethe uncertainty of P loadirigcreasegCarpenter et al., 201 onitoring NPS P loading
requires watersheskcale studie@Carpenter et 311998) increasing the difficulty of understanding
the effectiveness of mitigation strategi€le variety of environmntal infuences involved makes

it more difficult to ceted improvements in P loading on a large scale.

In the agricultural dominated region sduthern Ontario, fertilizeapplication was greater than
crop uptake for decaddinternational Plant Nutrition Institute, 2013a&)Jowever, because of
awareness and mitigation efforposphorus fertilizer applicatiomas successfullgecreased by
30.1% between 1981 and 20 (Smith, 2015) Details regarding the initiation of these and many
other efforts can be found in the reports from Brodlution from LandUse Activities Reference
Group (PLUARG), created by the International Joint Commission to addketssde VI of the
GLWQA of 1972 (PLUARG, 1974) The widespread implementatiarf CPs and educational
programswas successful in reducing togricultural P inputsto the sdi, but there were still
problems being observea the LGLinto the 2000¢International Joint @mmission 2014) It is
probable thathtehistorical bngterm excessse offertilizer hasled toP accumulatio in soils and
groundwater which has the potential to be mobilized long after excess inputs have stopped
(Powers et a)2016)



1.5 Fate and Transport of P

Accumulated P represents thasp activity and anthropogenic treatment of the Jlamoich has

now been inherited blandowners, government, and other stakeholdsra problem that needs
fixing. Phosphorus that has accumulated from historical behaviour is now referred to as legacy P,
as it represents the legacy of nutrient management of thg $lastpley et al.2013) Legacy P
occurswhen P attaches to sediments for long periods of time, accumulating in soil, riparian zones,

and wetlands, or alternatively beingisd in slow movingquifers

LegacyP stored in sedimenis continuouslymobilisedover timeandexported tosurface watey

through a number of procesg€sgure 11). For example: particulate P can become a source of
dissolved, bioavailable #hrough mneralization decreasing inputs can lead to groundwater and
surface water having lowéackground® concentrations, chaimg the diffusion gradient between

water and sediment, and cagspreviouslyimmobilizedP to be release@harpley et al.2013)

P attached to sediments through adsorption can be released if conditions become anoxic, or new

ions are itroduced in the sediment pore wafeigure 11).

Phosphorus can move to surface water through overland flow during tagoipievents or
through subsurface floWFigure 11). Transport mechanisms include suspension in water as
dissolved P, particulate, or as P attached to sediments. Although P can move in the subsurface
in groundwater, or through tile drains underneatticafjural land, P tends to attach to sediments

underground and is slow to completely move out of the subsurface.

Furthermore, soiérosion transports P to surface water in the fornmofiobilizedP attached to
eroding sediment@-igure 11), and this proess increases the vulnerability of P losses in that area.
Alternatively, a lack of soil erosion may lead to P accumulation inubsusface. Over time, areas

of legacy P are sinks of P which may eventually become sources of P, as the soil is exposed to
erosion or other mechanisms which lead to the transport of P, such as when as redox conditions

change, or when P attachment sitesisae(Figure 11).
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Figure 1-1. Phosphorus fate and transport mechanisnagyricultural soilsP represents phosphorus and
OM represents organic matter. Adapted fr&higaki et al. (2006) and Simend Kleinman (2005)
Infographicmodified from images from the Noun Projégt Davis; Irene; Lagunov; MFRA

Continuous output of P from P saturated soils, gdowater, and other saces, carpersistfor
decades, offsetting the implementation of CH® result is aillusion of failure of the CPs, and
that alternative methodsould haveto be developed. However, tlhehaviour oflegacy P can
explain this offsetAddressing legacy swces of nutrients involves more CPs that specifically
target storage areas and transport pathwaysexample, bilding buffer zones and wetlands can
aid in creatingtemporary storage sites for excess P, and prevent it from ensenfage water
systemsHowever, it is important to note thedbmeCPs can have unintended consequesuebl

as converting particulate P to dissolved3harpley et al.2013)and should therefore only be

applied in appropriatareas.

1.6 Conservation Practices

Efforts to reduce NPS P inputs in agriculture in the LGLW have been ongoing since they were
identified as a problem ithe 1970sConservation practicesere introduced and adopted by
individuals all over Ontariandhave since become a significant part of mitigation efforts. Some
commonly used CPs in the LGLW include reduced P in feed, regulated manufer@izer
appication, improved manure management, riparian zone implementation,-wiger cover
crops, orfarm wetland construction, and conservation tillafigruulsema et al, 2011,

International Joint Commission, 2014h addition to these CPthe Nutrient Mangement Act



was introduced in 200@Government of Ontario, 2018)vhich targeted agriculturahputs of

nutrientswith a focus on livestockvan Bochove et gl2011)

For nutrient management, osgongapproach for reducing loads is to retain surplus nusign
their current location. CPs that achieve this are referred to as transp¢8HaRsey et al., 2006)
and one example is elarm constructed wetlands. Down gradient storage systems kesephe
farm premises which can then be used and stor¢tuehyetland vegetatiaiSharpley et al., 2006)
Small wetlands are critical in retaining (Ehengand Basu, 2017)and constructing ofarm

wetlands has #potential to increase the P storage capacity on the landscape.

Cover crops are another transport CP that can be used in agricultural areas to remove excess P
overwinter, prevent P losses via sate runoff, and reduce erosion in heavily erodible di2add
andSharpley, 2016; Sharpley et al., 2008pwever, cover crops may increase the presence of
dissolvel P, therefore, their implementation must target areas at higher risk of erosion and avoid

areas where soil may have high concentrations of P.

Other transport CPs include riparian zones, conservallege, and buffer strips, all of which are
designed tprevent P movement to-ask water bodiegDodd and Sharpley, 2016; Sharpley et
al., 2006) The most effeitve use of these CPs is critical in lowering costs and improving

efficiency to achieve the 40% reduction loading goals set by Canada and the United States.

Plans to increase environmental stewanashithin the agricultural communitynitiated by
farmersand were officiallystartedwi t h  Ont ari o6s Environment al
Beginning in 1992, farmers were introduced to this-remgulatory framework that would allow
them to assess their genal environmental stewardship on their farm, and pestihat they

could implementwithin their own EFPto mitigate potential issues. The program is voluntary,
confidential, and emphasizes education and awareness surrounding environmental concerns
(Plummer et al., 2007)ncreased financial support began in 2005 ke EFP program was
connected with th€anadaOntario Farm Stewardship Program (COFSPntario Federation of
Agriculture, 2011) Having gone through three iterations (the second in 1996, and the third in
2004) this EFP program currently provides educational and financial support up to $30,000 as
part of theCOFSP(Ontario Federation of Agriculture, 201I)he financial aid supports the
implementation of CPs by incentivizing farmers to adopt the practice®metulesindividual

environmental stewardship.
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A majorinitiative in the LGLW to reduce Ihputs to Lake Erigs the 4Rs nutrient management
program (right source, right rate, right time, and right plaeseloped by the International Plant
Nutrition Insitute (IPNI) (International Jmt Commission, 2018)Changing the method of P
application (source) can affect the retention of P in the soil, for example: using banding application
rather than tbadcast application can reduce P stratification inasadlincrease P retenti¢@rant

et al.,, 2019; IPNI, 2012)Applying fertilizers at the right rate by conducting soil tests and
monitoring soilP levels can help with both reducing excess P and mitigating P deficiencies in
agricultural soils. Right rate highlights the importance of soil testing to optimize nutisen
efficiency. The potential folP runoff from precipitation events and the timgiof crop needs are
both important factors to consider the right timing of fertilizer application3 he ideal, although
currentlyimpractical, timing of fertilizer apptations would be to apply at plantifig®NI, 2012)
Instead, optimizing application timing by avoiding high runoff events in late fall, early spnidg, a
winter, as well as applying as close as possible to the time of planting,dvil #ie reduction of

P losses to surface wai{@®NI, 2012) Finally, right placement of fertilizer, e.g. below the foe
centimetersof soil, can educe P losses in rundffPNI, 2012) In addition, placing P fertier
below the soil surface brings the nutrients closer to plant roots. Rightm@atean also include
avoiding sensitive areasr areas with high runoff potential, close to surface water or drainage
areaqIPNI, 2012) The presenstudy will aid inidentifying theright application rat®f fertilizers

by identifying areas with high lontgrm P inputsat a quaternary watershed scalighlighting

areas where soil P testimgcritical before fertilizer application

There is a high mvalence of CPs throughout southwestern Ontario and theyelxpeeienced
increased implementation, especially in areas with concentrated agricultural geteiybun,
2012) Applying CPs can be expensiged time consuming, therefore it is necessary to use them

efficiently. It is critical to identify optimal locations to maximize CP effectiveness.



1.7 Objectives
The overall objective ahis thesis was to locategionsin Ontario withhigh P input over timéo
aid inidentifying possibldocations withegacy P buildupNorking with longterm historical data,
the following questions were askédbow has legacy P accumulation differedtsdly in Ontaric?
And how can understanding and quantifying the temparalution of P legacies help inform the
targeting and implementation of CR&®hin the thesis, these questions will be addressed with the
following specific objectives:
1) Conduct a lagterm anthropogenic P mass balance in Ontario counties and produce a
saies of maps that spatially represent the annual and cumulative mass balance.
2) Examine the regional trends of P sources considered in the mass balanderstand the
drivers of Plegacy riskan the different agricultural regions of Ontario.
3) Use the mass balance findings to produce risk maps that delineate the agricultural areas
susceptible to the erosion of P in soil or accumulation of P inicsaitl in identifying areas
that woutl be at sk of accumulating P legacies, and areas that would be at risk of eroding
previously accumulated P legacies.
The project outcomes includa Geographical Information System (GIS) informational time series
map and two risk mapghat will be made pblicly available and could be used by partner
organizationsThis work contributed to the Lake Futures dmdjacies of Agricultural Pollutants

(LEAP) project(https://uwaterloo.ca/legiesof-agriculturatpollutant).



https://uwaterloo.ca/legacies-of-agricultural-pollutant/

Chapter 2  Annual and CumulativAnthropogenid®hosphorus Mass Balanag Ontario

2.1 Introduction

Unbalanced P cycling has the potential to significamgigativelyimpact the environmental health

of surface water ecosysten@everalimitigation efforts have been implemented in Ontario to more
effectively manage nutrient movement in agricultural regions. However, as previously discussed,
legacy Phas the potential to offset these effqi®harpley et a).2013;Van Meter et al.2016)
Therefore developing a better undesstding of the spatialistributionof P legacy development
could aid in the more accurate targeting and mitigation of exce®s iitial step in identifying
possible legacy P accumulation locations is identifying areas d@watadnhistorical surplus oft#/

conducting a longerm mass balana@nalysis

The approachused to conduct the mass balance was the Net Anthropogenic Phosphorus Input
(NAPI) model(Russell et al., 2008; Zhang, 201@hich was applied at a county scale for all of
Ontario. The mass balance modshsintegrated into &IS platform © develop a useriendly

map time series that delineated the spatial and temporal evolution of P inpptssitddegacies

in Ontario counties and watersheds estimated NAPI value greater than zero represented a
surplusof P in that areaand a largr surplus would effectively increase the risk of legacy P

development.

Mass balances must consider the inputs and outputs within a system. Notably, there are several
anthropogenic P inp@ndoutputmechanisms in the agexosystems of Ontario. One sigognt

output or export,in agricultural land use areas is crop production, which removes P from
agricultural fields. There is less cropland today than there was 60 years ago, but the amount of
crop mass grown has increasgsimith, 2015) Crop yields have increased over time, leading to
increased production, and higher efficiency in farm{&gnith, 2015) Increased crop vyields
combined vith decreased fertilizer application may have led to increased crop uptaikeooical

excess within the LGL. However, it may take time before the benefits are detectable, as there
are time lagsssociated witlistorical P accumulatigrpotentially déaying the response time by

several decaddSharpley et al., 2013)

Phosphorus in bottlissolved and particulate forms can be removed from soitrandported to
rivers and lakes through overland flow, groundwater flow, and erosional processes. However,

historical river export data are sparse in Ontario, and total P export by rivers eadiffidult to
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estimate on a large scale. Consequentlyy iaxg@ort of P was not estimated, instead, crop uptake
was used to represent the mayatputof P from the system. Additionally, river export data would
likely represent a minor portion of the msdsalance: a study in the St. Lawrence Basin found that
river export represented onbpo oftheNAPI balancgGoyette et al., 2016A smaller scale study
found that river exportgicreased over time and could represgmto 10%of the masdalance
(Pardy, 2019)Despite this, the majority of P inputs have nothestn transported to surface waters
andtheseriver outpus have the potential to continue for many years after P inpute been

reduced as result of excess P accumulation in the subsurface.

In this chapter, @alysis of thedataled totheidentificationof potentiallegacyaccumulation zones,
interchangeably referred to as areas with a P surplus, meaning that more pligdg@phe land

than was used by crops. The scale and resolution of the appraeamohé&een done before in a
legacy context for ®ario asa whole, but smaller scale projects have been condugsizal
Bochove et al., 2011; MacDonaahdBennett, 2009; Zhang, 201&)ther similar studies such as
Joosseand Baker (2011) have examined the temporal changes in P concentrations in the Great
Lakes and connected tributaries, however, phesent study differs by including a spatial
componentin addition, a egional analysisvas conductedo further our underanding of the

drivers of P cycling in different agricultural regions in Ontario.

2.2 Methods

The primary objectivevas to map th@otential distribution ofagricultural P legacdevelopment
within Ontariothrough a largescale spatidemporal mass balance appch(Van Meter et al.
2017) A longterm (19612016 P mass balance for the study area was carriedbasgd on
existing datasets as well as historical reconstructions of P inputs to the landeamestructed

P accumulation trajectories were visualized and analyz@édcMap, an ArcGIS applicatiotool.
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The NAPI modelwas appliedto the entireprovince and a amulative map was produced in
addition to the map time seriés highlight areas of high anthropogenic P inptie spatial
information was useful in identifying areathat could be major legacy w@es of Pandcould
inform government and decision makatsout the P affecting the LGL, which has become a
enormous governmental concdiMichalak et al, 2013 International Joint Commissip2014
Powers et aJ.2016) It is important to note that the mandicatel historic P input location, not
currentP location but the data could be used in magistic models as input parameters or initial
conditions Theinformation available in the map time series and the cumulative inpuénigmce
knowledge about legacy Bcatiors in Ontario and can, thereforeinform CP implementation

strategies

2.2.1 Administrative Units

Ontariobs administrative divisions are compl €
grouped into general categes. Below the province and territory level of division, Statistics
Canada refers to the next tier as census divisi@maparable to counties, which can be further
divided into census subdivisiormparable ttownships. The agricultural census and papon

census datavere available on the subdivision level, batthe present study? inputswere
determinedatthedivision scale Additionally, the number and size divisions, hereafter referred
toascountiedjavec hanged over t he c ovhichwasaaduntedhotimthis o 0 s
study by standardizing counties to their location in 2011, the same ybarmaest recent available

county shapefildFigure 21). The assumption was that the borders of desnh 2011 were the

same in previous years; data from subdivisions that were moved or no longer exist were included

inthecounty hat subdionresdedim20€d. | ocat i
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Figure 2-1. Distribution of countiesvithin agricultural regionsn a) Ontario and byouthern Ontario in
2011.

2.2.2 Watershed Description

Most of theCanadiarwatersheds that drain intiee LGL are located inside Ontaaadaredivided
among four of the five lake$No part of theLake Michiganwatershed is located within Canada
and wasthereforenot included in this studyThe total watershed area of Lake Superior, Lake

Huron, Lake Ee, and Lake Ontario is 397,038juare kilometers, abbbhalf of which is located

13



in CanaddGovernment of Cana¢ga015) Lake Superioand Lake Huromespectively have 64.9%
and68.6% of their drainage areas located in Carfaddhle2-1). Lake Erie and Lake Ontario have
watershedarealocated in theUnited Stateswith only 28.4% and 44.1%espectively of their
drainage area within Cada The totaland Canadiadrainage aresof the lakes of interest can be
found inTable2-1. On the quaternary scale, there are over 1000 watersheds in the (Figiwe
2-2). The largesiguaternarywatershed isn the Lake Superior basin, and is 80%2 and the
smallest is in the same basin and iskivd (OMNRF, 2010)

Table 2-1. Total drainage area of the Great Lakes shared by Canada and the Unitedstifeesd from
RobertsorandSaad (2011)

Superior Huron Erie Ontario Total
Total Drainage Aredgkm?) 124155 131614 77519 63750 397,038
CanadiarDrainage Area (k) 80,561 90,245 22,031 28,089 220,926
CanadiarPercent of Tota{%) 649 68.6 28.4 44.1 55.6

The sedimentary and topographic @weristics of Ontariavere shaped mostly by ancient glacial

activity. The majority ofsouthern parts dDntarioare covered in glacial moraines made of sandy
and silty till, while a significant portion of northern Ontario has exposed bedrock, lacustrine
deposits, and wetland organic depogBsldwin et al., 2000)The Soil Landscapes of Canada
characterizeauthern Ontario soils as Gleysolic and Luvisolic, both of which support widespread
agricultural activity, althogh poorly drainedBaldwin et al., 2000)The soils of northern Ontario
vary significantly and range from excessively well drained in the Sudbury region to very poorly
drained in the northern wetlan(Baldwin et al., 2000)

Data Source: Ontario Ministry of Natural Resources
and Forestry - Provincial Mapping Unit, 2010
Projection: Canadian Lambert Conformal Conic
Author: Tamara Van Staden

Date: October 5,2018
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Figure 2-2. Map of the quaternary and tertiary watersheds in Ont2&ta fFomOMI\iRF (2010)
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2.2.3 Land Use

Ontario land use in the LGLW includes agricultdfmested land, urbbaareas, and wetland areas.

Northern Ontario is mostly ade up of forested larehd wetland areand as previously stated,

southern Ontario is dominated by agricultgRobertson and Saa2011) One third of the land in

the LGLW is used for agricultural purposeshichma kes up most of Ont ar |
industry (OMAFRA, 2016) Major urban areas includdorontoand the Greater Toronto Area

Hamilton, KitcheneiWaterloo, Guelph, London, and Sudb@Robertson and Sag2011)

2.2.4 Net Anthropogenic Phosphorus Input (NAPI) Methodology
The NAPI methodologywas used to assesghosphorus inputs ifOntario watersheds, and
subsequentlhjthe LGLW.The NAPImodelwas built off of the NANI (nitrogen) model, originally
introduced byHowarth etal. (1996) and adjusted to consider processes that affect the
anthropogenic P cycle. There are three main compoiretits NAPI model: individual detergent
use D, dishwashingand laundry), fertilizer us@=ERT), and net food and feed P imports (NFFI)
Thefollowing description of the NAPI methodologyasbuilt directly on the methods used in the
Ma s t thesi®written by XZhang at the University of Waterldg@dhang 2016) The sum oflie
components listed above represghe netanthropogeni® input in this model

NAPI = FERT + NFFI +D Equationl
2.2.4.1 Detergent Use
Detergents used for laundry and dishwashing contain P, and have been noted as a large source of
P in urbanized area@lan et al., 2011)They have been included in the NAPI model in order to
guantify all anthropogenic sources of P, even though detengauiisido not necessarily directly
interact with the landscap&he amount of P in detergents has changed over time as a response to
water quality and eutrophication problenfisitke, 1999) Laundry and disliletergat per capita
usage were determined by assuming that each detergent type was used on a widespread scale
beginning in 1935, after their vention (Litke, 1999;Han and Bosch, 2012Yhe amount of
detergent used p&rash evenincreased for laundry detergent to a stable value per capita as of the
late 70s and decreased for dish detergent to a stable value per capita in Ties¥®rmation
combined with the2010 regulationswas applied to the methodologgged byHan and Bosch
(2012)to estimate the kg P/capita/year for both types of dete(genire 23, see values in Table
A-2 in AppendixA). Note that the values chambever time due to regulations and increased
proportion of households with dsfasherslt should also be noted that several compans
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have fzer detqgénts €quitygdaledetergent P useasdetermined using the annual

per capita detergent wuse val uefromdhdngPOi® count i
D = (PoL + Pbo) QPop)ounty Equation2

where B is the annual per capifdfrom laundry detegent, RBp is the annual per capiffrom

dishwashing detergent, afidop)xountyis the population of the county in the same year.

Although P from detergentsill notend up on land in the same way as fertilizer and manure, it
was included in the NAPI analysis asatialindicatorof P sources, both point and ngoint,

into the watershed systems is recommended that lasithsed analyses following this study
shauld ignore point source inputs such as detergasithey enter the systems part ofurban
wastewateand will be eitheremoved bywastewatetreatmentprocesses and sent to landfill or

pumped directly into surface water

Figure 2-3. Total mass of P sourced from detergebésed on per capita domestic detergent use.
Methodology and data frofnvironment Canada (2011) and HamdBosd (2012)

2.2.4.2 Fertilizer Use

Fertilizer salesvere not provided om county scale, instead, provireade fertilizer salesvere
used to estimate counscale fertilizer us€Figure 24). The amount of feilizer sold to each
countywasestimated based on theo u ntotalfértilized area provided in the agricultural census

and the total provincial fertilizer salels was assumed that fertilizer was applied evenly on all
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fertilized area although it shold be noted that different crops have different ferdili@an
requirements, and crop rotations and productivities vary spatidily formula to calculate the
county scale fertilizer applied in each year is as follawsdified fromZhang(2016:

"O0Y'YO o0é¢é¢gH) —— TROTIO T 08— Equation3

where KkalesiS the total fertilizer sales in Ontario for the year ofiest,andFA represents thital
fertilized area for the county of interest and the Province of Ont@he final units of FERTvere
kg P.Fertilizer salesvere reported as tonnes of®, which is equal to 436.4 kg P per t@P.Os,
and the proportionfaccommercialfertilizer usedwas estimated to be 90.6¢&hang, 2016)
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Figure 2-4. Ontario phosphorus fertilizer salel9547 2007 daa from thelnternational Plant Nutrition
Institute (IPN) (2013)and 2008 2016 data from th€anadian Fertilizer Institute (2015)

The 1981 casusprovidedmass of applietertilizer dataon a county cale which was used to test
the accuracy of Equation 8/hen census values were compared to estimated viidadgference
between the estimated percent mass distribution and the actual ntialsstaia was within 1%

for most countiessuggesting thathe estimation methodas reasonableAny differencewasa
result of anunderestimation offertilizer use in the southemegion(Table 22), one ofthe most
agriculturally dominated regienAccording to an Agriculture and AgrFood Canada (AAFC)
survey in2010, southern Ontario had approximately #ameamount of agricultural land use area
aswestern Ontario, double the amows central and eastern Ontario, and nearly four times as
much as nohern Ontaie. This methodherefore produced@nservative estimate of fertilizer use

in southernOntariq and fertilizer inputs have the potential of besngnificantly higherthere
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Table 2-2. The difference between the estimated and actual fertilizer mass percent distribuganhin
agriculturalregion in1981.T he r e gi o n s Gasfdigidetby theitatabfertilizeranass i@ntario.

Region Estimated (%) Actual (%) Difference
South 42.16 53.8 -11.72
West 33.28 28.15 5.13
Central 10.72 9.32 1.40
East 10.36 7.59 2.77
North 3.48 1.06 2.42

2.2.4.3 Net Food and Feed Imports (NFFI)
There are four componenits NFFI: consumption of P by humansH{Cconsumption of P by
animals (G), production of P byanimals (B), and production of P by cropscffZhang, 2016)
Whether NFFIwas positive or negative represedtwhether the system nesdito importthe P
required by human and animal consumers (positive), or whethgystesnwas producing enough
P for the consumerand ha excess to export (negativéf) was assumed that thenas a 10% loss
of P for both livestock and crop products as a result of psiicg, waste, and pest consumption
based on previous studies on produse efficiencies and pestiated losses in storagéordan
andWeller, 1996; Zhang, 2016All four were combined to calculate the net input of P from the
production side othe agricultural industry in the following formula:

NFFI = Gi Pa+ Gt P Equationd
2.2.4.4 Human Consumption
Human consumptio(Cn) wasbased on thavailable Rn Canadian food per person per dalyese
data were made available I8tatistics Canada as mg P available in food from 1881009,
adjusted for losse$Statistics Canad2009) Available P was extrapolated and adjusted tpdig
capita per year(Table 23). Eachannualvalue was multiplied by the corresponding year

population for each county to get the total human consumption in kg for that year.

Table 2-3. Human available phosphorus in fo(tatistics Canada, 2009alues before 1981 and after
2009 were linearly extrapolated.

Available P 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Day (mg/capita/day) 1130 1135 1140 1145 1150 1154 1123 1170 1227 1191 1156 1118
Year(kg/capita/year) 0413 0414 0416 0418 0.420 0421 0410 0427 0448 0.435 0422 0.408

2.2.4.5 Crop Production
Crop productior(P.) of Pwasestimated usinghe provincialaverageof the annual yield foeach
crop and multiplying that by the average P content for that (@&qpation 9. The total yield was

calculated by multiplying the cropland area for major crops from the agricultural census by the
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average annual yield per hectéfegure 25). It was asumed that yields were cdad throughout

the province as finescale data ereunavailable formostcensus year&ee yield values in Table

A-1 in AppendixA), and that crop P content stayed constant over. tinng possible that crop P
content has changed over time as a result of varying crop varieties and improvements in crop

yields, but these data either did not exist or were not readily available.

Major cropsin Ontario includecorn, wheatandsoybeans, amongthers.Corn and soybeae are
categorized as row crops, and they experienced a significant yield increases afi§iQ0@12

5). The steep increase in row crop yields correlated with an increase in wheatfyigias 25);
around this time, wheat wastroduced as a recommended crop in crop rotation to improve soil
health (Brown et al. 2017; Sith, 2015) It is possible that the inclusion of wheat time
recommendedrop rotation contributed to the significantrease in row crop yieldslorticultural
crops were not included in analysis because the total crop area of field crops made timmore
95% of the total cropland in Ontaridwo counties that could be affected by this are Niagara
county and Prince Edwabunty because of their wine industriése totalcropyield in kg for
each crop in each county was multiplied by the averagatemiofor that croffTable 24), and all
crop values were summed to estimate the total crop production of P for that county.

P.=B #1 9 0# T Equation5
where CA is the total area of the current croghi@ county, Y is the yield of that crop for the
current year, and PC is the P content of the cfbe. value is multipliedy 0.9 to estimate the
mass after a 10% loss.

Table 2-4. P content of major crops innario. The value for canola is froidong et al. (2012)all other
values fromzZhang (2016)

Crops g P / kg Yield
Wheat (includes winter, spring, buckwheat, and bar 3.67
Rye 3.15
Oats 3.24
Mixed grain 3.22
Corn for grain and fodder 2.76
Canola 5.65
Soybeans for beans 5.88
Flaxseed 3.22
Dry white beans and other coloured beans 5.88
All hay 4.54
Potatoes 0.59
Tobacco 441
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Figure 2-5. Annual Ontario crop yields for the crops examined in tonnes per heRtakecrops include
corn and soybeans; small grains include rye, oats, barley, and mixed grains; and other crops include canola,
flaxseed, beans, hay, ptias, and tobacc@ata fromOMAFRA (2018)

2.2.4.6 Animal Gnsumptiorand Production

Animal P consumption(Cs) and productior(Ps) were estimated using counsgaleagricultural
census livestock dat&ecoverable manure was not estimated in this analysis, instead, a pseudo
representation of manuestimated as a net excretion ovBs used that accounted fordes after

the processing of animal&hang, 2016)First,animalP consumptior{Cgy) and excretiorfEs) were
estimatedthe number of each livestock type was multiplied by the annual Reiatekexcretion
valuesfrom Hofmannand Beaulieu (200p (Equation 6 and Equation).7it was assumed that
livestock P intake and excretion stayed constant over time due to data limitations.

# =. 0) Equation6

% =. 0 % Equation?
where N is the number of numbef animals andPl.and Pk are respectivelyhe P intakendP

excretion valuesf that livestock typgTable 25).

Second, livestock P productidRs) was calculated by subtracting animal P excret{&g) from
animal P consumptiofCs). Animal P prodution was defined as the P that was removed from the
system by retention in the anim&heamount of P thatemairedin the animaivas considered an

output flom the systemThe valuewas multiplied by 0.9 to estimate the mass after a 10% loss.
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This dd notapply to humans becaugevasassumedhat theyexcrete 100% of P consumg@dan
et al., 2013)
Pa= 0 O 1# Equationg
The netanimal Pinputsfor each countyereestimated byubtracting the calculated production
(Ps) from the calculated consumptidfs.) for each livestock type, simplifiesh the following
formula:
NET.=B 0 0 'O TN O Equation9

Table 2-5. Annual intake and excretion values for livestoclOntaria Values for horses are frohtan et
al. (2013, all other valuefrom HofmannandBeaulieu (2006)

Animal Intake Excretion
kg P/ animal / year kg P/ animal / year

Beef cows 27.68 21.3
Milk cows 33.16 26.8
Total heifers 20.45 14.1
Stees 20.08 15.2
Bulls 38.66 24.4
Calves 8.06 6.9
Hogs and pigs 6.61 3.1
Horses 13.15 11.7
Sheep and lambs 2.12 1.4
Hens and chickens 0.21 0.123
Turkeys 0.72 0.57

2.2.4.7 Milkhouse Waste

Milkhouses are another source of phosphorus loading in agriculataishedsThis sourcewas

not included in NAPI in previous analysdsong term practices at dairy operations include
washing the floors of the milkhouse for sanitary purposes. The result of this cleaning is an
additional input of P from the milk wastes aell as the detergent used to clean the floors.
Detergent is the more significant contributor to milkhouse waste P with 93% of the total P coming
from thedetergent and acid rinse cy¢islaway, 2003) This increased over time as the practice

of cleaning of milk houses with detergent became more widely adaptédt was completely
adopted after the Milk Act was implemented in 19@Bovernment of Ontario, 1990)n
southwestern Ontario, the mass of & plairy cow added as a result of milkhouse waste ranged
from 0.36 kg P/cow/year to 1.14 kg P/cow/y¢alaway, 2003) An average value of 0.77 kg
P/cowl/year was eghtated using the values iillaway (2003) and was used as the maximum
amount per heaas 0f1991. The average P input per dairy cow was estimated for each ceaisus ye

based on a linear increase starting in 1949 until 1991, after which, it was assumed that P input per
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cow wasconstant at the maximum value of 0.77 kg P/cow/y@able 26). In 1949, it was
assumed that there was 0 kg P added per cow, as detergemgle@tctices were likely first
introduced in regulation at this tinf€legg, 1956)

Table 2-6. Mass of phosphorus per dairy cow due to milkhouse waste in censugAlsaray, 2003)
Year 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

kg P/cowyear 0.22 0.31 040 049 059 0.68 0.77 0.77 0.77 0.77 0.77 0.77

2.2.5 GIS MethodsConverting to Watershed Scale

After NAPI values were calculated for each county, the data were joined with an Ontario county
shapefile Theresolutionof thecounty magscalewas coarsegespecially imorthern Ontariavhere

the counties arkarge, which made it difficult to delineate spatial differegs in P inputdt was
determined that the best way to increase the resolution was to cihevddta to watershed scale.
Additionally, important hydrological information can be gleaned by examining trends of P inputs

within a watershed.

Conversion frontounty scale to watershed scale invdlttee spatialredistribution of data. Land

use datdrom Agriculture and AgriFood Canada (AAFG)ereused to assign phosphorus nesss

in each county to appropriate areas. Agricultural data such as fertilizer applicegt livestock
inputs, and crop uptake wer e (labelledsShimtieedlatasagt) | and
and the detergent and human consumption inputs were assigned to urban areas designated as
isett |(abalkedaldn the dataset)lt wa s assumed that Ancropl ar

agricultural land, as there was no spedifiestock or managegasturecategoryfor Ontaria

The AAFC land use data were used for the years 1990, 2000, and 2010 in zbd8s The zone

rasters were mosaicadto one raster dataset feachyear and projected to Canada Lambert
Conformal ConicThe land use categories of cropland and settlement were extractegbitbrof

the threeAAFC raster dataseby usingExtract byAttribute for the desired land use tgo®1 and

21). The new raster tses of the extracted land use typesneconverted to a polygowithout
smoothing the edges (keeping the square shape of each pixel). The polygons were then intersected
with the shapefile of Ontario counties to make a rgwapefile that distinguishedetamount of

each land use type that is within each county. The total area of the land use was calculated for each
countypolygonin hectaresThe attribute table was exported to Excel for use in MATLSBe

below for flowchat of GIS methods for the use thie AAFC land use dataset.
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Mosaic AAFC raster zones 15
— 18 for Ontario

Extract by attribute Convert raster to polygon

¢ Select both land use types
* Cropland (51)
e Settlement (21)

* Do not choose smoothing option
¢ Select Canadian Lambert * Generates initial shapefile

Conformal Conic projection
* Repeat for each year (1990,

2000, and 2010)

Calculate area geometry in
hectares

Dissolve polygons Intersect with county

shapefile

¢ Select gridcode (land use type)
and county ID number for
dissolving

® Generates new shapefile with

one polygon of each land use

type within each county

* Create new column in the
attribute table

e Start an editing session and
select Calculate Geometry
¢ Calculate area in hectares

¢ Generates new shapefile with
land use and county attributes

An important step to convert from county scale to watershed sea determine théand use
area shared between each watershed and each couesedHbta were calculatein GIS by
interseding the county scale land useaglefile with the watershed shapefile. Thepatitwas a
new watershed shapefile that contained the cebagged land use area within each watershed. The
land usearea within each watershed was recalculated using CalculateeBgaand exported to

Excel.

The mass of P for each category was evenly distributed odekignatedand usewithin each
countyby dividing the total mass by the corresponding land use Afeawards, the total mass
of Pwas reassigned to a swatersled level byusing thentersecédareas calculated for thand
usewatershedshapefile The total mass within the watershed boundasias normalizedvithin
the watershed by dividing by the watershed area. The above can be summarides feitbwing

formula:
Equation10

LV ¥, g v, ", 0 "o o D N ©
“Y& 000a0 AN W 'QQ ~——. 0 YO 0 YO

0 “Yd 0 Yo

where Mc and Mugrs is the total masgkg P) appliedto the correspnding land use area
(agricultural area or urban area), LU#thecorrespondingotal land use arg#@a)for each county
that intersects the watershed, and Lddésheq) iS the correspondingand use aregha) that
intersectsboth the wdershed and the countyotal Watershed P was then divided by tbgl

watershed area to normalieach watershed to kg/ha for comparison.
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2.2.6 Net CumulativeP Inputs

Cumulativeinputswere estimated byinearly interpolating the total NAPI for all yes between
census years. The sum of all years, including years between census years, egphesenal net

P input into the county landmass oes5-yearperiod between 1961 and 201@itially, the total

P from all years for the county was normalizectowunty area to compare the relative magnitude

of P inputs between countiéiotal Pinputs werealsonormalized to corresponding land use area,
with agricultural inputs such as fertilizer normalized to agricultural land use area, and population
inputssuch agletergent normalized to urban land use areaet a finer resolution of P inputs
Cumulative net P inputs were also converted to watershed scale as described above.

2.2.7 Data Sources

Sources of historical dataclude the Caadian Agricultural CensusCanadan Census of

Population,Canadian Fertilizer Institutd-ertilizer Institute of Ontario, the International Plant

Nutrition Institute(IPNI), Environment Canad&nt ar i o6s Mini stry of Agr.i

Affairs (OMAFRA) Agriculture and AgrFood Caada (AAFC), and thé®ntario Ministry of
Natural Resources and Forestry (OMNRH)e mosteadilyavailableagricultural and population
censugiatawere from after the year 1961, and ocoed at a frequency of five yearsp to 2016.
Earlier data were avalable at a frequencyf 10 years from 19010 1951 but vere less
comprehensiveThe focus of the study therefore foedsn thetime period of 19610 2016.The

full list of data sources for the NAPI analysis are available in TalBg#ppendixA).

2.2.8 Obstacles

In some instances;ounty datawere suppressed irthe agricultural census.Data suppression
occuredif, for a type ofcrop, therewere only one or twosmallfarms ina county, or one large
farm inacounty.The poblem was addressed by comparing the crop area in the countytdtathe
crop area otheregion the countyvas in.Regioral dataincluded crophectaredata for allcounties
in theregion includng suppressedounties The suppressed data poim&re eimated using the
regional proportiorof crop area in the counin unsuppressegears proportionately allocang
the remaining areanaccountedor in the regionin other wordsthe total proportion of landias
calculatedor that crop in each countylative to the region totabnd he awerage proportioover
all years(excluding years with zero growth of that cropds used to estimate tiseippressed

crodandareain each countySuppressed livestock datemestimated using the same method.
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Thepoint at which that these dasappressions began to occur was in the 1986 ceRsasiumber

of suppressed county daita that year and years following was variable and did not follow a
pattern Generally, dta suppression was more frequent in the northgiandecause of the lower

density of agricultural activityCommon row crops such as corn andb&anshad very few

instances of data suppression because of their widespread planting in Onttoial, 15% of

used crop data were suppressed, and 4%ves$tibck data were suppreds©ut of 48 counties,

there was an average of 7 suppressed counties per year for crops and an average of 2 suppressed
counties per year for livestock. The most suppressed crops were spring wheat, canola, flaxseed,

and beans. Thmost suppressed livestotpes were pigs and turkeys.

Additionally, county names, borders, and geographic codes changed over time in Ontario, making
it challengingto organize the data to observe temporal trefidsddress thishe subdivisionsn
eachcounty were standardized their location in 2011the same year that the county shapefile
was produced for GlS he subdivisionghatwereamalgamated and transferred to other counties
since 1961were identified and data from thosabdivisionswere adeéd to th& standardized

county in 201Jandsubtracted from the county they were moved from

The municipality of Toronto was not included in the agricultural cems961, 1966, and 1986
to 2006 and instead the data were amalgamated into the York ¥ datgin those yearsFor this
reason, all available Toronto data were similarly amalgamiteall agricultural and urban

sourcesandland use area

2.3 Resultsand Discussion

A time series of maps was developed to demonstrate the annual mass balance®nfafo
watersheds and urban and agricultural land use areas. This time series showed differences in P
inputs during census years, and correlations were drawn between years with notabolatpatsP

and trends in livestock, crops, and NPS regulatidngositive NAPI value was considered a P
surplus, and a negative NAPI value was considered a P removal and would reduce the cumulative
surplus valueRegional trends were analyztxlgain a sense of the drivers of spatial variations of

P inputs.Cumulative inputs were also examined to highlight areas with significanttemy P

surpluses.
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2.3.1 Maps

Northern Ontario P inputs changed very little over the past 25 years. Most watershieels in
northern region maintained an annual P input of less than 1 kg P/itesaime watersheds were
completely untouched by anthropogenic influeigggure 26). Southern, western, and central
regionshad the highest amountBfsurplusesanddemonstrate the mosbbservable changever
time, due to intensive agriculture andghipopulation densityThe magnitude of P surpluses in
southwestern Ontario increased from 19611981 (Figure 27), attributable to intensifying
fertilizer use A decrease in thamount ofannualP surplus was observed starting in 1986 and
continued unti2016. Blue indicatéa decrease in thmumulativesurplus removing excess P from
previous yearsmore watersheds had a net removal of phosphorus in later(ffeguee 26). The
year 2006 had the most watersheds withamnualnet P removalAll these chnges were
dominantly influenced by changes in agricultural trends followingigreer revolution due to
increasingawareness of thenpact of phosphorus on surface wat€isanges in urban influences
such as decreasing the allowable concentration odgstayus in detergentdso had an impagct

but to a lesser extent
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Figure 2-6. Spatial distribution of NAPI in Ontariwatersheds.

26



A

Phosphorus
Mass Balance

(kg P/ha)

B -11--3

Fertilizer Institute of Ontario, the I
Ontario’s Ministry ol

500

n
al and
Author: Tamara Van Staden Date:
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2.3.2 NAPI Trends

Kilometers
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: November 15, 2018

The general trend of P inputs in Ontario overall showed an increase fromolB&16, aslight
decrease from 1976 1981, and a larger decrease from 18819% (Figure 28). From 2001 to
2016, there was no specific upward or downward trend, but altatieci, with 2001 and 2011
having thehigherannual surplusesand2006 and 2016 having the lower annual surpl{B&gire

2-8). The year 2006adthe lowest ovell P surplus across Ontario.

The oscillation in net P inputs from 2001 to 2016 was a re$atculmination of changes in the
sourceof P inpus. Comparing the inputs in the years 2001 and 2006, one major difference was
the uptake of P from crogBigure 28). In 2001, P uptake from crops decreadee toa significant
decrease in thamountof high yield cropgproducede.g. fodder corn, hay, soybeaas)a result

of poor climate condition@~igure 25). In 2006 onward, the crop uptake increased ag@airering
theannualsurplus. However, fertilizer saléggan to increase after 20@Bigure 24), causing the

annual P surplus to increase again in 2011 and 2016.
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Figure 2-8. Net anthropogenic phosphoruput trends in Ontario.

2.3.3 Agricultural Trends

2.3.3.1 Crops

On average,rop yields inOntario increased 75% since 19@lgure 25). Increasedrop yields

over time contributed to thlargercrop uptake of phosphorus in more recent yeardplayed a

key role in relucing the surplus phosphorus from soil in later years, which was also ethserv
MacDonaldand Bennett (2009) The type of crop selected by farmers is driven by consumer
preferences and economic trendsich has changedver the lasfew decads (Smith, 2015)

There was a significant increase in the mass of soybeans, corn, and wheat grown since the 1970s
because of recommended crop rotations and the value of theNdod@isly, theserops havéarge

yields, as well akargeincreassin yield, when compared ith othercrops examine@Figure 25).

Crop trends in Ontaridemonstratethat corn was the largest mass of crop grown with a maximum

of 14.1 million tonnes grown in 2016 (bdthkdder and grain corn), followed by hay, which peaked

in 1986 at 7.55 million tonnes. The amount of wheat and soy grown over time has increased
significantly, with wheat increasing from 566,000 tonnes in 1961 to 2.85 million tonnes in 2016,
an increase 0403%. Soybean mass grown increased from 180,000 tonnes in 1961 to 3.5 million

tonnes in 2016, a 1,835% increase. There was a decrease in the amatsgadwn by an order
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of magnitude, down from over 1.4 million tonnes to just over 100,000 tonne$p al®&rease.

Barley showed an increasing and then decreasing trend, peaking in 1986 at 780,000 tonnes of
barley grown. The amount of tobacco grown de@dasy 79%. The mass of canola grown has
changed significantly since 1961, beginning in 1986, the anafwainola grown increased nearly
20,000% by 2016The cause of thisnormousncrease in canola production was the resuthef
transition from importd oilseeds to the domestic rapeseed growth in the 186dsthe
enhancement of the crop in the 1980kawemore desirable nutrition and flavour characteristics
(Casséus, 2009)

Overall trends in Ontaridemonstrate@n increase in crop mass produced from 1961 to 1981, a
decrease from 1981 to 2001, andirrcrease from 2001 to026 (Figure 29). Theoveralllinear

trend from 1961 to 2016 indicatehat grown crop mass increasadhich wasattributed to
increasing crop yielddespite cropland area decreasing by nearly 5% since (89Rith, 2015)

The decreasing trend from 1981 corredtgth decreasing farmland and craptl area in Ontario

at the time, likely driven by increased urbaniza{®mith, 2015) The significantlecrease in crop
mass in 2001 &s a consequence thie poor climate conditionghat year, wh notable effects on
wheat, corn, and particularly soybedhgure 210). There were major water deficits in southern
Ontario that reduced corn and soy crops yields roughly 6D& and Reynolds, 2003)The
summerof 2001 was the driest recorded5d years, with a dry spell running from Junet@5
August 10 (OMAFRA, 2001) Harsh conditions arose from limited precipitation and high
temperatures, which negatively affected crop production. The result of this was limited P uptake
and higher NAPI in 2001, despite decreased fertilizer applications tha{(Rjigare 28). The
implication that climate indirectly affestP removal extends to noerns about climate change,
specifically, lower yields increasing the amount of P accumulating in the soil and contributing to

legacy P stores.
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Figure 2-10. Changes in croproductionin Ontario census yearRow cropsinclude corn and soybeans;
small grains include rye, oats, barley, and mixed grains; and other crops include canola, fteearzd,
hay, potatoes, and tobacco.
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2.3.3.2 Livestock

There was a decrease in the amount of P attributed to net livestock additions froto 2066
(Figure 28), potentially explained bthe changing demograplsiof livestock inventoriesSmith
(2015)similarly found that the numbers of different livestock types have changed in Ontario over
time. Ontario overall shoada48%decrease in the number of cattle raised over the past 55 years
and an increasenithe number of chickens, pigs, and sheepdiBigure 211). Cattle ha the
largest P input of the livestock examin@able 25), and the significant increase in the number

of chickens did not offset the decrease in P caused by reduced cattle nisolibrs,decrease
resulted in anetreduction n livestock P inputs. Additionally, themassof manure produced by
livestock decreased as a result of reduced cattle numbers despite the increase in numbers of smaller
livestock(Smith, 2015)

The reduction in the number of cattle was driven by a number of factors, including increased
consumer preference for chicken, larger average size of beef cattle, increased milk production in
dairy cows, and readed consumer demand fdairy (Smith, 2015) Additionally, there were
renewed declines in cattle numbers in the 2000s because of the Bovine Spongiform
Encephalopathy (BSE) crisis, also known aadMCow Diseasdlt is possible that consumer
preferences changed as a result of the BSE crisis. Fewer cattle led to less pastureland in Ontario,
and more available croplari®mith, 2015) Fewer attle also ledd decreased greenhouse gas

emissions primarily from the dairy industi$mith, 2015)
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Figure 2-11. Changes ira) the number blivestock and b) livestock specific nutrient units Ontario
censugears.

2.3.3.3 Milkhouse Waste

The consideration of milkhouse waste was a new inclusion in the NAPI model. Milkhouse floor

washing runoff often flows directly away from the source withog#nent, leading to an
additional source of P into watersheds. Quantifying the mass of P from milkhouse wastewater

demonstrated that the source is small, but as milkhouse waste inputs were on the same magnitude
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as detergent contributions in 2011 and 2@y contribution is still important to consid@igure

2-8). Cumulatively, milkhouse waste was a notable contributor to P additions in soil and is a
potential candidate for mitigation by diversion of wash water for treatment. Research into the P
contentof detergents used at milkhouses could further the quantification of this source.

2.3.3.4 Fertilizer

Fertilizer sales in early years were largely driven byfireer revolution after World War II.
Commercial fertilizer became immensely popular and reliancé imcreased significantly into

the 1960s and 70%he intensification of fertilizer use was observable from the 1960s to the early
1980s(Figure 28). Over time individuals became more aware of their environmental impact, and
in Ontario, the HABs in LakeErie drove individuals and government to act. Government
regulations include the Nutrient Management Act of 2@0d2ong many othersyhich worked to
mitigate Prunoff through the regulation of fertilizer and manure inputs.

Some watersheds hadnat removhaof P in 2006 (Figure 26), which was driven bya dip in
fertilizer sales in2006in conjunction with high crop yield@igure 28). However, the current
trendof P inputs fronfertilizer sales appears to be on an upward traje¢fogure 24). A number

of drivers could explain this trend, including changes in fertilizer pridesreased manure
availability as a result of fewer cattlertilization needs of igferred crops, decreases in available
P in soil, more available land in the northern regiamd warmer climates leading to longer
growing seasongCorn and soy row crops as emerging crops grown in Ontario require higher P
application rates than other pogrown in Ontario, driving more fertilizer P sales and application.
Ontario recommendations ggest that 30ppm of Olsen P is the upper tier for corn, at which P
fertilizer application would only achieve minimal crop yield incregBeswn et al., 2017; Munroe

et al., 2018)Additionally, fertilizer prices areonsiderablyimpacted by global markets and are
tiedto natural gas priceBucknell et al., R16), therefore, fertilizepriceshave the potential to be
unstable an can increase in timegobnomic uncertainty.uUfther economic analysis may refine

our understanding gdricing trendsand purchasing behaviour.

The specific driver of tarecentupward fertilizertrend isunclear;however, it is speculated that
soil P testavere showing lower wailable P in soil thanvascommonly observeds a result of
nutrient management and an emerging cropland P dé@fiternational Plant Nutrition Institute,
2013b) In 2015, 35% of Olsen P results in Ontario tested for 38n, down fronb0 % in 2001
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(International Plant Nutrition Institute, 2013b; LimnoTech, 20B8ditionally in 2010,31% of
soilstested below the critical Olsen P level of 20 ppm, a larger proportion than in previous years
(International Plant Nutrition Institute, 2013lyonsequently, more fertilizer tharsualmight

have beeapplied to the soil to counteract the kngoil P testesults to ensurgesireccrop yields.
However, it is important to consider thaetsoil P test results do not represent the magnitude of
legacy P below the first 15 cm measured. Adddibn stores of P can become bioavailabith

changing redox and pH conditions.

2.3.4 Urban Trends

2.3.4.1 Detergent

Detergent P was successfully regulated in 18&0s, significantly reducing the amount of P in
laundry detergenfFigure 23). It should be noted thahé¢ increase in amount of dishwashing
detergent per capitroughout the 70sas primarily a result of increased use of dishwashers from
the 1950s tahe 19909Han and Bosch,2012) Detergent P was further reduced in 2010 with
regulations fronthe Government of Canada which affected all detergent products withioeaogd
transported into Canad&overnment of Canada, 2010)he irfluence of these regulations were
seen in urban areas in 2011 and 2016 census years, especially andht® area, where, despite
continuous ppulation growth, the P inputs from urban areas decddase 29 kg P/hato 18 kg
P/ha(Figure 27).

2.3.4.2 Human Consmption

Per capita tman consumption remained relatively stable over the years, although the amount of
P available decreaseslightly in the 2000spossiblydriven by decreased meat consumption.
Purchasing trends in Ontario shexthat people have been partionately spendmless money

on meat products in the 2000s when compared to the 1Bfse 212). According to Statistics
Canada, households went from spending 27 cents to 20 cents on meat for every dollar spent on
food from 1982 to 2001, taking iation into accoun(Statistics @nada, 2003)Additionally, the
proportion of households that reported purchasing beef decreased by 5% between 1982 and 2001.
This could be a result of the BSE cristhlanging pricesa change in preferences, or changing

diets.
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Figure 2-12. Fractional expenditure on food in Onta(fgtatistics Canada, 2003)

2.3.5 Regional Trends

2.3.5.1 RegionalNAPI Component Trends

All Ontario regions demonstrat@ generallydecreasingiet P input ovetime; however, southern
and western Ontario were the largeshtributors, even when normalized to land use @figre
2-13). Northern Ontario had the smallelecrease in NAPI compared to all other regi@msithern
and western Ontarivere the main contributors to the total P inputs in Ontario ovevatich
coud be a result ohigher density of agriculture within their agricultural land use aneeuding

largerlivestock operations

The oscillating pattern in later yeanss driven by significantly changing crop yields in those
yearsfor example2001 had #ow crop yield, thus reducing P removal and driving NAPI upward.
This trend was more pranent in southern, western, and eastern Ontario, agriculturally dominated
regions.n earlier years, central, eastern, and northern Ontario followed a siiovewardtrend

driven by decreasing livestock and increasing crop production.
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Figure 2-13. Regional NAPI trends in Ontario normalizedagriculturaland urbarand userea

The contribution of P from livestoakffered significantlybetween southwestern regions and other
regions. In the eastern, central, and northern regions, as well as most countiesshalecrease

in the number of cattle raised. However, southern and western Ontario chwattegestable or

even increasingumber of cattle, driving their higher P inputs in later years. Comparing regional
net P inputs from livestock normalized to land use area, the southern and western rebfloas ha
largest inputs in more recent years, and the smalmshward slopes;0.04 kg P/ha/yeafr? =

0.65) and0.03kg P/halyeafr? = 0.30) respectively, an order of magnitude smaller than all other
regions(Figure 214).

Waterloo Region, within western Ontario region, demonstrated an increase in the nettontri

of P fromlivestock, and had the largest normalized contribution of P from livestock from 1996
onwardg(Figure 215). Haliburton county had the largest contribution previously but experienced
a significant decrease in livestock contributions thraughhe late 1908 The number of cattle in
Waterloo increased by approximately 16,000 individuals from 1961 to ZB&Gncreasing trend

in P contributions from livestock was observed in five counties in southwestern Qiigroe
2-15). All other coutieshad decreanp cattle numberand therefore lesaanure antessP inputs

from livestockover time
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The regional livestock trends were further examined by grouping the regions that had similar
trends and comparing the P contributions from the diffelivestock typs: rorthern, eastern, and

central Ontariohad steep downward trends, and southern and western Oh&atichallow
downward trendgFigure 216). The impacts of decreasing cattle numb&ese observed in the

north, east, and central Ontaregions when gapared with southern and western regigfigure

2-16). Per agricultural land use hectare, the northeastern regions had a much larger decreases in P
contributions from livestock, witffiewer cattle inputs dominantly driving the tremidwnwads

Livestock Pfrom southwestern Ontario remained relatively constant, with cattle inputs decreasing

relatively moderately, and pig and chicken inputs increasing in taiéigore 216).

The density of intensive livestock operations (ILOs) in southwesBertario could explain the
livestock input trends. There are now fewer livestock farms in Ontario when compared to 1961,
but each farm has larger livestock numbers, indicating a trenddswancentrated livestock
raising (Beaulieu et al., 2001 More and more farms in these regions developed concentrated
operations to keep up with demand. In 1996, the highest densities of animal units, as defined by
OMAFRA, were found in the cauties listed irFigure 215, with some extension into Bruce county

and Grey countyBeaulieu et al., 2001)The impact of these high livestock concentrations on
phosphorus inputs can be seen in these counties throughout the county scale mesdileda
serieqFigure 27).

The high density of livestock in sdwtestern Ontario has been well documented and is recognized
by government and rural resider{®riickmann, 2000)Efforts have be® made to reduce the
impacts of livestock operations of all sizes through the implementation of ratated CPs such

as manure storage and manure application gl&iegyzbun, 2012)There was a strong correlation
observed between counties with high manure volumes per hectare and the number of manure
management relate@Ps implemented in those counties during the period of 20910
(Woyzbun, 2012)
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Figure 2-14. Regional livestock P input trends in Ontario noredi toagriculturalland usearea.
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Figure 2-16. Kilograms of phosphorus from each livestock typmm southern and western Ontario
compared to northern, eastern, and central Ontario, normalized to agricultunaséaaka.

Fertilizer application magnitudes differed between agricultural regmsthern Ontario lththe
highest use of fertilizer iboth masgFigure 217a) and normalized us@-igure 217b), followed

by western Ontaridl he assumption thé&rtilizer was appliedt the same ratgcross the province
meant that regions with more fertilized area were assigned more fertilipgestinghat southern
and western Ontario Hanore fertilized area per unit of agricultural larfiche high volume of
fertilizer P use throughout the 7lesl to higher NAPI valas, especially in southern and western
regions(Figure 213). Note that the total mass of fertilizer represents annual salefHigiae 2
17a), so specific peaks were not reflected in the regional cuwkih were estimated every 5
years.
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2.3.5.2 Regional NFFI Trends

Net Food andreedlnputsconsideedthe consumption needs of humans and livestolassified

as consumersyithin each region and compar¢hat with the crop and livestock production,
classified as food availabl&stimated NFFI in eachegion gave an indication afhether the
regionrequired Amportsto meet the needs of the consumers, or if exaasgproduced, and the
regionexporedtheextra Pthat year. A positive NFFI indicates that the system is importing P, and

a negative NFFI indicates that the system is exporting P.

All regions started as Pnporters and there was a movement towards P export in all regions,
indicated by a downwarslope Western and central Ontario maintdgtheir status as P importers
over time, butfor different reasons. Western Ontario, as discussed, has a signifiestodk
population, and thereforgould haveimporteda large amount oP in the form of fed. Central
Ontario, however, liha high human population density, and so P impeasid havecome in the
form of food. Thiswas apparent from the largtatal livestock P inputs and human consumption
P inputs normalized to land use area for western @ngaudl central Ontario respectivékigure
2-18). Eastern and northern Ontario regions moved towardsexpeit of P due to the decreasing
numbers ofivestockin those regions, and therefore decreased consumption (égaise 218).
Southern Ontario mad towards a net export of P in 2006 as a result of the increasing crop
production trend, exceeding both human and animal P consumption (fégaie 218). All
regions demonstratean upward spike in 2001, leading to P export, as a result of low crals yie
that year.
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Figure 2-18. Net food and feed import (NFFI) data for Ontario regions and Ontario oveoaitive NFFI
representa net import of P, and negative NREpresenta net export of P.

2.3.6 Cumudative

The area with the largest anthropogenic cumulative P ifiput the year 196%o0 2016 was

southern Ontari¢Figure 219). The dense population in this region, combined with the significant
amount of agricultural area, provided a letegm source oP into Ontario watersheds. Notably, P
from human consumption and detergewnitd havepasgdthrough wastewater treatment pign
where a significant amount of Powld havebeenremoved and transported to land{fBamsa,
2019) However, the nopoint agricultural sources hatlee potential to accumulate in soils and
groundwaterBoth point and norpoint P sources were included in a cumulative map to delineate

areas with high P input dens{yigure 219). Comparing thevatershed cumulative P mass balance
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map with the Ontario land use map, there was a correlation between dense agriamtiand
higher cumulative P input$he watersheds with zero kg P/ha highlight areas with no inhabitants,
and relatively little anthropogenic influenceThese areas may be impacted by atmospheric
deposition of P, which was not included in the model.

Cumulative P Inputs
1961-2016 (kg P/ha)
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Figure 2-19. Comparison between phosphorus inputs and land use in OmafaGomuétive P inputs in
Ontario watersheds from 1964.2016; b) Land use in Ontario in 2010.

The agricultural P cumulative map inclutenly nonpoint(i.e. agriculturallsource P inputs from

the NAPI model and representsomg-term soil P balancé€Figure 220). The higher density of
agricultural land in southern and western Ontario had a larger P surplus relative to other
agricultural areas. The proximity of these P surpluses to the shallow waters of Lakeieasd

the vulnerability of P losses throughamby streamsespecially considering the potential P loading

to the Thames River and the Grand RivRealized vulnerability to P losses depends on other
characteristics such as soil textustope, and precipitatiorwhich affect ersion potentialand
paticulate P losses, and pH, soil iron content, and humic acid presence, which affect the fate and
transport of dissolved reactive. Rorthern watersheds were minimally impacted, and the

watersheds with zero kg P/ha highlight areas witlagriculture.
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A few watersheds in northern Ontario had a net removabdtulturalP over the past 55 years
(Figure 220). A combination of factors could have driven this, including land use. Crop uptake
was the only P removal considered in the model, and perhapgsesewatershed areas the
agricultural practicesand the increased yields in crops in later years offset the historical fertilizer
inputs.Land use change could have driven the P removal if agriculture extended into this area in
later years when P inputsofn fetilizers had decreased and removal of P by crops was more
efficient. It is possible that crop yields in the northern region were lower than the provincial
average, meaning that the cumulative P value would increase from reduced crop P remosal. In thi
ca®, we could see the watersheds with a net removal move towards a net balance or a small net

surplus of P.

. Projection: Canada Lambert Conformal Conic
N / Data Sources: Canadian Agricultural Census,

5 ‘\ Canadian Census of Population, Canadian
/ ﬁ_\ Fertilizer Institute, Fertilizer Institute of Ontario,
’- & /e»-w‘\ the International Plant Nutrition Institute,

Environment Canada, and Ontario’s Ministry
of Agriculture, Food and Rural Affairs (OMAFRA),

Agriculture and Agri-Food Canada (AAFC), and the

| Ontario Ministry of Natural Resources and Forestry (OMNRF).
Author: Tamara Van Staden

Date: June 7, 2019
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Figure 2-20. Cumulative agricultural P inputs in Ontario watersheds from 19@016.

Cumulative lad use maps showed thédrk and Toronto had the largest cumulative urban input
(Figure 221a) andthe Region of Waterloo had the largest cumulative agricultural (Fogure 2

21b). York and Toronto togetheepresenthe most populated area in Ontatilberefore urban

inputs were expected to be high. The high agriculture inputs in Waterloo region compared to other
counties was driven by the high inputs from manure. éf@ region had the highest cumulative
input from manure, 1486 kg P/ha, over 300 mkgtha than the next highest contributor,
Haliburton county. However, cumulative crop production in Waterloo region was only the third
highest at 1009 kg P/ha, below Tlaen Bay and Haliburton county.
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2.3.7 Sources of Error

Considering the distribution afreas with a net removal ofiR cersus yearsit is possible that
there was a misrepresentation of manure application locations. In areas such as Essex, where there
are fewlL Os andiew livestock overallit is possible thasomemanure trading between counties
takes placebut this is unkely. Manure tradinglata were not available, or did not exist, however,
estimated regional manure totals were representative of manure tottlatimegion. The
assumption that manure remadton fields within the same countyes reasonable asostmanue
typesare difficult to transport far distanceSattle manureusually stays withinthe watershed it
was produced in, one study finding &% of fields with manure application received the manure
from the same watershethe same study found that thedman distance of manure transport away
from large animal operations w&s7 km (Long et al., 2018)It should be noted thathicken
manue is easier to transpodue toits lower moisture contentt could be transportednore than
5.7km awayand exported to counties such aseéxss$iowever, there are limitations to transport
distancestong et al., 2018und the maximum diahce to be 33 km

For simplicity, an gen distributiorof P inputs a land use areagas used. However, this apgich

could be misrepresenting input locations irurban areas especially, without accounting for
population density factordAgriculturally, the distribution of crops varikespatially within each
county and changkeach yearDifferent crops have differeér® needs and would require different
rates of fertilizationFuture analyses would benefit from using the crop census data to weight the
distribution of fertilizer (e.g. counties with a higher proportion of corn would be assigned more

fertilizer). Managedpastureland was also not differentiated within the southern Ontario land use
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data usedTherefore manure and fertilizer applications wemet distinguished between these
areas, potentially skewing the results as pastureland area has been decreasiagastseveral
decadesSome land use dat@as available from Agriculture and AgFood Canada that shea

the spatial location of crop typasad pasturelandithin most of Ontario, however, these data only
dated backto 20(®, and wouldonly be availabldor two of the twelve census years examined. A
single year analysis could be condudto get a better spatial resolution of P input distributhon.

finer focus using the specific fertilization rates for the different crops and county scale yields could
help refine these estimated.

Atmospheric deposition of P wast utilized in the mass balancethsre was no spatial variation

in availableatmospheric depositiodata It is also difficult to reliably measure wet and dry
atmospheric P deposition and eenthere is a significant amount of uncertainty associated with
reported resulttMaccoux et al. 2016 A single value of 0.2 kg/ha/yearasreported for southern
Ontarioby Winter and Duthie (2000, atmospheric deposition data from 2003 to 20&8ealso
avalable andhadan averagealueof 0.19 kg/ha/yeagBocaniov,personal communicationThe
reported &mosphericvaluesrepresented less than 5% the annualanthropogenidanputs in
southwesternagricultural regions but representeg to 57% of the inputs in theorthern
agricultural region. For areas with little anthropogenic influence, such as the watersheds in
northern OntariqFigure 2-19 and2-20), atmospheric deposition may represent the majority of
anthropogenic inputs:urtherspatiotemporal studies of atmospheric P deposition could fill this

knowledge gap and contribute to a more accurate quantification of P legacies in Ontario.

2.3.8 Uncertainty

A single provincewide value was available to represent temporal trémdgields, introducing
uncertainty as yieldwere likely different between the northern and southern regions especially
Yield values were only available on a provincial scale pi@o2004 and the actual regional
differences in yields were available fonly three of the census years (2006, 2011, and 2016)
There was no consistent trend that showay region had the highest yield for all crop types
however, southerand western Oatio had higher yields more oftenahl three census yearsnd

for prolific cropssuch asorn and soy, but it remains uncertain for earlier census yeansal
Ontario consistently had crop yields that were lower than the Ontario average, meanit#Pthat

was likely higher in this region with less crop P uptalkerthern Ontario had yields higher than
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southern Ontario for oafer the threecensus years, and candi@ans, and spring wheat in some
years. However, the influence of these crops is ligséfisant than corn antlay crops which are
produced in larger volume in northern Ontaiespite this, high NAPI values in earlier census
years driven by fertilizer usgigure 217b), as well as the potential underestimation of fertilizer
use in southwdern Ontarioleft southern and western Ontario as the significant cumulative NAPI

contributors.

Uncertainty associated with yield factprghen averaged over available crop yield data in the three
census yearsntroducel an 18% error ofoverestimatedP removals by crops in northern Ontario
(Table 27). Central and eastern Ontario had overestimateg P removal®f 15% and 6%
respectively, and southern and western Ontario had underestionafe@removals of 7% and
3% respectivelyTable 27). In corjunction, @nsidering that northern, eastern, and central Ontario
had overestimated fertilizer P inpu(¥able 22 andTable 27), the uncertaintieassociated with
crop yields and fertilizedistribution balancel each otheito some extentSmilarly, soutern
Ontario ha underestimated fertilizer P inputs, which coblvebalance the underestimated P
removal by crops. Western Ontaneas the exception, with underestimated P removals and
overestimated fertilizer P inputs, meaning that NA®&Uld havebeen muchlower than reported

in this region(Table 27). However, it is unlikely that this would offset the impact of the ILOs;
althoughwestern Ontario woultikely not require as much fertilizer because of the manure from
the livestock farms.

Table 2-7. Estimated uncertainty associated with fertilizer and crop yield estimahl@gstive average
differences indicate that the potential value was lower than the reported value, and positive digktes in

that the potential value was higher. For fertilizer, a negative value means that NAPI would decrease, and
for crops, NAPI would increase.

Region Fertilizer Crops Regional Ontario
NAPI NAPI
Difference Difference
Average Average Average Average
Difference Deviation from Difference Deviation fron (%) (%)
(%) NAPI (%) (%) NAPI (%)
South 11.72 16.46 7.27 -12.30 4.16 1.44
West -5.13 -3.90 2.94 -6.57 -10.47 -4.86
Central -1.40 -1.26 -15.40 30.74 29.49 3.53
East -2.77 -6.06 -6.48 28.15 22.09 1.70
North -2.42 -3.95 -18.09 69.65 65.70 1.22
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Combined, therop and fertilizeuncertainties increased the potential NAPI in each region except

for western OntarioKigure 222) . Western Ontariods potenti al
combination of less fertilizer appliad the region, and higher crop yields. Northern Ontario had

the largest percentage increase; however, the magnitude of the increase was small due to the low
NAPI in the regionFigure 222). Overall,NAPI was not alteredignificantly (< 5%)considering

only fertilizer and crop uncertainties.
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Figure 2-22. Potential deviation from NAPIn each agricultural regioconsidering the uncertainties
associated with crop yields and regional fertilizer distribution.

In addition to uncertainties associated with fertilizer and crop vyields, thaseuncertainty
assocated with the net livestock inputs. A single walfor each livestock type was used to
represent intake and excretifhable 25). These values may vary ewtime and in different
countries, however, temporal variations were not available in similar siydie8ochove et al.,
2010; HofmanrandBeaulieu, 2006; Kellogg et al., 2000; Lander et al., 1988}ead, a range of
values were taken from these studies and used to set high and low uncertainty( Daliaed28).

The average value was taken finathe entire range of values found. No alternative values were

found for horses or sheep.
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Cattle had the most significant impact on livestock P inputs due to the magnitude of P per head.
Most values from other literature for dattypes were lower thandtvalues use(rable 28). Only

calves and dairy cows had values from other literature that were higher than the val(€ahised

2-8). The influence of the lower bound would be larger in areas with more cattle, which can be
seen in southern and weste@ntario where there are denser livestock populatibingire 223).

Most significantly, suthern andvestern Ontario had ret-18% and-35% influence on Ontario

NAPI respectively when considering the lower bound of vallies.is possibly the largest saxe

of error; however, it is notable that Canadian government agencigshesamevaluesused in

the studyfrom HofmannandBeaulieu(2006)

Table 2-8. Minimum, maximum, and average net livestock inpedsculated fromError! Reference
source not found, and the percent deviation from the used vahseég the range of values from literature
Original values are frorhllofmannandBeaulieu (2006)

NetP Input perHead

Original Low High Average
(kg Plyear) (kg Plyear) % Change (kg P/year) % Change (kg Plyear)
Beefcows 21.9 159% -27.6 21.9 - 20.0
Dairy cows 27.4 184°% -331 302¢ 10.0 244
Heifers 14.7 4.1% -72.3 14.7 - 102
Steers 157 108% -314 157 - 133
Bulls 25.8 11.% -56.9 25.8 - 20.9
Calves 7.0 2.8 -655 10.7# 523 6.8
Pigs 3.5 1.1% -69.5 35 - 2.9
Horses 11.8 11.8 - 11.8 - 11.8
Sheep 15 15 - 15 - 15
Chickens 0.1 0.1% -248 02 334 0.2
Turkeys 0.6 0.1¢ -84.4 0.9° 48.9 0.6

*(Hofmannand Beaulieu, 2006)&(Van Horn, 1998)$(Kellogg et al., 2000)#(Lander et al., 1998)
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Figure 2-23. Potential deviation from NAPI considering the uncertainties associated with crop yields,
regional fertilizerdistribution, and net livestock inputkivestock inputs include raupper and lower
boundary from other potential livestovalues as well as an average of all reported valtlse that each
figure has different vertical scales.

2.4 Conclusions
The largescale spatial analysis fglan information gap aboutiRputsin Ontario watershedsnd

their potential toco-determinelegacy P accumulation. The dait&form decision makers about
where legacy P storawight beconcentratedThe cumulative maplelineats the location of
significant P surpluses and potentiallyrisk watershedsThe maps can be applied target
nutrient useefficiency, e.g. by aiding producers with their yield optimization costs, and prioritizing
soil testing efforts outlinedybthe 4R methodology. Thaass balanceesultsinform government
policies about P loading targets for the LB&cause they can be usadnechanistic models that
estimate long term P loading into the Great Lakebkich are a major binational concern,
particularly for Lake Erie. The map time series fill the knowledge gap regambtentiallegacy

P location and emphasizes the importasfoceontinuous efforts to implement CPs.

Efforts to reduce P from detergents in the 2010 Environment Canada legislatiambtceable
impact on urban inputs in 2011 and 2016. Further research should be conducted to observe the
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impact of reduced P loadinon wastewater treatment planfluent, potentially reducing the
pressure ottreatment processes that remove P from evester especially in dense population

areas such as the Greater Toronto Area

Increased crop yieldsave beertritical in reducing NA°I in more recent years. However, crop
yields are directly influenced by climactic conditions, which are changingosighing climate
change. In southern Ontario, climate chawgklikely bring long dry summers with less frequent
and larger precipitatio events(Shifflett et al., 2012; Water Management Plan Project Team,
2014) which are poor conditions ftine gops grown in this regio(OMAFRA, 2001) Therefore,

the risks associated with climate affecting crop yields in the future could exacEd@teand

lead to larger ne® inputs.

Fertilizer sales successfully decreased since the 1980s, with 30% less fertidideovesall.
However, an increasing trend in fertilizer usenoticeable in recent years, whidghcontinued,

may offset the progressiade unless significant improvements to applicapiacticesare made

(e.g. applying directly at crop roots). Notablytments from manure decreased over time in many
countiesdue toreductions in cattle numbers, and the many nutrient managemenirplalase

could be a driver foreductions in P losses to surface watgwever, the issue remains that ILOs
create a discrepancy in the distribution of P by concentrating manure in certain areas, as it is

difficult to transport to fields further away thstill require fertilization.

A regional analysis of NAPI trends reveahat southern and western Ontariovéanore
agricultural P inputs per unit agricultural area than other regions, influenced by ILOs and a higher
proportion offertilized areaWesternOntario ha the highest livestock density, causing it to the
only regon remaining thatlid not independently produce enough P to supporiutsan and
livestock populatios, classifying it as a Priporter. Central Ontario remained a P importer as well,

although this was driven by the dense population of Tiron

Analysis ofthe trends of agricultural and urban practices and land use in the context of legacy P
accounts fothe consequences of historical practiaed inforns our understanding of P cycling
in urban and agricultural watershed¥ata produced as a result of tlaisalysis will aid in the

development of watershed scale legacy P models being developed at the University of Waterloo.
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Chapter 3 Accumulation and Loss Risksstimatingthe Fate ofPhosphorusn Southern
Ontario Watersheds

3.1 Introduction

Legacy P is prolific througout dense agricultural areas as a result of historical nusipgtication

These legacies impact streams, reservoirs, and lakes by triggering HABs through continuous
export of nutriats. In particular, P is limiting in freshwater systef@mithandSchindler, 2009)

and has been the focus of many HAB mitigation efforts and regulations. Around thew@ént

reduction targets have been set by Canada and the United States to reduce 2008 loading levels into
Lake Erie by 40% by 2028Government of Canada, 2018; National Research Council of the
United StatesindThe Royal Society of Canada, 2012 integral part of achieving these targets
involves adlressingand locatinghe nutrientégacies that have developed in agricultural soils.

In this chapterthe potential risk of legacy P development in agricultural landseapssxplored
using theagricultural elements of th® mass balance developed ire threvious chapter.
Identifying theintrinsic vulnerability of the landscape on a spatial scale was the first step in
estimating risk, inspired by the methodsisimilar qualitative analys{%an Staden et al., 2019)
The generated risk maps were used to observe possible legacy P behak@demse agricultural
areas of Ontario, as well &80 majorsouthwestern Ontariwatersheds.

3.1.1 Ontario P mass balance

Delineating the locations of P legacies is important for the purposes of being proactive by
employing different CPs to mitigate their negative effects. Identifying and targeting P legacies ¢

be acheved by using a number of methodologies including mechanistic models ank\agh
multi-criteria risk assessments (MCRA). The first step was to determine P surplus locations and
magnitudes, which were delineated for the Province of Ontario tthntenion of observing

where P was applied in excess within the LGL drainage are&(smater 2. It was determined

that a significant portion of P surpluses were ingbethwestern agricultural regions of Ontario

as a reult of intensive agriculture, including intensive livestock operations in western Ontario.
However, the fate and transport of the P surpluses was not determined and could not be using the

mass balance ahe.
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3.1.2 Vulnerability Models

One approach to determig the fate of legacy P is conducting a risk analysis based on the
vulnerabilities of the environmental conditions of the landscape. There are many different
methodologies that may be used to conduct laerability and risk analysis. Firstly, a multi
criteria risk analysis (MCRA) considers multiple parameters that would influence vulnerability
and combines them together. For example, precipitation, proximity to surface water, slope, soll
drainage,erosion potential of soil, proximity to wetland, and presea of tile drains would
influence the intrinsic vulnerability of P losses from land surface. These parameters would be
reclassified from their quantitative values or qualitative categories (e.g. mmcgdifaton, clay

soil texture) into new values thatpresent their relative influence on vulnerability, known as
vulnerability indexes (VI). Each parametaay begiven more weight using a multiplier if that
parameter has a more significant influence oimerability than others, otherwise, all parameters
should be normalized to have the same weight.

In this case, an alternative to the MCRA is the Revised Universal Soil Loss Equation (RUSLE),
which is a model that estimates the probability of soil erosiahfferent landscapes. Parameters
included in theRUSLE are rainfall factor (R), erodibility of soil (K), slope length (L), slope
steepness (S), cropping systems (C), and land management (P*). Values for the R, K, and LS
factors are calculated, and thea@d P* factor values are assigned and combinedntpate a

final soil loss of erosion potential, similar to the MCRA. The factors are multiplied together instead
of summed, and the final value is classified into categories of erosion potential (vetguow,
moderate, high, and very high). Precipitati@npdibility, and slope all influence P fate and
transport, and overall erosion potential can represent vulnerability to surface losses of P. Generally,
the RUSLE was not intended to be used as a vuliléyabap, but the development of a spatial

represetation of the RUSLE was a useful tool that could be used in a vulnerability context.

The intention of the vulnerability and risk analysis was to get a sense of locations with high risk
of P lossor P accumulationThe first step was to develop two intriasiulnerability maps: one

that identified areas in which P would be more likely toderwith soil, and another in which P
could accumulate if applied to the land surfaldee intrinsic vulnerability maps were then used to
create risk maps by combining prierm soil P mass balances with the identified intrinsic

vulnerability. The resultsvere not intended to provide numerical values of P runoff and erosion
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losses per hectare. Instead, it suggested areas that would have a higher risk of P loss or
accumulatn based on a relative risk rating scale represented by the intrinsic vulnerdlitigy o

land surface and the presence of the P contaminant.

3.1.3 GRW and TRW

The Grand River Watershed (GRW; 6,800%mnd the Thames River Watershed (TRW; 3,089
km?) are thetwo largest Canadian watersheds that drain into Lake Bne GRW and the TRW

are bothheavily studied watersheds in southwestern Ontario becauseatbegignificant
contributors of P to Lake Eri@he GRW is the largest Canadian watershed that drain aki®

Erie and has been commonly held as the largest contributor of P to the bastefihoomerand

Cooke, 2011)The TRW is a large contributor of P to Lake St. Claire, which dnaiod ake Erie.

It should be noted that P loadings from the American side make up approximately 80% of the loads
to Lake Erig(Maccoux et al., 2016however, the contributions from the Canadian side should not

be discounted because of this.

Legacy nutrients are prevalent in both the GRW and TRW, offsetting the OB éffseduce P
loading. The time difference between nutrient reduction effortsmh dad the time the nutrient
loading reductions are seen at the stream outlet is referred to as a ldgamideterandBasu,

2017) Lag times are driven by ¢hinfluences on the fate and transport of nutrients; they are
increased by slow trapert times in groundwater and other retention mechanisms, and decreased
by the presence of tile draifgan MeterandBasu, 2017)One previous study done in tG&RW
identified lag times ranging from 10 34 years, with higher lag times in theper and lower areas

of the catchmenfvan MeterandBasu, 2017)Similar lag times are plausible in the TRW, which

has similar land use and tile drains present.

3.2 Methods

3.2.1 Site Description

The Province of Ontario has a significant proportion of@a@adian population living in dense
urban centers close to the LGL. Agriculture also concentrates in thecesmees which has led

to significant P contributions to Lakerie over time, and consequently, high risk HAB conditions.
The landscape charadtics of Ontario influence the fate and transport of P, including

topography, climate, and surficial geology.
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The elevation of Ontario ranges from sea level to just uf@@m in the northern region at Maple
Mountain in Timiskaming Distric(Baldwin et al., 2000)Blue Mounain in the western region of
Ontario notably has a much higher elevation than th@saoding area, and steeper slopes moving
outward, whereas the slopes closer to the LGL flatten out significéBalglwin et al., 2000)
Northern Ontario has the lowest elevatialong the edge of the Hudson Bay; however, the
populated areas in northern Ontario have high él@vawith steep slopes. The lowest elevation
outside of northern Ontario is the east Ontario region near Ottawa, in which the slopes are
gradual as well.

Generally, the climate in Ontario is humid continerféldwin et al., 200Q)with the highest
temperatures in the southwestenost tip of the province ikssex countyBaldwin et al., 2000)

The mean daily temperature in Ontario follows a decreasing temperature gradient northward, with
similar temperature in the Sudbury and Thunder Bay areas closest to the Great Lakes.
Precipitation folbows a similar trend northward, ranging from 500 to over 1000 mm annually
(Baldwin et al., 2000)The largst amounts of annual precipitation fall closer to the Great Lakes,
particularly the eastern edges of Georgian Bay and Lake Huron, as well as the eastern edge of Lake
Supeior near Sault Ste. Mari@aldwin et al., 2000)However, summer precipitation trends are

very different,with more precipitation falling along the eastern side of northern Ontario, away
from the Great Lakes.

The surficial geology is diverse throughout Ontario: from the Canadian shield with the oldest
exposed rock in Canada to the fine glacial sedimenstiradunds the LGIFigure 31). Northern
Ontario is dominated by bedrock, with spots of coarse sediment and till. In southern Ontario, where
agriculture is more concentrated, the sediment is comprised effaneed sediment, as well as
some coarser sedant and till(Neff et al, 2005) Around the edges of Lake Erie, the surficial
geology is dominated by lacustrine deposits and other fluvial deposits as a result of glacial activity
(Baldwin et al., 2000)Ground moraine, a till comprised of clay and sand, is found across southern
Ontario exénding to the southwesterm tiBaldwin et al., 2000)In western Ontario, with the
higher elevations, thsurficial geology is dominatl by end moraine, or coarser debris deposited

at the outer extent of the glaci@aldwin et al., 2000)
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Figure 3-1. Surface soil texture in Ontari@ata from OMAFRA(Saurette, 2015)

3.2.2 Vulnerabiity Map Development

3.2.3 Multi-Criteria Risk Assessment (MCRA)The Swedish Example

As a pilot stug for developing a vulnerability map in the context of contaminant losses from land
instead of aquifer vulnerability, a MCRA was conducted onNbastrombasinin SwedenAn

initial intrinsic vulnerability map was developeding the MCRAto indicate vuherable areas

The vulnerability map could then be compared to a cumulative P surplus map to generate both P
erosion and accumulation risk majsie to time cortsaints, he Norrstrombasin vulnerability

map was not compared to a P surplus map in thiy sbud research for this project is ongoing.

As mentioned, e developed model considered precipitation, proximity to surface water,

vulnerability to soil erosioyslope, soil drainage, proximity to wetland, and presence of tile drains

to evaluate the intmsic vulnerability of P losses from land surfaCembinedthe layers represent

the intrinsic vulnerability of P losses in thNorrstrombasin. The layers for proximity to surface

water (P2SW), precipitation (}? slope and drainage (SD), erosion vulbdity (EV), and tile

drain (TD) presence were additive, aedult was multiplied by the wetland drainage layer (WD):
08 01 BDIBRRI doly@od YO Om YO »O Equationl11
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TheP2SW, R, SD, EV, and TDparametersvere considered additive because they aBadiace
losses andncreased P loss vulnerability, while tNéD parameter decreased vulnerability as
wetlandsactas an ecosystem service that increase P storage capaetwetlangarameter was
multiplicative because the value assigned reflected the peyeerdllreduction in P losses.

Spatial data of each parameter were mapped and simplified into numeric categories, referred to as
reclassification, which represented effects om flite and transport of Rll parameters were
represented as rasters in GIS and the values were summed together to create a map of relative
vulnerability, as described ifFocazio et al., 1984All layers were clipped to the hasin the
projection Lambe Azimuthal Equal Area and areas covered by lakes were removed from the
dataset.

3.2.3.1 The Norrstrém Basin

The Norrstrom basin in Sweden is west of Stockholm and drains into the Swedish archipelago.
The landscape around the basin idels mountain ranges tbe northwest, the Baltic Sea to the

east, and large lakes in the southern side of the basin. Agriculture is prevalent around the lakes

further away from the mountains. The terrain is rocky in parts and dominated by glacial sediments

The Norrstrom basirsidense in agriculturend is therefore exposed to the risks of excess nutrient
deposit from nospoint sources. Eutrophication is a major concern for the Baltic Sea, similar to
Lake Erie, and conducting a similar mass balance antekabbility analysis magontribute to

mitigation efforts for the region.

3.2.3.2 Reclassification

Each layer was reclassified in order to represent the influence of each parardettre intrinsic
vulnerability analysis Each spatial layer asreclassified frontheir original valued one which
reflects thepotentialimpact it would have oR mobilization, with higher values indicating higher
vulnerability. Reclassification values, &ls, were set for each parameter. Each layer was
rasterized (spatially discieed) and each rastegltwas reclassified using the values(seeTable
3-11 Table 36). Reclassifyingand combining théayers allows for a relative representation of
vulnerability that has the potential to indicate areas of cor€aazio et al.1984)
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3.2.3.3 Precipitation(Py)

Daily precipitation data were available from weather stations across Swtedaghthe Swedish
Meteorological and Hydrological Institute (SMHI). For the Norrstrom basin, 178 weather stations
were selecté within the basintsdf and within a 50 km buffer at. Data were selected for the
most recent available year, 2010, iwp separate time periodse cold season (January March

31 and October 1L December 31) and the growing season (ApiilSepember 30)These dates,
defined by Alberta Agriculture and Forestry, were used assuming similar climate in both regions.

To determine the impact of precipitationpaear amet er known as th)ke dpre
was usedgdeveloped byan Staden et a{2019) The R was calculated by multiplymthe average

daily precipitation by the variance daily precipitation, excluding days with no precipitati@me

P, value was calculated for each season at each weather statemeas where a high average

daily precipitaton and a high variancmindded, it was likely that very large precipitation events
occuredin that areaver the seasorConversely, a low average and a low variance would indicate

there were smaller events in that arearger event sizes would incesathe risk ofP runoff;

therefore, high values were assigned a high vulnerability.

The vulnerability index for precipitation was determined using the histogram distribution of
precipitation and influencom similar studiegEbert et al., 2016; Van Staden et al., 2018)
previous woks, aP, greater thamt00 mn? wasgiven the maximum VIthere werea fewlarge
precipitation events in the Norrstrobasindataset, with some,Ralues exceeding,200 mn?.
Using natural breaks in the dataset combined with influence from previous sWidoesegory

values of PwereselectedTable 31).

The weather station point data wenéerpolated bykriging after the R was calculated for each
station. Semvariograms were constructed for both seasons and it was determined that the cold
season did not have a good fit for iptelation. Additionally, as P should not be applied to land
when the ground surface is frozerg tfrowing season precipitation was determined to be the most
appropriate dataset to use. Therefore, only data from the growing $8asbt i September 30)

were considered in the model.
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Table 3-1. Vulnerability indexes for the precipitation variabset as a pseudog scale with increasing
vulnerability for larger values.

Range (mn?) Vulnerability Index
011
1710
107 100
10071 200
20071 400
>400

3.2.3.4 Proximityto surface wate(P2SW)

ahr~rwWNPEFO

The distance th@ must travel from its application on agricultural fields to surface water directly
influences the likelihood of P reaching the surface watestabce to surface water was estimated
using the Hydrology toolbox iircGIS, and the value in each raster cell represents the total
distance along thdownslopeflow pathfrom the cell locatiorto its outlet atthe closestsurface

water body. First, a DEMof the study area wagrocessedhrough the Sink and Fill tools to
eliminate imperfections in the DEM. The Flow Direction tool was used to generate a layer that
indicated the direction of water flow from each raster cell. The flow direction layer wagdeén

to estimate the total distance to surface water in the Flotamie tool. The result was a raster

with 30m resolution indicating the approximate downslope distance to the nearest lake or river.

The two highest vulnerability indexes were set usimgmanendations fror®@ MAFRA regarding
appropriate P application setback distances from surface water under different soil P conditions
(HilbornandStone, 2005)Under conditions where P i&kdly to move from the application site,
it is recommended that P is applied at a 30 m setback if meeting crop needs and a 60 m setback if
the P application woul@éxceed crop needslilborn and Stone, 2005)The remaining distance
values were set based on reasonable distances that surface water could travel as overland flow
during a precipitation eveliTable 32).
Table 3-2. Vulnerability indexegor setback distances from surface water.
Range Vulnerability Index
07T 30 m
30 mi 60 m
60 mi 1 km

1kmi 5km
>5 km

OSFrRrNWA
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3.2.3.5 Slopeand Drainage (SD)

The slope of the landscape affects the likelihood of applied P moving in overland flow during a
precipitation event. However, P can also seep into the subsurface, therefore, the drainage of the
land surface was considered in the model. The vulnerabitigxies were assigned using the water
runoff classes from OMAFRATable 33) (Hilborn andStone, 2005)

Table 3-3. Vulnerability indexes forillslopes under different surface drainage classesues from
(Hilborn andStone, 2005)

Drainage Rapid Moderate Slow Very Slow
(A) (B) (®) (D)

Slope Vulnerability Index

< 3% 1 1 2 4
31 6% 1 2 4 8
61 9% 2 4 8 8
> 9% 8 8 16 16

The adjusted DEM was used to determine the slopdswvthe Norrstrom basin using the Slope

tool in the Hydrology toolbox in ArcGlS he drainage classes of the land surface were determined
using surficial geology data from the Geological Survey of Sweden ($Gbje 34). The land
surface classificatianwere translated and assigned an appropriate drainage class to be used for

the vuherability index reclassificatiofTable 33).

Table 3-4. Surface geology categories from the SGU and the assigned drdissye ¢

SGU Categories Translation Drainage Class
Isalvssediment Ice sediment Moderate (B)
Torv Peat Rapid (A)
Postglacial sandrus Glacial sanegravel Rapid (A)
Lerasilt Clay-silt Very Slow (D)
Vatten Water NA

Moran Till Moderate (B)
Berg Rock/mountain Very Slow (D)
Moraniera eller lerig Morar Muddly till Slow (C)

3.2.3.6 Clay and ErosiorVulnerability (EV)

Fate and transportation of P to surface waters is dependent on soil characteristics such as clay
content(Vickers, 2017) The tendency of P to attach to claysoil reduces its mobility and would
therefore reduce the vulrability of P losses to surface watdit first, it was assumethat more

clay linearly decreasghe vulnerability of P losses. T was assigned lgubtractingpercentage

of clay in the sil from the total(100%) For example, if therés 10% clay in lie soil, the

vulnerability indexis 0.9.
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Notably, thisclay layerwould affect dissolved Bhe mostwhereas the model considers totas®

an alternative method as selected;onsideing erodibility using Hjulstrom's diagrargHjulstrom,

1935) The diagram states that the particle size at the lowest water velocity where erosion occurs
is 0.1mm or fine sand. Larger particlesquire a higher water velocityo erodebecause of
increasing particle weighibwards a largegrain sizeand smaller particles require a higher water
velocity due to increasingohesive forcegowards a smaller grain size (i.elay and sil}.
Vulnerabiity to erosionwould be at a maximum at 0.1 mm awduld decrease towards both
decreasing and increasing particle size.

Detailed soil textures from the SGU were classified from their descriptions to generalized
categories and assigned a vulnerability intbaged on Hjulstrom's diagra(ijulstrom, 1935)

(Table 35). For instance, where the SGU soil descriptions did not specify sand grain size, a spatial
analysis was conducted to observe theatha er i sti cs of nearby soil sa
things are more related than distant thingso
characteristics of nearby polygons were applied to the polygon in question. The final vulnerability

index values assigned to the unique descriptions in the detailed SGU soil texture shapefile can be
found inAppendk B (Table B1).

Table 3-5. Vulnerability indexes for erosion potential different soil texturesbased on Hjulstrém's
diagram(Hjulstrom, 1935)
Soil type Vulnerability Index
Clay 1
Clay-Silt 15
Silt
Fine sand (0.1 mm
Medium sand
Coarse sand
Gravel
Exposed bedrock

3.2.3.7 WetlandDrainage (WD)

OCOFRPDNWN

Wetlands providanecosystem servidgy retainingP through biological interactions with wetland
vegetation and chemical interactions with wetland, smiiong many mechanisniReddy et al.,
1999) The funcion of retainingP has had a significantly positive impact on downstream surface
water by slowingP transport and cycling it within smaller ecological systems in the watershed
(Reddy et al., 1999)
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One Ontariostudyfound that a net 25% @&t loadings wereetained in the wetlanlGehrelsand
Mulamoottil, 199). Using this information, wetland drainage areas within the Norrstrém basin
were classified to dce the intrinsic vulnerabilityAreas within 5 km of the drainage system of a
wetland had vulnerability reduced by a maximum of 25% to account for thlePtoetention
capacity in those area¥he proximity to surface water methodologsas used to scalthe
vulnerability reduction multipliefor distancesvithin 30 m, 60 m, 1 km, andl km of the wetland
(Table 36). The total flow distance along the flovath towards the wetland was estimated, and
areas that were further than 5 km away were removedtfierayer.

The wetlands layer did not contribute to the vulnerability, but instead functioned as a parameter
that reduced the total risk of P reaching otkerface waters, and therefore was considered a
multiplier to the vulnerability analysis. The muyliers were set to remove 25% from total
vulnerability, ranging from a multiplier of 0.75 closest to the wetland for maximum reduction, to
a multiplier of Imore than 5 km from the wetland to keep the vulnerability the same. The total
intrinsic vulnerabilty value was multiplied by the wetland layer at the final step to reflect the final

intrinsic vulnerability.

Wetlands could alternatively be consideasgurface watein the proximity to surface water layer
if the wetlands are considered at risk. Howewue this study, wetlands were considered solely to
provide the ecosystem service of P storage to the basimentioned,tishould be noted that the

bendits of wetlandP retention are limited, and they could eventually become sourdes of

Table 3-6. Vulnerability reduction multiplier values for setback distances from wetlands.

Range Vulnerability Multiplier
071 30m 0.75

30 mi 60 m 0.8

60 mi 1 km 0.85

1 kmi 5 km 0.9

>5 km 1

3.2.3.8 Tile Drainage(TD)

Tile drains are constructed in agricultural lands where the soil texture is poorly drained to improve
the productivity of the lan@Sugg, 2007)The channelallow for water to move easily through the
subsurface so that the water table does not reach the root zone in agricultural soil, which would
lead to anoxigAgriculture and AgrFood Canada, 2009\ consequere of drained sibis thatit

allows particles to move more easily from the surface, including nutrients. One CaRadian
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transport model assumed that the presence of tile drains provided a direct route for nutrients to
surface wate¢Agriculture and AgrFood Canada, 2009 this model, the presence of tile drains

was assumed to increase the vulnerabilityP¢dsses.

Spatial tile drain datare not available for the Norrstrom basin, so an estimation of tile drain
locatiors was conducted Isad on drainage properties of the soil in agricultural land useaaréa
countyreported tile drain coverag€ollowing the methods of Sugg (2007), it was assumed that
the soil textures with the poorest drainage in agricultural land uses aveuld be thebest
candidates for tile drainage locations. Tile drainage survey data from 2013 was available for the
counties in the Norrstrom basin. Total land area of poorly drained soils (i.e. clay, silt, and peat)
was compared with reported land acddile drainsfrom the survey, anthe probability for tile
drainage presence was assigned to the soil textures, with the highest probability assigned to clay,
followed by peat and siliSoil textures from the SGU were used to correlate with poterigal ti

drain systera and the probability was estimated within cropland areas reported iR22098
remote sensing surveys. The probability values ranged from 0 to 1 and were directly assigned as
the VI for each location. It was assumed that if a tile drainps@sent, it wald effectively set the

proximity to surface water to zero, and therefore would have maximum vulnerability.

3.2.4 RUSLET Erosive Potential as Vulnerability

Potential soil erosion maps were developed by OMAFRA using the RUSLE methoddlogy.
mapswere created Yo multiplying the R, K and LS factorestimatedfor the province. It is
important to note that the cropping systems (C) and support practitpsafforswere not
estimated for Ontario at this time due to the complex spatial distributich afd P* in the
province, and the temporal nature of the data required for prewiitEeestimates of these factors.
For this reason, the potential soil erosion repontesithe maximum potential soil loss, given that
the C and P factors are used to rede potential sb loss based on crop cover and soll
managememn For example, agricultural areas in silage corn with conventional tillage operations
would see the erosion estimate be multiplied by a factor 6f(@Vall et al., 2002)thus resulting

in a reduction of the estimated potential soil loss.
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3.2.4.1 Risk Map Development

Risk corsiders both theulnerability of the land, erosion in this case, and the magnitude of the
threat, P surplusesThiscan ke c a | ¢ u | &®iske=dVulrresabiliff x Th r e. &hedntrinsic
vulnerability map was combined with the P mass balance by multiplying the correspoaldies)

in each raster cell. Before multiplying, tREISLE map layer was reclassified framamericvalues

of erosion (in tonnes/hectare/year)swil ercsion classes modified from those presenitedhe
RUSLE2 handbookwall et al, 2002)(Table 37). The classswere based on whether the potential
soil erosion amounivould havea significant impact on soil productivity and soil loss tolerance
(Wall et d., 2002) For this study, the RUSLE vulnerability layer was reclassified into more useful
and understandable categories. The class breaks were ad|iggtthg from those reported MWall

et al.(2002)in consultation wittOMAFRA (McKague, pesonal communication)

Assigned vulnerability indexeiscreasd with higher erosion potential from 1 to 6 to represent
vulnerability to P losses bgroson anddecrease with higher erosion potential from 6 to 1 to
represent vulnerability to accumulatias a result of little to no erosion losg&able 38). There

are limitationsn the assumption that a lack of erosion increases the vulnerability to accumulation
asthere are other subsurface processes and transport mechanisms that influence thadate of t
identified P surplusesnd the subsequent P species introduced to the amard.However, this

approach was deemed acceptable as a relative representation of intrinsic vulnerability.

Table 3-7. RUSLE poential soil erosion fronwall et al.(2002)
Erosion potential

(Uhalyear) @SS
0716 Very Low
61 11 Low
117 22 Moderate
2271 33 High
>33 Severe

Table 3-8. Reclassification of RUSLE erosi@otentialfor both erosion and accumulatigalnerability.
Erosion potential

Class Loss by Erosion Accumulation

(t/halyear)
0712 Negligible 1 6
21 6 Very Low 2 5
67 11 Low 3 4
1171 22 Moderate 4 3
2271 33 High 5 2
>33 Severe 6 1
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For this study, the RUSLE vulnerability layer was reclasgiinto more useful and understandable
categories. A similar reclassification was done for the cumulative P mass balance layer. The weight
of each layer was made to be the same, so the indexedd@the highest category was set to the
same value of GTable 39). The categories were based on recommended soil P concentrations in
the Agronomy Guide for Ontari@Brown et al., 2017)The maximum soil P concentration on
which fertilizer application was recommended in the Agronomy d&uivas 60 ppm
(approximatelyl20 kg/hausing the conversioitom Oryschak et ak2008), much lower thathe

highest cumulative P valdeom the mass balan¢@053kg/ha). To address this, it was assumed
that 10% of the cumulative P was representative of what remained in the top 15 cm of the soil, and
the original categories were included and extended tdiness the P concentration of each
category, up to 1200 kga(Table 39). The increase in VI from the second last to the last category
was larger than between other categories to keep the maximum value of 6, and reasonably captures
the significant increasin cumulative P.

Table 3-9. Reclassification of the cumulative P balabesed on crop responses to fertilizatiodifferent
soil P concentration@rown et al. 201Y. Soil concentration conversion fro@ryschak et al. (2008)

Cumulative P VI Potential P Excess P in soil if 10% of Crop response to
of Crop Needs cumulative retained fertilizer application
(kg P/ha) (ppm) (Brown et al., 2017)
0-18 1 Negligible 0.9 High
18- 30 1.5 Minimal 15 High
30-50 2 Very low 2.5 High
50- 80 2.5 Low 4 High
80- 120 3 Moderatelow 6 High
120- 180 3.5 Moderate 9 High
180- 300 4 ModerateHigh 15 Medium
300- 500 4.5 High 25 Medium Low
500- 800 5 Very High 40 Low
800- 1200 6 Severe 60 None

3.2.5 P Erosion Estimation

In the interest of estimating soil P erosion magnitudes, possible masses were estimating using
annual soil test P (STP) data as Olsen P (ppm) from Agriculture and-égd Canada (AAFC

from 1981to 2011; bulk density values, from the Soil Landscapesasfada (SLC); and erosion
potential, from the RUSLE layer provided by OMAFRA. The STP values were converted to kg
P/m? of soil using the conversion 1ppm = 0.001rké)/Then the kg i value was divided by the

bulk density of the soil (BD) to get kg P/kg soil. Finally, kg P/kg soil was multiplied by the erosion
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potential (EP) to get kg P eroded per hectare. The potential eroded P mass was calculated for each

year and summed to estimatdotal mass of eroded P from 19812011 using the following

equation:
quationl12
VB H & T8 a4 p G i &€Qa_,Q0é¢Qa o Q)Qh”
ana nnn(mlsQooOQQsQa @ L ¢ @

where JP is soil test P, BD is bulk density of soil, and EP is erosion poltentia

The cumulative agricultural P surplus from 19812011 was calculated from the mass balance
data and compared to the estimated soil P erosion mass from the same time periothl Fhe t
surplus was summed across the province and compared ¢artheéaive sum ofsoil eroded P.
The difference between agricultural P surplus inputs and estimated soil P erosidhe same
time periodrepresented the fRatremairedin the systemor that had been transported by other

means

3.3 Results and Discussion

3.3.1 Vulnerability maps

3.3.1.1 MCRA

Six parameters were included in the MCRA in H@rstrombasin, and each had a unique spatial
distribution of vulnerability (Figure 32). The proximity to surface water layer had high
vulnerability along the rivers, with scarce low vulakeitity areas where the flow path from the
source to the surface water wlasg and tortuougFigure 32a). For precipitation, there was a
higher vulnerability, and therefore larger precipitation events in the southern area of the basin, and
closer to theBaltic Sea to the eagFigure 32b). The slope index layer had spots a§h
vulnerability in the northwest and southeast quadrants, where there were both steep slopes and
poorly drained sediment{gigure 32C). In particular, clay dominated sediments jarevalent in

the northwest quadrant of théorrstrom basin (Ballabio et al., 2016)driving this outcome.
Erosionvulnerability was highest where surficial geology was dominated by a fine sand texture
(Hjulstréom, 1935) mostly n the southwestern quadrant, and sparse in theddaynated
northwestern quadrar(Figure 32d). Wetland drainage areas within five kilometers took up
approximately 37% of the basiwith only 5% of the basin within very close proximity (< 30 m)

to a weland (Figure 32e). Areas within a closer proximity to a wetland had a larger reduction in
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vulnerability. Tile drains location probability was estimated within cropland ardasome
locations had notably high probability of tile drain presefitgure 32f). Most high values only

approached a probability of 1; very few areas were assigned a 100% probability of tile drain
presence.

ulnerability Index
Precipitation Variable

High:3

Figure 3-2. Parameters for theulti-criteria risk assessment conducted in the Norrstésin in Sweden
a) Proximity to surface water; b) Precipitation variable; c) Slope and drainage; d) Braisierability; e)
Proximity to wetland; and f) Probabilityf tile drain presence.
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The layers were normalized to values between 0 and 1 to ensure that ealcadagepral influence

on vulnerability, and theaombined as describedlguation 11 The final map showed areas with

a higher vulnerability to P losses surface water, specifically, where tile drain presence, high
precipitation, steep slopes, and erossal textures overlappedFigure 33). The highest
vulnerability was observed in the southwest quadrant in high precipitation areas close to rivers
(Figure 32a and b. The maximum value that could be calculated ukiqgation 1iwas 5, where

all parametes had maximum vulnerability and were not within the drainage system of a wetland.
However, the maximum value estimated within Nerstrombasin was 4., meaning that the

maximum potential vulnerability was not reached for this area.

Figure 3-3. Multi-criteria intrinsic vulnerability map of potential P loséesn land surface to surface water
in the Narstrom basin, Sweden.
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