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Abstract

The eutrophication of streams and lakes has been a long recognized problerth America,
particularly in Lake Erie where harmful and nuisance algal blooms ad many deleterious
effects on aquatic ecosystems. Nmoint source (NPS) pollution from agriculture has been
identified as a key contributor of excess nutrients, namlebsphorus (P) and nitrogen (N), in

the Great Lakes basin. There remains a need for increased understanding of the processes and
drivers of nutrient losses from agricultural watersheds in order to better limit the negative
influence of excess nutrients arceiving water bodiesMuch of the existing research on
agricultural nutrient export has focused on the growing season and there is a need to better
characterizéhe seasonality of nutrient processas well as understand the important nutrient
transporipathways The objectives of this researalereto identify key source areaépt spoté

and peak periodsd{ot moment§ of nutrient export in an agricultural watershed and to draw
inferences between the observed nutrient exportsabdatchmentand wse and practices. This
researchalso characterize the role of antecedent moisture conditions (AMC), event size,
discharge, and flowpath contributions as potential drivethe$patial and temporal variability

in nutrient loads and concentrations. Stréaw and water chemistry were monitored overéa

month period at four sites with differing land uses, in the Hopewell Creek watershed in Southern
Ontario.The western lobe of the watershed was observed to dahspobdfor P loads during

all seasonswhile temporally,the early spring snowmelt period was identified as thet
momenbthroughout the watershed. The area of the watershed with the highest proportion of tile
drained land did not correspond to thénBt spof and was insteadn area witthigh peak flows

and livestockoperationsFlowpath contributions were shown to be an important driver of total
phosphorus (TP) concentrations and nitrate {N@ads through stepwise multiple linear
regressions. This researeémphasizegshe importance ofyearround event based monitoring
programs for estimating nutrient export and further, that subwatershed scale studies can be used
to identify nutrient hot spots ian agriculturally dominate¢atchment with spatially variable

land usepractices Flowpath contributions were found to be important drivers of nutrient
dynamics and his suggests that understanding flowpath contributions in agricultural

subwaterheds can increase the predictive power for nutrient export models.
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Chapter 17 Introduction and Literature Review

1.1 Introduction and Problem Statement

Freshwater resources are crucially important both biologically, environmentally and for
humansas they areaised for consumption, industry, irrigation, and recreat©arpenter et al.,
1998) Eutrophication of surfaceater bodies is a widely recogeiz problem worldwide that has
been shown to have detrimental effects on aquatic ecosy¢ismser et al.,, 2009)These
effects aredue to increased growth of algae and cyanobadieatadecreasexygen levels and
accelerataalgal productionthat can result in fish kill§Sharpley et al., 20015ince phosphorus
(P) is commonly attributed to liring growth in aquatic ecosystems, it is widely believed that P
inputs to freshwater are the main cause of eutrophicgBbarpley et al., 1999; Gao et al.,
2012) Nonpoint sources ofutrients from agriculture, have been identified as the largest
contributors of nutrient exports to receiving streamamely export ofhigh levels of both
nitrogen (N) and RArbuckle and Downing, 2001; Whitehead et al., 20]49 such, research
into the dynamics and physical processes contributing to agricultural nutrient losses has
increased in the past few decades as a way to better identify the driversiasitrexport and
limit the negative influence on receiving streams. There remains a need for increased
understanding of nutrient processes during thegrowing season in Southern Ontario (Van
Esbroeck et al., 2017) and year round monitoring studiesnatitiei Lake Erie basin will provide
insight into Lake Erie P loading objectivagluding a 40% decrease in TP loads to Lake Erie
(IJC, 2014). Additional information is needed on the contribution of different land uses within
rural watersheds, and if andvaautrient concentrations and loads may differ both spatially and
temporally. If such variability is found, research is neetteddentify the primary nutrient

transport pathways. This thesis explores these needs through the following objectives:



1) Determinethe critical times and critical locations of nutrieNt &nd B exportin a mixed
land use subwatershed using a y@amd intensive everiased sampling strategy

2) Infer possible causes of water chemistry observations using land use, land meamtage
and physiographimformation forthe subwatershed

3) Characterize the effect of antecedent moisture, event size and discharge as potential
drivers of temporal variability imutrient exportfrom two agricultural locations within
the same subwatershexdhd

4) Determine if flowpath connectivity, estimated froendmember mixing analysis
(EMMA), increases predictive power of relationships betwseatophysical driverand

nutrient concentration and loads.

Objectives 1 and 2 ar e expatdynancsiramixedlandi Se as o
use subwatershed of the Grand Ri vwehle, Ontari o,
objectives 3 and 4 are addressed in ALiIinking
connectivity as drivers of nutrient exportan agricultural catchment in Southern Ontario,

Canadao. (Chapter 3 of this thesis).



1.2 Literature Review

1.2.1 Agricultural Nutrients in the Environment

Nutrient use in agriculture serves an economic benefit by increasing crop yields through
the applicationof organic and inorganic fertilizers rich in N and P. While these nutrients
naturally exist in the environment, increasedes of fertilizer application canresult in an
alterationof the balance of nutrient cycling and budgets, and can have deletemdusnmental
effects when excess nutrients are introduced to the system. Both N and P are exported from
agricultural fields but P is believed to be responsible for eutrophication in receiving lakes
(USEPA, 1988; Schindlex977. Conversely, N can be an fprortant nutrient in coastal systems
(Beckert et al., 2011) and high N concentrations in groundwater can have harmful impacts on

humans (Soares, 2000).

1.2.1.1 The Role of Agricultur@hosphorusn Eutrophication

Research on phosphorus export in agricaltaystems has been studied doer 40 years
(PLUARG, 1978;Sharpley and Syers, 197%ut has received increasing attentioecause
despite the implementation of best managanpeacticeslake eutrophicatiomontinuesandthe
incidence ofharmful algal bloom#$ias increase(Carpenter et al., 1998Phosphorus is used in
agriculture as fertilizer in the for of inorganic commercial fertilizers or animal manure
(Algoazany et al., 2007)These materialareadded to fields to increase crop growth and yields,
but can become problematic when excess P is exported to stf@afoglu et al., 2012)The
export of P from agricultural fields caasult fromover fetilization of crops and excess P that is
not utilized by the crop remains on the fieldd can sorb to soil particleSharpley et al. (1999)
reported that over half of the fields in a Pennsylvania agricultural watershed contained soil P

concentrations eeeding the levels for optimal plant growtmd overenrichment of P in soils



has also been documented in Eur@démery et al., 2005)The excess P in thsmil is then lost
during large runoff generating rain and snowmelt evertieh occur in small areas over short

time periodgSharpley et al., 2001)

Phosphorus export in agricultural catchments can be very episodic and P loss is largely
event baseqMacrae et al., 20@& Chen et al., 2015which was demonstrated in a Kansas
watershed where 88% of total phosphorus (TP) loss occurred during high discharge events
covering only 10% of the study tim{@anner et al., 2009)These findinggpoint to the needor
intensive, storrbased sampling procedunegher tharregularinterval sampling methods when
estimating P lossg$rant et al., 1996)in particular, seasonality tentis play a role in P loss in
temperate North America where the largest P exports tend to occur in the spring months due to
large rain event§Vidon and Cuadra, 2018nd snowmelevents(Algoazany et al., 2007)as
well ason soils with high antecedent moisture contdiMsacrae et al., 2010Additionally, event
sampling throughout the year is important as P export dynamics are not as frequerdty stud
during winter months antthe nongrowing season in North Ameri¢@ombault et al., 2015/an

Esbroeclet al., 2017)

PhosphorusSpeciation and TraritsPathways

Phosphorus is lost via surface runoff and subsurface pathways. Surface runoff is an
important process in the transport of P to surface waters. Surface runoff from storm events
contairs large propaiions of sediments caused by erosion and as seicth to have higher levels
of particulate phosphorus (PE}rant et al., 1996)The amount of P transported as PP can be
largely attributedd the sorptive capacity of the soil. Soil properties that have been shown to be
conducive to increased P sorption include high levels of organic niidttarvang et al., 2009;

Kroger & al., 2013) and high clay conter(Eastman et al., 2010LIlay soils in particular can



also have a higher potential for large P export occurring immediately followingtiPzéer
application, known as incidental P lo€hardon and SchoumarZ)07) Concentrations of TP
tend to be higher in surface runoff compared to subsuffawe which occurs primarily during
storm eventgHaygarth et al., 1998; Algoazany et al., 20@/here there is a correlation between
TP export and sediment lo§guan et al., 2013)Further, while concentrations of P tend to be
higher in surfaceunoff, this is generally a minor component of total outfliw et al., 2010)
but can account for a large proportion of P loss on an annual (btsygarth et al., 1998;

Sharpley et al., 2001)

Subsurface export of P can occur under two conditidhsan be exportedvia
groundwater or tile drains, the latter being very common in agricultural fields in North America,
andit can influencehe speciation of P being transported to the strg@&@astman et al., 2010)

Due to the high sorptive capacity of P to soils, subsurface transport of P is primarily in the
dissolved form (DP)Algoazany et al., 2007which is generally immediately available for
biological uptakgVidon and Cuadra, 2018nd termed dissolved reactive phosphorus (DRP).
However transport of PP can still ocoiWalling et al., 2008)yertically via macropore flow
(Chardon and Schoumans, 20@nAd horizontallyin tile drains(Dolezal et al., 2001)Subsurface
runoff tends to have higher DRP:TP ratios since there is a lower concentration of particulates in
subsurface flow compared to overland flow. Other situations in which significant P losses can
occurin the subsurfacenclude high levels of organic matter in the soil, sandy soils that have
poor sorptive capacity, and soils that have been over ferti(2dd and Heathwaite, 1999)
Another mechanism in the subsuais for P stratification to occur under certain tillage
practices which can increase DRP expd@Raloglu et al., 2012)This stratification can cause a
build-up of P in the top soil and can result in the release of DRP via groundwater flow as soil

saturation increas€®omagalski and Johnson, 2011)

5



The influence of tile drains on runoff and nutrient transport is somewhat uncertain as tiles
can reduce the amat of surface runoff whickypically have higher P concentratior(slaygarth
et al., 1998; Algoazangt al., 2007)However tiles also tend to have higher DRP concentrations
and higher outflow volume compared to surface rufieéfistman et al., 2010; Rozemeijer et al.,
2010) Further, it has been suggested that tile drains may act to increase the contributig area o
subsurface runoff, particularly during storm ewewrind peak flow conditiongDils and
Heathwaite, 1999)Studies have shown that P concentrations near the receiving stream are better
predictors ofsurface water quality as opposed to stosatedfurther away in the watershed

(Sharpley et al., 2001)

An additional source of uncertaintgroundthe roles of tile drains arises from the
observation that tiles can exhibit variable responses to storms of similar size and tend to only
influence nutrient export when the systesnniet enough for the tiles to be flowifigam et al.,

2016&). During peak flow events when stream discharge is high, there is a general linear
relationship between stream discharge and tile dischidayeever during moderate flow events,

tile response can vary dramaticaliacrae et al., 200 Hoorman et al., 200&nd can depend

on seasonality, antecedent soil moisture conditiacrae et al., 2010)s well as intensity,
timing and duration of precipitatiofVidon and Cuadra, 2010; Krdger et al., 2018)better
understanding of the varidiby of P speciation, concentration and export from tile drainage is
important for modelling P export under future climate scenarios as this is an area of uncertainty

(Li et al., 2010; Gombault et al., 2015)

Paired field stdies offer a design to quantify or test differences in P loss in agricultural
fields under differing subsurface drainage types (tiles vs natural), although this is complicated

due to the variability in other physical properties of the fields, Goil type, slope, crop type



etc.). While few studies exist which directly compare naturally drained fields to tile drained
fields, one such study by Eastman et al. (2010), compared fields with the same solil type but
differing methods of subsurface drainage (tite natural) and found the impact of subsurface
drainage differs depending on soil typEhe naturally drained site with sandy loam soil
experienced significantly higher surface runoff than the field withdtiens which showshat

under certain condiins, tile drains can decrease P loads by decreasing the quantity of surface

runoff and erosioiEastman et al., 2010)

1.2.1.2The Ple ofNitrogenin Agriculture

Nitrogen (N) is a m@ar component offertilizers because amy crops are N limited
Accordingly, whenN is not utilized by plant materiélis prone to export to surface water bodies
(Zhu et al., 2011)The transport mechanisms and cyclttygamics of N are much different than
that of P. N, and nitrate (N in particular, tends to be more associated with groundwater due to
its negative charge (same charge as soils) and its high mobility and solubility inAuaeéret
al., 2011) Further, the presence of tile drains can increase N etpsiteam@asNOs™ can leach
vertically entering tile drains via matrix flofLi et al., 2010) while P reaches tile drains
primarily via macropore¢Perks et aJ.2015) As such, nitrate loss from agricultural areas is a
common concern around the warloh Britain, approximately 70% ofNOs in surface and

groundwater originatesom agricultural land¢Neal et al., 2006)

Nitrogen Speciation an@iransport Pathways

One of thetwo species of nitrogen of concern in the context of water qualiNOs
which, as mentioned previously, is negatively charged, and very soluble and mobile in water
making NO3™ prone to leaching, particularly in coarseigeal soils (Gilliam et al.1999). The

otherspecies of conceris ammonium (NH"), which is more commonly bound to soil particles



and subject to erosive forces and transport during stiosmnrather than leachingParn et al.,

2012)

Excess P from fertilization can accumulate in soils on agricultural fields, while excess N
can leach and accumulate in the subsurfdt®z, being the more soluble, mobile, and
bioavailableform (Neal et al. 200§ is of particular interest as agricuttl streams have been
shown to have a trend of increasing N@oncentrations due to the builgh in groundwater
caused by excess fertilizer applicatiddeal et al., 2006)Further, N export from fields has been
shown to occur during yes when no N fertilizers were applied, suggesting that groundwater can

store high concentrations of NgStenberg et al., 2012)

Drainage tiles are also a major contributor ofsN&Xxport as it has been shown that up to
90% of annual nitrate export can originate from tiles in agricultural water¢Redemeijer et
al., 2010) Tile drains decrease the residence times of N in the subsurface, creating less
opportunity formineralization and adsorption/ desorption reactions to obboire specificallyit
has been shown that tile drawateris much less denitrified compared to groundwé@®amno et
al., 2008) This, coupled with the higher discharge rates associated with tile dotezal et

al., 2001) leads to a high potential of N loss from tile drained sys{&ugemeijer et al., 2010)

1.2.2 Quantifying Nutrient Fluxes in Agricultural Systems

The quantification of the nutrientsf interest is projeespecific and depends on the
research objectives. Studies tend to either focus on nutrient concentratigntang et al.
2014 or total loads(e.g, O'Connor et al.,, 2011) Examining differences in nutrient
concentratioa can be beneficial in small fiektale studies when nutrient processes are of

interest (Macrae et al., 2011)At a larger scale, nutrient load estimates can contribute to

8



increased understanding of the influence of stream nutrient dynamics on receiving lakes

(Whitehead et al., 2011; Long et al., 2015)

Mesoscale subwatershed studies are useful in contributing to the understanding of
linking the previously metioned scales of studies. Relationships between macronat(ignt
and NQ) havebeen shown to be scallependnt (Buck et al., 2004)andscaling up field scale
observations can provide better input data for watershed nutrient ni{&tiels and Williams,

2001;Uriarteet al., 2011; Zhou et al., 20116

Smallscale studies of nutrient dynamicshieadwater streams and catchments, including
agricultural landscapesare typically undertaken in order to gain an increased understanding of
processes that control nagnt export. The processes and drivers that are typically studied include
seasonal variabilityMacrae et al., 20@&7 Gombault et al., 2015surface and subgace water
interactions(Garrett et al., 2012yan Esbroeck et al., 2017pantecedent moisture conditions
(Macrae et al., 2010; Davis et al., 2014; Outram et al., 20df8)ence of tile draingMacrae et
al., 200D; Williams et al., 2015; Lam et al., 20&nd hysteresis effec(®'Connor et al., 2011;
Sherriff et al., 2016)There is a recognition that in order better understand the influence of
agricultural norpoint sources (NPS) of nutrients on receiving lakes, studies looking at-the up
scaling of these field scale processes are req(iileshdek, 2007; Jencso et al., 2009; Minetwu

al., 2015)

The high frequency of intensive evdrdsed sampling strategies that are typical of small
scale studiegLam et al., 2018 Van Eslroeck et al., 20175 generally not logistically feasible
on long temporal scales or over entire watersheds, where empirical models can better estimate
nutrient loads. Models can be used to provide nutrient load estimates to receiving water bodies

which is of particular interest in the Great Lakes Basin including Lake Erie. Some models that



have been used in the past include the Soil and Water Assessment Tool (QW#Epn et al.,
2015) modified SWAT model¢Collick et al., 2015)The Representative Elementary Watershed
(THREW) model(Liu et al., 2014) integrated catchment (INGR) model(Whitehead et al.,
2011) and GlISbased agricultural nepoint urce pollution model (AGNPSJEmili and
Greene, 2013)These models all have varying degrees of uncertainty related to simplifying the

smallscale processes that drive nutriexp@t from agricultural landscapes.

1.2.3 Drivers of Nutrient Export

1.2.3.1Land Management

While the quantity and concentration of both N anar@mportant in understanding the
response of a water body to nutrient loading, the @tibie two is vitally importanas well. A
study by Arbuckle and Downing (2001) found thaPNatios to be significantly higher in areas
dominated by rowcropping compared to areas dominated by animal pastureland. The reason for
this is increased level of N in fertilizers applied fomrcrops, andhis difference in nutrient
stoichiometry can impact whether or not the receiving water is likely to experience
eutrophication(Arbuckle and Downing, 2001)Conversely TP export has been found to be
higher in agricultural areas that have livestock operatiomduding cattle grazing dairy

operationgAarons and Gourley, 201,2and poultry productiofNifio de Guzman et al., 2012)

1.2.3.2Hydrologic Connectivity and Flowpaths

The contributions of stormflow from different flowpaths can have an important impact on
the species of nutrients entering streams. Surface runoff tends to have high levels of particulate
phosphorus (PP) due &rosion of the soil at the surfa¢&rant et al., 1996and the soils

capability to sorb P, which is increased by organic confi€rdnvang et al., 2009and clay
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content(Eastman et al., 2010N species, includingNOs’, tend to be more associated with
groundwater due ttheir negative charge (same charge as soils) thed high mobility and
solubility in water(Abell et al, 2011) Understanding the dominant transport pathways of water
during a range of conditions allows better predictive capabilitiesoagpdths can be a major
control on how the systems responds tamoff-generatingevent The flowpath contributions

are largely dependent on the hydrologic connectivity during the event response (James and
Roulet, 2007). Bst studies that have examine@ tiesponse of flowpath dynamics to ruroff
generating events have focused on forested catchi@dames and Roulet, 2009; Ali et al., 2010)
andhave found basin morphology to be an important control on storm resptowever,fewer

have studiedlowpath connectivity iragricultural and mixed landse catchments.

The aim of nutrient management strategies has been to identify critical source areas
(CSAs) which are areas in a watershed that have both high loading rates as well as being prone
to runoff generatiorfBuchanan et al., 201.3WWhether or not an area afwaterdied is prone to
runoff generation is largely controlled by the hydrologic connectivity during a storm event,
which can vary depending on the storm and antecedent moisture charac{&sties al., 2010)
and this varying degree of hydrologic connectivigs a large influence of the size of the runoff
contributing aredBuda et al., 2009High hydrologic connectivity in agriculturindscapes can
cause increased sediment loss as well as increased P loss and is largely controlled by soil type
(Sherriff et al., 2016)Futher, it has been shown that the observed threshold response of P and
sediment loss in a natural headwater catchment can be attributed to the activation of usually

disconnected flow pathwayRerks et al.2015)

The relationship between hydrologic connectivity and event response can-lieeaon

indicating a threshold response of the system, where after reaching a threshold of moisture
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conditions, the discharge response can increase at a much higl{dtaerae et al., 2010)his

has beembserved both in forested catchmef@@mes and Roulet, 2004s well as agegultural
catchmentdMacrae et al., 2d). As relative saturation of the watershed increasestutheff
contributing areancreasesThese areas that have a high risk of generating storm runoff are
termed hydrologically sensitive areas (HS&heng et al., 2014Determining the location of

HSAs in a watershed is crucial for land managers trying to reduce nutrient loss.

High rates of phosphorus export can occur when overland flow processes dominate storm
flow (Banner et al., 2009; Collick et al., 201%yhich has been observed in a highly sloped
agricultural catchment where approximately 80% of storm fuma$ attributed to overland flow
(Buda et al., 2009 concentrations are generally higher in surface runoff and tile drain effluent
(Sharpley and Syers, 1979ut it has also been shown that total dissolved phosphorus (TDP)
concentrations in groundwater and throughflow pathways can be sufficiently high to contribute
to stream pollutiorfBurkart et al., 2004)one study foundhatgroundwater losses GiDP can be

as high as 580% of total losse@Viellander et al., 2016)

Subsurface flowpaths (groundwater and tile drains) tend to have higher concentrations of NO
compared to overlahflow due to the mobility and solubility of N, while dissolved phosphorus
(DP) can also be present in high concentration in the subsurface under anaerobic saturated
conditions causing phosphorus solubility to incre@deresLopez et al., 2011)This reinforces

that notion that determining the hydrologic contribution of each flowpath to a given stream under
differing conditions is important to be able to manage nutrient losses at the watershed scale,

particularly in watersheds that are primarily groundwédr(Mellander et al., 2016)
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1.2.4 Quantifying Flowpath Connédtvity Using EndMember Mixing Analysis

Hydrologic connectivity is influenced by climate, slope, landscape position, delivery
pathway, and lateraubsurface flowpath@racken and Croke, 200@nd can influence stream
responsdgAli et al.,, 2010)and nutrient expor{Fraterrigo and Downing, 2008A commonly
used method for quantifying flowpath cautivity is endmember mixing analysis (EMMA),
which involves estimating the hydrologic contribution from different source areas, er end

membergHooper et al., 1990; Burns et al., 2001)

Geographic source endembers represent water originating from distinct geogeaph
areas in a catchment and are distinguished by a consistent chemical signature. The chemical
constituents used to define em@mbers need to meet some assumptionkiding conservative
mixing, constant endhember composition, andistinct chemical cmposition(Hooper, 2003)
Examples of chemal constituents that have been used to distinguishmambers in the past
include anions such as chloride {Ckulphate (S@¥), carbonate (C€) and cations such as
potassium (K), calcium (C&"), and magnesium (Mg, as well as other water paranmstsuch
asdissolved organic carbon (DOC), specific conductance (SC), and alkalinity(BAlk)s et al.,

2001; Hooper, 2003; Ali et al., 2010; Kronholm and Capel, 2015)

EMMA has been successful in identifying em&mber contributions to stream water in
past studies in natural landscapecluding forested catchmer{@li et al., 2010) and peatlands
(Gracz et al., 2015putthere have been considerably fewer examples of EMMA being dpplie
in agricultural landscapg¥ronholm and Capel, 2015)The complicating factor in agricultural
areas ighattile drainsconstitutean additional transport pathwé&yr endmember) thaheeds to
be reflected in the mixing model. The study by Kronholm and Capel (2015) identified four

geograpit sources of water (natural groundwater, overland flow, tile drain flow, and
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groundwater from irrigation) but found that in terms of estimating stream water contributions,

temporal end members (slowflow and fastflow) may be more appropriate.
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Chapter 2 - Seasonal nutrient export dynamics in a mixed landise subwatershed of the
Grand River, Ontario, Canada

2.10verview

Algal blooms in surface water bodies resulting from excess nutrient loading frofpoimin
sources have been aognsed problem in North America and worldwide for decades. There is
currently uncertainty over the relative contributions of-pomt sources under different types of

land management in rural watersheds, particularly over an annual cycle. Flow anduaditgr

were examined throughout a mixed lamgk watershed in Southern Ontario, Canada to identify
peak periods ot moment§ and source areaghpt spot§ in the watershed. Data were
simultaneously collected at four monitoring sites that differestrilam order, dominant lange

and land management practices. Seasonal patterns were similar throughout the watershed for
dissolved reactive phosphorus (DRP) and total phosphorus (TP), as spring was the dominant
season with regards to mass loads of DRPTdR A local phosphorudotspobwas identified in

one subcatchment which had the highest DRP and TP concentrations as well as export load
coefficient, in kg/ha, during every season and in most of the individual ewitrate (NO3)
concentrations werhighest in the subatchment with the highest density of tile drainage, but
hada weaker seasonal pattern compared to P. The hydrologic regime and chemical signatures of
the watershed outlet were intermediate of the two upstream agriculturalatlimets,
indicating that the agricultural areas in the watershed have a strong influence on nutrient export
dynamics, which are highly related to the flow regime. The results of this study suggest that
stream discharge is a strong control on the export dynaohi@®RP and TP, and that land

management practices, specifically the presence of tile drains, is likely a strong contrad.on NO
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2.2 Introduction

The eutrophication of surface water bodies is a worldwide problem that has been shown
to have detrimentatffects on aquatic ecosysteif@zarpenter et al., 1998; Banner et al., 2009)
The increased growth of algae and cyanobacte@amsed by elevated nutrient loads from
watersheds, lowers oxygen leveatan result in fish killgSharpley et al., 200Bnd may also be
associated with health risks to humans and animals. In the Great Lakes region of North America,
Lake Erie is particularly vulnerable to these processes and experiences fragaéblooms
(JC, 2012; Michalak et al., 2013; IJC, 2014). There is significant pressure to reduce the
occurrences of nuisance algal blooms; however, the drivers of these blooms in large systems
such as Lake Erie are complex and may vary in space and time. An improvestamdiag of
spatial and temporal variability in nutrient loads and speciation and how these are tiedugeland
and management practices is needed to aid managers and modellers in managing the watersheds
of vulnerable surface water bodies. This informatwall also provide insight into the potential
to achieve the objectives of the Nutrients Annex (Annex 4) of the 2012 Great Lakes Water

Quality Agreement, and the targets set in 2016 under this agreement

Non-point sources of pollution, mainly agricultiranputs of nutrients, have been
identified as one of the largest contributors of nutrients to receiving streams, exporting high
levels of both nitrogen (N) and phosphorus (#@})uckle and Downing, 2001; Whitehead et al.,
2011) Elevated nutrient loads in thebutaries to Lake Erie have largely been attributed to
agricultural sources (IJC, 28\ Fertilizers and manure containing N and P are applied to crops
to increase yields; however, although beneficial to crops, fertilizers serve as a major contributor
of nutrient export to freshwater bodi@Shen et al., 2015)t is widely believed that ihputs to
freshwater are one of the main causes of eutrophication in largg &agey et al., 1999; Gao

et al., 2012)as P has been identified as the limiting nutrient in freshwater surface water bodies
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(Schindler, 1977). Alternatively, N is the limiting nutrient for coastal marine systems (Howarth
and Marino, 2006) and is also probletne in groundwater that is used for drinking water due to

human health riské&Soares, 2000)

The magnitude and speciation of N and P loads are spatially and temporally variable, and
can differ with runoff pathway$2hosphorus has a high tendency to gorboil particles (Munn
et al., 1973)which makes particulate phosphorus (PP) susceptible to export via g/@samm et
al., 1996)primarily during high flow eventéGrant et al., 1996; Haygar#t al., 1998; Algoazany
et al., 2007) Although concentrations of P tend to be higher in surface discharge, this is
generally a minor component of total outflglt et al., 2010)and subsurface flow (tile drainage)
contributes more total discharge on an annual basis, making both tile drains and surface runoff
significant P source§vVan Esbroeck et ak017). Subsurface flow is thought to have higher
concentrations of dissolved reactive phosphorus (DRP) relative to PP in some systems
(Algoazany et al., 200ut not all (Lam et al., 2086 Van Esbroeck et al., 201 While high
TP concentrations are typically associated with erosion and surface runoff, transport can still
occur vertically in the subsurface via macropore f[@hmardon and Schoumans, 2007; Lam, et
al., 201®) and horizontally via tile drainfDolezal et al., 2001)The export of DRP via tile
drainage is problematic as this bioavailable form of P is rapidly transported from tile drains into
tributaries and subsequently into lak®$don and Cuadra, 2011; King et al., 2015ije drains
can also be problematic for N losses. Due to the solubility and moHilkyDe, the presence of
tile drains can increase N export as ;N€an leach vertically, entering the tile drains through

matrix flow (Li et al., 2010)as well as macroporéRerks et al., 2015)

The magnitude and speciation of contaminants can vary with land use, slope, soil texture

and tile drain density. Many studies irriagltural systems examine nutrient export at the field or
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plot scale(Rozemeijer et al., 2010; Macrae et al., 2011; Stenberg et al., 2012, Lan261 .,

Van Esbroeck et al., 2@}, which provides insight into the mechanisms driving nutrient fluxes.
More recently, there has been a need to examine mechanisms that are important at the watershed
scale(Beckert et al., 2011; Evans et al., 2014; Mineau et al., 208%)dies have investigated
relationships between land use andrient concentrations or export in watersheds that have
multiple land uses using a GIS approd&élgnew et al., 2006)For example, Evans et al. (2014)
found a strong correlation between #raount of agricultural land use and the concentration of
dissolved nutrients in Oregon, USA. A similar relationship was found by Beckert et al. (2011) in
Maryland, particularly in areas with high density of animal feeding operations. The same study
found that watersheds that had the highest proportion of row crop agriculture had a strong
correlation with mean baseflow total nitrogen (TN) concentrat{Beskert et al., 2011)These
studies that investigate corretats between land use type and nutrient export require many
watersheds within the same physiographi@aed datasets that are often-exesting and can

be temporally limitedMehaffey et al., 2005)ndeed, land use within a watershed can have a
strong influence on water quality and nutrient export. The strength of influence can be scale
depenént, where large, highesrde streams can be impacted by land use far upstream in the
headwater reaches, while smaller fimhd secondrder streams are strongly impacted by land

use that is directly adjacefBuck et al., 2004)

At smaller scales, paired watershed madhat directly compare sufatchments with
similar physiographic characteristics can provide insight to local controls on water quality and
nutrient export. For example, Coulter et al. (2004) found that a Kentucky watershed with
primarily agricultural &nd use exported significantly higher B@Gnd DRP concentrations
compared to the mixed and urban watersheds, which had higher temperatures and turbidity.

Pieterse et al. (2003) reported similar results in The Netherlands and Belgium, where many
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agricultual tributaries exceeded water quality standards for both TN and TP. Paired watershed
studies such as these are rare, but provide important insight into how land use and climate drivers

interact to generate elevated nutrient loads.

The magnitude and spetian of nutrient loads also varies temporally. Phosphorus export
in agricultural catchments can be highly episodic and P loss is largelylmasadMacrae et al.,
2007a; Chen etla2015) In a Kansas watershed, Banner et al. (2009) reported that 88% of TP
loss occurred during high discharge events covering only 10% of the study ti¥idodées are
less episodic than P, although they tend to increase under higher disebhemtge particularly
following fertilizer application (Macrae et al., 2007a), and generally have a strong correlation
with discharggLiu et al., 2014) These findings point to the netmuse intensive, stormased
sampling procedures as opposed to regularval sampling methods when estimating P losses
(Grant et al., 1996; Williams et al., 2015ampling programs should also include the-non
growing season, particularly the winter snowmelt period, as large nutrient exports tend to occur
during snowmelt events (Van Esbroeck et al.,, 2017; Macrae et al., 2007a; Algoazany et al.,
2007) and in the spring months due to large rain ev@fitkon and Cuadra, 2011Nutrient
exports can also occur following rainfall on soils with high antecedent moisture contents
(Macrae et al.,, 2010)At present, there is a paucity aélfl data collected during the winter
period. To better understand the relative contributions of different land uses to nutrient loads and
species, it is essential that data are collected throughout thgroming season (Novembér

March) given that thiss when a large proportion of nutrient loading can potentially occur.

This study uses an intensive, evbased runoff sampling approach to investigate the
scalability of smalscale agricultural nutrient export mechanisms in a mixed land use watershed

in SoutherrOntario, Canada. We addressed two key research questions: Are observed temporal
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patterns consistent in space, throughout the watershed? Are spatial patterns consistent in time, at

both evertbased and seasonal scales?

The specific objectivesdaressed were:

1) to determine critical timeghot moment§, and critical locationsdiotspot§) of DRP,
TP and N@ export within the mixed land use watershed,and

2) to infer possible causes for water chemistry observations using land use and

physiogaphic subwatershed GIS data.

2.3 Study Site

The study was conducted in the Hopewell Creek watershed, a mixed land use watershed
located ~15 km east of Kitcher®@rtaterloo, Ontario. Hopewell Creek is a thoter stream that
drains into the Grand Rivewhich subsequently drains into Lake Erie. The Hopewell Creek
watershed is 72 kfnin area, and has soils which are texturally classified as dominantly sandy
loam but there are also loams, organic soils and till. Soil types in watershed include Gray Brown
luvisols, Melanic Brunisols and Humic gleysols (Presant and Wicklund, 1971). The catchment is
predominantly groundwatded but can receive overland flow contributions to the streams
during high flow events from the ponding of water at the surface in mpwgtaphic lows
(Macrae et al.,, 2007aps well as inputs from tile drainghich are common throughout the
watershed The Hopewell Creek watershed experiences a cool, temperate climate, with 916.5
mm precipitation (17 % as snowfall) annually (Environment Canada, 201-gea&0mean air
temperatures are 20.0°C in July at&d5°C in Jauary, with air temperatures typically at or

below freezing between December and March.
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The primary land use in the catchment is 46% agriculture, of which 24%-drdileed
(Table 2.1) Other land uses in the watershed include 41% natural areas, igdlodisted areas,
hedgerows and riparian areas, and 9% residential lands. Row crops are the most common
agricultural practice in the watershed, and consist of -soybearcereal rotations. Other

agricultural practices include pasture land and livestoaky@nd poultry).

Four monitoring sites were established within the Hopewell Creek watershed (Figure
2.1). Headwater (HW) is the furthest upstream site and is located at the headwaters of the
watershed with its catchment area being predominantly foresigédhe only sucatchment in
the study with no tile drainage (Figu2el). The stream is an ephemeral fiostler stream which
flows primarily duringthe spring freshet and during heavy rain events, usimliiie spring and
fall seasons. HW was chosent ser ve as an fAdundi sturbedo refer
to give an idea of prdevelopment conditions before artificial subsurface drainage was
introduced throughout the landscape. Strawberry Creek (ST) and Maryhill (MH) are two streams
adja@nt to agricultural, tilalrained fields that drain primarily agricultural scétchments. ST is
a firstorder stream with a contributing area of approximately 3 kvhile MH is a secondrder
stream with a contributing area of approximately 15.kihile these two monitoring sites both
have predominantly agricultural land uses, the land management practices Viaagp8marily
cash crops including soybean, corn, winter wheat and strawberriésisthé highest proportion
of tile drained fields. MH haa considerable livestock and grazing pasturessisub-catchment
with a lower proportion of tile drains. Terminus (TE) is located at the outlet of theshatkr
and represents the enti® kn? Hopewell Creekwatershed While three of the foursub
catchments are dominated by agricultural land use with some residential and natural lands, the
relative proportions of each differs across sites (Tadle The fourth sukcatchment, HW, has

only 37% agricultural land use and no tile drains (Table 20hje of the subcatchments,
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Strawberry Creek, has been the site of previous agricultural nutrient stadjeslarris et al.,

1999; Mengis et al., 2009; Macraeabt 2007a; Macrae et al., 2007b; Macrae et al., 2010)

Table 2.1: Land use characteristics of contributing areas of the four monitoring sites within

the Hopewell Creek Watershed

Site Drainage @ Tiled Natural | Total Dominant | Stream | Average | Drainage

Area Cropland ' Cropland | Cropland  Soil Type | Order | Slope Density
(km?) (%) (%) (%) (m/ha)

Headwater 1.08 0 37 37 Sandy Loam 1 3.09 14.46
Strawberry 261 65 25 90 Sandy Loam 1 1.43 10.42
Maryhill 1477 41 23 63 Sandy Loam 2 1.68 12.88
Terminus 72.20 24 22 46 Sandy Loam 3 2.21 13.08
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Figure 2.1: a) and b) Location tife Hopewell Creek watershed within the Grand River
watershed in Southern Ontario, Canada. ¢) 4 monitoring sites and their assocrated sub

catchments in Hopewell Creek.
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2.4 Methods

2.4.1 Resarch Design

Four monitoring sites wergelected tanonitor streamflow and hydrometric variables as
well as water quality over a oryear study period (November 20140ctober 2015) to address
the research objectives. Samples were collectedrgead, dung both baseflow and events
(rain storns and thaws) to determine nutrient concentrations, loads and speciation, and, to relate

differences to hydroclimatic drivers and/or management practices.

2.4.2 Field Methods

Hydrometric variables were measured contugly (3Gminute intervals) at all four sites.
Streamflow was recorded using Doppler Ultrasonic flow sensors (Starflow Model 6526, Unidata
Ltd.) at the MH and TE sites, and using pressure transducers (HOBO U20, Onset Ltd.) at the
HW and ST sites. Rating otes were developed for sites with pressure transducers, and flow
rates estimated by the ultrasonic sensors were validated using manual gauging measurements
(Swoffer Model 3000 Current Velocity Meter) under a wide range of flow conditions over the
oneyear study period. Any gaps in data (all short in duration) were filled using linear
interpolation of established relationships between tributary streams and the basin outlet station
(TE). Flow units (n¥s) were normalized (mm) by the size of the-satcthmenfor each of the

monitoring sites in order to draw hydrologic comparisons.

Micrometeorological variables were recorded at 30 minute intervals (Sutron XLite 9210B
data logger) using standard meteorological towers at each site. Towers were equipped with
sen®rs for air temperature (Veala HMP155A), soil temperature (LiCor-Z803180) and soil
moisture (LiCor L7900175) at depths of 5, 10, and 15 cm. Precipitation was recorded at

multiple locations throughout the watershed, including the use of a tippuoigbrain gauge at
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MH. Temperature andrecipitation data fronthe Environment CanadéEC) monitoring station

at the Region of Waterloo International Airpowere used to as historic climate normals to
compare to our meteorological dataset. The EC mongostation is ~3 km south of the TE
monitoring site Snowfall was collected and recorded at ST, MH and TE using Belfort All
Environment Universal Precipitation Gge. Prior to spring snowmelt, snow surveys were
conducted at all four sites in February 20The winter of 2014/ 2015 experienced no winter
thaws, suggesting that the snow survey data was an accurate representation of snowmelt snow

water equivalent (SWE).

During storm or thaw events, water samples were collected at all four sites between
Novenber 2014 and October 201ing portable automated water sampl@rsledyne ISCO
6712)in acidwashed (10% EBOQy acid), triple-rinsed, poly-ethylene sample bottles. A total of
16 runoff generating events were captured during the study period, along maitiqbaseflow
sample collection (approximately on a monthly basis). Water sample collection spanned the
rising and falling limbs of each event hydrograph, and elaséd sampling intervals ranged
from 2-6 hours depending on storm characteristics aneéa®d duration/ response. Over the
course of the study period, 136 samples were collected from TE, 160 from MH, 110 from ST,

and 96 from HW.

2.4.3 Sample Processing and Laboratory Analysis

Water samples were packed on ice in coolers and transportedBm¢femchemistry Lab
at the University of Waterloo and processed immediately. Subsamples were filtered through 0.45
pm cellulose acetate filters (Flipmate, Delta Scientific) and stored in the darfiC db# the
determination of dissolved nutrient speciés unfiltered subsample was preserved with acid

(0.2% HSOQ: final concentration), and subsequently digested using acid (Kjeldahl) digestion
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(Seal Analytical Hot Block Digestion System BD50) for the determination oDRR and TP
samples were analyzed ugirstandard colorimetric methods in the Biogeochemistry Lab at the
University of Waterloo using a Bran Luebbe AA8etection limit 0.001 mg P i (Seal
Analytical). NOs” was analyzed using ion chromatography (DIONEX ICS 3000 with lon Pac
AS18 analytical calmn, detection limit 0.12 mg N1). Approximately 5% of all samples were

analyzed in replicate and found to be within 5% of reported values.

2.4.4 Data and Statistical Analysis

A total of 16 hydrologic events were observed during the study period. Ant e
determined from hydrograph analysis and was deemed to have commenced when a sharp
increase in stream flow was observed, and deemed to have ended upon a return to seasonal
baseflow conditions. Stream responses with multiple peaks were treatedraseseyents if the
falling limb of the hydrograph was closer to baseflow conditions than to the peak flow of the
event. In such cases, events were delineated using a synthetic recession curve. Events were
sampled when autosamplers were triggered manually mg t he fAdel ayed star
ISCO autessamplers. Consequently, 12 of the 16 events were captured by our autosamplers
whereas four were missed when autosamplers failed to trigger or eventshaogezthan our
chosen sampling interval. The missexkents were all small events in terms of total discharge,
and TP / flow regression estimates were used to estimateflwatt®em Additionally, samples
that were collected outside of the storm hydrographs were used in combination with seasonal

grab samms for baseflow load calculations.

Eventspecific fow-weighted mean concentrations (FWMC) of TP, DRP, and M@re
calculated using the continuous streamflow data and -&% €amples collected throughout the

event (method described b¥illiams et al., 2015) For each event, a nutrient load/export
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coefficient (kg/! ha, referred to as 6l oadsd in
between samples within event hydrographs using equations Wiliams et al. (2015). A

seasonal baseflow load was also determined for each of the four seasons during which samples
were collected. Baseflow loads were determined using linear interpolation of grab samples
collected during baseflow conditions, and ftieeamflow which was determined to be baseflow.

Total seasonal loads were then calculated as the sum of baseflow and event loads occurring in
June- August (summer), MarchMay (spring), SeptemberApril (fall), or December February

(winter). Seasonsvere defined using the MAM, JJA, SON, DJF convention due to the March
climatic conditions, where little precipitation was observed andweék long spring freshet

driven by radiation melt was observed.

The nutrient concentration data collected at akssitvere not normally distributed as
concentrations tended to be heavily skewed with considerably higher number of observations
near the low end of the concentration distribution. Data could not be transformed to meet the
assumption of normality, and conseqtly nonparametric statistics were used. Spatial
comparisons of nutrient concentrations between the four sites were tested by the Friedman rank
sum test which does not assume normality and compares the median values of multiple groups.
Correlations werestimatedbetween flow and nutrient concentrations (both instantaneous and
eventbased) using Kendall s t au c opamamnetriadtatisicn c o e 1
that does not assume normal distributions of the samples, is monotonic, and &t getecting
nortlinear relationships (Helsel and Hirsch, 2002). It is also a rabkedd test statistic, which
means that low values of concentration data near the detection limit do not influence tke result

(Helsel and Hirsch, 2002).
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2.5Results

25.1 Gereral Hydroclimatic Patterns Durin¢he Study Period

Annual precipitation during the study period was 694.6 mm (Fig@)e 24% below the
30-year average for the region. Air temperatures were typical oftknng averages throughout
most of the yearwith the exception of the winter periodhich averaged8.6°C between
December and February, 3.1°C colder than thgez0 average. Streamflow was highly variable
both spatially and temporally throughout the year, in response to precipitation andvérdass e
(Figure2.2). On a seasonal basis, the highest flows occurred from early March to late April as a
large snowmelt event of ~45 mm SWE was followedHrgespring rain events (6:6.3.0 mm
in magnitude) within 7 days on saturated soils. June 201 orasderably wetter than average
with 124 mm of rainfall during the month (compared to the historical average of 82.4 mm for
June), while the other growing season months from-Nltober (excluding June) were drier
than average (298.5 mm, compared to historical average of 420.0 mm). Overall, fall 2015
(September, October, November) was dry and atypical for Southern Ontario (200d mm
rainfall, which is 17% below average), causing low flow conditions as opposed to the usual fall

wet up (Figure2.2).

2.5.1.1 Spatial Variability in Stream Flow Responses

Three of the four sites (ST, MH, and TE) had similar baseflow conditions-(2.82
mm/ day). The four sites responded differently to rain and melt events throughout the year. HW
(forested reference sit was ephemeral arekhibited no flow conditions during most of the
growing season (MayOctober) although hydrograph responses were observed doeiisgring
(March and April), andarge rain events in June (Figu?e2). MH (seconebrder agricultural

stream) exhibited a flashy hydrograph and had the highest peak discharge during nearly every
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event with only a few exceptions (Figura2). Bankfull flow was frequently observed during

site visits following large events. In contrast, ST (fostler agrialtural stream) had
considerably lower peak dischargasgalthough the duration of storm responses were similar to
those of MH, streamflow rarely exceeded bdémk flow. The basin outlet site, TE, had a
hydrograph that was intermediate between MH andnS&rms of peak discharge, but had total
discharge values (in mm) that were similar to MH, suggesting that flow at the basin outlet was
dominated by the secoraider streanfMH) on the western lobe of the watershed (Fig@&,

2.2). Spatially, the MH ige had the highest runoff ratiabroughout the study period, with a
mean runoff ratio of 0.56 for all monitored events. Yearly mean runoff ratios for the other sites
were 0.13 at HW, 0.19 at ST, and 0.44 at TE. The spatial differences between theefour si
terms of runoff ratios and peak flows were consistent in time. The durations of event responses
were similar throughout the watershed between MH, ST and TE, with HW being the only

exception (with significantly shorter storm responses).

2.51.2 Temporal Variability in Streaifow Responses

Streamflow responses for individual events were highly variable throughoyeénen
terms of runoff volumes, runoff ratios and peak flows. Overstidy period a few peak flow
events were dominant. For example, of the events that occurred throughout the year, snowmelt
(event 5) had the largest total discharge at all sitesl{60mm or 715% of the total annual
flow), which was due to the long duration of the event (~15 days between Maiciadch
25). Although snowmelt represented the largeagnitude event in terms of flow, peak flows
during the snowmelt event (5.5 x 301.9 x 10* mm/s) weresmallerthan peak flows observed
during some fall or springpinfall events €.g event 1, November 20146.1 x 10°- 3.0 x 10

mm/s; event 7, April 2015 5.6 x 10°- 2.1 x 10* mm/s). The peak flow events were the same at
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three ofthe sites (ST, MH and TE}yith the exception of HW, which had peak flows during
spring rainfall but was ephemeral throughout most of the growing sed$mn temporal
streamflow responses were consistent throughout the watershed with the exception ofhidW as

peak flow events were the peak eventhatthree othesites (Figure2.2).
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Nutrient export can be seasonally driven, as such the hydrologic seasonality was
investigated to determine potential seasonal driearsiutrient exporti(e. hydrology or &nd

management). Strong seasonal patterns were observed with regards to streamflow. The spring
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season (March May) had the greatest discharge, and this was consistent throughout the
watershed at all four stations. This was due to a combination of snoamaehainfall on wet

soils in spring. In contrast, flow was much lower throughout the summer season, despite the fact
that it had the greatest rainfall (Juhéugust). This was likely due to the higher temperatures
and evapotranspiration rates during thesiod which would have increased hydrologic storage
potential. Summer storms were characterized asihighsity precipitation with discharge that

was short in duration as well as having short lag times. However, summer peak flows were lower

than thoseccurring in spring 2015 and fall 2014 due to the drier antecedent conditions.

2.5.2 General Patterns in Nutrient Concentrations and Loads

DRP concentrations were higher duristprm events compared to baseflow conditions,
where concentrations were l@amd near detection limits during all seasons and at all sites: Flow
weighted mean concentrations (FWMC) of DRP exhibitehk Igeasonal variation (Figure 2.3
although the snowmelt event (event 5) had the highest DRP FWMC of all events, and this was
true for three sites with values of 0.051 mg/L at ST, 0.186 mg/L at ktidl 0.153 mg/L at TE
(Figure 2.3. Water samples were not collected at HWtfa@ snowmelevent as the site had not
been fully instrumented in time for the snowmelt period. The ST, MHT&nhdites had similar
DRP concentrations during low flow periods. During ewetaited flow, ST showed the least
temporal variability in DRP of all the sites, whereas MH and TE had higher DRP concentrations
coinciding withlarge discharge events (Figure82.During peak flow events, MH consistently
had the greatest DRP concentrations, with TE as an intermediate between MH and ST. In

contrast, HW was consistently low in DRP concentrations.
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TP concentrations were temporally and spatially variable and lseghdicant positive
relationship f <0.1) with discharge ahree of the fousites (ST_ = 0.20, p = 0.001; MH_ =
0.07, p = 0.09; TE_ = 0.11, p =0.03). MH had the highest TP concentrations of all the sites
during all seasonsuggesting a spatighotspobfor TP. In addition to the seasonal pattern, MH
was also the TRhotspob during all sampled eventsvith the exception of event 15 which
occured during the summer (Figure 2.3T observed the highest amount of variability in event
TP FWMC compred to the other three sites but had the strongest relationship with flow.
Further, the DRP:TP ratio was generally the highest at ST throughout all seabkars is
typical of streams with high proportions of tile flow. TE had TP concentrations that were
intermediate of MH and ST which was observed during all four seaghother suggesting that
the MH sub-catchment is the major contributor of TP in the watershed. Moreover, TE had the
same temporal patterns as both ST and MH, during eaenmt&ll as sesnally (Figure 2.8 The
highest TP concentrations were observed during the March snowmelt (event 5) at all sites, which
was synonymous with thiéaot momenbof DRP, indicating that snowmelt can be a key driver of

P export for both DRP and TP in an agltotal system.

Seasonally, spring had the highest NBWMC at all sites, and in particular, event 7
(April 8- April 16) had the highest N concentrations of the year at HW, MH, and TE.
Although event 7 had high NQconcentration at ST as well (4.02yfh), this was lower than the
concentrations of three other events at ST (events 1, 3 and 10hdthmomend was not as
apparent for N® as it was for DRP and TFA seasonal patterthat was observed to be
consistenthroughout the watershed was thia¢ thighest N@ FWMC occurred in the spring,
following snowmelf as well as in some fall raievents (Figure 2)3 Spatially, ST had the
highest N@ concentrations compared to the other sites, and this spatial pattern was observed

throughoutthe year, oran event (Figure 2.3) and seasonal basis (Figuie Rotir of the five
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events with the highest NOconcentrations occurred at ST, with one event during fall
(November 23 November 28, 2014), one event during winter (DecemberD&tember 28,

2014), one eent during spring (April 8April 16, 2015), and one event during summer (June 8
June 12, 2015)Theseobserved high concentrations of Bl& ST during all seasons suggests ST

is achotspobfor N.

2.5.2.1 Seasonal and Annual Nutrient Loads

Seasonal and annual DRP, TP andsN{ads were calculated to determine the
contribution of eah monitored sueatchment to annual nutrient export near the basin outlet. The
total discharge at HW was essentially negligible at the yearly time scale. This, coupled with the
relatively low FWMC of DRP, TP and NQ demonstrates that there is no sigmfit nutrient
export originating from the forested headwaters of the Hopewell Creek watershed. In contrast,
nutrient loads at the agricultural and mixed land use sites were elevated relative to the natural

(HW) site, and, exhibited both spatial and tempwaaiability.

Seasonal DRP loads at the other three sites were strongly influenced by discharge. As
such, annual DRP loads predominantly occurred during the spring seasoghthut the
watershed (Figure 2)4vhen most runoff occurred. In contrast, theter period had the lowest
DRP loads due to the fact that most flow occurred as baseflow, and DRP concentrations were
particularly low during baseflow conditions. Spatially, the same seasonal patterns were observed
at all sites, but DRP loadwere proportonally higher at MH and TE. These sites had
substantially higher total discharge during the spring freshet (event 5, Mardiiatd¢h 26,

2015), causing the DRP loads to be disproportionatelyehidiring that event, compared to ST
and HW. On an annual terscale, MH contributed a much higher DRP load (0.3 kg/ha)

compared to the other sites, ST (0.09 kg/ha), and TE (0.16 kg/ha). ST contributed lower seasonal
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loads relative the basin average (TE) during winter, spring and fall. However, summer loads at
ST wee higher than TE and similar to MH, largely a result of a summer rain event where ST had

the highest event load (0.01 kg/ha) compared to MH (0.008 kg/ha) and TE (0.005 kg/ha).

Seasonal TP loads were greatest during the spring throughout the watershedhgue
large discharge occurring duririge spring freshet. The seasonal trend was similar to that of
DRP although dampened, as spring did not contribute as high of a proportion of TP annual loads
compaed to spring DRP loads (Figure R.AVhile summer ha low concentrations of TP, the
hightintensity precipitation events on dry soils during the summer months were responsible for
the export values seen across all sitdsle DRP was relatively lowegftow DRP:TP ratio at all
sites), suggesting high PP expdrhree rain events in the fall and early winter (November and
December 2014) fell on wet, unfrozen soilshich also resulted in low DRP:TP ratios

throughout the watersheguggesting an additional condition for high PP export

Spatial patterns of TP werconsistent with those of DRP, in that MH contributed greater
TP loads than both ST and TE during all seasons. This spatial pattern however, was not as
pronounced as it was with DRP due to the higher variability in TP concentrations and the more
complex rature of TP export with varying land use and transport pathways. Moreover, while ST
exported lower annual TP loads than the watershed average (TE), this was seasonally variable.

ST had greater TP loads than TE in the fall and summer, and lower TP ldghdswmter and
spring.

The relationship between TP export and total event discharge was examined to determine
if a relationship existed at sites with varying land use. The relationship at HW was not significant

(p = 0.17), although this could be attribditeo the low number of events captured=(4). The

remaining sites all had significant positive relationships 02 for ST, MH, and TEwhich is
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expected since discharge is used to calculate load. A spatial trend was observed as the strength of
the positive relationship increased downstream with increasing stream size £3071; MH _
=0.78; TE _ = 0.81). The strength of this correlation suggests that land use / land management is

a much less significant driver of nutrient export compared t@ @ischarge particularly as

stream size increases

Seasonal patterns of NCexport differeddepending on locein within the watershed
(Figure 2.4). ST had similar seasonal loads during all seasons with a range of 2.4 kg/da2(fall
kg/ha; winter 4.7 kg/ha; spring6.6 kg/ha; summerd.8 kg/ha), likely due to the consistently
higher baseflow concentrations thaere observed at the site. Bl@xport at MH had a greater
range of 9.7 kg/ha (1.9 kg/ha in winter to 11.6 kg/ha in spring) compared to the other agricultural
site, ST, despite the similarity in annual loads:(20.2 kg/ha; MH 21.1 kg/ha). Spatially hte
pattern that was apparent for lads was that the two agricultural sites exported greater NO
loads than TE both annually, and during all four seasons. This differed from the spatial pattern of
DRP and TP, where MH had considerably higher expduegathan ST, while TE had export
coefficients that were intermediate of the two agricultural sites. The seasogalob® data
(Figure 2.4) indicate that while @hot momendwas not observed, land use may have a strong

influence on N@ export as thermual loads were highest at the two agricultural sites
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2.6 Discussion

This study has shown that agricultural land practices elevate nutrient concentrations in
streamflow above background conditions for this region. HW was selected as a monitoring site
to serve as an analogue of MAbackgr esatttenhent or b e
nutrient dynamics. The results from monitoring HW showed that it is not clear whether or not it
is a true representation of background conditions as the hggrofahe stream was ephemeral.
It is unclear whether this is sipecific, or, indicative of prdevelopment runoff conditions. The
estimated loads from HW were negligible as a result of both the stream drying up during
baseflow conditions and remaininigy during most of the summer months, but also due to the
fact that nutrient concentrations were consistently low. These data suggest that land use,
specifically agriculture, has an impact on N and P export. This has been shown in other studies in
other r@ions including the United States Midwé€arbuckle and Downing, 2001; Coulter et al.,
2004) southeastern United Stat@rion et al., 2011; Beckert et al., 2011; Nifio de Guzman et
al., 2012) prairie landscapegDodds and Oakes, 20Q6Furope( Per g i I e tropicall . 2 0
regions(Castillo, 2010) and New Zealan{Abell et al., 2011)as well as in other watersheds in

Southern Ontari¢Sliva and Williams, 2001).

While there may not be a strong enough relationship between discharge and P or N
concentrations to predict nutrient concentrations with great accuraay eveat scalethe data
in Figure 2.3suggest that evefiitased sampling regimes are important for load estimation in
agricultural and mixed land use watersheds due to the amount of variability from site to site.
Moreover, this is particularly true for Ps ¢he events that had high discharge totals also had the
highest TP FWMC, with the exception of H{¥igure 2.3. Additionally, the speciation of P

differed spatially as MH generally had lower DRP:TP ratwsich indicates more P bound to
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particulates, whe ST had higher DRP:TP ratios, indicating moria Ehe dissolved form (Figure
2.3). This spatial pattern was most prominent during event 12 (JunduBB82, 2015)a large
summer rain event in which the DRP:TP ratio was much higher for ST (0.31) cahtpaviH
(0.13), TE (0.13) and HW (0.04this suggests a considerable portion of P export via particulates
at all sites except STTE had a ratio that was intermediate of the tributary sites and was similar
to that of MH, further evidence that water quality at the basin ostktangly influenced bthe

MH sub-catchment.

Within the agricultural areasf the mixed land use watershed, this study has identified
both thot spotdandtot momentdf or nutri ent | oading. spboed MHn s
the watershed, with coissently greater P concentrations and loads than the other sites. This
spatial pattern was observed during all seasons and suggests that localized land management at
the field scale is importanfThe two agricultural sites (ST and MH) were seemingly simila
based on dominant land use (agriculture), soil typecsatithment scale topography (Table 2.1),
but showed stark differences in the nutrient and flow dynamics. This sugoetststial
additional drivers, including land managemertie MH monitoring siteis locatedimmediately
downstream of livestock operatiofdairy farm) which has been linked to high P concentrations
in other studiegNifio de Guzman et al., 2012)nd is adjacent to pasture land, although cattle do
not access the stream, which is fenced off. The floodplain of the streamt @dlaeceives
runoff from adjacent sloped fieldthat are more prone to frequent surface inundation in
comparison to the other sites. It is likely that much of the P losses at this site are generated by
surface runoff as the high P concentrations andslaagle observed during peak flow events
during which surface overland flow was observed. The significance of overland flow in event

related P loss has been observed by others in the same egidnacrae et al., 2007a, 2010).
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This study has also idengfl the occurrence @hot momentéwithin the mixed land use
watershed. Seasonally, the dominant pattern was that spring had the highest nutrient loads than
any other season, attributed to the large spring freshet that occurred from Maktardi 26,

2015. There were no midinter thaws during the winter of 2014/ 2015 that are typical in
Southern Ontario (Environment Canada, 2017), which resulted in high flows in March during a
two week period of radiatiemelt with little rainfall. Further, discharge wa strong control on

DRP and TP during both short temporal scales (events) and long temporal scales (seasons).
However, this was more evident during events and seasons that had higher soil masture (
excluding summer months). The large nutrient lotddg were observed following snowmelt
points to the importance of yemsund stream sampling designs in order to capture tfiede
moment& The importance of monitoring the ngnowing season for capturing large nutrient
export has been shown in othéudies and this is an area of increasing attention, particularly in

cool temperate regions like the Great Lakes B@gam Esbroeck et al., 2017)

During the study period, the observed spatial pattern in the Hopewell Creek watershed
differed between P and N. The MH soltchmentvas the major contributor of DRP and TP to
the watershed outlet, while both agricultural sites, MH and ST, contributed proportionately
higher NQ" loads. MH had the highest concentrations and load of both P species but the weakest
relationship between P coentrations and flow. This suggests that most of the peak P occurs
before peak flow, and that the P being exported is not in the dissolved form and may be caused
by quickflow pathways. Moreover, the loads of NQ@vere comparatively similar at both
agriculural sites despite the larger annual discharge at MH, suggesting that there is nsore NO
leaving the ST sulbtchmentcompared to MH relative to flow. While both sites are agricultural,
the land management practices differ within the two-catbhmentsMH has greater area of

pasture land and more livestock, which has been shown to have lower N:P ratios compared to
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agricultural areas that are predominately row cr@f®uckle and Downing, 2001; Nifio de
Guzman et al., 2012Additionally, ST has a higher proportion of tideained agricultural fiels,
65% compared to 47% at MH, which has also been shown to be a significant transport

mechanism for N@ (Macrae et al., 200 Stenberg et al., 2012)

2.7 Conclusion

The results of this studyhew that multiscale sukbwatershed studies can identify local
dotspotdfor P export in mixed land use watersheds. Temporally, a considerable proportion of
TP and N@ were exported during the winter months, which did not include the large freshet in
March. This points to the importance of ygaund monitoring of nutrient export in order to
better understand annual nutrient export dynamics and to more accurately inform watershed
scale nutrient models. Moreovéhis is of particular importance in agriaual landscapewhere
land management activities include fertilizer application in the fall which can lead to large N and
P exports duringvinter and springhaw events. Further, drawing on the weight of evidence from
subcatchment land usé.e., presenceof livestock operationshnd statistical relationships
between total discharge and TP loads, discharge and land management geagtide®stock
and timing of fertilizer applicatiorre likely stronger controls of P export than the presence of
tile drainage. The local hydrologic regime should therefore be considered when land managers

and farmers are determining s#pecific best management practices.
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Chapter 3 - Linking antecedent moisture conditions and flowpath connectivity as drives of

nutrient export in an agricultural catchment in Southern Ontario, Canada

3.1 Overview

Non-point source (NPS) pollution from agricultural catchments to reagiwater bodies has

been recogned as a serious problem in North America. In the Great L&ezgon, NPS
pollution from surrounding agricultural lands has led to the eutrophication of streams and small
lakes as well as the occurrence of harmful and nuisance algal blooms in Lake Erie. Although
nutrient loads have been attributed to both surfageffuand tile drainage, the relative
contributions of these pathways vary in time and space, challenging our ability to predict or
model loads, set realistic targets, and make strategic land management decisions. An improved
understanding of the drivers dfiPS agricultural pollution is required to optimize land
management practices that reduce excess nutrient runoff. Two agricultti@dtshiments in
Southern Ontario, Canada that differed in land management practices were monitored over 16
months to charderize temporal patterns in discharge and total phosphorus (TP) and nitrate
(NOz3) concentration and mass export, and, to relate these patterns to hydrologic flowpaths and
antecedent moisture conditions. TP andsN@ads at both sites increased with dede,
antecedent moisture conditions, and with precipitation magnitude, but predictive relationships
were not found between TP and NQoncentrations and these variables. The proportions of
stream water samples originating from three geographical sofaeedand flow, groundwater,

and tile drain flow) were estimated using endmber mixing analysis (EMMA). The inclusion

of flowpath proportions increased the predictive power of multiple linear regressions (MLR) for
TP flow-weighted mean concentrat®(FWMC) at one site and Nfloads at the other site. The
percentage of stream water that originated from overland flow was positively related to TP

FWMC, while the percentage of stream water originating from groundwater was related to NO
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loads. The resultof this study suggest that EMMA can be used to estimate flowpath
contributions in tiledrained agricultural landscapes, and that quantifying flowpath contributions

can increase the predictive power of MLR models foriemtrconcentrations and loads.

3.2Introduction

Non-point source (NPS) pollution to water bodies has been identified as a major cause of
water quality issues, including eutrophicatigBanner et al., 2009)Agriculture has been
identified as a large contribor of NPS pollution as a result of excess nutrient ex@atiuckle
and Downing, 2001; Algoazany et al., 20@7)ooth phosphorus (Rpharpley and Syers, 1979;
Sharpley et al., 1999nd nitrogen (N)Correll et al.,, 1999; Evans et al., 20129 well as
sediment(Heahcote et al., 2013)Spatial variability in P loss has been related to soil texture,
slope, and land management practices related to P application and (Biage etal., 2011;
Aarons and Gourley, 2012; Buchanan et al.,, 2013; Brand et al., 2014; Lam et ab). 2016
Significant temporal variability in hydrochemical export has also been obs@hadley et al.,

1999; M L Macrae et al., 2067 Macrae et al., 2010; van Bochove et al., 2011; Lam, et al.,
2016&), although the specific drivers of this variability are poorly understddacrae et al.,

2010) To improve our oderstanding of spatial and temporal variability in hydrochemical
export, researchers have increasingly begun to investigate processes driving nutrient export. To
better understand the sodirogobilizatiori deliveryi impact continuum(Bracken and Croke,

2007; Sherriff et al., 2016humerous studies have focused on antecedent moisture conditions
(James and Roulet, 2009; Vidon and Cuadra, 2010; Macrae et al.,a2@ll®jeir role on source
activation (Ali et al., 2010)and on hydrologic connectivity from source to stream. In broad

terms, hydrologic connectivity is defined as the unimpeded movement of water between two
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locations, either via natal flowpaths(e.g, James and Roulet, 2007; Davis et al., 2@#k4yia
mantmade flowpaths such as tile draifisronholm and Capel, 2015; Lam et al., 281
temperatezones in North America. While antecedent moisture conditions and flowpath
connectivity have either been shown or presumed to have an influence on solute export in
naturally drained landscapes, less is known about thettependence in artificially draide
agricultural landscapes, thus paving the way for an emerging area of research (Outram et al.,

2016).

In the context of agricultural landscapes, knowledge about antecedent moisture
conditions and flowpath connectivity is required to better understamidatrsource areas
(CSAs), which are areas that have the potential to contribute high nutrient export as a result of
the combination of high supply and transport poterifdDowell and Srinivasan, 2009Most
landscapes are particularly vulnerable to P export during large storm €8éatpley et al.,

1999) when CSAs are activated. The relative contributions of tile drainage and overland flow to
total runoff have recently been of interest to scientists and managers, as they influbribe bo
mass and speciation of nutrient export to streams. Tile drainage may decrease overland flow by
lowering the water table, thereby reducing nutrient export through this pathway. However, tile
drainage can increase the contributing area to a streamgdstorm events and increase
subsurface flowpath connectivity, thus leading to highagnitude hydrologic responses and
biogeochemical fluxefils and Heathwaite, 1999 urther, overland flow, gundwater and tile

drain responses can vary depending on antecedent soil moisture con(Memrae et al.,

2007) as well as the timing, intensity and duration of precipita{didon and Cuadra, 2010;

Krdger et al., 2013)
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Overland flow tends to have high levels of both dissolved reactive P (DRP) and
particulate P (PP) due to erosiohthe soil at the surfaggrant et al., 1996and the capability
of a soil to sorb P, which is affected by organic con{&mbnvang et al., 2009)clay content
(Eastman et al., 201@nd soil P conter{Sharpley and Syers, 1979)he generation of overland
flow, and the resultingargemagnitude events for P loss, tend to be associated with peak flow
events, typically observed during the agmowing season or under wet antecedent moisture
conditions €.g Van Esbroeck et al., 2017; Macrae et al., 2010). In contrast, N, particularly
nitrate (NQ), tends to be more associated with shallow groundwater due to its negative charge
and its high mobility and solubility in watéAbell et al, 2011) Tile drains have the potential to
enhance these losses due to the presence of macropores and preferential transport pathways,
which rapidly flush nutrients from surface soil layers into tile drains; however, nutrient
concentrations in tile drains can also be highly variable both during and among different events

(Macrae et al., 2003).

Understanding dominant water flowpaths and their controls during a range of conditions
allows an improved ability to predict how a system respdondeeather events (James and
Roulet, 2007). Many past studies that have examined flowpath dynamics in response to
snowmelt or rainfall events have focused on forested catchifdames and Roulet, 2009; Ali et
al., 2010) Several of these studies used -emeimber mixing analysis (EMMA) as a toa t
estimate the relative contributions of differing flowpaths, by identifying ionic or isotopie end
members which are quasbnservative and assumed unique to each flowpath. EMMA has also
been used as a way to infer sodt@estream flowpath connectivityhé presence and mixing of
various enemembers, as detected by this method, can be used as a surrogate measure for flow
and solutes mobilized from various sources and effectively transported to streams (Ali et al.,

2010). Other tools exist for determiningpwpath contributions, including the use of water
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temperature as a proxy for groundwater contributions, as well as the comparison of N:P ratios
during baseflow and storm ever{Green et al., 2007Recently, the application of EMMA has
expanded to agricultural syster(tsdwards et al., 2012; Mellander et al., 2012; Outram et al.,

2016)

Previous studies on the drivers of solute export in a range of landscapes have either
focused on a limited number of eve(@oulsby et a).2003; Mellander et al., 201,2)r chosen to
examine their dependence on antecedent moisture conditions (AM&V)s et al., 2014)pr
transport pathway@uda et al., 2009; Mahder et al., 2016)n isolation. A few studies have
investigated the development of predictive relationships between nutrient export and both AMC
and precipitation at the field scaleam et al., 2018 and thewatershed scaléMacrae et al.,

2010) However, with the exception of a recent study by Outram et al. (2016), most studies have
not explored relationships between specific flowpaths, AMC and nutrient export in agricultural

watersheds. Thus, the objectives of this study were to:

1) Characterizaemporal variability inwater flow and nutrient fluxes from two small

agricultural watersheds over a one year period, and

2) Determine if the consideration of flowpath connectivity, estimated from EMMA,
increases the predictive power of relationships betwevent dynamics (precipitation,

and AMC) and nutrient export.

3.3 Study Area

The study was conducted in the Hopewell Creek watershed, a mixed land use watershed

located ~15 km east of Kitcher@faterloo, Ontario. Hopewell Creek is a thter streanthat
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drains into the Grand River, which subsequently drains into Lake Erie. The Hopewell Creek
watershed is 72 kfnin area, and has soils that are classified as dominantly sandy loam, with
some loams, organic soils and till. Soil types in the watershdddi& Gray Brown luvisols,
Melanic Brunisols and Humic gleysols (Presant and Wicklund, 1971). The catchment is
predominantly groundwatded, but overland flow contributions to the streams can occur during
high flow events from the ponding of water at wface in microtopographic lowMacrae et

al., 200%).

Two monitoring siteswvere established wiihh the Hopewell Creek watershedamely
StrawberryCreek(ST) and Maryhill (MH), both of which are primarily agricultural in land use.
Both streams flow adjacent to agricultural,-tilined fields. Tiledrains at both monitoring si
can contribute significant flovto the stream when active. ST is a fistler stream with a
contributing area of approximately 3 kmvhile MH is a secondrder stream with a contributing
area of approximately 15 KmFurther, land use practices vargtlveen the two siteST has
crops that include corn, soybeans, winter wheat and strawberries. MH has cash crops of corn,
soybeans, and winter wheat as well as livestock (cattle), grazing pastures and wetignds in
headwaters Additionally, the ST sugatchment has been the site of previous agricultural

nutrient studiegMacrae et al., 2007a; Macrae et al., 2007b; Macrae et al.,.2010)

3.4 Methods

The two agricultural sulsatchments associated wi8T and MH were monitored for
streamflow and hydrometric variables as well as water quality (both major nutrients and ions) to
address the research objectives. Samples were collected during all seasons during both baseflow

and events in order to capturgange of hydrologic conditions under which we would expect
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differing flowpaths, and hydrologic connectivity caused by variable source areas. Samples were

identified usingsample st numbers; these numbers indicate that the samples were collected

during thesame event, although do not provide information of the flow conditions during which

the samples were collected.
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Figure 3.1: a) Location of Grand River watershed in Southern Ontario, Canada, b) Hopewell
Creekwatershedvithin the Grand River watershec), Two study sites and their sehtchments.
ST outlined in green and MH outlined in orange.
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Hydrometric variables were measured continuouslynfatute intervals) at both sites.
Continuous streamflow was recoddasing Doppler Ultrasonic flow senso(Starflow Model
6526, Unidata Ltd.pt MH and using a pressure transducer (HOBO U20, Onset Ltd.) at ST. A
stagedischarge rating curve was developed at ST with manual flow gauging measurement
(Swoffer Model 3000 Current Velocity Meter) under a wide rapigibow conditions. At MH, a
rating curve was developed using the same methods as ST to validate the estimated flow results
from the ultrasonic flow sensor. Any gaps in data (all short in duration) were filled using linear
interpolation of established eg¢lonships between tributary streams and a flow gauge located at

the basin outlet.

Micrometeorological variables were recorded at 30 minute intervals (Sutron XLite 9210B
data logger) using standard meteorological towers at each site. Towers were equthped w
sensors for air temperature and relative humidity (Viasala HMP155A), soil temperature (LiCor
LI-7900180) and soil moisture (LiCor E1900175) at depths of 5, 10, and 15 cm. Rainfall was
recorded at MH using a tipping bucket rain gauge and totalpiaon (including snowfall)
was recorded at both sites using a heated bucket precipitation gauge (Belfort All Environment

Universal Precipitation Gauge).

Stream water samples were collected at both sites using automated portable water
samplers (TeledyntESCO 6712) using prevashed (10% bSOy acid) 1L polyethylene sample
bottles. Samples were collected during event flow and baseflow and during all seasons over a 16
month period starting in November 2014 and ending in February 2016. In general, sampling
frequency during events ranged fromh@ur to 6hour intervals, and the number of samples
collected during each event ranged fronR246 to provide coverage of the entire storm

hydrograph. Baseflow samples were collected approximately monthly.
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Water samplewere packed on ice in coolers and transported to the Biogeochemistry Lab
at the University of Waterloo and processed immediately. Subsamples were filtered through 0.45
pum cellulose acetate filters (Flipmate, Delta Scientific) and stored in the dafiCdbithe
determination of dissolved nutrient species and ions. An unfiltered subsample was acidified
(0.2% HSQ; final concentration) and subsequently digested (Kjeldahl) for the determination of
TP (Seal Analytical BD50detection limit 0.001 mg P1). Filtered samples were analyzed for
nitrate, anions and cations using ion chromatography (DIONEX ICS 3000 with lon Pac AS18
and CS18 analytical columndetection limits:0.12NOz; 10 mg CQ* LY, 0.1 mg S@ LY,
0.67 mg C#). TP wasanalyzed using staard colorimetric techniques (Bran Luebbe AA3, Seal
Analytical). Approximately 5% of all samples were analyzed in replicate and found to be within

5% of reported values.

Three endmembers were considered for use in EMMA. Surface water (overland flow)
grabsamples were collected in observed surface water flowpaths adjacent to streams within the
agricultural fields, as well as in microtopographic lows where storm water pooled. Tile water
grab samples were collected from two tiles at MH and one tile at 8I€ (Bains total) while tile
water was actively flowing and discharging into the streams. Overland flow and tiHe end
members were manually sampled during storm events at both sites (grab samples). One storm
event per season was sampled to capture a @ity and climatic conditions (@2 samples
for each endnember). Groundwater endember samples (12 samples from each site) were
collected during a twaveek period of low flow in May and June 2015 when tile and overland
flowpaths were not active and eam water samples were assumed to represent deep
groundwater. Endnember grab samples were processed and analyzed using the same methods
as the stream water samples. Shallow groundwater samples were also collected from shallow
groundwater piezometers or Mge(~2 m depth) in the riparian areas adjacent to each of the
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monitored farm fields using a peristaltic pump. The baseflow stream water samples more
accurately represented the groundwatermedhber as the well and piezometer samples had a

chemical signatre similar to the tile enchember.

The selection of chemical constituents for the-srambers was performed using the
methods outlined by Hoopet al.,(1990 and Hoope2003. lons were considered for analysis
if they were quasconservative in naterand had random residuals, as described by Hooper
(2003. lons were then assessed based on differences between each of the tmeenkercs
with minimal variation between grab sample values from the samenentber. The remaining
possible ions were theassessed based on stream water values, with the first criterion being that
the mean stream water value had to fall within the range of the three meareener values
(Table 3.). The second criterion was that the standard deviation in the stream wapéesshad
to be less than the mean (Hooper, 2003). The ions that satisfied all assumptions outlined by
Hooper (2003) were then considered in subsequent EMMA computations 8THblEhose ions

for MH were CQ?% and C&", while at ST the ions were G S04% and C&".

Table 3.1: Mean and (standard deviation) of ions selected for EMMA at MH and ST

Maryhill Strawberry Creek
Sample COz* Ca?*(mg/L) @ COs*(mg/L) SOs*(mg/L) | Ca?*(mg/L)
(mg/L)

Stream water | 78.9 (43.6)  69.3(22.6) | 65.7(36) 21.5(14.6) | 72.622.9)
Overland 27 (12.8) | 19 (6.0 23 (0.5) 0.3 (0.1) 12 (0.5)

Flow

Groundwater | 126 (5.8) | 103 (0.9) | 88 (13.7) 30 (6.3) 93 (5.1)

Tile Effuent | 84 (2.8) | 107 (2.6) | 99 (3.6) 12 (1.9) 104 (2.0)

The selected ions represented timquechemical signatureassociated with each end
member for each of the two sitesll ion concentration values were then fed i@tqrincigal

component analysis (PCA) using R (R studio version 3.3.1). ST had three ions and therefore
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three principal components (PCs) with PC1 B@P representing 78.4 % of total variation. MH

had two ions and therefore two principal components, PC1 and PC2. Matrix algebra was then
used to project each of tratream water samples into-§pace, bounded by the three end
membersi(e., mixing triangle Figure 3.2). The points that fall outside of the triangles are then
projected onto the triangle using an algorithm that calculates the shortest distance to the nearest

triangle edge (Burns et al., 2001; Garrett et al., 2012).

Further matrix algebrealaulations wergerformedn Microsoft Excelto estimate the ion
concentrations based on the relative flowpath proportions predicted by the EMMA model.
Validation of the model was performed by plotting the observed ion concensragamst the
predicted im concentratiosifrom the stream water samples. At both siteg @gpresented the
strongest variation in PC1, while GOrepresented the strongest variation in PC2" @ad
COs% were the two ions that were common to sites and additionally, both sé thes were
predicted well by the EMMA models for both MH{Ralues of 0.98n both casés and ST (R
values of 0.79 and 0.88 respectively). However, the model appears to be less accurate at

predicting ion concentrations at high values, as seen ind=3dair

Using the results of this model, the relative contribution from each sourcen@mder)
was estimated for each stream water sample as the proportion of overland flow (% OV),

groundwater (% GW) and tile flow (% T).
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(A)

(B)

Figure 3.2: a) MHJ-Space mixing diagram and b) ST3pace mixing diagram
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