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ABSTRACT

Master of Science Colline Gombault Bioresource Engineering

Modelling Water Quality of the Pike River Watershed Under Climate Change Scenarios

The impacts of climate change on the hydrology and water quality of the Pike River
watershed, an important contributor of nutrient loads to northern Lake Champlain, were
predicted for the time horizon 2041-2070. Four water quality scenarios were simulated
using a version of the Soil and Water Assessment Tool (SWAT) modified to suit Québec’s
agroclimatic conditions. Three of the scenarios were generated using climates simulated
with the Fourth Canadian Regional Climate Model (CRCM4). The fourth scenario was
generated using the climate simulated with the Arpege Regional Climate Model. SWAT was
independently calibrated for the period 2001-2003, and then validated for the periods of
2004-2006 and 1980-2000, before inputting the climate scenarios. Potential mean changes
predicted by these scenarios were then analysed for the evapotranspiration, surface and

subsurface runoff, stream flow, sediment yields, and total phosphorus and nitrogen.

After calibration, mean annual evapotranspiration, surface and subsurface flow as
well as water percolation were found to correspond satisfactorily with the hydrology of the
basin. Likewise, monthly predicted stream flow compared reasonably well with observed
stream flow. The performance of SWAT in simulating sediment and nutrient yields was
clearly improved after calibration but did not always reach standards of acceptability. As for
climate change results, only one scenario predicted a significant increase in mean annual
stream flow and nutrient loadings. However, when considering shorter time spans,
simulations predicted significant changes including a winter stream flow two to three times
greater than current stream flow and earlier spring floods. The identified causes are the
early onset of spring snowmelt, a greater number of rainfall events and snowmelt episodes
caused by higher winter and spring temperatures. In contrast, peak flows in April, as well as
summer stream flow, appear to decrease but not always significantly. Nutrient delivery to
the lake significantly increased in winter and occurred earlier in the year as a consequence
of hydrological changes. A three- to four-fold increase in subsurface flow was also observed

in winter which may increase nutrient losses through this pathway.



RESUME
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Modélisation de la qualité de I’eau du bassin versant de la riviere Aux Brochets sous
quatre scenarios de changement climatique

L'impact des changements climatiques sur I'hydrologie et la qualité de I'eau du
bassin versant de la riviere Aux Brochets, un tributaire contribuant substantiellement a
I'apport de nutriments au Nord du lac Champlain, a été prédit pour I’horizon 2041-2070.
Quatre scénarios de qualité de I'eau ont été simulés avec une version du Soil And Water
Assesment Tool (SWAT) adaptée aux conditions agro-climatiques du Québec. Trois de ces
scénarios ont été produits en utilisant des climats simulés avec la quatrieme version du
Modele Régional Canadien du Climat (MRCC4). Le quatrieme scénario a été produit en
utilisant un climat simulé par le modele régional de climat Arpege. SWAT a d’abord été
calibré pour la période 2001-2003, puis validé sur les périodes 2004-2006 et 1980-2000
avant d’y intégrer les scénarios climatiques. Ensuite, les changements moyens potentiels
causés par ces scénarios ont été analysés pour I'évapotranspiration, le ruissellement, les
écoulements souterrains, le débit et la charge en sédiments et nutriments (phosphore et

nitrogéne total).

Apres calage, les valeurs annuelles et moyennes prédites d’évapotranspiration, de
ruissellement de surface, d’écoulement souterrain ainsi que de percolation correspondaient
a I'hydrologie du bassin. De méme, les débits prédits mensuellement correspondaient aux
débits mesurés. Le calage du modele améliore clairement la capacité de SWAT a simuler les
charges de sédiments et de nutriments. Cependant SWAT n’atteint pas systématiquement
les standards de performance. En ce qui a trait aux changements climatiques, un seul
scenario a prédit une hausse significative des débits et des charges annuelles en nutriments.
Cependant, sur des périodes de plus courte durée des changements significatifs tels que des
débits hivernaux deux a trois fois plus élevés que les débits actuels ont été simulés. De plus
les crues printaniéres démarrent plus t6t dans la saison. Ces faits sont causés par la hausse
des températures hivernales et printanieres qui déclenche de nombreux épisodes de fonte
de neige ainsi que de nombreux épisodes de pluie. A 'opposé, le pic des crues printaniéres

en avril ainsi que les débits estivaux semblent diminuer, mais pas toujours significativement.



Sous l'effet des changements hydrologiques prédits, I'apport des nutriments au lac
augmente significativement en hiver et se fait plus t6t dans I'année. Il a aussi été observé
gue le volume des écoulements souterrains triplait voire quadruplait en hiver ce qui

pourrait augmenter la proportion des nutriments qui est perdue via la voie souterraine.
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CHAPTER 1: INTRODUCTION

1.1 Problem definition

In recent decades and as a result of the intensification of Québec’s agricultural
production since the 1970s, agricultural pollution has impaired freshwater ecosystems
(Boutin, 2006). More specifically, an increasing number of lakes in the southern portion
of the province have become eutrophic due to an overloading of nutrients attributable
to intense agricultural activity upstream (Corporation Bassin Versant Baie Missisquoi,
2003; MENV, 2003; MDDEP, 2008). Besides deteriorating water quality and causing the
disappearance of ecologically important species, eutrophication also impedes drinking
water treatment processes. Worst-case scenarios are characterized by the

contamination of waters by toxic blue-green algae blooms (Carpenter et al., 1998).

While this has been an issue for over two decades in Quebec’s Missisquoi Bay,
located in the northern portion of Lake Champlain (Groupe de travail Québec-Vermont,
2000) the situation became critical province-wide in 2007 when 180 lakes were reported
to be contaminated with blue-green algae. In recent years, the number of affected lakes
has increased between 108 and 119, with usage restrictions imposed for a dozen
affected water bodies (MDDEP, 2009;2011). Between 2004 and 2006, the number of

lakes reported to be contaminated more than doubled (Lavoie et al., 2007).

Nutrients originating from a point source can be more easily controlled. Therefore,
most recently considerable efforts have been directed towards the abatement of
Non-Point Sources (NPS) of pollution in agriculture (MENYV, 2003; Boutin, 2006; MAPAQ,
2009a). As such, farmers are encouraged to integrate Best Management Practices (BMP)
in their operations. Tools have been developed to identify critical source areas, and
support has been provided to apply correctional measures in order to respect Québec
regulations (MAPAQ, 2009b; Michaud et al., 2009b). However, with ongoing climate
change, concerns are rising about the efficacy of these measures in the long term

(SWCS, 2003).



Being extremely dependent on weather, NPS pollution in North America might
already be affected by a changing climate and this will most likely continue
(SWCS, 2003). In Southern Québec, global and regional climate models predict an
increase in temperature and annual precipitation, as well as in the frequency and
intensity of storms (Bourque and Simonet, 2008). These climate alterations are expected
to accentuate the erosive power of rainfall and runoff and consequently increase the

export of sediments and nutrients (SWCS, 2003; Lettenmaier et al., 2008).

The Missisquoi Bay has suffered from the severest cases of eutrophication due to
algal blooms recorded in Quebec (Blais, 2002). Flowing directly into the Bay, the Pike
River annually receives and delivers a significant amount of nutrients into the Bay.
Eighty percent of Phosphorus (P) loads entering the Bay are attributable to NPS
pollution from agricultural sources (Troy et al., 2007). As a result, many field, basin and
watershed-scale studies have been conducted within the Pike River watershed to

understand the dynamics of NPS pollution in this region.

A 2002 agreement between the Province of Québec and the State of Vermont,
which share the Bay, sets a 2016 target of 25 pg P L™ reaching the Bay. By identifying
and targeting critical areas, important P and Nitrogen (N) transport mechanisms and the
BMPs best suited to address the watershed’s NPS pollution issues, a number of studies
(Deslandes et al., 2002; Madramootoo et al., 2004; Gollamudi, 2006; Deslandes et al.,
2007; Eastman, 2007; Michaud et al., 2008) have provided regional stakeholders with
information and decision-making tools to effectively address this target. A modelling
exercise with the Soil and Water Assessment Tool (SWAT 2000) determined that the
Pike River delivered 44 Mg P yr' into the Bay during the years 2001-2003, with
cultivated areas contributing 1.3 kg P hayr™* (Michaud et al., 2007). This was 5 Mg P yr*
above the target load for the Québec side, and recent studies reveal no significant
reduction of P loads reaching the Missisquoi Bay during the monitoring period of 1990-
2007 (Lake Champlain Basin Program, 2008). It is just within the Pike river watershed

that a slight decrease in Total Phosphorus (TP) loadings has been observed. However,



overall, P concentration remained at the same high level these recent years- namely

50 pg I™-a value twice greater than the target cited above (Beck et al., 2012).

Many studies have examined the impact of climate change on hydrological
processes in Québec (Minville et al., 2008; Quilbé et al., 2008; Boyer et al., 2010;
Sulis et al.,, 2011) but very few across the world have looked at the implication of
climatic and hydrological changes on erosion and both N and P nutrient pollution in a
snowmelt basin (Arheimer et al., 2005; Booty et al., 2005; De Jong et al., 2008;
Pierson et al., 2010, Dayyani et al.,, 2012). The magnitude, directions, sensitive time
horizons and causes of these changes are therefore not precisely known in Québec. A
better assessment and understanding of the impact of climate change on the nutrient
delivery by the Pike River watershed, as well as an assessment of BMP efficiencies and a
re-evaluation of the location of critical areas caused by more extreme weather
conditions could help to maintain and strengthen the ongoing efforts undertaken by the
Organisme du Bassin Versant de la Baie Missisquoi (OBVBM) - the local watershed body

- to remedy the degradation of water quality in Missisquoi Bay.

This thesis focuses on predicting future trends of nutrient exports within the Pike
River watershed under various climate scenarios. It aims more specifically at examining
the effect of changes in precipitation and temperature regimes on the principal
mechanisms causing soil erosion and NPS pollution within the watershed. This work is
the first step in a wider endeavour to investigate the evolution of blue-green algae
status under a warmer and wetter climate. The study was conducted in collaboration
with the Institut de Recherche et Développement en Agroenvironnement (IRDA) and the
Ouranos Consortium, an organization responsible for regional climate modelling and the
leader of many studies on the impact of, and adaptation to, climate change in Québec
and Canada (Ouranos, 2010b). It was funded by the Natural Sciences and Engineering

Research Council of Canada (NSERC) and Ouranos.

For the purposes of the study, a chain of biophysical models was used. The Ouranos

Consortium provided a set of climatic projections by the Canadian Global Climate Model



(CGCM) dynamically downscaled by the Canadian Regional Climate Model (CRCM) at a
resolution suitable for hydrological modelling processes. These data served as input to a
modified version of the Soil and Water Assessment Tool (SWAT) adapted to the

agroclimatic conditions of Southern Quebec by IRDA.

1.2 Research objectives

The broad objective of this research was to assess the impacts of future climate
scenarios on the quality of water in the Pike River watershed. In order to achieve this

objective the following specific objectives were targeted:

1. Calibrate and validate the SWAT model for the Pike River’s hydrology, sediment
loads and nutrients losses.

2. Integrate the data from four climate change scenarios extracted from two
Regional Climate Models (RCM), the Canadian Regional Climate Model (CRCM)
and the French Global Climate Model, ARPEGE at variable resolution, into SWAT
in order to compare watersheds response between a past (1971-2000) and
future (2041-2070) climate.

3. Assess and understand the effect of these scenarios on the hydrology of the Pike
River watershed as well as the effect of these hydrological changes on water

quality at the outlet of the Pike River.

1.3 Scope

The modelling was conducted on a small watershed (630 kmz) in Southern Québec
and results are aggregated at the basin scale. Four climate change scenarios were used,
covering a range of possible changes predicted by a set of simulations available for the
region. One scenario of future greenhouse gas (GHG) emissions, A2, was used for one

time horizon in the near future (2041-2070). Precipitation and temperature changes are



variable from one region to another, and hydrologic and nutrients losses are dependent
on the watershed’s physical characteristics. The results of this study are therefore
strictly restricted to the Pike River watershed and Missisquoi Bay for the projected time
horizon. Furthermore, land-use was kept constant for all climate scenarios. In reality,
land-use could change in the future, and this might affect future nutrient loadings.
However, the research is meant to shed light on the impacts of climate change under

specific land-use and climate scenarios.

1.4 Thesis outline

This thesis was written as a series of chapters answering the objectives previously
cited. Chapter 2 presents a summary of the relevant literature on nutrient NPS
pollution; the efforts Québec has expended to reduce such pollution and to address the
potential impacts that climate change may have on NPS pollution. Chapter 3 contains
the description of the Pike river watershed and the research methodology. Results of
the calibration and impact assessment are provided in Chapter 4 and address the
guantitative and qualitative aspects of hydrological changes. Chapter 5 summarizes the
main findings of this thesis and highlights their utility, while Chapter 6 proposes various

future research directions which might serve to complete this assessment.



CHAPTER 2: LITERATURE REVIEW

2.1 Nutrient non-point source pollution

Non-point source pollution affects an increasing number of water bodies throughout
the world. Given the severity of its consequences, and the difficulty in controlling or
reversing its impacts, this type of pollution has been recognized as a major and rising
challenge in water resource conservation (Carpenter et al., 1998; Aladin et al., 2005;

Orr et al., 2007; Michaud et al., 2008; Yang and Wang, 2010).

Non-point source pollution encompasses all dispersed pollutants transported into
water bodies and occurs mostly through the movement of waters over a wide territory
(Carpenter et al.,, 1998). Highly dependent on a territory’s weather, geophysical
characteristics and management, NPS pollution is a complex phenomenon, often arising
from the interaction of several spatiotemporally variable factors over a wide area. This
makes it difficult and costly to measure and regulate (Carpenter et al.,, 1998;
Horan and Ribaudo, 1999). Pollutants generally include sediments, nutrients, pesticides,

salt or pathogens (Ribaudo et al., 1999; Aladin et al., 2005; Bos et al., 2005).

Nitrogen and phosphorus become harmful pollutants when their concentration
exceeds limits tolerable for aquatic ecosystems, thus causing an acceleration of the
water bodies’ aging process known as eutrophication (Carpenter et al., 1998; Aladin et
al., 2005; Gangbazo et al., 2005). Eutrophication generally occurs on a geological scale,
but nutrient over-enrichment accelerates the process to a harmful speed, where it alters
the ecological balance of, and services provided by, aquatic ecosystems (Hades, 2003;

Chapin et al., 2002).

Indeed, eutrophication results in the proliferation of aquatic weeds and algae,
stimulated by a water body’s excessive fertility (Sharpley, 1995; Carpenter et al., 1998).
Under such conditions of luxury consumption, weeds and undesirable algae gain a
competitive edge over typical endemic species, thus restricting their development

(Hades, 2003). When these rapidly growing algae and weeds die, micro-organisms start



decomposing the increased quantity of decaying biomass and consuming more oxygen,
thus depleting oxygen levels in the water to reach anoxic conditions. Under these
conditions massive fish kills occur (Carpenter et al., 1998). This alteration in food chain
and aquatic habitat may entail the progressive disappearance of fauna. Moreover,
eutrophication is often accompanied by outbreaks of toxic algal blooms
(Sharpley et al., 1994). In freshwater bodies, these blooms are primarily associated with
blue-green algae (a.k.a. cyanobacteria), which can release hepa- and neuro-toxins into
the water, thus posing serious health risks to livestock and humans (Sharpley, 1995;

Blais, 2002).

Sediments also contribute to eutrophication. In addition to increasing water
turbidity and altering the aquatic habitat, they provide a substrate for aquatic weeds to
grow in. They also carry adsorbed nutrients to soil particles (particulate phosphorus and
nitrogen) and thereby contribute to the loss of a significant proportion of nutrients in

waterways (Nearing et al., 2001 in Ritter and Shirmohammadi, 2001).

As a result of near chronic eutrophication, the socio-economic advantages brought
about by water bodies’ ecosystem goods and services are reduced (Horan and Ribaudo,
1999; Blais, 2002; Lake Champlain Basin Program, 2008). Intoxication hazards, the
massive presence of algae, the increase in water turbidity, and the emanation of foul
odours from the decomposing biomass decrease water drinkability and hamper the use
of water bodies for recreational activities such as swimming or nautical activities. This
damage also obstructs and increases the cost of industrial, agricultural and municipal
water treatment activities. Furthermore, fish kills and the loss of biodiversity limit food
supplies and thus affect fisheries activities and recreational fishing. Finally, tourism and
housing values are decreased due to a loss in landscape aesthetics and attractiveness

(Sharpley, 1995; Carpenter et al., 1998).

Combined with point source (PS) pollution, NPS nutrient pollution has affected a
large number of productive lakes, rivers and estuaries throughout the world. More

difficult to control than PS pollution, NPS pollution is frequently the cause of water



degradation nowadays, especially in developed countries where financial means are
more readily used to address PS pollution (Carpenter et al., 1998; Ribaudo et al., 1999;
Bos et al., 2005).

Intensive agricultural activities are often cited as the top source of NPS pollution
(Carpenter et al., 1998; Yang and Wang, 2010). They promote the transfer of pollutants
from agricultural lands to water bodies by altering local nutrients cycles (massive natural
and synthetic nutrient inputs) and local hydrological processes (soil compaction
decreasing infiltration rates, rearrangement of drainage channels), the main factors

controlling availability and mobility of nutrients (Ritter and Shirmohammadi, 2001).

In a 2004 survey undertaken in the United States, water was found to be unsuitable
for human usage in 44 %, 64% and 30% of waterways, lakes and estuaries, respectively.
Agricultural activities were, indeed, cited as the top causes of these
impairments (EPA, 2009). Horan and Ribaudo, 1999 reported that soil erosion has
already cost between 2 and 8 billion dollars per year to American water users. Similarly,
in Europe, agricultural NPS pollution is considered as the greatest threat to meeting the
requirements of the EU Water Framework Directive goals (Orr et al.,, 2007;
Hesse et al., 2008; Yang and Wang, 2010). In Asia, South America, Africa or Australia,
many studies have also reported serious impairment of important lakes and waterways
caused by intensive agriculture activities combined with other industrial or urban point
sources (Bos et al., 2005; Wang et al., 2006a; Webster et al., 2009; Tian et al., 2010). The
most extreme examples of eutrophication documented are the anoxic zone of the Gulf
of Mexico, the Chesapeake Bay estuary on the North Atlantic American Coast, the UK’s
Mersey River, the Baltic Sea, and the Eurasian portion of the Danube and the Black Sea.
The last case is the first example of successful remediation and restoration; however, it
required over 15 years, and USS 3.5 million to restore the Danube as well as
USS 50 million in governance reforms (Global Environment Facility, 2010). The Global
Environment Facility (GEF) estimates that the remediation of other important water

bodies may cost up to USS 30 million.



In recent years, billions of dollars have been earmarked to support Québec farms in
reducing erosion and nutrient losses through the Prime-Vert Program. Such
interventions are important, as, for example, the northern region of Lake Champlain
stands to lose several million USS due to disrupted touristic activities if present

conditions persist (Mimeault, 2004).

Both N and P contribute to biomass proliferation, but N is the limiting nutrient in
brackish estuarine and coastal waters, while in freshwater ecosystems, such as Lake
Champlain, P is the main nutrient controlling biomass proliferation (Sharpley, 1995;
Carpenter et al., 1998). However, N presents other dangers as it becomes toxic when
NO; concentration exceeds 10 mg L™ (Follett, 1995). Much emphasis has nonetheless
been placed on P reductions, for two main reasons: (i) blue-green algae have the
capacity to fix N from the atmosphere, rendering its availability to the plant difficult to
control, and (ii) because field fertilization plans were based for a long time on
N requirements, which led to P applications that were much greater than necessary,
particularly in the case of manure. Furthermore, because agricultural soils in Québec
were poor in P, high quantities of P fertilizers were applied on soils too meet crop
requirements. Such excessive P fertilisation led to its gradual accumulation in soils, until
levels reached saturation in many agricultural regions of Québec (CRAAQ, 2010).
Accordingly, the risk of P loss through runoff increased and P concentrations in many
Québec rivers rose well above the tolerable limit of 0.03 mgL™, a level below which

eutrophication seldom occurs (Gangbazo et al., 2005).

2.2 Soil and water conservation efforts in Québec

In 2002, the government of Québec adopted its first Water Policy in order to
improve the protection of ecosystems and public health (MDDEP, 2002). Among the
policy’s five cornerstones, one is the remediation of the quality of impaired waters and
the reclaiming of their lost uses by intensifying already implemented efforts to reduce

nutrient pollution, especially those related to agricultural NPS pollution.
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Thus, a provincial regulation, the “Réglement sur les exploitations agricoles” (REA)
was introduced in Québec. The latter legislates farming activities in such a manner as to
limit and reduce nutrient losses to waterways through the promotion and application of
a better management of nutrients. In addition to prohibiting livestock access to water
courses, establishing norms for buffer strips during manure application near wells and
waterways, and regulating manure storage, application method, and timing, the REA
focuses on the recovery of the soil’s P balance. In order to respect the soil’s carrying
capacity and avoid P losses, each farmer is required to develop and follow a fertilization
plan (“Plan Agro-environmental de fertilization”, PAEF) based on soil P content and
saturation, land availability for manure application, nutrient content in the applied
manure and crop nutrient needs. In doing so, field over-fertilization and P accumulation
in top soil are prevented, reducing the risk of P transport. Besides controlling nutrient
sources, strategies to reduce factors having an impact on nutrient transport are
promoted. The policy on protecting river banks, shore lines and floodplains requires
farmers to leave an uncultivated strip of a minimum of 3m width near all waterways and
lakes to act as a sediment and nutrient filter (Québec, 2012). No-till or reduced tillage,

crop residues and several other BMPs are also promoted to reduce runoff transport.

Financial and technical support is achieved through government subsidies
(Prime-Vert programme) and by agro-environmental clubs or concerted action agro-
networks. As a result, the greatest contributors to nutrient pollution had to comply with
all the new regulations by April 2010. In order to hasten the compliance of farms with
these regulations, the Prime-Vert programme’s financing of 70% to 100% of necessary
upgrades was halved after this date. Besides, most financing programs and agencies
authorizing new agricultural projects adopted the principle of environmental cross-
compliance. If not in conformity with the REA, financial aids, tax exemptions or new

farm projects are not accepted (Financiéere agricole, 2009).

Finally, in 2009, the policies and efforts undertaken to protect and recover water

uses of degraded water bodies were strengthened by a provincial law on water, namely
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the Act to affirm the collective nature of water resources and provide for increased
water resource protection. Under this law, both the government and citizens are legally
responsible for water resource protection and must collectively prevent water resource
degradation and repair all damages caused to the resource

(Assemblée Nationale, 2009).

Guided and coordinated by watershed organisations, the local population and
businesses operating within the watershed must therefore develop and follow a
Watershed Master Plan (WMP) which delineates the objectives and actions planned for
the protection and management of their water resources (Auger and Baudrand, 2004).

This plan must then be studied and accepted at the governmental level.

Still, most WMP do not take into account the effects that climate change might have
on water quantity and quality. Hence, understanding the potential impact of climate
change on hydrological processes and on the export of sediments and nutrients to the
bay is an essential first steps for the protection of Missisquoi Bay and its watershed

water quality (Stager and Thill, 2010).

2.3 How climate change can affect non-point source pollution
2.3.1 Effect of a change in rainfall regime

As in most other parts of the world, Québec freshwater resources are expected to
be negatively impacted in terms of their quantity, quality or both, by climate change
(Bates et al., 2008; Bourque and Simonet, 2008). In agricultural watersheds, there are
important concerns relative to an increase in NPS pollution, due to the forecast of
greater annual precipitation and to an increase in the frequency of intense rainfall
events. These would enhance total runoff quantity and intensity, which in turn will

increase erosion and nutrient transportation (Bourque and Simonet, 2008; SWCS, 2003).
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Nutrients may be transported to surface waters through surface runoff and
subsurface runoff in their bioavailable and soluble forms (mostly as phosphate and
nitrate) or their insoluble forms (mostly as organic form and/or bounded to sediments).
Therefore, the greater the volume of water transiting through these pathways, the
greater the risk of transporting nutrients. However, the quantity and specific forms of
lost nutrients depend on the pathways taken by rainfall and snowmelt waters before

reaching the hydrological networks (SWCS, 2003).

In agricultural watersheds, surface runoff causes the greatest portion of nutrient
losses by detaching and carrying soil particles into river networks (Sharpley et al., 1994).
Phosphorus is especially sensitive to surface runoff because it is easily adsorbed to soil
particles and has a rather low mobility in soil. Therefore, except in the specific
conditions under which P may move downward in the soil profile [soil P saturation,
preferential flow, acidic organic, sandy or peaty soils (Sharpley et al., 2003)] it generally
remains in the first top few millimetres of the soil. Furthermore, eroded sediments tend
to carry a higher concentration of nutrients because these sediments, often made up of
clay and organic matter, have a higher capacity to attract nutrient ions due to their
negative charges (SWCS, 2003; Neitsch et al., 2005). This process is termed sediment

nutrient enrichment.

In the Pike river watershed it has been observed that the majority of NPS pollution
was generated through surface runoff during snowmelt and fall rainfall events.
However, significant amounts of P were also found in the subsurface drainage waters
(Jamieson et al., 2003; Deslandes et al., 2007). Therefore, a change in runoff
characteristics (amount, timing and intensity) will have a serious impact on the delivery

of nutrients to the Bay.

Both rainfall intensity and surface runoff are responsible for water erosion. The
erosive power of rainfall is correlated to the 30 minutes at which the storm’s rainfall is
at its maximum intensity (Wischmeier and Smith (1978) cited in (SWCS, 2003)). As for

surface runoff, its erosive power and pollutants transport capacity depend on its
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volume, depth and velocity. Again, rainfall amount and intensity determine runoff
volume, depth and velocity by influencing soil infiltration. The greater the rainfall
intensity, the sooner the precipitation rate exceeds the infiltration rate and the greater
the runoff volume, depth and velocity. Similarly, the infiltration rate decreases as soil
moisture increases when a large amount of precipitation occurs through a greater
number of wet days, or through higher rainfall rates remaining below infiltration rates

(SWCS, 2003).

Pruski and Nearing (2002b) found that all other factors being equal, an increase in
annual precipitation by 1% (increase of the number of wet days only) triggered an
average increase in surface runoff and erosion of 1.28% and 0.85%, respectively across
different soil, slope, crop and weather regimes. If the intensity of precipitation was to
simultaneously increase (increase of wet days and rainfall amount per day), surface
runoff and erosion would further increase by 1.97% and 1.66%, respectively, on
average. In similar studies in semi-arid (Arizona and Mediterranean) and humid
(Belgium) watersheds, Nearing et al. (2004) and Nunes et al. (2008) found that an
increase in rainfall intensity has a greater effect than an increase in wet days. They also
all noted that both changes would likely trigger greater changes in runoff and erosion
than a simple increase in rainfall depth. The SWCS (2003) concluded that an increase in
wet days would be less erosive than an increase in intensity but is likely to increase the
transport of nutrients, especially soluble nutrients, to surface and ground waters

through subsurface transport and leaching.

It is also important to note that in winter greater precipitation events will occur as
rainfall due to warmer temperatures. However, soils may remain frozen which will
considerably reduce water infiltration and trigger runoff, erosion and nutrient transport

(Michaud, 2010).

Slope of the terrain, the soil structure and permeability, soil chemistry, land-use, and
land-use management also affect surface runoff and infiltration. Some of these variables

may change in the future depending on how climate change will affect biomass growth,
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and how farmers will adopt new practices to reduce NPS pollution and adapt to climate
change effects (Nearing et al., 2005; Jeppesen et al., 2009). However, these aspects are
outside the scope of this project and will not be reviewed here because of time

constraints.

2.3.2 Effect of a change in temperature regime

In addition to rainfall amount and intensity, changes in temperature should also
strongly affect several components of the water cycle such as runoff and therefore NPS
pollution, indirectly. Over the last three decades, significant changes within snowmelt
river basins were observed and mainly attributed to the past decades’ warmer
temperatures (Bates et al., 2008). In Canada, mean stream flow discharge seems to have
increased during winter, but decreased in summer, while the onset of spring floods
occurs earlier (Whitfield and Cannon, 2000). Similar changes have been observed in the
American Northeast, with snowmelt and the resulting spring flood recorded one to two
weeks earlier than usually (Hodgkins et al.,, 2003; Hodgkins and Dudley, 2006).
Furthermore, the depth and duration of snow cover in this region has tended to decline
with greater snowmelt and rainfall events during the winter explaining the greater
winter discharge (Huntington et al.,, 2004; Burakowski et al., 2008;
Campbell et al., 2010).

Boyer et al. (2010) pointed out that these observed changes were partly related to
positive anomalies in the North Atlantic Oscillation (NAO), a natural warming occurring
periodically, part of the natural variability of the climate. Although the results of the
past warming were not all attributed to climate change, they give an insight into the

potential consequences of a change in climate towards higher temperatures.

As mentioned above, temperature changes are also indicative of possible increase or
change in soil degradation and nutrient losses. Changes in seasonal runoff and stream-

flow directly affect the timing of nutrient delivery. Moreover, the decrease in snowpack
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reduces soil protection during winter, increasing soil vulnerability to increased rainfalls
and runoff episodes (Jeppesen et al., 2009). Similarly, if more precipitation events occur
during vulnerable periods, as predicted for the spring and autumn (see section 2.4.2)
when crops offer little protection to the soil and manure has been spread, erosion and
nutrient loss risks are heightened (SWCS, 2003). This could be magnified by higher
temperatures which would prompt earlier harvests and leave soil unprotected for a
longer period (Jeppesen et al., 2009). Conversely, an increase in temperature may also
accelerate crop growth and nutrient uptakes, reducing the risk of erosion and nutrient
losses by protecting the soil earlier in spring and subtracting nutrients to runoff or
leaching (Bouraoui et al., 2002). This last response, contrary to the direct effect of
precipitation and temperature on water balance, is categorized as an indirect effect of

climate change.

Finally plant residue decomposition rate and microbial activity involved in the
mineralisation and chemical transformation of nutrients may also be stimulated under a
warmer climate. This may increase the availability of nutrients and their mobility

(Bouraoui et al., 2002; Jeppesen et al., 2009).

2.3.3 Indirect effects of climate change

Indirect effects include the impact of CO,, solar radiation, temperature and soil
water availability on biomass growth (Pruski and Nearing, 2002a). A stress in water and
in temperature during the summer is likely to decrease soil protection provided by the
biomass, resulting in increased erosion and nutrient losses if heavy rainfalls occur. On
the other hand, a CO, increase may have the inverse effect on plant growth and biomass
as higher CO, concentration might increase the photosynthesis processes and decrease
evapotranspiration rates of crops by reducing the stomatal apertures of the leaves
through which water evaporates. As a result, both crop water use efficiency and crop
cover increase. This may result, in turn, in improved soil protection (Bunce, 2004;
Leipprand and Gerten, 2006).
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The response of soil erosion and nutrient losses to a change in climate is therefore
complex and will result from the combined response of plant biomass and runoff to
climate change (SWCS, 2003). Pruski and Nearing (2002a) found, however, that an
increase in rainfall would likely lead to an increase in erosion in most cases. Inversely, a
decrease in rainfall could lead to either a decrease or increase in erosion and nutrient
transport depending on the stress exerted on the plants. Increase in plant biomass may
therefore protect the soil under more extreme conditions and mitigate the impacts of
rainfall increase and intensity, without entirely negating them. These results were
confirmed by Nearing et al. (2004) and Ficklin et al. (2010) who found, respectively, that
agricultural runoff was much more sensitive to rainfall than vegetation cover, or CO,

and temperature.

2.4 Climate change in southern Québec
2.4.1 Regional observations

Yagouti et al. (2008) analysed changes in several temperatures and precipitation
indices for southern Québec (south of 52°N, roughly corresponding to the latitude of
Sept-iles on the North shore) between 1960 and 2005. They found that changes were
not always significant but nonetheless tended towards an increase in surface
temperatures, with more pronounced warming for the western and southern regions of
the province. This increase was greater during winter, with daily maximum and
minimum increases ranging from 1.5°C to 2.5°C. In summer too increases in
temperatures were significant but they were less important (1.0°C to 1.5°C).
Accordingly, the number of days when frost and thaw occurred within the same day
increased in winter, but decreased in spring and fall. As a result, the frost season
decreased to the benefit of the growing season. As for precipitation, increasing trends
were noted for total annual rainfall but summers became drier. The number of rainfall

days increased while snowfall days and snow cover decreased, confirming the decrease
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in the ratio of snowfall/rainfall observed in similar studies across Canada

(Zhang et al., 2000).

2.4.2 Regional projections

Hydro-climatic changes observed in the past are expected to be accentuated with
further increase in CO, levels in the atmosphere. Table 2.1 shows the changes in
precipitation and temperature predicted for the period 2041-2070 relative to the period
1961-1990 for southern Québec (South to Saguenay Fiord). These changes were
predicted with a set of global and regional climate models and future Greenhouse Gas
Emission (GHGE) scenarios of the Special Report on Emission Scenarios (SRES)
Panel on Climate Change (IPCC)

developed by the Intergovernmental

(Nakicenovic et al., 2000).

Table 2.1: Climate norms and summary of climate model projections for Southern Québec
(Bourque and Simonet, 2007)

Average changes | Average changes
Season 1961-1990 Norms | for 2041-2070 for 2071-2100
horizon horizon
Winter Temperature -7.5°Cto-11°C +2°Cto +5°C +3.5°Cto +8°C
Precipitation 270-330 mm +0% to +32% +1% to +43 %
Spring Temperature 3.5°Cto 6°C +2°Cto +5°C +2.5°Cto +8°C
Precipitation 240-280 mm +2% to +25% +4% to +39%
summer Temperature 18°Cto 20°C +2.5°Cto +4°C +2.5°Cto +6°C
Precipitation 280-350 mm -7% to +13% -11% to +15%
Fall Temperature 6.5°Cto 9°C +2°Cto +4°C +2.5°Cto +5.5°C
Precipitation 270-330 mm -8% to +16% -7% to +18%

In addition to change in the rainfall depths, the frequency of heavy rainfalls is

expected to increase (Bourque and Simonet, 2008). Recently, several authors have
examined this variable in Southern Québec. Mailhot et al. (2007), using CRCM
simulations, found that maximum rainfall events of 2 and 6 hours would double, while

maximum events of 12 and 24 hours would decrease by one third. With the same
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model, Dayyani et al. (2012) observed that for summer and fall, extreme rainfall events

and peak flow for a given return period increased by the end of the century.

Few studies have investigated water quality vulnerability to climate change in
Québec. Using a projection of the CRCM4 into the water quality model DRAIN-WARMF,
Dayyani et al. (2012) found a significant increase in annual and seasonal NOs-N loadings
in a South-western watershed and that the contribution of subsurface flow to nitrate
loadings would increase by 14% to 39% by 2100. Changes in N losses were described
greater than changes in flows, which led them to suggest that a progressive saturation

of soils in N would occur.

In snowmelt basins in Ireland (Jennings et al, 2009), and Denmark
(Jeppesen et al., 2009), studies using regional temperature and precipitation predictions
along with water quality statistical models showed that P loads would increase in winter

and early summer, but decrease during summer months.

2.4.3 Regional climate models

Downscaling

Regional Climate Models (RCM) are increasingly used for impact assessment and as a
means to downscale large-scale climate patterns predicted by global climate models
(GCM) whose resolution is too coarse for regional impact studies. Two main types of
downscaling approaches were developed in the last decade: the statistical and
dynamical approaches (Fowler et al., 2007). Statistical Downscaling (SD) methods are
based on empirical relationships which linked large-scale atmospheric predictors to local
climate variables needed for impact assessment. These methods are appreciated for
their rather rapid execution, which allows the downscaling of large sets of global
simulations. Yet, because of their empirical basis, they are susceptible to miss important

aspects of the future climate system. In contrast, a dynamical downscaling (DD) method
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uses physically-based models, known as RCM, which, because of their physical basis,

may be more accurate than the SD (Boe et al., 2009).

Because they are computationally expensive, RCM can only operate on one
restricted region at a time. They are therefore nested in a GCM to obtain atmospheric
boundaries conditions simulated at a larger scale. In that case, we can say that the RCM
is driven by the GCM. Hence the RCM simulates climate in consistent ways with other
large scale global changes occurring within the rest of the globe (ESCER, 2009). RCM
have also demonstrated that they are able to improve the prediction of extreme events
and climate variability thanks to their refinement and complexity in describing local
processes (Fowler et al., 2007). Therefore, these advantages make them stand out as
the best tools that can be used to simulate the impact of climate change on erosion,

sediment and nutrient losses.

Description of the Canadian climate models

The Canadian Global Circulation Model (CGCM) and its homologue the Canadian
Regional Climate Model (CRCM) are two Canadian models under continuous evaluation
and development and are broadly used for impact assessment (UCAR, 2007;

Ouranos, 2010a).

Developed at the Canadian Centre for Climate Modelling and Analysis (CCCma) of
Environment Canada, the third version of CGCM (CGCM3) results from the coupling of
the Atmospheric General Circulation Model (AGCM3) to a three-dimensional dynamic
ocean model which includes a thermodynamic sea-ice component
(Rahman et al., 2010). The models are described in McFarlane et al. (2005) and
Flato and Boer (2001), respectively. Energy and water exchanges between the land
surface and the atmosphere were governed in both Canadian models by the Canadian

LAnd Surface Scheme (CLASS) (Verseghy, 1991; Verseghy et al., 1993).

The CRCM is a Limited Area Model (LAM) developed by the “centre pour I'Etude et la

Simulation du Climat a I'Echelle Régional” (ESCER center) of the Université du Québec a
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Montréal (UQAM). The 4™ version of CRCM (CRCM4) has a horizontal resolution of
45 km, true at 60° N following a uniform grid in a stereographic projection, and a
variable vertical resolution. Basically, it uses the same physical parameterization
package as its homologue and driver CGCM3 (Scinocca and McFarlane, 2004; McFarlane
et al.,, 2005). It resolves its climate with the fully elastic Euler’s equations allowing
climate variables to be generated at reduced spatial resolution (Plummer et al., 2006;

Laprise, 2008).

These models thereby satisfy the minimum criteria of quality established by the Task
Group Cl, TGCI, and IPCC to be used in impact assessment. Despite their improved
resolution, almost all RCMs continue to have an important bias, partly inherited from
their GCM driver (Leung et al., 2003; Fowler et al., 2007; Boe et al., 2009). Biases due to
the CRCM4 alone were investigated by Gagnon et al. (2009) for two watersheds close to
the Pike River. They concluded that the predictions were reliable, but that they also
display significant biases for all seasons, especially for runoff predictions. Bias
corrections were therefore recommended before the use of the regional predicted
climate. However, correction methods like the SD may not remain valid for future

climate (Boe et al., 2009; Gagnon et al., 2009).

Dealing with uncertainties

Although models and scenarios are the best representations of the Earth system
that we currently have, they remain imperfect and are tainted by many uncertainties
which are difficult to assess due to the complexity of the modelled system and the
computational resources that this assessment would require (de Elia and Cote, 2009).
Whenever possible, modellers use several GHGE scenarios and “multi-model sets or
multi-parameter sets based on a single model” to account for all possible results rising

from these uncertainties (Fowler et al., 2007; de Elia and Cote, 2009).

The GHGE SRES scenarios were developed based on storylines describing
possibilities of world developments where scenarios of the “A” family focus primarily on

economic development, whereas those of the “B” family are more environmentally and
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economically balanced. These scenarios also bear, besides the letter, the label 1 or 2
which stand for global or regionally-oriented, respectively. The two most alarmist
scenarios are depicted by A1F (Global economy driven by intensive fossil fuel
consumption) and A2 (Fragmented world, regionally-oriented economic growth)
scenarios. Both predict that CO, emissions will be increasing by 30 Pg yr* by 2100,
compared with the actual rate of 6Pg yr' (Cohen and Waddell, 2009). Formal

probabilistic assessments are still rare (Bates et al., 2008).

2.5 Hydrological and water quality modelling under climate change

Although climate models simulate all components of the hydrological cycle, their
resolution and level of accuracy in simulating local interactions within the soil-
vegetation-atmosphere system is too crude to provide precise estimates of changes in
the local water cycle or to simulate the nutrient cycle. Therefore, downscaled outputs of
regional or global climate models are used with diverse impact models to investigate

future changes in freshwater resources and the fates of pollutants.

Among impact assessments previously performed, two main approaches were

identified:

i. Those based on empirical relationships between runoff, sediment and
nutrient loadings (Arheimer et al., 2005; Andersen et al., 2006; Jeppesen et
al., 2009; Pierson et al., 2010). They all predict future changes in stream flow
and runoff with physically-based hydrological models. Then, these changes
are applied to loading functions or regression analysis of runoff and nutrient

loads data

and,
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ii. those using complex processes models allowing prediction of the behaviour
of the watershed in more comprehensive ways. The choice of these
approaches depends on the ultimate purpose of the project and available

resources (time, data, computing capacity).

Regression analyses are often more straightforward and accurate than physically-
based models, but they are based on statistical analysis and therefore require a long
history of observed data (Ritter and Shirmohammadi, 2001). Within the Pike River
watershed, such relationships have been developed several times
(Simoneau, 2007; Adhikari et al., 2010). However, the amount of recorded data may be
too limited to apply such relationships to climate change study. As shown in
Simoneau (2007), relationships have changed with time due to different hydrological
conditions but also due to the effect of pollution abatement measures. Statistical
methods provide quick and useful insight into future loadings. However, similarly to
statistical downscaling and bias correction, their predictive ability is limited in future
changing conditions since they are based on observed records. Contrary to a model that
is completely physically-based, they do not simulate the effect of temperature on the
nutrient cycle and other biogeochemical processes such as plant nutrient intake and
residue decomposition rates which may change under a warmer climate

(Campbell et al., 2011).

A wide variety of such models (ANSWERS, (Ann) AGNPS, DWSM, MIKE-SHE, PRMS,
SHETRAN, HSPF, SWAT) are commonly used to assess P and N NPS pollution, and, in
some cases, to test land management scenarios in order to develop abatement
pollution strategies. These models often explicitly account for inputs of fertilizer and
manure to agricultural lands, and maintain a soil nutrient balance by simulating plant
uptake, microbial decomposition, and P loss to surface and sub-surface flow
(Pierson et al., 2010). The next section presents a short review of the most commonly
used watershed-scale models, and focuses on those able to handle climate change

impacts.
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2.5.1 Review of water quality models

The Aeral Non-point Source Watershed Environment Response Simulation
(ANSWERS-2000) (Beasley et al., 1980) has shown a good performance, but is often
cited in literature reviews for its inability to simulate snowmelt processes. It is therefore

not suited for snowmelt basins (Booty and Benoy, 2009; Yang and Wang, 2010).

A second well-known model is the Agricultural Non-Point Source pollution model
(AGNPS/AnnAGNPS) developed by USDA-ARS (Young et al., 1989). It was designed first
for single storm events and then updated to simulate continuous long-term periods of
time (Annualized AGNPS). It is a distributed parameter model which accounts for
watershed heterogeneity. It was used by Parker et al. (2008) in climate change impact
studies in eastern Ontario to evaluate the efficiency of BMPs under several climate
change scenarios. The model includes in its calculation: i) surface runoff computed by
the SCS Curve Number (CN) method, ii) erosion computed by the USLE method and
iii) sediment-bound/soluble nutrient losses in runoff. However, its equations used to
simulate nutrient cycles are based mainly on empirical data, as it uses a correlation
relationship between sediment, runoff and nutrient concentration

(Jeppesen et al., 2009; Yang and Wang, 2010).

Since the frequency of heavy rainfall will increase with climate change, a model such
as AGNPS, which is capable of simulating damage caused by intense precipitation
events, is a good candidate for such studies. Similarly, the Dynamic Watershed
Simulation Model (DWSM) (Borah et al., 2002) is deemed to be a very promising tool for
simulating extreme events and resulting pollution in agricultural watersheds. It was
judged to have a robust physical basis and to simulate accurate results. However, it does
not simulate long-term periods and is therefore not suitable for this study (Borah and
Bera, 2003, 2004). On the other hand, both the European Hydrological System Model or
MIKE-SHE (Refsgaard et al., 1995) and the Precipitation-Runoff Modelling System
(PRMS) (Leavesley et al., 1983) have the capacity to handle long-term and single storm

simulations. However, the PRMS long-term model only simulates hydrological processes
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and will therefore not be further discussed. MIKE-SHE is a comprehensive, distributed
and physically-based model describing processes at small time step and at a high level of
detail. However, it is not efficient for long-term simulation and large watersheds, and is
judged more applicable to small watersheds and studies requiring results of high
precision because of its intensive computational requirements (Borah and Bera, 2003).
The Systéme Hydrologique Européen TRAnsport Model (SHETRAN) (Ewen et al., 2000) is
a relatively new model based on MIKE-SHE. Though promising, it remains very complex

and little assessed (Pierson et al., 2010; Yang and Wang, 2010).

Finally, the Hydrological Simulation Program—Fortran (HSPF) (Donigian et al., 1995)
and the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) are two popular
comprehensive GIS-based physical models which have received very positive reviews for
their accuracy and modelling efficiency (Borah and Bera, 2004; Singh et al., 2005). Both
supported by the US Environmental Protection Agency (EPA), these models have
undergone thorough assessments which focus on climate and the impacts of land-use
change on hydrology and water quality of twenty major drainage basins in the US (Aqua
Terra Consultants, 2010). Both were designed to simulate the impact of climate and
watershed management practices on the long-term. However, SWAT was judged to be
more accurate than HSPF when it comes to intensive agricultural watersheds because of
its greater ability to discriminate landscape heterogeneity. Whereas, HSPF was judged
better suited to urban or mixed agricultural watersheds (Borah and Bera, 2004).
Furthermore, although HSPF can simulate storm events thanks to sub-daily time step
processes, it lacks tile drainage and plant growth components which in the latter case
may play an important role in climate change studies. Similarly, plant diversity and soil
moisture influencing evapotranspiration are lumped into one parameter, and
evapotranspiration is calculated based on user input records (Van Liew et al., 2003;

Singh et al., 2005) which may not remain valid in a warming world.

In a comparative study Van Liew et al. (2003) found that HSPF (vs. SWAT) provided

better hydrological results for the calibration period and Yang et al. (2008) reported in
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their review that two other studies had confirmed this. However, these two studies
disagreed on which model better predicted nutrient loadings. Van Liew et al. (2003)
observed, nonetheless, that SWAT gave better results for their validation period and
when parameters were transferred to similar watersheds. This suggests that this model
may be more robust and capable of handling variables climatic conditions. Although
SWAT has shown little capacity to simulate intense rainfall events and their resulting
effects on erosion and nutrient losses, it has still been widely used for assessments of
climate change impacts on NPS pollution (Bouraoui et al., 2002;

Marshall and Randhir, 2008; Nunes et al., 2008; Ficklin et al., 2010).

2.5.2 Model selection: SWAT

SWAT (Arnold et al., 1998) was chosen for its ability to simulate large,
heterogeneous, and agriculturally-intensive watersheds over a long period, based on
sound conceptual and physical foundations (Borah and Bera, 2003, 2004; Deslandes et
al., 2007). It was also successfully applied several times within the Pike river watershed
from the field scale (Eastman, 2007; Gollamudi et al., 2007) to the subwatersheds and
whole watershed scales (Deslandes et al., 2007). An increasing number of studies have
used SWAT for climate changes studies (Douglas-Mankin et al., 2010). Lastly, its superior
ability in simulating BMPs makes it a first-choice candidate if climate change adaptation

strategies need to be developed (Borah and Bera, 2004).

SWAT 2000 (Soil and Water Assessment Tool ; Arnold et al., 1998) has demonstrated
a good ability to reproduce the hydrological and P loss behaviours of the Pike River
watershed (Deslandes et al., 2007). It is however a modified version of SWAT 2005
(Michaud et al., 2008) which was used in this study.

The version of SWAT 2005 allows more accurate predictions of nitrate fluxes
(Neitsch, 2005) and is believed to correct some flaws linked to subsurface and surface

flow partitioning noted during the preceding applications of SWAT 2000 within the
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watershed (Madramootoo et al., 2004; Gollamudi, 2006; Deslandes et al., 2007).
However, the version of SWAT 2005, did not entirely succeed in resolving this issue
within the Pike river watershed, and Michaud et al. (2008) customized algorithms
related to soil water transfer in SWAT 2005 to improve tile flow predictions. Given its
utility in predicting nitrate loads and improving hydrological predictions for our study, it
is this customized version which was adopted for this project. The description of the
model given in the next section is mostly based on the theoretical documentation of

Neitsch et al. (2005).

2.6 SWAT description
2.6.1 SWAT general operation

Based on a Digital Elevation Model (DEM), SWAT first delineates the contours of the
entire watershed and a collection of subwatersheds connected through the hydrological
network. The outlet of the subwatersheds may be entered by the user or defined along
the subwatersheds’ borders during the delineation process. Each subwatershed is
further divided into Hydrological Response Units (HRU). HRUs are lumped areas
representing the dominant biophysical characteristics prevailing within the
subwatershed. They are obtained by overlaying soil and land-use maps and represent a
unique combination of land-use, soil and management practices. They are the basic
calculation units for each physical processes occurring within the watershed. All results
computed at the HRU scale are then aggregated at the subwatershed scale, transferred

into the reach and routed through the hydrological network.

Once all landscapes attributes which define the HRUs have been entered in the

model, climate and field operations management data can be entered.

All processes in SWAT are modelled on a daily basis. Being an important factor in
erosion and nutrient losses, hydrological processes must be well reproduced to simulate

water quality. Each day the following daily soil water balance is updated in SWAT.
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SWi=SWy+ ::g(Rday - qurf —FE - Wseep - ng) [21]

Where,

E is the evapotranspiration on day i (mm),

Qqgu, is the return flow to the stream on day i (mm),

Qsurf is the depth of surface runoff on day i (mm),

Rday is the depth of precipitation on day i(mm),

SW; is the final soil water content (mm),

SWo is the initial soil water content (mm, initialized to 0 or 100% for the first
day of the simulation), and

Wiseep, is the water leaving the soil profile for the vadose zone on day i (mm),

the vadose zone being an unsaturated zone located between the last
layer of the soil profile and the shallow aquifer. No processes were
simulated within this zone.

The detailed pathways of water movement simulated in SWAT are represented

in figure 2.1.

Climate variables are important inputs since they provide the moisture and energy
that govern the components of the hydrologic cycle. Precipitation, air temperatures
(minimum and maximum), solar radiation, speed of the wind and the relative humidity
are required on a daily basis. A weather generator can fill in missing information based
on US historical weather statistics (Neitsch et al., 2005). However, it only produces
representative weather for the region and its data may lack in precision. It is therefore
strongly recommended to reduce the use of the weather generator whenever possible.
Data from local weather gauges along with their location can be entered into SWAT,
which then distributes the daily data over the land belonging to the closest

subwatersheds (Di Luzio et al., 2002; Neitsch et al., 2005).

Three methods are available for calculating evapotranspiration: the Penman-
Monteith (Monteith, 1965), Priestley-Taylor (Priestley and Taylor, 1972) and Hargreaves
(Hargreaves et al., 1985) methods. The Penman-Monteith method is widely used but
requires a greater number of inputs (solar radiation, relative humidity, wind speed and

temperature) and may lead to significant errors when mean daily inputs are used.
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Furthermore, when only temperatures and precipitation are available, weather
generators used to estimate the other parameters may add considerable uncertainty
(Benaman et al., 2005). The Hargreaves method, on the other hand requires only the

input of temperatures.

After calculating evapotranspiration, the model evacuates the surplus of water
through tile flow, lateral flow and percolation. Lateral flow is calculated for each soil
layer according to soil water content (¢), slope, and differences of hydraulic
conductivity (Ksat), while percolation is simulated when water content of the soil exceeds
field capacity (¢s). Groundwater flow is governed by threshold parameters set by the
user during the calibration. These control the amount of water reaching shallow aquifer.

All parameters are described in Appendix I.
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Figure2.1: Possible water movements in SWAT (Neitsch et al., 2005)
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2.6.2 Surface runoff and snowmelt

As previously mentioned, surface runoff is the major hydrological factor contributing
to sediment and phosphorus transport. Once estimated, it is entered into the sediment
losses algorithm, whose estimates are in turn used to predict particulate nutrient losses.
As P is the limiting nutrient for eutrophication and the one that is mostly lost under

particulate form, runoff predictions needs to be as accurate as possible.

SWAT includes two options to calculate runoff: the Green and Ampt infiltration
method (1911) and the US Soil Conservation Service (SCS) Curve Number (CN)
procedure (USDA Soil Conservation Service, 1972). The first method is more physically-
based and infiltration is modelled over time, based on soil physical properties [e.g., Ksat,
soil water saturation ({sat), and (sc]. However, it requires sub-daily rainfall data that are
rarely available; therefore, this method is not commonly used. Comparatively, the
empirically-based SCS CN method has been found to be reliable and is widely used
(Gollamudi, 2006).

_(Rgay—0.25)°

qurf—m [2.2]

where,
Qsurf is the accumulated surface runoff arising from rainfall excess (mm),
Rday is the amount of rainfall for the day (mm), and,
S is a retention parameter (mm).

The retention parameter accounts for soil infiltration prior to the onset of runoff as
well as for initial abstractions such as surface storage and canopy interception. It also
accounts for variations in land-use, soils, antecedent soil moisture conditions, field
management and slope effects on runoff and infiltration. It is calculated using CN
developed empirically by the SCS Engineering Division. The CN takes on different values
according to the above variations. Their initial values are entered by the users, and then,

daily updated by SWAT according to soil moisture changes.
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These CN values available in SWAT theoretical documentation (Neitsch et al., 2005)
consistently over-predicted runoff under Québec hydroclimatic conditions and under-
predicted tile and groundwater flow. To remedy this situation, CN values applied under
such conditions were lowered in Deslandes et al. (2007) and in several other studies
(Perrone and Madramootoo, 1998; Tolson and Shoemaker, 2004). In addition,
Michaud et al. (2008) modified the above equation to increase surface retention vs.
runoff to 50:50, instead of the initial 20:80 (the 0.2 and 0.8 coefficients associated with
the S retention parameter in equation 2.2). This is believed to prevent too much water
from running off, and foster its infiltration. These modifications were based on the
argument that runoff conditions in Québec were rather caused by soil saturation than,
as might be the case in the US where the model was developed, by episodes of intense

rainfall which exceed the infiltration rate.

When snowmelt occurs it replaces or is added to Rday in equation 2.2. Snowmelt
depends on air and snow pack temperatures, maximum and minimum melting rate
factors and the areal coverage of snow. The melting rate factors (SMFMIN and SMFMX)
may be changed during the calibration by the user. Areal coverage of snow depends on
a mass balance equation accounting for snowfall, snowmelt, and sublimation, where
snowfall is controlled by a snowfall threshold temperature (SFTMP). If the average daily
temperature is under SFTMP, SWAT classifies precipitation as snow, otherwise, as
rainfall. Similarly, snowmelt depends also upon a snowmelt threshold temperature

(SMTMP). Both thresholds may be defined during the calibration of the model.

No infiltration occurs, if soil temperature is under 0°C.

2.6.3 Changes in SWAT2005 to improve drainage predictions in Québec

Michaud et al. (2008) modified three sets of algorithms within SWAT 2005 in order
to build a model adapted to surface runoff and tile drainage conditions in Québec.

These changes affect: 1) soil water flow towards tile drains and preferential flow, and 2)
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the distribution of precipitation between surface runoff and infiltration. Furthermore,

SWAT 2005 does not account for subirrigation nor controlled drainage.

Concerning the first modified algorithm in SWAT 2