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ABSTRACT
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This research examined field measurements and the HYDRUS 1-D (version 4.12)
model to quantify annual movement of NO3-N through two soils of different HSG groups
(B and C) using a Cl tracer and examine leaching losses attributed to the winter months
(November 2007 – April 2008). Field and model data confirmed potential leaching losses
~ 72% (Cl mass recovery) over these months. Differences in Cl and nitrate-N mass
recovery indicated potential N losses via other processes such as denitrification and/or
immobilization. The 200 kg N ha-1 treatment was most indicative; site’s B and C had 1%
and 9% losses, respectively. Both sites exhibited ~ 96-99 % loss of soil nitrate-N and Cl
of the fall-applied N and Cl by September 2008. Monthly crop sampling demonstrated ~
1% soil mineral-N remained at harvest (November 2008). These findings further support
the effectiveness of applying N in the spring than the fall.
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1. Background
Nitrogen (N) leaching has become an increasing concern in advent of the demand
for improved crop yield and production. The pursuit of a high crop yield has often led
farmers to over apply N fertilizers and use destructive cultivation practices that often
result in excess N available for surface runoff, volatilization and leaching beyond the root
zone into tile drainage and groundwater (Tan et al., 2002; Drury et al., 1993; Schoen et
al., 1999; Goulding, 2000; Mohanty and Kanwar, 1994). In arable soils, leaching often
provides a direct mechanism by which mineral-N resources are depleted from the root
zone (Burr, 2000) representing both an economic and environmental impact.

Leaching is a result of a net accumulation of soluble mineral-N (in particular
nitrate-N) in the soil solution and a surplus water flux to carry nutrients through the soil
profile (Burr, 2000; Roy et al., 2000). A field’s susceptibility for leaching often depends
on the variability in a region’s annual and seasonal water budget (Fallow et al., 2003).
The water budget demonstrates seasonal changes in water distribution for a region and
often indicates what times during the year excess water is available for leaching. Other
processes occurring in the soil, such as denitrification (an anaerobic microbial process
that converts nitrate-N into N2O and nitrogen gas) also control the extent of leaching in
Ontario, during seasonal periods of water surplus, such as late fall through and early
spring (March to April).
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Seasonal freeze-thaw cycles induced in temperate cold weather climates (such
as southern Ontario) coupled with the agricultural land management strategies utilized
also influence the soil mineral N dynamics and the leaching potential for a given site.
Jayasundara et al., (2007) found over a 4-year crop rotation and land management study,
that 80% of soil N leaching occurred during the period from November to April for
conventional management practices resulting from 45-69% of the applied mineral-N left
in soil after harvest and continual N mineralization until freezing. Therefore, quantifying
over-winter losses of N for different hydrological soil groups is a critical step in
calculating the N index for Ontario (Reid, 2003).

Target mineral-N sources, primarily nitrate-N and ammonium-N are identified as
contaminants that impact the quality of groundwater and impose risk towards human
health. Nitrate-N concentration levels above 10 mg L-1 are deemed unsafe according to
the Ontario Safe Drinking Water Act (MOE, 2002). Goss et al. (1998), found that of 1292
sampled rural water wells, 14% contained nitrate-N concentrations above the acceptable
Ontario Ministry of the Environment guidelines. Rupert (2008) reported a significant
increase in nitrate-N concentrations in 495 wells in the USA sampled between the years
1988 – 2004. Agricultural systems impose the greatest non-point source for nitrate-N
leached into groundwater (Goss et al., 1998); therefore, continual monitoring of nitrate-N
levels below farm fields is necessary as a preventative measure to reduce the detrimental
effects imposed on other life cycles and systems.
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To quantify the amount of nitrate-N lost in a soil system, one must account for
both spatial and temporal variability in biochemical properties along with accounting for
varying physical properties such as textural and hydraulic property distributions of a
particular soil. A number of field studies in Ontario (Jayasundara et al., 2007; Goss et al.,
1998; Drury et al., 1996) have helped to better identify the mechanisms by which nitrateN is lost beyond the root zone. However, with continual revisions to governmental law
and guidelines, other tools are required to predict the risk of leaching loss such as the N
index. This research will assess the potential nitrate-N leaching from two soils of
differing textural and hydraulic properties (or hydrological soil group) along with
evaluating the remaining mineral-N left in the soil available for leaching after crop
harvest the following year.

This project is a subset of a much larger project assessing N leaching loss across
southern Ontario (in partnership with Agriculture and Agri-Food Canada). Through the
combination of field techniques, principally, periodic soil sampling, TDR (Time Domain
Reflectometry) for measurements of soil water content (Topp, 1980), monthly crop
sampling and the use of numerical leaching simulations using HYDRUS-1D nitrate-N,
along with a chloride tracer was tracked through the soil profile over a one-year period.
Chloride was chosen to mimic the leaching behaviour of nitrate-N whereas nitrate will
react biochemically in the soil (immobilization denitrification etc.). Hence, chloride is
considered a conservative tracer as it reacts very little with the soil colloids and microbes.
The two objectives of this study are to: (1) measure the total annual nitrate-N leaching
loss from two different soil hydrological groups and model chloride movement as a
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predictor of the potential leaching loss and (2) determine how much of the total nitrate
and Cl loss occurred from late fall to early spring (November to April). Nitrate and
chloride fertilizers were applied in October 2007 and the measurement of movement
ended in November 2008. Leaching estimates were made for both nitrate-N and chloride
for each site and an overall N balance was calculated, including crop uptake.

2. Literature Review

2.0. Nitrogen Dynamics
Nitrogen (N) is an essential plant nutrient required for vegetative growth. NitrateN and ammonium-N are major sources of inorganic nitrogen that is assimilated by the
roots of higher plants (Marschner, 1995). However, nitrogen in the soil system is in a
constant state of flux, undergoing rapid speciation changes by microbial transformation in
the nitrogen cycle (Figure 2.1). Fluxes within the natural N cycle are primarily driven by
N fixation and mineralization (Robertson and Groffman, 2006) and can be divided into
three main fractions: the gaseous reservoir, the organic reservoir and the mineral
reservoir. The latter two reservoirs are most important in discussions pertaining to N
leaching loss and thus will be the focus in further sections of this review. The organic
reservoir aided by a number of microbial communities and a series of biochemical
pathways, converts organic nitrogen into ammonium (NH4+), nitrite (NO2-) and nitrate
(NO3-) termed nitrification. Nitrate and ammonium are the most prevalent components of
the mineral reservoir and of mineral-N leaching.
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The organic and mineral reservoirs influence the extent of mineral-N leaching
and are regulated by microbial transformations. Mineralization and immobilization are
two processes, which govern the rate at which microbial transformation occurs.
Mineralization is the process by which organic-N is converted into an inorganic (mineral)
form and immobilization is the reverse of that process where inorganic-N is converted
into the organic form (Sylvia et al., 2003) under microbial mediation.

Figure 2.1. The Nitrogen Cycle (Lauzon, 2009)
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2.1. The Organic Reservoir
According to Powlson (1993), soil organic matter (SOM) (~ 1.5 x 109 tonnes
globally) is the dominant store of nitrogen in the global N cycle and is one order of
magnitude higher in mass than that of the N in plant biomass. The soil surface horizon
generally contains anywhere from 2000 – 6000 kg N/ha in organic matter (Powlson,
1993) depending on the soil depth, texture, OM horizon and physical properties.
However, even though the C/N ratio for SOM is approximately 10:1, utilizing N for
mineralization becomes difficult; the decomposition process depletes labile C and N and
the remaining C in a complex state, resistant to decomposition (Robertson and Groffman,
2006).

However, even with a steady influx of SOM, the inorganic reserve is cyclical,
moving in and out of the organic reservoir constantly. Mineralization and immobilization
rates often present clues to inorganic nitrogen movement and its dependency on a number
of factors in the soil system. Plant residue with low lignin content and particle size, an
optimum soil pH, temperature, moisture, aeration (Sylvia et al., 2003) and tillage
practices (Campbell et al., 1999), all influence the mineralization/immobilization
decomposition processes.

N-mineralization from residual soil N remaining after crop harvest can often lead
to N leaching loss over the winter months (Jayasundara et al., 2007;Vinten et al., 1994).
In Ontario, the surface horizon of the soil often freezes, limiting the downward
infiltration of nutrients and water. However, in winter due to the geothermal gradient, the
6

deeper soil horizons have a higher temperature than near-surface horizons, allowing
microbial activity to promote nitrification and water potentially laden with nitrate
percolates to tile drainage and groundwater. SOM can often become a source of the N for
leaching over those months (Addiscott, 1988; Powlson, 1993).

2.2. The Mineral Reservoir
Principle constituents of the mineral-N fraction are nitrate and ammonium.
However, ammonium is typically converted to nitrate quickly via nitrification. Therefore,
ammonium accounts for a small fraction of the total soil nitrogen (Chambers et al., 2001).
Given the nature of southern Ontario soils, nitrate (with adequate water flux) is relatively
free to move through the soil profile and into tile drainage and groundwater. However,
ammonium reacts with the soil colloids resulting in relatively low mobility.

A crop’s requirement for assimilated nitrate-N has as much importance as CO2
utilized for photosynthesis (Marschner, 1995). Therefore, supplementing a crop with
nitrogen fertilizer prior to or during the growing season is often used to ensure that the
crop receives enough available N. However, speculation over the contribution of
increasing rates of N fertilizer towards nitrate-N leaching has raised some concerns.
According to Vinten et al. (1994) the leaching of nitrate is a fairly weak function of
fertilizer application rate, until crop demand for N is close to being satisfied. The residual
N left from harvest can often become leached or denitrified. Therefore, optimizing the
rate of N fertilizer to closely fit a particular crop’s demand is a necessary step in
providing an economic and environmental benefit to farmers and agricultural industries.
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The Most Economic Rate of Nitrogen (MERN) is a calculation used to determine
the agronomic optimum N fertilizer rate based on previous years’ grain yield data
response to applied N, soil properties, the cost of nitrogen and crop (kg-1) for the given
year (McDonald, 2005). In Ontario, calculating a MERN for the entire province is
desirable since the MERN is field specific. A nitrogen rate calculator has recently been
developed (OMAFRA, 2006) to allow farmers to input appropriate agronomic data from
their own sites, in hopes of maximizing economic return, meanwhile reducing potential
for N contamination as a result of over-application.

2.3. Environmental and Economic Implications
In Ontario, approximately 3.6 million ha, or 10.2% of Canada’s total available
farmland, is utilized for crop production (Statistics Canada, 2006). Corn production in
Ontario is the highest in the country at 55.2% or representing ~ 769,000 ha (Statistics
Canada, 2006). Nitrogen leaching loss occurs when there is water surplus in a region’s
overall hydrologic balance and NO3-N. It was reported that 17% of the total agricultural
land in Ontario that had a water surplus, concentrations of NO3-N were reported to be
greater than 14 mg L-1 in soil profile (Chambers et al., 2001).

Although extensive study and statistics of the interaction of groundwater and
surface water on the national scale is currently limited, it has been noted that N and P
enriched groundwater inputs to coastal and inland waters can have an effect on
eutrophication (Chambers et al., 2001). Eutrophication is the photosynthetic production
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of unicellular algae in the surface layers of bodies of water made possible by the
assimilation of inorganic nutrients in the surrounding water (Ryther and Dunstan, 1971).
The rate dependence on eutrophication to occur often relies on the mass loading of
inorganic sources (such as N and P) and excreted wastes from animals and dead
organisms. Inorganic sources often provide mineral nutrition for aquatic plants to thrive
on. However, as more vegetation emerges, a reduction of dissolved oxygen in surface
water is likely, which can result in the death of many aquatic species and microbial
communities.

Agricultural watersheds are often considered key sources of nutrient loading into
local estuaries and regional aquifers. A study by Hill (1978), found that the export of
nitrate-N over a 25-month period averaged from 1.41 to 7.31 kg ha-1 in annual loss,
measured from 21 watersheds around Toronto, Ontario. Cooke and Prepas (1998), found
that 98% of inorganic nitrogen exported from the Boreal Plain through an agricultural
cropland stream was in the form of nitrate-N. Therefore, proper management of
agricultural watersheds is necessary in order to reduce inorganic nutrient loads into
regional water sources. Cey et al. (1999) completed a study to determine how an
uncultivated riparian zone can limit nitrate-N loading into a small stream in southern
Ontario. It was found that increased water recharge within the riparian zone, opposed to
an artificially drained agricultural field zone, limited nitrate-N from discharging into the
stream by diverting groundwater flow beneath the riparian zone.
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Economically, improved groundwater quality and agricultural management
strategies implemented to reduce N loss, are cost effective ways of reducing farm N
purchase costs and tax increases approved by a municipality. A study by Giraldez and g
Fox (1995) examined the economic implications of groundwater contamination by
agricultural nitrate losses in southern Ontario. It was determined that Hensall, ON could
save up to $30,000 annually with improved groundwater quality with a reduction of
nitrate. However, the same study showed that a 25% reduction in nitrogen fertilizer
usage would cost corn farmers in the region approximately, an additional $200 ha-1 per
year in lost revenue, and thus cost Hensall $31,000 per year in tax revenue losses.

2.4. Human Health Concerns
The consumption of reactive nitrogen compounds in drinking water can have
detrimental consequences on human health. In Ontario, the maximum acceptable level
for nitrate-N in drinking water sources is 10 mg L-1 (MOE, 2002). This level was first
suggested by Comly (1945) and later confirmed by Walton (1951). Walton (1951),
determined this concentration based on the incidence of methaemoglobinaemia in infants.
He determined that at concentrations of <10 mg NO3-N L-1 there were no cases of
methaemoglobineamia reported.

Methaemoglobinaemia or “Blue Baby Syndrome” may cause death to infants, and
is typically the result of nitrate contamination in drinking water. Comly (1945), was first
to report the incidence of methaemoglobinaemia and its connection to nitrates in well
water. Knobeloch et al. (2000) reported two cases of infant methaemoglobinaemia from
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samples of collected well water containing concentrations of nitrate-N at 22.9 mg L-1
and 27.4 mg L-1 in which infants were fed nitrate-N contaminated formula. However,
nitrate

may

not

be

the

only

instigating

factor

for

driving

instances

of

methaemoglobinaemia.

A recent study by Addiscott and Benjamin (2004) reported that the actual
mechanism for methaemoglobinaemia is nitric oxide (nitrate is converted into NO2 in the
gut), not nitrate, resulting in an immuno-suppresive reaction stimulated by
gastronenteritis. Hemoglobin, the blood’s oxygen carrier, is oxidized to methaemoglobin
in the presence of nitric oxide, reducing the amount of hemoglobin available for oxygen
transport. High concentrations of nitrate in blood is the result of nitric oxide being
converted to nitrate. However, this does not rule out nitrate as a contaminate and its effect
on human health entirely.

Nitrate itself is relatively non-toxic, but the metabolites produced, can have
potential adverse health effects (Ysart et al., 1999). Nitrate is part of a group of
potentially carcinogenic N-nitrosamines compounds (including nitrites and nitric oxide),
that have been implicated with incidence of bladder, liver, ovarian and stomach cancer at
high concentrations (Wolfe and Patz, 2002). Coss et al. (2008) reported that increased
intake of nitrates and nitrites by various animals (in particular rudiment animals) results
in a high stomach cancer incidence as well as a positive correlation for risk of esophagus
cancer. Better control and monitoring of nitrate-N levels is necessary in reducing such
adverse health effects described above.
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2.5. Agricultural Nitrogen Balance
Since the E.coli outbreak in Walkerton, Ontario in 2000, stricter laws have been
put in place and enforced to ensure drinking water quality is held to the highest standards.
However, agriculture is still a significant contributor of non-point source contaminants
(Goss et al., 1998). Therefore an N management balance is a necessity to ensuring that
the N introduced into an agricultural system is utilized efficiently and effectively and
losses are minimal. The losses in the N balance (typically through denitrification and/or
leaching), are in part attributed to excess N and water remaining in the system. Following
harvest, researchers utilize the N balance as a tool for evaluating different management
practices and their effectiveness towards reducing N loss (Burr, 2000).
A simplified Farm N Balance outlined in Burr (2000) states:
NINPUTS = NOUTPUTS + !N (soil N, livestock and other farm components)

(1)

Equation 1 can be simplified to an equilibrium state (no net fluxes in the system)
by dropping the !N term. The !N term accounts for differences in soil N months prior to
and after application, during the growing season, changes in livestock manure production
throughout the year and the management practices if altered annually. Nitrate-N leaching
is one output that is highly dependant on the cropping system and the N fertilizer
management strategy utilized by the farmer.

A two-model crop rotation study (corn-soybean-wheat and corn-soybean-wheathay-hay-hay) by Barry et al. (1993), compared nitrate-N concentrations in groundwater
for two different regions in Ontario (southwest and west), using historical yield data, and
12

different farming systems (a cash crop farm and a dairy farm). One of the major model
assumptions was that soil N was constant after each crop rotation. It was determined by
the model that the corn-soybean-wheat rotation had predicted nitrate-N concentrations in
groundwater at 22.4 mg L-1 for southwestern part of the province versus 8.5 mg L-1 for
the west. The difference in nitrate-N concentrations was probably due to different
fertilizer inputs between locations. Adding hay to the rotation caused a two-fold increase
in N leaching in the west, compared to only a 9% increase in the southwest. A cash crop
rotation had predicted nitrate-N concentrations at 6.7 mg L-1 in groundwater compared to
9.5 mg L-1 measured in tile drains and the dairy farm (just crops; no animal inputs) had a
predicted nitrate-N concentration at 58 mg L-1 (there were no measured values).
However, a study published in 1995, by Goss and Goorahoo, determined that a simplified
N balance often overestimated the nitrate-N concentration in groundwater by 33%.
Therefore, more variables must be added to the balance to account for other factors
influencing N loss.

Drury et al. (2007) assessed the Residual Soil Nitrogen (RSN) or the amount of
inorganic (mineral) N remaining in the soil after crop harvest. It was found that Canadian
average RSN increased 51% from 13.9 kg N ha-1 in 1996 to 21.0 kg N ha-1 in 2001. RSN
is calculated by subtracting the N inputs from the outputs with the assumption that
mineralization and immobilization rates are equal. The increase in RSN was likely due to
increased leguminous crop production, decreased crop yield and reduced N uptake as a
result of drought in 2001. RSN is a useful indicator for determining a potential source of
N available for leaching loss during the over-winter months. Yang et al. (2007)
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developed the Canadian Agricultural Nitrogen Budget model (CANB v2.0) and found
that with improved N management, a reduction of the RSN by 13% would be possible on
the national level.

De Jong et al. (2007), developed an Indicator Of Risk of Water Contamination by
Nitrate-Nitrogen (IROWC-N), which takes into consideration provincial and national
RSN values along with climatic and soil parameters to investigate the likelihood of N
losses from an agricultural system. This model estimated that the average amount of NO3
lost in Canada increased from 5.1 kg NO3 ha-1 in 1991 to 6.4 kg NO3 ha-1 in 2001 as a
result of an increase in the NO3 concentration in leachate of 27% (from 4.5 mg N L-1 in
1996 to 5.7 mg N L-1 in 2001). It was also estimated that Ontario’s provincial averages
for N lost was above 20 kg N ha-1 from 1981-2001 census periods.

Indicators, such as the RSN and IROWC-N, add a more representative view of the
overall N balance. These indicators estimate excess N available in the soil and account
for their potential loss in the agricultural system. An alternative method, (utilizing a fieldspecific approach) used in this study, estimated the NO3 leaching loss component in the
N balance, utilizing a non-reactive (conservative) solute (chloride) as a surrogate, to
provide estimates of the NO3-N leaching loss potential for that particular location.
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2.6. Chloride Leaching
The transport and retention capacities for water and chemicals in an agricultural
field are spatially and temporally variable (Mohanty and Kanwar, 1994). It is due to the
variability that it is often difficult to determine solute movement under field-scale
conditions (Roth et al., 1991). Laboratory experiments are often performed to limit the
heterogeneous effects of space and time. Lab experiments are convenient, inexpensive
and in most cases, present immediate results under controlled constraints. However, the
importance for field studies cannot be overshadowed by the desire for immediate results.
Field studies are laborious, expensive and are dependant on natural conditions such as
climate and topography, which are quite variable within spatial and temporal constraints.
However, utilizing field studies provides evidence on how the mechanisms of an
agricultural system (including nutrient behaviour) interact in reality.

Many studies in Canada and the USA have shown evidence of the presence of
nitrate-N in groundwater as a result of agricultural activities in watersheds (Kanwar et al.,
1997; Rupert, 2008; Tan et al., 2002; Drury et al., 1996; Goss et al., 1998). Chloride
(often applied as KCl) is often chosen as a conservative tracer for nitrate-N as it is not
absorbed by the soil media and does not undergo biological transformations to the same
extent as it’s N counterpart (Kanwar et al., 1997).

Early soil column studies by Corey et al. (1967) and Nielsen and Biggar (1961)
found under carefully controlled lab conditions that chloride data may or may not
resemble the distribution of the nitrate data. The aim of early miscible displacement
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experiments were to determine (1) the effect of water flow velocity on the movement of
chloride and nitrate ions, (2) the effect of energy sources (e.g. nitrogen) in the soil
solution on the denitrification of added nitrate and (3) the effect of water content of the
soil column on chloride and nitrate movement (Corey et al., 1967). However, results from
these studies are often isolated and limited as the result of the removal of soil cores out of
natural in-situ conditions, reducing macro-porosity and soil spatial continuity. Therefore,
field-scale studies began to emerge as supplements to column studies to determine natural
solute movement and its effect on soil-plant systems.

There have been many field-scale studies performed which account for chloride
transport over a long-term basis and examine the mechanisms involved (Dyck et al.,
2003; van Wesenbeeck and Kachanoski, 1994; Roth et al., 1991). However, due to the
cost to run a study over a long duration, these studies then become condensed and timesensitive. Therefore, numerical modeling is often used to complement field data, to
describe the physical setting with regards to solute transport in the vadose zone, under
transient conditions. Using historical climate data and site history (crop rotation, soil type
and fertilization), investigations of solute transport can be undertaken, while being cost
effective.

2.7. Surplus water and the Southern Ontario Water Budget
In Ontario, seasonal and annual variability of surplus water can greatly influence
nutrient availability in the soil profile and increase loss potential and contamination of
nitrate in surface and ground water (Fallow et al., 2003; Parkin et al., 1999). Surplus
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water is precipitation that has either run off the soil surface, or has drained through the
soil profile increasing the water level at the groundwater table (Fallow et al., 2003; Parkin
et al., 1999). The latter has the greatest influence on the leaching pathway.

Surplus water in the soil profile is calculated using equation (2):

Surplus Water = Precipitation – Evapotranspiration ± ! Soil water storage

Depending on when nutrients (in particular nitrogen) are applied (fall or spring) to
a given field determining surplus water (on a monthly basis) for a region, can help one to
predict what times during the year, the risk of contamination of surface and groundwater
is greatest (Fallow et al., 2003; Parkin et al., 1999). Historically, the highest accumulation
of surplus water in southern Ontario is during the winter (December to March) and the
spring (April and May) months (Fallow et al., 2003; Parkin et al., 1999). During these
months, the precipitation, deep drainage and run off are high and evapotranspiration is
low.

For example, a model simulation study done by Fallow et al., (2003) for the
Guelph region; found that over a 48-year average, the winter and spring months had
values of 246 and 149 mm of precipitation, 31 and 78 mm of evapotranspiration, 76 and
118 mm of deep drainage and 90 and 16 mm of run off. This is compared to the summer
months (June to August) that had an evapotranspiration value (308 mm) higher than the
precipitation (243 mm). In the fall (September to November), however, deep drainage
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was negative (-53 mm) indicating little vertical movement of water to the tile drains.
Therefore, potential nutrient loss via the leaching pathway could be at greatest risk during
the spring and winter months.

2.8. Modeling with HYDRUS 1-D
HYDRUS 1-D (version 4.12) is a Windows-based, numerical modeling program,
that utilizes the Fourier, Richards equation and Fickian advective-dispersion equations, to
solve for one-dimensional flow of heat, water and solutes through media of varying
degrees of saturation (Simunek et al., 2005). The model was developed to examine flow
and transport of solutes through non-uniform, layered soils. Water flow in the model can
be set to consider constant and/or varying temporal pressure heads, flux boundaries,
atmospheric boundaries, as well as free-drainage conditions (Simunek et al., 2005).

In version 4.12, HYDRUS 1-D utilizes the Penman-Monteith equation to estimate
the potential evapo-transpiration for a crop of interest. In addition, snow hydrology can
be considered to provide an accurate measurement of solute movement under temperate
winter climate situations. The HYDRUS line of software uses Marquardt-Levenberg
parameters to determine inverse estimates of soil hydraulic and solute transport
parameters for use in transient or steady-state flow conditions (Inoue et al., 2000;
Simunek et al., 2005). This allows for unknown variables to be estimated from such
parameters as pressure heads (both constant and fluxing), water contents, solute
concentrations and cumulative boundary conditions (from infiltration, leaching and
percolation) (Simunek et al., 2005).
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The model utilizes Cauchy or third-type boundary conditions when solving for
flux concentrations of solute and Dirichlet or first-type boundary conditions for solving
resident concentrations (Simunek et al., 2005). The dispersion coefficient includes
molecular diffusion and pore tortuosity. Unsaturated soil hydraulic properties are
simulated in the model using available analytical techniques developed by Brooks and
Corey, (1964) and van Genuchten (1980). These techniques are also used in curve fitting
and improved the estimation of hydraulic properties near saturation. Hysteresis is
implemented using the conditions set by Kool and Parker (1987). The model also utilizes
root water uptake using the S-shape growth function developed by van Genuchten
(1987).

HYDRUS 1-D implements linear-scaling features to better approximate
hydraulic variability relating individual soil hydraulic properties with the original soil
(Simunek et al., 2005). Numerical solutions regarding flow and solute transport are
solved using Galerkin linear finite element schemes, where temporal integration is done
implicitly using a finite difference scheme for both saturated and unsaturated conditions
(Simunek et al., 2005). Transient flow problems are solved using an automatic-time step
function and utilizes Courant and Peclet numbers to improve calculation efficiency. The
water content term is modeled using a mass conservation method proposed by Celia et al.
(1980).

19

HYDRUS 1-D was tested in this study, as a complement of the field
measurements to track the chloride through the soil profile. Estimates generated with
regard to the amount of Cl leaching, were tested against samples collected in the field.
Since chloride is conservative, it is more straightforward to model its transport through
the soil rather than nitrate-N, due to NO3-N’s high rate of microbial transformation and
plant uptake in the soil matrix. In using HYDRUS 1-D, a clearer picture can be generated
towards identifying the mechanisms involved in the leaching process.

3. Materials and Methods

3.0. Experimental Sites and Design
This experiment was conducted at the University of Guelph, Elora Research
Station (ERS) (43o 39’ N 80o 25’ W, about 376 m elev.), 4 km south of the town of Elora,
Ontario. There are two sites in this study, B and C, labeled according to their particular
Hydrological Soil Group. Site B is classified as a Guelph Loam soil (Brunisolic Grey
Brown Luvisol) and site C, a Maryhill Loam (Orthic Humic Gleysol) on an unpublished
soil map produced for ERS. Both field sites were tile drained in the mid-1960s.

Site B (51 m x 90 m in size) is located north of the main buildings for ERS
(Figure 3.1) and site C (60 m x 72 m) is located southwest of the main buildings (Figure
3.2). Prior to the study, both sites were planted with barley (Hordeum vulgare L.).
Following barley harvest in August 2007, both sites were cultivated and remained bare
until fall 2007 N and Cl application. In September 2007, both sites were subdivided into
20

random complete block design (RCBD), with four blocks and nine treatments at four
replications. Four of the treatments (9 m x 15 m plots; approximately twelve corn rows
per plot) contain the fall-2007 applied chloride tracer and N application and the
remaining five (3 m x 9 m plots on Site B and 3 m x 6 m plots on Site C) are utilized to
evaluate plant N uptake from the residual N remaining in the soil using different rates of
spring-2008-applied fertilizer N. All the plots were set up along a transect parallel to the
direction of and centred on the tile drains (15 m spacing between tiles) to minimize
differences in tile drainage effects between treatments. Both sites were planted with grain
corn (Zea mays L.) on May 16th, 2008. Weather data for HYDRUS 1-D modeling, was
collected at the ERS weather station operated by Meteorological Services of Canada
(Environment Canada, 2009). The station is located ~ 500 m between the two sites.
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Treatment number

Plot number

Figure 3.1. A Diagrammatic view of Site B showing treatment layout and tile drain
locations.
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Plot number

Treatment number

Figure 3.2. A Diagrammatic view of Site C showing treatment layout and tile drain
locations.
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3.1. Treatments and Application
Two fertilizers were applied to the 9 x 15 m plots in fall 2007: potassium chloride
(KCl) 0-0-60, for the chloride tracer and 15.5-0-0, calcium nitrate (Ca(NO3)2), as the
source of nitrogen. Both fertilizers were applied October 25th and 26th 2007; KCl was
applied first and Ca(NO3)2 followed shortly thereafter. Both fertilizers were applied using
a Valmar" 120C spreader.

The Ca(NO3)2 was applied at three rates to each site on the 9 x 15 m plots, 0 kg N
ha-1 (four replications), 100 kg N ha-1 (four replications) and 200 kg N ha-1 (eight
replications) at each site (Table 3.1). The KCl was applied at a rate of 1020 kg KCl ha-1
(~ 46 g Cl- m-2) to all the chloride treatments (Table 3.1) except treatment 4, which had
200 kg N ha-1 but no chloride. After application, both fertilizers were incorporated into
the top 10 cm of soil using a C-tine swept-tooth cultivator. Ammonium nitrate, NH4NO3
(34-0-0) was applied on May 14th, 2008 for the N-response trials. These treatments have
rates of 0, 50, 100, 150 and 200 kg N ha-1. Super Triplephosphate, Ca(H2PO4)2, (0-46-0)
and Sulfate of Potash, K2SO4 (0-0-50), were also applied to all plots to mask the impact
of the K applied in the fall and minimize the potential P response.
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Table 3.1. List of treatments applied at both sites. Amounts are reported in kg ha-1

Treatment

Fall N

Cl

Spring N

kg N ha-1

kg KCl ha-1

kg N ha-1

1

0

1020

N/A

2

100

1020

N/A

3

200

1020

N/A

4

200

0

N/A

5

N/A

N/A

0

6

N/A

N/A

50

7

N/A

N/A

100

8

N/A

N/A

150

9

N/A

N/A

200

3.2. Instrumentation
TDR probes were installed in December 2007 (stainless steel welding rods) (2
mm in diameter placed at 45o to the vertical; 2 cm apart, 43 cm in depth) within each fall
treatment plot on both sites. Soil water content was measured (using a Tektronics 1502C
metallic cable tester) in the top 30 cm, using an equation developed by Topp et al.,
(1980). Water content measurements were taken weekly starting in April 2008 and
concluded in October 2008. TDR data will be used to assess HYDRUS 1-D’s estimate of
shallow soil water content at both sites.
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3.2.1. Soil and Plant Sampling
Soil sampling was conducted monthly when feasible beginning in October 2007
and was completed in September 2008. Sampling was halted over the winter period
starting in January (as a result of frozen soil conditions) and resumed in April 2008. In
this procedure, four soil cores were retrieved (70 mm in diameter, from a 80-cm depth)
per treatment plot using a Concord Environmental Inc. Model 9800 Soil Sampler. Once
retrieved, the intact soil cores were separated and then homogenized (on site) into six
depth ranges; 0-10, 10-20, 20-30, 40-60 and 60-80 cm. Once separated and mixed, the
samples were placed in 5 lb. plastic bags, and kept frozen to slow the microbial N
transformations. A background sampling was conducted two weeks prior to N and Cl
application in October 2007 to determine initial inorganic N and Cl levels in the soil. The
next sampling was conducted two weeks after application of treatments. In addition to the
six sampling depths, a seventh depth (80-100 cm) was added in May and June 2008, to
investigate the extent of the nitrate-N leaching further down the profile beyond the tile
depth.

Plant sampling was conducted monthly (with the exception of September 2008) at
the same time as when the soil samples were collected, beginning at the 2-leaf stage of
the plant cycle (June 2008) and was completed at harvest in late October and early
November 2008. Five samples (a seeding rate ~ 70,000 seeds/ha and a total sampling area
0.71 m2) of corn were removed from each fall 2007 treatment plot at every sampling
interval. During harvest, a 7.5-m2 area was harvested between two rows (15 m long) from
each treatment plot. Cobs were shelled and the grain moisture content was determined by
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oven drying. A complete schedule of the soil and plant sampling regime along with
treatment application and corn planting can be found in Appendix A.

3.2.2. Soil Water and Plant Extractions and Analysis
Soil water extractions for recovering mineral-N and chloride were completed
using moist soil, thawed from frozen, in a cooler set to 40C overnight. Once thawed, soil
samples were sieved using a 2-mm mesh and 5 g of the sample was placed in a drying
oven set at 1050C for 2 – 3 days for analysis of gravimetric water content. Two extraction
procedures were completed: for mineral-N, 5 g of soil was placed in a 200-mL vial,
containing 50 mL of a 2-M solution of KCl (Maynard et al., 2008) and for Cl extraction,
10 g of soil was placed in a 200-mL vial, containing 25 mL of a 0.01-M solution of
Ca(NO3)2 (WCC 103 Pub, 2003). Both extraction types were shaken for a 30-minute
cycle, then filtered and extracts were frozen prior to analysis and corrected for soil water
content. Extractions were then analyzed using a TRAACS 2000 auto-analyzer (Tel and
Heseltine, 1990). During data analysis, the average field-measured soil N and Cl
concentrations at each N rate (0, 100, and 200 kg N ha-1) and Cl rate (0 and 1020 kg KCl
ha-1) were zeroed with the data from the October 2007 sampling. This was done to
compare the leaching potential from just the fertilizer input.

Monthly plant samples (leaf + stem) were weighed after drying in an oven for
approximately two weeks at 600C. The dried samples were ground down using a Thomas
grinder to pass through a 1-mm sieve. After harvest, final grain and stover samples were
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dried at 750C for two weeks, and ground down with a Thomas-mill grinder to pass
through a 1-mm sieve. Plant N and C (as a %) was determined using the LECO

#

combustion method (LECO Corp., St. Joseph, Michigan). Total plant N (kg) was
determined by multiplying the % N-content by the dry grain yield (for grain) and dry
stover mass (including dry cob yield) (kg ha-1) for leaf + stem. The same calculation was
done for the monthly plant samples. Grain yield (kg ha-1) was reported at 15.5%
moisture.

3.3. Apparent Nitrogen Use Efficiency (NUE)
The apparent Nitrogen Use Efficiency (NUE) is a calculation that measures the
effectiveness of fertilizer N used for crop N uptake versus the amount of fertilizer N
“lost” (Nielsen, 2006). The NUE is represented as a %. A high NUE is preferable,
indicating that more N from the applied fertilizer was used for crop growth and less N
potentially lost to the environment. The NUE is calculated (Equation 3) as follows:

Equation 3.
NUE = (grain N +stover N of the N applied) – (grain N + stover N of the control) x 100%

N applied

3.4. Statistical Analysis
A split-plot-in-time, random complete block (RCBD) model analysis was
conducted using Proc GLM in SAS (version 9.1.3; SAS Institute Inc.). A logarithmicnormal transformation was implemented for the statistical analysis due to the small
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sample sizes and thus improved the coefficient of variation as a result.

Residual

analysis outlined in Bowley (1999), was conducted in SAS using Proc Plot and Proc
Univariate to examine if there is bias and heterogeneity in the observed data. All
observations were homogeneous, and non-biased. An ANOVA was conducted (using a
test hypothesis to include the depth measure in the model) to examine the significance of
the fixed effects for each site.

Fixed treatment effects of application rate, month of sampling, depth of sampling,
site and interactions application rate x month, application rate x depth and application
rate x month x depth were accounted for in the analysis. The ANOVA was tested using
Type III Sum of Squares correction and an F-test was conducted to determine the
appropriate F-value. An ANOVA test was also used to analyze the apparent Nitrogen
Uptake Efficiency (NUE) to examine differences between sites and between spring and
fall application. A least squared mean (LSM) comparison (using a Tukey’s HSD
adjustment) was conducted using Proc GLM (option = lsmeans) for preplanned
comparisons for the means of the interactions of treatments on the yields.

A Least Significant Difference test (LSD) examined the difference between
means. Back-transformed values were computed using method # 3 outlined by Parkin et
al., (1988). Regression analysis was preformed using Proc GLM and evaluated the
relationship between spring grain yield and the applied N. All statistical tests are
conducted at an error rate of $ = 0.05.
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3.5. HYDRUS 1-D Model Inputs
3.4.1. Water flow and Solute Transport
Running a simulation in HYDRUS 1-D is a relatively simple process. It requires
that the user follow a series of menus with predefined and user-defined options on what
soil physical process is of interest to the user. For Elora, a 730-day time-span was used to
(1) account for both the duration of the experiment and (2) develop a modeling
environment that would represent the field for arbitrary initial conditions. The following
tables and figures show the inputs used in the simulation. The project file 5SEASON.h1d,
included with the model package, was chosen as the basis for the simulation of both sites
as it contained many HYDRUS defaults that would be used in simulating solute transport
through both growing and non-growing season conditions and required minimal input
from the user. Table 3.2 shows the inputs used for the main processes that were
examined during the course of the simulation for both sites.
Table 3.2. HYDRUS 1-D Main Processes for site’s B and C.

Main Processes
Water Flow
Solute Transport (General Ion Chemistry)
Heat Transport
Root Water Uptake
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Both sites were simulated using the same geometry information due to the fact
that soil cores were taken from the same three depth ranges for Ksat, bulk density and van
Genuchten parameters (van Genuchten, 1980). Table 3.3 represents the geometry
information used. This table also accounts for the number of soil materials used, total
depth of profile (in cm), decline from the vertical axis (whether flow is horizontal (0) or
vertical (1)) and the number of layers used in calculating the mass balance in HYDRUS.
Table 3.3. Geometry Information

Geometry Information
Number of materials: 3
Number of layers used in Mass Balance: 3
Decline from Vertical Axis: 1
Depth of soil profile: 100 cm

Time discretization (Table 3.4) directs the model when to begin and end the simulation
and the initial, minimum and maximum time step by which an iteration is done within
each day. Time-variable boundary conditions such as precipitation were also used over
the 730-day period along with radiation data provided by the local weather station
(Environment Canada, 2009). Radiative and aerodynamic fluxes were calculated within
HYDRUS using the Penman-Monteith combination equation (Penman, 1948; Moneith,
1981).
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Table 3.4. Time Information and Discretization

Time Information
Initial Time: 0
Final Time: 730 days
Initial Time Step: 0.001 days
Minimum Time Step: 2 e-5 days
Maximum Time Step: 0.5 days
Number of Time-variable boundary conditions (precipitation): 730
Number of Meteorological records: 730 (calculated using Penman-Monteith)

The Print Information features informs the model when to print information about
a particular observation node (i.e. day of interest) defined by the user. For this simulation,
each of the nine sampling dates was chosen to model solute movement and 33 sampling
dates (TDR data) was chosen to model water flow. The model printed output for every
simulated day of the defined sampling time. (i.e. day 298, day 319… etc.). The iteration
criteria for modeling water flow was left as default setting a maximum of 20 iterations for
each data record.
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The soil hydraulic property model chosen was a single-porosity model (van
Genuchten-Maulem) with hysteresis in the retention curve (initially in drying curve). Soil
hydraulic parameters were set as the following for each site (Tables 3.5a and 3.5b).
Cores were retrieved from three locations during the 2008 growing season at each site at
the three horizons (A, B and C). Parameters were determined empirically and alpha and
N were determined from fitting an equation developed by van Genuchten, (1980) to the
moisture release curves produced for each site.
Table 3.5. The soil hydraulic parameters for (a) Site B and (b) Site C

(a)
Material

%r

%s

(cm3cm-3)

(cm3cm-3)

N

$

Ksat

(cm-1)

(cm day-1)

1

0.16

0.46

0.085

1.17

36.1

2

0.16

0.48

0.179

1.19

938

3

0.14

0.44

0.412

1.14

180

Note: Material 1, 2 and 3 had depths of (0 - 20, 20 – 40 and 40 – 100 cm)
(b)
Material

%r

%s

(cm3cm-3)

(cm3cm-3)

N

$

Ksat

(cm-1)

(cm day-1)

1

0.10

0.37

0.016

1.48

36

2

0.034

0.36

0.040

1.37

6

3

0.065

0.37

0.019

1.89

53

Note: Material 1, 2 and 3 had depths of (0 - 20, 20 – 40 and 40 – 100 cm)
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where %r (cm3cm-3) is the residual water content, %s (cm3cm-3) the water content at
saturation, $ (cm-1) and N are parameters in van Genuchten’s equation (van Genuchten,
1980) and Ksat is the saturated hydraulic conductivity (cm day-1). Water flow boundary
conditions were set to have an atmospheric (hp – 0 cm) upper boundary condition with
surface run-off (even though none was simulated) and a lower boundary condition of
“Free Drainage” (a unit gradient in Darcy’s equation). The initial pressure head through
each horizon was set to -100 cm.

Solute Transport was modeled using an equilibrium model and temporal and
spatial-weighting was calculated using a Crank-Nicholson scheme and Galerkin Finite
Element, respectively. A tortuosity factor (Millington and Quirk, 1961) was used to
determine the path of solute movement.

The solute transport parameters used are

outlined in Tables 3.6a and 3.6b. Transport boundary conditions were chosen as upper
boundary as concentration flux and lower boundary as a unit gradient. The simulated
solute pulse was set to model the field data’s pulse peak (highest concentration of Cl) in
November 2007 in order to develop an appropriate modeling environment and to see how
well both data sets were correlated. Heat Transport had an upper boundary as a function
of varying air temperature and a lower boundary as a unit gradient.
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Table 3.6. Solute Transport Parameters (a) Site B (b) Site C
(a)
Material

Bulk Density
(g/cm3)

Dispersion

Fraction in liquid phase

(cm2 day-1)

1

1.43

4

1

2

1.38

4

1

3

1.47

4

1

Note: Material 1, 2 and 3 had depths of (0 - 20, 20 – 40 and 40 – 100 cm)
(b)
Material

Bulk Density

Dispersion

(g/cm3)

Fraction in liquid phase

(cm2 day-1)

1

1.32

4

1

2

1.39

4

1

3

1.46

4

1

Note: Material 1, 2 and 3 had depths of (0 - 20, 20 – 40 and 40 – 100 cm)

Root Water Uptake followed an S-shape growth function over time within the
growing seasons, was developed by van Genuchten, (1987). The model applies “nosolute stress”, utilizes a critical stress index of 1 for water uptake and by setting the cRoot
= 0, there is no passive or active solute plant uptake simulated by the model. The values
of the S-shape parameters for P50 (value of pressure head at 50% reduction in root water
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uptake) and P3 (the p exponential term in the S-shape stress response function) are -800
cm and 3, respectively.

The meteorological parameters included in the simulation, used potential
radiation, which required site latitude and altitude; however, emissivity, cloudiness and
canopy height measurement values were all left as default. Relative humidity values were
obtained from the ERS local weather station and were used in the calculation of evapotranspiration along with tables generated for crop height (cm), root depth (cm) and leaf
area index (LAI). These raw values along with other meteorological parameters (such as
temperature, precipitation, sunshine hours) can be found in Appendix B.

3.4.2. Profile Information
Both soil profiles had the same configuration of horizons and sub-regions. The A
horizon was assigned a 0-20 cm depth range, the B was from 20-40 cm and the C was
from 40-100 cm. The depth discretization was done using HYDRUS 1-D’s built-in
Graphical Editor. Observation nodes were put in at each depth of soil sampling (0-10, 1020, 20-30, 40-60, 60-80 cm).
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3.4.3. Model testing
The average error and the root mean square error were calculated to compare the
model estimates to the field data. The average error demonstrates how well the simulated
data approximates the field data, either being above/below measured values, whereas the
root mean square error accounts for the variation between datasets (Olinski, 2005). The
closer the calculated values are to zero, the better the approximation of the simulated data
to the field data (Olinski, 2005). The average error and root mean square error are
calculated as outlined in Olinski (2005):
n

(# Si "Oi )
i=1

Average error (AE) =

n

n

!

(# Si "Oi ) 2
i=1

Root mean square error (RMSE) =

n

where Si is the simulated value, Oi is the observed value, n is the number of pairs in the

!

dataset.
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4. Results and Discussion

4.0. The Elora Water Balance
A water balance was determined for both 2007 and 2008 years using HYDRUS 1D simulation for the Elora field sites. A water balance is useful for determining how
much water is available in the soil profile for processes of root water uptake, nutrient
availability and the apparent leaching loss. The water balance, as represented in
HYDRUS 1-D, can be described by the following in Equation (6):
P = ET +FD + R ± !S

(6)

where P is the annual precipitation, ET is the evapo-transpiration, FD is the
amount of free drainage (represented as a unit gradient in Darcy’s equation), R is the
amount of runoff and !S is the change in soil water storage cumulated over one year. All
values are reported in mm. If the right-hand side of (6) equals the left-hand side, then the
water distribution for that particular location is accounted for in its entirety.

The

resulting balance for both field sites is given in Table 4.1.

Figures 4.1, 4.2 and 4.3 show the site temperature, precipitation, cumulative
evapo-transpiration and free drainage for both sites. The total precipitation for 2007 was
827 mm, which is less than the climate normal for the Waterloo-Wellington region of
907.9 mm (Environment Canada, 2009). However, the total precipitation for 2008 was
well above the normal, reporting 1115 mm, 207 mm precipitation above the normal. The
amount of ET determined by the Penman-Monteith equation (Penman, 1948; Moneith,
1981), for site B was 530 and 684 mm and site C was 525 and 714 mm, respectively, for
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2007 and 2008 growing seasons. These results coincided to long term average ET of
558 mm reported by Fallow et al., (2003).

A water surplus was determined for each site on a monthly basis over the twoyear simulation period and is reported in Table 4.1 (a and b). It was found that over the
winter period (December 2007 to March 2008), 230 mm for site B and 250 mm for site
C, of excess water was available in the soil profile. However, due to a very wet year, the
spring (April and May 2008) and summer months (June to August 2008) also recorded an
excess supply of water in the soil reporting values 53 and 52 mm for site B and 40 and 43
mm for site C. The summer months are usually relatively dry and often report a deficit in
the water balance (Fallow et al., 2003).

HYDRUS 1-D was also compared to the water content from field data collected
from each site (by TDR) and simulated data for the top 30 cm of the soil profile over the
growing season (Figure 4.4). The model over-estimated the measured water contents
over the entire growing season at site B, potentially due to under-estimation in the
amount of free drainage occurring at both sites and an over-estimation of the soil
porosity. From July to October, the model under-estimated the measured water contents
at site C; potentially the result of an over-estimation in the amount of free drainage or ET.
Average error values were at 0.0795 and -0.0638 cm3 cm-3, and root mean square error
values of 0.098 and 0.0591cm3 cm-3, for sites B and C, respectively. Overall, the values
calculated demonstrate a good correlation of the model to field data.
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Figure 4.1. Monthly mean air temperature (top) and monthly precipitation (bottom) for
the Elora Research Station for years 2007 and 2008.
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Figure 4.2. Cumulative evapo-transpiration estimates from HYDRUS 1-D for site B
(top) and site C (bottom) for the 2007 – 2008 period.

41

Figure 4.3. Cumulative Free Drainage estimates from HYDRUS 1-D for site B (top)
and site C (bottom).
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Table 4.1. The HYDRUS 1-D predicted water balance by month (along with the yearly
totals and 48-year average) for (a) Site B and (b) Site C at the Elora Research Station.
a) Site B

Month

The Elora Water Balance by month
P (mm) ET (mm) FD (mm) R (mm) Change in S (mm) Surplus Water (mm)

Jan-07

73

12

0.2

0

61

1

Feb-07

65

17

49

0

13

35

Mar-07

53

42

37

0

-23

35

Apr-07

104

60

32

0

8

36

May-07

103

56

47

0

-7

54

Jun-07

26

69

13

0

-63

20

Jul-07

67

93

4

0

-17

-10

Aug-07

57

69

1

0

-26

14

Sep-07

46

48

0.2

0

24

-26

Oct-07

62

38

0.08

0

3

21

Nov-07

83

16

0.1

0

71

-4

Dec-07

89

11

44

0

34

44

Jan-08

99

13

83

0

3

82

Feb-08

57

17

46

0

-14

54

Mar-08

86

34

46

0

2

50

Apr-08

65

53

35

0

-18

30

May-08

86

47

21

0

16

23

Jun-08

82

64

31

0

-8

25

Jul-08

131

138

9

0

-22

15

Aug-08

121

140

8

0

-31

12

Sep-08

119

93

2

0

14

12

Oct-08

68

63

1

0

6

0

Nov-08

103

12

32

0

56

35

Dec-08

99

10

84

0

7

82

Total
2007
2008
48-year average

827
1115
867

530
684
558

228
398
201

0
0
107

78
11
2

219
420
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b) Site C

Month

The Elora Water Balance by month
P (mm) ET (mm) FD (mm) R (mm) Change in S (mm) Surplus Water (mm)

Jan-07

73

12

60

0

-1

62

Feb-07

65

16

48

0

15

34

Mar-07

53

39

46

0

-33

47

Apr-07

104

58

24

0

10

36

May-07

103

57

45

0

-5

51

Jun-07

26

72

24

0

-75

29

Jul-07

67

89

5

0

-20

-3

Aug-07

57

71

0.4

0

-24

10

Sep-07

46

47

0.1

0

22

-23

Oct-07

62

38

0.05

0

7

17

Nov-07

83

16

0.05

0

100

-33

Dec-07

89

10

31

0

8

71

Jan-08

99

14

79

0

13

72

Feb-08

57

18

58

0

-16

55

Mar-08

86

36

55

0

-2

52

Apr-08

65

77

20

0

-37

25

May-08

86

44

17

0

24

18

Jun-08

82

86

21

0

-9

5

Jul-08

131

151

5

0

-31

11

Aug-08

121

131

4

0

-34

24

Sep-08

119

99

1

0

31

-11

Oct-08

68

41

0.7

0

8

19

Nov-08

103

10

11

0

73

20

Dec-08

99

7

70

0

20

72

Total
2007
2008
48-year average

827
1115
867

525
714
558

284
342
201

0
0
107

4
40
2

298
361
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Figure 4.4. The water content (field TDR data (black line) versus HYDRUS 1-D
estimates (red line) for the top 30 cm of the soil profile for site B (top) and C (bottom)
during the 2008-growing season
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4.1. Soil Nitrate-Nitrogen

4.1.1. Nitrate-Nitrogen Recovery
The amount of nitrate-nitrogen (NO3-N) recovered in the soil varied over time
between both sites (P-value = 0.0003) and was most likely a function of other soil
processes (immobilization and/or denitrification) and/or textural/hydraulic properties at
both sites. The interaction between N-application rate and the month of sampling also
influenced the amount of NO3-N recovery (p-value = 0.0012). Over the 9 months of soil
sampling, beginning in October 2007 (two weeks prior to N application), and concluding
in September 2008, it was found that both soil types had very similar NO3-N recovery
pattern over time for the NO3 concentration loss in the top 80 cm of the profile (Figure
4.5). Nitrate-N concentrations peaked at both sites in November 2007 (3 weeks after
application) with the 200 and 100 kg N ha-1treatment levels reporting average NO3-N at
207 and 128 kg ha-1 for site B, and 215 and 75 kg ha-1 for site C, respectively. Following
that sampling, mass decreased at the December 2007 sampling for site B reporting
recovery values of 26 and 36% of nitrate-N at the 100 and 200 kg N ha-1 treatment level,
respectively. This was likely due to a 40 mm water surplus increase from November to
December 2007 (Table 4.1a) as well as nitrate-N immobilization and/or denitrification.

At site C, nitrate-N recovery concentrations reported in April 2008, were low and
reported on average <1 and 18 % (for the 100 and 200 kg N ha-1) of the November 15,
2007 amounts.

A water surplus of 250 mm was reported over the winter period

(December 2007 to March 2008) for that site. Coupled with a major thaw event occurring
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in March 2008 ponded water on the soil surfaces of both sites may have led to
excessive leaching below the 60-80 cm sampling depth and/or denitrification. Within
two weeks after this event, approximately 80 % of the water had either evaporated,
percolated into the soil surface or was lost due to runoff. Four weeks after the event, the
soil surfaces of both sites were at or below field capacity.

Increases in soil nitrate-N from May – June of 2008, are potentially result of soil
N mineralization, which would increase the value of NO3-N and recovery/distribution for
those two months shown in Figures 4.5. After this period, the sampling depth was
reduced to the 0-60 cm depth range (from the 0-80 cm range) to reduce impact on the
crop yield by the Concord soil sampler and hand probing was performed until September
2008, which was not feasible to 80 cm depth. During this period, N mineralization rates
probably increased along with plant N uptake (Figure 4.5). After July, a sharp decline in
nitrate-N was observed, indicating (1) that plant uptake is occurring at a faster rate than
mineralization and (2) a water surplus reported for these months; these months normally
report a water deficit. This is consistent with the low mineral N recovery values reported
in section 4.3.1, where average values of soil N were 8.8 and 3.7% for site B and ~1% for
site C (at the 100 and 200 kg N ha-1 treatment levels) at the August 2008 crop sampling,
compared to the first crop sampling in June.

From August to September, the NO3-N concentrations leveled off indicating that
low concentrations of N remain in the soil (at both treatment levels) and that most of the
N (from October 2007 application) has left the range of soil sampling. This indicates that
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over the 9 sampling periods, approximately ~ 99% of the N applied has been removed
from the 0-60 cm soil depth range (possibly by plant uptake, denitrification and/or has
become immobilized) or has leached below the range of sampling in the soil profile.
Figure 4.5. The NO3-N content of the soil profiles and Total available plant N (TPN)
(soil + plant N) for site B (top) and site C (bottom) over nine sampling periods, N
application rates were 0, 100 and 200 kg N ha-1. Note: sampling depths were 0-80 cm
from October to April, 0-100 cm from May – June and 0-60 cm from July –September.
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4.1.2. Nitrate-N distribution in the soil profile
The interaction of the month of sampling by the depth of sampling also had a
significant effect on the amount of nitrate–N recovered in the soil at both sites (p-value =
<0.0001). Nitrate-N recovery by depth for both sites was greatest at the 200 kg N ha-1
treatment level, at the surface (top 10 cm) three weeks after N application in October
2007. This accounts for 88 mg NO3-N kg-1 for site B and 94 mg NO3-N kg-1 for site C,
with little NO3-N movement to lower depths (Figure 4.6). By December 2007 (8 weeks
after application), the highest NO3-N concentrations (19 and 26 mg NO3-N kg-1 for site
B; 17 and 27 mg NO3-N kg-1 for site C) from the 100 and 200 kg N ha-1 treatment levels
were in the 20-30 cm depth of the soil profile and some of the NO3-N was also recovered
in the 40-60 and 60-80 cm sampling depth especially for site C.

A water surplus increase of ~ 40 mm was reported at both sites (Table 4.1ab)
from November 2007 to December 2007 and thus would account for the water movement
at these depths. NO3-N movement into the lower depths in the soil profile was more
evident in site C (Figure 4.6). There were differences in NO3-N remaining near the soil
surface of both sites (top 30 cm), which can potentially be attributed to the apparent N
mineralization occurring during this sampling period and the differing hydraulic and
physical properties between sites.

In May 2008 (32 weeks after application), the nitrate-N concentration was greatly
reduced in both sites, with both site B and C presenting very similar distributions of NO3N movement in the soil profile (no statistical significance with the control treatments)
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(Figure 4.6). Most of the extracted nitrate-N (at both 100 and 200 kg N ha-1 treatment
levels) had been removed from the 60-80 cm sampling range, reporting values of 2 and 5
mg NO3-N kg-1 for site B and <1 and 8 mg NO3-N kg-1 for site C. There were small
differences noted between treatments at the soil surface for both sites with the bulk of the
NO3 (reporting higher concentrations of nitrate-N in the soil profile relative to the
surface) found at lower depths. Much of the loss of NO3-N in the soil profile can
potentially be attributed to a significant water surplus accumulated over the winter
period. Both sites reported a water surplus >200 mm during this season (Table 4.1ab)
and coupled with a major thaw event described in section 4.1.1, it is not surprising that
the majority of NO3-N in the top 80 cm of the soil profiles had moved to lower depths
and potentially leached out of the range of sampling.

By September 2008 (47 weeks after N application), all N treatment levels (100
and 200 kg N ha-1) at both sites had on average very low concentrations of NO3-N
remaining in the soil profile (~1 mg NO3-N kg-1). Statistical relevance relating the loss of
N over the months of sampling to the application rate is found in Appendix C for both
sites.
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Figure 4.6. The NO3-N distribution in the profiles (top 80 cm) site B (top) and site C
(bottom) at 3 N rates (0, 100 and 200 kg N/ha) at 3, 8, 32 and 47 weeks after application.
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4.2. Soil Chloride

4.2.1. Chloride Recovery
Chloride (applied as KCl) is considered conservative, due to its non-reactive
nature with the soil colloids and it is not subject to significant microbial transformation
(e.g. mineralization and immobilization) relative to quantities applied or gaseous losses
(e.g. denitrification) such as its mineral-N counterparts. Due in part to a large hydrated
radius and charge, chloride is mobile in soil and thus can be used to track water
movement through the soil profile. Therefore, chloride was used as a tracer to measure
the leaching potential at both sites.

The amount of chloride recovered in the top 0-80 cm soil varied between both
sites over time (p-value = 0.0165) and was most likely a function of differing soil textural
and hydraulic properties between sites. The interaction between KCl-application rate and
the month of sampling also influenced the amount Cl recovery (P-value = <0.0001) at
both sites. Cl concentrations peaked at both sites in November 2007 (3 weeks after
application) with the 1020 and 0 kg KCl ha-1 treatment levels reporting concentrations of
Cl at 467 and 28 kg ha-1 for site B, and 463 and 29 kg ha-1 for site C, respectively.
Following that sampling, a relatively steep decline in Cl concentrations was reported for
both sites (Figure 4.7). This was most likely the result of a significant water surplus
increase from November to December 2007 as described in section 4.1.1 which
contributed to Cl leaching below 80 cm.
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From November 2007 to April 2008, a large decline in concentrations was
observed until April 2008, where recovery values of Cl was 28 % (for the 1020 kg KCl
ha-1) for site B and 27% for site C, compared to the reported November 2007
concentrations. This could potentially be attributed to a significant water surplus over
these months (Table 4.1ab) and a major thaw event that occurred in March 2008
(explained in section 4.1.1). Following the April 2008 sampling, Cl concentrations
leveled off for most of the growing season until July 2008 (where the sampling depth was
only 0-60 cm) the Cl level declined.

A steady decline in Cl concentrations after July 2008 sampling was the result of
high amounts of precipitation recorded over the months of July and August contributing
values of 131.3 mm and 120.7 mm, (compared to monthly normals of 91 and 86 mm)
respectively (Environment Canada, 2009). The average annual total precipitation for the
Waterloo-Wellington area is 907.9 mm (Environment Canada, 2009). Therefore,
combining both July and August 2008 precipitation values accounts for approximately
28% of the total precipitation in that year. The water surplus for these months was
relatively high (37 mm for site B and 35 mm for site C) when normally, a water deficit is
observed during this period. By September, both sites exhibited low Cl concentrations
with recovery values at 6.5 % for site B and 4.3% for site C (at 1020 kg KCl ha-1
treatment level) compared to November 2007 concentration levels. This indicates that
over the 9 sampling events, approximately 95-96% of the Cl applied has moved below
the range of sampling.
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Figure 4.7. The chloride content for the total soil profile of site B (top) and site C
(bottom) over nine sampling periods; Cl application rates were 0 and 1020 kg KCl ha-1.
Note: sampling depths were 0-80 cm from October to June and 0-60 cm from July –
September.
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4.2.2. Chloride distribution in the soil profile
The interaction of the month of sampling by the depth of sampling also had a
significant effect on the amount of Cl recovered in the soil (P-value = 0.0052). Both soil
types demonstrated similar distribution profiles over all the sampling periods (Figure
4.8). In November 2007 (3 weeks after application) most of the applied chloride was in
the 0-10 cm soil depth. The highest concentrations of Cl at the 1020 kg KCl ha-1 level
had values of 199 for site B and 208 mg Cl kg-1 for site C. By December 2007, most of
the Cl was in the top 30 cm with values of 65 mg Cl kg-1 for site B and 58 mg Cl kg-1 for
site C (at 1020 kg KCl ha-1) at the 20-30 cm depth of the soil profile however a small
portion was recovered in the 40-60 and 60-80 cm depths (no statistical significance with
the control treatments) (Figure 4.8). The movement of Cl coincides with the pattern
expressed by the NO3-N fraction found in Figure 4.6. These patterns seemed to be
influenced by a significant increase in water surplus from November to December 2007
(described in section 4.1.1). This would have had a greater impact on the Cl movement,
due to its mobility in water.

By May 2008 (32 weeks after application), the Cl level in the 1020 kg ha-1 KCl
was not significantly different that the control and was <25 mg Cl kg-1 (at both sites)
indicating most of the Cl had moved through the soil profile beyond 80 cm depth (Figure
4.8). Again, the significant thaw event in March 2008 is suspected to have increased Cl
movement out of the sampling range. Throughout the growing season, some Cl remained
in the 40-60 and 60-80 cm region of the soil (there was no significant difference with the
control). Again, due to a significant increase in water surplus coupled with a major thaw
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event in March 2008, most of the Cl would have moved with water to lower depths and
out of the sampling range. Through out the growing season, some Cl remained in the 4060 and 60-80 cm region of the soil (significantly greater than the control), potentially
stored in the immobile pore fractions of the soil. However, by July and August most of
the Cl had moved beyond the 40-60 cm sampling region due to months of above average
precipitation and water surplus (section 4.1.1) and by September 2008 (<15 mg Cl kg-1)
remained in that sampling depth, most of the Cl has moved below the sampling range.
The interaction of movement of Cl by depth over the months of sampling to the
application rate is found in Appendix C for both sites.
Figure 4.8. The Chloride distribution in the profiles (top 80 cm) of (a) site B and (b) site
C at two Cl application rates (0 and 1020 kg KCl/ha) at 3, 8, 32 and 47 weeks after
application.
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4.3. Estimating nitrate leaching using chloride recovery rates

Mass recovery values of chloride were used to infer the nitrate-N leaching loss
potential due to the conservative nature of the ion in water. As stated earlier, chloride
does not react with the soil colloids in southern Ontario due to (1) the negative, repulsive
charge on both the ion and the colloid and (2) the large hydrated radius that surrounds the
ion giving it high affinity to move with the flow of water. Nitrate has the same charge to
that of chloride a large hydrated radius therefore the recovery values recorded at depth in
the soil profile can be used to estimate the leaching potential. Therefore, differences in
recovery values between Cl and NO3-N loss may be used as an estimate of how other
processes (immobilization and denitrification and/or plant N uptake) have altered the
leaching potential.

As stated in the objectives, one of the main interests in this study was to
determine the amount of nitrate-N loss attributed to the winter months (November –
April). For example, for the 200 kg N ha-1 treatment level at both sites it was found that
chloride and nitrate-N recovery values reported in April 2008 were 28 (~ 72% loss) and
27% for site B and 27 (~ 73% loss) and 18% for site C. Therefore, the difference between
the two recovery values indicate that approximately 1% for site B and 9 % for site C, is
attributed to loss via other processes such as denitrification or retention in the soil by
immobilization. Overall, both sites demonstrated a Cl and NO3-N leaching loss >90% at
both the 100 and 200 kg N ha -1 treatment levels by September 2008.

57

4.4. HYDRUS 1-D Estimation of Chloride Leaching

4.4.1. Prediction of Chloride Recovery
Figure 4.9 compares HYDRUS 1-D’s estimate of the mass of Cl ha-1 in the soil
profile with time against the field data. Over the months of soil sampling from (OctoberJune) in the top 80 cm estimated by HYDRUS 1-D, average error values were reported at
-25.2 and -21.2 kg ha-1 and root mean square error values were 61.8 and 52.9 kg ha-1 for
sites B and C, respectively. The negative average error represents HYDRUS 1-D’s underestimation of the field data. However, both the average error and root mean square error
improved during the last three months (July – September) and the top 60 cm reported
values of -6.1 and 10.6 kg Cl ha-1 and -4.4 and 7.6 kg Cl ha for site’s B and C,
respectively. Improved values during this period are likely due to a reduction in the soil
sampling volume (only the top 60 cm was sampled) and a water surplus was noted at both
sites (39 and 24 mm for site’s B and C, respectively).

Chloride recovery over the winter period (November – April) was predicted to be
~ 35%, compared to 28% from the field data for site B and 19% compared to 27% for site
C, indicating that a large portion of Cl loss was attributed to this period. The model
therefore, did well approximating the field data for site B; however, it greatly underestimated the amount of loss at site C. One limitation of the HYDRUS 1-D model is its
lack of allowing for changes in soil hydraulic properties due to freeze/thaw conditions.
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Snow Hydrology was an input option for the model, which would affect
chloride movement; however, when selected, it removes mass from water infiltrated into
the soil and water infiltration does not continue until a snow-melt constant (inputted by
the user) is initiated at air temperatures above -20C. Soil temperature values from ERS
reported in Table 4.2, indicate that the top 40 cm of the soil profile was frozen (or close
to frozen) for a large portion of the winter period (January to March). Since the soil
surface was frozen during this period, chloride movement would have been impeded
further down the soil profile, thus reducing HYDRUS 1-D’s estimate of chloride
recovery. Therefore, this option was not selected, as this condition is not conducive to the
field conditions in Elora. However, even though snow hydrology was not selected, both
sites’ field data still had fairly good correlation with the model estimates.
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Table 4.2. The mean monthly soil temperatures for three depth ranges (0-10 cm, 10-40
cm and 40-70 cm) from January 2007 to December 2008 at the Elora Research Station
(von Bertoldi, 2009).

Elora Mean Monthly Soil Temperature (oC)
Depth (cm)
Month
0-10
10-40

40-70

Jan-07

0.35

1.3

2.6

Feb-07

-1.1

-0.3

0.93

Mar-07

0.19

0.08

0.75

Apr-07

5.1

4.7

3.9

May-07

14.2

8.4

11.1

Jun-07

21.7

N/A

18.9

Jul-07

20.6

N/A

19.4

Aug-07

19.8

N/A

19

Sep-07

17.4

N/A

17.2

Oct-07

14.2

10.2

13.8

Nov-07

3.6

4.9

6.8

Dec-07

0.42

1.5

3.7

Jan-08

0.03

0.82

2.5

Feb-08

-0.73

-0.19

1.4

Mar-08

-0.65

-0.27

1.2

Apr-08

6.8

6.2

5.6

May-08

13.9

13.7

9.4

Jun-08

19.1

17.2

15.7

Jul-08

21.4

20.4

18.8

Aug-08

18.3

18.9

17.5

Sep-08

16.2

16

16.1

Oct-08

11.4

12.5

11.6

Nov-08

1.7

4.9

6.5

Dec-08

0.75

1.1

2.8
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Figure 4.9. A comparison between field data (black line) and HYDRUS 1-D (red line)
estimate of chloride recovery for site B (top) and site C (bottom). The Cl application rate
was 1020 kg KCl ha-1. Note: sampling depths were 0-80 cm from October to June and 060 cm from July –September.
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4.4.2. Estimate of Chloride distribution in the soil profile
Figure 4.10 shows the comparison between the field data and that of the
HYDRUS 1-D estimate of chloride movement by depth over four sampling periods used
in section 4.3.2. It was found that HYDRUS underestimated the resident concentrations
of Cl at shallow depths, however, followed similar patterns of movement with that of the
field data. The average error reported for both sites was negative (-1.98 for site B and 0.0014 mg Cl kg-1 for site C) however, the values were relatively close to zero, indicating
HYDRUS 1-D did a fairly good job estimating Cl concentrations at depth. Both sites
received the same application rate (~ 458 kg Cl ha-1).

Since profile distributions demonstrate that the HYDRUS Cl concentrations were
consistently lower than that of the field data, one possible explanation could be an overestimation of the amount of free drainage occurring, and hence Cl leaching at both sites.
This over-estimation would result in lower Cl resident concentrations reported at each
depth. For example, November 2007 concentrations for the top 10 cm were reported at
202 for site B and 201 mg Cl kg-1 for site C of the field data compared to 196 and 174 mg
Cl kg-1 for the top 10 cm of the HYDRUS prediction. Secondly, the lack of freeze-thaw
cycles in HYDRUS would have allowed for more downward water movement below the
surface, and thus would have reduced the resident concentrations at depth. For example,
May 2008 concentrations for the 40-60 cm depth were reported at 11 for site B and 10
mg Cl kg-1 for site C of the field data compared to 4.1 and 0.51 mg Cl kg-1 of the
HYDRUS prediction.
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Figure 4.10. A comparison between the field data (blue line) and the HYDRUS 1-D
(red line) estimation of chloride distribution in the soil profile (top 80 cm) for site B (top)
and site C (bottom). The Cl application rate was 1020 kg KCl ha-1.
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4.5. Plant Nitrogen Uptake

4.5.1. Monthly Crop Sampling
The influence of plant N uptake from the amount of fall-applied N was
investigated utilizing monthly crop hand-sampling periods starting at the 2- 3 leaf stage
(June 2008) and ending at the beginning of crop maturity (August 2008). It was found
that the interaction of fall N application rate x the month of sampling did have an effect
on the amount of soil mineral N remaining in the root zone (top 60 cm) (p-value =
0.0002). It was also found that the N content of the plant was influenced by the month of
sampling (p-value = <0.0001) and soil type (p-value = 0.0279). The interaction between
N rate, month of sampling and the amount of plant and soil N is presented for each soil
type in Figure 4.11. The soil mineral N was normalized to zero initial condition with the
background soil sampling done in October 2007; this was done to determine how much
of the plant N uptake was influenced by the applied N.

In June 2008, both sites started off with very similar plant N uptake levels
(Figure 4.11), with soil mineral N in the top 60 cm averaged 74, 95 and 117 kg N ha-1 for
site B and 88, 100 and 108 kg N ha-1 for site C at the 0, 100 and 200 kg N ha -1 treatment
levels. Plant N levels also followed similar patterns with 3.9, 3.9 and 3.7 kg N ha-1 for
site B and 3.0, 2.9 and 3.4 kg N ha-1 for site C at the 0, 100 and 200 kg N ha-1 treatment
levels, respectively.
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In July 2008, differences in above ground plant N uptake between the
treatments are not clearly explained by the amount of fall applied N. For example, site B
at the 100 kg N ha-1 treatment level had ~ 11 kg N ha-1 greater plant N response than that
of the 200 kg N ha-1 treatment. However, there was not a significant difference between
soil mineral N and plant N at both sites; the increased plant N uptake at the 100 kg N ha-1
treatment level was likely due to the random variability between plants growing in each
of the two treatment’s plots.

By August 2008, most of the soil mineral N was depleted, with recovery values at
8.8 and 3.7% of the applied N for site B and <1 and 1.2% for site C at the 100 and 200 kg
N ha-1rates, respectively. Prior to crop harvest in November, soil mineral N recovery
values were <1% and 6.6% for site B and <1% for site C at the 100 and 200 kg N ha-1
treatment levels compared to the first crop sampling in June. The N remaining in the soil
profile is available for leaching loss. However, some of that remaining soil mineral N can
become immobilized.

A shortcoming of the sampling regime was the small sample sizes taken. Done for
practicality, only five plants were chosen at random each sampling time, in efforts of
reducing the sampling effects on the final yield calculation. However, in doing so, some
of the estimates for plant N uptake during the growing season may be underestimated or
overestimated and may not entirely represent the spatial variability of the field sites.
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Figure 4.11. A comparison of plant N (blue bar) and soil mineral N (red bar) during the
growing season for the fall 2007 treatment plots (application rates are 0, 100 and 200 kg
N/ha) for site B (top) and site C (bottom).

June 22

July 20

August 22
N applied (kg N/ha)
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November
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4.5.2. Yield Analysis
N application rate had a significant effect on grain yield when N was applied in
the fall (p-value = 0.0102 for site B; 0.0029 for site C); however, only grain yield was
significant at site C for spring applied N (p-value = 0.0211). The N application rate also
had a significant effect on stover mass at site B for the fall application (p-value =
0.0116); however, was not significant for the fall and spring application timing for site C.

A linear model was used to estimate the “best fit” of the data (Figure 4.12). The
N application rate had a significant effect on the grain N content (p-value = 0.0062 for
site B; 0.0013 site C) for both fall and spring application timings. However, the stover N
content is only significant for the fall application timing at site B (Table 4.2 and 4.3) (pvalue = 0.0033).

The spring application overall had the highest grain yield and stover mass, grain
N and stover N contents and apparent nitrogen uptake efficiency (NUE) at both sites
(Table 4.2 and 4.3). This is likely the result of the N fertilizer being applied close to
planting and thus the time available for loss (volatilization, immobilization,
denitrification and/or leaching loss) was not as great as that of the fall applied N. Another
reason for the higher spring yield could have been the influence of the high amounts of
precipitation that would ultimately deplete or reduce the mineral N reservoir from the
previous year. As a result, the crop would have relied on the fertilizer N as a source of
mineral nutrition. However, some spring and fall yields had similar results, which is
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puzzling, since the spring application was applied close to planting and therefore should
have a higher yield value then the fall application.
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Figure 4.12. Grain corn yield response to applied fertilizer in spring 2008 for the 2008growing season at site B (top) and site C (bottom). The N application rates were 0, 50,
100, 150 and 200 kg N ha-1.
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Table 4.3. Least squared means table of the average grain yield, stover mass, grain N,
stover N content (in kg ha-1) and the apparent nitrogen uptake efficiency (NUE) for site
B. The application rates are divided into fall and spring timings. The N application rates
are 0, 100 and 200 kg N ha-1).

-1

-1

Application Rate Average Grain Yield (kg ha )

Average Stover mass (kg ha )

Site B
Fall Applied
0
6415c
100
8680
200
9684a
Spring Applied
0
8631
100
10936
200
11113
Note: Letters denote statistical significance with the application rate

-1

-1

Grain N content (kg ha ) Stover N content (kg ha ) NUE (%)

6229bc
8057a
8076a

63.00c
92.71
112.19a

24.73bc
41.18a
49.91a

46.16
37.19

7335
8770
8246

94.97c
141.15
159.07a

39.42c
54.80
68.15a

61.56
46.41

Table 4.4. Least squared means table of the average grain yield, stover mass, grain N,
stover N content (in kg ha-1) and the apparent nitrogen uptake efficiency (NUE) for site
C. The application rates are divided into fall and spring timings. The N application rates
are 0, 100 and 200 kg N ha-1).

Application Rate Average Grain Yield (kg ha-1)
Site C
Fall Applied
0
7353
100
9800
200
9617
Spring Applied
0
8098bc
100
9406a
9707a
200
Note: Letters denote statistical significance with the application rate

Average Stover mass (kg ha-1)

Grain N content (kg ha-1) Stover N content (kg ha-1) NUE (%)

7049
7994
8474

75.09bc
a
113.35
a
114.90

34.36
39.95
51.49

43.85
30.16

7937
8644
8949

96.25bc
122.85a
135.21b

45.92c
59.95
82.83a

42.27
41.93
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5.Conclusions and Future Directions

5.0. Field data

Agricultural systems often account for the greatest non-point source for nitrate-N
contamination of groundwater sources (Goss et al., 1998).

Leaching is often the

mechanism by which N is transported through the soil profile and into groundwater. Two
methods (soil and plant sampling and modeling) were used to measure the leaching
potential at two sites of varying textural/hydraulic properties.

Soil sampling was utilized to measure the resident NO3-N, NH4-N and Cl
concentrations at monthly interval beginning in October 2007 and ending in September
2008. It was found that ~ 99% of the NO3-N and ~ 95-96% of the Cl applied in October
2007 had moved below the depth of sampling at the time of the September 2008
sampling. Depth analysis also demonstrated similar results showing that on average ~1
mg NO3-N kg-1 over the 100 and 200 kg N ha-1 treatment levels and <15 mg Cl kg-1 (at
1020 kg KCl ha-1 treatment level) remained in the soil profile in September 2008. Site B
exhibited the majority of the nitrate-N loss at both treatment levels (26% and 36%
recovery of the applied N remained) through the soil profile from November 2007 to
December 2007. This was probably due to an increase in water surplus of 40 mm
between these two months. Site C, however, exhibited most of the nitrate-N loss at both
treatment levels (<1% and 18% recovery of the applied N) from November 2007 to April
2008 (one would expect a finer textured soil to have less loss). Therefore differences in
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nitrate loss between both sites are most likely the result of other soil processes
(immobilization/denitrification) and/or textural differences between sites.

A major influence on the amount of nitrate-N available during the growing
season is the amount of N loss attributed to the winter months (November 2007 – April
2008). There was a water surplus reported >200 mm at both sites during this period, and
coupled with a major thaw event that occurred in March 2008, resulted in both sites
having low recovery values of nitrate-N. The Cl recovery was also indicative of the
relative magnitude of solute loss during those months as of the applied Cl was recovered
found 28% (~ 72% loss) for site B and 27% (~ 73% loss) for site C by April 2008.
Chloride gives a good indication of water flow and thus demonstrated that a sufficient
amount of water had infiltrated through the profile, resulting in a large reduction of
nutrients available for the growing season. The difference between the proportion of Cl
and nitrate-N recovered in the soil profile from November - April can indicate other
processes that may have attributed for the residual N loss or retention in the soil. The 200
kg N ha-1 treatment level was most indicative of this, with site B reporting 1% and site C
reporting 9% of the potential NO3-N lost via other soil processes such as immobilization
and/or denitrification.

Overall, both sites exhibited low recovery of nitrate-N by September 2008 (~1%
at the 100 and 200 kg N ha-1 treatment levels). This indicates that a large portion of the
applied-N could have been lost via the leaching pathway. TDR measurements
demonstrated that both sites had relatively high water content values (Figure 4.4.) in the
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first part of the growing season. The 2008 growing season was also a very wet year,
with ~ 28% of the precipitation occurring in July and August 2008. These months are
normally dry months with little precipitation. Monthly plant sampling also supported both
sites demand for nitrogen, as mineral N recovery was ~ 1% (at 100 kg N ha-1), at crop
harvest November 2008 sampling, in comparison to the first plant sampling in June.

Yield analysis demonstrated both sites’ demand for nitrogen and the grain yield
response presented a linear fit (Figure 4.12). This could be the result of a limited or
depleted mineral-N source from the fall in which the crop would rely on the fertilizer N
for nutrition. The spring fertilizer timing overall had a higher grain yield, stover, grain
and stover N content and a higher NUE than that of the fall (Table 4.2 and 4.3), even
though some of the spring yields reported for 100 and 200 kg N ha-1 applied were lower
or the same as the fall applied. This leads support to applying an N source close to
planting, as the N is readily available for uptake and has a limited time to undergo
immobilization, volatilization and/or denitrification.

5.1. HYDRUS 1-D conclusions
Overall, HYDRUS 1-D (version 4.12) did a good job simulating the water and
solute conditions at both sites in Elora. Water contents at both sites were over-estimated
from the TDR field data during the first part of the growing season (Figure 4.4). This
could potentially be the result of the model over-estimating field-scale porosity of the
soil. During the latter half of the field season, site C’s water contents were noticeably
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underestimated, potentially due to an over-estimation in free drainage and/or ET.
However, the average error was relatively low with values at 0.0795 and -0.0638 cm3 cm3

, and root mean square error values of 0.098 and 0.0591 cm3 cm-3, for sites B and C,

respectively indicating good model correlation to the field estimates.

Both the field data and the HYDRUS 1-D estimates of Cl concentrations were
corrected with the background sampling in October 2007 prior to application. The actual
amount of Cl applied was ~ 458 kg Cl ha-1. It was found that HYDRUS overestimated
solute recovery site B over the winter period and underestimated solute recovery at site C
as a result, had higher and lower values of Cl mass recovery over that period. Chloride
recovery over the winter period (November 2007 – April 2008) was predicted to be 35%,
compared to 28% from the field data for site B and 19% compared to 27% for site C,
indicating that a large portion of Cl loss was attributed to that period.

The average error (top 80 cm) had values of -25.2 and -21.2 kg Cl ha-1, and the
root mean square error was 61.8 and 52.9 kg Cl ha-1, for sites B and C, respectively. Both
site’s mass recovery was noticeably under-estimated and is potentially the result of the
model’s inability to simulate freeze-thaw cycles leading to an overestimation of leaching
if the soil at both sites was frozen. However, the average error (-6.1 and -4.4 kg Cl ha-1)
and root mean square error (10.6 and 7.6 kg Cl ha-1) did improve for the latter half of the
growing season at both sites (July – September) potentially, due to a reduced volume of
soil sampled and a water surplus was noted for both sites (39 and 24 mm for sites B and
C). The model incorporated root water uptake during the growing season, using the S-
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shape curve developed by van Genuchten (van Genuchten, 1987); however, solute
stress, and passive and active solute uptake were not simulated; solute transport through
the profile was only a function of water movement.

An examination of the solute distribution through the profile, demonstrates that
the model under-estimated the resident concentrations, however, was relatively close to
the field data over both sites. Average error values of -1.98 and -0.0014 mg Cl kg-1 for
site B and C respectively. The leaching estimates from HYDRUS present a fairly good
correlation with the field data.

5.2. Future Directions
Management of nitrogen for crop production often plays a vital factor in the
demand for higher yields and reduced contamination of nitrate-N to surface, ground and
drinking water sources. Leaching is often the mechanism by which nutrients move to
contaminate those sources. Determining the extent of the leaching pathway is often an
extensive and expensive process with regard to the collection of good field data that best
represents the natural processes occurring in the field. In this study, a limited number of
methods were used to measure nitrate-N and Cl to track water flow through the soil
profile. Due to the poor performance of zero tension lysimeters and solution samplers
used during the duration of the study (these instruments were not incorporated in the
methods), improved design is suggested such that soil water capture is enhanced during
significant rain events.
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Since both sites were subject to spatial variability, the number of soil sampling
per plot should be increased to cover more plot-plot variability to ensure sampling is
representative of the entire site. A larger plot size is recommended for both spring and
fall plots to address this factor. The soil sampling regime in future studies should include
the spring N treatments in order to quantify the direct influence of soil mineral-N on the
yield alone. For improved accuracy in quantifying other soil processes/mechanisms
occurring in the soil profile (e.g. such as immobilization and/or denitrification) the author
recommends the use of a 15N labeled fertilizer. Jayasundara et al. (2007) has shown this
to be an effective method for identifying such mechanisms involved with the overall N
loss observed from fertilizer N. Funding sources are often a limiting factor for the extent
of duration of a field study such as this, and since a number of factors influence the
effectiveness in taking measurements (including the weather, equipment availability) it is
recommended by the author that this type of study could have been extended a second
field season. This is done in an effort to point out anomalies experienced between years,
and improve measurement accuracy.

With regards to the model HYDRUS 1-D, the lack of freeze-thaw cycles and
snow hydrology, limits its effectiveness towards modeling solute and water movement
over the winter period, common processes that occur in southern Ontario. The author
recommends that an additional model be used to test HYDRUS 1-D’s estimates, perhaps
the SHAW (Simultaneous Heat and Water) model which has been shown by previous of
studies (Fallow et al., 2003; Parkin et al., 1999) to model the annual water balance for
southern Ontario conditions quite effectively while utilizing those cycles.
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APPENDIX “A”
Elora schedule of dates
Date

Notes

15-Oct-07

Background Soil Sampling (60-80
cm depth)

25-Oct-07

Application (15.5-0-0 Ca(NO3)2 for
N source and 0-0-60 KCl for Cl-).
Tillage occurred with a C-tine
Swept-tooth cultivar; application was
applied using Valmar 120C spreader.
2 rates were applied 200 kg N / ha,
100 kg N / ha and 1020 kg KCl/ha
for chloride

15-Nov-07
15-Dec-07
10-Apr-08

2nd Soil Sampling (60-80 cm depth)
3rd Soil Sampling (60-80 cm depth)
4th Soil Sampling (60-80 cm depth)

14-May-08

Spring N fertilizer applied (34-0-0)
Ammonium Nitrate. Four rates
applied; 50, 100, 150 & 200 kg N/ha
Super triple-phosphate (0-46-0)
applied & Sulphate of Potash (0-050)

15-May-08

16-May-08

Planting; Monsanto Deklab DKC3826 RR2 corn hybrid applied;
Roundup Ready

28-May-08
20-Jun-08
22-Jun-08
20-Jul-08
30-Jul-08

5th Soil Sampling (80-100 cm depth)
6th Soil Sampling (80-100 cm depth)
1st Plant Sampling
2nd Plant Sampling
7th Soil Sampling (40-60 cm depth)

22-Aug-08
29-Aug-08
20-Sep-08
Oct-24-08
Oct-28-08
Nov-4-08 / Nov-5-08

3rd Plant Sampling
8th Soil Sampling (40-60 cm depth)
9th Soil Sampling (40-60 cm)
Grain Harvest (started)
Grain Harvest (completed)
Stover Harvest (started/completed)
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APPENDIX “B”

HYDRUS 1-D Input files
The following input files can be found on a CD accompanied with a copy of this Thesis.
These files are used for the simulation of the 5SEASON.h1d project file HYDRUS 1-D
used to simulate leaching loss through both sites.

File name

Description

Saso_precip.vts

Contains the precipitation data for the years 2007 and 2008
(provided by Environment Canada, 1999)
Contains meteorological data (max, min temperature, wind run,
humidity and sunshine hours for the years 2007 and 2008
(provided by Environment Canada, 1999)
Contains estimated crop height, root growth, albedo and LAI for
the years 2007 and 2008

Saso_Hydrus.vts
Saso_plantdata.vts
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APPENDIX “C”

Interaction tables

Presented here is the interaction between the application rate x month of sampling x
depth of sampling. The tables can be found under the name “interaction tables (version
1).xls”. and are included on a CD accompanied with a copy of this thesis.
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