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Abstract

Excessive nitrate loading from agricultural non-point sources (NPS) is threatening
the health of receiving waterbodies at a global scale. The intensive agricultural
production in Atlantic Canada has consistently posed severe threats to aquatic
ecosystems. Beneficial management practices (BMPs) are often implemented to mitigate
environmental impacts from agricultural production. Reliable information of the effects
of BMPs from field to watershed scale is needed to inform watershed management.
Relating the drivers/sources of water and nitrogen movement in watersheds to spatial
and temporal land uses patterns is therefore essential for developing effective mitigation
strategies. This study investigated the environmental and economic impacts of
agricultural BMPs and land use impacts on water quantity and quality. The objectives
were to: i.) investigate nitrogen dynamics and leaching potential under conventional
(potato-barley-red clover (PBC)) and alternative (potato-soybean-barley (PSB)) potato
rotations in Prince Edward Island (PEI) through field experiments; ii.) to evaluate the
effects of the soil and water conservation terrace on potato yield under northern New
Brunswick climate conditions, using the Soil and Water Assessment Tool (SWAT); iii.)
to explore the impacts of land use on water yield and nitrate load to surface water in an
agricultural watershed in PEI using SWAT; iv.) to examine the performance of
statistical models compared to SWAT in estimating nitrate load from sparsely measured
nitrate data. Results suggested that: i.) alternative PSB rotation could increase potato
yields while reducing N leaching, when compared to the conventional PBC rotation; ii.)
Terrace could help to improve potato productivity by improving soil water availability

during the growing seasons of dry and normal years; iii.) Land under potato rotation



contributed 84.5% of the total nitrate load to the watershed. Land use demonstrated little
impact on water yield but affected nitrate load significantly, while climatic variables of
temperature and precipitation were the top two factors affecting water yield. iv.
Regression models could lead to substantially biased results compared to SWAT, there
is a tradeoff between using regression and process-based models in estimating

nitrate load. Results of this study provided critical insights for BMP cost-benefit and

land use impact analysis for watershed management in Atlantic Canada.
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Chapter 1: Introduction
1.1 Water Quality Issues Caused by Non-Point Source (NPS) Pollutions

Non-point source (NPS) pollution from agricultural landscapes is identified as one
of the major sources of pollution in aquatic ecosystems (Green et al., 2004; VVorosmarty
et al., 2010). Agricultural activities may introduce sediments, nutrients (nitrogen or
phosphorus), pesticides, and other chemicals into water bodies. Sediment is mainly
generated through upland soil erosion and is transported to nearby water bodies through
surface runoff. Soil erosion can cause both on-site and off-site damage and can lead to
on-site land degradation and fertility loss and thus result in the reduction of crop
productivity (Lal et al., 1999). Soil erosion can also cause a series of off-site effects
such as fluvial sedimentation, siltation, and eutrophication of nearby water bodies or
enhanced flooding (Boardman and Poesen, 2007). Nutrients, pesticides, and other
chemicals loss to aquatic ecosystems are often caused by the greater inputs of chemical
fertilizers and pesticides that aim to maximize crop production. For instance, nitrogen
(N) is one of most vital elements for crop production. Global input of N fertilizers has
increased dramatically over the past few decades as a result of increasing of crop
production (Tilman et al., 2001; Tilman et al., 2002; Lu and Tian, 2017). According to
Lu and Tian (2017), global N fertilizer consumption increased by almost ten times since
1961, from 11.3 Tg N yr'to 107.6 Tg N yrt in 2013 (Figure 1.1) . However, due to the
low utilization efficiency of N fertilizer, a significant amount of the N is lost to the
environment mainly through leaching and runoff events, which has been observed all

over the world (Prunty and Greenland, 1997; Peralta and Stockle, 2002; Torstensson et



al., 2006; Zebarth et al., 2009; Jiang et al., 2011; De Notaris et al., 2018). Similar issues

exist worldwide with phosphorus and pesticide pollution due to agricultural production.

I NA I o-5 5-10 10- 20 20-40 [ 40-60 I 60 - 250

Figure 1. 1 Nitrogen loading rate from fertilizer application in 2013 (kg ha yr?)
Atlantic Canada provinces (New Brunswick, Nova Scotia, Prince Edward Island,
Newfoundland & Labrador) play a critical role in food production in Canada. For
example, potato production in PEI and NB contribute about 40% of annual potato
production in Canada while being the smallest provinces of Canada (Statistics Canada,
2018). The intensive agricultural production has consistently posed threats to both
surface water and groundwater in this region. The degradation of surface water and
groundwater quality has been found to be closely associated with the high nitrate load
from intensive potato production in the region (Benson et al., 2006; Danielescu and
MacQuarrie, 2011; Bugden et al., 2014; Zebarth et al., 2015). Suspended sediment yield
and nitrate concentration in an agricultural watershed were significantly higher than in
forested watershed in northern New Brunswick (Chow et al., 2011). It has been reported

that nitrate concentration in surface water and wells has been elevated for more than



three decades in Nova Scotia and it is believed to be closely related to the NPS source
pollution caused by intensive agricultural activities in this region (Rivard et al., 2008).
1.2 Beneficial Management Practices (BMPs)

To reverse the trend of water pollution, many practices have been adopted to
mitigate the impacts of NPS pollution from agricultural activities on water quality and
water resources. These practices are commonly known as Beneficial Management
Practices (BMPs). The popular agricultural BMPs are listed in Figure 1.2. These BMPs
are often implemented individually or combined depends on the purpose of the
practices. For instance, terraces and grassed waterways have been used to prevent water
erosion from the rolling topography in northern New Brunswick, Canada (Chow et al.,
1999). De Notaris et al. (2018) indicated that the use of cover crops in crop rotation
systems reduced N leaching by 23 kg N ha?, with legume-based cover crops being as
effective as non-legume based crops. Research in lowa suggested that 35-80% and 30-
60% of total phosphorus (TP) and dissolved reactive phosphorus (DRP) can be removed
by grass filter strips with a relatively small width (10-23ft), respectively. While wider
grass filter strips (53ft) can remove as much as 90% and 81% of TP and DRP,
respectively (Dinnes, 2004). In spite of the proved effectiveness of many BMPs in
different studies (Dinnes, 2004; Dunn et al., 2011; De Notaris et al., 2018; Pandey et al.,
2018), the selection of the appropriate BMP(s) for a particular condition is still difficult
because the extent of NPS pollution is subject to the impact of local climatic conditions,
as well as site-specific conditions such as soils, topography, and land use (Ouyang et al.,
2012; Rankinen et al., 2016). The best-case scenario is that the selected BMPs are

environmentally efficient while being economically feasible. Despite the widespread



application of BMPs, questions remain about the efficiency of BMPs. Selection of
BMPs should take into consideration both its economic and environmental impact. For
instance, how will the implementation of certain BMPs affect crop production? What is
the implementation and maintenance cost? How effective are these BMPs in
reducing/controlling soil erosion and water pollution? The environmental and economic
effects of these BMPs have been evaluated at a field scale and at a watershed scale in
some cases (Chow et al., 1999; Ullrich and Volk, 2009; Yang et al., 2009; Ochuodho et
al., 2013). However, their integrated effectiveness under changing climate conditions at
the watershed scale remain largely unknown. Lack of knowledge about the effects was

identified as one of the barriers for BMPs implementation (Zebarth and Rosen, 2007).



[ Agricultural BMPs ]

//\

Crop production

Animal production Management

/_/R

Inorganic Cropping I Feeding I Animal Runoff/ [ Soil/Residue ] [ Manure ]
fertilizer/chemicals systems management Drainage
J .

/ ,.I\l_.t_.._t./_.;.. ._d. -”;-; P - ", ___________ N P - ’/ ........... - \{ ___________ .. ‘,‘_ .............
' utrient/pesticide/herb | ! ; I . 5 . : ) . L )
; icide formulations g Crop rotation i Feeding i : Grazing :: Drainage tile ! Cover crop i Dairy manure
| (nitrification/inhibitors | i ;! ¥ ¥ E i covers
' | , coatings, etc) 't Cover crops i'| lonophores/ "l Growth 1| Constructed t | Biofuel ; ! ——
! ! ; .: Organic acids | '] promoters 11| Wetlands : ; : Nitrification/
! 1. - ol e . h - .| Urease inhibitors
i | Application techniques | ;!| Tillage :5 !: :: : : i | Terracing L
1 | (fertilizer, herbicide, ! ;!| Forage to 1:| Dairy feed .| Bioretention ; b
1 | pesticide, fungicide, i 1 grain ratio 1:| management |::| systems ' 1| Manure
: ztc.) g ;1| Contour N g i g " i | Grass 'l application
; ;1| cropping :. ;: :: — ! | waterways |1
i T > '] Nutrient 1;| Grazing ¥ Riparian ' h
1 | Rate and timing ! '| manipulation |1; . | buffer i Veaetated H![ Manure litter
.. ’ ! 1 _ P S S A - ! treatment

S i e it ———— - S i —— - Fenc|ng . ! filters I

\ 'I \ 1 ~

Figure 1. 2 List of agricultural BMPs to mitigate NPS pollution (adapted from Asgedom and Kebreab (2011); (Liu et al., 2017)).

The highlighted BMPs are to be evaluated in this study.
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1.3 Impacts of Land Use Change on Water Quality and Quantity

The change of land use is mainly driven by the increasing population and its
corresponding food demand (Ramesh et al., 2017). Land use change, such as the
increase in crop lands, urbanization, deforestation, and forest degradation has been
documented to be a major factor in affecting water quality and quantity (Kalnay and
Cai, 2003; El-Khoury et al., 2015). Filoso et al. (2017) reviewed 666 studies about the
impact of forest cover on water yield and concluded that the change of forest land to
other land use types would lead to the increase of water yield and the decrease of soil
infiltration capacity in most cases. Agricultural land use is generally considered to be the
major contributor of NPS pollution due to the disturbance of topsoil and large input of
fertilizer pesticides. Vuorenmaa et al. (2002) estimated that average phosphorus and
nitrogen load from agricultural land was 12 times and 6 times higher than forest land in
Finland. Kaushal et al. (2008) pointed out that N load is positively correlated with
agricultural area when under similar conditions. To achieve nitrate load reductions, it is
essential to accurately quantify N flux under different land uses and identify the critical
source areas of the exported N from watersheds. This information will enable land
managers to target high risk land uses and can also contribute to the development of
environmental protection policies (Bouraoui and Grizzetti, 2008; Wagena and Easton,
2018).
1.4 Approaches to Evaluating BMPs Effectiveness and Land Use Impacts

An improved understanding of the effectiveness of BMPs and the impacts of land
use change on water quality and quantity is crucial for developing effective watershed

management strategies (Panagopoulos et al., 2011). Numerous studies have been



conducted to evaluate the effectiveness of individual or combined BMPs in terms of
economic impacts or environmental impacts. For example, the Canada-wide project
Watershed Evaluation of Beneficial Management Practices (WEBS) was initiated in
April 2004 to assess the environmental and economic performance of selected
agricultural BMPs at seven watersheds across Canada (Stuart et al., 2010). The goal of
the project was to inform decision making on future policies and programs. The
evaluation approaches for BMPs effectiveness and land use impacts can be broadly
categorized into experimental approach and modeling approach. An experimental
approach is the most straightforward and it can provide relative accurate results to
reflect local conditions. However, an experimental approach may not be cost effective
and could be limited to a small temporal and spatial scale. Moreover, NPS pollution is
difficult to monitor and control because the pollutants are generated over an extensive
area of land and enter receiving water bodies in a diffused manner (Miller et al., 2017).
The effects of BMPs are often subject to the impact of local conditions such as climate,
topography, and land use, etc. It is difficult to monitor the effectiveness of BMPs under
various scenarios which integrate different local factors. Besides, it is unlikely that
monitoring results can be extrapolated to other ungauged watersheds because
monitoring results only reflect past activities (Cho, 2007). Therefore, modeling tools are
needed to evaluate the impact of BMPs on water quality as well as economic benefits.
Modeling tools can be effective in predicting the effects of BMPs, land use/cover
change, and climate change on NPS pollution (particularly at the watershed scale) and
inform policy making and water quality restoration. Numerous hydrologic modeling

tools have been developed to simulate human activities, land use change, and climate



change impact on water resources and water quality. Hydrologic models take the
approach of incorporating the underlying biogeochemical processes , e.g., plant growth,
leaching, nitrification, denitrification, surface runoff, etc., using mathematical equations
to represent the movement of water and chemicals on a large scale (Brilli et al., 2017).
Watershed models are utilized to quantify the impacts of watershed management
strategies, linking human activities within the watershed to water quantity and quality of
the receiving stream or lake (Mankin et al., 1999) for environmental and water resources
protection (Singh and Woolhiser, 2002). Fu et al. (2019) reviewed the popular water
quality and soil erosion models and discovered that the Soil and Water Assessment Tool
(SWAT) was the dominant model applied around the world. SWAT incorporated
critical watershed input information such as land use, climate, soil properties, and
topography data to simulate the hydrologic, chemical, or sediment cycle. SWAT has
been broadly applied the solve a wide range of water resource issues.

SWAT has been broadly employed to assess the environmental impacts from
agricultural production in Canada. Amon-Armah et al. (2013) applied SWAT to
evaluate the effects of crop and rotation sequence, tillage practices, and N fertilizer
application rate on crop yield, as well as the environmental impacts of these BMPs on
the associated groundwater quality in the Thomas Brook Watershed located in the
Annapolis Valley, NS. The modeling results suggested that reducing the N fertilizer
input by 10-25% can significantly reduce nitrate leaching amount while maintaining
viable production for grain crops. SWAT has been successfully applied in the Black
Brook Watershed (NB) to evaluate the impacts of land use and BMPs on the water

quality of associated water bodies (Yang et al., 2009; Li et al., 2014). SWAT has also



been modified to better address the rain-on-snow events in Atlantic Canada climates (Qi
etal., 2017). SWAT has a detailed representation of nutrient cycles. While SWAT
model is one of the most comprehensive hydrological models in simulating N cycling, it
has been point out that one of the limitations of SWAT model is inability to accurately
account for N in groundwater (Canon et al., 2003). SWAT simulated the overall nitrate
loads well while the model overpredicted the nitrate transport via groundwater (Hoang
et al. 2014). In SWAT, soil moisture plays a central role in the simulation of several
hydrological processes such as evapotranspiration, groundwater recharge, runoff, and
lateral flow generation (Chen et al., 2011). SWAT has been applied in many studies for
simulating soil moisture at watershed scale. Rajib et al. (2016) reported that root zone
soil moisture may play an important role in model calibration after evaluating the
spatially distributed surface and root zone soil moisture using SWAT. A spatial-
temporal variation study of soil moisture and other water balance component revealed
soil moisture has a non-linear relationship with precipitation and evapotranspiration (Li
et al. 2016).
1.5 Research Objectives and Significances

The primary goal of the research presented in this thesis is to improve the
understanding of the impacts of BMPs from economic and environmental perspectives
and the impacts of land use change on water quality and quantity in agricultural
watersheds in Atlantic Canada. As widely adopted BMPs, crop rotation and soil and
water conservation terrace have been applied to mitigate negative impacts of agricultural
production, especially potato production on the environment in Atlantic Canada.

However, there is a lack of knowledge of the potential environmental impacts of


https://www.sciencedirect.com/science/article/pii/S0378377417302585#bib0180
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/rhizosphere

existing rotation systems compared with emerging rotation systems, and how these
rotation systems as well as the soil and water conservation terrace affect potato yield. In
addition to the application of BMPs, successful environment protection strategies would
also rely on critical information such as high-risk land use types, spatial and temporal
distribution of nitrate load, and the key factors that controlling nitrate load. To address
these research questions, the specific objectives of this thesis are (1) investigate nitrogen
dynamics and leaching potential under conventional (potato-barley-red clover (PBC))
and alternative (potato-soybean-barley (PSB)) potato rotations in Prince Edward Island
(PEI) through a 4-year rotation experiment; (2) evaluate the effects of terrace on potato
yield under different climate conditions using the SWAT model in New Brunswick; (3)
explore the impacts of land use on water yield and nitrate loading to surface water in a
typical agricultural watershed in PEI using SWAT; and (4) examine the performance of
statistical models compared to process-based model SWAT in estimating nitrate load by
using sparsely measured nitrate data.

Research objectives (1) and (2) are about the understanding of BMP effectiveness
from field to watershed scale in the perspectives of environmental impact and economic
impact in Atlantic Canada. Research question (3) is about quantifying water yield and
nitrate loads under different land use types, identified the dominant factors in affecting
nitrate load and water yield, the critical source areas of nitrate load, and the key
hydrological processes in driven nitrate load and water yield in growing and non-
growing seasons. Research question (4) addresses the need to properly watershed-

generated nitrate loads in view of limited data availabilities.
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1.6 Thesis Overview

Chapter 1 provides an overview of the environmental issues caused by food
production around the world, Atlantic Canada, and reviews the management tools to
mitigate these impacts and the tools to evaluate these management tools, the research
objectives are also defined.

Chapter 2 examines the N efficiency and leaching risk of a conventional potato
rotation (potato-barley-red clover) and an alternative rotation (potato-soybean-barley)
through a four-year experiment on Prince Edward Island.

Chapter 3 investigates the impact of terracing on potato yields in a potato
dominated watershed in northern New Brunswick, Canada by using the hydrological
model Soil and Water Assessment Tool (SWAT).

Chapter 4 evaluates the impacts of land use on water yield and nitrate loading to
surface water using SWAT (Soil and Water Assessment Tool), and assesses the source
contribution of water yield and nitrate load in a typical agricultural watershed in Prince
Edward Island, Canada.

Chapter 5 explores the performance of statistical models compared to the process-
based SWAT model in estimating nitrate load by using sparsely measured nitrate data
for an agricultural watershed on Prince Edward Island, Canada.

Chapter 6 summarizes key conclusions and provides recommendations for future

research.
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Chapter 2: Nitrogen Dynamics and Leaching Potential Under Conventional and
Alternative Potato Rotations in Prince Edward Island, Canada

Abstract

Elevated nitrate levels in surface and ground waters on Prince Edward Island (PEI),
Canada are of concern for both drinking water quality and aquatic habitat protection.
These elevated nitrate levels have been closely linked to excessive nitrogen (N) leaching
from land under intensive potato production. An improved understanding of the effects
of conventional and alternative potato rotation systems and associated rotation crops on
N leaching and potato tuber yield is needed to inform if the alternative rotation can
impose less impact on water quality while maintaining the economic viability. We
contrasted two field based, 3-year potato-based rotations: a potato-barley-red clover
(PBC) rotation, and a potato-soybean-barley (PSB) rotation, from 2014 to 2017. Crop
tissue N accumulation, soil mineral N and N concentrations in soil leachate were
measured during the experimental period for assessing N dynamics and potential N
leaching loss from the two systems. On a rotation basis, soil mineral N and N
concentrations in leachate under the PBC rotation were significantly higher when
compared with the PSB rotation after the planting of red clover. The overall N
utilization efficiency of the PSB rotation was 1.6 times to that of the PBC rotation. Due
to the high N surplus during the red clover and potato phase, total N surplus of the PBC
rotation across the 3 years was significantly higher than that of the PSB rotation. A
strong positive correlation was found between nitrogen surplus and average seasonal
leachate nitrate concentration. On rotation crop level, potato and red clover phases

produced most of the potential N leaching loss during the rotation cycles. The red clover
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phase accumulated the largest amount of N and produced the largest amount of N loss
when compared with other rotation crops. Nitrogen leaching occurred primarily in the
non-growing season and with different rotation crops that demonstrated different
leaching patterns. In the potato phase, N leaching occurred primarily between October
and late December. Nitrogen leaching sourced from the red clover spanned a long-
lasting process: the high mineralization rate and extended mineralization period of the
residue led to carry-over of N leaching into the subsequent growing season. In addition,
potato yield following the PSB rotation was 13.4% higher than the PBC rotation in
2017. These data suggested that the alternative PSB rotation could increase potato yields

while reducing N leaching when compared to the conventional PBC rotation.

Keywords: Crop rotation; N dynamic; N leaching; Potato; Red Clover.
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2.1 Introduction

Nitrogen (N) is one of the most limiting elements in crop production. Global crop
production has increased dramatically over the past few decades as a result of greater
inputs of N fertilizer (Tilman et al., 2001; Tilman et al., 2002; Lu and Tian, 2017).
According to Lu and Tian (2017), global N fertilizer consumption increased almost ten
fold since 1961, from 11.3 Tg N yrtin 1961 to 107.6 Tg N yr! in 2013. However, due
to the low utilization efficiency of N fertilizer, a significant amount of applied N is lost
to the environment mainly through leaching and runoff, which has caused environment
concerns in intensive crop production areas worldwide (Prunty and Greenland, 1997;
Peralta and Stockle, 2002; Torstensson et al., 2006; Zebarth et al., 2009; Jiang et al.,
2011; De Notaris et al., 2018). This problem is especially severe in cold and humid
regions, where substantial amounts of drainage water and associated nitrate infiltrate
through soil during the non-growing season (NGS) when the evapotranspiration is low
and crop uptake N diminishes (Morecroft et al., 2000; Bergstrém and Kirchmann,
2004).

Prince Edward Island (PEI) is the smallest province of Canada with the highest
potato production in the country (Statistics Canada, 2018). The well drained sandy
loams with moderately high silt content in PEI are particularly suitable for potato
production, but also make it vulnerable to surface erosion and nutrient leaching (Eastern
Canada Soil and Water Conservation Centre, 1993). Intensive potato production on PEI
has been closely linked to the contamination of groundwater and eutrophication of
receiving streams, rivers and estuaries due to excessive nitrate leaching (Milburn et al.,

1997; Benson et al., 2007; Jiang and Somers, 2009; Jiang et al., 2011; Jiang et al., 2012;

22



Bugden et al., 2014; Zebarth et al., 2015). The high level of nitrate in drinking water
poses a serious threat to the health of residents on the island since groundwater is the
only source of drinking water in PEI. The loading of nitrate to receiving waters
contributes to the anoxic events and degrades the ecological functioning of the
associated water bodies. There has been a growing interest in searching and adopting
sustainable methods for potato production.

Crop rotation has been widely adopted as a Beneficial Management Practice (BMP)
in controlling the negative impact of potato production on the environment and
maintaining soil productivity over the last few decades. Crop rotation was believed to
have multiple effects on the environment including maintaining and improving surface
water quality by reducing run-off and soil erosion, groundwater quality by reducing
nutrient leaching, and soil quality and preserve soil productivity by affecting soil
microbial communities (Government of Prince Edward Island, 2002; Larkin and
Honeycutt, 2006). A common strategy for reducing nitrate leaching from crop rotation
systems is to balance N supply and crop requirement in time and space (Torstensson et
al., 2006; Zebarth and Rosen, 2007). One way to implement this strategy is to include
green manures in crop rotation systems to take up N during non-growing season (NGS)
and release the N in growing season (GS) (Bergstrom and Kirchmann, 2004). The
mixture of non-legumes and legumes in cropping systems can combine the benefits of N
retention and green manure function (Tribouillois et al., 2015). Non-legumes can retain
N and decrease N leaching during the NGS, while legumes can accumulate a substantial
amount of N due to its ability to fix atmospheric N and increase soil N availability for

subsequent crops (Tonitto et al., 2006; Tribouillois et al., 2015). The inclusion of
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legume crops such as clover, soybean or alfalfa in the rotation can reduce fertilizer
requirements and increase subsequent crop yields (Kirkegaard et al., 2008; St. Luce et
al., 2015). Biologically fixed N by legume crops can be released to the soil through
different mechanisms such as root decomposition, mineralization of crop residue as well
as the release of N affluent root exudates (Fustec et al., 2010).However, if the timing of
N release doesn’t match the needs of crop growth, the potential for nitrate leaching
remains high. Masunga et al. (2016) indicated that the high N mineralization potential of
clover residue may pose a risk to the environment if the residue incorporation is not
timed to match crop demand. Jiang et al. (2011) reported that the annual nitrate
concentration in leachate during barley and red clover phases of a potato-barley-red
clover rotation were still relatively high compared to the recommended nitrate
concentration (10 mg L) in drinking water by Health Canada. A long-term crop
rotation experiment in Denmark demonstrated that potato was one of the crops
exhibiting the highest N leaching, while a rotation system with green manure
incorporation showed the highest risk of N leaching (De Notaris et al., 2018). These
mixed results suggest that green manures in crop rotation may not always be
environmentally beneficial. Therefore, comprehensive (weather and soil-specific)
studies are still required for a better understanding of the effects of different rotation
crops and rotation systems on N leaching.

Potato in rotation with barely and red clover has been a conventional rotation in PEI
for decades. Along with potatoes, barley and soybeans have been the three leading field
crops by area in PEI since 2011 (Statistics Canada, 2017). Soybean rotated with potato

and barley are becoming increasingly popular in PEI as the soybean is a second cash
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crop, which can provide additional economic benefits to growers. However, the
environmental impacts of including soybean in potato rotation, especially the nitrate
leaching in the alternative rotation systems, remain largely unknown. We conducted two
potato-based rotations (potato-barley-red clover and potato-soybean-barley) experiments
with the inclusion of the three most planted field crops and one of the most popular
cover crops in PEI from 2014 to 2017. The principle objective of the experiments was to
investigate the N using efficiency and N leaching risk of a conventional potato rotation
(potato-barley-red clover) and an alternative rotation (potato-soybean-barley). The
specific aims of this study were: 1) to compare the N utilization efficiency of the two
potato rotations and associated crops; 2) to investigate the N dynamics of soil, plant and
leachate over the rotation period; and 3) to assess the potential N leaching risks of the
two rotations.
2.2 Materials and Methods
2.2.1 Site Description

The experiment was conducted between 2014 and 2017 at the Harrington Research
Farm of Agriculture and Agri-Food Canada, 12 km northwest of Charlottetown, PEI,
Canada (46° 21°N, 63° 9’W). Soils were mainly Charlottetown fine sandy loam,
classified as Orthic humo-Ferric Podzols and Gleyed Eluviated Drystic Brunisols in the
Canadian soil classification system (MacDougall et al., 1988). The contents of sand, silt,
and clay was 51%, 38%, and 11% respectively, with a total soil organic carbon content
of 28 g kgL Soil in the top 20 cm of the profile was well-drained with the bulk density
ranging between 1.33 and 1.39 g cm™. The average soil pH was about 6.5. The climate

at the study site was characterized as a humid with a cool to mild temperature regime
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and a growing-season precipitation of 568 mm and mean growing-season air
temperature of 14 °C during the 30-year period from 1984 to 2013 (data from
Environment Canada). During the study period from 2014 to 2017, the growing-season
precipitation ranged from 539 mm in 2016 to 555 mm in 2015, and the growing-season

temperature ranged from 14.4 °C in 2016 to 14.8 °C in 2017 (Figure 2.1).
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Figure 2. 1 Monthly, growing-season (GS*: May 1 to October 31) and annual
precipitation and mean air temperature during the study period at the study
site, Harrington Research Farm, Agriculture and Agri-Food Canada, Prince
Edward Island.

2.2.2 Experiment Design and Field Management

The experiment was consisted of two potato rotation treatments (potato-barley-red
clover and potato-soybean-barley). The experiments were managed with the standard

practices of commercial potato production as described in Atlantic Canada Potato Guide

26



(1993). Both rotation treatments were initiated with potato (Russet Burbank) in 2014,
and followed with barley in 2015, red clover in 2016 for the PBC rotation and soybean
in 2015, and barley in 2016 for the PSB rotation. Potatoes (Russet Burbank) were
planted again in 2017 following each rotation. The experiment follows a completely
randomized design with each treatment replicated six times. Each experimental plot had
a dimension of 14 by14 m. The twelve plots were distributed in 4 rows and 3 columns,
with row spacing of 6 m and a column spacing of 14 m acting as a buffer zone. The
standard recommended N fertilizer application rate for potatoes in PEI is 155 kg N ha*
(PEI Analytical Laboratories, Department of Agriculture and Fisheries, PEI). Among
different potato varieties, the recommended N fertilizer rate varies from 130 to 185 kg N
ha. The recommended N fertilizer application rate for barley is 50 kg N ha* (PEI
Analytical Laboratories, Department of Agriculture and Fisheries, PEI). During the
potato phase, both treatments received fertilizer by banding with N rate of 170 kg N ha'*
as 17-17-17 Nitrogen—Phosphorus—Potassium (NPK) (1000 kg ha*) compound fertilizer
at planting. Barley crop under the PBC rotation in 2015 and the PSB rotation in 2016
received a N rate of 51 kg N hat as 17-17-17 NPK. No fertilizer was applied to soybean
for the PSB rotation in 2015 and red clover for the PBC rotation in 2016. Following
common practices in PEI, potato vine, barley straw and soybean shoot were left in the
field after harvesting. Red clover was cut with residue left in field in June, July and
September 2016 to prevent clover from flowering and producing seeds. The red clover

field was plowed (moldboard) in October and clover residue was incorporated into soil.
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2.2.3 Soil Sampling and Analysis

Soil samples from each experimental plot were collected during the experiment
period. Samples were collected from layers of 0-15, 15-30, and 30-45 cm prior to
planting in the spring and immediately after the crops were harvested in the fall. Three
soil cores were randomly collected from each plot using a hand held Dutch auger and
were mixed into a pooled sample for each layer and plot. The samples were stored in
freezer at 4 °C before being analyzed (normally within two weeks of collection). Soil
samples were extracted with 2 M KCI, and the NO3™-N and NH4*-N concentrations in
the extract were determined using flow injection analysis system of Lachat QuikChem
8500 (Lachat Instruments, USA). The analytical results were then converted to kg N ha!
using the pre-determined bulk density, dry matter factor and layer depth specific to each
layer.
2.2.4 Soil Water Sampling and Analysis

In the spring of 2014 prior to planting, a stainless steel suction lysimeter (SW-071-
260, Soil Measurement Systems, USA) was installed in each treatment plot to collect
soil water samples in order to measure nitrogen concentrations in leachate. The total
length of the lysimeter is 0.27 m including the porous steel section (0.09 m) on the upper
portion. The storage volume of the collection chamber is 260 ml. The collection
chamber was installed at a depth of 0.7 £ 0.1 m below the soil surface. The chamber is
installed below the compact soil (0.4-0.6 m), where most crop roots cannot penetrate.
The collection chambers were connected to soil surface through two PVC tubes which

allowed the leachate to be collected via vacuum.
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The lysimeter allows soil water seep through its porous membrane to produce a
water sample (refer to as “free drainage water”) in the collection cup without applying
any suction if and when the soil water potential is high enough to overcome the
resistance in the stainless steel porous membrane (normally under a saturated soil
condition). Otherwise (under an unsaturated soil condition) suction has to apply through
the tubing for applying suction/pressure to collect a soil water sample while keeping the
water return tubing closed. In this current study, when the soil became saturated during
the fall-winter-spring leaching seasons, the lysimeters were sampled weekly for free
drainage water from the sampling tubing while applying a positive pressure on the
tubing for applying suction/pressure using an air bicycle pump. During each sampling
run, if free drainage water was not available, and the soil was relatively wet (16-20%
volumetric moisture) and/or the soil was not frozen, suction (200-340 mbar or 5-8 PSI)
was continuously applied using a peristaltic pump (Geotech, USA) while keeping the
sampling tubing closed for about 5-10 minutes to collect a suction-driven sample (the
sample bypassed the collection cup, discharging through the pump tubing into the
collection bottle). In addition, leaching sampling checks were performed after heavy
rainfall events (including the summer seasons). Upon sample collection, the left-over
water was completely pumped out from the collection cup to create an empty chamber
for storing upcoming sample. The samples were stored at <4 °C until analysis. The
leachate samples were first tested for nitrate concentration using a Submersible
Ultraviolet Nitrate Analyzer (SUNA) (Sea-Bird Scientific, USA) within one week of
collection. The left-over samples were stored at <4 °C. For quality control purposes,

most of the left-over soil water samples were reanalyzed within a month of collection on
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a Lachat QuikChem 8500 flow injection analysis system (Lachat Instruments, USA)
using a colorimetric technique for nitrate and ammonium with a detection limit of 0.025
mg N L2,
2.2.5 Plant Sampling and Analysis

Plant samples were taken for yield determination and tissue N accumulation
analysis every year prior to potato topkill (i.e., vine desiccation) and barley and soybean
harvest except for red clover, which was sampled using 0.5 m? subplots for biomass
determination and N accumulation analysis prior to each cut. Four potato plants (side by
side in representative row) were taken from each plot prior to topkill. Potato plants were
partitioned into vines, tuber, and roots, and each of these individual parts were analyzed
for N accumulation. Potato tubers were cleaned and weighted, the weighted results were
converted to t ha! for potato yield by using a density factor. A subplot sample of 6 m
x1.25 m was taken from each plot for barley and soybean in 2015. Barley and soybean
samples were partitioned into grain and straw/shoot before they were oven-dried (60 °C
for 48 hours). Dry grains were weighted for yield determination. Oven-dried plant tissue
samples for all crops were then finely milled for total N analysis using an element
analyzer (Vario Max, Elementar Analyszer, Germany). Tissue N accumulation was
calculated by using the dry mass of tissue multiplied by the N content of the tissue.
Total crop N accumulation was calculated as the sum of N accumulation of different
tissue parts. Because only aboveground samples were taken for barley, red clover and
soybean, the belowground N accumulation was calculated by using reported
aboveground vs belowground N ratio (AG/BG) for barley, red clover and soybean. An

aboveground/belowground N ratio of 3.0 was used to calculate belowground N
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accumulation by red clover based on reported values (Hakala and Jauhiainen, 2007).
Since we had three cuttings of red clover in this study, the belowground N accumulation
was calculated for the first cutting only. Salvagiotti et al. (2008) summarized 637
soybean data sets published from 1966 to 2006 and found that an average 24% of total
plant N was contributed by belowground N accumulation. Nitrogen accumulation in
roots accounting for 21-28% of the total plant N uptake by barley in non-fertilized and
fertilized treatments (Hansson et al., 1987).
2.2.6 Nitrogen Surplus Analysis

The N surplus has been used as an indicator of potential N loss to the environment
in many studies (Huang et al., 2017; De Notaris et al., 2018; Pandey et al., 2018). The N
surplus was calculated as the difference between N input to the field and N output of the
field for a given period (Dalgaard et al., 2012). The N input including mineral fertilizer
or manure input, N fixation by legumes, N contained in seeds and N from atmospheric
deposition. The N output is the N removed through harvested tuber or grain. The N
surplus (kg N ha) was calculated for each of the four rotation crops separately. Red
clover and soybean are leguminous and have a strong capacity for biological N fixation
(BNF). Nitrogen fixation fraction by red clover and soybean in this study were
calculated based on empirical values from the same region or from regions with similar
climate conditions (Schipanski et al., 2010; Jiang et al., 2011; Li et al., 2015). For
example, N derived from BNF was estimated to be 55% of the total accumulated N by
red clover using the N labeling method (Li et al., 2015). In this study, 53% and 60% of
the accumulated N were estimated to be derived from BNF by red clover and soybean,

respectively. The N deposition through precipitation was set to be 6 kg N ha. Zhang et
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al. (2018) reported that the total N deposition through precipitation was 4.7-6.5 kg N ha
! between 1990 and 2010 in northeastern United States, which is close to the study
region.

2.2.7 Statistical Analysis

Samples from the first row of the experiment plot were not used in the calculation
due to ambient disturbance. Therefore, with 4 replicates were used for the PBC rotation
and 5 replicates were used for PSB rotation. A N utilization efficiency (Nu) parameter
was calculated by multiplying the N uptake efficiency (Nupt) and crop N harvest index
(NH1). The Nupt was calculated as total crop N accumulation divided by crop N supply
(fertilizer or BNF), while the Nn; was calculated as the N accumulated in the harvestable
portion divided by the total crop N accumulation (Zebarth et al., 2004a).

Statistical analysis of the data was performed by using R 3.2.3 for the analysis of
variance (ANOVA). To compare the difference between the two rotations, an ANOVA
test was conducted each year separately to explore the variation in crop biomass, crop N
uptake, soil residue mineral N concentration and carried-over soil mineral N content. A
two-way ANOVA model was used to test the change in soil water nitrate concentration
over time and the difference between the two rotations. The significance level was set at
<5% probability.

2.3 Results
2.3.1 Biomass Production and N Uptake

Biomass production of different rotation crops from year 2014 to 2017 are shown in

Table 2.1. Average dry biomass production of potato in 2014 was 12.6 t ha™* for the

PBC rotation and 12.1 t ha™* for the PSB rotation. Potato tuber yields (fresh weight,
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2014) were 42.8 t ha! and 41.3 t ha* for the PBC rotation and PSB rotation, no
significant difference was detected between the two rotations. In 2017, average biomass
production was 12.2 t ha following PBC rotation, which was lower than the production
in 2014, and lower than14.4 t ha* following the PSB rotation. Average tuber yield in
2017 was 43.4 t ha™* after PBC rotation, which was slightly higher than the tuber
production of 42.8 t ha in 2014, while significantly lower than the production (49.2 t
ha!) following the PSB rotation (p < 0.05).

The aboveground dry biomass yield of barley was estimated to be 6.8 t hat, with
the dry grain yield of 3.8 t ha! in 2015. Biomass and grain production of barley in 2016
under the PSB rotation were 2.0 t ha! and 1.5 t ha®, respectively, these numbers were
substantially lower than PBC rotation in 2015. The aboveground dry biomass yield of
soybean was 4.8 t ha®, with the dry grain yield of 2.3 t ha! in 2015. The red clover was
cut three times during the red clover phase to prevent flowering and producing seeds
(which simulated the standard practices in commercial fields). The biomass of the three
cuts were 5.5, 1.5, and 3.9 t/ha, respectively. Total aboveground dry biomass produced
by red clover in 2016 was 10.9 t ha™.

In 2014, the total N uptake by potato was 202.3 kg N ha* and 206.3 kg N ha* under
the PBC and PSB rotation, respectively, again suggesting the field had a uniform
fertility before the planting season in 2015. The N accumulation by barley from the PBC
rotation in 2015 was 87.5 kg N ha!, which was significantly lower than the N
accumulation by the soybean plants from the PSB rotation during the same period (p <
0.05). Even though the biomass yield was low, the soybean plants accumulated a

significant amount of N as a result of the high N content of the grains, with 148.3 kg N
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ha! in the grains out of the total of 224.1 kg N ha™. In 2016, the aboveground N
accumulation by red clover for each cut was 132.4 kg N ha, 44.6 kg N ha*, and 90.3
kg N hat, respectively. The total N accumulation by red clover was the highest among
all the rotation crops as a result of the high biomass and high nitrogen content in clover
tissue. The N accumulated by barley under the PSB rotation was only 31.4 kg ha,
which was significantly lower than that of red clover. On a rotation basis, the total plant
N accumulation and N harvesting rate was 601.2 kg N ha™* and 25.3% for the PBC
rotation from 2014 to 2016. Total plant N accumulation of the PSB rotation was 461.8
kg N ha, which was 23.2% lower than that of the PBC rotation. However, the total N
harvest index (59.2%) was substantially higher than the PBC rotation. The N
accumulation by the potato crop in 2-17 was 186.1 t ha® and 214.9 t ha under the PBC

and PSB rotation, which were not statistically different.

34



Table 2.1

The average crop biomass production (dry mass), tissue N content, and N

accumulation under the potato-barley-clover (PBC) and potato-soybean-barley (PSB)

rotation from 2014 to 2017. Numbers in parenthesis are standard errors.

Rotation  Year Crop Tissue g'ﬁ?f)\ss ?I%gontent ?II(; ,F\)ltilzi)
2014  Potato Tuber 9.4 (0.3) 1.1(0.7)  100.9(25.3)
Vine 2.9(0.7) 3.3(0.1) 96.6(13.1)
Root 0.3 (0) 1.8(0.1) 4.8(0.5)
Total 12.6 (0.7) 202.3 (30.7)
2015  Barley Grain 3.8(0.3) 1.4 (0) 51.0 (4.0)
Straw 3.1 (0.8) 0.6 (0.1) 19.6 (5.6)
Root 16.9
Total 6.8 (0.9) * 87.5(6.5) *
PBC 2016  Clover Vine-June 5.5 (0.9) 2.4(0.2) 132.4(16.2)
Vine-July 1.5(0.1) 3.1(0.3) 44.6(6.3)
Vine-Sept. 3.9 (0.7) 2.3(0.1) 90.3(16.6)
Root 44.1
Total 10.9 (0.3) @ 311.4*
2017  Potato Tuber 10.0(0.6)* 1.4(0.2) 137.0(25.5)
Vine 1.9 (0) 1.3(0.2) 45.7(3.4)
Root 0.3(0.1) 2.4 (0.4) 3.4(0.0)
Total 12.2(0.5) * 186.1 (20.4)
2014  Potato Tuber 89(0.2)* 12(0.2) 103.3(12.7)
Vine 2.9 (1.0) 34(0.1) 975(6.8)
Root 0.3(0.1) 1.7(0.2) 5412
Total 12.1(1.0) 206.3 (23.3)
2015 Soybean Grain 2.3(0.2) 6.4 (0.1) 148.3(16.8)
Shoot 1.8 (0.2) 1.8(0.1) 32.4(2.3)
Root 43.4
Total 4.1(0.5)* 224.1 (18.6) *
PSB 2016  Barley Grain 1.5(0.4) 1.4(0.1) 21.8(5.6)
Straw 0.7 (0.3) 05(.0) 35(.5)
Root 6.1
Total 2.2 (0.6)2 31.4 (7.0) *
2017  Potato Tuber 11.6(1.4)* 14(0.1) 158.9(22.7)
Vine 2.5(0.5) 1.3(0.3) 51.3(17.7)
Root 0.3(0.1) 20(0.3) 4.6(2.3)
Total  14.4(0.7) * 214.9 (3.0)

a: aboveground biomass;
*: Indicate significant difference in biomass or N uptake at significance level of 0.05.
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2.3.2  Soil Mineral N Content

The variation of soil mineral N content (Nmin) in different layers of the upper 45 cm
of soil profile are shown in Figure 2.2. Soil mineral N content under the PBC and PSB
rotations in 2014 and the spring of 2015 were not significantly different before the
planting and after the harvest of potato in 2014 (p > 0.05), indicating the relatively
uniform initial field conditions, which was not surprising as the experimental fields had
been managed previously in a similar way. At the beginning of the rotation experiment
in the spring of 2014, Nmin was determined to be 14.3 kg N ha® in the PBC rotation plots
and 14.6 kg N hal in the PSB rotation plots, again indicating the uniform field fertility.
After the harvesting of potato in 2014, the Nmin in all the three soil layers increased
significantly (p < 0.001), and the total content in the upper 45 cm increased to 109.8 kg
N ha in the PBC rotation and 110.3 kg N ha* in the PSB rotation. A significant
reduction of Nmin was observed during the NGS between 2014 and 2015. Total Nmin in
the upper 45 cm of soil profile decreased by 67.5% to 35.7 kg N ha* for the PBC
rotation and by 68.2% to 35.1 kg N ha* for the PSB rotation in the spring of 2015. Even
though N fertilizer was applied to barley plots in 2015, Nmin in barley plots only
increased slightly to 36.9 kg N ha* in the fall for the PBC rotation, while Nmin decreased
slightly to 33.2 kg N ha! in soybean plots under the PSB rotation, but no significant
difference was detected between the two rotations (p > 0.05). The decreasing rate of
Nmin during the NGS between 2015 and 2016 was much smaller compared to the
previous NGS. The Nmin in barley plots decreased by 18% to 30.1 kg N ha't, while in
soybean plots the content decreased to 25.9 kg N ha in the spring of 2016. The

difference in Nmin began to increase after the planting of red clover for the PBC rotation
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and barley for the PSB rotation. In the fall of 2016, Nmin in red clover plots was
significantly higher than barley plots (p < 0.05), with the total Nmin Of red clover plots
increased to 43.2 kg N hal, while the Nmin in barley plots was further decreased to 14.4
kg N ha™. In the NGS between 2016 and 2017, the Nmin in clover plots and barley plots
diverged even more, with Nmin in clover plots reaching 48.9 kg N ha*, while the content
in barley plots further decreased to 11.4 kg N ha* in the spring of 2017. Even though
both rotations were planted with potato and were managed similarly in 2017, the Nmin
under the PBC rotation was significantly higher than that of the PSB rotation (p < 0.01),
especially in the top two layers of the soil profile. The average total Nminwas 116.3 kg N

ha* while that value under the PSB rotation was only 67.5 kg N ha™.
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Figure 2. 2  Soil mineral N content in layers of 0 - 15, 15 - 30, and 30 - 45 cm at planting

and after harvesting from under the potato-barley-red clover (PBC) and

potato-soybean-barley (PSB) rotation. LSD (Least significant difference)

bar is shown when there is significant difference between the two rotations.

2.3.3 Nitrogen Concentration in Leachate

The concentrations of NH4"-N and NO2"-N were very low compared to that of NO3z”

-N. On average, they were about as low as 1% of the NO3™-N concentration and were

negligible. Therefore, we only reported NOs™-N concentrations, and we assume that the

total nitrogen loss was equivalent to nitrate loss since the nitrogen in leachate was

mainly in the form of nitrate-N (NO3™-N). The nitrate concentrations in leachate over the
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experimental period are as shown in Figure 2.3. Nitrate concentration in leachate varied
significantly over time during the rotation period (p < 0.001). The concentration in June
and July of 2014 was around 5 mg L* for both rotations. However, leachate nitrate
concentration started to increase after the harvesting of potato in September, reaching
16.4 mg L and 13.9 mg L in late November and early December for the PBC and
PSB rotations, respectively. The concentration then decreased significantly in
December. Even though the leachate nitrate concentration varied significantly over time
(p < 0.001) from 2014 to 2015 before the 2015 planting season, no significant difference
was detected between the two rotations (p > 0.05) (Table 2.2), which was as expected as
all plots had been managed in the same way by then. The concentration of the two
rotations began to show a difference after the planting of barley and soybean in 2015.
There was a slight increase of leachate nitrate concentration from November to
December in soybean plots, overall, nitrate concentration in leachate from both rotations
showed a declining trend after June 2015. The leachate nitrate concentration decreased
to as low as 0.1 mg Lt in December in the barley plots, while at the same time the
concentration was 4.6 mg L in soybean plots. Nitrate concentration in leachate during
the 2015-2016 NGS was much lower when compared with the previous NGS. Overall,
the concentration under soybean was significantly higher than barley plots from 2015 to
2016 before the 2016 planting season (p < 0.001). Especially during the NGS, all the
measured leachate nitrate concentrations in the PSB plots were higher than the PBC
plots. The planting of red clover and barley in 2016 did not change leachate nitrate
concentration immediately because of the low level of N in soil water at the beginning

of the GS (Fig 2.3). Leachate nitrate concentration was significantly higher in the clover
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plots than in the barley plots from 2016 to 2017 (Table 2.2). At the time when red clover
plots were plowed in October 2016, the measured leachate nitrate concentration was 0.6
mg L. Then the concentration started to rise, reaching13.8 mg L™ in the red clover
plots in late January of 2017. In barley plots, the concentration was relatively steady and
was much lower than the red clover plots during the NGS, with a high level of 3.3 mg L"
Lin early November of 2016. Due to the malfunction of the lysimeters in 2017, only a
few measurements of soil water were taken after the harvesting of potato. As shown in
Figure 2.3, there was a spike of leachate nitrate concentration in late November for both
rotations. On November 29, 2017, leachate nitrate concentration was 15.9 mg L and
5.0 mg L* for the PBC and PSB rotations, respectively. The concentrations were then
increased to 37.7 mg L and 21.6 mg L™ by December 11, respectively.
Table 2. 2 Two-way ANOVA test of the variation of leachate nitrate concentration over
time and between the PBC and PSB rotation in each season; leachate nitrate
concentration data from the period between the planting of the current crop and the

planting of the succeeding crop was compared.

Two-way ANVOA 2014-2015 2015 - 2016 2016 -2 017
p value p value p value
Time <0.001 <0.001 <0.001
Rotation (PBC vs PSB) 0.805 <0.001 <0.001
Time: Rotation 0.937 0.476 <0.001
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2.3.4 Nitrogen Surplus and Utilization Efficiency

The N surplus was calculated for the two rotations in each year from 2014 to 2017.
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difference between the two rotations.

The major inputs of N for the two rotation systems were from fertilizer N input,

biological N fixation by clover and soybean crops (Table 2.3). For both rotations, the N

fertilization rate for potato crop in 2014 were 170 kg N ha*. The N fertilization rate for

barley was 51 kg N ha! in 2015 for the PBC rotation and for the PSB rotation in 2016.

The red clover and soybean did not receive fertilizer input since these two crops were

able to fix a significant amount of N from the atmosphere. The estimated amount of N

fixed by red clover in 2016 was 165 kg N ha, and 134.4 kg N ha* by soybean in 2015.
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The N surplus varied largely among rotation crops, ranging from 0 for soybean to 172
kg N ha! for red clover. Even for the same crop such as barley and potato, N surplus can
be significantly different when they were growing under different rotations. On a
rotation basis, N surplus from the PBC rotation was significantly higher than the PSB
rotation due to the high N surplus from the red clover phase. The total N surplus of the
PBC rotation from 2014 to 2016 was 260.9 kg N ha™*, which was about as much as 2.1
times to that of the PSB rotation (115.6 kg N ha). The surplus of red clover phase was
the highest among all the rotation crops. The surplus contributed by potato and red
clover phase accounted for 30.74% and 65.9% of the total N surplus under the PBC
rotation, while 67.3% of the surplus was contributed by the potato phase for the PSB
rotation.

The 2015 crops barley and soybean had higher Ny over the crops in 2014 and 2016,
with 1.0 for barley and 1.1 for soybean. The Nu of potato crop under both rotations in
2014 had a Ny of 0.6, while the potato under the PSB rotation in 2017 was slightly
higher than the potato under the PBC rotation. Due to the low uptake efficiency by
barley crop in 2016 under the PSB rotation, the Ny was relatively low compared to
barley in 2015. The lowest Nu was under the red clover since the N harvest index of red
clover was zero. On rotation basis, the overall Ny for the PBC and PSB rotation were

0.5 and 0.8, respectively.
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Table 2. 3 Nitrogen balances under the potato-barley-clover (PBC) and potato-soybean-barley (PSB) rotation from 2014 to 2017

Soil mineral N

Rotation Year Crop Fc;arrtélli\fgr Seeds Algg]p?c?s?i?i%rric c(:lr(%pl\lf?]?lf)e (kg N ha') (Egsll\JlrELlf) gz)' Ny
Spring Fall

2014 Potato 170.0 5.1 6.0 202.3 14.3 109.8 80.2 49.9 0.6

2015 Barley 51.07 2.6 6.0 87.5" 35.7 36.9 8.6 58.3 1.0

PBC 2016 Clover 165.0" 1.0" 6.0 311.4" 31.3 43.2" 172.0 0 0.0
2014-2016 386.07 601.2" 260.8" 36.7° 05"

2017 Potato 170.0 186.1 48.9" 116.3" 441 73.6 0.8

2014 Potato 170.0 5.1 6.0 206.3 14.6 110.3 77.8 50.1 0.6

2015 Soybean 134.4" 7.9% 6.0 224.17 35.1 33.2 0.0 66.2 11
PSB 2016 Barley 51.0" 2.6 6.0 31.4" 25.9 14.4* 37.8" 69.4" 04"
2014-2016 355.4" 461.8" 115.6" 63.9° 0.8

2017 Potato 170.0 214.9 11.4" 67.5" 23.1 73.9 0.9

* Indicate significant difference between treatments.



2.4 Discussion
2.4.1 Rotation Effects on Crop Production

Comparable potato yields among rotations and replicates in 2014 indicated that the
effects of blocks was reasonably small. The average yield of rotation crops during the
study period were within the range of the average production in Atlantic Canada except
barley under the PSB rotation in 2016 (1.5 t ha*). The average yield of barley in PEI
from 2006 to 2016 ranged from 2.5 to 3.6 t ha™* (Statistics Canada, 2017).

The lower barley yield and N accumulation in 2016 under PSB rotation could be
attributed to the different preceding crops under the two rotations. Crop rotation was
found to be able to break the associations between host and pathogen for effective
control of soil borne crop disease (Dill-Macky and Jones, 2000). The diverse crops in
crop rotations were suggested to contribute to the decline of pathogen populations
(Krupinsky et al., 2002; Hwang et al., 2009). The high amount of nitrogen carried over
to the 2017 potato season through the decomposition of the red clover residue did not
translate into higher production in PBC rotation (Table 2.1 & Figure 2.3). The possible
reason was that the soil microbial growing under red clover season affected the growth
of the subsequent potato crop. Larkin and Honeycutt (2006) reported that clover or
soybean as preceding could have negative impact on potato production due to the higher
level of Rhizoctonia disease compared to barley, canola, or sweet corn. In addition,
many studies suggested that yields and tuber quality was lowered with the nitrogen
applied through fertilizer or manure exceeded the optimal nitrogen amount (Zebarth et
al., 2004a; Sincik et al., 2008). Even though the barley crop under the PSB rotation in

2016 was less productive than barley under the PBC rotation in 2015, the market price
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of soybean was twice as much as that of barley. Besides, the higher potato yield
achieved under the PSB rotation in 2017 also suggested that PSB was superior to the
PBC rotation in terms of economic benefits.
2.4.2 Nitrogen Dynamics in Soil and Leachate, and Effects of Rotation

The high fertilization rate in the potato phase resulted in high mineral N content in
soil profile after harvesting under both rotations, while the low input of fertilizer
resulted in the Nmin content under other crop phases being lower than 50 kg N ha
(Figure 2.2). A significant reduction of Nmin Was observed during the NGS between
2014 and 2015, 67% and 68% of the mineral N in the upper 45 cm of soil profile for the
PBC and PSB rotation were most likely mainly lost through leaching because nitrogen
loss through other pathways (i.e., denitrification) were very limited in this region due to
the depletions of soil nitrate and soil labile C and the low activity of soil microbial in the
NGS (Dandie et al., 2008; Snowdon et al., 2013; Fuller et al., 2016). The total
denitrification losses from dairy cropping rotation in the GS under a cold humid climate
(Nova Scotia, Canada) was reported to be 1.5 kg N ha (Fuller et al., 2016). The
reduction of soil Nmin during the NGS agreed well with the increasing nitrate
concentrations in soil water during the same period (Figure 2.2 & 2.3). These results
indicate that a large amount of nitrate was lost through leaching during the no crop
period after the potato phase. Previous studies conducted in North America have
reported similar results namely that higher nitrate leaching was observed during the
NGS than the GS (Jiang et al., 2011; Cicek et al., 2015; Jiang et al., 2015; Zebarth et
al., 2015; Woli and Hoogenboom, 2018). An irrigation experiment conducted by Peralta

and Stockle (2002) in Washington state found that no-crop periods had larger nitrate
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leaching under a range of irrigation treatments. Guillard et al. (1995) indicated that the
winter period has the largest potential for N leaching in northern humid climates in the
U.S. Research conducted in PEI by Jiang et al. (2011) demonstrated that nitrate leaching
mainly occurs during the NGS when crop uptake diminishes and mineralization N and
residual fertilizer N coexists with excessive moisture from rainfall and snowmelt
infiltration. Soil Nmin Of the two rotations at planting and harvesting started to diverge
after the 2015 season. Soil Nmin under the PBC rotation was significantly higher than the
PSB rotation after potato season (p < 0.05).

Even though the observed average soil Nmin in the soybean plots was lower than the
barley plots in 2015, leachate nitrate concentrations in the soybean plots were
significantly higher than those in the barley plots for the entire NGS between 2015 and
2016 (Figure 2.3). This suggests that more nitrate leaching occurred during the NGS of
soybean phase than the NGS of barley phase in 2015. Legumes were reported to be less
effective in utilizing soil mineral N compared with non-legumes due to their ability to
fix N (Thorup-Kristensen, 2006; Bergkvist et al., 2011). This partially explains the
observed higher reduction in soil Nmin and higher N concentration in leachate in the
soybean plots than in the barley plots from spring 2015 to spring 2016. On a rotation
basis, an increasing trend of soil Nmin was observed for the PBC rotation from spring
2015 to spring 2017. In contrast, the average soil Nmin Of the PSB rotation decreased
steadily from the spring of 2015 (Figure 2.2). Both soil Nmin and leachate nitrate
concentration increased in the red clover plots after the plowing of the red clover.
Similar trends were also reported by Stopes et al. (2002) and Eriksen et al. (2004),

namely that N concentrations in soil water peaked in fall and winter after plowing of
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clover green manure. The fact that the highest average leachate nitrate concentration
during the NGS after red clover as well as the highest N surplus observed in our study
suggest that a significant amount of N was lost through leaching. Besides, the soil Nmin
in the following spring after the PBC rotation was 48.9 kg N ha, which was
significantly higher than the 11.4 kg N ha* of the PSB rotation. This was mainly
because the N-rich red clover biomass was incorporated into the soil in the fall 2016.
The decomposition of the incorporated red clover during the NGS released the plant N
into soil, resulting in the elevated levels of nitrate in soil and leachate.

Comparing the year-round dynamics of leachate nitrate concentration of different
rotation crops, we found that different rotation crops demonstrated different leaching
patterns (Figure 2.4). Among the four rotation crops, the major contributors of N
leaching were the red clover and potato. Leaching was mainly occurred in NGS under
all crops, but the timing of leaching during different crop phases were different. During
the potato phase, elevated nitrate leaching began in October and peaks between late
November and early December. Both the increasing and decreasing of leachate nitrate
concentration occurred in short periods. Contrast to the short leaching period during the
potato phase, N leaching under red clover phase was a long-lasting process, leachate
nitrate concentration increased from early November, and remained at a relatively high

level even after the planting of the succeeding crop (Figure 2.4).
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Figure 2. 4 Year-round dynamics of leachate nitrate concentrations of different crop
phases under potato-barley-red clover (PBC) and potato-soybean-barley
(PSB) rotation between 2014 and 2016.

2.4.3 Nitrogen Utilization Efficiency

The two rotation systems resulted in distinct differences in N utilization efficiency

and N loss, which were closely associated with the cropping sequences and specific

rotation crops. The N of the different rotation crops varied significantly during the

rotation period between 2014 and 2016, which contributed to the overall difference in

Nu between the two rotations (Table 2.3). Nitrogen accumulation of potato plant was

approximately 200 kg N ha* for both rotations in 2014. About 50% of the N
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accumulation of potato plant was harvested through tuber under both rotations. Zebarth
et al. (2004b) reported that under a fertilization rate 100 kg N ha?, the N accumulation
by Russet Burbank was 194 kg N ha* and the N was 53% in 1999. The N
accumulation of potato plant in our study was similar to the results reported in Zebarth
et al. (2004b). In our study, soybean accumulated a comparable amount of N to potato,
while the Nni (66.2%) was much higher than that of potato because of the high N
content (6.4%) in the grains. The amount of N accumulated by the barley plant was
relatively low when compared with the other rotation crops. However, the N harvest rate
was high due to the low N content in the straw. Red clover accumulated the largest
amount of N among all the rotation crops, but it had the lowest N since it was amended
to the field as green manure.
2.4.4 Nitrogen Surplus and Potential N Leaching

Our study indicated a strong positive relationship between N surplus and the
average leachate nitrate concentration (Figure 2.5). This finding is consistent with the
results reported in previous studies (Huang et al., 2017; De Notaris et al., 2018). De
Notaris et al. (2018) reported that nitrogen leaching increased with the increasing of N
surplus at a rate of 19 and 25% with and without catch crop. This suggests that it is
essential to control N surplus in order to reduce N leaching. Especially in regions with a
cold and humid climate, where nitrogen loss through pathways such as denitrification
are restricted by the low activity of soil microbial while the drainage is high due to the
low evapotranspiration rate and large precipitation amount, the high N surplus is very
likely lead to high leaching risk. High N surplus was mainly found in treatments under

red clover or potato, which is consistent with the results of soil N content and leachate
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nitrate concentration. These results indicated a significant high leaching potential under
the PBC rotation compared to the PSB rotation due to the inclusion of both potato and
red clover in the PBC rotation. Because of the high N-fixing capacity and the high N
accumulation in red clover tissues, fields cultivated with red clover are susceptible to a
high risk of N leaching upon the red clover plow-down. Masunga et al. (2016) indicated
that the net N mineralization in clover-amended soils was more than five times higher
than that in soils amended with compost or manure. The amendment of clover therefore
poses a high risk to the environment if the timing of the N release from the plowed-
down clover does not match the nutrient needs by the succeeding crops. Under these
circumstances, N leaching increased in the spring when soil thaws and the N retained in
red clover tissues is quickly mineralized and released (Figure 2.4). The primary reasons
of including red clover in the rotation system were to serve as green manure, break pest
cycles and improve soil conditions. However, our results showed that a significant
amount of the N surplus from the red clover was leached out of the soil profile during
the non-growing season, contributing to the contamination of receiving waters. This
suggests that the current field management practices and fertilizer application strategies
need to be optimized to minimize nitrate leaching from potato production systems in
PEI. There is a potential to reduce N leaching loss if the amount of N fertilizer applied
to the potato phase following clover phase under the PBC rotation was reduced by
accounting the high soil mineral N content accumulated by red clover in the PBC
rotation. However, further studies are required to verify whether the N accumulation

could be available at the right time for potato production.
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Masunga et al. (2016) pointed out that the use of organic amendments as a N
nutrient source is much more complicated than the use of mineral fertilizer N. The
compositions of mineral fertilizer are much simpler and the cycling of nutrients is in a
predictable manner, while the N dynamics of organic amendments are more complex
and can be affected by various factors including climate (e.g. temperature,
precipitation.), time, management practices, and soil conditions (such as moisture,
texture, microbial community). The uncertainties associated with N supplies from soil
organic matter including the ploughed-down red clover impose a great challenge for
potato N management in this cold and humid climate region. From an economic
perspective, the growers would be reluctant to reduce N input as the uncertainties
associated with soil N supplies can impose a risk of compromising crop yield and
quality. In addition, most of the studies about the impacts of cover crops on nitrogen
leaching, including our study are short term that last only 2-3 years (Abdalla et al.,
2019), potentially due to the limit of existing research funding mechanism. Our study
provided insights of the N dynamics in the conventional PBC and the alternative PSB
rotation systems. However, how well they will be suited to the broader soil and climate
conditions is unknown. Therefore, long-term and comprehensive studies that
incorporates different management practices and different rotation/cover crops are also
required to more accurately identify the key factors/processes that affect the agronomy

and environmental performance.
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Figure 2. 5 Regression of N surplus against average seasonal (current planting season
to the subsequent planting season) leachate nitrate concentration across
treatments and years (2014-2016).

2.5 Conclusions

This study investigated the potential N leaching and N use efficiency from a

conventional (PBC) and an alternate (PSB) potato rotation system by comparing the N

surplus and N dynamics in soil, plant and soil leachate over the four-year period. On a

rotation basis, the overall N utilization efficiency of the PSB rotation was 1.6 times to

that of the PBC rotation. Nitrogen surplus was positively correlated with average

seasonal nitrogen leaching. The significant higher nitrogen surplus under the PBC

rotation indicated a higher leaching potential under the PBC rotation compared to the

PSB rotation. Soil mineral N and leachate nitrate concentrations under the PBC rotation

were significantly higher when compared with the PSB rotation after the planting of red
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clover (p < 0.001). Soil mineral N increased steadily between spring 2015 and spring
2017 before the planting of the second potato crop in 2017 in the PBC rotation. In
contrast, soil mineral N showed a decreasing trend during the same period in the PSB
rotation. The potato and red clover phases produced the majority of the N leaching
during the rotation cycles.

Nitrogen leaching occurred primarily in the NGS and different rotation crops
showed different leaching patterns in terms of time and magnitude. Nitrogen leaching
under the potato phase occurred primarily in a short period between October and late
December, while N leaching under the red clover phase experienced a long-lasting
process.

Potato yield following the PSB rotation was significantly higher than the PBC
rotation even though the soil mineral N content following the PBC rotation was
significantly higher than the PBC rotation. The results of this study suggest that the
current management practices of the red clover in the conventional potato rotation
system as green manure poses a higher risk groundwater nitrate contamination as
elevated nitrate leaching was directly associated with the N release from the
mineralization of the plowed-down red clover residue during the NGS. These data
suggested that the alternative PSB rotation could increase potato yields while reducing
N leaching compared to the conventional PBC rotation. The long-term effects of
replacing red clover with soybean on overall soil health need to be assessed.
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Chapter 3: Estimated Potential Impacts of Soil and Water Conservation Terraces
on Potato Yields under Different Climate Conditions

Abstract

Terracing is a commonly used soil and water conservation beneficial management
practice (BMP) designed to reduce soil water erosion in hilly areas. Former studies
indicated that potato yields in terraced fields appeared to be higher than non-terraced
fields, even though the effective cultivation area was smaller due to berm construction in
terraced fields. It was hypothesized that the observed increase of potato yields was due
to increased soil moisture retention caused by terracing. However, testing of this
objective is difficult due to lack of long-term complete records of soil moisture data
together with potato yields information. Our objective was to assess the potato yields of
terraced and non-terraced fields under different climate conditions in the Black Brook
Watershed in northern New Brunswick, Canada. The impact of terracing on soil
moisture was evaluated by using historical soil moisture simulated by the Soil and
Water Assessment Tool (SWAT). Then a stochastic regression model was constructed to
assess the impact of soil moisture on potato yields based on 20 years historical potato
yields and biophysical data inputs. Results showed that terracing could increase potato
yields under Dry and Normal Conditions, while non-terraced fields achieved higher
yields under Wet Conditions. Soil moisture on terraced fields were significantly higher
than non-terraced fields. The mean annual potato yields increased with the Soil Moisture
Index (SMI) to an optimum at -1.1, then significantly decreased as SMI increased to
above -0.8 or decreased to below -1.4. Statistical analysis confirmed that the optimum

SMI for potato productions is around -1.1. In addition, the potato yields within each
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SMI group does not have significant difference for fields with or without terraces. The
SWAT modeling results indicated that terracing can cause significant increase of soil
moisture in potato field. These results indicated that as a soil and water conservation
BMP, terracing can also help to improve potato productivity by improving soil water
availability during the growing seasons of Dry and Normal years. However, these results
also suggested that the excessively high soil moisture trapped by terraces could lead to
potato yields reduction during Wet years. The results of this study could provide critical
information for potato yields prediction and soil and water conservation BMP cost-

benefit analysis under different climate conditions.

Key words: Beneficial Management Practice; Regression Model; Potato Yields;

Terracing; Soil Moisture; Soil and Water Assessment Tool.
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3.2 Introduction

Potatoes (Solanum tuberosum L.) are one of the major cash crops in Atlantic
Canada. Intensive cultivations of potatoes can often cause severe soil erosion in hilly
areas. Soil erosion has long been recognized as a leading cause of soil degradation and
deterioration of water quality (Yang et al., 2009). As a soil and water conservation
beneficial management practice (BMP), terrace and grassed waterway system has been
widely adopted around the world to reduce soil erosion (Chow et al., 1999). With
terrace and grassed waterway system, long and steep fields are divided into smaller ones
by soil berms, which can reduce surface erosion by reducing slope length and the speed
of runoff water on the ground surface. This BMP has been used to protect soil and water
quality in northern New Brunswick since the late 1980s (Daigle, 1983; Chow et al.,
1999; Yang et al., 2009). Based on statistical analysis of historical potato yields data of
northern New Brunswick, Ochuodho et al. (2013) found the average potato yields over
20 years in fields protected by terracing were higher than fields without terracing.
However, a three-year field sample plot experiments did not detect any significant
differences in potato yields in fields with or without terraces in the Black Brook
Watershed (BBW), also located in northern New Brunswick (T.L. Chow, J.L. Daigle,
and J. Damboise, personal communication, 2013). These mixed results suggest that
additional research and analyses are required for quantifying the impact of a specific
BMP on crop yield.

Soil moisture content during the growing season is critically important to crop
growth. For example, soil moisture content has been identified as an important factor

affecting potato yields and quality in a number of studies (Epstein and Grant, 1973; van
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Loon, 1981; Alva et al., 2012). Changes in soil moisture are directly related to the
climate conditions as well as to agricultural practices (Tao et al., 2003). Lack of soil
moisture in the early part of the growing season can negatively affect the number and
the size of potato tubers (Salter and Goode, 1967; van Loon, 1981). Soil moisture
experiments conducted by Fulton (1970) found that insufficient soil moisture results in
potato yields reduction. Three-year experiments conducted in Japan suggested that
potato plants under soil water stress had only 87% of the tuber dry weight compared
with plants with proper irrigation (Kawakami et al., 2006).

Changes in micro topography caused by terracing can contribute to the reduction of
soil erosion by slowing down water flows. Slow surface runoff could lead to longer
infiltration time and increase infiltration. For this reason, terracing can potentially retain
more moisture in the field, which can be available and favorable for crop growth,
especially during dry periods (Baryta and Pierzgalski, 2008; Yang et al., 2009). Based
on this rationale, some researchers speculated that terracing could help to improve
potato yields by increasing soil water supply (Yang et al., 2009; Ochuodho et al., 2013).
However, this hypothesis has not been tested due to lack of historical records of soil
moisture, together with a complete long-term records of field specific yield data and
management records. Measurement of soil moisture can be expensive and time-
consuming due to large variations of soil moisture across landscape. Soil moisture could
be highly variable at different time scales including daily, seasonally and annually.
Short-term measurements may not be sufficient to reach conclusion regarding the

impacts of terracing on potato productivity.
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In recent years, hydrological models are often being used to simulate hydrological
processes, and bridge data gaps and conduct management scenario analysis. One such
model, the Soil and Water Assessment Tool (SWAT) is a process based, semi-
distributed comprehensive hydrological model designed by the U.S. Department of
Agriculture to simulate water and nutrient balance and crop growth in ungauged large
basins. The SWAT model has been used to simulate water balance and estimate nutrient
loss from crop field and nutrient export to aquatic ecosystems in a number of studies
(Abbaspour et al., 2007; Schilling et al., 2008; Yang et al., 2009; Li et al., 2014; Qi et
al., 2016a). The SWAT model was used to simulate soil water in south-western Alberta,
Canada. The simulated soil moisture content were reasonably close to measured values
(Mapfumo et al., 2004). Schilling et al. (2008) indicated that SWAT can predict the
annual and monthly streamflow trends with 19-year data within an acceptable range.
DeL.iberty and Legates (2003) reported that the temporal variability of soil moisture
results simulated by SWAT over a 30 years period was well agree with the observed soil
moisture data.

The objective of this study was to investigate the impact of terracing on potato
yields in northern New Brunswick, Canada. We hypothesized that the observed
increases of potato yields on terraced fields in the BBW was due to increased soil
moisture retention caused by terracing. To achieve this objective, we proposed to use the
20-year potato yields and farm management database combined with a hydrological
model to estimate historical soil moisture and use soil moisture to test the impacts of soil
moisture on potato yields as affected by terracing. We designed three analyses based on

the available data: (1) we classified the climate conditions into Wet, Normal, and Dry
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Conditions based on the precipitation amount during the growing seasons. Potato yields
of fields with terracing were compared with the yield in fields without terracing under
different climate conditions (Wet, Normal, and Dry). If the moisture was the critical
factor affecting yield, then potato yields in fields with terracing should be higher than
non-terraced fields during Dry years and lower during Wet years; (2) Historical soil
moisture across the entire watershed was estimated with the SWAT model. Then the
model estimated soil moisture during the growing season was used to calculate the Soil
Moisture Index (SMI). The impact of terracing and SMI on potato yields was tested by
conducting analysis of variance and; (3) A stochastic production function was used to
analyze the impact of soil moisture with consideration of the impact of farm
management practices. If the moisture was the main factor affecting yields, then the
regression coefficient for SMI should be significantly different from zero.
3.3 Materials and Methods
3.3.1 Study Area

The BBW is one of the very few watersheds in Canada that has been widely studied
since the late 1980s. The BBW located within the potato belt in northern New
Brunswick, Canada (Figure 3.1). The watershed covers an area of 14.5 km?, with
elevations ranging from 150 to 242 m above mean sea level. Slopes at the upper portion
of the watershed are about 1%-6% and 5%-16% in the lower portion of the watershed
(Qi et al., 2017b). As shown in Figure 3.2, the soil associations in the watershed are
Grand Falls, Holmesville, Interval, Muniac, Siegas, and Undine, and organic soil St.
Quentin (Mellerowicz, 1993). About 65% of the land in the watershed is used for

agriculture crop production (Figure 3.3). The BBW is part of the commercial potato belt
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of northwestern New Brunswick with intensive potato production rotated with grain and
forage as its primary farming practice (Chow et al., 1999; Chow et al., 2010). Climate
conditions in the watershed are close to sub-continental characterized with frequent
intensive thunderstorms. The combined effect of intensive crop production on rolling
topography and shallow soil makes the watershed highly susceptible to soil erosion.
Terraces and grassed waterway systems have been constructed to reduce soil erosion

and improve water quality in the watershed since the late 1980s (Chow et al. 1999).
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Figure 3.1 Location of the Black Brook Watershed.
3.3.2 Data Collection
A database with detailed information on land use, crop types, crop yield,

fertilizer/pesticide application, and management practices was established in 1988 and
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has been regularly updated every year in the BBW. Data with complete land use records
from 1992-2011 were selected for this study. The total potato production area ranged
from 140.09 ha in 1992 to 529.44 ha in 1999 with an average of 423.98 ha during the
20-year period. Farm area ranged from 0.36 to 31.5 ha, with a mean area of 5.53 ha.
Over the 20-year study period, 48% of the potato fields were protected by terracing and
the remaining 52% were not protected. Overall, 21 potato varieties were planted in the
watershed, with Russet Burbank accounting for 57.83%, Shepody for 22.52%, and the
remaining 19.65% consisted of other varieties such as Superior, Norkotah, Goldrush,
etc. The average potato yield was 33.73 t ha* and the highest potato yield was 61.5 t ha”
! Climate data were obtained from St. Leonard Environment Canada weather station,
which is located approximately 5 km to the northwest of the watershed (47°09°28”°N,
67°49°55>°W). The lowest and highest cumulative precipitation during the growing
season (April to October) in this region was 540 mm (2001) and 932 mm (2011).

Soil Type
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Figure 3. 2 Soil types in the Black Brook Watershed.
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Figure 3. 3 Land use in the Black Brook Watershed in 2011.
3.3.3 Classification of Climate Conditions

Based on historical accumulated precipitation during the growing season, the
climate conditions of each growing season were categorized into Dry, Normal, and Wet
Conditions by using Standardized Precipitation Index (SPI). The SPI range for Dry,
Normal, and Wet Conditions are: SP1 < -1.0, -1.0 <SPI < 1.0, and SPI > 1.0.
The SPI is a widely used index to characterize meteorological drought. The raw
precipitation data are typically fitted to a gamma or a Pearson Type 11 distribution, and
then transformed to a normal distribution. The SPI values can be interpreted as the
deviations of the observed anomaly deviates from the long-term mean. The SPI can be
used to reflect dry and wet after normalization. In this study, the SPI was calculated

from monthly precipitation. by following the method proposed by McKee et al. (1993).
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3.3.4 SWAT Model
A modified version of SWAT model was chosen to estimate historical soil moisture
content. The SWAT model was improved based on SWAT?2009 and the source could be

found at http://swat.tamu.edu/. The modified SWAT model had a new soil-temperature

module designed for special climate conditions with large quantity of snow
accumulations. The modified SWAT is available at:

https://figshare.com/articles/Modifying SWAT with an Energy Balance Module to

Simulate Snowmelt for Maritime Reqion/4232411. The revision of SWAT soil

temperature module improved model prediction accuracies on a number of hydrological
processes in the Atlantic Region where winter snow accumulation could exceed one
meter (Qi et al., 2016b, a).

In the SWAT model, the watershed is divided into sub-basins, then the sub-basins
are further divide into hydrologic response units (Ullrich and Volk, 2009). A hydrologic
response unit (HRU) is a basic land classification with homogenous soil, slope, land use,
and similar hydrological characteristics (Ullrich and Volk, 2009). In SWAT model, soil
moisture in each HRU is calculated by integrating the relevant eco-hydrological
processes, including precipitation, surface runoff, infiltration, deep percolation, and
evapotranspiration (Arnold, 1998).

SWt = SWt-1 + ¥ (Pi — Ri — Ei — Gi — Qi) (3-1)
where SWt is the soil water content above the permanent wilting point at the end of the
day at time step t, Pi is the daily precipitation at day i, and R, E, G, and Q are the daily
amount of runoff, evapotranspiration, percolation, and lateral subsurface flows,

respectively.
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In the SWAT model, HRUs are assigned based on soil type, slope and land use, and
given HRU can be in different locations within a sub-basin, which can result in one
HRU covering different fields (Di Luzio et al., 2005). In this study, the HRUs were
delineated based on individual fields in order to improve the input accuracy for land use
and management practices (Qi et al. (2017b). Field based HRU classification also made
it possible to track the moisture variations by field with different topographic
formations.

In order to compare the soil moisture conditions between fields with different soil
types, a Soil Moisture Index (SMI) was calculated with similar method by Sridhar et al.

(2008):

(3-2)

SMI = 5 (SM‘WP - 1)

FC-WP

where SMI is the Soil Moisture Index; SM is the soil moisture calculated by
SWAT,; FC is the soil field capacity; and WP is the permanent wilting point.
The theoretical SMI ranges from -5 to 0.

Table 3.1 Field capacity and wilting point for each soil type in the Black Brook

Watershed.
. Field Capacit Wilting Point
Soil Type (mm HzO/r[:]m s)(;il) (mm Hzogmm soil)
Grand Falls 0.131 0.037
Holmesville 0.197 0.101
Interval 0.169 0.036
Muniac 0.229 0.087
Siegas 0.289 0.177
St. Quentin 0.178 0.079
Undine 0.189 0.082

In the SWAT model, FC is calculated as the permanent wilting point (WP) plus

available water holding capacity (AWC). The WP and AWC are calculated as a function
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of bulk density and clay content based on an empirical function (Neitsch et al., 2011).
The calculated results of field capacity and permanent wilting point for each dominant
soil type in the BBW are as shown in Table 3.1.

In order to compare with the observed trend of potato yields under different climate
conditions, SWAT model was also used to predict the annual potato yields during the
20-year period. SWAT model output reports crop yield in dry mass weight on HRU
basis, farm-based crop yield was calculated by using the field based HRU classification
method described above. Since SWAT model predicts crop yield in dry mass weight, we
converted the dry mass yield to wet yield by using an average dry mass percentage data
(= 0.23) of four potato varieties in Atlantic Canada (unpublished experiment data). It is
noticeable that SWAT model was not calibrated with potato yields here as we only used
SWAT to predict the trend of potato yields under different climate conditions instead of
matching the magnitude.

3.3.5 Model Performance

One of the primary goals of this study was to fill the data gap of soil moisture. The
SWAT model is a feasible option to predict historical soil moisture content based on
historical weather data, land use records and topographic information. The SWAT
model used in this study had been extensively calibrated and validated for its
performance in simulating water flow in the BBW in a few studies (Yang et al., 2009; Li
etal., 2014; Qi et al., 2016a). Yang et al. (2009) reported that SWAT performed well in
predicting water yield in the BBW during 1992-2005. SWAT was calibrated for water
yield in the BBW for the period of 2008 to 2010 (Li et al., 2014). The SWAT model

used in this study was evaluated for its performance in simulating water quantity and
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water quality variables in the BBW during 1992-2010. SWAT input including soil,
digital elevation model, land use, climate, and management data of the BBW were used
based on the data described above. SWAT model was calibrated and validated for
baseflow and stream discharge by using monitored data from 1992 to 2001 and then
validated from 2002 to 2011. The calibrated parameters related to water flow processes
are shown in Table 3.2 (Qi et al., 2016a, b). The SWAT model demonstrated relatively
good performance in simulating water quantity. During the validation period, the
coefficient of determination (R?) and Nash-Sutcliffe coefficient (NS) were all greater
than 0.82 for baseflow and total stream discharge. As soil moisture is one of the
components of the water balance in SWAT, and some of the other components of water
balance simulated by SWAT model were well agreed with measured data. It is
understandable that the soil moisture predicted by SWAT is within reasonable range.

Table 3.2  Summary of calibrated parameters in SWAT (Qi et al., 2017a)

Processes Parameter Unit Default Used

Snowmelt Smtmp °C 0 0.375
Sftmp °C 0 0.175
Smfmx mm °C day? 4.5 9.725
Smfmn mm °C day? 45 3.525
Timp - 1 0.15

Baseflow Alpha_Bf day 0.048 0.04
Gw_Delay day 31 1
Revapmn Mm 1 500
Rchrg_Dp - 0.05 0

Surface &

lateral flow Surlag i 4 0.075
Esco - 0.95 0.17
Epco - 1 0.93
SLSOIL m default x (1-0.5)

3.3.6 Statistical Model
A stochastic production function frame-work (Just and Pope, 1978, 1979) was used

to analyze the impacts of soil moisture on potato yields with or without terrace. The
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framework can be used to assess the impact of farm characteristics (farm size, farm
slope, etc.), inputs (fertilizer, pesticide application, potato varieties, etc.) and
management practices on the mean crop yield (Ochuodho et al., 2013).
The general form of the production function is given as:
Y=Ff(V,B)+p=f(V,B)+d(V,0)*°«€ (3-3)
where Y is the observed potato yields; V is a vector of input variables; B is a vector of
quasi-fixed potato yields, f(.) is the mean production function, ¢ (.) is production risk
function, © is the parameter vector of the risk function, and random error € is assumed to
be independent and normally distributed with zero mean and a variance of one.

Climatic variables such as mean temperature (Temp), variation of temperature
(TempCV), and number of growing days were introduced into the regression analysis.
Mean temperature Temp was identified as the mean daily temperature during the
growing season (April to October), while TempCV was defined as the standard
deviation of mean temperature. Growing days referred to the number of days when the
mean daily temperature was higher than 5°C during the growing season (Cabas et al.,
2010). The SMI, slope, and farmer dummy variables were accounted as the farm
characters. Farmers were introduced as dummy variables to account for unobserved
time-invariant characteristics and avoid possible biases (Kato et al., 2011; Ochuodho et
al., 2013). In general, potato yields were expected to vary across fields where different
potato varieties were planted and different cultivation methods were used. Management
practices such as spring/fall tillage, waterways, chisel plow, drainage, and rock
management were introduced into the model as dummy variables (Ochuodho et al.,

2013).
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The potato yields response coefficient of SMI was calculated based on a parabolic
function defined in Equation (3-4).

Ysmi = B1SMI + B2SMI? (3-4)

where Yswmi represents the potato yields response coefficient, B1 is the regression
coefficient term of SMI in the stochastic production function model; and B2 is the
coefficient term of SMI? in the stochastic production function model.

3.3.7 Statistical Analysis

Stepwise linear regression was used to remove non-significant variables from the
model. Since soil moisture is a result of the combined effects of precipitation, terrace,
and soil properties, therefore, variables such as precipitation, terracing and soil types
that could have a collinearly relationship with soil moisture were removed from the
model to avoid model redundancy.

To further compare soil moisture and potato yields between terraced and non-
terraced fields, SMI was divided into 10 subgroups from group -0.5 to group -2.2 with
an interval of 0.2. For example, SMI group -0.5 representing SMI range between -0.4
and -0.6, SMI group -2.1 representing SMI range between -2.0 and -2.2, while SMI
group -2.2 representing SMI greater than -2.2. The frequency of terraced and non-
terraced fields falling within each group was calculated. The overall average potato
yields, and the average potato yields within each SMI group for terraced and non-
terraced fields were calculated.

One-way analysis of variance (ANOVA) was performed to detect the differences of
SMI value and potato yields within each SMI group between terraced and non-terraced

fields, with p < 0.05 defined as significant difference.
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3.4  Results and Discussion

3.4.1 Impact of Terracing on Potato Yields Under Different Climate Conditions
The calculated SPI value ranged from the lowest of -1.89 in 2001 to the highest of

2.37 in 2011 (Figure 3.4). During the 20-year period, 5 years (1995, 1997, 2001, 2002

and 2007) were categorized as Dry Conditions, 3 years (2003, 2005, and 2011) were

categorized as Wet Conditions, and the rest 12 years were categorized as Normal

Conditions (Figure 3.4).
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Figure 3. 4 The standard precipitation index value and corresponded precipitation of
each growing season from 1992 to 2011. From 1992 to 2011, 5 years
(1995, 1997, 2001, 2002 and 2007) were categorized as Dry Conditions, 3
years (2003, 2005, and 2011) were categorized as Wet Conditions, and the
rest 12 years were categorized as Normal Conditions.

The observed and SWAT simulated potato yields for terraced and non-terraced
fields under different climate conditions are shown in Figure 3.5. As shown, the highest

observed yield was achieved under Normal Conditions for both terraced and non-
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terraced fields: 34.97 t ha'* for terraced fields and 34.70 t ha™* for non-terraced fields.
Results suggested that either Dry or Wet Conditions were detrimental to potato yields.
Compared to non-terraced fields, terraced fields had higher potato yields under Dry and
Normal Conditions. The yields were 32.76 t ha™* for terraced fields and 32.39 t ha™* for
non-terraced fields under Dry Conditions. The average yield under Dry Condition for
terraced and non-terraced field was 93.68% and 93.34% to that of Normal Condition.
However, under Wet Conditions, yields on non-terraced fields were slightly higher than
terraced fields, 31.90 t ha™* for non-terraced fields and 31.77 t ha™* for terraced fields. For
both terraced and non-terraced fields, the lowest average yields were achieved under
Wet Conditions. These results suggest that terracing could increase yields under Dry and

Normal Conditions, while causing yield reduction under Wet Conditions.
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Figure 3.5 Observed and simulated averaged potato yields of terraced and non-
terraced fields under different climate conditions from 1992 to 2011 in the

Black Brook Watershed.
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Overall, the trend of the simulated potato yields under different climate conditions
was consistent with the observed trend (Figure 3.5). Similar to the observed yields,
SWAT predicted that the highest yield was achieved under Normal Condition while the
lowest yield was achieved under Wet Conditions. Under Dry Condition, yields on
terraced farms and non-terraced farms were 98.04% and 97.33% to that of Normal
Condition. While under Wet Condition, that value decreased to 90.85% and 90.93% for
terraced and non-terraced fields, respectively. The simulated results suggested that
potato yields on terraced farms were higher than non-terraced farms under all
conditions, while the observed data indicated that the yields under Wet Condition were
slightly higher on non-terraced farms than terraced farms. The simulated potato yields
were lower than the observed yield under all conditions. The possible reason is that
during 20-year period, about 58% of the farms were planted with russet potato, which
was a high yield variety; while SWAT model cannot detect the variety difference, so it
only predicts the overall average of potato yield.

These results are consistent with the results reported by Stylianou and Orphanos
(1981) and Onder et al. (2005). Stylianou and Orphanos (1981) reported that continuous
wet conditions during the growing seasons could lead to detrimental effects on potato
tuber yield and quality. Onder et al. (2005) found that potato yields increase was
depleted at the 100% irrigation level, which was attributed to continuous wet conditions
during the growing period due to the high precipitation in the Mediterranean, in 2002.
3.4.2 Impact of Terracing on Soil Moisture

The SMI distributions of both terraced and non-terraced fields were summarized

based on soil moisture predicted by SWAT model (Figure 3.6). The overall SMI ranged
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from -2.743 to -0.415, with a mean of -1.093. On terraced fields, the SMI value ranges
from -2.437 to -0.415 with an average of -1.045. On non-terraced fields, the SMI value
ranges from -2.743 to -0.431 with an average of -1.137. ANOVA results showed that the
SMI on terraced fields was significantly higher than that on non-terraced fields (p <
0.001).

As can be seen in Figure 3.6, the frequency distribution curve for terraced fields
shifted to the higher end of SMI compared to the curve of non-terraced fields (Figure
3.6). The frequency distributions indicated that terraced fields had a higher probability
of falling within groups with higher SMI values, especially when the SMI was greater
than -1, terraced fields had higher probability in all the three groups. The terraced fields
had a higher proportion of fields (49.5%) with SMI over -1 compared with non-terraced
fields (33.4%). The peak probability for non-terraced fields was found in group -1.1,

while the peak probability shifted to group -0.9 when there was terracing.
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Figure 3. 6 The frequency distribution of terraced and non-terraced fields in soil

moisture index subgroups.
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The above results combined suggest that the existence of terracing significantly
increased soil moisture on terraced fields. Long slopes were broken down into short
slopes by terracing, resulting in lower runoff speed. Besides, terracing also reduced the
volume of runoff by increasing the infiltration time of rain water (Baryta and
Pierzgalski, 2008). The reduced runoff can be a significant source for increasing soil
moisture on terraced fields, which could result in soil moisture on terraced fields being
higher than on non-terraced fields.

The soil moisture results indicated that the SWAT model could detect the soil
moisture difference between terraced and non-terraced fields effectively. However,
since the soil moisture content simulated by the SWAT model was validated by the fact
that the SWAT model used in this study was extensively studied for modeling other
hydrological processes during the studied period, rather than directly validated by
measured soil moisture data, there are still uncertainties exist with the simulated
moisture data.

3.4.3 Impact of Soil Moisture on Potato Yields

The optimal soil moisture would optimize potato yields and quality. Results in
Figure 3.7 indicated that the highest overall potato yield was achieved at SMI between -
1.4 and -0.8, then yield began to drop with SMI either below -1.4 or over -0.8. To
further explore the impacts of soil moisture on potato yields, an ANOVA test was
conducted to assess the difference of potato yields for different SMI groups between
terraced and non-terraced fields.

As shown, there were no significant differences in potato yields between terraced

and non-terraced fields within the same SMI group for all SMI groups (Table 3.3). This
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result support the hypothesis that the observed increase in potato yields in terraced fields
compared with that of non-terraced fields during Dry years is attributed to increased soil

moisture.
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Figure 3. 7 The overall average potato yield in each soil moisture index group.
Results in Table 3.3 also suggest that potato yields increased with the increasing of
SMI, while yield began to decrease when the SMI exceeded -0.8 on both terraced and
non-terraced fields. For both terraced and non-terraced fields, the lowest yield was
found in SMI group -2.2, which was the lowest SMI group and represents the driest
conditions. The average yields in the lowest SMI group were 23.84 and 22.76 t ha™* with
the corresponding average SMI of -2.33 and -2.48 for terraced and non-terraced fields
(Table 3.3). Potato yields reached the highest level in SMI group -1.1 (SMI is between -
1.2 and -1.0) for both terraced and non-terraced fields, and the yields were 35.76 and
34.51 t ha'l, respectively, with the corresponding average SMI of -1.09 for both groups.
Potato yields tended to decrease as the SMI further increase. For example, at SMI group

-0.5, which also represented the wettest conditions in this study, the average yields were
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28.01 and 29.53 t ha* for terraced and non-terraced fields, which were substantially
lower than the yields at SMI group -1.1. This result is generally consistent with the
yields results under different climate conditions discussed above, which suggested the
optimum SMI for potato production is -1.1 in the BBW.

The results of multiple regression analyses are shown in Table 3.4. Variables such
as chisel plow, drainage, and rock management were excluded by conducting the
stepwise linear regression. Most of the farm input variables included in the statistical
analysis had significant effects on potato yields (Table 3.4). As expected, Fertilizer,
Pesticide and farm size (Area and Area?) had significant positive impacts on mean
potato yields. The negative quadratic terms of Fertilizer and Pesticide suggested that the
applications of fertilizer and pesticide had diminishing marginal returns on mean potato
yields. The interaction terms (i.e. Area x Fertilizer and Area x Pesticide) were negative,
implying that the consumption of fertilizer and pesticide had smaller impacts on mean
potato yields as the area under potato production increased. This is consistent with the
findings presented in Cabas et al. (2010). Regarding the climate and field characteristic
variables, the regression results showed that most of the climate, field characteristics,
and farm input variables were significant.

Both the coefficients of SMI and SMI? (Table 3.4) are significantly different from
zero (p < 0.01). The calculated potato yields response coefficient and normalized potato
yields response coefficient based on SMI and the coefficient in Table 3.4 are presented
in Table 3.5. The results in Table 3.5 indicated that the maximum Ysw was 4.85, which
was obtained at SMI = -1.1. The results suggested that before reaching the maximum

yields at SMI = -1.1, the mean potato yields would increase with the increasing of
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available soil moisture, while further increasing of soil moisture with SMI greater than -
1.1 would lead to a decrease in potato yields. These results are consistent with the above
results.

Table 3.3  The average potato yields of terraced and non-terraced fields in each SMI

group and the p value of ANOVA test

Average yield (t/ha)

SMI Group Terraced Non-Terraced P value
-0.5 28.01 29.53 0.695
-0.7 32.62 31.19 0.173
-0.9 34.36 34.35 0.99
-1.1 35.76 34.51 0.097
-1.3 35.27 34.51 0.426
-1.5 33.9 33.34 0.694
-1.7 33.69 33.65 0.983
-1.9 32.8 30.41 0.561
-2.1 29.5 25.13 0.228
-2.2 23.84 22.76 0.765

Potatoes are sensitive to water stress because of their shallow root systems. Foroud
et al. (1993) recommended maintaining soil moisture above 70% of field capacity to
achieve a productive yield. Even though it is necessary to maintain high soil moisture at
all growth stages to maximize yields and optimize quality, it does not necessarily mean
that higher soil moisture is always better. It had been reported that potato plants require
a high degree of aeration, so the extremely high soil moisture may therefore affect

potato respiration (Thorne and Peterson, 1954).
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Table 3.4  Stochastic production regression results of mean potato yields (n =1,532).

Explanatory Variables — Yield —
Co-efficient Std. Error Z-statistic P-value
Intercept -22.95 5.67 -4.05 0.000
Farm inputs
Fertilizer (kg ha) 0.1017* 0.0051 19.84 0.000
Fertilizer? -0.0001* 0.0001 -12.10 0.000
Pesticide (kg ha™) 0.7137* 0.0183 39.08 0.000
Pesticide? -0.0208* 0.0008 -24.51 0.000
Area (ha) 0.0673** 0.0244 2.76 0.006
Area? 0.0096* 0.0004 12.35 0.000
Area x Fertilizer -0.0007* 0.0001 -6.25 0.000
Area x pesticide -0.0199* 0.0014 -14.69 0.000
Climatic
Temperature (°C) 12.9986* 0.9867 13.17 0.000
Temperature? -0.3794* 0.0424 -8.94 0.000
Temperature CV (%) -4.2706* 0.0482 -88.57 0.000
Grow days -0.2154* 0.0039 -55.01 0.000
Field characteristics
Slope (degree) 0.1094* 0.0174 6.29 0.000
SMI -8.9058* 0.3043 -29.27 0.000
SMI? -4.0840* 0.1210 -33.76 0.000
Other field characteristics
Farmerl 5.3219* 0.0518 102.67 0.000
Farmer2 -0.9584* 0.2493 -3.84 0.000
Farmer4 1.4619* 0.0991 14.76 0.000
Farmer5 2.3029* 0.1350 17.06 0.000
Farmer6 -2.4725* 0.2628 -941 0.000
Farmer7 2.8900 1.5748 1.84 0.066
Farmer8 3.4487* 0.2486 13.87 0.000
Farmer9 -0.1186 0.0598 -1.98 0.047
Farmer10 2.5325* 0.0594 42.66 0.000
Farmerll 3.7859* 0.4442 8.52 0.000
Farmer12 6.0573* 0.4257 14.23 0.000
Farmer13 -0.3822* 0.0803 -4.76 0.000
Farmerl4 4.3005* 0.0927 46.41 0.000
Farmerl5 5.5434* 0.3448 16.08 0.000
Farmer16 1.4081* 0.1022 13.77 0.000
Farmerl7 4.4722* 0.0728 61.39 0.000
Farmer18 1.3874* 0.0644 21.54 0.000
Farmer19 4.4608* 0.0886 50.34 0.000
Farmer20 4.8171* 0.0690 69.87 0.000
BMPs (dummy variables)
Spring Tillage 0.2916* 0.0417 6.99 0.000
Fall Tillage -0.5598* 0.0345 -16.23 0.000
Waterways -1.1601* 0.0656 -17.68 0.000
OtherBMPs -0.6864* 0.0315 -21.80 0.000
Potato Varieties (dummy variable)
Shepody -5.9033* 0.0475 -124.18 0.000
OtherVarieties -2.9700* 0.0507 -55.01 0.000

Confidence level: *, 99%.
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Table 3.5 The potato yield response coefficient (Yswi) and normalized potato yield

response coefficient (NYswi) at different SMI values.

SMI -04 -06 -08 -09 -10 -11 -12 -13 -14 -16 -18 -20 -21

Yswi 291 3.87 451 471 482 485 481 468 446 379 280 148 0.69

NYswi 0.60 0.80 093 097 099 100 099 096 092 0.78 058 030 0.14

3.5  Summary and Conclusions

In this study, we found that the soil and water conservation terracing could help to
improve potato yields through improving soil moisture availability during the growing
seasons of Dry and Normal years. We analyzed the impacts of climate conditions on
potato yields on terraced and non-terraced fields by using long term potato yields and
weather data. Results showed that under Dry and Normal Conditions, potato yields were
higher on terraced fields. In contrast, the yields were higher on non-terraced fields under
Wet Conditions. We used the SWAT model, historical weather records, and land-use
records filled the data gap of long-term spatially explicit soil moisture content.
Statistical analysis indicated that SMI had significant impact on potato yields. The
stochastic production function model predicted that the mean annual potato yields
increased with SMI to an optimum at -1.1, but then significantly decreased as SMI
increased to above -0.8 or decreased to below -1.4. Statistical results also confirmed that
the optimum SMI for potato productions is around -1.1. In addition, the potato yields
within each SMI group do not have significant difference for fields with or without
terracing. The SWAT modeling results indicated that terracing could cause significant
increase of soil moisture in potato fields. These results combined suggest that the

observed increasing of potato yields on terraced fields during Dry and Normal years
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could be attribute to the increased soil water supply to the potato crops by terracing.

However, these results also suggest that the excessively high soil moisture trapped by

terracing could lead to potato yield reduction during Wet years. The results and the

presented method could be used for long-term potato yield prediction and BMP cost-

benefit analysis under different climate conditions.

Acknowledgements

This work was supported by the University of New Brunswick and Agriculture &

Agri-Food Canada. The authors would like to acknowledge Agriculture & Agri-Food

Canada for providing the data used in this study.

Bibliography

Abbaspour, K.C., Yang, J., Maximov, |., Siber, R., Bogner, K., Mieleitner, J., Zobrist,
J., Srinivasan, R., 2007. Modelling hydrology and water quality in the pre-
alpine/alpine Thur watershed using SWAT. Journal of Hydrology 333, 413-430.
10.1016/j.jhydrol.2006.09.014

Alva, A.K., Moore, A.D., Collins, H.P., 2012. Impact of Deficit Irrigation on Tuber
Yield and Quality of Potato Cultivars. Journal of Crop Improvement 26, 211-
227.10.1080/15427528.2011.626891

Arnold, J.G., Srinivasan, R., Muttiah, R.S. & Williams, J.R., 1998. Large area
hydrologic modeling and assessment part I: Model development. Journal of the
American Water Resources Association 34, 73-89.

Baryla, A., Pierzgalski, E., 2008. Ridged terraces - functions, construction and use.
Journal of Environmental Engineering and Landscape Management 16, 1-6.

10.3846/1648-6897.2008.16.104-109

88



Cabas, J., Weersink, A., Olale, E., 2010. Crop yield response to economic, site and
climatic variables. Climatic Change 101, 599-616. 10.1007/s10584-009-9754-4

Chow, L., Xing, Z., Benoy, G., Rees, H.W., Meng, F., Jiang, Y., Daigle, J.L., 2010.
Hydrology and water quality across gradients of agricultural intensity in the
Little River watershed area, New Brunswick, Canada. Journal of Soil and Water
Conservation 66, 71-84. 10.2489/jswc.66.1.71

Chow, T.L., Rees, H.W., Daigle, J.L., 1999. Effectiveness of terraces/grassed waterway
systems for soil and water conservation: A field evaluation. Journal of Soil and
Water Conservation 54, 577-583.

Daigle, J.L., 1983. Soil erosion and conservation systems in New Brunswick. Canadian
Journal of Soil Science Paper.

DeL.iberty, T.L., Legates, D.R., 2003. Interannual and seasonal variability of modelled
soil moisture in Oklahoma. International Journal of Climatology 23, 1057-1086.

Di Luzio, M., Arnold, J.G., Srinivasan, R., 2005. Effect of GIS data quality on small
watershed stream flow and sediment simulations. Hydrological Processes 19,
629-650. 10.1002/hyp.5612

Epstein, E., Grant, W.J., 1973. Water Stress Relations of the Potato Plant under Field
Conditions. Agronomy Journal 65, 400-404.
10.2134/agronj1973.00021962006500030015x

Foroud, N., Lynch, D.R., Entz, T., 1993. Potato water content impact on soil moisture
measurement by neutron meter. Plant and Soil 148, 101-106.

10.1007/BF02185389

89



Fulton, J.M., 1970. Relationship of root extension to the soil moisture level required for
maximum yield of potatoes, tomatoes and corn. Canadian Journal of Soil
Science 50, 92-94.

Just, R.E., Pope, R.D., 1978. Stochastic Specification of Production Functions and
Economic Implications. Journal of Econometrics, 67-86.

Just, R.E., Pope, R.D., 1979. Production Function Estimation and Related Risk
Considerations. Agricultural & Applied Economics Association 61, 276-284.

Kato, E., Ringler, C., Yesuf, M., Bryan, E., 2011. Soil and water conservation
technologies: a buffer against production risk in the face of climate change?
Insights from the Nile basin in Ethiopia. Agricultural Economics 42, 593-604.
10.1111/5.1574-0862.2011.00539.x

Kawakami, J., lwama, K., Jitsuyama, Y., 2006. Soil water stress and the growth and
yield of potato plants grown from microtubers and conventional seed tubers.

Field Crops Research 95, 89-96. http://dx.doi.org/10.1016/j.fcr.2005.02.004

Li, Q., Qi, J,, Xing, Z., Li, S., Jiang, Y., Danielescu, S., Zhu, H., Wei, X., Meng, F.-R.,
2014. An approach for assessing impact of land use and biophysical conditions
across landscape on recharge rate and nitrogen loading of groundwater.
Agriculture, Ecosystems & Environment 196, 114-124.
10.1016/j.agee.2014.06.028

Mapfumo, E., Chanasyk, D.S., Willms, W.D., 2004. Simulating daily soil water under
foothills fescue grazing with the soil and water assessment tool model (Alberta,

Canada). Hydrological Processes 18, 2787-2800. 10.1002/hyp.1493

90


http://dx.doi.org/10.1016/j.fcr.2005.02.004

McKee, T., Doesken, N., Kleist, J., 1993. The relationship of drought frequency and
duration to time scales. Eighth Conference on Applied Climatology Jan 17-22,
Anaheim, California.

Mellerowicz, K.T., 1993. Soils of the Black Brook Watershed St. Andre Parish,
Madawaska County, New Brunswick. New Brunswick Department of
Agriculture.

Neitsch, S.L., Arnold, H.G., Kiniry, J.R., Williams, H.R., 2011. Soil and water
assessment tool theoretical version. 171-174.

Ochuodho, T.0., Olale, E., Lantz, V.A., Damboise, J., Chow, T.L., Meng, F., Daigle,
J.L., Li, S., 2013. Impacts of soil and water conservation practices on potato
yield in northwestern New Brunswick, Canada. Journal of Soil and Water
Conservation 68, 392-400. 10.2489/jswc.68.5.392

Onder, S., Caliskan, M.E., Onder, D., Caliskan, S., 2005. Different irrigation methods
and water stress effects on potato yield and yield components. Agricultural

Water Management 73, 73-86. https://doi.org/10.1016/j.agwat.2004.09.023

Qi, J., Li, S., Jamieson, R., Hebb, D., Xing, Z., Meng, F.-R., 2017a. Modifying SWAT
with an energy balance module to simulate snowmelt for maritime regions.
Environmental Modelling & Software 93, 146-160.
10.1016/j.envsoft.2017.03.007

Qi, J., Li, S., Li, Q., Xing, Z., Bourque, C.P.A., Meng, F.-R., 2016a. Assessing an
enhanced version of SWAT on water quality and quantity simulation in regions
with seasonal snow cover. Water Resources Management. DOI 10.1007/s11269-

016-1466-8

91


https://doi.org/10.1016/j.agwat.2004.09.023

Qi, J., Li, S., Li, Q., Xing, Z., Bourque, C.P.A., Meng, F.-R., 2016b. A new soil-
temperature module for SWAT application in regions with seasonal snow cover.
Journal of Hydrology 538, 863-877. 10.1016/j.jhydrol.2016.05.003

Qi, J., Li, S., Yang, Q., Xing, Z., Meng, F.-R., 2017b. SWAT Setup with Long-Term
Detailed Landuse and Management Records and Modification for a Micro-
Watershed Influenced by Freeze-Thaw Cycles. Water Resources Management.

10.1007/s11269-017-1718-2

Salter, P.J., Goode, J.E., 1967. Crop responses to water at different stages of growth.
Commonwealth Agricultural Bureaux. Farnham. 2, 93-97.

Schilling, K.E., Jha, M.K., Zhang, Y.-K., Gassman, P.W., Wolter, C.F., 2008. Impact of
land use and land cover change on the water balance of a large agricultural
watershed: Historical effects and future directions. Water Resources Research
44, 10.1029/2007wr006644

Sridhar, V., Hubbard, K.G., You, J., Hunt, E.D., 2008. Development of the Soil
Moisture Index to Quantify Agricultural Drought and Its “User Friendliness” in

Severity-Area-Duration Assessment. Journal of Hydrometeorology 9, 660-676.
10.1175/2007JHM892.1

Stylianou, Y., Orphanos, P.1., 1981. Irrigation of potatoes by sprinklers or tricklers on
the basis of pan evaporation in a semi-arid region. Potato Research 24, 159-170.
10.1007/BF02356236

Tao, F., Yokozawa, M., Hayashi, Y., Lin, E., 2003. Changes in agricultural water
demands and soil moisture in China over the last half-century and their effects
on agricultural production. Agricultural and Forest Meteorology 118, 251-261.

http://dx.doi.org/10.1016/S0168-1923(03)00107-2

92


http://dx.doi.org/10.1016/S0168-1923(03)00107-2

Thorne, D.W., Peterson, H.B., 1954. Irrigated Soils. Constable and Company, London,
UK.

Ullrich, A., Volk, M., 2009. Application of the Soil and Water Assessment Tool
(SWAT) to predict the impact of alternative management practices on water
quality and quantity. Agricultural Water Management 96, 1207-1217.

van Loon, C.D., 1981. The effect of water stress on potato growth, development, and
yield. American Potato. American Journal of Potato Research 58, 51-69.

Yang, Q., Meng, F.-R., Zhao, Z., Chow, T.L., Benoy, G., Rees, H.W., Bourque, C.P.A.,
2009. Assessing the impacts of flow diversion terraces on stream water and
sediment yields at a watershed level using SWAT model. Agriculture,

Ecosystems & Environment 132, 23-31. https://doi.org/10.1016/j.agee.2009.02.012

93


https://doi.org/10.1016/j.agee.2009.02.012

Chapter 4: Characterizing the Impacts of Land Use on Nitrate Load and Water
Yield in an Agricultural Watershed in Atlantic Canada

Abstract

Excessive nitrate loading from agricultural non-point source is threatening the
health of receiving water bodies at the global scale. Quantifying the drivers/sources of
water and nitrate flux in watersheds and relating them to spatial and temporal land uses
is essential for developing effective mitigation strategies. This study investigated the
impact of land use on water yield and nitrate loading to surface water in a typical
agricultural watershed in Prince Edward Island (PEI), Canada. We used historical
streamflow and water quality records to calibrate the comprehensive hydrological model
Soil and Water Assessment Tool (SWAT), which was setup with detailed annual land
use records. The SWAT model performed well in predicting both daily streamflow and
nitrate load. Land use demonstrated little impact on water yield but affected nitrate load
significantly. Annual nitrate load ranged from 5.6 to 44.4 kg N ha* yr! for forest and
soybean, respectively. Potato rotated land contributed 84.5% of annual nitrate load to
the watershed. Source of water yield demonstrated high variability between the growing
season and non-growing season. About 90% of water yield was contributed by
groundwater during growing season, while runoff contributed over 60% of water yield
during the non-growing season. Groundwater was the dominant source of nitrate loading
for both seasons. The watershed estuary faced the highest threats from subbasins in the
south western area due to the high nitrate load and proximity to the watershed outlet.
Results by the machine learning algorithm random Forest analysis indicated that the

climatic variables of temperature and precipitation were the top two factors affecting
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water yield, with a combined relative importance of 61%. Land use was the dominant
factor affecting nitrate load, the relative importance of land use alone was ~50%. The
results of this study provided critical insights for watershed management in Atlantic

Canada.

Keywords: Land use; Nitrate load; Water yield; SWAT; Random Forest.

Liang, K., Jiang, Y., Qi, J., Fuller, K., Nyiraneza, J., Meng, F-R. (2020b).
Characterizing the impacts of land use on nitrate load and water yield in an agricultural
watershed in Atlantic Canada. Science of the Total Environment, 2020, 138793.

DOI: 10.1016/j.scitotenv.2020.138793

95


https://doi.org/10.1016/j.scitotenv.2020.138793

4.1 Introduction

Excessive nitrogen (N) loading of aquatic ecosystem is one of the most profound
anthropogenic alterations of the global environment (Vorosmarty et al., 2010). Nitrogen
fertilizer consumption by agriculture has increased by tenfold in the past half century,
reaching 107.6 Tg N yr in 2013 globally (Lu and Tian, 2017). Agricultural non-point
source (NPS) N was identified as one of the major sources of loading of aquatic
ecosystems (Green et al., 2004; Vorosmarty et al., 2010). The predominant form of N
exist in aquatic ecosystem is nitrate, largely due to its highly stable and soluble
properties compared with other forms of compound N (Goolsby and Battaglin, 2001;
Pellerin et al., 2014). These high nitrate loads have resulted in eutrophication of surface
waters as well as the deterioration of groundwater quality.

Many efforts had been made to mitigate agricultural NPS nitrate pollution and,
reduce the risk of eutrophication worldwide (Backer et al., 2010; Ongley et al., 2010;
Van Meter et al., 2018; Huang et al., 2019; Murray et al., 2019). Land use change over
time and space has significant impact on watershed hydrology and nitrate load has been
widely documented (Kaushal et al., 2008; Yang et al., 2016a; Shrestha et al., 2018). For
example, Kaushal et al. (2008) pointed out that N load increases with the increase of
agricultural area in the watershed when under similar conditions. To achieve nitrate load
reductions, it is essential to accurately quantify N flux under different land uses and
identify the critical source areas of the exported N from watersheds. This information
will enable land managers to target high risk land uses and can also contribute to the
development of environmental protection policies (Bouraoui and Grizzetti, 2014;

Ransom et al., 2018; Wagena and Easton, 2018). However, quantifying water or nutrient
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fluxes and sources originating from various land use types can be challenging due to the
heterogeneity of agricultural landscapes and multiple pathways involved.

Although agricultural land use is generally considered to be the major determinant
of NPS nitrate load, watershed characteristics such as soil (Ouyang et al., 2012), climate
(e.g. precipitation, temperature) (Rankinen et al., 2016) and topography are the
dominant factors influencing NPS N loss. EI-Khoury et al. (2015) suggested that climate
change is the main driver of streamflow, and that land use changes were projected to
have more impact on nitrate loading in eastern Canada. However, a study conducted in
northeastern China suggested that soil variations have a more significant impact on N
loading than land use change (Ouyang et al., 2013). Since NPS N pollution is affected
by various factors, studies that only consider one or two key factors could lead to biased
results. Studies that include all the major variables affecting NPS N pollution are
necessary to evaluate the contribution of land use when compared with other dominant
factors such as soil, climate and topography. These factors can affect the distribution,
chemical speciation, fate, and environmental availability of NPS N, as well as the
hydrologic processes (e.g. surface runoff, groundwater flow, lateral flow) that
transporting chemicals from fields to receiving water bodies (Gburek et al., 2000).
Nitrate loading through different hydrologic processes can vary significantly over time
and space. For example, snowmelt coupled with rainfall in early spring could lead to
excessive nitrate load from agricultural lands due to the high level of nitrate losses
through runoff (Singh et al., 2009; Qi et al., 2016). Further, nitrate loss through leaching
can be significant during the non-growing season when crop uptake diminishes and

evapotranspiration is low (Benson et al., 2006; Jiang et al., 2015; Zebarth et al., 2015;
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Liang et al., 2019a). Pionke et al. (1999) reported low nitrate losses during the summer
in central Pennsylvania when the discharge was low. Mat¢jicek et al. (2003) suggested
that the reductions in nitrate loading can be more easily achieved by combining the
knowledge of nitrate fluxes, flow paths and turnover processes.

However, quantification of the impacts of land use on nitrate loading and water
yields, as well as the contributions from different hydrological processes within
watersheds remains difficult. This challenge results from the high variations in the
hydrological processes involved - large number of field experiments would be required
to quantify the major hydrological contributions and the key factors that control nitrate
loading. However, field experiments require sampling, sample storage, and costly
laboratory analyses (Zamyadi et al., 2007). This together with the manpower needed for
the work makes experimental measurement a challenging approach. As a result,
separating the factors driving watershed hydrology and N cycling by field experiment
alone is considered to be infeasible. Therefore, process-based comprehensive
hydrological models are often employed to identify the impacts of climate and
anthropological factors on watershed hydrology and water quality (Ullrich and Volk,
2009; Ouyang et al., 2013; EI-Khoury et al., 2015; Kandler et al., 2017; Shrestha et al.,
2018; Sith et al., 2019). These models using numerical equations to describe natural
processes such as water movement, nutrient movement, and crop growth. They are
considered as a simplified representation of the real world (Wagener, 2003).

This study was conducted to model the impacts of land use on water yield and
nitrate loading to surface water using SWAT (Soil and Water Assessment Tool) and to

assess the source contribution of water yield and nitrate load in a typical agricultural
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watershed in Prince Edward Island, Canada. The specific objectives were to: (1)
calibrate and validate the SWAT model using historical water yield and water quality
data and detailed annual land use as input; (2) quantify nitrate load and water yield
under various land use types; (3) analyze the contributions of groundwater, lateral flow
and surface runoff to water yield and nitrate load during the growing season and the
non-growing season; (4) assess the relative importance of key factors (land use, climate,
soil, topography) in affecting water yield and nitrate load using the machine learning
algorithm random Forest.
4.2 Materials and Methods
4.2.1 Study Area

The Wilmot River Watershed is a typical agricultural watershed located in west-
central Prince Edward Island (Figure 4.1), Canada. The watershed is relatively flat with
the elevation ranges from 88.9 m in the eastern part of the watershed to -0.1 m at the
outlet area, where the Wilmot river drains into the Summerside harbor. The width of the
main channel of Wilmot River varies from 0.5 m at the head water during dry seasons to
about 200 m at the tidal reach in high flow seasons. The river was generally in a mildly
alkaline and strongly oxidized state. During the study period, the median measured pH
value was 7.9 and the median measured dissolved oxygen value was 10.7 mg L. The
riverbed consists mainly of silty sand and sandstone fragments (Jiang and Somers,
2009). The watershed covers an area of 61 km? with over 70% of the land under
agricultural production. The drainage area upstream of the gauging station near the
watershed outlet is about 45.6 km?2. Most of the agricultural land within the watershed is

under potatoes in rotation with forages and grains (Figure 4.2). Modern agricultural
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practices were introduced to this region in the 1950s followed by the extensive
application of synthetic fertilizers in the 1960s (Jiang and Somers, 2009). A gauge
station maintained by Environment and Climate Change Canada is located near the
outlet of the watershed (Figure 4.1). Water level has been constantly monitored, and
water samples have been taken at monthly or biweekly intervals in the non-frozen
period of the year, which is generally from April to November. There were roughly 6-10
samples were taken for water quality analysis annually during the study period. The
climate in this region is characterized as humid with a cool to mild temperature regime.
Precipitation within the watershed ranges between 951 mm in 2001 and 1488 mm in
2009. The 20-year (1999-2018) climatic average was 1281 mm with annual snowfall
averages of approximately 300 cm (data from Environment Canada:

https://climate.weather.gc.ca/historical data/search historic data e.html). Dominant

soil associations of the watershed are the Charlottetown (Orthic Humo-Ferric Podzol)
and Alberry (Orthic Humo-Ferric Podzol) series soil, with the former contributing for
72% and the later 14% (Figure 4.3). The Charlottetown series are moderately coarse and
moderately well drained, water is removed from the soil somewhat slowly in relation to
supply. The Alberry series are generally moderately coarse and well drained, water is
removed from the soil readily but not rapidly. Detailed description of soil types can be
found at the soil database of government of Canada

(http://sis.agr.gc.ca/cansis/soils/pe/soils.html).
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Figure 4. 3  Soil types of the Wilmot River Watershed. Description of soil types can be
found at the soil database of government of Canada

(http://sis.agr.gc.ca/cansis/soils/pe/soils.html).

4.2.2 SWAT Setup, Calibration, Validation, and Sensitivity Analysis

The Soil and Water Assessment Tool (SWAT) is a physical-based and semi-
distributed hydrological model that was designed to simulate streamflow, sediment
yield, nutrient and pesticide load and crop growth at watershed scale (Arnold et al.,
1998). The SWAT requires datasets of topography, soil, climate, and land use as input.
SWAT has been broadly used to evaluate the impacts of individual factors such as land
use (Li et al., 2018), climate (Rankinen et al., 2016), soil (Ouyang et al., 2012) and
topography on water quantity and water quality, or the combined impacts of land use
and climate change on water quality or quantity (EI-Khoury et al., 2015; Molina-
Navarro et al., 2018). In the SWAT model, a watershed is divided into subbasins, which
are subdivided into hydrologic response units (HRU) with homogenous soil, slope, land

use, and similar hydrological characteristics (Ullrich and Volk, 2009). An HRU is the
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basic calculation unit within the SWAT model, which reports the values of different
hydrological and chemical parameters on a subbasin level by calculating the total
amount or area weighted average of all HRUs within a subbasin. The main channel
output is calculated by integrating input to the channel with major channel processes.
Model setup was conducted with the ArcSWAT 2012 interface under ArcGIS
10.5.1. Soil data was derived from the National Soil DataBase (NSDB) of Canada.
Many previous SWAT studies have made use of single-year land use dataset for model
setup (EI-Khoury et al., 2015; Yang et al., 2016b; Sith et al., 2019). The reliability of
model prediction partly depends on how well the land use in the model matches the
temporal changes in land use (Pai and Saraswat, 2011). Wang et al. (2018) found that
the SWAT model setup with dynamic land use appears to enhance its performance in
predicting total N and total phosphorus loads. However, the land use data in the latter
was only updated every five years. This noncontinuous land use dataset input may not
reflect the true watershed condition, compromising the reliability of modelling (Pai and
Saraswat, 2011). In our study, we extracted the annual land use data from the Annual
Crop Inventory maps published by Agriculture and Agri-Food Canada from 2011 to

2017 (available at http://www.agr.gc.ca/atlas/aci/). After the initial setup of SWAT with

land use data of 2011, we imported the continuous land use data from 2012 to 2017 to
the SWAT database. As the majority area of the watershed was covered by agricultural
and forested land (Figure 4.2), the impact from septic systems was considered
negligible. Since there are no Environment Canada weather stations in the watershed,
weather data from the New Glasgow station (46.41, -63.35), which is 13 km northeast of

the watershed was used. SWAT delineated the WRW into 35 subbasins. Applying

103


http://www.agr.gc.ca/atlas/aci/

threshold of 5%, 10% and 15% for land use, soil and slope, respectively, the watershed
was further divided into 636 HRUs based on the homogeneity of land use, soil and slope
classes.

Daily streamflow and nitrate load calibrations were performed using the SUFI-2
algorithm in the Soil and Water Assessment Tool Calibration and Uncertainty Procedure
(SWAT-CUP 2012) software package (Abbaspour et al., 2015). Baseflow and snowmelt
parameters were calibrated for streamflow. Nitrogen parameters calibrated for nitrate
load are summarized in Table 4.1. A 3-year warm-up period (2008-2010) was used to
stabilize the model and the model was calibrated from 2011 to 2013 and further
validated from 2014 to 2017. To prioritize the sensitive parameters, the Global
Sensitivity Analysis procedure was applied to conduct sensitivity analysis of streamflow
parameters and nitrogen parameters (Abbaspour et al., 2004). The Global Sensitivity
Analysis procedure estimates the change in the objective function (Nash-Sutcliffe
efficiency in the present study) resulting from changes in each parameter while all other
parameters are changing, given as:

g=oa+XiZ:Bib (4-1)
where g is the objective function value, o and Bi are regression coefficients, b is the
calibration parameter of the ith parameter, and m is the number of parameters
considered. This method has the advantage of being quite fast compared to similar
procedures and it does not provide an absolute measure of the sensitivity but rather a
relative sensitivity. The sensitivity was evaluated by two statistics in SWAT-CUP: the t-
stat index and the p value. The t-stat index demonstrates the magnitude of the sensitivity

of parameters, the larger the absolute value of t-stat the higher probability that the
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parameter is sensitive. The p value is generally used to define the most sensitive
parameters and a p-value < 0.05 indicated a sensitive parameter in the present study
(Abbaspour et al., 2004; Brighenti et al., 2019).

The goodness-of-fit of the SWAT model simulations on streamflow and nitrate load
was evaluated using the Nash-Sutcliffe efficiency (NS), percent bias (PBIAS) and the
coefficient of determination (R?). NS is a widely used statistical parameter for assessing
the goodness of fit of hydrologic models (Moriasi et al., 2007). The NS ranges from -oo
to 1, where 1 indicates a perfect match between simulation and observation. PBIAS
measures the average tendency of the simulated values to be larger or smaller than
observations. Low magnitude PBIAS indicate better simulation with zero as the
optimum value. Positive PBIAS values indicate model underestimation and negative
values indicate model overestimation (Gupta et al., 1999). The R? provides a measure of

how well the observed data is explained by the model, with R? ranging from 0 to 1.

Ei(Qm_Qs)iz
NS =1- 5 ey (4-2)
PBIAS = 100 * W (4-3)
i=1 m,1
. L L 2
Rz _ 21[(Qm,1 Qm)(Qs,l Qs)] (4_4)

 2i(Qm,i—Qm)? %i(Qsi—Qs)?

where Q is variable such as streamflow, and m and s stand for measured and
simulated values, i is the i measured for simulated data.
4.2.3 Statistical Analysis

In the SWAT model, water yield is the total amount of water leaving the HRUs and
entering the main channel during the time step (e.g. daily, monthly, or yearly). Water

yield is calculated by following equation:
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QwyLd = Qsurf + Qrat + Qew - QTLoss (4-5)
Where QwyLp is water yield (mm), Qsurf is surface runoff (mm), Qvat is lateral flow
within soil profile in HRU that enters the main channel during time step (mm), Qcw is
water from the shallow aquifer that enters the main channel during time step (mm),
QrLoss is water loss from tributary channels in the HRU via transmission through the bed
(mm).

Since land use information is reflected at the HRU level in SWAT, nitrate loading
from different land use types was extracted from the HRU output. It was calculated as
the sum of nitrate transported to stream through surface runoff, and lateral and
groundwater flow, minus the loss of nitrate through channel processes. In Atlantic
Canada, about 20-30% of annual precipitation is in the form of snowfall during the non-
growing season. In addition, air temperature varies significantly between the summer
and winter seasons. The contrasting climate regime combined with the different land
management practices, lead to substantial variation of watershed hydrology and nutrient
movement during the growing season and non-growing season. Nitrate load and water
yield under different land use types and the partitioning of nitrate from surface runoff,
lateral and groundwater flow during the growing season and non- growing season, was
analyzed accordingly. The growing season is defined as the period between May 1 to
October 31. In previous regional studies (Chow et al., 2000; Liang et al., 2019b), the
calendar year was similarly divided into growing and non-growing season. A different
approach is taken in this study, the non-growing season was defined as the period
between the end of growing season and the beginning of the subsequent growing season.

The reason for doing so is that we believe the hydrologic cycle and nutrient cycle in late
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winter (January and February) and early spring (March and April) is mainly affected by
the land management practices of the previous growing season.

The machine learning algorithm random Forest was used to quantify the impacts of
different factors on water yield and nitrate load at field scale. A random Forest is an
ensemble learning technique mainly for classification or regression that operates by
constructing a multitude of decision trees and outputting classification or mean
prediction of the individual trees (Breiman, 2001). Random forest is robust to noise
since a random subset of predictors is chosen from all predictors when building each
tree (Breiman, 2001). This process can be considered as decorrelating the trees and
result in less variance and more reliability in the average results of trees (James et al.,
2013).

Specific random Forest models for water yield and nitrate load were developed as a
function of land use, soil type, slope class, and temperature and precipitation. Among
these variables, climate (i.e., temperature and precipitation) is considered as continuous,
while the rest are categorical. The major land use types in the watershed during the
simulation period were forest, cereals (mainly barley and spring wheat), potato,
pasture/forages, canola, corn, soybean, urban, wetland and other crops (small crops in
terms of cultivation area). The random Forest models were trained and tested with
monthly water yield and nitrate loading estimated by the calibrated SWAT model. The
major predictive variables were land use, soil type, precipitation, HRU slope class and
HRU slope length generated by ArcSWAT from DEM. Training of the random Forest
model was accomplished using the random Forest package within statistical software R

3.5.1. Datasets were partitioned into 70% for model training and 30% for model
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validation. The random Forest model was used to estimate the relative importance of
each predictive variable by computing the increase in error when the variable is
permuted. The relative importance of each variable is then proportional to the increase
in error (Peters et al., 2007). The number of trees (ntree) and the number of predictive
variables (mtry) used in each split are two user defined variables (Peters et al., 2007).
The default value for ntree and mtry was 500 and p/3 (p is the total number of predictive
variables). We ran the model originally by using the default ntree and mtry, then used
the tuneRF function to tune the model for the optimal ntree and mtry.
4.3 Results and Discussion
4.3.1 SWAT Model Performance

The calibrated and fitted parameters and sensitivity results for streamflow and
nitrate load are listed in Table 4.1. Parameters were ranked based on their relative
sensitivity indicated by p-value. As expected, streamflow is shown to be more sensitive
to the variation of snow fall, snow melt, surface runoff and baseflow related parameters.
For nitrate load prediction, initial soil concentration, half-life of nitrate in the shallow
aquifer and denitrification related parameters were found to be the most sensitive
parameters. The observed and simulated streamflow and nitrate load at the gauge station
for the calibration and validation period are shown in Figure 4.4 (a) and (b). The results
indicated that the SWAT model performed well in predicting both daily streamflow and
nitrate load according to the criteria recommended by Moriasi et al. (2007). The
predicted daily flow was consistent with observed values except several days with peak
flows in snow melting season. The NS, PBIAS and R? in predicting streamflow were

0.50, -9.9% and 0.51 during the calibration period, model performance was even better
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over the validation period with NS, PBIAS and R? values of 0.69, 10.9% and 0.70
(Figure 4.4 (a)). Simulated nitrate loads were well-matched with observed values in both
temporal pattern and magnitude, with a NS, PBIAS and R? for the calibration period of
0.64, -22.0% and 0.76, respectively. There was a slight decrease of model performance
during the validation period, with the NS, PBIAS and R? values of 0.58, 9.0% and 0.63,
respectively (Figure 4.4 (b)). Moriasi et al. (2007) recommended that model
performance can be considered as satisfactory if monthly R? > 0.50, PBIAS < +25% and
NS > 0. 50 for N. Usually one would expect lower model performance than monthly
time steps when the model is calibrated using daily time step (White and Chaubey,
2005). Wang et al. (2016) recommended that it is considered as acceptable if R? and NS
> 0.30 when the model was calibrated at daily time step.

The improved SWAT model performance in our study can be attributed to the
dynamic annual land use information setup in SWAT together with the daily calibration.
According to Wang et al. (2018), incorporating dynamic land use has be potential to
improve SWAT performance in predicting total nitrogen and total phosphorus loading.
SWAT model was often calibrated/validated against monthly or yearly nutrient loading
data, which was estimated from sparsely measured data by regression or interpolation
methods. The uncertainties introduced by these regression or interpolation methods

could potentially increase the error of SWAT simulation (Lee et al., 2016).
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Figure 4. 4 Daily stream flow (a) and nitrate load (b) at the gauge station of Wilmot

River from 2011 to 2017.
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Table 4.1

Parameters used for streamflow and nitrate load calibration in SWAT and parameter sensitivity analysis.

. Sensitivity .
Category Parameters Definition Range Fitted Values
t-stat p value
v_CN2.mgt SCS runoff curve number 35-98 -7.252  0.000 68.64
v_TIMP.bsn Snowpack temperature lag factor 0-1 6.061 0.000 0.07
V_ALPHA_BF.gw Baseflow alpha factor (days) 0-1 4512 0.000 0.15
v_CH_K2.rte Effective hydraulic conductivity in main channel (mm h1) -0.01 - 500 3.182 0.002 226.25
V_SFTMP.bsn Snowfall temperature (°C) -20-20 -2.913 0.004 -0.22
v_SMFMX.bsn Maximum melt rate for snow during year 0-20 -2.570 0.010 5.20
V_SURLAG.bsn Surface runoff lag time (days) 0.05-24 2.142  0.032 5.08
v_GW_DELAY.gw Groundwater delay (days) 0 - 500 1.985 0.047 391.25
v_SMFMN.bsn Minimum melt rate for snow during the year 0-20 1.603 0.109 2.52
Streamflow  r_RCHRG_DP.gw Deep aquifer percolation fraction 0-1 -1.250 0.212 0.10
r_SOL_AWC().sol Auvailable water capacity of the soil layer -0.8-0.8 -0.803 0.422 0.51
v_ESCO.bsn Soil evaporation compensation factor 0-1 0.583 0.560 0.20
V_SMTMP.bsn Snow melt base temperature (°C) -20-20 -0.405 0.686 -2.40
v_CH_N1.sub Manning's "n" value for the tributary channels 0.01-30 -0.403 0.687 16.86
r_SOL_BD().sol Moist bulk density -0.8-0.8 -0.351 0.725 0.50
v_EPCO.bsn Plant uptake compensation factor 0-1 -0.282 0.778 0.15
v_.CH_N2.rte Manning's "n" value for the main channel -0.01-0.3 -0.202 0.840 -0.16
v_CANMX.hru Maximum canopy storage (mm) 0-100 -0.153 0.878 10.75
r_SOL_K().sol Saturated hydraulic conductivity -0.8-0.8 0.000 1.000 -0.74
v_SOL_NO3().chm Initial NO3 concentration in soil layer (mg kg?) 0-100 3.989 0.000 14.65
v_HLIFE_NGW.gw Half-life of nitrate in the shallow aquifer (days) 0 - 200 12.855 0.000 117.64
v_SDNCO.bsn Denitrification threshold water content 0-1 29.789 0.000 0.66
) v_CDN.bsn Denitrification exponential rate coefficient 0-3 -33.531 0.000 0.07
Nitrate load v_CMN.bsn Rate for humus mineralization of active organic nitrogen 0.001 - 0.003 1.222 0.222 0.0029
v_NPERCO.bsn Nitrogen percolation coefficient 0-1 1.193 0.234 0.77
V_RCN.bsn Concentration of nitrogen in rainfall (mg L) 0-15 -0.145 0.884 5.67
v_N_UPDIS.bsn Nitrogen uptake distribution parameter 0-100 0.082 0.935 66.7




4.3.2 Water Yield and Nitrate Load under Different Land Use

The dynamic land use input of SWAT made it possible to quantify water yield and
nitrate load under different land use types. We extracted water yield (mm) and nitrate
load (kg hat) of different land use types from SWAT HRU output to analyze the impact
of land use on water quantity and quality.

As indicated in Figure 4.5 (a), water yield did not vary significantly among most
land use types. Average monthly water yield varied from a low of 36.7 mm for
pasture/forages to a high of 45.3 mm for soybean. Water yield for land use types such as
forest, potatoes, cereals, soybean, canola, and corn were not significantly different, while
in pasture/forages and others land use types, water yield was significantly lower when
compared with other land use types. Land use change can alter the hydrological cycle
within watershed through influencing evapotranspiration, infiltration, water retention
and eventually affect the amount of water available to surface water and groundwater
(Dunn and Mackay, 1995; Sanchez-Canales et al., 2012). Despite the low variation of
water yield among different land use types, it is worth noting that most agricultural land
has higher water yield compared with forest land (Figure 4.5 (a)). An explanation could
be that forest land exhibits higher rates of evapotranspiration when compared with
arable land (Dunn and Mackay, 1995). Previous studies have reported similar results
claiming that the reduction of forest coverage would lead to the increase of water yield
(Sahin and Hall, 1996; Andréassian, 2004).

In contrast, nitrate load is more sensitive to land use change than water yield.
Nitrate load of forested land was the lowest among all the land use types, with an
average monthly load of 0.47 kg ha*. Figure 4.5 (b) suggest that land under agricultural

production is subject to significantly higher nitrate exports when compared with forested
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land. Average monthly loads were 2.2 kg ha™* for pastures/forages, 2.8 kg ha‘for
potatoes, 3.1 kg ha‘for cereal crops, 3.3 kg ha™* for corn, 3.6 kg ha™* for canola, and 1.9
kg ha* for other land types. On an annual basis, the annual nitrate load was 5.6 kg N ha'*
yr! for forest, 37.2 kg N ha yr? for cereal crops, 44.4 kg N halyr? for soybean, 39.6
kg N hatyr? for corn, 33.6 kg N hayr? for potatoes, 26.4 kg N hatyr? for
pasture/forages, 43.2 kg N ha™ yr! for canola and 22.8 kg N ha* yr? for other land use
types. This demonstrates the importance of mixed / alternate and natural land uses as
tool for environmental sustainability in agricultural watersheds.

Our model results confirmed that agricultural land is the major source of nitrate
pollution in the WRW, which is in agreement with general expectations. Agricultural
land is mainly responsible for water quality impacts, while forested land has a
significantly lower impact on water quality compared with agricultural land (Kandler et
al., 2017). Agricultural production has been estimated as being responsible for 55% of

NPS pollution in European Union (Kersebaum et al., 2003).
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Figure 4.5 Boxplot of SWAT predicted average monthly water yield (mm) and nitrate
load (kg ha') under different land use types. The “e” is the mean value of
monthly water yield or nitrate load. Boxes contain the same letter are not
significantly different according to the Tukey HSD (honest significant
difference) test.

4.3.3 Source Analysis of Water Yield in Growing Season and Non-Growing

Season
Runoff and groundwater discharge are the main drivers of nitrate transport to

streams, and groundwater discharges contribute significantly to streamflow in PEI. An
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analysis of the relative contribution of different sources will provide insights into the
variation in nitrate load across different land use types.

Within both the growing and the non-growing seasons, land use had only had a
minor impact on flow-type components. In contrast, the major flow-types that
contributed to water yield under different land use types varied significantly between the
growing and non-growing season (Figure 4.6). The dominant source of water yield in the
growing season was groundwater, which contributed approximately 83% to 92% of total
water yield, while only 3% (pasture/forages) to 13% (forests) was attributed to surface
runoff. Devito et al. (1996) reported that surface water inflow to headwater catchments
in central-south Ontario stopped for several months during the summer. This is in
agreement with the finding of Jiang et al. (2015), who reported that streamflow is mostly
fed by groundwater in the growing season in PEI. The observed streamflow (Figurer 4.4
(a)) also indicated that there was almost no peak flow during the summertime for the
entire study period. The variation in timing and magnitude of precipitation, potential
evapotranspiration and runoff are important in explaining the seasonal variation of
streamflow. The high evapotranspiration rate and relatively low precipitation resulted in
less water diversion through surface runoff to streams during summer.
Evapotranspiration tends to be in excess of precipitation in the summer under cold and
humid climates (Devito et al., 1996). Despite the dominant contribution of groundwater
to water yield during the growing season, surface runoff is a substantial component of
water yield during the non-growing season (Figure 4.6). Average runoff increased from
15.4 mm in the growing season to 296.9 mm in the non-growing season, approximately
95.1% surface runoff occurred during the non-growing season. This is comparable with

other studies conducted in Atlantic Canada. One study conducted in northwest New
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Brunswick, approximately 320 km from our study site, reported that average surface
runoff in barley fields during non-growing season accounted for 96.3% of average
annual runoff between 1990 and 1993 (Chow et al., 2000). In contrast, groundwater
contribution was relatively stable. In our study, groundwater flow increased slightly
from 150.1 mm in growing season to 165.7 mm in non-growing season. This agrees well
with previous study conducted in the same watershed. Jiang et al. (2015) estimated that
baseflow during the growing season (May to October) accounted for 44.4% of annual
baseflow in Wilmot river watershed. As indicated in Figure 4.4 (a), the high flow period
was primary observed in late autumn to spring and in particular between March to May.
This is comparable with the results of other studies under similar climatic conditions
(Devito et al., 1996; Devito et al., 2005; Tan and Zhang, 2011; Qi et al., 2016). These
peak flows were mostly observed during late autumn to spring as a result of snowmelt,
rainfall and the diminishing evapotranspiration due to the absence of crop and lower

temperature during this period.
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Figure 4.6 Average growing season (GS) and non-growing season (NGS) water yield
contribution by groundwater (GW Q), lateral flow (Lat Q), and surface
runoff (Surf Q) under different land use types during the study period.

4.3.4 Source Analysis of Nitrate Loading

A large variation in nitrate loading was found among different land use types

(Figure 4.7) for both the growing season and the non-growing season. Nitrate loading

under forest land was the lowest among all land use types for both the growing season

and non-growing season, amounting to 2.0 and 3.7 kg ha™* for the growing and non-
growing season, respectively. These findings are in agreement with those of Haidary et
al. (2013), who found a significant negative correlation between water pollution and

forest land cover. Baker (2006) found that while some forests demonstrating elevated N

loss, undisturbed forest appeared to have little impact on river water quality when

compared with other land uses. In our study, groundwater was found to be the dominant

source of nitrate loading in both the growing and non-growing seasons. In the growing
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season, nitrate loading from groundwater ranged between 82.3% for potatoes and 99.0%
for soybean land. Given that streamflow was primarily fed by groundwater in the
summer period (Figure 4.6 (2)), it is safe to say that nitrate loading to streams in summer
was predominantly the result of groundwater flow (Figure 4.7 (a)). In addition, nitrate
from lateral flow is also a significant source of nitrate during the growing season. For
the three dominant agricultural land uses in the watershed (potatoes, cereals, and
pasture/forages), nitrate loading sourced from lateral flow amounted to 16.5%, 8.3% and
10.7% of total flow, respectively. As depicted in Figure 4.7 (b), high nitrate loads in the
non-growing season could be largely attributed to the high runoff and groundwater
discharge during this time. Runoff contributed about 11.3% to 43.3% of total nitrate,
which was a significant increase over the growing season. Snow melt combined with the
limited infiltration caused by frozen ground can lead to intensified runoff during winter
and spring seasons (Niu and Yang, 2006). In addition, snow melt coupled with rainfall
events can lead to severe non-point source pollution due to the large amount pollutant
lost through runoff (Singh et al., 2009; Qi et al., 2016). Unlike tropical areas, where
relatively high nitrate loading is often a result of intensive rainfall, high streamflow in
our study are mostly attributed to snow melt events with or without rainfall during
winter and spring seasons. Furthermore, these high flow are often associated with low
nitrate level due to dilution effects (Stutter et al., 2008; Sith et al., 2019). These findings
are consistent with the historical nitrate data of several watersheds from PEI (Jiang et
al., 2015), where low nitrate concentration are often observed in the dormant seasons.
However, even though nitrate concentrations were low, the total amount of nitrate

exported from the watershed was increased dramatically as a result of intensive flow.
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Figure 4.7 Average growing season (GS) and non-growing season (NGS) nitrate
loading via groundwater (GW Q), lateral flow (Lat Q), and surface runoff
(Surf Q) under different land use types during the study period.

Nitrate sourced from groundwater ranged from 55.0% of the total nitrate load for
forest to 92.4% for canola in the non-growing season. Groundwater sourced nitrate
under potatoes increased by 43.2% from the growing season to non-growing season,
which was the largest increase under all land use types. In addition, the results of total
contribution of nitrate load by different land use types suggest that potatoes were the
major exporter of nitrate in both the growing season and non-growing season (Figure
4.8). As the largest crop in terms of cultivation area (31%), potatoes contributed 35%
and 40% of nitrate in the growing season and the non-growing season, respectively. On
average, 76% percent of the land in the watershed was under potato rotation
(potatoes/pasture/forage/cereals) contributing 85% and 84% of the total nitrate during
the growing season and the non-growing season, respectively. This result is in

agreement with Jiang et al. (2015), who reported that 75-98% of the nitrate loading of
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estuaries were sourced from potato rotated lands and emphasized the need for more
efficient N management under potato production for water protection in PEI. It has been
well documented that potato production systems are the major source of nitrate leaching
in PEI due to the high N fertilizer input associated with potato production (Benson et al.,
2006; Jiang et al., 2011; Jiang et al., 2015; Zebarth et al., 2015; Liang et al., 2019a).
Nitrate leaching is believed to primarily occur during non-growing season (Jiang et al.,
2011; Zebarth et al., 2015; Woli and Hoogenboom, 2018; Liang et al., 2019a).

Even though the total contribution by land types such as canola, corn and soybean
were low due to the low cultivation area of these crops (Figure 4.8), it should be noted
that these land types also have high nitrate loss potential (Figure 4.7). Forage crops such
as clover and alfalfa are often used in potato rotations in PEI as their residue are great
addition to soil organic matter and as legumes, are receiving lower fertilizer N
applications due to their N fixing capacity. However, it has been reported that nitrate
leaching potential of clover and alfalfa are relatively high especially when they are
incorporated in fall under a wet climate condition. Masunga et al. (2016) indicated that
the high N mineralization potential of clover residue may pose high risks to the
environment if the residue incorporation is not synchronized with crop demand. The risk
of nitrate leaching under clover was found to be high due to the high N surplus and slow
decomposition of the residue during the non-growing season, when compared with other
crops (Liang et al., 2019a). It should also be noted that other agricultural land
management practices can also affect water quality directly or indirectly. Excessive
plowing disturbs the topsoil, causing oxidative loss of soil carbon which may be further
exacerbated by soil loss into surface water bodies though soil erosion (Giri and Qiu,

2016). Nutrient or pesticide losses are likely occurred with excessive applications of
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fertilizers, manure or pesticides, which poses a high risk to the health of receiving
waters. Liang et al. (2019a) found that intensive nitrate leaching occurred primarily
between October and December and that leached nitrate could lead to a significant
increase in nitrate levels in groundwater during the non-growing season. However, after
nitrate leaves the root zone through leaching, a significant amount may be stored in
vadose zones leading to prolonged travel time of nitrate to groundwater (Jiang et al.,
2017). This legacy N in the vadose zone could serve as a long term source to both
surface and groundwater (Jiang et al., 2017; Van Meter et al., 2017; Van Meter et al.,
2018). Therefore, nitrate load sourced from groundwater could be the result of the
combined effects of land management practices over many years: direct effects by land
management in the current year and carry-over effects from previous years. However, it
is to be noted that SWAT has it’s limitation in accurately describing the lag time of

lateral and groundwater flow (Illampooranan et al., 2019).
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Figure 4.8 Average percentage area versus nitrate contribution during the growing

season (GS) and non-growing season (NGS) under different land use types.
4.3.5 Spatial and Temporal Distribution of Nitrate Load
Nitrate loads predicted by SWAT showed high variability both temporally and

spatially across the watershed (Figure 4.9). For the entire watershed, annual nitrate
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loading during the simulation period was 24.6 kg ha™* yr* ranging from 14.0 to 50.7 kg
hat yrl. These values are in the range reported in other studies (Rode et al., 2009;
Schilling and Wolter, 2009). Rode et al. (2009) reported the nitrate leaching under
agricultural land of three catchments in Germany to range from 18.5 to 41.2 kg N ha™tyr
! Measured and SWAT simulated average annual nitrate load were 17.5 kg N hatyr?
and 18.0 kg N hayr!in an agricultural watershed in Minnesota (Schilling and Wolter,
2009). In our study, nitrate load experienced a substantial increase from growing season
to non-growing season. During the growing season, average nitrate loads ranges from
6.6 to 18.6 kg ha* for subbasin 2 and 33, respectively (Figure 4.9 (a)). Average non-
growing season nitrate load ranged from 7.1 to 32.1 kg ha* for subbasin 2 and 33,
respectively (Figure 4.9 (b)). As discussed, nitrate loading to streams was primary
contributed by groundwater discharge during the non-growing season (summer and early
fall), while in non-growing season, especially in winter and early spring, nitrate loss was
enhanced by runoff as a result of snow melt events. The largest increases in nitrate
loading from growing season to non-growing season occurred in subbasins 32, 33, 34
and 35, which are located in the southwest part of the watershed. Nitrate loads of these
four subbasins almost doubled from the growing season to the non-growing season.
Furthermore, these subbasins are also closer to the watershed outlet. Higher nitrate
exports coupled with lower travelling times make these subbasins a higher threat to the
aquatic environment of the estuary when compared with others. Identification of these
heavily polluted areas provides critical information for land management and pollution
control. Wagena et al. (2018) pointed out that targeting critical source areas achieves

almost the same results as widespread targeting when attempting to mitigate water
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quality impacts. Therefore, in the present study, more attention should be paid to the

southwest part of the watershed.
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Figure 4.9 Average nitrate load (kg ha) and total nitrate load (t) of subbasins of
growing season (GS) and non-growing season (NGS) across the Wilmot
River Watershed. Subbasin number are labeled in parentheses blow the
values of total nitrate load (t).
4.3.6 Factors Affecting Water Yield and Nitrate Load
Land use and climate are the key drivers of the changes in watershed hydrology and

nutrient cycling, and separation of their effects is of great importance to land
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management and water resources management (Li et al., 2009). Therefore, we employed
random Forest model to quantify the impacts of different factors on water yield and
nitrate load.

The relative importance of the six variables for predicting water yield and nitrate
load are plotted in Figure 4.10. Based on the increase of error rate, the relative
importance of all predictive variables is normalized to 100%. The six factors
demonstrated different effects on water yield and nitrate load. The top three factors
affecting water yield were temperature, precipitation, and soil type, with the relative
importance of 34.31%, 27.1% and 24.2%, respectively (Figure 4.5). This is in agreement
with results reported by Tu (2009) and Shrestha et al. (2018). Tu (2009) showed that
streamflow was more affected by climate change when compared with land use changes,
while N load was affected by both climate and land use changes. Streamflow showed a
greater impact from climate change than land use change (Shrestha et al., 2018). Climate
variability demonstrated more significant impact on surface hydrology than land use
change, climate variability decreased evapotranspiration by 103.0% while land use
change increased evapotranspiration only by 8.0% (L.i et al., 2009). For nitrate loading,
land use was the dominant factor, followed more or less equally by temperature, soil
type and precipitation (Figure 4.10 (b)). Land use alone accounted for 49.2% of the
importance of nitrate load, with the remaining 5 factors combining contributed 50.8%.
Chen et al. (2017) reported that total N load under perennial grasses was significantly
reduced when compared with those under future cotton land use scenarios. Nutrient
losses from agricultural land have been shown to increase with increasing slope length
(Li et al., 2006), while random Forest results suggested that the two topography factors

had the least impact on water yield and nitrate load among the six predictive variables. It
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can be visualized from Figure 4.1 that Wilmot river watershed can be characterized as

relatively low, flat, and uniform landscape, which may contribute to the lower impact of

topography on water yield and nitrate load in the watershed.

(a) Relative importance in affecting

Temperature

Precipitation

Slope
Length

Slope Class

Soil Type

Land Use

water yield (%)

(b) Relative importance in

affecting nitrate load (%)

1.5

1.7

111

27.1

242

34.3

29

35

151

14.5

14.8

49.2

Figure 4. 10 Relative importance of predictive variables in random Forest regression
model for predicting water yield (a) and nitrate load (b).
4.4 Conclusions
This work provided several new insights through characterizing the impact of land
use on nitrate load and water yield by using the SWAT model and machine learning
algorithm random Forest.

1. Results of SWAT model show that land use demonstrated little impact on water
yield. In comparison, nitrate load under different land use varied substantially.
Annual nitrate loading ranged from 5.6 to 44.4 kg N ha™! yr'! for forest and soybean,
respectively. Results suggested that potato rotated land contributed over 84% of the

total nitrate load in the watershed.
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2. Source of water yield demonstrated high variability between the growing season and
non-growing season. About 90% of water yield was contributed by groundwater in
the growing season. While runoff contributed over 60% of water yield during the
non-growing season. Even though groundwater was the dominant source of nitrate
loading in both seasons, runoff still contributed significantly to nitrate loading
during the non-growing season.

3. It was suggested that more attention should be paid to the southwest part of the
watershed due to the high nitrate load and proximity to watershed outlet.

4. The random Forest results indicated that the climatic variables of temperature and
precipitation were the dominant drivers affecting water yield, with a combined
relative importance of 61%. Land use on the other hand, was found to be the
dominant factor affecting nitrate loading, with the relative importance of 50%.

The study demonstrated that the SWAT model provides critical information in
identifying the major land use types, critical source area and key hydrological processes
that contributed to nitrate load in the watershed. In areas of intensive potato production
or high nitrate load, mitigation strategies such as growing potato varieties with high N
use efficiency, following the 4Rs (right source, right time, right place and right rate)
management approach, longer crop rotation cycle, cover crop, or/and drainage
management need to be promoted to reduce nitrate loss to groundwater, which was
found to be the dominant source of nitrate load in the watershed. BMPs such as buffer
strips or riparian buffer can be applied to reduce nitrogen loss through runoff during the
snowmelt season. Improved communications among stakeholders such as scientists,
growers, watershed managers and policy makers are also necessary for sustainable

watershed management.
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Chapter 5: Large Discrepancies on Nitrate Loading Estimates from Sparse
Measurements by SWAT and Three Statistical Methods in an
Agricultural Watershed

Abstract

Nitrogen (N) is one of the major pollutants to aquatic ecosystems. One of the key
steps for efficient N reduction management at watershed scale is accurate quantification
of N load. High frequency monitoring of stream water N concentration has not been
common, and this has largely been the limiting factor for accurate estimation of N
loading worldwide. N loads have often been estimated from sparse measurements. The
objective of this study was to investigate the performance of the physical-based SWAT

(Soil and Water Assessment Tool) model and three commonly used regression methods,

namely LI (linear interpolation), WRTDS (Weighted Regression on Time, Discharge,

and Season), and the LOADEST (LOAD ESTimator) on estimating nitrate load from
sparse measurements through a case study in an agricultural watershed in eastern
Canada. The range of daily nitrate load of SWAT and LOADEST was 0.05-1.29 and
0.14 - 1.35 ton day*, compared with 0.13 - 13.08 day™* and 0.15 - 16.75 ton day* for LI
and WRTDS, respectively. Mean daily nitrate load estimated by the four methods
followed the order: WRTDS > L1 > LOADEST > SWAT. The large discrepancies were
mainly occurred during the non-growing season during which there was observation data
available. As regression methods use concentration data from dry seasons to estimate the
concentrations of wet seasons, there is a strong likelihood of overestimation of nitrate
load for wet seasons. The results of this study shed new light on nitrate load estimation
under conditions of different data availability. Under situations of limited water quality

measurement, policy makers or researchers are likely to benefit from using hydrological
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models such as SWAT for constituent load estimation. However, the selection of the
most appropriate method for load estimation should be seen as a dynamic process, and
case by case evaluation is required especially when only sparsely measured data is
available. As agri-environmental water quality issues become more pressing, it is critical
that data collection strategies that encompass seasonal variation in streamflow and

nitrate concentration be employed in regions like Atlantic Canada in the future.

Keywords: Nitrate load; Data gaps; Accuracy; Statistical models; Physical-based models.
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5.1 Introduction

Nitrogen (N) is one of the major pollutants of aquatic ecosystems. Agroecosystems
receive about 75% of the reactive N that created by anthropogenic activities (Galloway
et al., 2003). A large proportion of this N is lost to the environment and impacts the
heath of aquatic ecosystems due to the limited utilization rate of N fertilizer by crops
(Galloway et al., 2008; Odgaard et al., 2019). Reduction of N loading to these
ecosystems has become a pressing environmental challenge in many regions around the
world, especially those with intensive agricultural production (Milovanovic, 2007;
Ongley et al., 2010; Hou et al., 2019; Sith et al., 2019).

One of the key steps for efficient N reduction at watershed scale is the accurate
quantification of N loading over time. This is critical to the i) understanding of the
quality of downstream receiving water bodies, ii) calibration and validation of watershed
models, iii) creation of guidelines for cost-effective pollution control programs, iv)
evaluation of the effectiveness of these programs, v) evaluation of long-term N loading
trends and vi) estimation of riverine fluxes and identification of upstream sources
(Stenback et al., 2011; Lee et al., 2016; Nguyen et al., 2017). N loading at watershed
scale is the product of surface and sub-surface biophysiochemical transport processes.
Due to the complexity of these processes and the dynamic nature of stream discharge,
quantification of the temporal pollutant load can be challenging, but it can be estimated
by integrating measured concentration and flow data (Zamyadi et al., 2007). Estimation
of nitrate load is subject to various sources of error such as different sampling
frequencies and estimation methods.

Significant efforts have been made to explore the optimal sampling frequencies for

load estimation (Robertson and Roerish, 1999; Toor et al., 2008; Birgand et al., 2010;
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Jiang et al., 2019; Zhang and Hirsch, 2019). It is the consensus that the use of high
frequency data would reduce the uncertainty in the estimation of constituent load
considerably (Birgand et al., 2010; Zhang and Hirsch, 2019). For instance, Birgand et al.
(2010) suggested that the uncertainty of estimating nitrate flux by averaging or
interpolation methods are positively correlated with increasing sampling interval, and
that these methods introduced considerable uncertainty when continuous flow data was
not used. Zhang and Hirsch (2019) used a modified version of the weighted regression
method WRTDS, namely WRTDS-K, to estimate constituent flux under five different
sampling regimes, which were subsampled from near daily records that cover at least 15
years of data from nine sites in the US. It was concluded that the performance of
WRTDS-K improves with more samples are available. Ideally, continuous measurement
of discharge and constituent concentration data are required in order to obtain the most
accurate flux estimates (Verma et al., 2012). However, in practice, continuous
measurement of concentration and discharge data rarely available due to the complexity
of water quality measurement and the high cost associated with measurements. The
deployment and maintenance of continuous monitoring infrastructure/equipment
requires ongoing funding and human resources and can also be challenging particularly
in remote areas and extreme weather. Although daily or more frequent discharge
measurements on streams and rivers are often available from environmental protection
agencies or associated with specific projects (Ullrich and VVolk, 2010; Pellerin et al.,
2014; Yang et al., 2019), the widely used sampling frequencies are monthly, bimonthly,
or even less frequently (Zamyadi et al., 2007). Moatar and Meybeck (2005) pointed out
that monthly sampling frequency has been the primary strategy of 80% of water quality

surveys that have been conducted in France since 1971. In an agricultural basin located
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in the upstream of Huaihe river, one of China’s largest rivers, total nitrogen
concentration and discharge data were collected at monthly and bimonthly from 2006 to
2011 by the Bureau of Environmental Protection of Zhumadian City (Yang et al., 2016).
In Thailand, water quality data was captured three to four time annually by Pollution
Control of Thailand (Yadav et al., 2019). In the Canadian province of Prince Edward
Island, water quality of major watersheds has been monitored weekly or biweekly during
the growing season (May-October) by the Department of Environment (Liang et al.,
2020). These studies indicated that discrete sampling regimes are still the widely used
approach. Globally, accurate estimation of nitrate flux has been a constant challenge due
to limited data availability. Discrete sampling does not fully capture the concentration-
discharge range, particularly during extreme wet or dry periods, when the concentration-
discharge relationship varies significantly (Pellerin et al., 2014). Hirsch (2014)
suggested that using a single method across a wide range of cases can result in a mixture
of unbiased and severely biased results. Using the appropriate method therefore, is a
critical step in load estimation.

Numerous approaches have been developed and applied for constituent load
estimation (Verhoff et al., 1980; Ferguson, 1986; Preston et al., 1989; Mattikalli and
Richards, 1996; Arnold et al., 1998; Runkel et al., 2004; Hirsch et al., 2010; Li et al.,
2020). These approaches can be broadly classified into statistical methods, process-
based models, and remote sensing/GIS methods. Statistical approaches explore certain
statistical relationships between flow and constituent concentration data and can be
further categorized (Guo et al., 2002; Moatar and Meybeck, 2005; Verma et al., 2012)
into averaging methods and interpolation/extrapolation methods, ratio estimators,

regression-based methods, and data mining methods. Averaging methods calculate flux
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using mean concentration and mean flow. This approach is simple and straightforward
but the calculated results can be significantly biased when insufficient data are used
(Zamyadi et al., 2007). Interpolation/extrapolation approaches assumes that in-frequent
concentration or flow data are representative of much longer periods of time (Moatar
and Meybeck, 2005). Ratio estimators use flow data as the auxiliary variable and load as
the dependent variable to calculate load (Guo et al., 2002). Regression-based techniques
utilize expected patterns of covariance between concentrations and flow and/or time
(Lee et al., 2016), while data mining methods are relatively user-friendly, given that they
are not constrained by data assumptions or the number of parameters used (Li et al.,
2020). Process-based models incorporate the underlying biophysiochemical processes
(e.g. plant growth, leaching, runoff, denitrification, etc), using mathematical equations to
represent the movement of water and chemicals at field or watershed scale (Brilli et al.,
2017). A relatively complete suite of biogeochemical processes is generally embedded
in these models. Additionally, many of these models incorporate watershed
characteristics such as soil, topography, climate, land cover/land use, and/or
management operations into the models. Remote sensing/GIS methods, non-point source
pollution is believed to be closely related to land cover/land use (Molina-Navarro et al.,
2018; Sorando et al., 2019; Liang et al., 2020). Other recent studies have estimated
nitrate loads for improved watershed management through the application of satellite
images and empirical relationships, in combination with the inventories of land use data
(Basnyat et al., 2000; Wright et al., 2006).

Many studies have been conducted to compare the commonly-used process-based
models (Borah and Bera, 2003; Brilli et al., 2017; Fu et al., 2019), or the relative

performance of different statistical methods in predicting constituent loading (Preston et
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al., 1989; Guo et al., 2002; Moatar and Meybeck, 2005; Lee et al., 2016; Li et al., 2020).
However, the performance of hydrological models has not often been compared with
their statistical counterparts, due to the fundamental differences in the theoretical basis
of these methods. No method appears to offer a consistent advantage over others under
all circumstances, especially when dealing with sparsely measured data. Markus et al.
(2014) pointed out that it is difficult to estimate load with regression methods for
extreme dry or wet periods given that these periods typically are not well represented by
historical records. Using LI to calculate nitrate loads from discrete samples can be
particularly sensitive to the timing and number of discrete samples (Aulenbach and
Hooper, 2006).

To better understand the performance of statistical methods and process-based
models in estimating nitrate load from sparsely measured data, we conducted a case
study to examine the differences between these two approaches. We compared three
statistical methods (LI, LOADEST, and WRTDS) with the physical-based model
SWAT.

5.2 Materials and Methods
5.2.1 Study Area

This study was conducted in the Wilmot River Watershed (WRW) in the Atlantic
Canada province Prince Edward Island (Figure 5. 1). The drainage area of the watershed
is approximately 61 km?, 80 % of which is under agricultural production with a long
history of fertilizer application (Figure 5. 1). Agricultural land use is dominated by
potatoes in rotation with forages and grains. Discharge and water quality data have been
monitored by Environment and Climate Change Canada and the provincial Department

of Environment through a gauge station located near the outlet of the watershed. Long
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term daily streamflow data has been collected, and water samples have been taken for
water quality analysis at monthly or biweekly intervals mainly in the non-frozen season,
which is generally between April and November. This study was performed using data
from the period of 2011-2017, during which between 6 and 10 water samples were taken
for water chemistry analysis annually. Such sampling strategy is a common approach in
Canada (Quilbe et al., 2006; Liang et al., 2020); it makes the accurate estimation of
nitrate load in Canada even more challenging. The climate in this region is characterized
as humid with a cool to mild temperature regime. The 20-year (1999-2018) annual
precipitation ranged between 951 mm in 2001 and 1488 mm in 2009 with an average of
1281 mm, approximately 24% of which was in the form of snow in the dormant season

(Dec - Mar).
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Figure 5.1 Wilmot River Watershed in central west Prince Edward Island, Canada.
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5.2.2 Nitrate Load Estimation

The physical-based watershed model SWAT (Arnold et al., 1998), and the statistical
methods of linear interpolation, regression models LOADEST (Runkel et al., 2004) and
WRTDS (Hirsch et al., 2010) were used to estimate the nitrate load of the Wilmot river
watershed between 2011 and 2017.
5.2.2.1 Soil and Water Assessment Tool (SWAT)

SWAT is the most widely used watershed scale hydrological model of the past few
decades and contains a comprehensive processes representation which is constantly
improved due to open access of the source code and strong support of the model
(Gassman et al., 2014; Fu et al., 2019). Because of the capacity and flexibility, SWAT
has been broadly used for (1) evaluation of water resources or/and water quality status
(Awotwi et al., 2019; Bauwe et al., 2019); (2) contaminant source analysis (Risal and
Parajuli, 2019; Liang et al., 2020); (3) scenario analysis (Yang and Best, 2015; Wagena
and Easton, 2018; Chen et al., 2019); (4) evaluation of existing or inform future
management practices (Moriasi et al., 2013; EI-Khoury et al., 2015; Taylor et al., 2016;
Haas et al., 2017; Qi et al., 2018; Liang et al., 2019); (5) tracing of the drivers of water
pollutants (Li et al., 2009; Ouyang et al., 2018). Accordingly, we selected SWAT as the
primary process-based model to estimate nitrate load. SWAT was set up with detailed
annual land use from 2011-2017 and calibrated against daily streamflow and nitrate load
from the study period. The detailed descriptions of the setup, calibration, and validation
of the SWAT model are described in Liang et al. (2020). Model performed well in
simulating streamflow and nitrogen load based on the criteria recommended by Moriasi

et al. (2007).
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5.2.2.2 Linear Interpolation (LI)

Linear interpolation uses concentration data to estimate the missing data and it
assumes a linear relationship between two adjacent concentration data points. Among
the flux estimations methods, LI method is one of the simplest methods and has been
broadly used to estimate constituent concentration/load in many studies, and there have

been very few comparable evaluations of interpolation method (Hirsch, 2014).

Co=Ci+ 2220k (G - () (5-1)

D;-D;

where Cs is the simulated nitrate concentration of a specific data point at day s (Ds),
which is between day i (Di) and day j (D;). Ci and Cj are the observed nitrate
concentration data of two adjacent data points at day i (Di) and day j (Dj), respectively.
5.2.2.3 Load Estimator (LOADEST)

LOADEST was developed by the US Geological Survey (USGS) and is commonly
used by environmental protection agencies in the US to estimate constituent load
(Hirsch, 2014). The LOADEST has various levels of complexity depending on the use
of fewer, or more, explanatory variables (Runkel et al., 2004). A complex form of
LOADEST, the 7-parameter model was used in this study. The 7-parameter model of
LOADEST uses multiple linear regression to fit the variables such as streamflow,
streamflow squared, season, time, and time squared, is applied in this study.

In(Cy) = ay+ a;InQ + a, In Q2 + a5 sin(2mdT,) + a, cos(2mdT,) + asdT, + agdT,> + ¢
(5-2)

where In(C,) is the natural logarithm of constituent concentration for period t; In Q is
the natural logarithm of mean daily discharge; Tt is decimal time, in years; € is a model

residual; and «,, are model parameters to be estimated.
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5.2.2.4 Weighted Regression on Time, Discharge, and Season (WRTDS)

Similar to LOADEST, WRTDS was also developed by the USGS and is one of the
commonly used regression methods for estimating constituent load. WRTDS model is a
function of discharge, time, and season (equation 3).

In(Cy) = ag + ayt + @, In Q + a3 sin(2mt) + a4 cos(2mt) + € (5-3)

where In(C,) is the natural logarithm of constituent concentration for period t; In Q is
the natural logarithm of mean daily discharge; t is the time in years, € is a model
residual; and «; are model parameters to be estimated.

While the coefficients of equation 3 are not fixed, WRTDS uses weighted
regression to estimate the coefficients of equation 3. The weight of each observation is
based on the relevance of that observation to the estimation point. The relevance of each
observation is defined by weighted distances between the observation point and
estimation point. And the weighted distance is measured through three dimensions,
which are the time distance, seasonal distance and discharge distance (Hirsch et al.,
2010). Some of the samples may carry very low weight during the estimation process.
Hirsch et al. (2010) suggested using at least 100 observations with nonzero weight. To
meet the data requirements of WRTDS, the nitrate and discharge data sets from 1999 to
2017 were used for nitrate load estimation by WRTDS and LOADEST.

5.2.3 Statistical Analysis

Statistical analysis was mainly performed by using R 4.0.0. The WRTDS is
implemented through an R package, namely the EGRET (Exploration and Graphics for
RivEr Trends); a detailed description of the package is provided in Hirsch and De Cicco
(2019). Pair wise t test was conducted to investigate the differences of annual, non-

growing season, and growing season nitrate loads estimated by different methods. The
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mean, median, and standard deviation of daily nitrate load estimated by different
methods was analyzed. Correlation analysis was performed to explore the relationship
between daily nitrate load estimated by different models.
5.3 Results and Discussion
5.3.1 Daily Nitrate Load and Accumulated Nitrate Load Estimated from Sparse
Data by Four Methods

The primary transport processes of nitrate-nitrogen in the Wilmot river watershed
are surface runoff and ground water discharge (Liang et al., 2020). Precipitation and
streamflow events are important drivers of temporal variation in nitrate loading. Daily
precipitation and streamflow during the study period at the watershed outlet are shown
in Figure 5.2. On average, the highest average daily flow of 3.13 mm (1.65 m® s) was
found in April and the lowest average daily flow of 0.85 mm (0.45 m® s*) occurred in
August during the study period. Figure 5.2 also shows the results of daily nitrate flux
and accumulated nitrate flux estimated by all the four methods. Variations of nitrate load
are consistent with the trend of discharge, where high flow often corresponded to high
nitrate flux and nitrate flux decreased dramatically during low flow periods. High flow is
often results accompanied by low nitrate concentration due to the dilution effect (Sith et
al., 2019; Stutter et al., 2008). This observation is also consistent with the historical
nitrate data of several watersheds in PEI (Jiang et al., 2015), where low nitrate
concentrations were often observed in wet seasons. Even though nitrate concentration
was decreased due to the dilution effect of high flow, the total amount of nitrate load
exported from the watershed still increased dramatically as a result of high flow.
Overall, the high flow period was primarily observed in late autumn to spring especially

from March to May. This is comparable with the results of other studies under similar
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climates (Devito et al., 1996; Devito et al., 2005; Tan and Zhang, 2011; Qi et al., 2016).
Peak flows are mostly observed during late autumn to spring in response to snowmelt,
rainfall, and diminished evapotranspiration due to the absence of crop and low
temperature during this period. In contrast, streamflow is relatively low during the
growing season, especially from June to September, and is mainly the result of
groundwater recharge (Jiang et al., 2015). The variation in timing and magnitude of
precipitation, evapotranspiration, and runoff are therefore important rivers of the
seasonal variation in streamflow. During the study period, precipitation during the
summer (June to August) accounted for only 19.4% of annual precipitation.
Evapotranspiration tends to be in excess of precipitation in the summer under cold and

humid climate (Devito et al., 1996).
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Nitrate load estimated by the four methods provided fair estimates when compared
with observed loads during the growing/low flow season. Observed daily loads were
calculated from the observed nitrate concentration and discharge data of specific day.
The major difference between the four methods occurred mainly during the high flow
seasons when no observed nitrate data was available. SWAT and LOADEST
demonstrated a relatively similar pattern in the range of estimated loading and was
substantially lower and narrower than that of LI and WRTDS. The range of daily nitrate
load of SWAT and LOADEST was 0.05-1.29 and 0.14 - 1.35 ton day, respectively,
compared with 0.13 - 13.08 day™* and 0.15 - 16.75 ton day™ for LI and WRTDS,
respectively. Lowest loads normally occurred in August or September while the highest
loads normally occurred in March or April. Mean daily nitrate load estimated by the
four methods for the study period followed the order: WRTDS > LI > LOADEST >
SWAT (Table 5. 1). This was mainly due to the high estimates provided by WRTDS
and LI during the winter season. As indicated by the statistical results in Table 5. 1, a
relatively strong correlation existed between the daily nitrate load estimated by LI and
WRTDS, while SWAT showed the strongest correlation with LOADEST (Table 5. 1).
Regression methods generally over and under-estimate nitrate loads during high and low
flow periods, respectively (Duan et al., 2014). The USGS estimated nitrate-N exported
from the Mississippi river during 2004-2006 and found that LOADEST and a composite
method estimated loads that were 9% and 16% higher than loads calculated using

continuous in-situ data (every 2-3h) (Duan et al., 2014).
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Table 5.1 The mean, median, and standard deviation of daily nitrate load estimated

by different methods, and their coefficients of correlation.

Mean Median Coefficient of correlation (R)
Method SD

(ton) (ton) LI LOADEST WRTDS SWAT
LI 0.54 0.33 0.76 0.69 0.92 0.24
LOADEST 0.44 0.35 0.26 0.69 0.62 0.48
WRTDS 0.58 0.34 1.03 0.92 0.62 0.21
SWAT 0.36 0.31 0.19 0.24 0.48 0.21

Note: SD stands for standard deviation. LOADEST stands for Load Estimation; WRTDS stands
for Weighted Regression on Time, Discharge, and Season. SWAT stands for Soil and Water

Assessment Tool; LI indicates Linear Interpolation.

As also indicated in Figure 5.2, the accumulated nitrate load estimated by WRTDS
and SWAT are consistently the highest and the lowest among the four methods, while
WRTDS constantly has be the highest estimation of accumulated nitrate load. The
discrepancies between different methods increases over time especially during high flow
periods. For the entire 7-year period, accumulated nitrate flux estimated by L1,
LOADEST, and WRTDS was 50.1%, 22%, and 60.7%, higher than the SWAT model.
For the entire 7-year period, accumulated nitrate flux estimated by WRTDS, linear
interpolation, and LOADEST was 60.7%, 50.1%, and 22% higher than the SWAT

model.
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5.3.2 Estimation of Mean Daily Nitrate Loads by Month
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Figure 5. 3 Boxplot of mean daily nitrate load by month, estimated by LI, LOADEST,
WRTDS and SWAT model. The “e” is the mean value of daily nitrate
load.

Figure 5.3 shows the annual trend in mean monthly nitrate flux variation by
method. Generally, nitrate loads during wet seasons (December - May) were higher than
dry season (June - November). As with streamflow, the highest daily nitrate load was
observed to be in April by all four methods. Figure 5.2 and Figure 5.3 indicate that daily
nitrate loads estimated by LI and WRTDS are significantly higher than that of SWAT
model during the wet months. In particular, for high flow months such as March and
April, nitrate load estimated by LI or WRTDS can be an order of magnitude higher
when compared with SWAT. The highest daily nitrate load predicted by the four
methods are 16.7, 13.1, 1.4, and 1.3 ton day™* for WRTDS, LI, LOADEST and SWAT,
respectively (Figure 5.2). In April, average daily nitrate load predicted by the four

methods were 1.55, 1.28, 0.74, and 0.54 ton day* by WRTDS, LI, LOADEST, and
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SWAT. In contrast, in June, July and August, regression methods tend to underestimate
nitrate load compared to SWAT (Figure 5.3).
5.3.3 Seasonal and Annual Nitrate Loads

As indicated in Figure 5.4, annual nitrate load estimated by WRTDS and L1 are
significantly higher than that by SWAT and LOADEST (p < 0.05), while SWAT and
LOADEST do not show significant difference (p > 0.05). The mean annual nitrate loads
are 196.4 159.6, 210.3, and 130.9 ton estimated by LI, LOADEST, WRTDS and
SWAT, respectively. It is worth noting that the largest discrepancies were found in 2014
and 2015 between regression methods and process-based method SWAT. Nitrate flux
estimated by WRTDS was higher than SWAT by as much as 176.9%. Even though no
statistically significant difference was tested for annual nitrate load estimated by SWAT
and LODEST, the load estimated by LOADEST was still 69.0% and 61.0% higher than
SWAT in 2014 and 2015, respectively. The rationale behind this is that 2014 and 2015
were wet years and a significant amount of snow precipitation occurred in these two
years. As discussed above, the overestimation of nitrate concentration by regression
methods coupled with the high flow during wet seasons could lead to overestimation of
nitrate load. The bias could be amplified if there is a significant amount of wet season
precipitation, eventually resulting in high stream discharge during late winter or early

spring when the snow melts.
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Figure 5.4 Annual (I), non-growing season (11), and growing season (1) nitrate loads

estimated by different methods during the study period (2011-2017).
Methods that contain the same letter are not significantly different (p >
0.05) according to pairwise t test.

We calculated the nitrate load by growing season and non-growing season. A
common aspect of all four methods was the estimation of higher nitrate loads during the
non-growing season. In the growing season, mean nitrate loads were lower and very
similar at 60.3, 56.1, 61.4, and 58.9 ton for LOADEST, SWAT, WRTDS and LI,
respectively, while major differences in load estimation a feature of the non-growing
season. Mean nitrate loads in the non-growing season estimated by LODEST, SWAT,

WRTDS, and LI were 99.4, 74.8, 148.9, and 136.5 ton, respectively. The annual nitrate
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load calculated by WRTDS was almost twice that of SWAT. The relatively poor
performance by regression methods especially the WRTDS and L1 is likely due to the
fact that there are no observation data available during wet seasons. Nitrate
concentrations below the root zone are often highly variable during warmer months due
to the fertilizer application. As previous discussed, nitrate concentration in rivers during
the wet season can be significantly lower when compared with the growing season. As
regression methods use concentration data from dry seasons to estimate the
concentrations of wet seasons, there is a strong likelihood of overestimation of nitrate
load for wet seasons. It is therefore challenging to model loading with regression
methods for extreme dry or wet periods due to the fact that these periods typically are
not well represented by historical records (Markus et al., 2014). Using LI to calculate
nitrate loads from discrete samples can be particularly sensitive to the timing and
number of discrete samples (Aulenbach and Hooper, 2006).

SWAT has a detailed representation of nitrogen cycles and incorporates critical
watershed input information such as land use, climate, soil properties, and topography
data to simulate the hydrologic, chemical, or sediment cycles. In addition, nitrogen
cycling, being one of the most common SWAT applications, is well represented in terms
of processes in the model (Fu et al., 2019). In many studies, SWAT model has been
calibrated with single land use data and monthly time steps. This together with the
detailed watershed information input, makes SWAT more likely to provide more
reliable nitrate load estimates under conditions of limited nitrate concentration data
when compared with other regression methods. Poor estimation is the result of a lack of

fit between concentration and discharge data and substantial seasonal variability in the
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relationship between concentration and discharge. Hirsch (2014) pointed out that there is
no universally agreed upon the correct method to calculate nitrate flux, but the use of a
more robust tool such as SWAT can be very useful in limiting these errors. Our results,
therefore, suggest reasons why regression methods fail to provide reasonable estimates
when employing limited data with large gaps. The most probable cause is the change in
the relationship between concentration and discharge across seasons and years,
especially in regions with contrasting weather phenomena such as Atlantic Canada.
5.4 Conclusions

Globally, the primary water quality monitoring approach has been infrequent
discrete sample collection, even though nitrate data has recently become more available
with the advancement of sampling and sensor technologies. The primary goal of this
study was to improve the understanding of estimating actual nitrate loads from limited
data sets. Using a watershed data set with major gaps, we demonstrated that large
discrepancies could exist among the most commonly used load estimation methods.
Regression models can potentially lead to substantially biased results when limited data
sets are used in scenarios with considerable seasonal fluctuation in ground and surface
water nitrate concentration. The results of this study have implications for nitrate load
estimation under different data availability conditions. It is possible that when major
gaps in exist in nitrate concentration data, physical-based models may be better
employed for load estimation in the future, simply because they are process-based and
improvable. There is a tradeoff between using regression models and process-based
hydrologic models to estimate constituent load. Regression models are easy to use and

require less expertise, but they do not reflect the physical pathways of water and nutrient
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cycling and could provide substantially biased results. Policy makers or researchers are
likely to benefit from using hydrological models to estimate nitrate load in situations of
limited water quality measurement. However, the best fit method should be seen as
dynamic instead of static and case by case evaluation should be conducted. As agri-
environmental water quality issues become more pressing, it is critical that data capture
strategies that encompass seasonal variation in streamflow and nitrate concentration be
employed in regions like Atlantic Canada in the future.
Acknowledgements
This study was supported by the projects “Reducing sediment, N and P loading
from arable cropping systems to receiving waters in eastern Canada” (Grant No. J-
001270) and “Using Living Laboratory approach to develop and transfer innovative soil
and water quality BMPS in Prince Edward Island” (Grant No. J-002269) from
Agriculture and Agri-Food Canada. The first author is grateful for the financial support
of the Chinese Scholarship Council. The authors would like to thank Environment and
Climate Change Canada, Agriculture and Agri-Food Canada, and the provincial
government of Prince Edward Island for providing the data used in this study.
Bibliography
Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic
modeling and assessment part I: model development 1. Journal of the American
Water Resources Association 34, 73-809.
Aulenbach, B.T., Hooper, R.P., 2006. The composite method: An improved method for
stream-water solute load estimation. Hydrological Processes: An International

Journal 20, 3029-3047.

160



Awotwi, A., Anornu, G.K., Quaye-Ballard, J.A., Annor, T., Forkuo, E.K., Harris, E.,
Agyekum, J., Terlabie, J.L., 2019. Water balance responses to land-use/land-
cover changes in the Pra River Basin of Ghana, 1986-2025. Catena 182, 104129.
10.1016/j.catena.2019.104129

Basnyat, P., Teeter, L.D., Lockaby, B.G., Flynn, K.M., 2000. The use of remote sensing
and GIS in watershed level analyses of non-point source pollution problems.
Forest Ecology and Management 128, 65-73. 10.1016/s0378-1127(99)00273-x

Bauwe, A., Kahle, P., Lennartz, B., 2019. Evaluating the SWAT model to predict
streamflow, nitrate loadings and crop yields in a small agricultural catchment.
Advances in Geosciences 48, 1-9. 10.5194/adgeo-48-1-2019

Birgand, F., Faucheux, C., Gruau, G., Augeard, B., Moatar, F., Bordenave, P., 2010.
Uncertainties in assessing annual nitrate loads and concentration indicators: Part
1. Impact of sampling frequency and load estimation algorithms. Transactions of
the ASABE 53, 437-446.

Borah, D., Bera, M., 2003. Watershed-scale hydrologic and nonpoint-source pollution
models: Review of mathematical bases. Transactions of the ASAE 46, 1553.

Brilli, L., Bechini, L., Bindi, M., Carozzi, M., Cavalli, D., Conant, R., Dorich, C.D.,
Doro, L., Ehrhardt, F., Farina, R., Ferrise, R., Fitton, N., Francaviglia, R., Grace,
P., locola, 1., Klumpp, K., Leonard, J., Martin, R., Massad, R.S., Recous, S.,
Seddaiu, G., Sharp, J., Smith, P., Smith, W.N., Soussana, J.F., Bellocchi, G.,
2017. Review and analysis of strengths and weaknesses of agro-ecosystem
models for simulating C and N fluxes. Science of the Total Environment 598,

445-470. 10.1016/j.scitotenv.2017.03.208

161



Chen, Y., Marek, G.W., Marek, T.H., Moorhead, J.E., Heflin, K.R., Brauer, D.K,,
Gowda, P.H., Srinivasan, R., 2019. Simulating the impacts of climate change on
hydrology and crop production in the Northern High Plains of Texas using an
improved SWAT model. Agricultural Water Management 221, 13-24.
10.1016/j.agwat.2019.04.021

Devito, K.J., Creed, I.F., Fraser, C.J.D., 2005. Controls on runoff from a partially
harvested aspen-forested headwater catchment, Boreal Plain, Canada.
Hydrological Processes 19, 3-25. 10.1002/hyp.5776

Devito, K.J., Hill, A., Roulet, N., 1996. Groundwater-surface water interactions in
headwater forested wetlands of the Canadian Shield. Journal of Hydrology 181,
127-147.

Duan, S., Powell, R.T., Bianchi, T.S., 2014. High frequency measurement of nitrate
concentration in the Lower Mississippi River, USA. Journal of Hydrology 519,
376-386. 10.1016/j.jhydrol.2014.07.030

El-Khoury, A., Seidou, O., Lapen, D.R., Que, Z., Mohammadian, M., Sunohara, M.,
Bahram, D., 2015. Combined impacts of future climate and land use changes on
discharge, nitrogen and phosphorus loads for a Canadian river basin. Journal of
Environmental Management 151, 76-86. 10.1016/j.jenvman.2014.12.012

Ferguson, R., 1986. River loads underestimated by rating curves. Water Resources
Research 22, 74-76.

Fu, B., Merritt, W.S., Croke, B.F.W., Weber, T.R., Jakeman, A.J., 2019. A review of

catchment-scale water quality and erosion models and a synthesis of future

162



prospects. Environmental Modelling & Software 114, 75-97.
10.1016/j.envsoft.2018.12.008

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.W., Cowling,
E.B., Cosby, B.J., 2003. The nitrogen cascade. Bioscience 53, 341-356.

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R.,
Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the
nitrogen cycle: recent trends, questions, and potential solutions. Science 320,
889-892. 10.1126/science.1136674

Gassman, P.W., Sadeghi, A.M., Srinivasan, R., 2014. Applications of the SWAT Model
Special Section: Overview and Insights. Journal of Environment Quality 43, 1-8.
10.2134/jeq2013.11.0466

Guo, Y., Markus, M., Demissie, M., 2002. Uncertainty of nitrate-N load computations
for agricultural watersheds. Water Resources Research 38, 3-1-3-12.

Haas, M.B., Guse, B., Fohrer, N., 2017. Assessing the impacts of Best Management
Practices on nitrate pollution in an agricultural dominated lowland catchment
considering environmental protection versus economic development. Journal of
Environmental Management 196, 347-364. 10.1016/j.jenvman.2017.02.060

Hirsch, R.M., 2014. Large Biases in Regression-Based Constituent Flux Estimates:
Causes and Diagnostic Tools. JAWRA Journal of the American Water
Resources Association 50, 1401-1424. 10.1111/jawr.12195

Hirsch, R.M., De Cicco, L.A., 2019. Introduction to the EGRET package.

Hirsch, R.M., Moyer, D.L., Archfield, S.A., 2010. Weighted regressions on time,

discharge, and season (WRTDS), with an application to Chesapeake Bay river

163



inputs 1. JAWRA Journal of the American Water Resources Association 46,
857-880.

Hou, C., Chu, M.L., Guzman, J.A., Triana, J.S.A., Moriasi, D.N., Steiner, J.L., 2019.
Field scale nitrogen load in surface runoff: Impacts of management practices and
changing climate. Journal of Environmental Management 249.
10.1016/j.jenvman.2019.109327

Jiang, S.Y., Zhang, Q., Werner, A.D., Wellen, C., Jomaa, S., Zhu, Q.D., Biittner, O.,
Meon, G., Rode, M., 2019. Effects of stream nitrate data frequency on watershed
model performance and prediction uncertainty. Journal of Hydrology 569, 22-36.
10.1016/j.jhydrol.2018.11.049

Jiang, Y., Nishimura, P., van den Heuvel, M.R., MacQuarrie, K.T.B., Crane, C.S., Xing,
Z., Raymond, B.G., Thompson, B.L., 2015. Modeling land-based nitrogen loads
from groundwater-dominated agricultural watersheds to estuaries to inform
nutrient reduction planning. Journal of Hydrology 529, 213-230.
10.1016/j.jhydrol.2015.07.033

Lee, C.J., Hirsch, R.M., Schwarz, G.E., Holtschlag, D.J., Preston, S.D., Crawford, C.G.,
Vecchia, A.V., 2016. An evaluation of methods for estimating decadal stream
loads. Journal of Hydrology 542, 185-203. 10.1016/j.jhydrol.2016.08.059

Li, S., Bhattarai, R., Cooke, R.A., Verma, S., Huang, X., Markus, M., Christianson, L.,
2020. Relative performance of different data mining techniques for nitrate
concentration and load estimation in different type of watersheds. Environmental

Pollution 263, 114618. 10.1016/j.envpol.2020.114618

164



Li, Z., Liu, W.-z., Zhang, X.-c., Zheng, F.-1., 2009. Impacts of land use change and
climate variability on hydrology in an agricultural catchment on the Loess
Plateau of China. Journal of Hydrology 377, 35-42.
10.1016/j.jhydrol.2009.08.007

Liang, K., Jiang, Y., Qi, J., Fuller, K., Nyiraneza, J., Meng, F.-R., 2020. Characterizing
the impacts of land use on nitrate load and water yield in an agricultural
watershed in Atlantic Canada. Science of the Total Environment, 138793.

https://doi.org/10.1016/j.scitotenv.2020.138793

Liang, K., Qi, J., Liu, E., Jiang, Y., Li, S., Meng, F.-R., 2019. Estimated potential
impacts of soil and water conservation terraces on potato yields under different
climate conditions. Journal of Soil and Water Conservation 74, 225-234.

Markus, M., Demissie, M., Short, M.B., Verma, S., Cooke, R.A., 2014. Sensitivity
analysis of annual nitrate loads and the corresponding trends in the lower Illinois
River. Journal of Hydrologic Engineering 19, 533-543.

Mattikalli, N.M., Richards, K.S., 1996. Estimation of Surface Water Quality Changes in
Response to Land Use Change: Application of The Export Coefficient Model
Using Remote Sensing and Geographical Information System. Journal of
Environmental Management 48, 263-282. 10.1006/jema.1996.0077

Milovanovic, M., 2007. Water quality assessment and determination of pollution
sources along the Axios/Vardar River, Southeastern Europe. Desalination 213,
159-173.

Moatar, F., Meybeck, M., 2005. Compared performances of different algorithms for
estimating annual nutrient loads discharged by the eutrophic River Loire.

Hydrological Processes 19, 429-444. 10.1002/hyp.5541

165


https://doi.org/10.1016/j.scitotenv.2020.138793

Molina-Navarro, E., Andersen, H.E., Nielsen, A., Thodsen, H., Trolle, D., 2018.
Quantifying the combined effects of land use and climate changes on stream
flow and nutrient loads: A modelling approach in the Odense Fjord catchment
(Denmark). Science of the Total Environment 621, 253-264.
10.1016/j.scitotenv.2017.11.251

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L.,
2007. Model evaluation guidelines for systematic quantification of accuracy in
watershed simulations. Transactions of the ASABE 50, 885-900.

Moriasi, D.N., Gowda, P.H., Arnold, J.G., Mulla, D.J., Ale, S., Steiner, J.L., 2013.
Modeling the impact of nitrogen fertilizer application and tile drain configuration
on nitrate leaching using SWAT. Agricultural Water Management 130, 36-43.

https://doi.org/10.1016/j.agwat.2013.08.003

Nguyen, H.H., Recknagel, F., Meyer, W., Frizenschaf, J., Shrestha, M.K., 2017.
Modelling the impacts of altered management practices, land use and climate
changes on the water quality of the Millbrook catchment reservoir system in
South Australia. Journal of Environmental Management 202, 1-11.
10.1016/j.jenvman.2017.07.014

Odgaard, M.V., Olesen, J.E., Graversgaard, M., Borgesen, C.D., Svenning, J.-C.,
Dalgaard, T., 2019. Targeted set-aside: Benefits from reduced nitrogen loading
in Danish aquatic environments. Journal of Environmental Management 247,
633-643. 10.1016/j.jenvman.2019.06.107

Ongley, E.D., Xiaolan, Z., Tao, Y., 2010. Current status of agricultural and rural non-
point source Pollution assessment in China. Environmental Pollution 158, 1159-

1168. https://doi.org/10.1016/j.envpol.2009.10.047

166


https://doi.org/10.1016/j.agwat.2013.08.003
https://doi.org/10.1016/j.envpol.2009.10.047

Ouyang, W., Yang, W., Tysklind, M., Xu, Y., Lin, C., Gao, X., Hao, Z., 2018. Using
river sediments to analyze the driving force difference for non-point source
pollution dynamics between two scales of watersheds. Water Research 139, 311-
320. 10.1016/j.watres.2018.04.020

Pellerin, B.A., Bergamaschi, B.A., Gilliom, R.J., Crawford, C.G., Saraceno, J.,
Frederick, C.P., Downing, B.D., Murphy, J.C., 2014. Mississippi river nitrate
loads from high frequency sensor measurements and regression-based load
estimation. Environmental Science and Technology 48, 12612-12619.
10.1021/es504029c¢

Preston, S.D., Bierman Jr, VV.J., Silliman, S.E., 1989. An evaluation of methods for the
estimation of tributary mass loads. Water Resources Research 25, 1379-1389.

Qi, J., Li, S., Bourque, C.P.A., Xing, Z., Meng, F.-R., 2018. Developing a decision
support tool for assessing land use change and BMPs in ungauged watersheds
based on decision rules provided by SWAT simulation. Hydrology and Earth
System Sciences 22, 3789-3806. 10.5194/hess-22-3789-2018

Qi, J., Li, S., Li, Q., Xing, Z., Bourque, C.P.A., Meng, F.-R., 2016. Assessing an
Enhanced Version of SWAT on Water Quantity and Quality Simulation in
Regions with Seasonal Snow Cover. Water Resources Management 30, 5021-
5037. 10.1007/s11269-016-1466-8

Quilbé, R., Rousseau, A.N., Duchemin, M., Poulin, A., Gangbazo, G., Villeneuve, J.-P.,
2006. Selecting a calculation method to estimate sediment and nutrient loads in
streams: Application to the Beaurivage River (Québec, Canada). Journal of

Hydrology 326, 295-310. 10.1016/j.jhydrol.2005.11.008

167



Risal, A., Parajuli, P.B., 2019. Quantification and simulation of nutrient sources at
watershed scale in Mississippi. Science of the Total Environment.

https://doi.org/10.1016/j.scitotenv.2019.03.233

Robertson, D.M., Roerish, E.D., 1999. Influence of various water quality sampling
strategies on load estimates for small streams. Water Resources Research 35,
3747-3759.

Runkel, R.L., Crawford, C.G., Cohn, T.A., 2004. Load Estimator (LOADEST): A
FORTRAN program for estimating constituent loads in streams and rivers.

Sith, R., Watanabe, A., Nakamura, T., Yamamoto, T., Nadaoka, K., 2019. Assessment
of water quality and evaluation of best management practices in a small
agricultural watershed adjacent to Coral Reef area in Japan. Agricultural Water
Management 213, 659-673. 10.1016/j.agwat.2018.11.014

Sorando, R., Comin, F.A., Jimenez, J.J., Sanchez-Perez, J.M., Sauvage, S., 2019. Water
resources and nitrate discharges in relation to agricultural land uses in an
intensively irrigated watershed. Science of the Total Environment 659, 1293-
1306. 10.1016/j.scitotenv.2018.12.023

Stenback, G.A., Crumpton, W.G., Schilling, K.E., Helmers, M.J., 2011. Rating curve
estimation of nutrient loads in lowa rivers. Journal of Hydrology 396, 158-1609.

Tan, C.S., Zhang, T.Q., 2011. Surface runoff and sub-surface drainage phosphorus
losses under regular free drainage and controlled drainage with sub-irrigation
systems in southern Ontario. Canadian Journal of Soil Science 91, 349-359.

10.4141/cjss09086

168


https://doi.org/10.1016/j.scitotenv.2019.03.233

Taylor, S.D., He, Y., Hiscock, K.M., 2016. Modelling the impacts of agricultural
management practices on river water quality in Eastern England. Journal of
Environmental Management 180, 147-163. 10.1016/j.jenvman.2016.05.002

Toor, G.S., Harmel, R.D., Haggard, B.E., Schmidt, G., 2008. Evaluation of regression
methodology with low-frequency water quality sampling to estimate constituent
loads for ephemeral watersheds in Texas. Journal of Environmental Quality 37,
1847-1854. 10.2134/jeq2007.0232

Ullrich, A., Volk, M., 2010. Influence of different nitrate-N monitoring strategies on
load estimation as a base for model calibration and evaluation. Environmental
Monitoring and Assessment 171, 513-527. 10.1007/s10661-009-1296-8

Verhoff, F.H., Melfi, D.A., Yaksich, S.M., 1980. River nutrient and chemical transport
estimation. Journal of the Environmental Engineering Division 106, 591-608.

Verma, S., Markus, M., Cooke, R.A., 2012. Development of error correction techniques
for nitrate-N load estimation methods. Journal of Hydrology 432-433, 12-25.
10.1016/j.jhydrol.2012.02.011

Wagena, M.B., Easton, Z.M., 2018. Agricultural conservation practices can help
mitigate the impact of climate change. Science of the Total Environment 635,
132-143. 10.1016/j.scitotenv.2018.04.110

Wright, G.G., Lumsdon, P., Morrice, J., 2006. The Use of Historical Remotely Sensed
Satellite Imagery to Assess the Spatial Variability of Regional and National
Agricultural Non-point Source Nitrate Loading. Geocarto International 21, 3-12.

10.1080/10106040608542387

169



Yadav, S., Babel, M.S., Shrestha, S., Deb, P., 2019. Land use impact on the water
quality of large tropical river: Mun River Basin, Thailand. Environmental
Monitoring and Assessment 191. 10.1007/s10661-019-7779-3

Yang, G., Best, E.P.H., 2015. Spatial optimization of watershed management practices
for nitrogen load reduction using a modeling-optimization framework. Journal of
Environmental Management 161, 252-260. 10.1016/j.jenvman.2015.06.052

Yang, X., Jomaa, S., Buttner, O., Rode, M., 2019. Autotrophic nitrate uptake in river
networks: A modeling approach using continuous high-frequency data. Water
Research 157, 258-268. 10.1016/j.watres.2019.02.059

Yang, X., Liu, Q., Fu, G., He, Y., Luo, X., Zheng, Z., 2016. Spatiotemporal patterns and
source attribution of nitrogen load in a river basin with complex pollution
sources. Water Resarch 94, 187-199. 10.1016/j.watres.2016.02.040

Zamyadi, A., Gallichand, J., Duchemin, M., 2007. Comparison of methods for
estimating sediment and nitrogen loads from a small agricultural watershed.
Canadian Biosystems Engineering 49, 1.

Zhang, Q., Hirsch, R.M., 2019. River Water-Quality Concentration and Flux Estimation
Can be Improved by Accounting for Serial Correlation Through an
Autoregressive Model. Water Resources Research 55, 9705-9723.

10.1029/2019wr025338

170



Chapter 6: Conclusions and Future Research
6.1 Major Outcomes and Conclusions
6.1.1 Alternative PSB Rotation Could Increase Potato Yields while Reducing
Nitrogen Leaching Compared to the Conventional PBC Rotation

Crop rotation has been widely adopted as a BMP in controlling the negative impact
of potato production on the environment and maintaining soil productivity over the last
few decades (Eriksen et al., 2004; Congreves et al., 2015; Lee et al., 2016b; Shibabaw
et al., 2018). The inclusion of non-legumes and legumes in crop rotation systems can
combine the benefits of N retention and green manure function (Tribouillois et al.,
2015). However, comprehensive (weather and soil-specific) studies are still required for
a better understanding of the effects of different rotation crops and rotation systems on
N leaching due to the mixed information delivered in previous studies (Fustec et al.,
2010; Masunga et al., 2016; De Notaris et al., 2018). Two potato-based rotations
(potato-barley-red clover (PBC) and potato-soybean-barley (PSB)) experiments were
conducted with the inclusion of the three most planted field crops and one of the most
popular cover crops in Prince Edward Island from 2014 to 2017. On a rotation basis, soil
mineral N and concentrations in leachate under the PBC rotation were significantly
higher when compared with the PSB rotation after the planting of red clover. The
overall N utilization efficiency of the PSB rotation was 1.6 times that of the PBC
rotation due to the high N surplus during the red clover and potato phase. The results
indicated a strong positive correlation between nitrogen surplus and average seasonal
leachate nitrate concentration. On rotation crop level, potato and red clover phases

produced most of the potential N leaching loss during the rotation cycles. The red clover
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phase accumulated the largest amount of N and produced the largest amount of N loss
when compared with other rotation crops. Nitrogen leaching occurred primarily in the
non-growing season, with different rotation crops demonstrating different leaching
patterns. It is recommended to replace red clover with non-leguminous or adequately
accounting for N supply from the plow-down red clover.
6.1.2 Soil and Water Conservation Terraces Could Affect Potato Yields Under
Different Climate Conditions

There has been mixed information about the impact of the commonly used soil and
water conservation BMP, terrace, on potato yield due to the lack of long term soil
moisture and potato yield data. The widely used hydrological model SWAT is used to
bridge the data gap of soil moisture. The impacts of terrace on potato yields under dry,
normal, and wet conditions are assessed in combination with long term management
records and potato yields record in a potato dominated watershed in northern New
Brunswick, Canada. Results show that terrace could positively affect potato yield by
improving soil water availability during the growing seasons of dry and normal years,
while negatively affecting potato yield due to the excessively high soil moisture trapped
by terraces during wet years. Results of statistical analysis suggest that the optimal Soil
Moisture Index (SMI) for potato production in this region is -1.1, potato yield
significantly decrease as SMI increased to above -0.8 or decreased to below -1.4. The
novel idea of using SWAT to fill in moisture data gap proposed in this study is also
applicable to assessing other moisture-sensitive agronomy parameters, such as potato

specific gravity and late blight.
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6.1.3 Land Use Is the Dominant Factor in Affecting Nitrate Load and

Temperature and Precipitation Are the Dominant Factors Affecting Water

Yield

Land use change over time and space has significant impact on watershed

hydrology and nitrate load has been widely documented (Kaushal et al., 2008; Yang et
al., 2016; Shrestha et al., 2018). Quantification of the impacts of land use on nitrate load
and water yields, as well as the contributions from different hydrological processes
within watersheds remains difficult due to the heterogeneity of agricultural landscapes
and multiple pathways involved. This modeling study investigated the impact of land
use on nitrate load and water yield from various perspectives through the application of
the hydrological model SWAT and the machine learning algorithm random Forest.
Annual nitrate load ranged from 5.6 to 44.4 kg N ha-1 yr-1 for forest and soybean,
respectively. Overall, potato rotated land contributed 84.5% of the annual nitrate load in
the watershed. Source of water yield demonstrated high variability between the growing
season and non-growing season. About 90% of water yield was contributed by
groundwater during growing season, while runoff contributed over 60% of water yield
during the non-growing season. Groundwater was the dominant source of nitrate loading
for both seasons. The watershed estuary faced the highest threats from subbasins in the
south western area due to the high nitrate load and proximity to the watershed outlet.
Results by the machine learning algorithm random Forest analysis indicated that the
climatic variables of temperature and precipitation were the top two factors affecting
water yield, with a combined relative importance of 61%. Land use was the dominant

factor affecting nitrate load, the relative importance of land use alone was ~50%. This
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study has produced novel modeling approaches and results for prioritizing nitrate load
management in the Wilmot River Watershed according to land use types, geographic
zones and seasons, which is important as land use- and zone-based management is more
effective and eutrophication is seasonable. The idea of combining SWAT and machine
learning to rank the relative contributions of biophysical variables to nitrate load and
water yield can be adopted by the soil and water conservation modelling community.
6.1.4 Estimation of Nitrogen Load from Sparsely Measured Data

One of the key steps for efficient N reduction at watershed scale is the accurate
quantification of N loading over time. This is critical to the i) understanding of the
quality of downstream receiving water bodies, ii) calibration and validation of watershed
models, iii) creation of guidelines for cost-effective pollution control programs, iv)
evaluation of the effectiveness of these programs, v) evaluation of long-term N loading
trends and vi) estimation of riverine fluxes and identification of upstream sources
(Stenback et al., 2011; Lee et al., 2016a). Using simplified methods to estimate nitrate
load from sparsely measured data could provide significantly biased information for N
reduction programs. Using the data with major gaps as the primary example, we
highlighted the importance of using appropriate methods to estimate nitrate loads in
order to minimize bias. Our case study demonstrated that large discrepancies exist
amongst different load estimation methods. The range of daily nitrate load of SWAT
and LOADEST was 0.05-1.29 and 0.14 - 1.35 ton day™*, compared with 0.13 - 13.08
day™ and 0.15 - 16.75 ton day for LI and WRTDS, respectively. The large
discrepancies were mainly occurred during the non-growing season during which there

was observation data available. As regression methods use concentration data from dry
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seasons to estimate the concentrations of wet seasons, there is a strong likelihood of
overestimation of nitrate loads for wet seasons. The results of this study shed new light
on nitrate load estimation under conditions of varying data availabilities. Under
situations of limited water quality measurement, policy makers and researchers are
likely to benefit from using hydrological models such as SWAT for constituent load
estimation. However, the selection of the most appropriate method for load estimation
should be seen as a dynamic process rather than a static process, and case by case
evaluation are required especially when only sparsely measured data is available

6.2 Limitations of this Study

There are several limitations in this study:

The SWAT model used in chapter 3 was extensively calibrated and validated with
baseflow, streamflow and water quality parameters. SWAT demonstrated its robustness
in predicting water quantity. Even though it is reasonable to assume that the soil
moisture predicted by SWAT is within reasonable range as soil moisture is one of the
main components of the water balance in SWAT, Nevertheless, it is still believed that
the performance of SWAT could be improved if there is measured soil moisture data to
verify the model. Thus, the accuracy of the evaluated impacts of terrace on potato yields
could be improved.

Several uncertainties are involved in the evaluation of N balance in rotation systems
in chapter 2. The use of organic amendments as a N nutrient source is much more
complicated than the use of mineral fertilizer N (Masunga et al., 2016). The
compositions of mineral fertilizer are much simpler and the cycling of nutrients is in a

predictable manner, while the N dynamics of organic amendments are more complex
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and can be affected by various factors including climate (e.g. temperature,
precipitation.), time, management practices, and soil conditions (such as moisture,
texture, microbial community). The uncertainties associated with estimating soil N
supplies as impacted by soil organic matter or the incorporated legumes such as the
plowed-down red clover impose a great challenge for potato N management in this cold
and humid climate region. From an economic perspective, the growers would be
reluctant to reduce N input as the uncertainties associated with soil N supplies can
impose a risk of compromising crop yield and quality. In addition, most of the studies
about the impacts of cover crops on nitrogen leaching, including our study, are short
term lasting only 2—-3 years (Abdalla et al., 2019), potentially due to the limit of existing
research funding mechanism. Our study provided insights of the N dynamics pertaining
to the conventional PBC and the alternative PSB rotation systems. However, how these
insights would vary due to variations in soil and climate conditions remains unknown.
Long-term and comprehensive studies that incorporate different management practices
are also required to evaluate the impacts of rotation/cover crops on soil N supply and N
leaching. In general, the overall accuracies of the regression and SWAT models were
restricted by the spatially and temporally incomplete watershed-level N input and output
records.

6.3 Potential Future Research

(1) Improve the performance of SWAT model and credibility of model results by

testing the model on a broader temporal and spatial scale in Atlantic Canada.
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(2) Incorporate multiple land use and climate change scenarios in the modeling study
to provide supportive information for the mitigation and adaptation to land use
change and climate change in the region.

(3) Couple the SWAT model with groundwater flow and nutrient transport model such
as MODFLOW and RT3D to fully facilitate the modeling of surface and
subsurface water flow and nutrient transport.

(4) Results of hydrological model require specialized expertise which may prevent
non-expert decision makers from applying the model. Therefore, develop a
simplified statistical model to facilitate decision making.
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