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This thesis observed the effects of simulated winter warming, and cover crops planted 

between growing seasons on agricultural nitrate (NO3
-) leaching. In a field study, using 

monolithic soil column weighing lysimeters with lower boundary controls to directly 

measure drainage, two soils to broaden the scope of this research, and soil solution 

NO3
- concentrations from below the root zone were used to determine NO3

- leached 

during the study period. NO3
- leaching was significantly reduced by planting cover crops 

after harvesting the main crop by 69-77% depending on soil-type. Heaters were used to 

simulate warmer winters, which increased drainage, and soil NO3
- concentrations below 

the root zone; however, the increase in drainage, and the increase in soil NO3
- 

concentrations was separated temporally and did not have a significant effect on NO3
- 

leaching. Observed effects of cover crops and warming on drainage, NO3
-  

concentrations, and NO3
- leaching are reported based on seasonal climatic variations.  
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1 Introduction 

1.1 Rationale for Research 

Modern crop production depends on the application of synthetic nitrogen (N) 

fertilizers, which are converted to nitrate (NO3
-) through N-cycle processes in soil 

(Galloway et al. 2017; Smil 1999). There is a high risk of excess NO3
- leaching from 

agricultural soils during the non-growing season of temperate climates, posing human 

health, and environmental concerns (Health Canada 2013; Parsons et al. 2002; Savard 

et al. 2007). Furthermore, climatic change is expected to increase weather variability, 

destabilizing agricultural yields (Lobell & Field 2007; Kucharik & Serbin 2008). 

Increasing crop diversity can stabilize yields, as well as reduce NO3
- leaching during the 

growing season, under varying weather conditions (Constantin et al. 2011; Gaudin et al. 

2015). 

Cover crops (i.e. crops planted without the intention of harvesting) diversify crop 

rotations, and potentially reduce NO3
- leaching. Previous studies have determined that 

the impact of cover crop’s on NO3
- leaching depends on the type of cover crop used 

(Francis et al. 1998; Hooker et al. 2008; Constantin et al. 2011; Carey et al. 2016). Non-

legume cover crops may be effective at reducing NO3
- leaching but the biomass has a 

high carbon:nitrogen ratio slowing down the availability of the N accumulated (Vogeler 

et al. 2019). Legume cover crops typically do not significantly reduce NO3
- leaching but 

increase the N in the cover crop biomass which is more beneficial to the following cash 

crop (Kramberger et al. 2009). Using a combination of legume and non-legume cover 

crops could potentially reduce NO3
- leaching, while increasing the N in the cover crop 
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biomass (Vogeler et al. 2019). Researchers have recently investigated cover crop 

mixtures of two or three species regarding nutrient uptake but did not directly measure 

NO3
- leaching (Messiga et al. 2015; Tribouilois et al. 2016).  

Warmer winters, predicted from climate change models, are expected to increase 

the number of freeze-thaw cycles (Henry 2008). NO3
- leaching responses to increased 

freeze-thaw events are unclear due to conflicting results, and potential short comings in 

the methodology of freeze-thaw experiments (Henry 2007; de Wit et al. 2008; Song et 

al. 2017). Laboratory experiments control the magnitude and frequency of freeze-thaw 

cycles, but are often unrealistic when compared to what occurs in situ, while field 

studies manipulate the snow-cover which exposes the soil to air temperatures colder 

than expected during natural snow reduction (Groffman et al. 2001; Henry 2007; Song 

et al. 2017). Heaters fixed above the research plots are more representative of the 

predicted future warming and could provide better insight to the impacts of winter 

warming on agricultural NO3
- leaching (Henry 2007; Kimball et al. 2008).   

1.2 Research Goal 

The objectives of this research are to determine the impact of cover crops, and 

the impact of simulated winter warming, on NO3
- leaching from two agricultural soils. 

This study used a four species mixture of cover crops, that incorporated both legumes 

and non-legumes, to balance the benefits observed from each type of cover crop 

species. It is hypothesized that the four species mixture of cover crops will reduce NO3
- 

leaching, compared to not using cover crops. This study used heaters to simulate winter 

warming, and lysimeters that control the lower soil boundary to mimic field conditions. It 
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is hypothesized that heating will increase the amount of NO3
- leached compared to non-

heated lysimeters. 

1.3 Thesis Structure 

Following this general introduction, and breakdown of research goals, the thesis is 

organized into three additional chapters. The second chapter is in manuscript form, 

written using data collected over one non-growing season that determines if a four 

species mixture of cover crops can reduce agricultural NO3
- leaching. The third chapter 

is also in manuscript format, and uses similar methods as the second chapter, with the 

addition of heaters to determine the impact of warmer winters on agricultural NO3
- 

leaching, over two non-growing seasons. The fourth and final chapter integrates the 

conclusions from both manuscript chapters, provides highlights from the two years of 

research, and proposes future research focuses. 
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2 Quantifying the Effect of Cover Crops on Nitrate Leaching: 
A lysimeter approach using two agricultural soils. 

2.1 Introduction 

Synthetic N fertilizers were first used in agriculture at the beginning of the 20th 

century (Galloway et al. 2017). Without the use of synthetic fertilizers, it would be 

impossible to provide food for the growing population of the world (Galloway et al. 2017; 

Smil 1999). Fertilizer N is commonly applied at the start of the growing season partially 

contributing to increases in soil ammonium (NH4
+) which nitrifying bacteria transform 

into nitrate (NO3
-) through nitrification (Bernhard 2010). NO3

- is very mobile and soil 

drainage will move NO3
- below the root zone where it can no longer be accessed by 

plants (Drury et al. 2016). NO3
- from agricultural soils is a well-documented source of 

surface runoff and groundwater contamination, leading to eutrophication of lakes, 

toxicity to fauna, as well as raising human health concerns (Di & Cameron 2002; Exner 

2014; Health Canada 2013; Parsons et al. 2002; Scott et al. 2000). NO3
- leaching can 

be limited by management practices that limit excess soil NO3
- and soil drainage after 

the main crop is harvested (Drury et al. 2009; Pawlick et al. 2019). 

 There is interest in using “catch crops”, which are planted after harvest of annual 

crops with no intention of harvesting,  for the primary purpose of absorbing (or catching) 

excess soil NO3
-  (Carey et al. 2016).  The term “cover crops” is often used and 

encompasses not only water quality aspects, but also decreased erosion due to soil 

covering, and increased soil organic matter and water aggregate stability due to the 

addition of biomass (Schipanski et al. 2014; Villamil et al. 2006).Cover crops add 
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diversity to crop rotations, and potentially reduce the impact of climate change (Kaye & 

Quemada 2017). Planting a mixture of cover crop species allows more control over the 

carbon and N concentration of the plant biomass which determines the rate of 

mineralization during decomposition. Cover crops also increase plant diversity, which 

increases soil microbial diversity providing long-term ecological benefits (Barel et al. 

2017). Legume mixtures can have less effect on N uptake and NO3
- leaching reduction 

compared to mixtures involving non-leguminous cover crops, but are still able to reduce 

NO3
- leaching compared to bare soil (Vogeler et al. 2019), and the use of legumes could 

reduce the quantity of synthetic fertilizer addition needed. However, there is a lack of 

research on mixtures of cover crops that incorporate non-leguminous and legume 

species, and how they can affect NO3
- leaching in corn and soybean annual cropping 

systems. 

Single species studies show cover crops have the potential to reduce NO3
- 

leaching under a range of conditions. Oats reduced leachate NO3
- concentrations by  

~39 % in forage grazing systems receiving 350 to 750 kg N ha-1 of urine deposits 

(Carey et al. 2016). Researchers observed that ryegrass  was able to accumulate 48 kg 

N ha-1 of NO3
- from the soil post maize harvest, presumably preventing that NO3

- from 

leaching, and observed that crimson clover individually can fix a substantial quantity of 

N in its biomass, but it is not effective at accumulating soil NO3
- leftover from the 

previous maize crop (Kramberger et al. 2009). Daikon radish can also be effective at 

NO3
- uptake, comparable to rye in a corn cash crop system (Dean & Weil 2009). 

Although the previously mentioned cover crop species have shown potential for 
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reducing NO3
- leaching (in the case of non-leguminous cover crops) or decreasing the 

C:N ratio of cover crop biomass possibly providing N to the succeeding annual crop (in 

the case of leguminous cover crops), they have not been studied as a mixture to 

determine their combined effect on NO3
- leaching in a North American annual cropping 

system.   

In cold and humid climates, most NO3
- leaching occurs during the non-growing 

season (NGS), contributing to a significant amount of total NO3
- contamination in 

groundwater (Savard et al. 2007). This is due to the presence of NO3
- in the soil after 

the main crop harvest and a surplus of water causing downward drainage, moving the 

NO3
- below the root zone (Drury et al. 2016; Fallow et al. 2003). Strategies to reduce 

NO3
- leaching have targeted reducing both the surplus of water, and the presence of 

NO3
- during the NGS by managing tile drainage and irrigation and improving N fertilizer 

use during the growing season (Drury et al. 2009; Pawlick et al 2019). Drury at al. 

(2009) found NO3
- leaching reductions of 31 to 66% by using a controlled version of the 

tile drainage popular in the North American corn belt, but Pawlick et al. (2019) found 

enhanced efficiency fertilizers did not significantly reduce NO3
- leaching losses. Based 

on increased evapotranspiration to reduce water surplus, there is strong evidence from 

the past three decades that shows cover crop use can be an effective strategy to 

reduce NO3
- leaching from agricultural ecosystems (Carey et al. 2016; Hooker et al. 

2008; Shepard et al. 1993). Sharma et al. (2017) reported on the evapotranspiration 

rates from fields planted with cover crops and cover crop mixtures in the North 

American corn belt, showing that climatic variation from year to year is the most 
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important factor in determining changes in evapotranspiration from the use of cover 

crops. This indicates that cover crop management strategies need to be able to reduce 

soil NO3
- concentrations to be effective in most years, due to climatic variations typically 

expected to exceed a cover crops’ ability to reduce water surplus, and creates a need 

for research that can accurately determine cover crop mixtures effect on soil NO3
- 

concentrations and the soil water balance in cold climates during the NGS.    

Early studies attempted to quantify reduced NO3
- leaching by analyzing the 

carbon:nitrogen ratio in the dry mass of cover crop tissue to determine how well they 

captured NO3
- but without determining the amount of water leached and its NO3

- 

concentration (Renells & Wagger 1996; Francis et al. 1998). Improved NO3
- sampling 

methods, using suction cups to sample water from below the root zone for NO3
- 

concentration, and estimating drainage with numerical models have been common for 

recent NO3
- leaching studies (Hooker et al. 2008; Pawlick et al 2019). To improve the 

accuracy of NO3
- leaching experiments, undisturbed soil lysimeters are used to directly 

sample drainage water in a defined soil volume by preventing lateral water flow (Carey 

et al. 2016; Carrick et al. 2017; Meisinger & Ricigliano 2017). Recently, monolithic soil 

column weighing lysimeters have been installed at research farms (Putz et al. 2016). 

These are comparable to the undisturbed soil lysimeters used by Carey et al. (2016), 

Carrick et al. (2017), and Meisinger & Ricigliano (2017), with the added capability of 

accurately determining drainage, precipitation, and evapotranspiration from weight 

measurements (Putz et al. 2016). Using similar lysimeters, Klammler & Fank (2014) 

investigated the effect of low N input and organic farming on NO3
- leaching. The 
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weighing lysimeters used by Klammler & Fank (2014) and Putz et al. (2016) control the 

lower boundary to closely mimic field conditions, which provides an advantage of 

accurately representing field conditions, while producing accurate estimates of water 

balance parameters. They have been used to study leaching  from grasslands and 

forages in areas with moderate seasonal climatic variability, but have not been used for 

the NGS in cold climates to investigate the impact of cover crop mixtures on leaching 

from annual cropping systems ( Groenendijk et al. 2014; Klammler & Fank 2014).  

The objectives of this study were to: 1) quantify the effect of a cover crop mixture 

versus no cover crops on NO3
- leaching during the non-growing season in a corn-soy 

cash crop agroecosystem; 2) quantify the differences in NO3
- leaching between sandy-

loam and silty-loam soils under diverse cover cropped rotations and traditional corn-soy 

crop rotations. The cover crops studied were part of a diverse annual cropping system, 

while no cover crops were used in the non-diverse cropping system. Monolithic soil 

column weighing lysimeters, with two soil types, and with lower boundary controls were 

used to provide drainage measurements while mimicking the conditions of the adjacent 

field in a cold climate. 

2.2 Methods 

2.2.1 Research Site and Infrastructure 

We conducted an experiment to investigate the impact of cover crops using a 

new soil lysimeter facility at the Elora Research Station, Ontario, Canada (43o38’21.2” N 

80o22’56.2” W). The site experiences cold winters and is defined by a moist mid-latitude 

climate (Kӧppen Dfb), with a mean annual temperature of 6.6 °C and average annual 



 

 

11 

 

precipitation of 879 mm (Table 2.3). Measurements were determined using 18 

monolithic soil-column weighing lysimeters installed on a 0.1 ha plot with cropland on 

three sides, and grassland with a tree line on the fourth side.  The lysimeters were 

designed and installed by METER Group Inc., Munich, Germany, in July 2016 and were 

comparable to the lysimeters designed by the same company in Gebler et al. (2015) 

and Pütz et al. (2011). The site has three groups of six lysimeters, referred to as “nests”, 

with a service well and six concrete basins per nest (Figure 2.1). The concrete basins 

were connected to the service well via underground conduit, which allowed for sensor 

wiring to be connected from the lysimeters to central dataloggers. Plots of 3 m by 10 m 

surrounded the lysimeters  and were planted with the same crops as the lysimeters to 

reduce edge effects.  

During construction of the soil lysimeter facility in May-June 2016, nine soil cores 

were extracted from the University of Guelph’s Elora Research Station located at Elora, 

Ontario, Canada (43o38’20.2” N 80o24’36.9” W), along with nine cores from a farm 

located at Cambridge, Ontario, Canada (43o27’27.6” N 80o20’47.5” W), then transported 

to the lysimeter site. The soil from Elora was a London series, meaning it was an 

imperfectly drained, medium textured silt loam soil characterized as Gleyed Gray-Brown 

Luvisol (Canadian System of Soil Classification), and the soil from Cambridge was a 

Fox Series, meaning it was a well drained, coarse textured sandy loam soil 

characterized as Eluviated Melanic Brunisol (Canadian System of Soil Classification) 

(Figure 2.1). Concurrent with soil column extraction, samples were taken from the sites 

immediately outside the area disrupted by excavation to determine soil properties. 
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Extraction of monolithic soil columns consisted of placing a steel cylindrical casing (1 m 

diameter by 1.4 m depth) on the ground, and simultaneously excavating the surrounding 

soil in 20 cm segments while pushing the casing down. Once the full depth was reached 

metal plates sheared off the soil through hydraulic assistance, and the soil core was 

lifted and flipped for porous ceramic cup installation on the bottom, followed by sensor 

installation at various depths. Tensiometers, and Time Domain Reflectometers were 

installed at 5, 10, 30, 60, and 90 cm depths of each lysimeter to monitor matrix 

potential, temperature, and volumetric water content (Table 2.1). At the same depths as 

the sensors, porous ceramic cups were installed in the lysimeter, then connected to a 

vacuum pump and bottle system in the service well for taking soil solution samples.  

The lysimeters were seated on three load cells installed at the bottom of each concrete 

basin (Table 2.1), capable of weighing the lysimeters to 1 g precision. The water 

pumped out of the bottom at 140 cm depth was sent to a drainage tank weighed with 1 

g precision ( Table 2.1). Water from the 140 cm depth was also sampled by taking a 

small portion of the drainage water before it reached the drainage tank. There were 

three soil matrix potential sensors in the field next to the lysimeters at 140 cm depth, 

and these were used as a reference, so when the lysimeter’s 140 cm matrix potential 

sensors were higher (lower) than the field conditions water was pumped out (in) to 

match field conditions. The lysimeters were installed with snow shakers, which 

oscillated the lysimeters when snow cover was present to eliminate the snow bridging 

effects on weight measurements. 
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Table 2.1: List of the variables that were tracked with their respective sensors, and depth of installation of 
sensors (when applicable). (Note: NA indicates not applicable as in the case of soil solution, the sensors 
were not measuring a variable directly but rather used to sample soil solution that was then used for 
chemical analysis.) 

Variable Manufacturer  Model Units Accuracy 
(+/-) 

Depths(cm) 

Soil Temperature UMS T8 °C 0.2 5/10/30/60/90 

Matrix Potential UMS T8 hPa 0.5 5/10/30/60/90 

Volumetric Water 
Content 

Trime-Pico 32TDR % 3 5/10/30/60/90 

Soil Solution UMS SK-20 NA NA 5/10/30/60/90 

Weight of Lysimeter Vishay & 
Nobel 

AST 3P kg 0.001 NA 

Weight of Drainage 
Tank 

Vishay & 
Nobel 

AST 3P kg 0.001 NA 

2.2.2 Experimental Design and Crop Rotations 

At the lysimeter facility the nine lysimeters of each soil type were under the 

following treatments: 1) a conventional (non-diverse) rotation, 2) a diverse rotation that 

included cover crops, and 3) a sub-set of diverse rotation with simulated winter warming 

(Figure 2.1). Treatments were randomly assigned to the lysimeters to minimize 

confounding variables with three lysimeters per treatment (replicates).  The study 

presented here focused on the non-diverse and non-heated diverse rotation with data 

collected from 1 November 2017 to 30 June 2018 when drainage was occuring, and 
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while including a small portion of the growing season, it is generally referred to as the 

NGS throughout this thesis as the primary difference between treatments was between 

cash crop cycles. 

 

Figure 2.1: A diagram of the research site, with circles representing the lysimeters (solid fill as 
sandy-loam, hatched fill as silty-loam), and rectangles representing the treatment plots (hatched 
fill as diverse crop rotation with cover crops, no fill as non-diverse rotation, dashed line with no 
fill as diverse with cover crops and simulated winter warming). 

The non-diverse rotation consisted of soybean (Glycine max) in 2016 and 2017 

followed by corn (Zea mays L.) in 2018 (Table 2.2). During the soybean year, no N 

fertilizer was applied due to the N fixing ability of soybean. During the corn year, 130 kg 

N ha-1 of urea was applied before planting, 70 kg N ha-1 and 331 kg P ha-1  of fertilizer  

were applied at planting,  (Table 2.2). 

The diverse rotation consisted of soybean in 2016, spring wheat (Triticum 

aestivum subsp. Spelta) in 2017, and corn in 2018. In 2017, fertilizer (20-10-10) was 

applied before planting spring wheat (Table 2.2). Following the harvest, a cover crop 

mixture containing daikon radish (Raphanus sativus var. Longipinnatus), crimson clover 

(Trifolium incarnatum), oats (Avena sativa), and cereal ryegrass (Secale cereale) was 
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planted (Table 2.2). The cover crop mixture was selected based on the potential for 

reducing NO3
- leaching for the non-legumes, and the ability to fix N for the legumes, as 

well as their ability to grow in Ontario (Kramberger et al. 2009; Carey et al. 2016; 

OMAFRA 2017). Urea (43-0-0) was applied at cover crop planting at a rate of 50 kg N 

ha-1 (Table 2.2). During the study, the fall consisted of primarily oats and daikon radish 

growth in the diverse treatment, which were winter killed, with the non-diverse treatment 

left bare. In the spring the non-diverse treatments remained bare while cereal rye and 

crimson clover grew in the diverse treatments. 

Table 2.2: Agronomic management details of the lysimeters starting the growing season prior to 
the study period, in chronological order to the end of the study period. 

 Agronomic Management 

Date Non-Diverse Diverse 

27 Apr 2017  Spring wheat planted after 20-10-10 
fertilizer application 

15 May 2017 Soybean planted with no fertilizer  
01 Aug 2017  Spring wheat harvested 
19-24 Aug 2017 
25 Aug 2017 

 Cover crops planted  
Cover crops fertilized with Urea (46-0-0) 
50 kg N ha-1 

27 Sep 2017 Soybean harvested  
14 May 2018  Cover crop terminated by herbicide 

treatment  
18 May 2018 Fertilizer Urea (46-0-0) 130 kg N ha-1 Fertilizer Urea (46-0-0) 130 Kg N ha-1 

22 May 2018 Corn planted with fertilizer (11-52-0) 
70 kg N ha-1 

Corn planted with fertilizer (11-52-0) 70 
kg N ha-1 

   

 

2.2.3 Nitrate Leaching Measurements 

Nitrate Leaching was determined by the volume of water drained out of the root 

zone, and the NO3
- concentration of the soil water solution. Details of the methods used 
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to determine drainage, NO3
- concentrations, NO3

- leached, and supporting data are 

shown below. 

2.2.3.1 Drainage 

Drainage (D) values were the weight gained in the drainage tank converted to 

millimeters using the 1 m2 of lysimeter surface area and pure water density as the 

conversion factor. The drainage tank weight data were sent from dataloggers at the 

lysimeter site to a server where they were run through a MATLAB program performing 

the processing described by Hannes et al. (2015) as a cumulative sum, at one minute 

intervals, for one calendar year (or partial year if working with data from the current 

year). No gap filling was performed on the drainage tank weight data; however the 

maximum missing times were two days from one sandy-loam soil lysimeter, and one 

and a half days from one silty-loam soil lysimeter. The remaining soil lysimeters were 

missing less than 300 minutes of data points per lysimeter over the whole study period. 

The cumulative sum data were converted to the differences between points, then 

negative values were converted to zero values. The data were then summed for each 

day to provide daily values that were used in the calculations given below. 

2.2.3.2 Dissolved Nitrate in the Soil Lysimeter Profile 

TDR probes measured liquid water in the soil as a percent of volume (VWC), at 

5, 10, 30, 60 and 90 cm depths (Table 2.1). Volume divisions of the lysimeter, were 

assigned to each depth by splitting the distance between each sensor depth (assuming 

the closest sensor would be the most representative of the VWC) and multiplying by the 

one m2 area of the lysimeter. For example, the VWC measured at 10 cm depth was 
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applied from 7.5 cm depth (half way between 5 and 10 cm depth) to 20 cm depth (half 

way between 10 and 30 cm depth), giving the cylinder a height of 0.125 m and area of 1 

m2, and a volume of 0.125 m3. This method was applied to all depths, with the exception 

of the highest and lowest depths (5 and 90 cm), for which the upper (lower) limits were 

the top (bottom) of the lysimeter. The volumes were multiplied by VWC to obtain the 

volume of liquid water at 10-minute intervals. The volume of liquid water was multiplied 

by the NO3
- concentration of soil solution taken from the same depth as the TDR probe 

used for VWC. The concentrations were sampled discretely, and as such it was 

assumed that the last known concentration applied to all VWC measurements until a 

new concentration was available. 

2.2.3.3 Soil Solution Nitrate Concentrations 

Soil solution samples were collected approximately weekly from 1 November 

2017 to 28 June 2019, with a maximum sample period of 14 days, minimum sample 

period of 2 days, and mean sample period of 7.6 days. By 30 June 2018 the soil 

became too dry to sample for soil water, ending the ability to determine NO3
- leaching 

as well as indicating that NO3
- leaching is unlikely to occur. Collecting soil solution 

samples consisted of setting up vacuum pumps approximately 18 h before the desired 

collection time, and applying 300 hPa of suction to the soil solution samplers installed at 

5, 10, 30, 60, and 90 cm depths (Table 2.1). After the 18 h had passed the sample 

bottles would have approximately 5 – 300 ml of soil solution, each bottle was removed 

from the vacuum and weighed, then 30 mL of soil solution was retrieved from the 

respective bottle and poured into 30 mL plastic snap cap vials (Richards Packaging Inc. 
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Product #20120121). Any extra soil solution was disposed of, and the bottles were 

weighed again to determine the volume of soil solution removed from the lysimeter for 

future determination of errors in lysimeter sampling and measurements. The timeframe 

used for sampling ensured that there would be enough soil solution for a sample, and 

minimize the excess soil solution removed from the lysimeters. The samples were 

transported in coolers and placed in a freezer within 24 hours of turning on the vacuum 

pumps. Samples collected from 90 cm soil depth were used for NO3
- leaching 

calculations instead of the 140 cm drainage tank samples. Samples from the 140 cm 

depth were not used, because water at this depth was recirculated from the drainage 

tank, (that is, if the matric potential sensors detected wetter conditions at the 140 cm 

than lysimeter sensors at the same depth then water was pumped from the drainage 

tank into the lysimeter at 140 cm depth). It was assumed that the NO3
- concentrations at 

90 and 140 cm depth were similar, and this was confirmed by comparing the mean 

concentrations between the depths over the NGS resulting in mean differences of 2 mg 

N L-1 for diverse rotations, and 4 mg N L-1 for non-diverse rotations. Colourimetric 

analyses using a discrete autoanalyzer (SmartChem 140, Westco Scientific, Brookfield, 

Connecticut, USA) were used to determine the concentrations of NO3
- in the soil 

solution samples (Elliot & Henry 2009). 

2.2.3.4 Nitrate Leaching Calculation 

NO3
- leaching was calculated between each sample collection date (sample 

period), using the known concentration from that date and the cumulative drainage until 

the following sampling date when the process restarted: 
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[NO3
- - N]leached  = D *  [NO3

- - N]90cm * SA- *0.01       [1] 

Where [NO3
- - N]leached   is the amount of NO3

- leached (kg N ha-1), D is the 

cumulative drainage (L), and [NO3
- - N]90cm is the NO3

- concentration at 90 cm depth (mg 

N L-1) for the nearest sampling date corresponding to the drainage calculation period. 

The SA is the surface area of the lysimeters (1 m-2) and a 0.01 factor converts the 

output from mg N m-2 to kg N ha-1, and was the final step in determining the amount of 

[NO3
- - N]leached for each sampling period. Drainage calculation periods were sums of the 

daily totals of drainage (refer to section 2.2.3.1) for the time between two sampling 

points, starting with the first sampling date inclusively, and ending day before the next 

sampling date inclusively. This method was repeated until the last sampling date, which 

had a period of two days post sampling until it was determined the lysimeters were too 

dry to continue sampling. In rare cases where soil solution could not to be sampled due 

to low water availability the previous known concentration was applied to that sampling 

period, assuming if there was not enough water for a sample it was unlikely the 

concentration of NO3
- was changing significantly at 90 cm depths in the soil. 

2.2.4 Statistical Analysis 

The temporal component of this study required the discrete use of two-way 

analysis of variance (ANOVA) using crop rotation and soil type as factors, to determine 

their effect on NO3
- leaching over the study period and within each smaller time period 

seperately. The ANOVA model used the lysimeter nests as the blocking factor and was 

tested for normality and homogeneity using Shapiro-Wilk and Levene tests, 

respectively. Statistical analyses were performed using the lme and car packages in R 
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(version 3.5.3, Bates. et al., 2015; R Core Team, 2018) programming language. The 

NO3
- leaching estimates were grouped into four time periods, as well as the yearly total 

for statistical analysis. The soil was too dry from harvest until November for samples to 

be taken, so the first time period began on 1 November 2017 until the snow cover 

established on 14 December. The second time period was defined by the presence of 

snow on the ground until melting in the spring on 22 March 2018. The third time period 

was from the spring melt until planting on 18 May, and the fourth was post planting in 

the spring until the soil was too dry to sample soil solution on 30 June. 

2.3 Results 

2.3.1 Weather and Agronomy 

The growing season preceding the study (April – September 2017), began with a 

wet April, May and June with precipitation 109 mm higher than the 243 mm long-term 

average (Table 2.3). Following the wet spring, July, August and September were drier 

than normal with precipitation 76.5 mm lower than the 235 mm long-term average. 

During the growing season, temperatures were on average 0.233 °C lower than the 

14.7 °C long term average. Post-harvest the monthly temperature was warmer through 

October, however; November, December, and January were colder than the long-term 

average. During that period, the research station received 423 mm of precipitation (rain 

and snow), compared to the 341 mm long term average. Following a normal March, 

April had nearly double the average precipitation and was 4.4 °C colder than the 30-

year average. The planting and post planting period (May-June) was dry and cool. 
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Prior to the non-growing season, the previous crops showed similar yield in all 

lysimeters of the same soil and treatment. Soybeans in the non-diverse treatment had 

an average dry grain yield of 1674 kg ha-1 (σ = 556 kg ha-1), and 3546 kg ha-1  (σ = 587 

kg ha-1), for sandy-loam and silty-loam soils respectively. Wheat in the diverse treatment 

lysimeters had a dry grain yield of 1525 kg ha-1 (σ = 25 kg ha-1), and 2057 kg ha-1 (σ = 

306 kg ha-1), respectively for sandy-loam and silty-loam soils. Cover crops established 

well in fall (refer to appendix A1) and also grew well in spring (refer to appendix A2). 

Daikon radish and oats were winter killed and no growth was observed in the spring. 

Crimson clover and cereal rye were terminated by herbicide prior to planting corn in 

spring. Above ground biomass dry matter at the time of cover crop killing on 14 May 

2018 was 81.4 kg ha-1 (σ = 88.8 kg ha-1) and 395 kg ha-1 (σ = 287 kg ha-1), for crimson 

clover and cereal rye respectively. This does not include the cover crop growth from the 

fall cover crops. 

Table 2.3: Long term average (LTA) monthly temperature and precipitation (1987-2017) calculated 
using daily data from Environment Canada, Elora Research Station during the study period. (Elora 
Research Station: http://climate.weather.gc.ca/historical_data/search_historic_data_e.html). 

Month Temperature (ᵒC) Precipitation (mm) 
 LTA 2017 2018 LTA 2017 2018 

January -6.9 -4.4 -8.1 71.9 119.6 89.9 

February -7.2 -2.3 -4.7 54.4 78.1 92.1 

March -1.7 -2.8 -1.7 58.8 94.1 49.0 

April 5.7 7.7 1.3 77.8 114.3 138.6 

May 12.5 10.0 15.5 76.3 120.5 63.1 

June 17.3 17.4 17.5 89.2 117.8 55.9 

July 19.4 18.7 20.1 84.3 35.6 38.7 

August 18.5 17.0 20.3 77.6 68.1 74.0 

September 14.8 16.0 16.5 73.8 55.5 42.4 

October 8.4 10.9 7.3 80.5 89.9 86.4 

November 2.5 1.2 -0.7 73.4 96.1 96.4 

http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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December -3.5 -7.2 -2.2 60.9 55.6 85.5 

2.3.2 Soil Conditions 

Soil temperature at 5 cm depth for silty-loam (Figure 2.2a) shows soils with cover 

crop had higher temperatures for 105 of the 121-day period between December 1st and 

March 31st compared to the non-diverse treatment in the same soil type. This trend was 

most notable from 14 December to 22 January, over which cover crop treatments 

averaged 1.1 °C warmer, with a maximum of 2.8 °C. This trend was repeated at the 10 

cm depth (Figure 2.2c), with cover crop treatments being higher for 121 days. The 

sandy-loam soil had the same trend, with a smaller difference in temperatures, 0.79 °C 

and 0.60 °C, during the 14 December – 22 January period for 5 and 10 cm respectively 

(Figure 2.2 b and d). 

 Sandy-loam soil had a consistently lower volumetric water content compared to 

silty-loam soil which aligns with the known soil properties (Figure 2.3); however, the 

TDR probes measure liquid water, and as the liquid water freezes this can be seen as a 

drop in volumetric water content. Within the silty-loam lysimeters, cover crop treatments 

had an average of 3.3% and 2.7% (close to or within the sensor error range of +/- 3 %) 

higher volumetric water content at the 5 and 10 cm depths respectively (Figure 2.3 a). 

The volumetric water content differed the most during January, with the cover crop 

treatments being higher, with maximum differences of 19.9% at 5cm, and 16.3% at 10 

cm. Sandy-loam soil showed different trends for volumetric water content, with cover 

crop treatments an average of 1.3% lower at the 5 cm depth compared to non-cover 
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crop treatments (Figure 2.3 b). However, at 10 cm depth, the cover crop treatments 

were an average 3.7% higher than the non-cover crop treatments. 
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Figure 2.2: Lysimeter daily mean soil temperature (degrees Celsius) averaged by treatment and 
soil type from December 2017 to March 2018: a) Silty-loam soil at 5 cm depth; b) Sandy-loam soil 
at 5 cm depth; c) Silty-loam soil at 10 cm depth; d) Sandy-Loam soil at 10 cm depth. Lysimeters 
without cover crops are represented by a solid black line, and with cover crops by a dashed line. 
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Figure 2.3: Lysimeter daily mean soil volumetric water content (%) averaged by treatment and soil 
type from December 2017 to March 2018: a) Silty-loam soil at 5 cm depth; b) Sandy-loam soil at 5 
cm depth. Lysimeters without cover crops are represented by a solid black line, and with cover 
crops by a dashed line. 

2.3.3 Drainage as Impacted by Soil Type and Cover Crop 

There were clear drainage events for the imperfectly drained silty-loam soil, and 

steady drainage throughout the non-growing season for the well-drained sandy-loam 

soil (Figure 2.4). Cover crop treatments had a trend for higher values in both soil types 

over the NGS (silty-loam no cover crops 154 mm, silty-loam cover crops 190 mm, 

sandy-loam no cover crops 160 mm, sandy-loam cover crops 229 mm), but an ANOVA 

showed no significant differences from non-cover crop treatments for the non-growing 

season (Table 2.4 and 2.5). During the fall period, drainage was less than 5 mm for all 

%
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treatments. When the snow cover was present drainage was higher for the cover crop 

treatments, with differences of 0.27 mm day-1 and 0.33 mm day-1 for silty-loam and 

sandy-loam respectively. During the melting period the drainage averages per treatment 

were: sandy-loam with no cover crops drained 56 mm, sandy-loam cover crops drained 

74 mm, silty-loam cover crops drained 74 mm, and silty-loam no cover crops drainaed 

68 mm. The only statistically significant result from a two-way ANOVA (p = 0.027) was 

during the post-planting period where sandy-loam soil drainage (125 mm) was higher 

than silty-loam (27 mm) (Figure 2.4). 

Table 2.4: P-values of a Two-Way Analysis of Variance to determine statistically significant effects 
of cover crops, soil type, and interaction effects on soil lysimeter drainage according to specific 
periods during the non-growing season (NGS) and over the whole measurement period. 
Significant results are indicated by *P<0.05, **P<0.01, ***P<0.001. 

 Cover Crop Soil Type Interaction 
 

Fall (1 Nov – 14 Dec) 0.885 0.779 0.945 

Snow (15 Dec – 22 Mar) 0.336 0.444 0.918 

Melt (23 Mar – 18 May) 0.485 0.613 0.715 

Post Plant (19 May – 30 Jun) 0.564 0.027* 0.690 

NGS (1 Nov – 30 Jun) 0.406 0.794 0.785 

Table 2.5: Average soil water drainage in mm camparing cover crop and no cover crop treatments, 
and soil type, split into time periods and the non-growing season defined as the entire study 
period. Standard deviation (σ) are shown in parentheses. 

 Silty-Loam  
no cover crop 

Silty-Loam  
cover crop 

Sandy-Loam  
no cover crop 

Sandy-Loam  
cover crop 

Fall (1 Nov – 14 Dec) 4.7 (0.12) 4.1 (0.14) 3.6 (0.12) 3.4 (0.17) 

Snow (15 Dec - 22 Mar) 70 (0.65) 96 (0.76) 47 (0.28) 80 (0.39) 

Melt (23 Mar - 18 May) 68 (0.66) 74 (0.71) 56 (0.34) 74 (0.36) 

Post Plant (19 May - 30 Jun) 11 (0.18) 15 (0.31) 53 (0.24) 72 (0.34) 

NGS (1 Nov – 30 Jun) 154 (0.66) 190 (0.76) 160 (0.48) 229 (0.62) 
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Figure 2.4: Weekly sum of drainage (L) averaged per treatment and soil type: a) Silty-loam soil with no cover crops; b) Sandy-loam soil 
with no cover crops; c) Silty-loam soil with cover crops; d) Sandy-Loam soil with cover crops. The time periods are represented by the 
vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 2018. Time periods with letters indicate significant  
differences: A shows periods when cover crop treatments were significantly different for each soil type; B shows periods when nitrate 
leaching was different between soil type; C shows an interaction effect between cover crops and soil type. 
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2.3.4 Dissolved Soil Nitrate Content in Soil Lysimeter Profile 

Cover crops reduced the amount of NO3
- contained across the entire soil profile 

(Figure 2.5). In silty-loam soil, cover crops increased the average amount of NO3
- at 

both the 5 and 10 cm depths compared to non-cover cropped lysimeters over the non-

growing season by approximately 0.1 kg N ha-1 (σ = 2.0 kg N ha-1 at 5 cm, and σ = 1.9 

kg N ha-1 at 10 cm for cover cropped lysimeters). This trend inverts at 30 cm and 

continues downwards to 60 and 90 cm, where the absence of cover crops resulted in an 

increase of ~7 kg N ha-1 (σ = 3.4 kg N ha-1 at 30 cm, σ = 2.3 kg N ha-1 at 60 cm, and σ = 

1.5 kg N ha-1 at 90 cm for cover cropped lysimeters) at each of those depths. In sandy-

loam soil cover crops reduced the amount of NO3
- at all depths, averaging less than 1 

kg N ha-1 at 5, 10, and 60  cm, 1.4 kg N ha-1 (σ = 1.6 kg N ha-1) at 30 cm and 1.8 kg N 

ha-1 (σ = 0.9 kg N ha-1) at 90 cm. The treatments without cover crops averaged less 

than 1 kg N ha-1 at 5 and 10 cm but increased steadily at 30 cm (4.4 kg N ha-1, σ = 3.0 

kg N ha-1) , 60 cm (7.2 kg N ha-1, σ = 2.6 kg N ha-1), and 90 cm (14.4 kg N ha-1, σ = 4.4 

kg N ha-1). 

2.3.5 Nitrate Concentration of Drainage Water 

The four species cover crop mixture significantly reduced 90 cm depth soil NO3
- 

concentrations in both soil types through all four time periods, and the NGS as a whole 

(Figure 2.6). Beginning in the fall period, in silty-loam soil lysimeters without cover crops 

had an average NO3
- concentration of 12.1 mg N L-1 (σ = 5.6 mg N L-1), while the 

lysimeter of the same soil type with cover crops (68 days after planting and fertilizer N 

application to cover crops) had an average NO3
- concentration of 0.873 mg N L-1 (σ = 
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0.010 mg N L-1) (Table 2.7). Sandy-loam lysimeters showed the same statistically 

significant trend (p = 0.001), during which they averaged 21.45 mg N L-1 (σ = 5.099 mg 

N L-1) and 2.77 mg N L-1 (σ = 2.689 mg N L-1) for no cover crops and with cover crops 

respectively (Table 2.6 and 2.7). Soil type also had an effect on NO3
- concentrations 

during the fall, although the sandy-loam soil had the same trend as the silty-loam it was 

approximately double the magnitude (Table 2.6). In the fall both factors (soil type and 

cover crops) effected NO3
- concentrations dependent on each other (cover crops 

reduced NO3
- concentrations more in silt rich soils in the fall), resulting in an interaction 

effect (p = 0.0427) (Table 2.6). During the snow cover, melting, and post-planting 

periods, and when averaging NO3
- concentrations over the NGS, cover crops were 

observed to reduce NO3
- concentration independent of soil type (Figure 2.6). In silty-

loam soils NO3
- concentrations were reduced from 9.316 mg N L-1 ( σ = 2.104 mg N L-1) 

to 2.616 mg N L-1 (σ = 1.382 mg N L-1), 10.797 mg N L-1 (σ = 1.251 mg N L-1) to 2.139 

mg N L-1 (σ = 0.550 mg N L-1), 9.927 mg N L-1 (σ = 1.842 mg N L-1) to 3.99 mg N L-1 (σ 

= 0.860 mg N L-1) under snow cover, during the melting period and post-planting 

respectively (Table 2.7). In sandy-loam soils the same trend is observed through the 

same time periods in which NO3
- concentrations were reduced from 14.335 mg N L-1 (σ 

= 4.812 mg N L-1) to 1.281 mg N L-1 (σ = 1.251 mg N L-1), 10.876 mg N L-1 (σ = 3.168 

mg N L-1) to 2.074 mg N L-1 (σ = 0.581 mg N L-1), 11.120 mg N L-1 (σ = 0.534 mg N L-1) 

to 3.112 mg N L-1 (σ = 0.374 mg N L-1) chronologically (Table 2.7). Looking at the NGS 

as a whole, the same trend is seen with NO3
- concentrations significantly (p < 0.001) 

reduced by cover crops similarly in both soil types 10.268 mg N L-1 (σ = 2.467 mg N L-1) 
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to 2.600 mg N L-1 (σ = 1.333 mg N L-1) in silt rich soil lysimeters, and from 13.633 mg N 

L-1 (σ = 5.034 mg N L-1) to 2.078 mg N L-1 (σ = 1.191 mg N L-1) in sand rich soil 

lysimeters (Table 2.6 and 2.7). 

Table 2.6: P-values of a Two-Way Analysis of Variance to determine statistically significant effects 
of cover crops, soil type, and interaction effects on lysimeter 90 cm depth soil solution nitrate 
concentrations. Significant results are indicated by *P<0.05, **P<0.01, ***P<0.001. 

 Cover Crop Soil Type Interaction 
 

Fall (1 Nov – 14 Dec) 0.0010** 0.0003*** 0.0427* 

Snow (15 Dec - 22 Mar) 0.0023** 0.1394 0.1880 

Melt (23 Mar - 18 May) 0.0021** 0.6691 0.9230 

Post Plant (19 May - 30 Jun) 0.0065** 0.4858 0.6625 

NGS (1 Nov – 30 Jun) 0.0007** 0.0713 0.1951 

Table 2.7: Average soil solution nitrate concentrations from 90 cm depth in mg N L-1 compared 
cover crop and no cover crop treatments, and soil type, split into time periods and the non-
growing season. Standard deviation (σ) are shown in parentheses. 

 Silty-Loam  
no cover crop 

Silty-Loam  
cover crop 

Sandy-Loam  
no cover crop 

Sandy-Loam  
cover crop 

Fall (1 Nov – 14 Dec) 12.058 (5.545) 0.873 (0.010) 21.450 (5.099) 2.777 (2.689) 

Snow (15 Dec - 22 Mar) 9.3160 (2.104) 2.616 (1.382) 14.335 (4.812) 1.281 (1.251) 

Melt (23 Mar - 18 May) 10.797 (1.251) 2.139 (0.550) 10.876 (3.168) 2.074 (0.581) 

Post Plant (19 May - 30 Jun) 9.927 (1.842) 3.992 (0.860) 11.120 (0.534) 3.112 (0.374) 

NGS (1 Nov – 30 Jun) 10.268 (2.467) 2.600 (1.333) 13.633 (5.034) 2.078 (1.191) 



 

 

31 

 

Silty-Loam Sandy-Loam 

  

 

Figure 2.5: Dissolved soil nitrate content (kg N ha-1) through the lysimeter profile (5, 10, 30, 60, and 90 cm depth), averaged per 
treatment and soil type: a) Silty-loam soil with no cover crops; b) Sandy-loam soil with no cover crops; c) Silty-loam soil with cover 
crops; d) Sandy-Loam soil with cover crops. The time periods are represented by the vertical lines on the first minute of 15 December 
2017, 23 March 2018, and 19 May 2018.  
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Figure 2.6: Average soil solution nitrate concentration (mg N L-1) at 90 cm depth, averaged per treatment and soil type: a) Silty-loam 
soil; b) Sandy-loam soil. The time periods are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, 
and 19 May 2018. Time periods with letters indicate significant  differences: A shows periods when cover crop treatments were 
significantly different for each soil type; B shows periods when nitrate leaching was different between soil type; C shows an interaction 
effect between cover crops and soil type. Lysimeters without cover crops are represented by a solid black line, and with cover crops by 
a dashed line, the light orange shading represents the mean +/- the standard deviation. 
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2.3.6 Nitrate Leaching 

Soil lysimeters with cover crops had lower average rates of NO3
- leaching 

through all four time periods, and the overall NGS (Figure 2.7). In the fall NO3
- leaching 

was low for all soil lysimeters, the highest average of NO3
- leached was from sandy-

loam soil lysimeters, 0.039 kg N ha-1 (σ = 0.042 kg N ha-1) (Table 2.9). Although NO3
- 

leached during this period was low (silty-loam no cover crops 0.22 kg N ha-1, silty-loam 

cover crops 0 kg N ha-1, sandy-loam no cover crops 6.16 kg N ha-1, and sandy-loam 

cover crops 0.044 kg N ha-1) there is a marginally significant trend of cover crops 

affecting NO3
- leaching, with an average reduction of 0.22 kg N ha-1 in silty-loam soil 

and 6.12 kg N ha-1 in sandy-loam soil. When snow cover was present there were no 

significant effects by cover crops, soil texture, or any interaction effects (Table 2.8). The 

average rates of NO3
- leaching when snow cover was present were lower for cover crop 

treatments; however, the standard deviations are high reducing the significance of the 

averages in ANOVA (Table 2.8 and 2.9). From when snow melt begins until the cover 

crops are terminated by herbicide, cover crops had a significant effect on NO3
- leaching 

(Table 2.8). The total leached NO3
- averaged per treatment during the melting period 

was 7.4 kg N ha-1 (σ = 2.1 kg N ha-1) and 2.1 kg N ha-1 (σ = 1.9 kg N ha-1) for silty-loam 

soil lysimeters without and with cover crops respectively, and 5.5 kg N ha-1 (σ = 1.6 kg 

N ha-1) and 1.5 kg N ha-1 (σ = 0.078 kg N ha-1) for sandy-loam soil lysimeters without 

and with cover crops respectively (Table 2.9). After planting corn on 18 May 2018, the 

average total of leached NO3
- dropped to 1.15 kg N ha-1 (σ = 0.76 kg N ha-1) with no 

cover crops and 0.53 kg N ha-1 (σ = 0.48 kg N ha-1) with cover crops for silty-loam soil; 



 

 

34 

 

however, sandy-loam soil had an average total NO3
- leaching of 4.8 kg N ha-1 (σ = 3.5 

kg N ha-1) for treatments without cover crops and 2.2 kg N ha-1 (σ = 0.89 kg N ha-1) with 

cover crops (Table 2.9). These differences in rates of NO3
- leached between soil types 

were significant (p = 0.0412) during the post-planting period (Table 2.8). The total NO3
- 

leached from the NGS averaged per treatment (silty-loam without cover crops 15.97 kg 

N ha-1 , σ = 2.42 kg N ha-1 ; silty-loam with cover crops 5.57 kg N ha-1 , σ = 4.84 kg N 

ha-1 ; sandy-loam without cover crops 16.214 kg N ha-1 , σ = 10.65 kg N ha-1 ; and 

sandy-loam with cover crops 4.60 kg N ha-1 , σ = 1.45 kg N ha-1) shows a significant 

effect of cover crops reducing NO3
- leaching (p = 0.0263) with no soil type or interaction 

effects (Table 2.8 and 2.9). Comparing the four periods, shows relatively similar rates of 

NO3
- leaching for both soil types in the fall, snow cover, and melting periods; however, 

in the post-planting period sandy-loam soils leached significantly more NO3
- 

independent of cover crops (Figure 2.7). 

Table 2.8: P-values of a Two-Way Analysis of Variance to determine statistically significant effects 
of cover crops and soil type, and interaction effects, on nitrate leaching. Significant results are 
indicated by *P<0.05, **P<0.01, ***P<0.001. 

 Cover Crop Soil Type Interaction 
 

Fall (1 Nov – 14 Dec) 0.09 0.21 0.40 

Snow (15 Dec - 22 Mar) 0.16 0.58 0.96 

Melt (23 Mar - 18 May) 0.003** 0.43 0.53 

Post Plant (19 May - 30 Jun) 0.24 0.04* 0.42 

NGS (1 Nov – 30 Jun) 0.03* 0.83 0.88 
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Table 2.9: Total nitrate leached per time period in kg N ha-1. Standard deviation (σ) are shown in 
parentheses. 

 Silty-Loam  
no cover crop 

Silty-Loam  
cover crop 

Sandy-Loam  
no cover crop 

Sandy-Loam  
cover crop 

Fall (1 Nov – 14 Dec) 0.240 (0.256) 0.001 (0.011) 0.638 (0.560) 0.039 (0.042) 

Snow (15 Dec - 22 Mar) 7.06 (2.34) 2.98 (4.25) 5.24 (6.54) 0.904 (0.495) 

Melt (23 Mar - 18 May) 7.44 (2.07) 2.06 (1.90) 5.48 (1.55) 1.50 (0.078) 

Post Plant (19 May - 30 Jun) 1.15 (0.756) 0.527 (0.482) 4.83 (3.47) 2.19 (0.888) 

NGS (1 Nov – 30 Jun) 15.9 (2.50) 5.57 (4.88) 16.2 (10.5) 4.63 (1.42) 
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Figure 2.7: Nitrate leached (kg N ha-1) from the soil lysimeters, averaged per treatment and soil type: a) Silty-loam soil with no cover 

crops; b) Sandy-loam soil with no cover crops; c) Silty-loam soil with cover crops; d) Sandy-Loam soil with cover crops. The time 
periods are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 2018. Time periods 
with letters indicate significant  differences: A shows periods when cover crop treatments were significantly different for each soil type; 
B shows periods when nitrate leaching was different between soil type; C shows an interaction effect between cover crops and soil 
type. 
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2.4 Discussion 

Cover crops potentially affect drainage and soil NO3
- concentrations, which 

determine the amount of NO3
- leaching from agricultural soils. In this study, there was 

no observed effect of cover crops on drainage from soil lysimeters; however, there was 

a significant effect of cover crops reducing soil NO3
- concentrations (p < 0.001). The 

reduction in soil NO3
- concentrations in lysimeters with cover crops resulted in a 

significant reduction in NO3
- leached compared to lysimeters with no cover crops during 

the non-growing season (p = 0.03). The reduction in NO3
- leaching was observed in 

both soil types, with a 69% reduction for silty-loam soil, and 77% reduction in sandy-

loam soil. The results of this study show cover crops have the potential to reduce NO3
- 

leaching more than controlled tile drainage, which reduced NO3
- leaching by 31 -61% in 

one study (Drury et al. 2009), and enhanced efficiency fertilizer which did not 

significantly reduce NO3
- leaching in a different study (Pawlick et al 2019). The 

lysimeters used in this study allowed for high frequency observation of drainage, and 

approximately weekly soil solution samples. High frequency observation of drainage 

and soil NO3
- concentrations (which determine leached NO3

-) created a unique 

perspective into different time periods of the non-growing season, exposing 

observations that are not noticeable when averaging the entire non-growing season 

together. For example, the time periods create observations that the amount of NO3
- 

leached over the 98 day period when snow cover was present was similar to the 

amount of NO3
- leached over the 56 day melt period (less than 1 kg N ha-1 difference) 

due to the rates of NO3
- leaching increasing by  35 – 84% (Table 2.9). In a comparable 
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study, which studied low input organic farming, monthly totals were provided; however, 

they did not separate out the data into periods of different conditions (Klammler & Fank 

2014). In areas with cold winters, and greater climatic variability, the high frequency 

capabilities of the lysimeters can be used to study the difference on NO3
- leaching under 

different climatic conditions, which may provide crucial insight for future predictions of 

NO3
- leaching with a changing climate (Klammler & Fank 2014; Savard et al. 2007). 

 Drainage occurred with two distinct patterns for each soil type, with silty-loam 

showing steps as drainage occurring in periodic events, and sandy-loam draining 

steadily throughout the study period (Figure 2.4). This aligns well with the known soil 

properties and indicates the monolithic soil columns are draining similarly to field 

conditions. In a period that was wetter than average, the observed drainage from the 

lysimeters was slightly lower than a 240 mm 30-year average (determined from 

modelling), and are comparable to 164 to 222 mm estimates determined from soil water 

storage monitoring (Fallow et al. 2003; McCoy et al. 2005). Drainage values lower than 

the modelled average for the area could be attributed to the realistic winter conditions, 

in which frozen soil would result in less drainage, as well as some error expected from 

modelled calculations (Fallow et al. 2003). Cover crops did not significantly affect 

drainage over the non-growing season, nor in any of the time periods individually. 

During the fall, drainage was low (< 5 mm), and by the time this study began in 

November the daikon radish and oats had begun to wilt as they were soon to be winter 

killed (refer to appendix B for pictures) which indicates differences in evapotranspiration 

between treatments was not a factor. The Daikon Radish that was winter killed left soil 
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channels, it is assumed that this increased water infiltration counteracted the cover 

crops use of water. Controlling drainage has been demonstrated in other studies to be 

an effective way to reduce NO3
- leaching (Drury et al. 2009), although this was not 

observed with the studied cover crop mixture; however, a large majority of farms in 

areas with cold winters use tile drainage which can be managed to reduce total 

drainage or control when the drainage occurs indicating that cover crops could be used 

in conjunction with other strategies that decrease drainage when soil NO3
- is high 

(Sharma et al. 2017).  Drainage between the two soil types only significantly differed 

from each other post planting, where sandy-loam continued to drain at a rate more than 

double of the observed during the melting period and silty-loam had values decreased 

to a third of the previous time period. NO3
- leaching reduction strategies may benefit 

from accounting for soil type, and the different times of year in which NO3
- leaching is a 

higher risk from increased drainage in coarse textured soils. A potential answer to the 

continued leaching in sand rich soils would be to focus further resources into living 

cover crops, which are not killed off at all and remain year-round, as this could reduce 

NO3
- leaching in the post-planting period (Alexander et al. 2019). 

Soil solution samples from 5, 10, 30, and 60 cm depths combined with volumetric 

water content at those same depths allowed for a time series of NO3
- N within the entire 

soil profile. Cover crops not only reduced NO3
- concentrations below the root zone, but 

across the entire soil profile despite the addition of 50 kg N ha-1 of fertilizer to boost 

cover crop growth (Figure 2.5). There are concerns that using leguminous cover crops 

may cause a buildup of N in the shallow depths which could potentially be leached at a 
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later time; however, the cover crop mixture used in this study did not cause a pool of N 

to build up in either soil type (Campiglia et al. 2011). The mixture of leguminous and 

non-leguminous cover crops was successful at reducing NO3
- concentrations without a 

buildup of fixed N from the leguminous cover crops. This can be attributed to the 

balance between non-leguminous and leguminous cover crop species used, and the 

growth from all four species (Ranells and Wagger 1997; Vogeler et al. 2019). In Vogeler 

et al. (2019) a mixture of leguminous and non-leguminous species became dominated 

by the leguminous species, which resulted in NO3
- leaching that was not significantly 

different from the leguminous mixtures. The imbalances between legume and non-

legume cover crops has been attributed to seeding rate and environmental conditions, 

and of the two, seeding rate is more controllable and should be a primary consideration 

when determining cover crop mixtures (Kramberger et al. 2013; White et al. 2017). 

Whether the cover crops affected the amount of N available for the following cash crop 

is outside the scope of this study, but being able to use a mixture of cover crops that 

includes leguminous species, while reducing NO3
- leaching, demonstrates there is 

potential to use cover crop mixtures as a method of reducing NO3
- leaching while 

increasing the N accumulated in the biomass.  

 Soil solution NO3
- concentrations from the 90 cm depth from lysimeters without 

cover crops exceeded the Canadian health standards limit of 10 mg N L-1 (Health 

Canada 2013). This does not imply that these concentrations could not be further 

diluted before reaching groundwater, but it does show that if left unmanaged there is a 

risk of exceeding health standards for drinking water in agricultural catchments. A four 
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species mixture of cover crops, including two legume species, was shown to be an 

excellent method of significantly (p < 0.001) reducing the concentration of NO3
- in 

drainage water. Individually three of the species used in this study have been shown to 

either reduce soil NO3
- concentrations or accumulate significant soil N in the plant 

biomass, the fourth species (crimson clover) has been shown to fix N and decrease the 

C:N ratio of cover crop biomass (Carey et al. 2016; Dean & Weil 2009; and Kramberger 

et al. 2009).  This trend was similar in both sand rich soils, and silt rich soils, throughout 

the non-growing season when the risk of leaching is highest. The only period in which 

the two soil types differed in NO3
- concentrations was in fall when sandy rich soils had 

double the concentrations in lysimeter without cover crops and triple the concentration 

in lysimeters with cover crops. This created an interaction effect due to the cover crops 

ability to reduce NO3
- concentration during the fall period (87% reduction in sandy-loam 

soil, 93% in silty-loam soil) being dependent on the varying NO3
- concentration between 

soil-types without cover crops.  

This study aligns with the past three decades of research, showing strong evidence 

that cover crops are an effective NO3
- leaching reduction strategy (Carey et al. 2016; 

Hooker et al. 2008; Shepard et al. 1993). In this case, a four species mixture of cover 

crops was able to reduce NO3
- concentration in the drainage water, but not reduce the 

amount of drainage that occurred through the study period. With no effect on drainage, 

the 69% (silty-loam) and 79% (sandy-loam) reduction in NO3
- leaching over the entire 

study period can be fully attributed to the cover crops ability to take up soil N post-

harvest, and through the following spring. The growth of the cover crops can be seen in 
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photographs (refer to appendix A1 and A2), in which the cover crops are covering most 

of the lysimeter surface area. Further success using a mixture of cover crops to reduce 

NO3
- leaching will rely heavily on the success of cover crop growth and maintaining an 

appropriate balance between leguminous and non-leguminous species (Vogeler et al. 

2019). Further improvements to this strategy could potentially be found using controlled 

drainage (Drury et al. 2009), which was not significantly different between cover crop 

and non-cover crop treatments in this study and could have potentially improved the 69-

77% reduction in NO3
- leaching. The differences in drainage between soil-types, appear 

to drive the differences in NO3
- leaching between soil-types as well, primarily in the post 

planting period where sandy rich soils continued to leach NO3
- while silt rich soils had 

reduced drainage, which reduced NO3
- leaching. Based on the reduced soil NO3

- 

concentrations in lysimeters with cover crops, compared to lysimeters without cover 

crops, the N removed from the soil is most likely being stored in the cover crop plant 

biomass. Further research will be required to determine if that N can be delivered to the 

succeeding cash crop at the right time, or if it is being lost from the system through a 

different N cycle process(es). 

2.5 Conclusion 

In this study, NO3
- - N leaching was monitored over one non-growing season, 

comparing two soil types, and a diverse rotation with cover crops to a non-diverse 

rotation. Drainage was different between the two soil types, changing the rates of NO3
- 

leaching depending on the seasonal conditions; however, in both soil types NO3
- 

leaching was significantly reduced by using a diverse crop rotation and a mixture of 
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cover crops. Furthermore, quantifying the leached NO3
-, as well as the total NO3

- across 

the soil profile was successful. This provides new insight for farmers and policy makers 

in Southern Ontario, which may help them promote the future use of cover crops in 

agricultural soils. 

 Using a mixture of cover crops will likely be a common farming technique in the 

future, based on the substantial evidence showing their use has numerous benefits in 

an agroecosystem (Barel et al. 2018; Kaye & Quemada 2017; Vogeler et al. 2019). The 

results of this study suggest this mixture of cover crops and diverse crop rotation is an 

effective way to reduce NO3
- leaching from agriculture in southern Ontario; although, 

further research will be needed to determine the complete costs and benefits of using 

cover crops and how this will affect current policies targeted at improving the efficiency 

and sustainability of agriculture. 

To the best of our knowledge this research is novel and will help inform policy 

makers and farmers on the quantifiable effect of cover crops on NO3
- leaching from two 

agricultural soils in a temperate climate. 
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3 Quantifying the Effect of Simulated Winter Warming on 
Nitrate Leaching: A lysimeter approach using two 
agricultural soils.  

3.1 Introduction 

Agricultural soils can experience high nitrate (NO3
-) leaching losses over winter 

as a result of NO3
- accumulation at a time when plant uptake is low, coupled with high 

drainage during snow melt (de Wit et al. 2008; Duran et al. 2013).  NO3
- leaching can 

further intensify after soils are exposed to severe freezing, or after there is an increase 

in the frequency of soil freeze-thaw cycles, as a result of microbial cell or root lysis, or 

the disruption of soil aggregates and plant litter (Groffman et al. 2001; Starkloff et al. 

2017).  Snow cover can insulate soil from the cold air temperatures that occur over night 

or during cold spells; paradoxically, in northern temperate regions, the most intense soil 

freezing can thus occur in warm winters as a result of reduced snow cover (Sharratt 

1993).   However, despite the potential for increased NO3
- leaching in response to 

increased soil freezing, it remains unclear to what extent climate warming might alter 

the extent of NO3
- leaching over winter in agricultural soils.  Specifically, freeze thaw 

cycles of mild to moderate intensity do not always affect soil NO3
- concentrations, which 

indicates that increased NO3
- leaching in response to increased soil freezing may only 

occur at threshold soil temperatures (Joseph & Henry 2008).  Moreover, soil warming 

over winter or a decrease in the length of winter can increase soil N mineralization, and 

thus increase the pool of NO3
- potentially susceptible to leaching prior to uptake by the 

summer crop (Dalias et al. 2002). 
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An emerging strategy to reduce NO3
- leaching is to plant a cover crop after 

harvesting the cash crop, to enable soil NO3
- uptake by plants from late fall through 

early spring (i.e. the non-growing season (NGS), in the context of the cash crop) (Drury 

et al. 2014). These crops are not harvested and can be either winter killed or terminated 

by herbicides prior to the next growing season (Rosario-Lebron et al. 2019; Toom et al. 

2019). Single species cover crop studies are plentiful and demonstrate that non-

leguminous species decrease soil NO3
- , which could decrease NO3

- leaching (Carey et 

al. 2016; Hooker et al. 2008; Kramberger et al. 2009; Shepard et al. 1993).  Leguminous 

cover crop species can impart the added benefit of increasing N availability through 

fixation. Increasing crop diversity, including cover crop diversity, could potentially reduce 

the impacts of climate change as well as reduce NO3
- leaching during the non-growing 

season under varying weather conditions (Constantin et al. 2011; Gaudin et al. 2015). 

However, increased soil freezing caused by decreased snow cover could accelerate the 

timing of cover crop mortality and their subsequent decomposition, and increased NO3
- 

leaching resulting from the latter could decrease the efficiency of N transfer to the 

subsequent cash crop (Alonso-Ayuso et al. 2014; Toom et al. 2019). These effects 

could differ among soil types, both as a result of variation in cation exchange capacity 

and drainage, and because the damage to soil caused by temperature decrease can be 

dependent on the soil texture (Song et al. 2017; Starkloff et al. 2017). 

Efforts to quantify NO3
- leaching in response to variation in winter conditions 

have been complicated by methodological limitations (Henry 2007).  First, while 

instantaneous measurements of NO3
- concentrations in the plant rooting zone (e.g. via 
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soil extraction) or more integrative measures (e.g. via resin bags/strips) can reveal the 

accumulation of soil NO3
- resulting from freezing damage (or conversely increased 

microbial N mineralization in warm soil), these studies do not reveal how much of this 

NO3
- is ultimately lost below the rooting zone via leaching (Bingham & Biondini 2011; 

Kirschke et al. 2019).  Likewise, while 15N tracer studies provide a powerful tool for 

quantifying the loss of a cohort of soil NO3
- over a given sampling interval, the form and 

timing of NO3
- losses remain unknown (Turner & Henry 2009).  Soil solution samplers 

can be placed below the rooting zone, but it is difficult to place the resulting 

concentration data in the context of drainage (Pawlick et al. 2019).  There also have 

been limitations in the methods used to simulate warming over winter.  For example, the 

freezing of intact soil mesocosms under controlled conditions can introduce freezing 

and drainage artifacts (Joseph & Henry 2008). Likewise, snow removal or exclusion 

field experiments can exaggerate soil freezing intensity by exposing soil to cold air at a 

time when snow cover would typically be present (i.e. snow removal is most effective for 

simulating reduced precipitation, not warming) (Groffman et al. 2001). Alternatively, 

warming of field plots via overhead heaters provides a better simulation of winter 

warming (Kimball et al. 2008).  

The objectives of this study were to: 1) quantify the effect of simulated winter 

warming on agricultural NO3
- leaching; and 2) quantify the differences in NO3

- leaching 

between sandy-loam and silty-loam soils, under a wheat-corn-soybean crop rotation 

planted with a cover crop mixture, with and without heating. We made use of unique 

large scale lysimeter infrastructure combined with overhead heaters in agricultural field 
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plots.  The benefit of the lysimeters was they allowed for measurements of drainage 

responses under field conditions, combined with sampling of soil solution NO3
- 

concentrations below the plant rooting zone (i.e. the drainage and concentration data 

could be combined to estimate leaching). We predicted that winter warming would 

increase NO3
- leaching based on the assumption that decreased snow cover would 

increase the frequency and intensity of soil freeze thaw cycles.  In addition, we 

predicted that the effect of warming on NO3
- leaching would vary by soil type and that 

warming would affect the timing of leaching based on its effect on drainage.  

3.2 Methods 

3.2.1 Research Site and Infrastructure 

The experiment to investigate the effect of simulated winter warming was 

conducted using the soil lysimeter facility described in section 2.2.1 of this thesis. Of the 

18 soil lysimeters, 12 were used for the winter warming experiment (6 of the non-

warmed lysimeters used in this experiment also were used for the experiment described 

in chapter 2, and the other 6 were not used for the data in chapter 2). The details 

regarding the lysimeter installation and instrumentation, and the research site are 

provided in section 2.2.1. 

3.2.2 Experimental Design and Simulated Winter Warming 

In this experiment the six lysimeters of each soil type were under the same 

diverse crop rotation described in section 2.2.2 that included cover crops, and half of the 

lysimeters (three of each soil type) were warmed with heaters during the winter (Figure 

3.1). Treatments were randomly assigned to the lysimeters.  The study used data 
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collected from 1 November 2017 to 30 June 2018 for the first year, with the addition of a 

second year of data collected from 1 November 2018 to 30 June 2019. 

 

Figure 3.1: A diagram of the research site, with circles representing the lysimeters (solid fill as 
sandy-loam, hatched fill as silty-loam), and rectangles representing the treatment plots (hatched 
fill as diverse crop rotation with cover crops, no fill as non-diverse rotation, dashed line with no 
fill as diverse with cover crops and simulated winter warming). 

Details regarding the first year of the crop rotation are provided in section 2.2.2. 

Following the planting of corn on 22 May 2018, cover crops were interseeded with 

additional fertilizer; however, there was a lack of cover crop growth in the second year, 

which allowed for a comparison between the two years of the impact of simulated 

warming with and without cover crop growth during the NGS. Soybeans were planted 

without the addition of N fertilizer in June 2019. For details of the agronomic 

management during the second year, refer to Table 3.1.  

Ceramic heaters were  used for warming based off a field study by Kimball et al. 

(2008), with a reduction of heaters from six per plot to one per plot, to account for the 

smaller area being warmed. The ceramic heaters were Mor Electric ALEX Radiant 

Fixtures (Comstock, Michigan, USA) with 1000W 120v ceramic heating elements. 
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Following installation, the heat distribution at the ground surface was assessed using 

thermal imaging, and the reflectors were adjusted to maximize even distribution. The 

heaters were installed at the beginning of winter and removed in the spring (Table 3.1). 

Table 3.1: Simulated warming and agronomic management details of the lysimeters starting the 
growing season prior to the study period, in chronological order to the end of the study period. 

Date Simulated Warming Agronomic Management 

27 Apr 2017  Spring wheat planted after 20-10-10 
fertilizer application 

   
01 Aug 2017  Spring wheat harvested 
19-24 Aug 2017 
25 Aug 2017 

 Cover crops planted  
Cover crops fertilized with Urea (43-0-0) 
50 kg N ha-1 

04 Dec 2017 Heaters installed and turned on  
01 May 2018 Heaters turned off and removed  
   
14 May 2018  Cover crop terminated by herbicide 

treatment  
18 May 2018  Fertilizer Urea (43-0-0) 130 kg N/ha 
22 May 2018  Corn planted with fertilizer (11-52-0) 70 

kg N ha-1 
26 Jun 2018  Corn interseeded with Crimson Clover 

and Cereal Rye 
27 Jun 2018  Urea applied to lysimeters - 77 kg N ha-1  
  Harvested Corn from lysimeters 
20 Nov 2018 Heaters installed and turned on  
02 May 2019 Heaters turned off and removed  
07 Jun 2019  Soybean planted 

 

3.2.3 Nitrate Leaching Measurements  

NO3
- leaching was determined from the concentration of NO3

- in the soil solution 

below the root zone and the amount of water drained from the soil lysimeters (see 

section 2.2.3). In the second year of this study soil solution samples were collected 

approximately weekly from 8 November 2018 to 27 June 2019, with a maximum sample 
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period of 14 days, minimum sample period of 3 days, and a mean sample period of 7.2 

days. The beginning and end of the study period were matched to the first year (1 

November to 30 June), to allow for comparison of NO3
- leached. 

3.2.4 Statistical Analysis 

The temporal component of this study required the use of discrete uses of two-way 

analysis of variance (ANOVA) using heating and soil type as factors, to determine their 

effect on NO3
- leaching over the study period. The ANOVA model used the lysimeter 

nests as the blocking factor and was tested for normality and homogeneity using the 

Shapiro-Wilk and Levene test respectively. Statistical analyses were performed using 

the lme and car packages in R (version 3.5.3, Bates. et al., 2015; R Core Team, 2018) 

programming language. In the first year of this study, NO3
- leaching estimates were 

grouped into four time periods, as well as the yearly total, during the non-growing 

season for statistical analysis. During the first year the soil was too dry from harvest 

until November for samples to be taken, so the first time period began on 1 November 

2017 until the snow cover established on 14 December. The second time period was 

defined by the presence of snow on the ground until melting in the spring on 22 March 

2018. The third time period was from the spring melt until planting on 18 May, and the 

fourth was post planting in the spring until the soil was too dry to sample soil solution on 

30 June. The time periods were kept the same for statistical analysis in the second year 

for comparison purposes; however, the soil remained dry until 8 Nov 2018 and due to a 

cold wet spring planting did not occur until 7 June 2019. 
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3.3 Results 

3.3.1 Weather and Agronomy 

From April – September 2017, prior to the study, there was a wet spring and dry 

summer, and the average air temperature was 0.23 °C lower than the long-term 

averages (Table 3.2). For the first NGS of the study, the first three months were colder 

than average, and the site received 82 mm more precipitation (rain and snow) than 

normal. April was extremely wet and cold, followed by a dry and cool planting and post 

planting period from May to June. The growing season in between the two studied 

NGSs was warm and dry. For the second NGS there were 8 months of higher than 

average precipitation, and air temperature was warm from November to December, 

then colder than average throughout the rest of the NGS.  

 Cover crop growth for the first year of this study was monitored visually (refer to 

the appendix A for pictures). Daikon radish, and oats grew quickly post-harvest of 

wheat, and were well established before being winter killed. Following the winter, 

crimson clover and cereal rye began growing and were successfully established in all 

lysimeters prior to being terminated by herbicide. In the second-year cover crops were 

planted, but no growth occurred in the majority of the lysimeters, allowing for the 

investigation of bare soil under the winter warming treatments. 

Table 3.2: Long term average (LTA) monthly temperature and precipitation (LTA: 1987-2017) 
calculated using daily data from the Environment Canada, collected at the Elora Research Station 
during the 2017-2019 study period. (Elora Research Station: 
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html). 

Month Temperature (ᵒC) Precipitation (mm) 

 LTA 2017 2018 2019 LTA 2017 2018 2019 

January -6.9 -4.4 -8.1 -8.8 71.9 119.6 89.9 88.7 

http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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February -7.2 -2.3 -4.7 -6.4 54.4 78.1 92.1 94.6 

March -1.7 -2.8 -1.7 -3.3 58.8 94.1 49.0 114.3 

April 5.7 7.7 1.3 4.5 77.8 114.3 138.6 132 

May 12.5 10.0 15.5 10.8 76.3 120.5 63.1 90.2 

June 17.3 17.4 17.5 16.4 89.2 117.8 55.9 96.1 

July 19.4 18.7 20.1 NA 84.3 35.6 38.7 NA 

August 18.5 17.0 20.3 NA 77.6 68.1 74.0 NA 

September 14.8 16.0 16.5 NA 73.8 55.5 42.4 NA 

October 8.4 10.9 7.3 NA 80.5 89.9 86.4 NA 

November 2.5 1.2 -0.7 NA 73.4 96.1 96.4 NA 

December -3.5 -7.2 -2.2 NA 60.9 55.6 85.5 NA 

3.3.2 Soil Temperature and Volumetric Water Content 

In the first year between 1 December and 31 March, the heated silty-loam soil 

lysimeters were warmer at 5 and 10 cm depth than the non-heated lysimeters for 114 

and 115 of the 121 days, respectively (Figure 3.2). The soil temperature was raised by 

an average of 2.3 °C over the same period at 5 cm, and 1.9 °C at 10 cm. In the second 

year, with no cover crops present, this trend continued with heated lysimeters being 

warmer than non-heated lysimeters for the entirety of the 1 December to 31 March time 

period; without cover crops, the heaters warmed the lysimeters by an average of 2.4 °C 

at 5 cm and 2.2 °c at 10 cm between 1 December and 31 March (Figure 3.3).  

Sandy-loam soil was affected by the heaters more than silty-loam soil through 

both years between 1 December and 31 March (Figure 3.2 and 3.3). The heated 

lysimeters were warmer than non-heated lysimeters at 5 and 10 cm depth for 111 and 

113 of 121 days, respectively in year 1, and for all 121 day for both depths in year 2. 

The soil temperature at 5 cm depth was warmed by an average of 2.7 °C in year one 

and 2.9 °C in year 2. At 10 cm depth the effect continues, heated lysimeters were 

warmed by an average of 2.4 °C in year 1 and 2.7 °C in year 2. 
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Within soil-type the largest difference in volumetric water content was during the 

winter, similar to the heating trends, due to the sensor not detecting frozen water and 

heated lysimeters maintaining a temperature above 0 °C for more frequently than non-

heated lysimeters (Figure 3.4). Between soil-type, due to the soil texture, sandy-loam 

lysimeters had lower volumetric water content than silty-loam lysimeters for the entirety 

of the study period. 
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Figure 3.2: Lysimeter daily mean soil temperature (degrees Celsius) averaged by treatment and 
soil type from December 2017 to March 2018: a) Silty-loam soil at 5 cm depth; b) Sandy-loam soil 
at 5 cm depth; c) Silty-loam soil at 10 cm depth; d) Sandy-Loam soil at 10 cm depth. Lysimeters 
without heating are represented by a solid black line, and with heating by a dashed line. 
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Figure 3.3: Lysimeter daily mean soil temperature (degrees Celsius) averaged by treatment and 
soil type from December 2018 to March 2019: a) Silty-loam soil at 5 cm depth; b) Sandy-loam soil 
at 5 cm depth; c) Silty-loam soil at 10 cm depth; d) Sandy-Loam soil at 10 cm depth. Lysimeters 
without heating are represented by a solid black line, and with heating by a dashed line. 
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Figure 3.4: Lysimeter daily mean soil volumetric water content (%) averaged by treatment and soil type from November 2017 to June 
2018  (Year 1) and from November 2018 to June 2019 (Year 2): a) Silty-loam soil at 5 cm depth in Year 1; b) Sandy-loam soil at 5 cm 
depth in Year 1; c) Silty-loam soil at 5 cm depth in Year 2; d) Sandy-loam soil at 5 cm depth in Year 2. Lysimeters without heating are 
represented by a solid black line, and with heating by a dashed line. 
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3.3.3 Drainage Responses to Soil Type and Heating 

In both years of the study, significant and/or marginally significant (defined as a p 

value between 0.05 and 0.10) heating, soil type, and interaction effects were observed 

in all four time periods, as well as for the NGS as a whole (Figure 3.5 and 3.6). In the 

fall, there were no significant treatment effects in the first year; however, in the second 

year, soil type had a significant effect on drainage (p = 0.01; Table 3.3). In the fall of the 

second year, total drainage averaged by soil type was 19.9 mm (σ = 22.3 mm) and 0.47 

mm (σ = 1.3 mm) for the silty-loam and sandy-loam lysimeters, respectively (Table 3.3). 

When snow cover was present, heating significantly affected drainage (p < 0.001) in 

both years of this study. Under snow cover, total drainages (averaged over heating 

treatment) were 87.8 mm (σ = 56.6 mm) and 161 mm (σ = 87.9 mm) in the first year, 

and 58.9 mm (σ = 37.2 mm) and 186 mm (σ = 125 mm) in the second year, for non-

heated and heated lysimeters, respectively (Table 3.4). During the melting period, there 

were marginally significant trends of soil type and interaction effects on drainage in the 

first year, but not in the second year. During the melting period in the first year, total 

drainage was 74.5 mm (σ = 39.8 mm) for the silty-loam (non-heated), 58.8 mm (σ = 

44.5 mm) for the silty-loam (heated), 74.0 mm (σ = 20.3 mm) for the sandy-loam (non-

heated), 127 mm (σ = 76.7 mm) for the sandy-loam (heated). During the post planting 

period (18  and 17 days after the heaters were removed in the first and second years, 

respectively), soil type had a significant effect on drainage in both years (p = <0.001 in 

year one, and p = 0.02 in year two). Post-planting in the first year, total drainage was 

14.3 mm (σ = 12.6 mm) and 80.3 mm (σ = 31.9 mm) for silty-loam and sandy-loam, 
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respectively. In the second-year post-planting, total drainage was 41.9 mm (σ = 25.9 

mm) and 69.1 mm (σ = 32.8 mm) for silty-loam and sandy-loam, respectively. For the 

NGS, heating had a significant effect in both years (p = 0.01 for both years), and soil 

type had a significant effect in the first year (p = 0.02). In the first year, total drainage for 

the NGS was 190 mm (σ = 183 mm) for the silty-loam (non-heated), 235 mm (σ = 227 

mm) for the silty-loam (heated), 229 mm (σ = 149 mm) for the sandy-loam (non-heated) 

389 mm (σ = 294 mm) for the sandy-loam (heated). Over the NGS in the second year, 

total drainage averaged 368 mm (σ = 299 mm) for the heated treatment and averaged 

206 mm (σ = 160 mm) for the non-heated treatment. 

Table 3.3: P-values of a Two-Way ANOVAs to determine statistically significant effects of heating, 
soil type, and interaction effects on soil lysimeter drainage for specific periods during the non-
growing season (NGS) and over the whole measurement period. Significant results are indicated 
by *P<0.05, **P<0.01, ***P<0.001. 

  Heating Soil Type Interaction 
 

Ye
ar

 1
 

Fall (1 Nov – 14 Dec) 0.37 0.81 0.96 

Snow (15 Dec - 22 Mar) <0.001*** 0.89 0.52 

Melt (23 Mar - 18 May) 0.31 0.07 0.06 

Post Plant (19 May - 30 Jun) 0.57 <0.001*** 0.46 

NGS (1 Nov – 30 Jun) 0.01* 0.02* 0.16 

     

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 0.73 0.01* 0.69 

Snow (15 Dec - 22 Mar) <0.001*** 0.65 0.70 

Melt (23 Mar - 18 May) 0.29 0.96 0.23 

Post Plant (19 May - 30 Jun) 0.73 0.02* 0.20 

NGS (1 Nov – 30 Jun) 0.01* 0.76 0.33 

Table 3.4: Total drainage (mm), compared heated and non-heated treatments, and soil type, split 
into time periods and the non-growing season. Standard deviation (σ) are shown in parentheses. 

  Silty-Loam  
no Heating 

Silty-Loam  
Heated 

Sandy-Loam  
no Heating 

Sandy-Loam  
Heated 

Ye
ar

 1
 Fall (1 Nov – 14 Dec) 4.05 (6.05) 7.55 (7.66) 3.37 (7.44) 6.51 (12.2) 

Snow (15 Dec - 22 Mar) 96.2 (74.6) 155 (92.8) 79.4 (38.6) 166 (83.0) 

Melt (23 Mar - 18 May) 74.5 (39.8) 58.8 (44.5) 74.0 (20.3) 127 (76.7) 

Post Plant (19 May - 30 Jun) 15.4 (13.6) 13.2 (11.6) 71.8 (14.9) 88.9 (48.8) 
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NGS (1 Nov – 30 Jun) 190 (183) 235 (227) 229 (149) 389 (294) 

      

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 22.6 (24.6) 17.2 (20.0) 0.836 (2.29) 0.106(0.367) 

Snow (15 Dec - 22 Mar) 70.0 (51.8) 176 (95.1) 47.8 (22.6) 195 (155) 

Melt (23 Mar - 18 May) 106 (35.2) 103 (49.3) 63.8 (29.8) 120 (66.6) 

Post Plant (19 May - 30 Jun) 46.8 (25.4) 37.0 (26.4) 52.8 (17.4) 85.4 (48.2) 

NGS (1 Nov – 30 Jun) 246 (184) 334 (242) 166 (135) 402 (356) 

3.3.4 Nitrate Concentration in Drainage Water 

There were significant effects of heating, soil type, and/or interactions between 

soil type and heating on NO3
- concentration in soil solution collected at 90 cm depth in 

both years of the study (Figure 3.7). In the fall of the first year, NO3
- concentrations in 

soil solution from 90 cm depth were significantly affected by heating (p < 0.0001), soil 

type (p < 0.0001), and an interaction effect (p < 0.0001) between heating and soil type 

(Table 3.5). During this period, NO3
- concentrations were 0.87 mg N L-1 (σ = 0.01 mg N 

L-1) for the silty-loam (non-heated), 0.57 mg N L-1 (σ = 0.13 mg N L-1) for the silty-loam 

(heated), 2.8 mg N L-1 (σ = 2.7 mg N L-1) for the sandy-loam (non-heated). and 8.9 mg 

N L-1 (σ = 5.5 mg N L-1) for the sandy-loam (heated) (Table 3.6). In the fall of the second 

year, there were no significant heating effects, or interactions; however, there was a 

significant effect of soil type (p = 0.002), with average soil solution NO3
- concentrations 

of 1.9 mg N L-1 (σ = 0.47 mg N L-1), and 17 mg N L-1 (σ = 2.3 mg N L-1) for the silty-loam 

and sandy-loam lysimeters, respectively. When snow cover was present in the first year 

of this study, there was a significant interaction effect (p = 0.04), due to heated 

lysimeters averaging lower concentrations than non-heated lysimeters in the silty-loam 

soil (heated = 0.77 mg N L-1 (σ = 0.40 mg N L-1); non-heated = 2.6 mg N L-1 (σ = 1.4 mg 

N L-1), but higher concentrations in the sandy-loam soil (heated = 3.2 mg N L-1 (σ = 2.1 
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mg N L-1); non-heated = 1.3 mg N L-1 (σ = 0.36 mg N L-1). In the second year, with snow 

cover present, a similar trend was observed; however, only differences in soil type had 

a marginally significant effect (p = 0.07) with average NO3
- concentrations at 90 cm 

depth of  4.9 mg N L-1 (σ = 2.2 mg N L-1), and 11 mg N L-1 (σ = 3.3 mg N L-1) for the 

silty-loam and sandy-loam lysimeters, respectively. During the melting period in the first 

year of the study, there were no marginally significant or significant effects of heating, 

soil type or their interaction on NO3
- concentrations at 90 cm depth. In the second year 

of this study during the melting period, there was a marginally significant effect of 

heating (p =0.08) on NO3
- concentrations at 90 cm depth, in which average NO3

- 

concentrations were 4.9 mg N L-1 (σ = 1.3 mg N L-1), and 4.1 mg N L-1 (σ = 0.66 mg N L-

1) for non-heated and heated lysimeters, respectively. Post-planting (18 days after the 

heaters were removed) in the first year of this study, there were no marginally significant 

or significant effects of heating, soil type, or interactions on NO3
- concentrations at 90 

cm depth. Post-planting (17 days after the heaters were removed) in the second year of 

this study, there were marginally significant effects of heating (p = 0.08), and soil type (p 

= 0.08) on NO3
- concentrations at 90 cm depth. During the post-planting period of the 

second year, lysimeter 90 cm depth soil solution NO3
- concentrations averaged 5.2 mg 

N L-1 (σ = 1.0 mg N L-1) for the silty-loam (non-heated), 2.6 mg N L-1 (σ = 0.35 mg N L-1) 

for the silty-loam (heated), 8.2 mg N L-1 (σ = 1.4 mg N L-1) for the sandy-loam (non-

heated) 5.4 mg N L-1 (σ = 0.72 mg N L-1) for the sandy-loam (heated). When 90 cm 

depth soil solution NO3
- concentrations were averaged over the NGS, there was a 

significant effect of soil type (p = 0.02) and a significant interaction (p < 0.001) in the first 
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year, and a significant effect of soil type (p = 0.04) in the second year. In the first year 

over the NGS, soil solution NO3
- concentrations from 90 cm depth averaged 2.6 mg N L-

1 (σ = 1.3 mg N L-1) for the silty-loam (non-heated) 1.5 mg N L-1 (σ = 1.1 mg N L-1) for 

the silty-loam (heated), 2.1 mg N L-1 (σ = 1.2 mg N L-1) for the sandy-loam (non-heated), 

3.5 mg N L-1 (σ = 3.2 mg N L-1) for sandy-loam (heated). In the second year over the 

NGS, soil solution NO3
- concentrations at 90 cm depth averaged 4.2 mg N L-1 (σ = 2.2 

mg N L-1), and 9.4 mg N L-1 (σ = 5.0 mg N L-1) for the silty-loam and sandy-loam 

lysimeters, respectively. 

Table 3.5: P-values of a Two-Way ANOVAs to determine statistically significant effects of heating, 
soil type, and interaction effects on lysimeter 90 cm depth soil solution nitrate concentrations 
according to specific periods during the non-growing season (NGS) and over the whole 
measurement period. Significant results are indicated by *P<0.05, **P<0.01, ***P<0.001. 

  Heating Soil Type Interaction 
 

Ye
ar

 1
 

Fall (1 Nov – 14 Dec) <0.001*** <0.001*** <0.001*** 

Snow (15 Dec – 22 Mar) 0.71 0.41 0.04* 

Melt (23 Mar – 18 May) 0.83 0.90 0.60 

Post Plant (19 May – 30 Jun) 0.65 0.59 0.77 

NGS (1 Nov – 30 Jun) 0.34 0.02* <0.001*** 

     

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 0.18 0.02* 0.16 

Snow (15 Dec – 22 Mar) 0.42 0.07 0.20 

Melt (23 Mar – 18 May) 0.08 0.40 0.25 

Post Plant (19 May – 30 Jun) 0.08 0.08 0.99 

NGS (1 Nov – 30 Jun) 0.58 0.04* 0.22 

Table 3.6: Average soil solution nitrate concentrations from 90 cm depth in mg N L-1 compared 
heated and non-heated treatments, and soil type, split into time periods and the non-growing 
season. Standard deviation (σ) are shown in parentheses. 

  Silty-Loam  
no Heating 

Silty-Loam  
Heated 

Sandy-
Loam  
no Heating 

Sandy-
Loam  
Heated 

Ye
ar

 1
 Fall (1 Nov – 14 Dec) 0.87(0.01) 0.57(0.13) 2.8(2.7) 8.9(5.5) 

Snow (15 Dec - 22 Mar) 2.6(1.4) 0.77(0.40) 1.3(0.36) 3.2(2.1) 

Melt (23 Mar - 18 May) 2.1(0.55) 1.7(0.57) 2.1(0.58) 1.8(0.98) 

Post Plant (19 May - 30 Jun)  4.0(0.86) 2.9(0.76) 3.1(0.37) 2.8(1.5) 
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NGS (1 Nov – 30 Jun)  2.6(1.3) 1.5(1.1) 2.1(1.2) 3.5(3.2) 

      

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 2.4(0.14) 1.5(0.80) 8.3(2.3) 26(2.3) 

Snow (15 Dec - 22 Mar) 6.1(3.6) 3.7(0.81) 7.3(1.1) 15(5.5) 

Melt (23 Mar - 18 May) 5.0(NA) 3.6(0.74) 4.9(1.3) 4.6(0.57) 

Post Plant (19 May - 30 Jun) 5.2(NA) 2.3(0.35) 8.2(1.4) 5.4(0.72) 

NGS (1 Nov – 30 Jun) 5.3(3.4) 3.0(1.1) 7.2(2.0) 12(8.0) 
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Figure 3.5: Weekly sum of drainage (L) averaged per treatment and soil type from 1 November 2017 to 30 June 2018: a) Silty-loam soil 
with no heating; b) Sandy-loam soil with no heating; c) Silty-loam soil with heating; d) Sandy-Loam soil with heating. The time periods 
are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 2018. Time periods with letters 
indicate significant  differences: A shows periods when cover crop treatments were significantly different for each soil type; B shows 
periods when nitrate leaching was different between soil type; C shows an interaction effect between cover crops and soil type. 
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Figure 3.6: Weekly sum of drainage (L) averaged per treatment and soil type from 1 November 2018 to 30 June 2019: a) Silty-loam soil 
with no heating; b) Sandy-loam soil with no heating; c) Silty-loam soil with heating; d) Sandy-Loam soil with heating. The time periods 
are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 2018. Time periods with letters 
indicate significant  differences: A shows periods when cover crop treatments were significantly different for each soil type; B shows 
periods when nitrate leaching was different between soil type; C shows an interaction effect between cover crops and soil type. 
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Silty-Loam Sandy-Loam 

 

 

 

Figure 3.7: Average soil solution nitrate concentration (mg N L-1) at 90 cm depth, averaged per treatment and soil type from 1 November 
2017 to 30 June 2018 (Year 1) and 1 November 2018 to 30 June 2019 (Year 2): a) Silty-loam soil in Year 1; b) Sandy-loam soil in Year 1; c) 
Silty-loam soil in Year 2; d) Sandy-loam soil in Year 2. Time periods with letters indicate significant  differences: A shows periods when 
cover crop treatments were significantly different for each soil type; B shows periods when nitrate leaching was different between soil 
type; C shows an interaction effect between cover crops and soil type. Lysimeters without heating are represented by a solid black line, 
and with heating by a dashed line, the light orange shading represents the mean +/- the standard deviation. 
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3.3.5 Nitrate Leaching 

Heated lysimeters had similar rates of NO3
- leaching compared to non-heated 

lysimeters in both soil types through all four time periods and the NGS as a whole in the 

first year of this study (Figure 3.8). The rates of NO3
- leaching were higher in the second 

year compared to the first, with similar trends when comparing heated treatments for 

both soil types (Figure 3.9). In the fall of the first year, NO3
- leaching totals were low 

overall, with slightly higher leaching for heated treatments, and the greatest heating 

effect for the sandy-loam lysimeters (0.04 kg N ha-1 (σ = 0.04 kg N ha-1) for non-heated, 

and 0.39 kg N ha-1 (σ = 0.45 kg N ha-1) for heated; Table 3.8). In the fall of the second 

year, NO3
- leaching totals were higher compared to the first year, with no significant 

heating effect; however, soil type had a significant effect on NO3
- leaching (p = 0.02), 

with the silty-loam lysimeters leaching 0.40 kg N ha-1 (σ = 0.35 kg N ha-1) and the 

sandy-loam lysimeters leaching 0.07 kg N ha-1 (σ = 0.05 kg N ha-1) (Table 3.7 and 3.8). 

When snow cover was present, there were no significant effects of soil type or heating 

on NO3
- leaching in the first year of the study. In the second year, with the presence of 

snow cover, there is a marginally significant trend of simulated winter warming affecting 

NO3
- leaching (p = 0.07), where heated lysimeters leached 15 kg N ha-1 (σ = 11 kg N ha-

1) and non-heated lysimeters leached 4.4 kg N ha-1 (σ = 3.1 kg N ha-1). There were no 

significant effects of heating or soil type on NO3
- leaching during the melting period of 

both years, in which NO3
- leaching was 1.7 kg N ha-1 (σ = 1.1 kg N ha-1) averaged 

across all lysimeters for the first year, and 5.1 kg N ha-1 (σ = 2.3 kg N ha-1) in the 

second year. During the post planting period (18 and 17 days after the heaters were 
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removed in the first and second years, respectively), there was no significant heating 

effect on NO3
- leaching; however, soil type had a significant effect on NO3

- leaching (p = 

0.01) in the first year, and a marginally significant trend (p = 0.06) in the second year. In 

the post-planting period of the first year, the silty-loam lysimeters leached an average of 

0.43 kg N ha-1 (σ = 0.37 kg N ha-1) and the sandy-loam lysimeters leached an average 

of 1.7 kg N ha-1 (σ = 1.0 kg N ha-1). In the post-planting period of the second year, the 

silty-loam lysimeters leached an average of 1.6 kg N ha-1 (σ = 1.4 kg N ha-1) and the 

sandy-loam lysimeters leached an average of 4.1 kg N ha-1 (σ = 2.6 kg N ha-1). Totaling 

NO3
- leaching over the NGS of each year individually showed no significant effects in 

either year of this study. Total NO3
- leached from the soil lysimeters, averaged per 

treatment, in the first year was 5.6 kg N ha-1 (σ = 4.9 kg N ha-1) for the silty-loam (non-

heated), 2.7 kg N ha-1 (σ = 2.0 kg N ha-1) for the silty-loam (heated), 4.6 kg N ha-1 (σ = 

1.4 kg N ha-1) for the sandy-loam (non-heated), 8.4 kg N ha-1 (σ = 4.9 kg N ha-1) for the 

sandy-loam (heated). The total NO3
- leached from the soil lysimeters, averaged per 

treatment, in the second year was 13 kg N ha-1 (σ = 8.0 kg N ha-1) for the silty-loam 

(non-heated), 11 kg N ha-1 (σ = 7.1 kg N ha-1) for the silty-loam (heated), 15 kg N ha-1 (σ 

= 1.6 kg N ha-1) for the sandy-loam (non-heated), and 33 kg N ha-1 (σ = 23 kg N ha-1) for 

the sandy-loam (heated). 

 

 



 

 

72 

 

Table 3.7: P-values of a Two-Way ANOVAs to determine statistically significant effects of cover 
crops and soil type, and interaction effects, on nitrate leaching. Significant results are indicated 
by *P<0.05, **P<0.01, ***P<0.001. 

  Heating Soil Type Interaction 
 

Ye
ar

 1
 

Fall (1 Nov – 14 Dec) 0.21 0.18 0.26 

Snow (15 Dec - 22 Mar) 0.62 0.72 0.12 

Melt (23 Mar - 18 May) 0.94 0.75 0.33 

Post Plant (19 May - 30 Jun) 0.23 0.01* 0.42 

NGS (1 Nov – 30 Jun) 0.86 0.32 0.17 

     

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 0.41 0.02* 0.69 

Snow (15 Dec - 22 Mar) 0.07 0.12 0.20 

Melt (23 Mar - 18 May) 0.68 0.64 0.23 

Post Plant (19 May - 30 Jun) 0.29 0.06 0.87 

NGS (1 Nov – 30 Jun) 0.30 0.15 0.23 

 

Table 3.8: Total nitrate leached per time period in kg N ha-1. Standard deviation (σ) are shown in 
parentheses. 

  Silty-Loam  
no Heating 

Silty-Loam  
Heated 

Sandy-Loam  
no Heating 

Sandy-Loam  
Heated 

Ye
ar

 1
 

Fall (1 Nov – 14 Dec) 0.006 (0.11) 0.024 (0.257) 0.039 (0.042) 0.390 (0.452) 

Snow (15 Dec - 22 Mar) 2.98 (4.25) 1.16 (1.14) 0.904 (0.495) 4.45 (2.88) 

Melt (23 Mar - 18 May) 2.06 (1.90) 1.16 (0.589) 1.50 (0.078) 2.27 (1.68) 

Post Plant (19 May - 30 Jun) 0.527 (0.482) 0.335 (0.256) 2.19 (0.888) 1.24 (1.18) 

NGS (1 Nov – 30 Jun) 5.57 (4.88) 2.68 (1.96) 4.63 (1.42) 8.35 (4.92) 

      

Ye
ar

 2
 

Fall (1 Nov – 14 Dec) 0.489 (0.346) 0.309 (0.359) 0.121 (0.079) 0.020 (0.013) 

Snow (15 Dec - 22 Mar) 3.66 (2.64) 6.77 (4.11) 5.09 (3.63) 23.6 (17.3) 

Melt (23 Mar - 18 May) 6.08 (3.80) 3.20 (2.30) 4.78 (0.025) 6.18 (3.19) 

Post Plant (19 May - 30 Jun) 2.42 (1.58) 0.882 (1.13) 4.64 (2.13) 3.53 (3.00) 

NGS (1 Nov – 30 Jun) 12.6 (7.95) 11.2 (7.16) 14.6 (1.56) 33.3 (23.1) 
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Figure 3.8: Nitrate leached (kg N ha-1) from the soil lysimeters, averaged per treatment and soil type from 1 November 2017 to 30 June 

2018: a) Silty-loam soil with no heating; b) Sandy-loam soil with no heating; c) Silty-loam soil with heating; d) Sandy-Loam soil with 
heating. The time periods are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 
2018. Time periods with letters indicate significant  differences: A shows periods when cover crop treatments were significantly 
different for each soil type; B shows periods when nitrate leaching was different between soil type; C shows an interaction effect 
between cover crops and soil type. 
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Figure 3.9: Nitrate leached (kg N ha-1) from the soil lysimeters, averaged per treatment and soil type from 1 November 2018 to 30 June 

2019: a) Silty-loam soil with no heating; b) Sandy-loam soil with no heating; c) Silty-loam soil with heating; d) Sandy-Loam soil with 
heating. The time periods are represented by the vertical lines on the first minute of 15 December 2017, 23 March 2018, and 19 May 
2018. Time periods with letters indicate significant  differences: A shows periods when cover crop treatments were significantly 
different for each soil type; B shows periods when nitrate leaching was different between soil type; C shows an interaction effect 
between cover crops and soil type. 
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3.4 Discussion 

Previous research has led to concerns about increased NO3
- leaching in 

response to climate change over winter; specifically, an increased frequency and 

intensity of soil freeze-thaw cycles could potentially increase both drainage and soil 

NO3
- concentrations at a time where there is very little plant activity (Groffman et al. 

2001; Joseph & Henry 2008). In this study, there was no significant effect of heating on 

the overall amount of NO3
- leached from two agricultural soils, with data from both a 

year where cover crops were planted after harvest of the main crop, and a second year 

when no cover crops were present. However, there was a marginally significant effect of 

heating increasing NO3
- leaching when snow cover was present during the second year. 

In addition, heating significantly impacted both soil NO3
- concentrations below the 

rooting zone, as well as drainage, but because these effects were significant at different 

times during the NGS, there were no significant effects on NO3
- leaching.  

 The significant effect of heating on drainage during the NGS (p = 0.01) was 

driven by the drainage effect during the time period when snow cover was present (p 

<0.001), whereas drainage was not significantly affected by heating during the other 

time periods. This enhanced drainage was caused by the heaters melting the snow. 

Drainage in lysimeter experiments is constrained to the vertical direction, whereas rain 

on snow events, as well as melting of snow, are likely to increase runoff export of 

nutrients from the system (Elmers et al. 2007). The risks of surface runoff, versus the 

risks of groundwater pollution may be similar, with differences dependent on the size, 

and channels of flow for the catchment of concern. In the first year, the silty-loam 
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heated and non-heated lysimeters, and the sandy-loam non-heated lysimeters, had 

similar drainage to the 30-year average of the area (240 mm) (Fallow et al. 2003); 

however, drainage from the sandy-loam heated lysimeters was 162% higher. In the 

second year a similar trend was observed, with the exception of the silty-loam heated 

lysimeters draining 140% compared to the 30-year average (Fallow et al. 2003). 

Drainage was significantly different between soil-types primarily during the post planting 

period, due to the coarse textured sand rich soil continuing to drain after the drainage in 

the imperfectly drained silty-loam had slowed down. There was also a marginally 

significant difference between soil-types during the melting period in the first year, as 

well as a significant effect during the fall of the second year. As expected, in both cases 

the sand-rich soil  drained more than the silt-rich soil. The increase in drainage for 

heated treatments would likely be missed in snow removal experiments (i.e. Groffman 

et al. 2011), because the majority of the increase in drainage occurred when snow 

cover was present (heating increased drainage by an average of 73 mm and 126 mm at 

this time in the first and second years, respectively). Comparatively, in a snow removal 

experiment conducted in a northern hardwood forest, the amount of drainage was not 

affected by the snow removal (Groffman et al. 2011), but the results of this study 

(Section 3.3.3 of this thesis) suggest that it should have increased to adequately 

represent a warmer winter. There are conditions in which snow removal experiments 

are more comparable to climatic conditions expected in situ, for example, there was a 

natural extreme soil freezing event during a dry and cold winter in Germany, and this 
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resulted in increased NO3
- leaching without an increase in drainage, but this natural 

occurrence only happened in one year over two decades (Callesen et al. 2007).  

 Heating significantly impacted the NO3
- concentrations of soil solution collected 

from 90 cm depth during the fall of the first year (p <0.001), and it had marginally 

significant effects (p = 0.08) during the melting and post planting periods of the second 

year.  The lack of heating effect during the snow cover period, a time over which snow 

could have melted or sublimated by the heaters, was contrary to previous research, 

which suggested that decreased snow cover increases soil NO3
- concentrations 

(Groffman et al. 2001; Joseph & Henry 2008). However, studies in which snow cover is 

manipulated in the absence of warming (e.g. snow removal studies) can provide an 

inaccurate simulation of warmer winters (Groffman et al. 2001; Kimball et al. 2008), 

because unlike in snow removal studies, snow cover may remain present during the 

coldest periods, even in warm years. Moreover, while it has been demonstrated 

experimentally that soil solution NO3
- concentrations can increase in response to severe 

freezing (Gillinato 1987), such extreme freezing may not typically be observed in situ 

(Joseph & Henry 2008), and similarly, extreme soil freezing was not observed in our 

experiment. Likewise, in previous experiments in which the soil was warmed and did not 

have extreme freezing there was either no increase in NO3
- leaching, or a significant 

decrease (Patil et al. 2010; Turner & Henry 2010). In hardwood forest studies, the 

decrease in the ability of roots to take up N after being exposed to freezing 

temperatures could have also contribute to increased NO3
- leaching from these systems 

(Campbell 2014); however, in cold climate agriculture, there are typically either no 
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plants present during the winter, plants are selected to survive the freezing 

temperatures (e.g. winter-hardy cover crops), or cover crops that are present are 

intended to be terminated by the freezing temperatures (e.g. winter-killed cover crops). 

Of those scenarios, the lack of plants over winter seems to pose the most risk for 

agricultural NO3
- leaching in warmer winter scenarios, whether it is due to soils freezing 

and increasing the pool of NO3
-, or increased drainage.  

NO3
- concentrations of the soil solution from 90 cm depth were significantly 

different between soil types over the NGS of both years (p = 0.02 and 0.04 for year 1 

and 2, respectively), with most of the difference occurring during the fall period (p < 

0.001 for year 1, and 0.02 for year 2). This was likely due to the difference in plant 

growth, and directly related N uptake, between the soil-types (i.e. the silty-loam soil 

crops were taller and greener than the sandy-loam crops; for photographs, refer to 

appendix C). There was an interaction between soil-type and heating during the NGS of 

the first year (p < 0.001), and specifically in the fall (p < 0.001) and when snow cover 

was present (p = 0.04). The difference in plant growth may have caused the interaction 

between heating and soil-type, because plant biomass is able to absorb radiation, which 

is re-emitted and can promote snow melt. The interaction effect could also be explained 

by the differences in soil texture, of which coarse soils would let water transport NO3
- 

through the soil quickly with drainage when short periods of thawing occur, but less so 

in a medium textured soils which would be more likely to hold the water at the surface 

during a short thaw, which could be refrozen or evaporate. 
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As described above, while heating did not significantly impact NO3
- leaching during 

either year of the study, there was a marginally significant effect (p = 0.07) of heating 

increasing NO3
- leaching when snow cover was present in the second year. During the 

only period in which drainage was significantly affected by heating, when snow cover 

was present, there was no effect of heating on soil solution NO3
- concentrations from 

the 90 cm depth. Heating did significantly impact the 90 cm depth soil solution NO3
- 

concentrations prior to the presence of snow cover in the first year, but the elevated 

concentrations in the heated lysimeters dropped to similar concentrations as in the non-

heated lysimeters by the time snow cover established (when heating affected drainage). 

Among soil-types, the silty-loam heated lysimeters leached less than the non-heated 

lysimeters; however, the sandy-loam heated lysimeters leached more NO3
- than the 

non-heated lysimeters. Therefore, our results appear to have split the difference 

between two previously demonstrated effects of warmer winters, in that the soil may not 

have been warmed enough to increase plant growth, and decrease the amount of time 

for mineralization leading to a decrease in NO3
- leaching, or frozen enough to increase 

the amount of NO3
- at the frozen layer leading to an increase NO3

- leaching (Turner & 

Henry 2009; Udea et al 2013). Future research should take into consideration whether 

soils will be subject to damaging increases in freeze-thaw cycles and extreme freezing, 

or whether warming will on balance increase soil N retention via increased plant root 

activity. In both cases, for agriculture, using cover crops could counteract the possible 

negative effects of warmer winters with respect to N retention, as demonstrated in year 

one of our experiment. 
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3.5 Conclusion 

In this study, NO3
- - N leaching was monitored over two non-growing seasons, 

comparing two soil types, and simulated winter warming. It was demonstrated that top 

down heating can increase both drainage, and NO3
- concentrations in both soil-types. 

However, these effects did not occur simultaneously, and therefore heating did not 

increase NO3
- leaching on balance. This observation in the timing of effects could alter 

how we interpret the results of studies that integrate their observations over longer time 

periods. This result provides new insight for winter warming experiments as researchers 

continue to understand how climate change will shape future agricultural systems. 

 Warmer winters in cold climates is a likely future scenario and understanding 

how NO3
- leaching from agriculture will be affected will be critical for implementing 

solutions to reduce groundwater pollution. The results of this study suggest that warmer 

winters may not increase NO3
- leaching if the conditions of a warmer winter do not lead 

to bare soils exposed to extreme freezing temperatures. This novel result will help 

shape future winter warming experiments and help sustainable agriculture policy 

makers understand how NO3
- leaching will be affected in the context of a warming 

climate. 
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4 Conclusions and Future Research 

 The first goal of this study was to show that a cover crop mixture is a viable NO3
- 

leaching reduction strategy in two agricultural soils. The second goal of this study was 

to determine if the climate change predictions of warmer winters in temperate climate 

would increase NO3
- leaching from agriculture. Review of the literature revealed a lack 

of cover crop studies that involve four species mixtures of legumes and non-legumes, 

as they relate to NO3
- leaching. Thirdly, previous winter warming studies on NO3

- 

leaching used laboratory or poor field methods. To fill those knowledge gaps, a cover 

crop mixture of oats, daikon radish, cereal rye, and crimson clover, as well as heaters to 

simulate winter warming were used to answer two questions: 1) Does a four species 

cover crop mixture reduce NO3
- leaching from two agricultural soils?; and 2) Will 

increased temperatures over the non-growing season increase NO3
- leaching in two 

agricultural soils?  

Monolithic soil column weighing lysimeters, with lower boundary soil control, are 

considered an accurate method to determine the water balance parameters, including 

drainage, from soils. Recently lysimeters of this type using soil columns of two different 

soil textures, were installed at the Elora Research Station, with instrumentation for 

taking soil solution samples, temperature, water content and other soil parameters 

throughout the soil profile. These lysimeters were used in this study to accurately 

determine NO3
- leaching differences between lysimeters with, and without a cover crop 

mixture, as well as with, and without heaters warming the top of the lysimeters through 

the non-growing season. The use of accurate methods to determine NO3
- leaching, a 
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cover crop mixture, and a more accurate representation of warmer winters, was 

sufficient in answering the research questions. 

 The results from this study demonstrated that a four species cover crop mixture 

of legumes and non-legumes is an effective strategy to reduce NO3
- leaching from 

agriculture. This was wholly achieved by reduce soil NO3
- concentrations below the root 

zone, as the cover crops did not reduce drainage. Further research will be needed to 

determine if this strategy can be combined with strategies that effectively reduce 

drainage, to further reduce NO3
- lost from agriculture, and groundwater pollution. New 

conclusions have been found in regard to the effect of winter warming on NO3
- leaching, 

as previous research has indicated it would be increased, this study demonstrated the 

opposite. Winter warming did effect NO3
- concentrations below the root zone, and 

drainage, but the timing of those effects does not line up in a way that increased NO3
- 

leaching in this study. Future research will be needed to determine the long-term risks 

of warmer winters on NO3
- leaching under different natural climatic conditions. 
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5 Appendices 

Appendix A: Cover crop growth for the first year (2017-2018) 

1) Cover crop growth in the fall, photo taken on 22 September 2017. Oats and 
Daikon radish growth is covering approximately 50% of the lysimeter surface 
area by visual approximation. 
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2) Cover crop growth in the spring, photo taken on 10 May 2018. Crimson clover 
and cereal rye growth covering 50% of the lysimeter surface area by visual 
approximation. As a height reference, the chamber height when open is 
approximately 20 cm. 
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Appendix B: Cover crops have wilted by the beginning of the study, photo taken on 22 November 
2017. At this time of the year the cover crops have lost their green colour, and the stems and 
leaves have begun to lay flat, covering 80% of the lysimeter surface area by visual approximation. 
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Appendix C: Lysimeters with soils that have a silty-loam texture are on the left, and sandy-loam is 
on the right. The top row is from 5 June 2018, and the bottom row is from 22 September 2017. In 
both cases (and throughout the study in general) the silty-loam textured showed more growth, 
and/or greener leaves than the sandy-loam by visual assessment.  

                     

                           


