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ABSTRACT

Agomoh, lkechukwu Vincent. Ph.D., The University of Manitoba, February, 2018. Nutrient

dynamics and phytoextraction in soils receiving long-term manure application. Major Professor;

Francis Zvomuya.

Inclusion of dried distillers grains with solubles (DDGS) in cattle diets may influence the
release of plant-available nitrogen (N) from the resulting manure (DGM) relative to manure from
cattle fed a regular grain diet (RM). This may be further exacerbated by the use of construction and

demolition waste (CDW) components as bedding in beef cattle feedlots.

Laboratory and greenhouse experiments were conducted to determine the effects of RM and
DGM containing CDW or peat moss on canola (Brassica napus L.) growth, N uptake and the
mineralization of N in a Black Chernozem and a Brown Chernozem. The presence of CDW in DGM
and RM manure reduced cumulative dry matter yield (DMY) and plant N uptake relative to manure
without CDW, while the presence of peat increased DMY and N uptake. Results from the two
experiments showed that the addition of CDW decreased organic N mineralization, which may
necessitate the application of synthetic N fertilizer to supplement N from CDW-amended DGM and
RM manure. Nitrogen mineralization in the DGM- and RM-amended Black Chernozem followed
mixed first-order and zero-order kinetics. In general, more organic N was mineralized from RM and

DGM at higher temperature, but the mineralization rate constants were not affected by temperature.

We also examined the effectiveness of six 40-day cycles of barley, canola, corn, oat, pea,
soybean, and triticale at extracting N and phosphorus (P) from a Dark Brown Chernozem that had

received 38 annual applications of manure at 180 Mg ha™ yr* (wet wt.). Cereal grains and canola



were more effective in extracting soil nutrients than the legumes. Nutrient phytoextraction was

greater at when soil moisture was maintained at 100% than at 50% SFC.

Partial least squares (PLS) regression analysis showed that soil properties measured in 2003
at the end of 30 yr of annual manure application adequately predicted barley grain yield for up to 7
yr following discontinuation of manure application. Our results indicated no evidence of
convergence in barley grain yield among the manure treatments 7 yr after discontinuation of manure

application, which reflects the high soil nutrient concentrations and the persistence EC effects.
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1. GENERAL INTRODUCTION

The ability of agricultural soils to supply essential nutrients is vital for crop production.
However, the soil’s capacity to supply these essential nutrients may be limited due to a decline in the
soil organic matter content (Dick, 1992; Reeves, 1997). In order to replenish the soil nutrient reserve
following crop harvest, synthetic fertilizers or organic amendments such as livestock manure,
compost or crop residue are usually applied on agricultural fields (Schoenau and Davis, 2006). Apart
from supplying nutrients, livestock manure has been shown to improve soil physical properties as
well (Miller et al., 2002, 2015). Miller et al. (2002) studied the effects of beef cattle manure
application on soil physical properties such as soil temperature, bulk density and penetration
resistance. The authors reported that soil bulk density and penetration resistance decreased with
increasing soil organic carbon from manure application. Organic amendment application has also
been found to increase soil microbial populations, thereby improving nutrient cycling processes

(Dick, 1992; Marschner et al., 2003; Saviozzi and Cardelli, 2014).

Large volumes of manure are generated annually, especially from concentrated animal
feeding operations (CAFO) (Simard et al., 1995). In Canada, there are currently 13.2 million head of
cattle (Statistics Canada, 2016), which is a 2.3 percent increase from the 12.9 million head of cattle
in 2011 (Statistics Canada, 2011). The majority of Canada’s cattle feedlot operations are in the
western provinces, mostly in Alberta (Vergé et al.,, 2008; Olson et al., 2009; Beauchemin et al.,
2010). The large amounts of manure generated annually from these feedlots pose a serious challenge
with respect to disposal (Volf et al., 2007). Traditionally, manure is spread on agricultural fields in
the vicinity of the feeding operations due to the high cost involved in hauling manure over long

distances (Larney et al., 2006; Volf et al., 2007).



1.1.  Dried Distillers Grains with Solubles in Cattle Diets

Bioethanol production in Canada was 1.75 billion liters in 2016, which represents a 1.4
percent increase from 2015 production levels of 1.725 billion liters (EPM, 2016; USDA Foreign
Agricultural Service, 2016). In the United States, approximately 55.6 billion liters of ethanol were
produced in 2015 (RFA, 2016). Corn is the main feedstock used in the production of ethanol in the
United States and eastern Canada, while wheat is commonly used in western Canada (Li et al., 2011;
Hiinerberg et al., 2013b). This steadily growing bioethanol industry generates large amounts of dried
distillers grains with solubles (DDGS) as a by-product. Approximately 0.26 million tonnes of wheat
DDGS per year were produced by Canadian ethanol plants in 2009/2010, with an estimated value of
$51 million (International Grains Council, 2010). The DDGS is typically fed to feedlot animals (Li et
al., 2011; FOBI Network, 2013), thus modifying the diet typically fed to these animals. Most cattle
feedlots in Canada include either wheat- or corn-based DDGS in the cattle diets (Li et al., 2011;
Hiinerberg et al., 2013b). Diet modification, along with feeding practices, affect manure properties
such as pH and ion composition (Hao et al., 2009; Hiinerberg et al., 2013a). The starch content of
DDGS is low because most of the starch in the grain is fermented to ethanol during the dry milling
process, while concentrations of protein, fibre and minerals, which are unchanged chemically during
the process, are almost three times those in the original grain (Klopfenstein et al., 2008; Meyer et al.,
2010; Liu, 2011; Hiinerberg et al., 2013a). Typically, DDGS is included in the finishing cattle ration
at 40% of diet dry matter with no negative impact on the growth performance of the animal (Gibb et
al., 2008; Klopfenstein et al., 2008; Walter et al., 2010). A typical western Canadian beef finishing

diet consists of 85% barley grain, 10% barley silage, and 5% mineral supplement (Hao et al., 2009).

Although DDGS is an excellent source of protein, energy and fibre for ruminants, studies

have shown that its inclusion in cattle diets results in increased N and P concentrations in manure,



which may pose a risk to the environment when land applied (Klopfenstein et al., 2008; Hao et al.,
2009; Hinerberg et al., 2013a). Hao et al. (2009) reported a positive correlation between manure
total P (TP) and NH,4-N and the feed TP and crude protein fed to cattle in a feedlot. Research has
shown that dietary N and P intake influences the forms and concentrations of N and P excreted by
dairy and beef cattle (Ebeling et al., 2002; Hao et al., 2009; Hristov, 2013; Kebreab et al., 2013).
Often, the partial replacement of barley grain with DDGS in beef rations results in the protein
requirements of the animal being exceeded, resulting in increased excretion of both fecal and urinary
N relative to cattle that are fed barley grain diets (Hao et al., 2009; McGinn et al., 2009; Hinerberg

etal., 2013a).

1.2.  Forms of Nitrogen in Manure and the Use of Nitrification Inhibitors

Ammonium (NH,4) and urea N are the two main forms of N in livestock manure that are
immediately available for plant uptake and also susceptible to loss to the environment following land
application of manure (Eghball, 2000). Through the nitrification process, NH,4 in manure is converted
to nitrate (NOg3), which may be susceptible to leaching, especially in a medium or coarse textured soil
when manure application is followed by significant precipitation (Paul and Beauchamp, 1994,
Calderdn et al., 2004; Olson et al., 2009). Ammonium N in the manure is also subject to loss through
NH; volatilization or N immobilization, making the inorganic N unavailable for plant uptake

(N’Dayegamiye and Isfan, 1991; Paul and Beauchamp, 1994; Hao et al., 2009).

Minimizing or blocking nitrification is one approach to enhancing N availability when
manure is land applied. Studies have shown that nitrification inhibitors (NI), such as nitrapyrin,
increase the efficiency of fertilizer N use and the yield of canola (Bailey, 1990). Nitrapyrin has also
been found to increase fertilizer N recovery by spring wheat (Crawford and Chalk, 1993).

Nitrification inhibitors work by delaying the conversion of NH4-N by Nitrosomas spp. to NOs,



prolonging the availability of N in the root zone (Wolt, 2000, 2004; Subbarao et al., 2006).
Nitrification inhibitors have been effective with inorganic N fertilizer (Ronaghi et al., 1993; Peng et
al., 2015) and manure (Calderdn et al., 2005; Ruser and Schulz, 2015) in reducing denitrification,
minimizing nitrate leaching and improving N utilization by crops. They have also been reported to
reduce soil nitrate leaching from animal urine patches by 63% (Di and Cameron, 2007). Others have
reported no effects of nitrapyrin on nitrification when applied with either inorganic N fertilizer or

manure (Bailey, 1990; Wolt, 2000; Randall and Vetsch, 2005).

Manure N also exists in organic forms, which must be mineralized to inorganic N by soil
microorganisms before it becomes available for plant uptake (Qian and Schoenau, 2002; Powell et
al., 2006; Helgason et al., 2007). When manure is land applied, its C/N ratio will influence the
organic N mineralization process (Paul and Beauchamp, 1994; Gagnon and Simard, 1999; Qian and

Schoenau, 2002).

1.3.  Construction and Demolition Waste and Peat Moss

Studies have shown that the nutrient content of manure is greatly influenced by the type and
quantity of bedding material used in CAFOs (Choudhary et al., 1996; Miller et al., 2003; Helgason et
al., 2005). In cattle feedlots in western Canada, animals are kept warm during the winter months via
use of high volumes of bedding material to provide insulation from snow or the frozen ground
(Miller et al., 2006; Larney et al., 2008). Recently, in southern Alberta, there has been a gradual shift
from the conventional use of cereal (barley) straw as bedding material to wood shavings and
sometimes woodchips mixed with drywall from construction and demolition waste (CDW) (Miller et

al., 2006; Larney et al., 2008; Hao et al., 2014).

In Canada and the United States, construction and demolition waste is largely buried in

landfills, with little or no effort made to recycle it (Sandler, 2003; Yeheyis et al., 2013). The use of
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CDW as bedding for cattle in feedlots or as a co-amendment with manure destined for land
application may be a viable alternative to landfilling (Korcak et al., 2000). The drywall, also known
as wall-board, gypsum board, or sheetrock, is composed primarily (85-90%) of gypsum (calcium
sulfate), while woodchips, which are characterized by a high C/N ratio (> 400:1), have been widely
used as a bulking agent during manure composting (Larney et al., 2008; Miller et al., 2010; Naeth
and Wilkinson, 2013). Gypsum is typically applied to agricultural land as a soil amendment (Korcak
et al., 2000; Naeth and Wilkinson, 2013). Recently, drywall or a mixture of drywall and woodchips
has been used as a bulking agent during composting of dairy and beef cattle manure and biosolids
(Saludes et al., 2008; Naeth and Wilkinson, 2013; Hao et al., 2014). The implication is that mixing
cattle manure with CDW could affect N availability in soil when the manure is land applied. The
high C/N ratio of the wood chips in CDW could increase the C/N ratio of the manure, resulting in N
immobilization following soil application. Several studies have shown a strong correlation between
the C/N ratio of manure and the amount of N mineralized (Paul and Beauchamp, 1993; Gagnon and
Simard, 1999; Qian and Schoenau, 2002). In their study, Gagnon and Simard (1999) reported a
negative linear relationship between the C/N ratio of dairy manure and the amount of N mineralized
after 13 wk of incubation. In a field study, Eghball (2000) reported that approximately 20% of the

organic N in cattle manure applied the previous fall was mineralized during the first growing season.

Peat moss has been used as a growth medium in horticulture, agriculture, and forestry and has
also been used as a bulking agent for cattle manure composting (N’Dayegamiye and Isfan, 1991,
Gagnon et al., 1997; Chong, 2005; Jayasinghe et al., 2010). Peat moss has been shown to exhibit
porosity and aeration properties that are comparable to composts and other organic by-products
(Chong, 2005). Saviozzi and Cardelli (2014) found that the addition of peat moss to soil lowered soil

pH, reflecting its acidifying properties, with most of the organic C in the peat moss having



undergone intense mineralization after 60 d of incubation, similar to pelleted cow manure and green
waste compost. In another study, Gagnon et al. (1997) reported an increase in wheat yield and N
uptake in plots amended with peat moss-based commercial compost relative to farm composts. The
author attributed this increase to the high stable C and CEC of the peat moss, which retains NH4-N

on its exchange sites, thereby making N more readily available for plant uptake.

When mixed with manure or used as bedding, peat moss and CDW may alter the N
mineralization process in manure, which could influence nutrient release following application of the
manure to soil. Many of the published studies have investigated the effects of peat moss and CDW as
compost bulking agents (N’Dayegamiye and Isfan, 1991; Gagnon et al., 1997; Naeth and Wilkinson,
2013; Hao et al., 2014). To our knowledge, there is a dearth of published research on the agronomic
and environmental risks associated with land application of manure containing CDW. Therefore, the
research reported in Chapter 2 of this thesis examined the effect of CDW on the rate and extent of N
mineralization in manure-amended soils. Information on the amount of N potentially mineralized
from manure is needed when estimating rates of application of cattle manure containing CDW. The
study presented in Chapter 3 characterized the availability, crop uptake, and residual soil
concentrations of N following repeated application of manure from cattle fed either DDGS or a
regular grain diet, with the manure mixed with peat or CDW. The study also sought to investigate the

effects of nitrapyrin on NO3 leaching and N use efficiency using two different soil types.

1.4.  Nutrient Removal in Heavily Manured Soils

Although land application of livestock manure recycles nutrients back to the soil, continuous
application can result in the excessive build-up of N and P, which may lead to environmental
degradation (Sharpley, 1995; Sharpley et al., 2001; Pote et al., 2003; Ferguson et al., 2005; Schroder

et al., 2005). Agricultural fields in the vicinity of CAFOs have high nutrient and salt levels due to



repeated manure applications (Whalen and Chang, 2001; Hao and Chang, 2003; Pant et al., 2004;
Larney et al., 2006). The high cost of hauling manure over long distances is one of the many factors

that encourage manure application in fields close to livestock operations (Larney et al., 2006).

Phytoextraction using crops can be employed to reduce elevated levels of nutrients in soils
(Novak and Chan, 2002; Pant et al., 2004). Nutrient phytoextraction has been demonstrated for
forages in soils with a history of repeated manure application (Gaston et al., 2003; Rowe and
Fairbrother, 2003; Pant et al., 2004; Read et al., 2007). Phytoextraction has also been successfully
used to remove metals from heavily contaminated land (Schnoor et al., 1995; Ebbs and Kochian,
1998; Lasat, 2002; Nevel et al., 2007). The technique involves the use of plants to extract excess
nutrients from the soil; the aboveground biomass is harvested so that the nutrients are not recycled
back to the soil. The eventual outcome is the reduction in soil nutrient concentrations to more
acceptable levels with successive annual cropping, hence minimizing nutrient loss to the

environment (Brink et al., 2001; Pederson et al., 2002; Benke et al., 2013).

Nutrients phytoextraction from the soil depends not only on the nutritional requirements of the
crop, but also on soil properties, including available soil moisture (Angle et al., 2003). Soil nutrient
dynamics and the availability of nutrients for plant uptake are influenced by soil moisture. Studies
have shown that soil organic matter decomposition and N mineralization increase as soil moisture
content and temperature increase, thereby enhancing soil microbial activity (Sierra, 1997; Leirés et
al., 1999; Agehara and Warncke, 2005). Sierra (1997) reported that N mineralization rate during a
35-d incubation study increased from 0.52 mg N kg™ soil d* at 35% water-filled pore space (WFPS)
to 0.72 mg N kg™ soil d* at 60% WFPS. Nitrogen uptake by plants, therefore, increases as soil
moisture content increases. A study by Angle et al. (2003) showed that metal uptake by

hyperaccumulator plants was greater at higher soil moisture levels. The authors attributed the



increase to the greater plant biomass at higher soil moisture levels, which further enhanced metal

phytoextraction from the soil.

While nutrient phytoextraction by various forages grown on manured soils has been extensively
studied (Brink et al., 2001; Rowe and Fairbrother, 2003; Read et al., 2007), to our knowledge, there
is a dearth of published research on the effectiveness of various agronomic crops in extracting excess
soil nutrients from soils with a long history of manure application under contrasting moisture
conditions. While the N and P utilization of most arable crops is known (Sieling et al., 2006;
Barbazén et al., 2009; Slaton et al., 2013), the extent of N and P removal from previously heavily
manured soils via multiple harvesting in mono-cropping systems is poorly understood. Therefore, the
study presented in Chapter 4 of this thesis was conducted to investigate the phytoextraction of N and

P from a heavily manured soil by various agronomic crops grown under two moisture regimes.

1.5. Modeling Crop Yield in a Heavily Manured Soil

Plants rely on the soil for most of the nutrients necessarily for their physiological growth and
development. Among other soil factors, soil organic matter (SOM) plays a critical role in
determining the fertility of a soil (Reeves, 1997). Soils with high SOM are generally better able to
sustain crop biomass production (Dick, 1992; Reeves, 1997). Under favorable field conditions, soil
nutrients are released from SOM through the mineralization process. However, continuous cropping
can result in the reduction of soil nutrients through the depletion of the SOM (Dick, 1992; Reeves,

1997).

Often, soil nutrients are supplemented with synthetic fertilizers or organic amendments such
as livestock manure, crop residue or compost. These amendments increase microbial biological

activity and also alter soil nutrient dynamics by increasing available nutrient concentrations (Dick,



1992; Gagnon et al., 1999; Marschner et al., 2003; Miller et al., 2010). These organic amendments
are typically applied to agricultural fields at rates to minimize the excessive build-up of nutrients that
can result in environmental degradation (Eghball, 2000; Stumborg and Schoenau, 2008; Olson et al.,
2009). However, agricultural fields close to CAFOs have high levels of soil nutrients, especially N,
P, and possibly salts due to annual application of manure (Hao and Chang, 2003; Ferguson et al.,

2005; Olson et al., 2010).

Producers faced with elevated soil nutrient levels from repeated manure application on their
fields may decide to discontinue manure application and utilize continuous cropping to reduce the
nutrient concentrations (Eghball et al., 2003). Since no nutrients will be further added, successive
crop production on such fields would be highly dependent on the soil’s ability to maintain
productivity over time and its nutrient reserves (McAndrews et al., 2006; Sieling et al., 2006). A
good understanding of soil properties that might limit crop yields under such a system is needed in
order to maximize crop production (Cox et al., 2006). This may involve relating crop yield data to
soil parameters measured over multiple years. Studies have shown crop yield in agricultural fields to
be highly influenced by varying soil properties, landscape characteristics and environmental
conditions (Jiang and Thelen, 2004; McDonald, 2006; Noorbakhsh et al., 2008; Anthony et al.,
2012). However, the cost of yearly soil and crop sampling and laboratory analysis could be quite
high, and the question remains whether the initial soil properties measured prior to the annual
manure application or immediately following the discontinuation of manure application on the field
will be better able to predict crop yield seven years after the last manure application. While literature
on the relationships between crop yields and soil and landscape properties is abundant, to our
knowledge, there is no published information on the use of soil properties measured immediately

following the discontinuation of long-term manure application to predict crop yield. The study



presented in Chapter 5 utilized partial least squares (PLS) regression to address this knowledge gap.
Soil properties used in the modeling were assessed on samples from long-term study plots
established in the fall of 1973 at the Agriculture and Agri-Food Canada Research and Development

Centre in Lethbridge, Alberta (Sommerfeldt and Chang, 1985).

1.6.  Thesis Outline
The general layout of this thesis follows the thesis guidelines of the Department of Soil Science,
University of Manitoba. The individual thesis research chapters (Chapter 2 through 5) were prepared

in manuscript format and are as follows:

Chapter 2: Nitrogen mineralization in Chernozemic soils amended with manure from cattle fed

dried distillers grains with solubles;

Chapter 3: A bioassay of nitrogen availability in soils amended with manure from cattle fed DDGS:

Effects of construction/demolition waste and peat moss;

Chapter 4: Phytoextraction of nitrogen and phosphorus by crops grown in a heavily manured Dark

Brown Chernozem under contrasting soil moisture conditions; and

Chapter 5: Modeling barley yield in a Dark Brown Chernozem following discontinuation of long-

term manure application.
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2. NITROGEN MINERALIZATION IN CHERNOZEMIC SOILS
AMENDED WITH MANURE FROM CATTLE FED DRIED
DISTILLERS GRAINS WITH SOLUBLES

2.1. Abstract

Inclusion of dried distillers grains with solubles (DDGS) in cattle diets, coupled with the
increasing use of construction and demolition waste (CDW), particularly the wood and drywall
fractions as bedding in beef cattle feedlots, may affect nitrogen (N) dynamics when the resulting
manure is applied to soil. This laboratory incubation study was conducted to evaluate the
mineralization of N in contrasting Chernozemic soils amended with regular manure (RM) from cattle
fed a regular grain-based diet versus manure (DGM) from cattle fed a diet containing DDGS. The
effect of adding CDW to DGM (DGMcpw) was also assessed. The soils (a Black Chernozem and a
Brown Chernozem) were amended with manure (40 g kg™ soil, dry wt.), mixed and packed in
leaching columns, and incubated at 15 and 25°C. Nitrogen mineralization in the manure-amended
Brown Chernozem exhibited negative net mineralization. In the Black Chernozem, N mineralization
was described by a mixed first order and zero order kinetic model. Potentially mineralizable N (No)
concentration in the manure-treated Black Chernozem ranged from 172 mg kg™ for DGM to 235 mg
kg™ for RM and was greater at 25°C than 15°C. The first-order mineralization rate constant varied
among manure treatments and decreased in the order DGMcpw > DGM > RM. The rate constants
were not significantly affected by temperature, but the temperature sensitivity (Qio) of N
mineralization was significantly greater for RM (1.0) and DGM (1.3) than DGMcpw (0.3). The
percentages of total organic N mineralized from RM and DGM were greater than that for DGMcpw,

with RM producing the greatest mineralization. This suggests that adding CDW to manure will affect
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N dynamics by lowering the amount of N mineralized, which may necessitate either applying higher
manure rates (and risking excess P build-up) or supplementing with inorganic fertilizers to minimize

N deficiency in receiving crops.

2.2. Introduction

The Canadian biofuels industry has recently seen a rapid expansion, producing approximately
1.36 billion liters of ethanol in 2010 alone, mostly from corn (Zea mays L.) (64%) and wheat
(Triticum aestivum L.) (31%) (USDA FAS, 2010). Concomitant with this expansion has been an
increased supply of valuable byproducts, including dried distillers grains with solubles (DDGS),
which is a dried mixture of the condensed liquid fraction (solubles) remaining after ethanol
extraction and the coarse ethanol-free solids (distillers grains). Approximately 0.26 million tonnes of
wheat DDGS per year was produced by Canadian ethanol plants in 2009/2010, with an estimated
value of $51 million (International Grains Council, 2010). Nearly all wheat DDGS is used as an
animal feedstuff (FOBI Network, 2013), which provides a concentrated source of nutrients.

The inclusion of DDGS in cattle diets may alter manure properties relative to manure from
animals fed regular grain-based diets. This can have implications on manure nutrient release and
plant nutrient uptake, as well as the potential for nutrient loss to the environment (Hao et al., 2014).
Recent studies have shown higher concentrations of N and phosphorus (P) in manure from cattle fed
DDGS (DGM) when compared to manure from cattle fed a regular grain diet (RM) (Klopfenstein et
al., 2008; Hao et al., 2009; Hiinerberg et al., 2013).

Manure properties may be further altered by bedding materials used in confined feeding
operations. Recently, there has been a growing interest in western Canada in the use of construction
and demolition waste (CDW), particularly the wood and drywall fractions, as bedding material in

beef cattle feedlots (Hao et al., 2014). In Canada and the United States, CDW is largely buried in
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landfills, with little or no effort made to recycle it (Sandler, 2003; Yeheyis et al., 2013).
Approximately 9 million tons of CDW are generated by the construction industry in Canada
annually, which is composed mainly of wood products, asphalt, drywall, concrete and masonry.
Metals, plastics, cardboard and paper, earth and shingles are the other materials that are often present
in CDW (Yeheyis et al., 2013). Nitrogen availability has been found to be lower in soils amended
with beef cattle manure containing woodchips as compared to barley (Hordeum vulgare L.) straw as
bedding (Miller et al., 2009, 2010). While the inclusion of DDGS in cattle diets may improve manure
N availability, the use of CDW as bedding in feedlots may conceivably negate this because of the
stable C in the woodchip fraction of CDW (Larney et al., 2008; Miller et al., 2010). Alternatively,
the drywall fraction of CDW, which is mainly gypsum (calcium sulfate), may be beneficial since it
supplies calcium (Ca) and sulfur (S) (Hao et al., 2014).

A good understanding of N availability for crop uptake, hence organic N mineralization
during the growing season, is critical not only from the perspective of efficiency of fertilizer use, but
also to ensure that loss of excess N to the environment is minimized (Zebarth et al., 2009; St. Luce et
al., 2011). Nitrogen mineralization reactions in soils typically follow first-order kinetics, with the
rate constants and potentially mineralizable N (No, a measure of soil mineralizable N concentration)
usually derived from long-term incubation studies (Stanford and Smith, 1972; Ellert and Bettany,
1992; Curtin and Campbell, 2008). Others have estimated these parameters using either a double
exponential (Bonde and Rosswall, 1987; Gil et al., 2011) or the mixed first-order and zero-order
kinetic model (Bonde and Rosswall, 1987), suggesting that more than one fraction of soil organic N
may be mineralized, each with a unique rate of decomposition (Benbi and Richter, 2002).

To the best of our knowledge, the mineralization of N from DGM mixed with CDW has
previously not been characterized. Therefore, the objective of this study was to evaluate the

mineralization of N in manure from cattle fed DDGS relative to manure from cattle fed a regular
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grain-based diet. The study further examined the effects of CDW and temperature on DGM

mineralization, and how these vary between two contrasting soils.

2.3. Materials and Methods

2.3.1. Soll

Soil samples (0-15 cm layer) were collected using a spade from an Orthic Black Chernozem
(loam, Typic Haplocryoll) near Olds, Alberta, Canada (113° 57" 42" N, 51° 43' 46" W) and an Orthic
Brown Chernozem (sandy clay loam, Aridic Haploboroll) near Cranford, Alberta (112° 20" 31" N,
49° 45' 51" W). These soils belong to the dominant Chernozem group in the cropland areas of
Alberta and the western Canadian Prairies (Pennock et al., 2011). Their regional distribution is
spatially correlated with the major climate zonation of the region, with the Brown Chernozems
occupying areas of the prairies that have the greatest annual water deficit. During the season
immediately preceding soil collection, the Cranford site was cropped to potatoes (Solanum
tuberosum L.) while the Olds site was cropped to barley in a canola-wheat-barley rotation. The soils
were air-dried, passed through a 4-mm mesh sieve, thoroughly mixed to ensure uniformity, and
stored at room temperature (23-25°C) until the start of the experiment. Soil subsamples were ground
to pass through a 2-mm sieve prior to laboratory analysis. Particle size distribution was determined
using the hydrometer method (Kroetsch and Wang, 2008). Soil pH and electrical conductivity (EC)
were determined in a 1:2 (mass/vol.) soil/water suspension using a pH/EC meter (Model SP2000,
Skalar BV, Breda, Netherlands). Ammonium (NH4) N concentration in the soil was measured
colorimetrically by the indophenol method following extraction with 2 M KCI. Soil nitrate (NO3) N
concentration was measured colorimetrically by the cadmium-reduction method following extraction
with 2 M KCI. Soil total N (TN) concentration was determined by the macro-Kjeldahl method using

an automated Kjeldahl analyzer (Foss Kjeltec 8400, Hoganas, Sweden) following acid digestion with
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H.SO, and TiO (catalyst). Total carbon (TC) concentration was determined using a CN analyzer
(Elementar, Langenselbold, Germany). Total P (TP) concentration was measured with an inductively
coupled optical emission spectrometer (Thermo Electron Corporation iCAP 6300, Cambridge,
England) following digestion of a 1:10 (mass/vol.) soil/concentrated HNO3 suspension with a MARS

5 microwave system (CEM Corporation, Matthews, NC).

Table 2.1 Initial properties of soils and organic amendments used for the incubation study.

Black Brown
Propertyt Chernozem Chernozem RM DGM DGMcpwi
pH 7.6 7.2 8.7 8.6 8.4
EC,dSm™ 0.5 0.3 6.5 7.7 8.0
NOs™-N, mg kg™ 8.8 16.4 - - -
NH;*-N, mg kg™ 18.9 19.2 1564 1566 2262
Soluble P, mg kg™ - - 40 82 29
PO4-P, mg kg™ 38 31 - - -
Total C, g kg™ 50 21 106 114 111
Total N, g kg™ 4.7 2.0 6.8 9.2 8.4
Total organic N, g kg™ - - 5.3 7.6 6.2
C to N ratio 11 11 16 12 13
Total P, g kg™ 0.8 0.6 1.7 2.2 2.6
Dry matter content, kg kg™ - - 027  0.30 0.38
Clay, g kg™ 201 232 - - -
Silt, g kg™ 314 278 - - -
Sand, g kg™ 485 491 - - -

T All chemical analyses expressed on a dry weight basis.
1 RM, manure from cattle fed a regular grain diet; DGM, manure from cattle fed a diet containing

DDGS; DGMcpw, DGM mixed with construction and demolition waste (CDW).

2.3.2.  Manure
Two types of beef cattle (British cross heifers) manure were collected by scrapping from the pen
floor of a feedlot at the Agriculture and Agri-Food Canada Research and Development Centre in

Lethbridge, Alberta, Canada. Regular manure (RM) was collected from cattle fed a finishing grain-
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based diet consisting of 85% barley grain, 10% barley silage, and 5% mineral supplement to provide
trace minerals, vitamins and monensin. This diet is typical of that used in western Canadian feedlots
(Hao et al., 2009). Manure (DGM manure) was also collected from cattle fed a diet composed of
45% barley grain, 40% wheat DDGS, and silage along with 5% of the same mineral supplement as in
the grain-based diet. An additional manure treatment (DGMcpw) was prepared by mixing DGM with
CDW (a mixture of drywall and woodchips, mainly wastage from new housing construction in
southern Alberta) in a 5:1 ratio by mass to attain a C/N ratio < 20:1. Studies have shown that positive
N mineralization from manure after application to soil occurs when manure C/N ratio is < 20:1
(Beauchamp and Paul, 1989; Qian and Schoenau, 2002). Manure samples were analyzed for pH,
total N, total C, NH4-N, and NO3-N according to the methods of APHA et al. (2005). Initial soil and

manure properties are presented in Table 1.

2.3.3. Experimental Design and Setup

The experimental design was a randomized complete block with a split-plot treatment layout
consisting of temperature (15 and 25°C, replicated three times) as the main plot and factorial
combinations of the two soils and four amendment treatments (RM, DGM, DGMcpw, and a non-
amended control) as the subplot. The temperatures were selected to closely mimic the mean daily
soil temperatures at the 10-cm depth early in the spring and during the summer months, respectively.

Each organic amendment was thoroughly mixed with 30 g of air-dry soil to give a rate of 40 g
kg™ soil. The manure rate approximates a field application rate of 60 Mg ha™ based on a soil bulk
density of 1.0 Mg m™ for the Black Chernozem and 1.2 Mg m™ for the Brown Chernozem at a soil
incorporation depth of 0.1 m. The 60 Mg ha™ rate is currently recommended in southern Alberta to

supply 150 kg N ha™ for irrigated cereals (Benke et al., 2010).
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Leaching column setup followed the technique described by Campbell et al. (1993). Briefly,
PVC conduit pipes (2.5 cm i.d. x 15 cm long) were sealed at the base with a perforated #5 stopper of
similar diameter. Before sealing the bottom of the column, a thin layer of bug screen mesh was
placed on the end of the stopper going into the column, followed by a 2.4 cm Whatman glass
microfiber filter and glass wool. Soil samples (30 g) were mixed with 30 g of quartz sand and packed
into leaching columns to attain a bulk density of 1.2 Mg m™. A glass-wool pad (~5 mm) was placed
over the contents of each column to prevent dispersion of the soil during addition of the leaching
solution. The soil in each column was wetted to 60% water filled pore space (WFPS) (White and
Mastalerz, 1966) and covered with a parafilm, after which the columns were placed in the incubators.
The columns were weighed every 7 d and water was added to replace any water lost.

The columns were retrieved every 14 d during the first 12 wk of incubation and every 28 d
during the remaining 24 wk of the study for extraction of inorganic N (NH4"-N + NOs-N). Inorganic
N was extracted by leaching the columns with 100 mL of 0.01 M CacCl; in five increments of 20 mL
each, followed by 25 mL of a zero-N nutrient solution containing 0.002 M CaSOy, 0.002 M MgSO,,
0.005 M Ca(H,HPOy),, and 0.0025 M K,SO, (Curtin and Campbell, 2008). Leachates were collected
under a consistent suction of 78 kPa using a vacuum pump (Fisher Scientific MaximaDry, Ontario,
Canada). Immediately after leaching, the top of each column was covered with parafilm on which
three holes had been punched for aeration. The columns were placed back into the incubators in an
upright position. Deionized water was added to the soil weekly to replenish any moisture lost
through evaporation. Leachates collected on each sampling day were immediately stored in a freezer
at -19°C and analyzed within a week for inorganic N (NH4s-N + NOs-N) concentration using a

SAN++ segmented flow analyzer (Skalar BV, Breda, Netherlands).
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2.3.4. Calculations and Statistical Analysis

Net N mineralization (Nmint) for amended soil, measured as soil inorganic N concentration at
time t and corrected for mineralization in the unamended soil and for initial soil inorganic N
concentration, was calculated from the cumulative amounts of leached N (NO3-N + NH4-N) as
follows:

Nminy = INa@) — INa@) — [INc) — INc(0)] [1]

where Npingy (Mg kg™ soil) is net mineralized N concentration at sampling time t (d); INa@) (Mg kg™t
is amendment-derived inorganic N concentration at sampling time t; INa©) (Mg kg™ is inorganic N
concentration in the amended soil at the start of the experiment (t = 0); IN¢) (Mg kg™ is inorganic N
concentration in the unamended control at time t; and IN¢) (Mg kg™) is inorganic N concentration at
t=0.

Cumulative net N mineralized (%Nmin), or the percentage of manure organic N (Norg)
mineralized between the start of the experiment and time t, was calculated as:

%Nmin = [Nmincy / Norg] x 100 [2]
Three kinetic models that are commonly used to describe N mineralization in soils (Table
2.2) were fitted to Nminey and %Nmin using the NLIN procedure in SAS version 9.4 (SAS Institute,
2014). Model fits were compared using the corrected Akaike’s Information Criterion (AICc;
Motulsky and Christopolous, 2003). The mixed first-order and zero-order kinetic model (Eq. 3),
which had the lowest AICc, was selected as the most suitable for describing N mineralization
kinetics for the Black Chernozem:
Nmin () = No[1—eXp(—Kat)] + kot [3]

where N, is potentially mineralizable N concentration (mg N kg™ soil), k; is the first-order
mineralization rate constant (d™) of the easily degradable organic N fraction, and kg is the zero-order

mineralization rate constant of the resistant N fraction (mg kg™ d™). Model parameter estimates were
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Table 2.2 Kinetic models used in describing N mineralization in a Black Chernozem amended with beef cattle manure.

Model Equation Parameterst Reference

Simple exponential Nmincy = No [1—exp(—kit)] No, Ki Stanford and Smith (1972)
Hyperbolic model Nminiy = Not/ (QNp + t) No, q Juma et al. (1984)

Special model Nminty = Np [1—exp(—kKit)] + kot Np, Ko, K1 Bonde and Rosswall (1987)

+ Nmin, mineralized N concentration (mg kg™ soil) at time t; No, potentially mineralizable N (mg N kg™); ki, mineralization rate
constant (d™?); Np, potentially mineralizable N of the easily degradable organic nitrogen fraction (mg N kg™); ki, first-order
mineralization rate constant (d™); ko, zero-order mineralization rate constant (mg kg™ d™); ¢, constant.
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compared using their 95% confidence intervals. The mixed first-order and zero-order model includes
parameters for N released from both the resistant and the easily mineralizable organic fractions.
Nitrogen mineralization from the resistant fraction ensures continued N release after the active
fraction is depleted, which precludes the identification of a single substrate pool or mineralization
mechanism (Benbi and Richter, 2002).

Based on the AICc, the first-order kinetic model was selected as the most suitable for
describing %Nmin kinetics for the Black Chernozem:

%Nmin = No[1—exp(—k;t)] [4]

where Ny is potentially mineralizable N concentration (% of organic N mineralized) and k; is the
first-order mineralization rate constant (d*). Model parameter estimates were compared using their
95% confidence intervals.

Analysis of variance was conducted on the model parameters (generated separately for each
experimental unit with PROC NLIN), using the GLIMMIX procedure in SAS 9.4, with amendment
and temperature as fixed effects and using the gamma distribution for the parameters. Analysis of
variance was also performed on the cumulative net N mineralized (Nnin) at the end of the experiment
(that is, on Day 245) using the GLIMMIX procedure in SAS 9.4, with amendment and temperature
as fixed effects and using the lognormal distribution for Np;p.

For the Black Chernozem only, the temperature sensitivity coefficient (Qyo, i.€., the factor by
which the mineralization rate increased or decreased when the temperature was raised by 10°C) for
each amendment was calculated separately for each replicate as:

Kk \[10/(T2— T1)]
Qo = (K_i) [5]

where K, and K, are the mineralization first-order rate constants (d™) at 15 and 25°C, respectively,

and T; and T, are incubation temperatures of 15 and 25°C, respectively. Analysis of variance was
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conducted on the Q,, data using the GLIMMIX procedure in SAS 9.4, with amendment as a fixed
effect and using the gamma distribution for Q4.

Mineralized N concentration and %N, data for the Brown Chernozem were not suitably
described by any of the kinetic models tested; these data were therefore analyzed with the
GLIMMIX procedure for repeated measures, in conjunction with the first-order autogressive [AR(1)]
covariance structure, using the normal distribution for both Npin and %Nnmi,. The beta distribution
could not be used for %Nmin, because some of the values were negative. Treatment differences were

tested at a = 0.05 using the Tukey method for multiple comparisons.
2.4. Results and Discussion

2.4.1. Nitrogen Mineralization Kinetics for the Black Chernozem

Nitrogen mineralization kinetics in the Black Chernozem followed the mixed first-order and
zero-order model for all amendments at both temperatures, except for DGMcpw, for which the model
failed to converge. This is consistent with previous studies (e.g., Dou et al., 1996; Haer and Benbi,
2003; Gil et al., 2011), which demonstrated the superiority of the mixed first-order and zero-order
model compared with other N mineralization kinetic models tested in the studies. For example, in Gil
et al. (2011), the mixed first-order and zero-order model outperformed the simple exponential, the
double exponential, the hyperbolic, and the parabolic kinetic models with respect to describing N
mineralization Kkinetics in compost-amended soils.

The effect of temperature on the mixed first-order and zero-order model varied with manure
type. Model fits for the two temperatures differed significantly for DGM but not for RM (Fig. 2.1).

For DGM, N was greater (P < 0.001) at 25°C (209 mg kg™ soil) than at 15°C (142 mg kg soil).
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Figure 2.1 Mixed first-order plus zero-order kinetic model fits for cumulative N mineralization in a
Black Chernozem amended with regular manure (RM) from cattle fed a typical beef
cattle finishing diet and manure from cattle fed a DDGS diet (DGM).

Potentially mineralizable N concentration differed significantly between RM and DGM (P =
0.003) and between temperatures (P = 0.004) (Table 2.3), reflecting differences in organic N
concentration between these manures. Averaged across temperatures, No was 27% greater for RM
(235 mg kg™ soil) than DGM (172 mg kg™ soil). Averaged across amendments, No was greater at
25°C (234 mg kg™ soil) than at 15°C (172 mg kg™ soil). The zero-order rate constant (ko) was greater
(P < 0.001) for RM than DGM whereas the first-order (k;) rate constant was greater (P = 0.001) for
DGM than RM. Temperature had no significant effect on the two rate constants. The larger k; for
DGM indicates that the easily decomposable organic N pool was mineralized more rapidly for DGM
than RM. By comparison, the large resistant N pool was mineralized at a lower rate (ko) for DGM

than for RM.
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These results suggest that it is the mineralizable N pool (No) which is temperature dependent
instead of the rate constants (ko and ki). This corroborates findings by MacDonald et al. (1995), who
observed no temperature effect on the first order rate constant in a 32-wk incubation study utilizing
surface soils from a hardwood forest, but observed an increase in the mineralizable N pool as the
temperature was increased from 5°C to 25°C. The authors attributed the increase in the mineralizable
N pool with increasing temperature to a shift in the microbial community, changes in the
biochemical composition of the fraction mineralized, and / or changes in transport processes such as
diffusion. However, other studies have shown temperature-dependency of rate constants (Ellert and

Bettany, 1992; Sierra, 1997; Dessureault-Rompré et al., 2010).

Table 2.3 Amendment and temperature effects on mixed first-order and zero-order Kinetic
model parameters for net N mineralization (Nmin) in @ manure-amended Black Chernozem.

Effect NoT Ko k1§
mg kg soil  mgkg®d? d*

Amendment (A)f

DGM 172b 0.74b 0.1a

RM 235a 1.80a 0.04b

Temperature (T, °C)

15 172b 1.20a 0.08a
25 234a 1.11a 0.05a
P value
Amendment 0.003 <0.001 0.001
Temperature 0.004 0.45 0.25
AxT 0.1 0.53 0.12

+No, potentially mineralizable N.

1 ko, zero-order mineralization rate constant.

8 k;, first-order mineralization rate constant.

f RM, manure from cattle fed a regular grain diet; DGM, manure from cattle fed a diet containing
DDGS.

# Means in the same column followed by the same letter are not significantly different at a = 0.05
according to the Tukey multiple comparison procedure.

31



In the Black Chernozem, temporal changes in %Nmi, followed first-order kinetics for all
amendments at both temperatures (Fig. 2.2). However, temperature effects on the first-order rate
constant (ki) varied with amendment, as indicated by an amendment X temperature interaction
(Table 2.4; P = 0.001). For DGMcpw, ki was significantly greater at 15°C (0.18 d) than at 25°C
(0.04 d%), but there were no significant differences in k, between the two temperatures for RM (mean
=0.009 d*) and DGM (0.02 d%) (Fig. 2.3). At 15°C, k; was significantly greater for DGMcpw (0.18
d™) than RM (0.009 d*) and DGM (0.02 d*) but did not differ significantly between RM and DGM.
At 25°C, DGMcpw also had the largest k; (0.05 d™), which was significantly greater than that for
RM (0.009 d), while k; was also significantly greater for DGM (0.03 d*) than RM at this
temperature. The larger k; for DGM and DGMcpw at 25°C further indicates that the easily

decomposable organic N pool was mineralized more rapidly for DGM and DGMcpw than RM.
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Figure 2.2 Temperature effects on first-order kinetic model fits for cumulative N mineralized as
percent of organic N applied (%Nnin) in a Black Chernozem amended with regular
manure (RM) from cattle fed a typical beef cattle finishing diet, manure from cattle fed a
DDGS diet (DGM), and DGM mixed with CDW (DGMcpw).
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Figure 2.3 Effects of temperature on the first-order N mineralization rate constant in a Black
Chernozem amended with manure from cattle fed a typical beef cattle finishing diet
(RM), manure from cattle fed a DDGS diet (DGM), and DGM mixed with construction
and demolition waste (DGMcpw). Error bars represent standard errors of the mean, and
bars followed by different letters differ at P < 0.05.

Potentially mineralizable N concentration (% of initial organic N concentration) differed
significantly among amendments (P < 0.001) and between temperatures (P = 0.03) (Table 2.4).
Averaged across temperatures, No was significantly greater for RM (14%) than DGM (4.2%) and
DGMcpw (1.9%) and greater for DGM than DGMcpw.

Cumulative N mineralization concentration (Nmin) on day 245 was greater (P < 0.001) for RM
(670 mg kg™) than for DGMcpw (135 mg kg™?) and DGM (352 mg kg™) (Table 2.5). This is
consistent with the greater %Ny, observed for RM than for DGM and DGMcpw.

Our results for %Npmi, are within the range reported by Chiyoka et al. (2014) for a Black
Chernozem that received fresh beef cattle feedlot manure. The lower Ny, with DGMcpw than DGM

could possibly be due to the more recalcitrant C or higher lignin content of the woodchip fraction of
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the CDW, which could have resulted in greater N immobilization when DGMcpw was applied

(Miller et al., 2009, 2010).

Table 2.4 Amendment and temperature effects on first-order kinetic model parameters for net
N mineralization as a percentage of initial organic N concentration (%Nmin) In @ manure-
amended Black Chernozem and the Qo function.

Effect Not kit Q108
% d?
Amendment (A)f
DGM 4.24b 0.02 1.31a
DGMcpw 1.86¢ 0.09 0.3b
RM 13.62a 0.009 1.0a

Temperature (T, °C)

15 4.49a 0.03 -
25 5.03a 0.02 -
P value
Amendment <0.001 <0.001 0.01
Temperature 0.03 0.44 -
AxT 0.64 0.001 -

+ No, potentially mineralizable N as a percentage of initial organic N concentration in the manure
applied.

1 kg, first-order mineralization rate constant.

8 Quyo, the factor by which the mineralization rate increased per 10°C increase in temperature.

f RM, manure from cattle fed a regular grain diet; DGM, manure from cattle fed a diet containing
DDGS; DGMcpw, DGM mixed with construction and demolition waste (CDW).

# Means in the same column followed by the same letter are not significantly different at a = 0.05
according to the Tukey multiple comparison procedure.
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Table 2.5 Amendment, temperature, and incubation time effects on cumulative net N
mineralized in Black and Brown Chernozems.

Effect Nmin on day245} Nmini %N min8
mg kg™ soil mg kg™ soil %
Black Chernozem Brown Chernozem
Amendment (A)f
DGM 352b -208a -2.72a
DGMcpw 135c¢ -208a -3.38ab
RM 670a -182a -3.48b
Temp (T, °C)
15 362a -198a -3.16a
25 409a -201a -3.22a
P value
Amendment <0.001 0.21 0.02
Temp 0.37 0.82 0.78
Time (D) - <0.0001 <0.0001
DxT - <0.0001 <0.0001
DxA - <0.0001 <0.0001
TxA 0.73 0.64 0.65
DxTx A - 0.73 0.67

+ Nmin On day 245, cumulative net mineralized N at the end of the incubation on day 245.
T Nmin, cumulative N mineralized from N sources in a Brown Chernozem.

8 %Nmin, cumulative net mineralized N from manure organic N expressed as a percentage of the
organic N applied with the manure in a Brown Chernozem.

f RM, manure from cattle fed a regular grain diet; DGM, manure from cattle fed a diet containing
DDGS; DGMc¢pw, DGM mixed with construction and demolition waste (CDW).

#Means in the same column followed by the same letter are not significantly different at o = 0.05
according to the Tukey multiple comparison procedure.

11 Time main effect for Npin and %Nmin is not shown in the ANOVA table because of the many
levels of time effect; however, it is plotted in a graph when time x amendment interaction is

significant.
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The differences in Npin between DGM and DGMcpw could also possibly be due to the dilution
effect resulting from mixing the CDW with DGM before it was applied to soil on a weight basis. The
addition of CDW increased manure C:N ratio from 12:1 for DGM to 13:1 for DGMcpw. Other
studies have reported lower N mineralization at C:N > 15 (Qian and Schoenau, 2002; Helgason et al.,
2007). Miller et al. (2009, 2010) have reported slow N mineralization rates in soils that received
organic amendments with high C:N ratios (> 25:1) or high recalcitrant C contents from woodchip
bedding. This suggests that a greater proportion of the organic N in DGM and RM will be readily
converted to plant available forms (NH;"-N) while lower amounts will be available with the
application of DGMcpw.

The temperature sensitivity, Qio, of mineralization varied among amendments (P = 0.01) and
was significantly lower for DGMcpw (0.3) than RM (1.0) and DGM (1.3) (Table 2.4). These results
indicate that the N mineralization rate of RM and, to a lesser extent, DGM, is not affected by
temperature within the range of temperatures tested, and that the addition of CDW to DGM results in
a decrease in the mineralization rate when the temperature is increased by 10°C. The Qo values for
RM and DGM fall within the range of values reported by Whalen et al (2001) for a Dark Brown
Chernozem in which beef cattle manure was applied. The authors reported that the N mineralization
rate did not double in response to a 10°C increase in temperature (Q10). However, they found that
soils incubated at 75% of field moisture capacity had lower Q1o values than soils incubated at 50% of
field moisture capacity. This further indicates that temperature effect on N mineralization is greater
in oxic soils than in soils close to anoxic or suboxic conditions.

The lower Qi for DGMcpw could be partly due to the high C:N ratio and high recalcitrant C
content of the woodchip fraction of CDW, which is more resistant to decomposition. Studies have

shown that Q1o will vary depending on soil characteristics such as pH, texture, and water content,
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which influence microbial activity, coupled with the quantity and quality of the substrate that is

being mineralized (Kirschbaum, 1995; Dessureault-Rompré et al., 2010).

2.4.2.  Mineralized Nitrogen Concentration in the Brown Chernozem

All organic amendments resulted in net immobilization (Nyi, < 0) in the Brown Chernozem on
all sampling days, except on Day 14 when a spike was observed for DGM (Table 2.5; Fig. 2.4).
Averaged across temperatures and incubation times, %N, was lower for DGM than RM, whereas
there was no significant difference between DGMcpw and the other two amendments. The negative
mineralization observed in the manure-amended Brown Chernozem has previously been reported for
a Dark Brown Chernozem amended with cattle manure (Chiyoka et al., 2014). They attributed the
greater immobilization effect in the amended soil to the lower initial inorganic N concentration and

organic C of the Dark Brown compared to the Black Chernozem.

min (%)

% N

0 50 100 150 200 250
Incubation time (d)

Figure 2.4 Cumulative N mineralized as a percentage of initial organic N concentration (%Ny,) of
beef cattle manure applied to a Brown Chernozem during the 240-d incubation period.
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In the present study, the Brown Chernozem had lower concentrations of total C and total N than
the Black Chernozem, which may explain the observed apparent immobilization. It is also likely that
the 60% WFPS maintained during incubation may have produced enough anaerobic conditions to
cause some denitrification in the Brown Chernozem (Sierra, 1997; Drury et al., 2003; Coyne, 2008).
However, other studies have reported that denitrification is favored when the soil water content is
high, e.g., 70-100% WFPS (Linn and Doran, 1984; Weir et al., 1993). Nonetheless, our results
suggest that manure N may not be readily available for crop uptake when applied to the Brown
Chernozem under the conditions of the present study. A greenhouse bioassay in which five growth
cycles of canola were grown in the same soils amended with the same amendments (DGM,
DGMcpw, and RM) also showed negative mineralization (Npmin < 0) in the Brown Chernozem
(Agomoh et al., 2017). Nitrogen uptake was consistently lower for all amendments in the Brown
Chernozem compared with the Black Chernozem even though the Brown Chernozem had a greater
initial inorganic N concentration. Additional research is needed to further elucidate the factors
limiting N mineralization from organic N sources applied to the Brown Chernozem and to determine

the optimum moisture content for N mineralization in this soil.

2.5. Conclusions
The N mineralization pattern of manure differed between the Black Chernozem and the Brown
Chernozem, with the Brown Chernozem exhibiting negative net mineralization (i.e., net
immobilization) throughout the entire incubation period, whereas net mineralization occurred in the
Black Chernozem. Nitrogen mineralization in the DGM- and RM-amended Black Chernozem
followed mixed first-order and zero-order Kinetics while the cumulative net N mineralized expressed
as a percentage of initial organic N concentration (%Nn;n) followed first-order kinetics. In general,

cumulative N mineralization was greater in the RM- than the DGM-amended Black Chernozem.
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More organic N was mineralized from RM and DGM at the higher temperature than the lower
temperature, a reflection of greater microbial activity at higher temperature. However, the
mineralization rate constants were not affected by temperature. The rate constant for the easily
mineralizable N pool was greater for DGM than RM, whereas the rate of N mineralization for the
slowly mineralizable N pool was greater for RM. Addition of CDW to DGM resulted in a decrease in
N release compared with DGM and RM in the amended Black Chernozem. In addition, the Q1o (i.€.,
the factor by which the mineralization rate increased per 10°C increase in temperature) decreased
from 1.31 to 0.30 with the addition of CDW to DGM. The slow N release pattern of DGMcpw could
be beneficial since a large proportion of N is not mineralized and therefore less subject to loss via
NOs-N leaching or denitrification. However, application of DGMcpw to crops may require
supplementing with synthetic fertilizer to prevent N deficiency. This should be based on the crop’s
nutrient requirement and the soil test to minimize the risk of excess P build-up because of the high P

concentration of DGMcpw.
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3. A BIOASSAY OF NITROGEN AVAILABILITY IN SOILS AMENDED
WITH MANURE FROM CATTLE FED DDGS: EFFECTS OF
CONSTRUCTION/DEMOLITION WASTE AND PEAT MOSS

3.1. Abstract

The use of construction and demolition waste (CDW) and peat moss as bedding in beef cattle
feedlots may affect the amount of plant-available nitrogen (N) in manure. Such an effect, however,
may differ between manure from cattle fed a regular grain diet (RM) and those fed dried distillers
grains with solubles (DDGS) (DGM). We used five 40-day crop cycles in a greenhouse bioassay to
determine the effects of RM and DGM manure containing CDW or peat moss on canola (Brassica
napus L.) growth and N uptake in a Black Chernozem (loam, Typic Hapocryoll) and a Brown
Chernozem (sandy clay loam, Aridic Haploboroll) with or without the addition of a nitrification
inhibitor (nitrapyrin) in each cycle to minimize nitrate (NO3) leaching. Our results showed that the
presence of CDW in DGM and RM manure depressed (P < 0.05) cumulative dry matter yield (DMY)
and N uptake in canola relative to manure without CDW, while the presence of peat increased (P <
0.05) DMY and N uptake. Results suggest that it may be necessary to supplement CDW-amended
DGM and RM manure with synthetic N fertilizer to supply adequate available N for plant uptake,

since the addition of CDW decrease organic N mineralization.

3.2. Introduction
The steadily growing bioethanol industry generates large amounts of dried distillers grains
with solubles (DDGS) as a by-product, which is fed to animals (Meyer et al., 2010; Salim et al.,
2010). Most of the starch in the grain is utilized for ethanol production, resulting in a by-product
with low starch and crude protein and mineral contents that are almost three times those in the

original grain (Liu, 2011; Hiinerberg et al., 2013). Previous studies have shown that inclusion of
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DDGS in cattle diets results in increased N and P concentrations in manure, which may pose a risk to
the environment when land applied (Benke et al., 2010; Hiinerberg et al., 2013). Often, the amount of
DDGS added to the diet exceeds the crude protein requirements of the animal, resulting in increased
excretion of both fecal and urinary N relative to cattle that are fed barley grain diets (Hao et al.,
2009). Benke et al. (2010) reported greater soil total N, total P, and soil test P concentrations and
greater N and P uptake by barley grown in a Dark Brown Chernozemic soil that received manure

from cattle fed DDGS compared with manure from cattle fed a barley grain diet.

The type and quantity of bedding material used in confined animal feeding operations
influence the nutrient content of manure (Choudhary et al., 1996; Miller et al., 2003). In cattle
feedlots in western Canada, high volumes of bedding material are typically used in the winter months
to keep animals warm by providing insulation from snow or the frozen ground (Miller et al., 2006;
Larney et al.,, 2008). Recently, in southern Alberta, there has been a gradual shift from the
conventional use of cereal (barley) straw as bedding material to wood shavings and sometimes
woodchips mixed with drywall from construction and demolition waste (CDW) (Miller et al., 2006;

Larney et al., 2008; Hao et al., 2014).

Studies have shown a five-fold increase in Ca content and an eighteen-fold increase in sulfate
(SO4*) content of dairy manure when drywall was added to compost as compared to when it was
absent (Naeth and Wilkinson, 2013). Hao et al. (2014) similarly reported that the addition of CDW to
cattle manure prior to composting resulted in higher concentrations of water-extractable Ca and SO;-
S, but lower pH, water-soluble N, NH4-N, and PO,>. They attributed these differences to the high

calcium sulfate content of the drywall.

Peat moss is another material that has been used as a soil conditioner in agriculture,

horticulture, and forestry (N’Dayegamiye and Isfan, 1991; Jayasinghe et al., 2010). In a composting
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experiment in Quebec, Canada, sphagnum peat moss was mixed with cattle manure (2:1 manure to
peat moss ratio by volume) and composted for 36 mo (N’Dayegamiye and Isfan, 1991). The authors
reported that peat moss and sawdust produced composts with similar qualities but that these

composts did not produce as high a temperature as wood shavings.

Although the effects of CDW as a compost bulking agent are well documented (Saludes et
al., 2008; Naeth and Wilkinson, 2013; Hao et al., 2014), to our knowledge, no published studies have
examined the agronomic and environmental risks associated with land-application of manure
containing CDW. Therefore, the overall objective of this study was to characterize the availability,
crop uptake, and residual soil concentrations of N following repeated application of manure from

cattle fed either DDGS or a regular grain diet, with the manure mixed with peat or CDW.

3.3. Materials and Methods

3.3.1. Organic Amendment

Two types of beef cattle feedlot manure [regular manure (REG) and DDGS manure] were
collected from barley straw-bedded pens at the Lethbridge Research and Development Centre feedlot
in southern Alberta, Canada (Lat. 49°42°N; Long. 112°48’W). The REG manure was collected from
cattle (British cross heifers) fed a typical western Canadian beef finishing diet consisting of 85%
barley grain, 10% barley silage, and 5% mineral supplement (Hao et al., 2009). The DDGS manure
was collected from cattle fed a diet consisting of 45% barley grain, 40% wheat DDGS, 10% barley
silage, and 5% mineral supplement. Prior to soil application, each manure type was mixed, in a 5:1
ratio by mass, with either construction waste (a mixture of drywall and woodchips) or peat moss to
attain a C:N ratio < 20:1. The C:N ratio < 20:1 has been used as a bench mark for positive N
mineralization from manure after application to soil (Beauchamp and Paul, 1989; Qian and

Schoenau, 2002).
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3.3.2.  Sails

Soils from the A horizon (0-15 cm) were collected from two sites in Alberta, Canada: a Black
Chernozem (loam, Typic Haplocryoll) from a site near Olds (113° 57' 42" N, 51° 43" 46" W) and a
Brown Chernozem (sandy clay loam, Aridic Haploboroll) from a site near Cranford (112° 20" 31" N,
49° 45' 51" W). The Olds site was under a canola-wheat-barley rotation and had been cropped to
barley in the growing season preceding soil collection while the Cranford site was cropped to
potatoes in the preceding growing season. Soils were air-dried, passed through a 7-mm mesh sieve,

and stored at room temperature until the start of the experiment.

3.3.3. Experimental Design and Setup

The REG and DDGS manure were tested in separate experiments. The experimental layout for
each manure type was a completely randomized design with a 5 x 2 x 2 factorial treatment layout
and three replicates per treatment. The three factors were amendment [manure only, manure mixed
with peat, manure mixed with CDW, inorganic fertilizer (FERT, 125 mg N kg™ soil as urea and 18
mg P kg™ soil as triple super phosphate) and an unamended control (ConT)], soil type (Brown
Chernozem and Black Chernozem), and nitrapyrin (N-Serve®, 2-chloro-6-(trichloromethyl)-
pyridine) rate (0 and 0.56 g kg™ soil). Sixty grams of each manure were thoroughly mixed with 1 kg
of air-dried soil to approximate an application rate of 60 Mg ha™ (based on a bulk density of 1.1 Mg
m™ for the Black Chernozem and 1.2 Mg m™ for the Brown Chernozem and a soil incorporation
depth of 0.1 m), which is currently recommended in southern Alberta to supply approximately 150
kg N ha™ for irrigated cereal production (Benke et al., 2010). This manure rate supplied
approximately 0.4 g N kg™ soil from REG manure and 0.5 g N kg™ soil from DDGS manure.

Amended soils were placed in 2-L plastic pots (17 cm wide at the top x 13 cm wide at the

bottom x 13 cm deep) lined with doubled plastic bags. Canola (Brassica napus L. cv. InVigor L150)
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seeds were pre-germinated by placing them on wet paper towels for 4 d. Seven uniform seedlings
were then transplanted into each pot and thinned to three per pot after 7 d. The pots were placed in a
greenhouse maintained at a photoperiod of 16 h with day/night temperatures of 23/17°C. The
moisture levels in the pots were maintained at approximately 65% of water-filled pore space (WFPS,

approximately 260 g kg™). Five crop growth cycles, each 40 d long, were tested.

3.3.4. Leaching Events

One leaching event per growth cycle was conducted 15 d after amendment application and
planting. Holes were punched in the plastic bags at the bottom of each pot. Approximately 300 to
650 mL of reverse osmosis (RO) water were used to leach the soils, and the leachate volume was
recorded. The soil moisture content was measured gravimetrically immediately after each leaching
event to estimate the volume of retained water. The holes in the plastic bags were sealed with tape
after each leaching event to prevent further loss of water from the pots. Nitrate- and NH;-N
concentrations were measured in the leachate samples as described below. The residual solution

volume was added to the leachate volume to estimate the total volume containing NO3-N.

3.3.5. Harvesting

Canola was harvested 40 d after planting by cutting aboveground biomass at the soil surface
using pruning shears. Research has shown that maximum canola biomass accumulation and N uptake
rates occur at 21 to 42 d after emergence (Malhi et al., 2007). Biomass samples from each growth
cycle were oven-dried at 60°C for 48 h to estimate dry matter yield (DMY). Samples were fine-
ground (< 0.15 mm) with a Cyclone plant tissue grinder (Udy Corp., Fort Collins, CO) prior to
analysis for total N concentration as described below for the organic amendments.

Soil from each pot was emptied into an aluminum pan, mixed, and subsampled for laboratory

analysis. Roots in the remaining soil were chopped and mixed back into the soil, followed by
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reapplication of the same amendment applied in the preceding cycle 2 d after harvest. The soils were
reseeded to canola to start the next crop cycle. This was repeated four times, resulting in five crop

cycles over a 200-d period.
3.3.6. Laboratory Analysis

3.3.6.1. Manure

Manure pH was measured in a 1:4 manure :water (mass/volume) suspension using a pH meter
(Model 290A, Orion, Boston, MA), after which suspensions were filtered for measurement of
electrical conductivity (EC) using an EC meter (Model 125A, Orion, Boston, MA). Immediately
after EC measurement, the solution was filtered through a 0.45-um Whatman filter. Water-
extractable Ca** and SO,* concentrations in the supernatant were then measured using an ion
chromatograph (Model Dx-600, Dionex, Sunnyvale, CA). Inorganic N (IN = NH4-N + NO3-N) was
extracted from fresh manure (1 g) using 25 mL of 2 M KCI and determined using an Auto-analyzer
Il (Bran + Luebbe, Germany). Manure samples were freeze-dried and fine-ground (< 0.15 mm) and
then analyzed for total N (TN) and total C (TC) concentrations using an automated CN analyzer
(Carlo Erba NA 1500, Carlo Erba, Milan, Italy). Percent inorganic N (PIN) concentration was
calculated as IN/TN x 100. Inorganic P (IP) was extracted with 25 mL of 0.5 M NaHCO;3; from 0.25
g of fresh manure. Phosphorus concentration in the extract was measured using an EasyChem Pro
discrete analyzer (Systea Analytical Technologies, Anagni, Italy). Total P (TP) concentration was

measured using the EasyChem Pro discrete analyzer following acid digestion with H,SO4 + H,0..

3.3.6.2. Soil
Subsamples (40 g) of the soil (< 2 mm) were analyzed for particle size distribution by the

hydrometer method (Kroetsch and Wang, 2006). Soil pH and EC were measured using the same
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method as described above for manure samples. Soil inorganic P concentration was analyzed with an
EasyChem Pro discrete analyzer following extraction of soil (2.5 g dry wt.) with 25 mL of 0.5 M
NaHCOj3 (Schoenau and O’Halloran, 2006). Soil IN, TN, TC, and TP concentrations were
determined as described above for manure. Total inorganic C (TIC) concentration was measured by
the method of Amundson et al. (1988). Total organic C was estimated as the difference between TC

and TIC.

3.3.7. Calculations

For each treatment, dry matter yields from all five growth cycles were summed to give
cumulative dry matter yield (CDMY, g kg™ soil).

Cumulative N uptake (CNU) over the five growth cycles was calculated for each treatment by
summing the uptake value from each of the five harvests. Amendment-derived N uptake (AmNU)
(mg kg™ soil) was calculated as:

AmNU = (NUa — NUG)/ M [1]
where M is the mass of soil (kg) in each pot, NUA is N uptake from the amended soil, and NU¢ is N
uptake from the unamended (control) soil.
Apparent N recovery (ANR, %) was calculated as
ANR = (AmNU / total N applied) x 100 [2]
Potentially leachable NOs-N (PLN) content in each pot (mg kg™ soil) for each growth cycle
was calculated as the product of NOs-N concentration (mg L™ soil solution) in the total soil solution
volume (leached plus residual):
NOs-N (mg kg™ soil) = NOs-N x total volume [3]
Several leachate samples from the Black Chernozem soil collected in Cycle 3 were lost

before soluble NO3-N measurement. The missing leachate NO3-N concentrations for the Black
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Chernozem in Cycle 3 were estimated by expressing leachate NO3-N concentrations for Cycles 1, 2,
4, and 5 as proportions of the corresponding total mineralized N concentrations (that is, NOs-N in
leachate plus mineralized N in the soil) and regressing the proportions against the cumulative time
(cycle) since the start of the experiment. Any significant linear regression detected was then used to
estimate the amount of NO3-N in the leachate collected in Cycle 3. If the proportion did not vary
significantly with cycle, the mean proportion of the four cycles was used to estimate leachate NO3-N
concentration in Cycle 3. Cumulative potentially leachable NO3-N (CPLN) content for each
treatment was calculated by summing the NO3-N contents for the 5 growth cycles.
The concentration of N mineralized from organic amendments (Nmin, mg kg™) in the first growth
cycle was calculated as
Nmin = AMNU + (INs — INc) — AmNa + (NLa — NLc) [4]
where INa and INc are inorganic N concentrations (mg kg™ soil) in the amended and unamended
soils, respectively, after the first growth cycle, AmN, is the amendment inorganic N added (mg kg™
soil), and NLc and NLa are NOs-N concentrations (mg kg™ soil) in the leachate in the unamended
and amended soils, respectively, on Day 14 of the cycle. For each of the subsequent growth cycles,
Nmin Was calculated as
Nmin = AMNUs + [INas —INai — (INcs —INci )] - AmNas + (NLa — NL¢) [5]

where subscripts i and f represent the start and the end of the growth cycle, respectively.

3.3.8.  Statistical Analysis

Statistical analysis was conducted separately for the DDGS and REG manure treatments,
consistent with the experimental layout described above. Analysis of variance for all dependent
variables was performed using the GLIMMIX procedure for repeated measures in SAS version 9.4

(SAS Institute, 2014), with soil, amendment, and nitrapyrin as fixed effects and growth cycle as the
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repeated measures factor. Various covariance structures were compared and the one with the lowest
corrected Akaike Information Criterion (Littell et al., 2006) was selected as the best fit for the
repeated measures analysis. When treatment effects were significant, means were compared using
the Tukey-Kramer adjustment for multiple comparisons. Contrasts were performed using the
ESTIMATE statement in SAS to compare combinations of amendment treatments. Effects were

considered significant at o = 0.05.
3.4. Results

3.4.1. Manure and Soil Properties

Chemical properties differed considerably among the DDGS and REG manures used in this
study (Table 3.1). Electrical conductivity was higher for DDGS (mean 7.4 dS m™) than REG manure
(mean 6.8 dS m™). While total N concentrations were similar for DDGS (mean 25 g kg™*) and REG
manure (mean 23 g kg™), total available N (NH4-N + NO3s-N) concentration was higher for DDGS
(mean 3891 mg kg™) than REG manure (mean 2364 mg kg™). Similarly, the percentage of total N in
the available form was greater for DDGS (16%) than REG manure (10%). Total P concentration was
lower for REG manure (mean 5.4 g kg™) than DDGS manure (mean 7.0 g kg%). Addition of CDW
and peat moss to the manures altered their properties to different degrees (Table 3.2).

Soils used in the experiment differed in their initial chemical properties (Table 3.1). The Black
Chernozem had higher initial EC (0.59 vs. 0.34 dS m™), total C concentration (56 vs. 23 g kg™), and

total N concentration (4.8 vs. 2.0 g kg™) than the Brown Chernozem.

3.4.2. Cumulative Dry Matter Yield
For both manure types, there was a significant soil x amendment treatment interaction for

cumulative dry matter yield (CDMY) from the five canola harvests (Tables 3.3 and 3.4). Averaged
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across nitrapyrin levels, CDMY in the Black Chernozem was significantly greater for non-amended
manure (14 and 15 g kg™ soil for RM and DGM, respectively) than for REG and DDGS manure
amended with CDW (11 and 13 g kg™ soil for RMcpw and DGMcpw, respectively), FERT (11 g kg™
soil), and ConT (6 g kg™ soil), but did not differ significantly between the manure amended with peat
moss (RMp and DGMp) (Figs. 3.1a and 3.1b). In the Brown Chernozem, CDMY was significantly
greater for the peat-amended manures (10 and 12 g kg™ soil for RMp and DGMp, respectively) than

for all the other treatments.
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Table 3.1 Initial properties of soils and organic amendments used in the experiment.

REGT DDGS

Black Brown
Property? Chernozem  Chernozem RM RMp RMcow DGM DGM, DGMcow
pH 7.72 £0.018 8.05+£0.02 8.7+£0.11 8.4+0.16 8.2x0.1 8.6x0.1 8.3 £0.2 8.4x0.1
EC,dSm™ 0.59+0.01 0.34+£0.003 65+0.1 6.1+0.02 79x20.1 7.7x0.1 6.5+0.2 8.1+09
NO3™-N, mg kg'1 19+1.7 30x2.1 229+035 118+045 0.89+057 457x35 289+09 217+0.16
NH;*-N, mg kg'1 4+£0.3 2.38£0.49 2592 + 84 2616 £ 73 1881+ 216 4219+ 305 3996 + 156 3447 £524
IN, mg kg'1 24+19 32+1.9 2594 + 84 2617 +73 1882+ 217 4224 +308 3999 + 157 3449 £ 525
IP, mg kg'1 31+24 2724 1715+ 180 1364 £318 925+ 74 1960 £ 236 1524 +£125 896 £ 127
Total C, g kg™ 5604 2304 365 £ 6.6 381 £5.7 338 £ 16 337 £18 385+£5.6 330£1.9
Organic C, g kg™ 56+ 1.1 20+ 1.2 - - - - - -
Total N, g kg'1 4.77 £0.02 2.04 £0.04 26 +0.32 24 +0.7 18 £ 0.65 28+1.3 25+ 0.61 21 +£0.94
PIN, % - - 99+021 10.9+0.06 10.7 £1.6 15+16 159+095 164+26
Total P, ¢ kg'1 0.2+£0.01 0.12+£0.04 6.71+£04 52107 429+002 829+053 648+0.13 6.12+0.19
C:N ratio 12 +0.04 11 +£0.05 14+041 16 £0.5 19+0.79 12 +£0.23 15+ 0.47 16 £0.75
Total Ca, g kg'1 8.9£0.04 13+£0.32 14+14 13+£0.6 40+1.8 13+£0.19 14 +£0.41 35+1.3
Dry matter Content, g kg'1 - - 271+6.2 315+ 8.7 340 + 18 30311 354 +13 375+54
Clay, g kg™ 204 + 11 227 £ 19 - - - - - -
Silt, g kg™ 337+ 12 273+ 35 - - - - - -
Sand, g kg™ 460 + 20 500 + 53 - - - - - -
Total N applied, g kg™ soil - - 0.42 0.45 0.37 0.51 0.53 0.47

TREG, manure from beef cattle fed regular diets; RM, unamended REG; RMp, peat-amended REG; RMcpw, construction and demolition
waste-amended REG; DGM, manure from beef cattle fed DDGS; DGMp, peat-amended DGM; DGMcpw, construction and demolition

waste-amended DGM.

1IN, inorganic N; IP, inorganic P; PIN, percent inorganic nitrogen. All chemical analysis expressed on a dry weight basis.

8Mean = standard deviation (n = 3).
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Table 3.2 Chemical properties of peat moss and construction and demolition waste mixed with
manure before applying to soil.

Property CDW+ Peat Moss
pH 6.24 + 0.06% 4.64 +0.07
EC,dSm™ 2.39 +0.02 0.12 + 0.001
NOs™-N, mg kg™ <0.27 28+ 4.7
NH,*-N, mg kg™ 1.11 £ 1.05 61+6.3
Inorganic N, mg kg™ 2.36 +0.99 90+1.6
Total C, g kg™ 264 + 11 494 + 4.1
Total N, g kg™ 1.44 +0.04 12 £0.76
C to N ratio 183+6.9 40+ 2.3
Total P, g kg™ 0.09 + 0.02 0.24 +0.09
Inorganic P, mg kg™ 4.35+1.56 6.59 + 0.64
Water-extractable Ca, mg kg™ 12259 + 272 708 £ 65
Water-extractable SO4%, mg kg™ 29473 + 222 790 + 54

tConstruction and demolition waste (CDW) bedding.

1Mean + standard deviation (n = 3).
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Table 3.3 Treatment effects on canola cumulative dry matter yield (CDMY), cumulative crop N uptake (CNU), amendment-
derived N uptake (AmNU), apparent nitrogen recovery (ANR), soil available N (SAN), organic N mineralized (Nmin),
potentially-leachable NO3-N (PLN), and cumulative PLN in Chernozems amended with REG manure.

Effect CDMY CNU AmNU ANR SAN Nmin PLN CPLN
g kg™ soil mg kg™ soil % ——— mgkg " soil
Soil
Black Chernozem 11 224 195 42 51 85 89 2376
Brown Chernozem 7.6 157 154 31 45 5.76 73 1865
Amendment *
RM 11 262 193 44 58 103 76 1808
RMcpw 9.7 181 112 26 43 -16 38 891
RMp 12 263 194 43 53 50 68 1623
FERT 9.4 291 216 35 70 - 209 4503
ConT 5.0 64 - - 18 - 15 328
Nitrapyrin
Applied 9.51 190 195 41 47 62 72 1853
No nitrapyrin 9.39 184 154 32 49 29 91 2303
Growth cycle
1 - - - - 37 -26 47 -
2 - - - - 36 6.7 62 -
3 - - - - 55 66 43 -
4 - - - - 55 75 135 -
5 - - - - 59 105 119 -
ANOVA P value
Soil (S) <0.001 <0.001 <0.001 <0.001 0.03 <0.001 <0.001 <0.001
Amendment (A) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Nitrapyrin (N) 0.49 0.19 <0.001 <0.001 0.46 0.001 0.22 0.06
Cycle (C) <0.001 0.001 0.002 0.002 <0.001 <0.001 <0.001 -
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SxA 0.02 0.05 0.001 0.001 0.18 0.01 0.32 0.01

SxN 0.003 <0.001 0.05 0.04 0.84 0.04 0.88 0.67
AXxN - - - - 0.06 0.55 0.27 0.02
SxC - - - - 0.002 <0.001 0.03 -
AxC - - - - <0.001 <0.001 <0.001 -
N x C - - - - 0.62 0.01 0.12 -
SxAxN 0.12 0.08 0.65 0.56 0.11 0.96 0.99 0.42
SxAxC - - - - <0.001 0.02 <0.001 -
SxNxC - - - - 0.33 <0.001 0.23 -
AxNxC - - - - 0.03 0.11 0.02 -
SxAXxNxC - - - - 0.74 0.98 0.53 -
Contrasts - - - -
ConT vs. REG <0.001 <0.001 - - <0.001 - <0.001 <0.001
FERT vs. REG <0.001 <0.001 <0.001 - <0.001 - 0.05 <0.001

+RM, unamended manure from beef cattle fed regular diet (REG); RMp, peat-amended REG; RMcpw, construction and demolition
waste-amended REG.
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Table 3.4 Treatment effects on canola cumulative dry matter yield (CDMY), cumulative crop N uptake (CNU), amendment-
derived N uptake (AmNU), apparent nitrogen recovery (ANR), soil available N (SAN), organic N mineralized (Npmin),
potentially-leachable NOs-N (PLN), and cumulative PLN in soils amended with DDGS manure.

Effect CDMY CNU AmNU ANR SAN Nmin PLN CPLN
g kg™ soil mg kg™ soil % ———————— mgkg soil
Soil
Black Chernozem 12 275 289 53 71 198 154 4197
Brown Chernozem 8.6 200 222 40 64 33 102 2683
Amendment *
DGM 12 365 296 57 103 198 164 3880
DGMcpw 12 266 199 40 64 5.33 83 1999
DGMp 13 392 323 56 83 144 168 3956
FERT 9.4 291 216 35 70 - 209 4493
ConT 5.0 64 - - 18 - 15 327
Nitrapyrin
Applied 10 239 280 51 68 146 121 3213
No nitrapyrin 10 230 229 41 68 86 135 3399
Growth cycle
1 - - - - 39 -31 52 -
2 - - - - 48 50 93 -
3 - - - - 79 162 98 -
4 - - - - 78 158 189 -
5 - - - - 94 239 208 -
ANOVA P value
Soil (S) <0.001 <0.001 <0.001 <0.001 0.06 <0.001 <0.001 <0.001
Amendment (A) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Nitrapyrin (N) 0.98 0.13 <0.001 <0.001 0.97 <0.001 0.36 0.12
Cycle (C) <0.001 0.01 0.003 0.002 <0.001 <0.001 <0.001 -
SxA 0.58 0.24 0.02 0.02 0.86 0.001 0.01 0.004
SxN 0.03 <0.001 0.14 0.13 0.65 0.01 0.22 0.24
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AxN - - - - 0.02 0.07 0.21 0.003

SxC - - - - 0.13 <0.001 0.42 -
AxC - - - - <0.001 <0.001 <0.001 -
NxC - - - - 0.32 <0.001 0.62 -
SxAxN 0.56 0.11 0.32 0.33 0.35 0.29 0.62 0.13
SxAxC - - - - 0.01 0.13 0.004 -
SxNxC - - - - 0.001 0.02 0.03 -
AXxNxC - - - - 0.03 0.40 0.08 -
SXxAXNxC - - - - 0.002 0.81 0.23 -
Contrasts - - - -
ConT vs. DDGS <0.001 <0.001 - - <0.001 - <0.001 <0.001
FERT vs. DDGS <0.001 <0.001 <0.001 - 0.01 - 0.001 0.01

+DGM, manure from beef cattle fed DDGS; DGMp, peat-amended DGM; DGMcpw, construction and demolition waste-amended
DGM.
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Figure 3.1 Cumulative dry matter yield, averaged across nitrapyrin application for each amendment
and soil [(a) and (b)] and averaged across soils for each amendment and nitrapyrin
application [(c) and (d)], for five growth cycles of canola grown in a Black and a Brown
Chernozem amended with RM, RMp, RMcpw, DGM, DGMp, DGMcpw, and FERT,
where RM indicates regular manure from a typical beef cattle finishing diet, DGM is
manure from cattle fed a DDGS diet, subscripts p and CDW represent the bedding
materials peat and construction waste, and FERT is mineral fertilizer. Error bars
represent standard errors of the mean, and bars followed by different letters differ at P <
0.05.

Cumulative dry matter yield for FERT was similar to that for RM and RMcpw in the Brown
Chernozem while it was only similar to RMcpw in the Black Chernozem. By comparison, CDMY for

the FERT treatment was lower than for the DDGS manure treatments in both soils. For all
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amendment treatments, including the control, CDMY was significantly greater in the Black
Chernozem than the Brown Chernozem. Orthogonal contrast analysis indicated that, in both soils,
manure treatments (RM, RMcpw, RMp, DGM, DGMcpw, and DGMp) significantly increased
CDMY compared with the control (Tables 3.3 and 3.4). Cumulative dry matter yield was greater for
the manure treatments than the FERT treatment regardless of nitrapyrin level.

There was also a significant (P = 0.003 for both regular and DDGS manures) amendment x
nitrapyrin interaction for CDMY (Tables 3.3 and 3.4). While nitrapyrin application did not
significantly affect CDMY from any of the amendments, it altered the difference in CDMY among
some of the amendments. For regular manure, the treatment RM produced significantly greater
CDMY than RMcpw in the absence of nitrapyrin, whereas these differences were not significant in
the presence of nitrapyrin (Fig. 3.1c). By contrast, RMp significantly outyielded RMcpw with or
without nitrapyrin application. These results for regular manure contrast with those for DDGS
manure, for which CDW addition (DGMcwp treatment) did not significantly reduce CDMY relative
to unamended DDGS manure (DGM treatment). Similarly, while peat moss addition (DGMp
treatment) also produced greater CDMY than the DGMcwp treatment, this was significant only in the
presence of nitrapyrin (Fig. 3.1d). Regardless of nitrapyrin level, the FERT treatment produced

significantly lower CDMY than all organic amendments except RMcpw.

3.4.3. Cumulative Nitrogen Uptake by Canola

For both manure types, all amendment treatments significantly increased CNU relative to the
unamended control. However, this effect varied with soil type, as indicated by the significant soil x

amendment interaction (Tables 3.3 and 3.4).
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Figure 3.2 Cumulative N uptake, averaged across nitrapyrin application for each amendment and
soil [(a) and (b)] and averaged across soils for each amendment and nitrapyrin
application [(c) and (d)], for five growth cycles of canola grown in a Black and a Brown
Chernozem amended with RM, RMp, RMcpw, DGM, DGMp, DGMcpw, and FERT,
where RM indicates regular manure from a typical beef cattle finishing diet, DGM is
manure from cattle fed a DDGS diet, subscripts p and CDW represent the bedding
materials peat and construction waste, and FERT is mineral fertilizer. Error bars
represent standard errors of the mean, and bars followed by different letters differ at P <
0.05.

For regular manure, CNU decreased in the order: RM = FERT =~ RM;, > RMcpw > ConT in both
soils (Fig. 3.2a). For DDGS manure, CNU decreased in the order: DGM =~ DGMp > DGMcpw =

FERT > ConT in both soils (Fig. 3.2b). For both manure types, there was generally a significant
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positive response in N uptake to all amendments compared with the control. For all amendment
treatments, including the control, CNU was significantly greater in the Black Chernozem than the
Brown Chernozem.

There was also a significant amendment x nitrapyrin interaction for CNU (P < 0.001 for both
manure types; Tables 3 and 4). While nitrapyrin application had no significant effect on CNU for
manured treatments, it significantly reduced CNU in the unmanured soils (treatment (ConT) (Figs.

3.2c and 3.2d).

3.4.4. Amendment-derived Nitrogen Uptake

Amendment-derived N uptake (AmNU) differed significantly among amendments (P < 0.001),
but amendment differences varied with soil type, as indicated by the significant (P = 0.002 for
regular manure and P = 0.003 for DDGS manure) soil x amendment interaction (Tables 3.3 and 3.4).
For regular manure, amendment-derived N uptake decreased in the order: RM =~ FERT ~ RMp >
RMcpw in both soils (Fig. 3.3a). Treatment rankings were slightly different for DDGS manure, for
which AmNU decreased in the order: DGM = DGMp > DGMc¢pw = FERT in the Black Chernozem,
whereas it decreased in the order: DGMp > DGM =~ FERT =~ DGMcpw in the Brown Chernozem
(Fig. 3.3b). For all amendments except FERT and RMp, AmNU was greater in the Black Chernozem
than the Brown Chernozem.

The soil x nitrapyrin interaction was significant (P = 0.001 for regular manure and P = 0.02 for
DDGS manure) for AmNU. For both manure types, nitrapyrin application significantly increased
AmNU, averaged across amendment treatments, in the Brown Chernozem, whereas the increase in
AmNU in the Black Chernozem was not significant (Fig. 3.3c and 3.3d). Amendment-derived N
uptake was greater in the Black Chernozem than the Brown Chernozem regardless of nitrapyrin

level.
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Figure 3.3 Amendment-derived N uptake, averaged across nitrapyrin application for each
amendment and soil [(a) and (b)] and averaged across amendment for each soil and
nitrapyrin application [(c) and (d)], for five growth cycles of canola grown in a Black and
a Brown Chernozem amended with RM, RMp, RMcpw, DGM, DGMp, DGMcpw, and
FERT, where RM indicates regular manure from a typical beef cattle finishing diet,
DGM is manure from cattle fed a DDGS diet, subscripts p and CDW represent the
bedding materials peat and construction waste, and FERT is mineral fertilizer. Error bars
represent standard errors of the mean, and bars followed by different letters differ at P <
0.05.

3.4.5. Apparent Nitrogen Recovery
Apparent N recovery differed significantly among amendment treatments (P < 0.001 for both

manure types), but treatment differences varied with soil type, as indicated by the significant (P =

0.002 for both regular and DDGS manures) soil x amendment interaction (Tables 3.3 and 3.4).
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Figure 3.4 Apparent N recovery, averaged across nitrapyrin rates for each amendment and soil [(a)
and (b)] and averaged across amendment for each soil and nitrapyrin application [(c) and
(d)] for five growth cycles of canola grown in Chernozemic soils amended with RM,
RMp, RMcpw, DGM, DGMp, and DGMcpw, Where RM indicates regular manure from a
typical beef cattle finishing diet, DGM is manure from cattle fed a DDGS diet; and
subscripts p and CDW represent the bedding materials peat and construction and
demolition waste, respectively. Error bars represent standard errors of the mean, and bars
followed by different letters differ at P < 0.05.

In both soils, ANR was significantly lower for RMcpw than RM and RMp (Fig. 3.4a), and lower
for DGMcpw than DGM and DGMp (Fig. 3.4b). The soil x nitrapyrin interaction was significant (P =
0.001 for regular manure and P = 0.02 for DDGS manure). For both manure types, averaged across

amendments, ANR was significantly greater with nitrapyrin addition in the Brown Chernozem
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compared with treatments receiving no nitrapyrin, whereas nitrapyrin had no significant effect on
ANR in the Black Chernozem (Figs. 3.4c and 3.4d). Overall, ANR was significantly greater in the

Black Chernozem than in the Brown Chernozem regardless of nitrapyrin level.

3.4.6. Soil Available Nitrogen

For regular manure, there was a significant (P = 0.03) amendment x nitrapyrin x cycle
interaction for SAN concentration (Table 3.3). With nitrapyrin applied, SAN concentration, averaged
across soils, was significantly greater for FERT than RMcpw and RMp in Cycles 2 and 5 and ConT
in Cycles 2, 3, and 5 (Fig 3.5a). Soil available N was significantly lower in RMcpw than RM in
Cycle 3. Soil available N in RM amended soils increased significantly (P < 0.001) from 34 mg kg™
in Cycle 2 to 92 mg kg™ in Cycle 3 after which there was no significant change. There was also a
significant increase in SAN for RMp from 31 mg kg™ in Cycle 2 to 60 mg kg™ in Cycle 3, after
which there was no significant change. Soil available N increased significantly from 58 mg kg™ in
Cycle 4 to 111 mg kg™ in Cycle 5 for FERT amended soils. In the absence of nitrapyrin, SAN
concentration, averaged across soils, was significantly lower in ConT than FERT except in Cycle 4,
and RM and RMp in Cycles 3, 4, and 5, and RM¢pw in Cycle 4 (Fig 3.5b). There was a significant
decrease in SAN for FERT from 75 mg kg™ in Cycle 3 to 34 mg kg™ in Cycle 4, followed by a

significant increase to 85 mg kg™ in Cycle 5.
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Figure 3.5 Soil available N (i) averaged across soils with (a) and without (b) nitrapyrin addition; (ii)
averaged across nitrapyrin in the Black Chernozem (c) and in the Brown Chernozem (d)
amended with RM, RMp, RMcpw, and FERT, where RM indicates regular manure from
a typical beef cattle finishing diet, the subscripts p and CDW represent the bedding
materials peat and construction waste, and FERT is a mineral fertilizer. Vertical bars
represent standard errors of the mean.

There was also a significant (P < 0.001) soil x amendment x cycle interaction (Table 3.3). In the
Black Chernozem, SAN concentration, averaged across nitrapyrin levels, was significantly greater
for FERT than ConT in Cycles 2 and 5 and RM, RMcpw and RMp in Cycle 2 (Fig. 3.5¢). Soil
available N was significantly lower in RMcpw than RM and RMp in Cycle 3. There was a significant
increase in SAN for RMp from 36 mg kg™ in Cycle 2 to 91 mg kg™ in Cycle 3, after which there was
no significant change. In the Brown Chernozem, SAN concentration (mean of the two nitrapyrin
levels) was significantly lower for ConT than RM in Cycles 3 and 4, while it was also lower for

ConT than RMcpw and RMp in Cycle 4 (Fig. 3.5d).
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Soil available N in a Black Chernozem [(a) and (b)] and a Brown Chernozem [(c) and
(d)] amended with DGM, DGMp, DGMcpw, and FERT, with [(a) and (c)] or without [(b)
and (d)] nitrapyrin application, where DGM is manure from cattle fed a DDGS diet,
subscripts p and CDW represent the bedding materials peat and construction and
demolition waste, respectively, and FERT is a mineral fertilizer. Vertical bars represent
standard errors of the mean.

There was a significant increase in SAN for RMcpw from 33 mg kg™ in Cycle 3 to 88 mg kg™ in

Cycle 4, followed by a significant decrease to 42 mg kg™ in Cycle 5.

For DDGS manure, there was a significant (P = 0.002) cycle x soil x amendment x nitrapyrin

interaction for SAN concentration (Table 3.4). In the Black Chernozem treated with nitrapyrin, SAN

was significantly greater for DGM than DGMcpw in Cycle 5, while it was greater for DGM than

FERT in Cycles 3 and 5 (Fig. 3.6a). Soil available N concentration in the Black Chernozem amended
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with DGM decreased from 51 mg kg™ in Cycle 2 to 17 mg kg™ in Cycle 3, with an increase from 125
mg kg™ in Cycle 4 to 236 mg kg-1 in Cycle 5. With no nitrapyrin applied in the Black Chernozem,
DGM produced significantly greater SAN than ConT in Cycles 3 and 4. Soil available N increased
significantly from 46 mg kg™ in Cycle 2 to 143 mg kg™ in Cycle 3 (Fig. 3.6b).

In the Brown Chernozem treated with nitrapyrin, SAN was significantly greater for DGM than
ConT in Cycles 3 and 4, while DGM produced greater SAN than all the other amendment treatments
in Cycle 4 (Fig. 3.6c). Soil available N concentration increased from 45 mg kg™ in Cycle 2 to 133
mg kg™ in Cycle 3 in the DGM-amended Brown Chernozem treated with nitrapyrin. Similarly, with
no nitrapyrin applied in the Brown Chernozem, SAN was significantly greater for DGM and DGMp

than FERT (Fig. 3.6d).

3.4.7. Apparent Organic Nitrogen Mineralization

For regular manure, there was a significant (P = 0.02) soil x amendment x cycle interaction for
apparent organic N mineralization (Nmin) (Table 3.3). In the Black Chernozem, Nmin, averaged across
nitrapyrin levels, was significantly greater for RM and RMp than RMcpw in Cycles 3 and 4 (Fig.
3.7a). Similarly, Nmin was significantly greater for RM than RMcpw and RMp in Cycle 5. Net N
immobilization was observed for RMp in Cycle 1, followed by a significant increase in Npi, from 6
mg kg™ in Cycle 2 to 147 mg kg™ in Cycle 3, after which there was no significant change. There was
also a significant increase in Npin for RM from 57 mg kg™ in Cycle 2 to 201 mg kg™ in Cycle 3,
followed by a significant increase from 217 mg kg™ in Cycle 5 to 302 mg kg™ in Cycle 5.

In the Brown Chernozem, apparent organic N mineralization (mean of the two nitrapyrin levels)
was significantly greater for RM than RMcpw in Cycles 2 and 3 (Fig. 3.7b). For RM, Npin was
greater in the Black Chernozem than in the Brown Chernozem in Cycles 3, 4 and 5. Similarly, Nmin

for RMcpw and RMp were greater in the Black Chernozem than in the Brown Chernozem in Cycle 3.
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Figure 3.7 Cumulative organic N mineralization (Nmin) averaged across nitrapyrin in a Black
Chernozem (a) and a Brown Chernozem (b) and averaged across nitrapyrin application
and growth cycles for each amendment and soil (c) following amendment with RM,
RMp, RMcpw, DGM, DGMp, and DGMcpw, Where RM indicates regular manure from a
typical beef cattle finishing diet, DGM is manure from cattle fed a DDGS diet, and
subscripts p and CDW represent the bedding materials peat and construction and
demolition waste, respectively. Error bars represent standard errors of the mean, and bars
followed by different letters differ at P < 0.05.

For DDGS manure, amendment effects on Np, varied with soil type, as indicated by the
significant (P = 0.001) soil x amendment treatment interaction (Table 3.4). In the Black Chernozem,
Nmin concentration, averaged across nitrapyrin levels, decreased in the order: DGM > DGMp >
DGMcpw, While it decreased in the order: DGM = DGMp > DGMcpyw in the Brown Chernozem (Fig
3.7c). The DGMcpw amended Brown Chernozem resulted in the net immobilization of inorganic N

(i.e., negative mineralization). Net organic N mineralization for treatment DGMcpw was lower in the
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Brown Chernozem than the Black Chernozem. Generally, application of DDGS manure treatments

resulted in greater mineralization in the Black Chernozem than the Brown Chernozem.

3.4.8. Potentially Leachable Nitrate Nitrogen

For regular manure, there was a significant soil x amendment x cycle interaction (P <0.001) for
potentially-leachable NO3;-N (PLN) concentration (Table 3.3). In both soils, averaged across
nitrapyrin levels, PLN was significantly greater for FERT than all amendment treatments including
ConT in all the Cycles except in Cycle 3 (Figs. 3.8a and 3.8b). Potentially-leachable NOs-N
concentration for FERT in the Black Chernozem increased from 97 mg kg™ in Cycle 3 to 347 mg
kg™ in Cycle 4 after which there was no significant change. Similarly, in the Brown Chernozem,
PLN concentration for FERT increased from 78 mg kg™ in Cycle 3 to 516 mg kg™ in Cycle 4 after
which there was no significant change.

For the DDGS manure, there was a significant (P = 0.004) soil x amendment x cycle interaction
for PLN concentration (Table 3.4). In the Black Chernozem, averaged across nitrapyrin levels, PLN
concentration was greater for FERT than all amendment treatments including ConT in Cycle 1 (Fig
3.8¢). Potentially leachable NO3-N concentration was significantly greater for DGM, DGMp, and
FERT than ConT in Cycles 3 and 5. In the Brown Chernozem, PLN concentration (mean of the two
nitrapyrin levels) was significantly greater for FERT than all amendment treatments and ConT (Fig
3.8d). Potentially leachable NO3-N concentration was greater for DGM, DGMp and FERT than
ConT in Cycle 5. For DGMp, PLN was greater in the Black Chernozem (298 mg kg™) than in the

Brown Chernozem (89 mg kg™) in Cycle 3.
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Figure 3.8 Potentially leachable NO3-N (PLN), averaged across nitrapyrin rate in a Black Chernozem
[(a) and (c)] and a Brown Chernozem [(b) and (d)] amended with RM, RMp, RMcpw,
DGM, DGMp, and DGMcpw, Where RM indicates regular manure from a typical beef
cattle finishing diet, DGM is manure from cattle fed a DDGS diet; and subscripts p and
CDW represent the bedding materials peat and construction and demolition waste,
respectively. Vertical bars represent standard errors of the mean.

Cumulative PLN (CPLN) differed significantly among amendments (P < 0.001), but
amendment differences varied with soil type as indicated by the significant (P = 0.01 for regular
manure and P = 0.004 for DDGS manure) soil x amendment interactions (Tables 3.3 and 3.4). For
both manure types, all amendment treatments significantly increased CPLN relative to non-amended
control (Figs. 3.9a and 3.9b). For the regular manure, CPLN was significantly greater for FERT than
RMcpw in the Black Chernozem. In the Black Chernozem, CPLN was significantly greater for FERT

than RM, RM¢cpw and RMp. Cumulative PLN was greater for RM than RMcpw but was not different
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compared to RMp in the Black Chernozem. For RMcpw, CPLN was significantly greater in the

Black Chernozem than the Brown Chernozem. Similarly for the DDGS manure, CPLN was

significantly greater in the Black Chernozem than the Brown Chernozem for DGMp.

1600 1600
1 (@ RM 1 (b) DM
1400 RM 1400 ~ DGMcpy o
~ | — a { ab IDGM, 8
é 1200 _- ,_g 1200 —_ FERT
"o 1000 - .  [MDconT 2 10004 ) T ConT
_; 1 == 2 | /'o
g 800+ — = 800 b =
g 1 8 — E ] e 3 o
1l = == 600 -
; 600 _ bcg — z 1 %
O 400 % c BB = a. 400 d
- c cd = o 1 T
] % =l Y de—= 200 -
207 = SR - ° e
0 — = __ il [T
Black Chernozem  Brown Chernozem Black Chernozem  Brown Chernozem
1600 1600
E (C) Nitrapyrin 1 Nitrapyrin
1400 No Nitrapyrin a 1400 (d) No Nitrapyrin a
= 1200 = 1200
a 1 3 1 ab
", 1000 <1000 T ab o,
x : ab = 2 1.8 TR |E
2 800 TE o 80044 < 77 =
e = = % =
= 600- > o0l - —
zZ ] = - =
5. 1*3 BB = . iy |
O 4004 L.2 o - _— O 400+ =
1 S de 7E8 /= —
200 - = = . f 200 - =
0 =S07/ == 0 =
RM  RMgpyw RMp FERT  ConT DGM DGMy, DGMp, FERT  ConT
Treatment Treatment
Figure 3.9 Cumulative PLN, averaged across nitrapyrin application for each amendment and soil

[(a) and (b)] and averaged across soils for each amendment and nitrapyrin application
[(c) and (d)], for five growth cycles of canola grown in a Black and a Brown Chernozem
amended with RM, RMp, RMcpw, DGM, DGMp, DGMcpw, and FERT, where RM
indicates regular manure from a typical beef cattle finishing diet, DGM is manure from
cattle fed a DDGS diet, subscripts p and CDW represent the bedding materials peat and
construction waste, and FERT is mineral fertilizer. Error bars represent standard errors of
the mean, and bars followed by different letters differ at P < 0.05.
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There was also a significant amendment X nitrapyrin interaction (P = 0.02 for regular manure
and P = 0.003 for DDGS manure) for CPLN. For both manure CPLN was significantly greater for all
amendment treatments than the ConT in the absence of nitrapyrin and for all amendments except
RMcpw in the present of nitrapyrin (Figs 3.9c and 3.9d). For the regular manure, regardless of
nitrapyrin treatment, FERT had significantly greater CPLN than RMcpw (Fig. 9c). For the regular
manure, regardless of nitrapyrin treatment, FERT had significantly greater CPLN than RMcpw (Fig.
9c). Similarly, CPLN was significantly greater for FERT than RM and RMp in the absence of
nitrapyrin, but the differences were not significant in the presence of nitrapyrin. Similarly for the
DDGS manure, CPLN was significantly greater for FERT than DGMcpw in the absence of

nitrapyrin, but the differences were not significant in the presence of nitrapyrin (Fig. 9d).

3.5. Discussion

In this study, manure N rates were approximately 0.41 g N kg™ soil for regular manure and 0.5 g
N kg™ soil for DDGS (Table 3.1) in each growth cycle. Because of this difference in the N rates, data
for the two manure types were therefore analyzed separately.

For both manure types, the addition of CDW (treatments DGMcpw and RMcpw) produced
significantly lower N uptake and AmNU than all the other organic amendments in both soil types.
When compared to peat moss, CDW had a higher C:N ratio (183:1 vs. 40:1), which likely explains
the lower total N and NH4-N concentrations in soils amended with DGMcpw and RMcpw relative to
DGM and DGMp, and RM and RMp, respectively. The high C:N ratio of CDW may also explain
why the addition of CDW also resulted in significantly lower N uptake, AmNU, and ANR in both
regular manure (RMcpw vs. RM and RMp) and DDGS manure treatments (DGMcpw vs. DGM and

DGMp), whereas the addition of peat moss did not produce any negative effects on these N indices.
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In fact, N uptake, AmMNU, and ANR for DGMp and RMp were similar to those for DGM and RM,
respectively. Gagnon et al. (1997) found that commercial composts with peat moss improved wheat
yield and N uptake relative to farm compost. The authors attributed the improved N uptake to the
greater concentration of stable C and the higher cation exchange capacity of the peat moss in the
commercial compost, which increased N availability by retaining NH4-N on its exchange sites.

The lower Nmin values in soils amended with DGMcpw and RMcpw relative to those amended
with DGM and RM, respectively, were also likely due to the high C:N ratio of CDW added to the
manure, which increased manure C/N ratios from 12:1 for DGM to 16:1 for DGMcpw and from 14:1
for RM to 19:1 for RMcpw. Lower N mineralization at C:N > 15:1 has also been reported in other
studies (Qian and Schoenau, 2002; Helgason et al., 2007). Other studies have reported lower DMY
and lower N uptake in woodchip-based cattle manure compared with straw-based manure (Miller et
al., 2004, 2009).

Amendment-derived N uptake was consistently greater for DGMp than DGM in the Brown
Chernozem but similar for the two amendments in the Black Chernozem. The greater percentage of
TN in the inorganic form in DGMp (16 vs. 15%) may explain the higher AmNU observed for DGMp
in the Brown Chernozem.

The greater N uptake observed for DDGS manure (DGM, DGMcpw, DGMp) relative to regular
manure (RM, RMcpw, RMp) treatments in both soils was likely due to greater NH4-N and total N
concentration in DDGS manure. Nitrogen uptake results from the present study are consistent with
those reported by Benke et al. (2010), which showed greater N uptake by barley for DDGS manure
than for regular manure. In the present study, the greater N uptake with DDGS did not translate to
greater dry matter yield relative to regular manure in either soil, except for RMcpw, which produced
lower CDMY than the other DDGS manure treatments. This can be explained by the lower initial

NH4-N concentration of RMcpw. Generally, the NH4-N concentration in regular manure was lower
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than in DDGS manure. Mixing regular manure with CDW further reduced the NH4-N concentration
in RMcpw relative to the other organic amendments likely due to immobilization.

The greater N uptake from fertilizer than from manure application observed in both soils has
previously been reported (Gagnon et al., 1997; Helgason et al., 2007). However, others have
generally found similar or greater N uptake from organic amendments compared with fertilizers
(Miller et al., 2009). For all amendments, N uptake was consistently greater in the Black Chernozem
than the Brown Chernozem. This was likely due to the greater NH,-N (4 mg kg™) and total C (56 g
kg™) concentrations in the Black Chernozem than in the Brown Chernozem (2.4 mg NH.-N kg™ and
23 g TOC kg™). The greater N uptake in the Black Chernozem reflects greater N mineralization
associated with the higher organic matter content of this soil. The difference in N uptake could also
be due to the lower net N mineralization observed for all amendments in the Brown Chernozem than
in the Black Chernozem. Our results are consistent with those reported by Chiyoka et al. (2014b),
which showed greater N uptake in a Black Chernozem than in a Dark brown Chernozem following
cattle manure application. The authors attributed the difference in N uptake to differences in the soil
organic matter and initial N status of the soils, with the Black Chernozem having a higher total N (71
vs. 22 mg kg™) and inorganic N (42 vs. 13 mg kg™) concentration than the Dark Brown Chernozem.

The greater AmNU with nitrapyrin application could be due to greater N concentration in the
soil as a result of slower conversion of NH4-N to NOs-N. Although nitrapyrin had no influence on
NOs-N leaching, the amount of NOs-N that was leached on day 15 in each growth cycle was
generally lower when compared to the total amount of available N (residual soil N plus manure N
applied) at the start of each cycle (data not presented). The slower conversion of NH;-N to NO3-N
from the amendments with nitrapyrin application resulted in greater N availability, which may have

enhanced root growth and, as a result, N uptake (Wolt, 2000; Havlin et al., 2014).
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Greater residual soil inorganic N concentration for DGM compared with the other DDGS
amendment treatments (DGMp and DGMcpw) likely reflects the greater total N and inorganic N
concentrations in DDGS manure. In contrast to our results, Benke et al. (2010) reported no
differences in soil inorganic N concentration among soils that received six repeated applications of
DDGS and REG manure, regardless of rate, indicating that DDGS manure generally performed as
well as regular manure in maintaining soil inorganic N concentration. They attributed the lack of
difference to the greater N uptake of soil inorganic N by barley from DDGS manure than from
regular manure and also to the possibility of greater ammonia volatilization since DDGS manure
contained more NH4-N than REG manure. Nitrogen uptake by canola in the present study was not
consistently greater for DGM and RM than the other amendment treatments in both soils.

Soil inorganic N concentration in both soils continued to increase throughout the study with
DGM and RM relative to DGMcpw and RMcpw applications, respectively. This could reflect
excessive nitrate build-up and its eventual loss to the environment through leaching, as seen with the
greater PLN and CPLN with DGM and RM compared to DGMcpw and RMcpw, respectively.

The lack of a nitrapyrin effect on soil inorganic N concentration and PLN contradicts results
from other studies, which showed greater soil inorganic N concentration and reduced NO3-N
leaching with nitrapyrin application in soils amended with manure or fertilizer (Ronaghi et al., 1993;
Calderodn et al., 2005; Peng et al., 2015). Other studies have reported that the effects of nitrapyrin on
soil mineral N concentration in manured soils differs with soil type because of the interaction
between nitrification, denitrification, and N immobilization (Wolt, 2004; Calderdn et al., 2005). The
effectiveness of nitrapyrin has also been reported to decrease with increasing soil organic matter,
volatilization, soil sorption, and soil pH (Hendrickson and Keeney, 1978, 1979; Wolt, 2000). Other
studies (Bailey, 1990; Randall and Vetsch, 2005) have reported no effect of nitrapyrin on crop yield

and N accumulation when applied with fertilizer. Randall and Vetsch (2005) found nitrapyrin to be
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effective in only two of six years of application under extremely wet conditions. In the present study,
the effectiveness of nitrapyrin might have been reduced due to its volatilization during mixing with
the organic amendment, the high soil pH and organic matter content of the soils used, and the high

NH4-N concentration of the organic amendments (Bailey, 1990; Wolt, 2000).

3.6. Conclusions

Manure application improved dry matter yield and nutrient uptake relative to the non-amended
control. There was a continual increase in the soil residual N concentration with repeated manure
application, which was greater with DDGS than REG manure. Results from this study demonstrate
that at the rates of manure N tested, CDW in manure reduced available N concentrations compared
with manure containing no CDW. Further investigation is required to establish the mixing ratio of
CDW and manure that will not negatively impact N uptake while minimizing the environmental risk
associated with repeated manure application under field conditions. Nitrapyrin was not effective in
reducing NOs-N leaching but increased mineralized N concentration and the uptake of N derived

from amendments.
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4. PHYTOEXTRACTION OF NITROGEN AND PHOSPHORUS BY
CROPS GROWN IN A HEAVILY MANURED DARK BROWN
CHERNOZEM UNDER CONTRASTING SOIL MOISTURE
CONDITIONS

4.1. Abstract

Repeated uptake of excess nutrients by crops in soils with a long history of manure application
may be a viable option for reducing the nutrient levels. In this greenhouse study, we examined the
effectiveness of six 40-day cycles of barley, canola, corn, oat, pea, soybean, and triticale, all grown
under two moisture regimes (100% and 50% soil field capacity, SFC), at extracting nitrogen (N) and
phosphorus (P) from a Dark Brown Chernozem that had received 180 Mg ha™* (wet wt.) of beef cattle
feedlot manure annually for 38 years. Repeated cropping resulted in an overall decrease in dry matter
yield (DMY). The decrease in N and P uptake relative to Cycle 1 was fastest for the cereal grains and
less pronounced for the two legumes. However, cumulative N and P uptake values were significantly
greater for corn than the other crops under both moisture regimes. The reduction in soil N and P was
greater under the 100% than the 50% SFC. These results indicate that repeated cropping can be a
useful management practice for reducing N and P in a heavily manured soil. The extent of reduction

will be greater for crops with high biomass production under adequate moisture supply.

4.2. Introduction
Continuous application of livestock manure on agricultural land can result in the excessive
build-up of N and P, which may lead to nutrient loss to the environment (Ferguson et al., 2005;
Schrdder et al., 2005). Among other problems, eutrophication of lakes and streams due to P transport
by surface runoff and nitrate contamination of groundwater via leaching are the two major
environmental challenges associated with livestock manure application on agricultural land

(Sharpley, 1995; Pote et al., 2003).
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Extraction of nutrients from soils with high levels of nutrients through repeated biomass
harvesting could be an effective means of reducing nutrient concentrations to more acceptable levels,
hence minimizing nutrient loss to the environment (Brink et al., 2001; Pederson et al., 2002; Benke
et al., 2013). This has been demonstrated for forages in soils with a history of repeated livestock
manure application (Rowe and Fairbrother, 2003; Read et al., 2007). The amounts of nutrients
extracted from soil depend not only on the nutritional requirement of the crop grown, but also on soil
properties, including available soil moisture. Soil moisture influences nutrient dynamics and
invariably the availability of nutrients for plant uptake. Studies have shown that soil organic matter
decomposition and N mineralization increase as soil moisture content and temperature increase,
thereby enhancing soil microbial activity (Sierra, 1997; Leirés et al., 1999; Agehara and Warncke,
2005). Sierra (1997) reported that N mineralization rate during a 35-d incubation study increased
from 0.52 mg N kg™ soil d* at 35% water-filled pore space (WFPS) to 0.72 mg N kg™ soil d™ at
60% WFPS. Nitrogen uptake by plants therefore increases as soil moisture content increases.
Nutrient uptake by plants is also influenced by management practices such as manure application
rates and timing, and crop maturity at harvest (Pederson et al., 2002).

Although the ability of various forages to remove excess nutrients from soils receiving livestock
manure application has been extensively studied (Brink et al., 2001; Rowe and Fairbrother, 2003;
Read et al., 2007), to our knowledge, there is a dearth of published research on the effectiveness of
various agronomic crops in extracting excess soil nutrients from soils with a long history of manure
application under contrasting moisture conditions. While the N and P utilization of most arable crops
is known (Sieling et al., 2006; Barbazan et al., 2009; Slaton et al., 2013), the extent of N and P
removal from previously heavily manured soils via multiple harvesting in mono-cropping systems is

poorly understood. The overall objective of this study was, therefore, to investigate the ability of
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various agronomic crops to effectively extract excess N and P from a Dark Brown Chernozemic soil

that had received annual manure applications for 38 years.
4.3. Materials and Methods

4.3.1. Soil Collection and Analysis

Surface soil (0-15 cm) was collected from long-term manured experimental plots at the
Agriculture and Agri-Food Canada Research and Development Centre in Lethbridge, Alberta,
Canada (Lat. 49°42' N; Long. 112°48" W). The soil was a calcareous, Dark Brown Chernozem
(Typic Haplustoll) with a sandy clay loam texture. The soil had received annual solid feedlot cattle
manure applications (180 Mg ha™ yr* wet wt.) under irrigation since 1973 (38 yr), with the manure
applied each fall following harvest. The soil was collected immediately after barley harvest in 2012
and before manure was applied that year. The soil was air-dried, passed through a 7-mm mesh sieve,

and stored at room temperature until the start of the experiment.

4.3.2. Experimental Setup

The experimental design was a strip plot with an 8 x 2 factorial treatment layout and three
replications. The factors were crop [barley (Hordeum vulgare L. cv. Spring Kasota), triticale
(Triticosecale wittmack X. cv. Luoma Winter), oat (Avena sativa L. cv. A.C. Morgan), soybean
(Glycine max L. cv. Heather), canola (Brassica napus L. cv. InVigor L150), corn (Zea mays L. cv.
Pioneer 39H84), pea (Pisum sativum L. cv. CDC Golden), and a control (uncropped)] and moisture
regime [100% and 50% soil field capacity (SFC)]. These crops were chosen because they are
representative of the annual crops grown in the Canadian prairies (Zentner et al., 2002; Blackshaw et
al., 2011; Nadler and Bullock, 2011). Approximately 1.5 kg of air-dry soil was placed in 2-L plastic

pots (17 cm wide at the top x 13 cm wide at the bottom x 13 cm deep) and reverse osmosis (RO)
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water was added to maintain soil moisture at 100% or 50% SFC, which roughly correspond to
moisture conditions under irrigated and dryland conditions in semi-arid southern Alberta (Alberta
Agriculture and Forestry, 2016). To ensure uniform seedling establishment for all crops, seeds were
pre-germinated by placing them on wet paper towels for four days. Seven seedlings of each crop
were transplanted into each pot and thinned to three per pot after one week. Pea was seeded after a
nitrogen-fixing inoculant (Cell-Tech®Granular Pea and Lentil, supplied by Novozymes Bio Ag) was
applied to the soil. The pots were placed in a greenhouse maintained at a day/night temperature
regime of 23/17 °C and a corresponding photoperiod of 16 h. The pots were watered regularly to
maintain soil moisture at 100% or 50% SFC. Plants were harvested 40 d after planting by cutting
aboveground biomass at the soil surface. Research has shown that maximum N and P uptake rates
occur at 22 to 36 d after emergence for barley and oat, and at 21 to 42 d after emergence for canola
(Malhi et al., 2006, 2007).

Dry biomass yields were determined after each growth cycle following oven-drying at 60°C for
48 h. The biomass was fine-ground (< 0.15 mm) in a plant tissue grinder (Cyclone, Udy Corp., Fort
Collins, CO) for determination of total N and P concentrations as described below. The soil in each
pot was emptied into an aluminum pan and the roots chopped and mixed properly with the soil after
sub-soil samples were taken for inorganic N (NO3-N and NH4-N) and Olsen P determination. After
each growth cycle, the same soil in each pot was reseeded to the same crop. This was repeated five

times, resulting in six crop cycles over a 240-d period.

4.3.3. Laboratory Analysis
Soils (< 2 mm) were analyzed for particle size distribution by the hydrometer method (Kroetsch
and Wang, 2006). Soil pH was measured in a 1:2 soil/water (mass/volume) suspension using a pH

meter (Model 290A, Orion, Boston, MA), after which suspensions were filtered for measurement of
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electrical conductivity (EC) using an EC meter (Model 125A, Orion, Boston, MA). Soil total carbon
(TC) and total nitrogen (TN) were determined using an automated CN analyzer (Carlo Erba NA
1500, Carlo Erba, Milan, ltaly). Total P concentration was determined using an EasyChem Pro
discrete analyzer (Systea Analytical Technologies, Anagni, Italy) following acid digestion with
H.SO, + H,O, (Parkinson and Allen, 1975). Total K, Ca, and Mg concentrations were determined
using an atomic absorption spectrometer (Varian Model AA240, Palo Alto, CA) following digestion
with HNO3; + 30% H,0,. For soil inorganic N determination, the soil was extracted with 2 M KCI
(1:5 soil to solution ratio) (Maynard et al., 2006) and the concentrations of NO3s-N and NH4-N were
measured using an Auto-analyzer 11l (Bran + Luebbe, Germany). For soil test (Olsen) P
determination, the soil was extracted (1:10 soil to solution ratio) with 0.5 M NaHCO3 at a pH of 8.5,
followed by measurement of orthophosphate P concentration using an EasyChem Pro discrete
analyzer (Systea Analytical Technologies, Anagni, Italy). Total N and P concentrations in the finely

ground plant tissue samples were determined as described above for soil.

4.3.4. Calculations

Nitrogen and P uptake by the various crops is a function of the dry matter yield, which
inherently varied among the crops. Therefore, the data for DMY and nutrient uptake were
normalized relative to DMY and N and P uptake in growth cycle 1.

The percent change in dry matter yield relative to growth cycle 1 [(ADMY),, %] for each crop
was estimated as:

(ADMY;) = [(DMY;— DMY;) / DMY;] x 100 [1]

where DMY; — DMY# is the relative DMY (DMY ), DMY¢ is the dry matter yield (g kg™ soil) from

Cycle t and DMY? is the dry matter yield (g kg™ soil) in Cycle 1.
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Changes in N uptake [(ANU);] and P uptake [(APU),] relative to Cycle 1 were calculated by
replacing DMY with NU or PU in Eq. [1]. For each crop, total N and P uptake values from all six
growth cycles were summed to give cumulative N uptake (CNU, mg kg™ soil) and cumulative P
uptake (CPU, mg kg™ soil) over the 240-d period, as illustrated for CNU:

CNU = Y"_,(DMY x N) [2]
where DMY is plant dry matter yield (g kg™ soil), N is the biomass N concentration, x is the crop

cycle number, and n (= 6) is the total number of crop cycles.

4.3.5. Statistical Analysis

The GLIMMIX procedure in SAS version 9.4 (SAS Institute, 2014) was used for the analysis of
variance for all dependent variables, with crop and moisture regime as fixed effects and growth cycle
as the repeated measure. Various covariance structures were compared and the one with the lowest
corrected Akaike Information Criterion was selected as the best fit for the repeated measures
analysis. When treatment effects were significant (a = 0.05), means were compared using the Tukey

adjustment for multiple comparisons.
4.4. Results

4.4.1. Initial Soil Properties
The soil had a long history of beef cattle manure application, which is reflected in the high EC
(5.17 dS m™), high soil available N (SAN) (575 mg kg™), high Olsen P concentration (555 mg kg™),

and high organic C concentration (130 g kg™*) (Table 4.1).
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Table 4.1 Selected initial physicochemical properties of the soil used in the greenhouse study.

Property+t Dark Brown Chernozem

oH 7.23
EC,dSm™ 5.17
Available N, mg kg™ 575
Olsen P, mg kg™ 555
Total C, g kg™ 137
Organic C, g kg™ 130
Total N, g kg™ 13
Total P, g kg™ 1.24
Total K, g kg™ 7.80
Total Ca, g kg™ 34
Total Mg, g kg™ 7.92
Clay, g kg™ 21
Silt, g kg™ 23
Sand, g kg™ 56

+ Concentrations are on a dry weight basis.

4.4.2. Change in Dry Matter Yield

The change in DMY relative to Cycle 1 was not significantly affected by moisture regime (P =
0.26) for all crops. However, there was a significant temporal trend in the ADMY, which varied
with crop, as indicated by the significant (P < 0.0001) growth cycle x crop interaction (Table 4.2).
Averaged across moisture regimes, ADMY; was negative (i.e., DMY decreased relative to Cycle 1)
for all crops and followed the order: soybean (21%) < pea (31%) < canola (38%) < corn (55%) < oat
(66%) < triticale (67%) < barley (80%). However, crop differences in ADMY/ varied with cycle. The
decrease in DMY was significantly greater for barley (-63%) and triticale (-56%) than for corn (-
23%) in growth Cycle 2 (Fig. 4.1). Soybean showed a lower decrease in ADMY (-10%) than barley
(-79%), corn (-69%), pea (-43%), oat (-67%), and triticale (-62%) in Cycle 3. Similarly, in Cycle 3,

the decrease in ADMY 1 was greater for barley, corn, and oat than canola.
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Table 4.2 Effects of moisture on soil available nitrogen (SAN), soil available phosphorus (P), percent change in dry matter yield
(ADMY}), nitrogen (ANU;), and phosphorus (APU;), and cumulative dry matter yield (CDMY ), cumulative nitrogen (CNU)
and phosphorus uptake (CPU) of crops grown in a previously heavily manured soil.

Effect ADMY 1 ANU; APU; CDMY CNU CPU SAN Available P
% g kg soil mg kg™ soil
Moisture Regime (M)1
100% SFC -54 -21 -36 36 1024 146 350 424
50% SFC -48 -26 -40 22 831 95 806 424
Crop (C)
Control - - - - - - 962 426
Barley -80 -65 -66 18 651 90 856 446
Canola -38 -9.14 -29 37 1326 168 159 396
Corn -55 -53 -54 81 1785 238 105 406
Oat -66 -44 -61 25 917 140 477 409
Pea -31 3.47 16 18 612 58 794 454
Soybean -21 54 -19 6.99 335 39 789 444
Triticale -67 -50 -52 19 864 111 484 410
Growth Cycles (GC)
1 - - - - - - 468 536
2 -44 -16 -24 - - - 520 522
3 -52 -19 -32 - - - 524 424
4 -62 -37 -30 - - - 669 369
5 -46 -15 -19 - - - 674 372
6 -52 -29 -84 - - - 615 321
P value
Moisture Regime 0.26 0.55 0.51 <0.001 0.01 0.01 <0.0001 0.92
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Crop <0.001

Growth Cycle 0.001
GCxC <0.001
GCxM 0.98
MxC 0.91
GCxMxC 0.41

<0.001

<0.001

<0.001
0.67
0.21
0.52

<0.001

<0.001

<0.001
0.86
0.55
0.16

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.0001
<0.0001
<0.0001
0.22
<0.0001
0.0002

0.001
<0.0001
0.04
0.14
0.30
0.62

 ADMY1, percent change in dry matter yield relative to Cycle 1; ANU;, percent change in N uptake relative to Cycle 1, APUjy,
percent change in P uptake relative to Cycle 1; CDMY, cumulative dry matter yield; CNU, cumulative N uptake; CPU, cumulative P

uptake; SAN, soil available nitrogen.

1 100% and 50% soil field capacity.
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Figure 4.1 Changes in dry matter yield relative to Cycle 1 (ADMY}) for crops grown in a previously
heavily manured soil. Averaged across moisture regimes, the mean dry matter yields in
Cycle 1 were 9.32, 9.21, 26.2, 9.13, 4.32, 1.49, and 7.15 g kg™ soil for barley, canola,

corn, oat, pea, soybean, and triticale, respectively. Vertical bars represent standard errors
of the mean.

Dry matter yield reductions increased for corn and oat but decreased for soybean from Cycle 2
to 3. Soybean showed a significant decrease in ADMY; from Cycle 3 to 4 and an increase from
Cycle 4 to 5. The decrease in DMY relative to Cycle 1 was greater for barley (-89%) than canola (-
42%), pea (-49%), and soybean (-43%) in Cycle 4 and for barley and triticale than soybean and pea
in Cycles 5 and 6. Similarly, soybean showed a significantly lower decrease in DMY, relative to
Cycle 1, than corn and oat in Cycles 5 and 6. The decrease was significantly greater for corn than pea
in Cycle 5 and greater for triticale than pea in Cycles 5 and 6. In Cycle 6, the decrease in DMY

relative to Cycle 1 was significantly greater for barley, oat, and triticale than canola, for barley than

corn, and for oat than pea.
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4.4.3. Change in Nitrogen Uptake

Averaged across growth cycles and moisture regimes, ANU; decreased in the order: soybean
(54%) > pea (3%) > canola (-9%) > oat (-44%) > triticale (-50%) > corn (-53%) > barley (-65%).
However, crop differences varied with growth cycle, as indicated by the significant (P < 0.0001)
growth cycle x crop interaction (Table 4.2). While there were no significant differences in ANU;
among crops in Cycle 2, relative N uptake (NU = N uptake in Cycle t — N uptake in Cycle 1) was

positive and significantly greater for soybean than all the other crops in Cycles 3, 5, and 6 (Fig. 4.2).
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Figure 4.2 Changes in N uptake relative to Cycle 1 (ANU;) for crops grown in a previously heavily
manured soil. Averaged across moisture regimes, the mean N uptake in Cycle 1 were
220, 242, 503, 230, 94, 38, and 230 mg kg™ soil for barley, canola, corn, oat, pea,
soybean, and triticale, respectively. Vertical bars represent standard errors of the mean.

The only other crops that showed increased N uptake relative the Cycle 1 were pea in Cycle 5

and, to a lesser extent, canola in Cycles 2 and 3. Reduction in N uptake relative to Cycle 1 was
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highest for barley and corn, followed by triticale and oat. The percent change in N uptake of all crops

relative to Cycle 1 [(ANU);] was not significantly affected by moisture regime (P = 0.55).

4.4.4. Soil Available Nitrogen

Soil available N (SAN) concentration differed significantly (P < 0.0001) among crops; however,
crop differences varied with moisture regime and growth cycle (P < 0.001 for the 3-way interaction;
Table 4.2). At 100% SFC, SAN was lower under canola and corn than under pea in Cycle 1 and was
significantly greater under barley than canola and corn in all but the second growth cycle (Fig. 4.3a).
Barley produced a significantly greater SAN than all the other crops in Cycle 5 and than canola,

corn, oat, and triticale in Cycle 6.
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Figure 4.3 Soil residual N by various crops grown repeatedly in a previously heavily manured soil
under (a) 100% and (b) 50% soil field capacity. Vertical bars represent standard errors of
the mean.
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At 50% SFC, SAN was significantly lower for canola and corn than the control, soybean, and
pea in all growth cycles (Fig. 4.3b). In Cycle 6, SAN was lower for canola and corn than the control
and the rest of the crops. By the end of Cycle 6, SAN under corn and canola had decreased to 21 and
98 mg kg, respectively, compared with 1075 mg kg™ for barley, 858 mg kg™ for oat, 1202 mg kg™
for pea, 1161 mg kg™ for soybean, and 875 mg kg™ for triticale.

Soil available N under soybean and the control was significantly lower at 100% than at 50%
SFC in all but the sixth growth cycle. Similarly, SAN was lower at 100% than at 50% SFC for pea in
Cycle 3 and for oat in Cycles 1 and 4. A greater reduction in SAN at 100% compared with 50% SFC

was also observed for canola and triticale in Cycle 1.

4.4.5. Change in Phosphorus Uptake

There was a significant (P = 0.0001) crop x growth cycle interaction for the percent change in P
uptake relative to Cycle 1 (APU,) (Table 4.2). Only the legumes (pea in Cycles 2, 4, and 5, and, to a
lesser extent, soybean in Cycles 3 and 5) showed an increase in P uptake relative to Cycle 1, whereas
the four grain crops (corn, barley, oat, and triticale) recorded the largest reductions in APU; (Fig. 4a).
While pea showed a significantly greater increase in APU; than the other six crops in Cycles 4 and 5,
than barley in Cycle 2, and than corn in Cycle 3, the decrease in APU; was significantly greater for
barley than for soybean in all but the second growth cycle and for corn than soybean in Cycles 3 and
5.

While APU; decreased progressively with growth cycle for the four grain crops, APU; for pea
increased from -1% in Cycle 3 through 51% in Cycle 4 to peak at 93% in Cycle 5, while that for
soybean increased significantly from -35% in Cycle 2 to peak at 21% in Cycle 5. The APU; for all
crops was lowest in Cycle 6 and did not differ significantly among crops in that cycle. Moisture

regime had no significant effect (P = 0.51) on APU, regardless of crop or growth cycle.
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Figure 4.4 Change in P uptake (a) relative to Cycle 1 (APU;) and soil test (Olsen) P concentration
(b) for various crops grown in a previously heavily manured soil. Averaged across
moisture regimes, mean P uptake values in Cycle 1 were 31.3, 35.6, 69.4, 44.3, 8.02,
7.54, and 30.5 mg kg™ soil for barley, canola, corn, oat, pea, soybean, and triticale,
respectively. Vertical bars represent standard errors of the mean.

4.4.6. Soil Available Phosphorus

There was a significant (P = 0.04) crop x growth cycle interaction for Olsen P concentration
(Table 4.2). Averaged across moisture regimes, Olsen P concentration in Cycle 2 was significantly
greater for barley (594 mg kg™ soil) than canola (460 mg kg™ soil) and oat (470 mg kg™ soil) (Fig.
4.4b). Soil available P concentration decreased significantly from 594 mg kg™ soil in Cycle 2 to 395
mg kg™ soil in Cycle 3 for barley. Soil available P concentration was significantly lower for the

control (274 mg kg™ soil) than barley (357 mg kg™ soil) and soybean (355 mg kg™ soil) in Cycle 6.

4.4.7. Cumulative Nitrogen Uptake
There was a significant crop x moisture regime interaction (P = 0.01) for cumulative N uptake
(CNU) (Table 4.2). Cumulative N uptake was greater under 100% than under 50% SFC for oat and

triticale, but did not differ significantly with moisture regime for barley, canola, corn, pea and
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soybean (Fig. 4.5a). Under both moisture regimes, CNU was greatest with corn followed by canola.
Under the 100% SFC moisture regime, CNU was similar for barley (722 mg kg™) and pea (682 mg
kg™). However, barley produced a lower CNU than oat (1131 mg kg™) and triticale (1048 mg kg™).
Soybean showed a lower CNU compared with the rest of the crops. Under the 50% SFC, CNU did
not differ significantly among barley (581 mg kg™), oat (702 mg kg™), pea (541 mg kg?), and

triticale (679 mg kg™). Cumulative N uptake was lower with soybean (287 mg kg™) than the rest of

the crops.
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Figure 4.5 Cumulative N (CNU), and P uptake (CPU) by six cycles of barley, canola, corn, oat, pea,
soybean, and triticale grown in a heavily manured soil at 50% and 100% soil field
capacity (SFC). Error bars represent standard errors of the mean. Bars with the same
letter are not significantly different (o = 0.05, Turkey’s test).

4.4.8. Cumulative Phosphorus Uptake
There was a significant moisture regime x crop interaction (P < 0.001) for CPU (Table 4.2).
Cumulative P uptake was greater under 100% compared with 50% SFC for corn, canola, oat, and

triticale but did not differ significantly between the moisture regimes for barley, soybean, and pea
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(Fig. 4.5b). Under both moisture regimes, CPU was greater with corn than the rest of the crops.
Under 100% SFC, CPU was similar for canola (203 mg kg™) and oat (175 mg kg™*) but significantly
greater for these two crops than barley (101 mg kg™). Pea (63 mg kg™) and soybean (45 mg kg™)
showed a lower CPU than the rest of the crops, while CPU was similar for barley (101 mg kg™) and
triticale (140 mg kg™). Under 50% SFC, CPU for soybean (33 mg kg™) was not significantly

different from that for barley (80 mg kg™), oat (105 mg kg™), and triticale (82 mg kg™).

4.5. Discussion

Available N (575 mg kg?) and Olsen P (555 mg kg™) concentrations at the start of the
experiment were well above the critical levels for optimum yield in western Canada (Howard, 2006).
The high soil test P concentration presents a major risk of surface water contamination with soluble
or particulate P (Whalen and Chang, 2001). While, overall, reductions in DMY and,
correspondingly, N and P uptake relative to Cycle 1 were greater for the four grain crops (corn,
barley, oat, and triticale) than the two legumes (pea and soybean), this did not translate to superior N
and P uptake for the legumes across the 6 growth cycles. In fact, nutrient uptake was generally
greater for corn, oat, and triticale, reflecting their much higher DMY and CDMY even after
substantial decreases in DMY in later growth cycles. Reductions in DMY and N and P uptake were
also lower for canola than the grain crops, and unlike the legumes, canola accumulated significantly
more N and P as a result of its greater DMY compared with pea and soybean. Overall, the order of
nutrient accumulation matched that for crop DMY and CDMY. The progressive decline in DMY
observed for all crops in successive growth cycles was likely due to the restrictions imposed by the
volume of the potted soil, which could have resulted in limited amounts of nutrients available to
sustain crop growth with repeated harvesting. Other studies have reported similar reductions in

biomass yields of crops with repeated harvesting in pot experiments, and attributed this yield
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decrease to either nutrient (especially N) deficiency in the soil or root infection resulting from
growing the same crop in successive growth cycles (Helgason et al., 2007; Benke et al., 2010).
Agricultural management practices that ensure that crop yield is maximized will definitely increase
N and P removal from the soil.

The decrease in DMY with repeated cropping for corn and canola could possibly be due to
nutrient (particularly N) depletion since nutrients were not applied during the study. Repeated
cropping resulted in a decrease in soil available N for corn and canola at the end of the sixth harvest
cycle compared to the initial level prior to the start of the experiment. The lower DMY observed in
subsequent harvest cycles suggests that the depletion of soil nutrients could have reduced the yield
potential of corn and canola. Without further fertilization of the soil, the soil nutrient reserve gets
depleted due to the continuous extraction of the soil nutrients by the crops.

It seems that soil N not available for plant utilization in the first harvest cycle was gradually
released in subsequent crop cycles through the mineralization process in the presence of plant roots
and under optimum environmental conditions. However, the nutrients released in subsequent growth
cycles were not enough to sustain higher biomass production and therefore resulted in lower nutrient
removal from the soil. However, soil available N was high even at the end of the sixth harvest cycle
for the other grain crops (barley, triticale, and oat), and the legumes (pea and soybean). The greater
soil available N observed under both moisture regimes at the end of the cycle 6 for barley, oat,
triticale, pea, and soybean indicates that some factors may have limited crop growth, and hence
nutrient uptake by these crops, resulting in the greater residual N and P observed. In addition, the
ability of pea and soybean to fix N from the atmosphere possibly reduced the N requirement for
optimum vyield, resulting in greater amounts of soil available N (Grant et al., 2002). Overall, N
removal by barley, canola, corn, oat, pea, soybean, and triticale after six growth cycles resulted in the

removal of 5, 10.2, 13.7, 7.1, 4.7, 2.6, and 6.6%, respectively, of TN initially present in the soil.
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Dry matter yield and N uptake declined with repeated cropping for almost all crops, with the
decreasing trends greater for grain crops followed by canola. Sieling et al. (2006) reported a
reduction in DMY and N uptake of barley, wheat, and winter oilseed rape during a 3-yr field study
when these crops were grown in a soil that had received a single application of pig slurry. They
attributed this reduction to a decrease in available N concentration in subsequent years relative to the
first year of the experiment. In our study, soil residual N concentration was lowest under corn and
canola, a result which was consistent with the greater CNU of the two crops, suggesting that these
crops will readily deplete elevated levels of N in soil when harvested. The lower residual soil N
under 100% SFC reflects greater N uptake by plants under the optimum moisture conditions, which
produced greater biomass yields.

In the Dark Brown soil zone and for medium and fine-textured soils in Alberta where the soil
used in this study was collected, the maximum recommended agronomic limit of NO3-N (0-60cm) in
manured cropland is 170 kg ha™*, which is equivalent to 21 mg N kg™, assuming a bulk density of
1.33 g cm™ for the soil (0-60 cm) (Miller et al., 2011). At the end of the Cycle 6, soil available N of
14 mg kg™ for canola under 100% SFC was lower than the agronomic limit while the 22 mg kg™
measured for corn matched the agronomic limit. Soil available N concentrations for the other crops
were greater than the agronomic limit even at the end of Cycle 6.

The four cereal crops showed a gradual decrease in APU; across all growth cycles and generally
produced greater reductions in P uptake (relative to Cycle 1) than the legumes and, to a lesser extent,
canola. However, similarly to N uptake, corn, oat, and canola, and to a lesser extent, barley and
triticale, produced greater P uptake than the legumes. After six growth cycles, the amount of P
removed by barley, canola, corn, oat, pea, soybean, and triticale was 7.3, 13.5, 19.2, 11.3, 4.7, 3.2,

and 9%, respectively, of TP initially present in the soil. Eghball et al. (2003) reported that, based on
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the amount of P removed in the grain, corn was more effective than soybean in reducing P levels in a
soil testing high for soil test P. Phosphorus uptake was, on average, lower at 50% SFC than at 100%
SFC, reflecting the reduced DMY at the lower moisture level. The soil test P at the end of the six
crop cycles for all the crops was greater than the maximum agronomic limit of 60 mg kg™ allowed in
cropland in Alberta (Olson et al., 2010; Miller et al., 2011).

Feeding high N crop biomass to cattle in a feedlot operation could result in increased excretion
of N and P in the manure. Repeated application of the manure in fields in the vicinity of the feedlot
could result in N and P loading, which may pose a risk to the environment. The best practice may be
to export harvested crops with high nutrient accumulation to farms that have low soil nutrient levels.
This way, the excessive soil nutrients are not returned to the heavily manured soil.

Long term studies are needed to examine the nutrient phytoextraction effectiveness of the crops
tested under field conditions. It is possible that the N and P removal rates under field condition will
be greater than those observed in this pot experiment which imposed restrictions on root growth.
Under favourable conditions in the field, barley and oat roots, for example, can extend to a depth of 2
m (Hoad et al., 2001). Past results have shown a large proportion of root biomass for barley and
soybean in the top 15 cm, while the bulk of the corn rooting system was concentrated in the top 45
cm (Dwyer et al., 1988; Qin et al., 2006). Lopez-Castafieda and Richards, (1994) reported that the
root length density for barley cultivars in the 0-15 cm soil depth was greater than triticale, with
barley exhibiting greater roots at all depths down to 90 cm. Cutforth et al. (2013) found that although
pea and canola root systems extended down to a depth of 120-cm, a greater portion of the rooting
systems for both crops were concentrated in the surface 0-20 cm soil depth. In another study, Gan et
al. (2009) reported that approximately 77 to 85% of the root mass for canola and pea were found in
the 0-40 cm depth. While these differences rooting depth profiles of the crops tested may result in

differences in N phytoextraction, P removal rates in this study likely closely mimic those under field
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conditions since soil P is immobile and is confined mostly within the 0-15-cm depth (Miller et al.,

2011).

4.6. Conclusions

Overall, N and P phytoextraction effectiveness in the heavily manured soil was directly related
to DMY, with the highest yielding crop, corn, being the most effective. Nitrogen and P uptake by the
cereal grains and canola were highest in Cycle 1 and decreased progressively through Cycle 3, after
which there was little change. The decrease in nutrient uptake was fastest for the cereal grains and
less pronounced for the two legumes. Nutrient phytoextraction was generally greater at 100% than
50% SFC, reflecting optimum growing conditions at 100% SFC. Results from this study show that
phytoextraction rates after six growth cycles were greater for P than N. The results indicate that
continuous cropping with crops such as corn and canola can be a useful management practice to
reduce nutrient levels in heavily manured soils. However, it will take several harvest cycles to reduce

nutrient concentrations to environmentally acceptable levels.
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S. MODELING BARLEY YIELD IN A DARK BROWN CHERNOZEM
FOLLOWING DISCONTINUATION OF LONG-TERM MANURE
APPLICATION

5.1. Abstract

Fertilizer application on soils that have received long-term manure application is often not
necessary and typically not advised for environmental reasons. Soil properties at the discontinuation
of manure application may assist in modeling crop yield trends on such soils in subsequent years.
The data used in this study were from a long-term field experiment initiated in 1973 at the
Agriculture and Agri-Food Canada Research and Development Centre in Lethbridge, Alberta. Soil
and plant samples were collected annually from 1973 through 2010 from irrigated plots that were
cropped to barley (Hordeum vulgare L.) every year. Soil properties measured at the start of the
experiment in 1973 were used to predict yield in the control plots while soil properties measured at
the end of annual manure applications in 2003 were used as predictors in partial least squares (PLS)
regression models to predict barley yield in subsequent years in plots in which manure application
was discontinued. Soil total N, organic carbon, P, and nitrate-N (NOs-N) concentrations were the
most important soil properties for predicting annual barley grain yield in manured soils using PLS
regression. Our results indicate that initial measured soil properties can be a useful tool in modeling
yearly crop yield. During the 7 yr following discontinuation of manure application, there was no
evidence of convergence in grain yield among amendment treatments, reflecting that the soil nutrient
levels which were above agronomic thresholds for optimum yields. Longer-term monitoring of yield
will assist in the development of models for predicting when nutrient application will become

necessary.
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5.2. Introduction

Livestock manure is routinely applied to crop land to replenish essential plant nutrients in the
soil (Schoenau and Davis, 2006) and improve soil physical properties such as bulk density, porosity,
permeability, and hydraulic conductivity (Miller et al., 2002). Caution is usually taken to minimize
the excessive build-up of nutrients that can result in environmental degradation (Eghball, 2000;
Stumborg and Schoenau, 2008; Olson et al., 2009). Most agricultural soils near concentrated animal
feeding operations often have a long history of manure application, with high levels of nitrogen (N),

phosphorus (P), and possibly salts (Hao and Chang, 2003; Ferguson et al., 2005; Olson et al., 2010b).

Producers often discontinue manure application on cropland after an extended period of
repeated manure application to allow for the phytoextraction of excess soil nitrogen (N) and
phosphorus (P) through repeated cropping (Eghball et al., 2003). Successive crop production on such
soils would be highly dependent upon the soil’s ability to maintain its productivity and nutrient
reserves with time (McAndrews et al., 2006; Sieling et al., 2006). To maximize crop production
without any nutrient addition to the soil, the producer does require an understanding of soil
properties that might limit yield (Cox et al., 2006). This can be accomplished by relating yield data to
measured soil variables in the same field for many years. However, yearly data (soil and biomass
yield) collection and laboratory analysis could be costly and labor-intensive, and the questions
remain whether initial soil properties measured prior to the start of repeated manure application or
immediately following cessation of manure application can be used to predict crop yields in

subsequent years.

A variety of statistical techniques have been widely employed in studies examining the

relationship between crop yield and soil and landscape properties. Many of the studies have
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attempted to understand this relationship using methods such as stepwise multiple linear regression
and correlation analysis (Majchrzak et al., 2001; Redulla et al., 2002; Igbal et al., 2005). Others have
employed multivariate statistical methods such as canonical correlation analysis, principal
component analysis, factor analysis, and partial least squares (PLS) regression analysis (Ping et al.,
2004; McDonald, 2006; Anthony et al., 2012). Partial least squares analysis offers a major advantage
over ordinary least squares regression techniques in that it is not affected by the multicollinearity

arising from the intercorrelation among soil properties (Ping et al., 2004).

In many jurisdictions, increasingly stringent environmental regulations dictate that no N
and/or P fertilizers should be applied on soils that have received repeated manure applications and
are enriched in these nutrients. In addition to these key nutrients, other soil properties are also critical
to the sustenance of high crop yields. However, while many studies have examined relationships
between soil properties and crop yields, to the best of our knowledge, no published study has
attempted to explore the long-term trends in the yields of crops grown without supplemental fertilizer
application in previously manured fields based on key soil properties at the start or cessation of

manure application.

The overall objective of this study was to model irrigated barley yield using routinely
measured soil properties determined at the establishment of long-term manure field plots in 1973 and
at the cessation of manure application in 2003. The study also sought to investigate if the barley
grain and soil properties measured during the period following discontinuation of manure application

were becoming more similar (i.e., converging) among the discontinued manure treatments.
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5.3. Materials and Methods
The study description and the analytical procedures used have previously been described in
detail (Sommerfeldt and Chang, 1985; Chang et al., 2007; Indraratne et al., 2009; Benke et al., 2013)

and are summarized here briefly.

5.3.1. Site Description

The long-term experiment, established in 1973 was located at the Agriculture and Agri-Food
Canada Research and Development Centre in Lethbridge, Alberta, Canada (Lat. 49°42°N; Long.
112°48°W). The soil at the site was a Calcareous Dark Brown Chernozemic clay loam (Typic
Haploboroll). The clay mineralogy of the Chernozems located in this area is mainly dominated by

mica and smectities, with small fractions of vermiculite, kaolinite and chlorite (Pennock et al., 2011).

The experiment was initially set up under irrigation and laid out as a split plot design with
three replicates, with tillage (plow, rototiller, cultivator plus disk) as the whole plot (7.5 m by 60 m)
and cattle (Bos taurus) feedlot manure rate (0, 60, 120, and 180 Mg ha™ yr* wet weight) as the
subplot (7.5 m by 15 m). The 60 Mg ha™ yr'* (wet weight) was the recommended manure application
rate for irrigated soils in this area at the initiation of the experiment (Alberta Agriculture, 1980).
Manure containing little or no straw bedding was collected from a commercial cattle feedlot
operation (Chang et al., 2007) and was surface applied and then incorporated immediately each fall
using one of the above tillage methods (Sommerfeldt and Chang, 1985). The control (zero rate) plots

did not receive any fertilizer or manure application.

Since there was no significant effect of tillage on crop yield and soil properties, the tillage
treatment was discontinued in 1986 after which a cultivator was used to incorporate manure in all

subplots to a depth of 10 to 15 cm (Chang et al., 2007). This meant that the effective number of
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replicates per manure treatment was now nine. Three of the nine replicates were discontinued in fall
1987 and another three replicates were discontinued in fall 2003, that is, after 14 and 30 annual
manure applications, respectively. The remaining three replicates of each manure rate continued
receiving manure applications until 2010. For the current study, data from 2003 to 2010 from
treatments that had 30 yr of annual manure application followed by 8 yr of no manure application

were used.

Barley (Hordeum vulgare L. cv. Galt) was the major crop grown in most years (1974-1995)
on the irrigated plots except in 1996 when the plots were cropped to canola (Brassica napus L.) and
1997 to 2000 when corn (Zea mays L. cv. Pioneer hybrid 3957) was grown for silage. The barley
cultivars used from 2003 to 2010 were ‘Duke’ , ‘Kasota’ , and ‘Vivar’ _ whereas those prior to
2003 were varieties commonly grown by local farmers. The site was generally seeded in May, and
harvested for forage (the total above ground biomass at soft dough stage for silage making) (Alberta
Agriculture and Forestry, 2015b) in late August or early September of each year using a 50 cm x 50
cm quadrat while grain was harvested with a small plot harvester from a 4-m? area of each plot in
October of each year (Chang et al., 1993). The harvested crop biomass samples were oven dried at
60°C to estimate aboveground biomass yield. Crop residue was removed from all plots after grain
harvest except for a 5 to 15 cm stubble layer which was left in the field (Indraratne et al., 2009;

Benke et al., 2013).

5.3.2.  Soil Collection

Soil samples (two cores per plot) were collected from the 0- to 150-cm layer before fall
application of manure at the establishment of the long-term plots in 1973 and also at the cessation of
manure application in 2003. The soil cores were sectioned into six segments corresponding to the 0-

15, 15-30, 30-60, 60-90, 90-120, and 120-150 cm depth intervals. Soil samples were also similarly

109



collected from each plot in 2004, 2006, and 2008 immediately after harvest and before fall manure
application. The samples were air-dried and passed through a 2-mm sieve before laboratory analysis.
Subsamples were fine-ground (< 0.15mm) prior to analysis for soil total C (TC), total organic C
(TOC), total N (TN) and total P (TP) determination. In this study, soil analysis results for samples
from the 0-15 cm depth interval were used, except for the mobile nutrients NO3, SO4, and CI, which

were measured in samples from the 0-60 cm layer.

5.3.3. Laboratory Analysis

Soil total C (TC) and total N (TN) concentrations were determined using an automated CN
analyzer (NA 1500, Carlo Erba, Milan, Italy). Total inorganic C (TIC) concentration was measured
by the method of Amundson et al. (1988). Soil TOC was estimated as the difference between TC and
TIC. Soil inorganic N (IN = NH4-N + NO3-N) was extracted with 25 mL of 2 M KCI and measured
using an Auto-analyzer Ill (Bran + Luebbe, Germany). For extractable inorganic P or soil-test P
(STP) determination, the soil was extracted (1:10 soil to solution ratio) with 0.5 M NaHCO3 (Olsen
et al., 1954). Total P (TP) concentration was measured using an EasyChem Pro discrete analyzer
(Systea Analytical Technologies, Anagni, Italy) following digestion with H,SO,4 + H,0, (Parkinson
and Allen, 1975). Soil electrical conductivity (EC) was determined in saturated paste extracts
(Janzen, 1993). Immediately after EC measurement, concentrations of Mg?*, Na*, Ca**, K* CI" and
SO,% in the extract were measured using an ion chromatograph (Dionex Corporation, Sunnyvale,

CA).

5.3.4. Weather Data
Daily precipitation and temperature data were obtained from a meteorological station at the
study site. Growing season potential evapotranspiration (PET) was calculated according to Baier and

Robertson, (1965).
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5.3.5. Statistical Analysis

5.3.5.1. Descriptive Statistics and Analysis of Variance
Descriptive statistics (mean, variance, standard deviation, and coefficient of variation) were
performed for all soil variables measured in 1973 and 2003 using the MEANS procedure in SAS

version 9.4 (SAS Institute, 2014).

Analysis of variance (ANOVA) was performed using the GLIMMIX procedure for repeated
measures in SAS 9.4 (SAS Institute, 2014) to determine the effects of manure rates on barley grain
yield and soil parameters during the 8-yr period (2003-2010) following discontinuation of manure
application. Manure rate was modeled as a fixed factor with year as the repeated measure. The
covariance structures selected for the repeated measures analysis based on the corrected Akaike
Information Criterion (Littell et al., 2006) were compound symmetry [CS] for TN, unstructured [UN]
for TP, banded main diagonal [UN(1)] for barley grain yield, STP, NO3-N, and NH4-N, and first-
order autogressive [AR(1)] for TOC. When treatment effects were significant, means were compared
using the Tukey-Kramer adjustment for multiple comparisons. Treatment effects were considered

significant at o = 0.05.

5.3.56.2. Test of Homogeneity of Coefficients of Variation

Tests of homogeneity of coefficients of variation (CVs) (Zar, 1999) were performed to
determine if barley grain yields during the period (2004-2010) following discontinuation of manure
application were becoming more similar among the discontinued manure treatments. The tests were
also performed on soil NO3-N, NH4-N, STP, TN, TOC, and TP concentrations in 2003, 2004, 2006,

and 2008. The MEANS procedure in SAS was used to estimate the CV used to calculate the test
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statistic, which approximates the ¥ distribution with k-1 degrees of freedom, where k is the number

of years. The z-test (Zar, 1999) was used for pairwise comparison of CVs between years.

5.3.56.3. Partial Least Squares Regression

Partial least squares (PLS) regression was performed using PROC PLS in SAS 9.4 to identify
soil parameters (predictor variables) that best explain the variability in barley grain yield (response
variable) over the years. Soil parameters measured in 2003 were included as explanatory variables in
the initial model for the manured plots in which manure application was discontinued in 2003. For
the control plots, the initial soil parameters measured at the establishment of the long-term plots in

1973 were included as explanatory variables.

The contribution of each explanatory variable to the PLS model was assessed based on the
variable importance in the projection (VIP). Only predictor variables with a VIP > 0.8 (Wold, 1995)
were retained in the model. In PLS regression analysis, latent variables are generated to explain the
variation in both the response and the predictor variables. The split cross validation method (CV =
SPLIT) was used to determine the number of PLS extracted factors (latent variables) with the
minimum predicted residual sum of squares (PRESS). The CVTEST option of PROC PLS was used
to compare the PRESS for a model with fewer factors to that for a model with an optimum or
minimizing number of factors. The model with fewer factors was selected as the final model if there
was no significant difference between the two. The measured values in the response variables were
regressed against the predicted values obtained from cross-validation using PROC REG in SAS to

determine the predictive strength of the model.
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5.4. Results and Discussion

5.4.1. Precipitation and Irrigation

Growing season (May 1 through August 31) precipitation ranged from 120 mm in 2007 to
375 mm in 2005 (Fig. 5.1). Growing season precipitation in 2007 was 43% lower than the long-term
(1981-2010) mean of 220 mm. The greatest amounts of irrigation water were applied in 2008 (241
mm) followed by 229 mm in 2003 and 178 mm in 2006 and 2007. The PET values were 554, 492,
500, 574, 575, 516, 511, and 468 mm in 2003 through 2010, respectively. Growing season
precipitation was lowest and the PET highest in 2007 compared to the other years. The highest
growing season mean air temperature of 17.4°C was recorded in 2006 and 2007, and this which may
have resulted in the high PET in 2007. Growing season precipitation plus irrigation water applied
were generally less than PET except in 2008. The growing season precipitation plus irrigation

applied in 2007 were 48% less than PET.

5.4.2. Soil Properties

Soil properties varied widely among plots prior to treatment application in 1973 and also
following discontinuation of manure application in 2003 (Table 5.1). Electrical conductivity in
manured plots in 2003 ranged from 4-13 dS m™ compared with 1-2 dS m™ in the control plots. This
indicates the accumulation of salts in the plots receiving repeated manure application. Generally, the
mean and range of soil nutrients measured in 2003 in plots in which manure application was
discontinued in fall 2002 were greater than those from the same plots measured in 1973 and in the
control plots in 1973 and 2003. The mean STP concentration (1895 mg kg™) in the 0-15 cm depth
interval in plots in which manure was discontinued in 2003 exceeded the maximum recommended
agronomic threshold of 60 mg kg™, above which crops seldom respond to added P in Alberta soils

(Howard, 2006).
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Figure 5.1 Annual growing season precipitation, amount of irrigation water applied, and average
growing season temperature during the eight years (2003-2010) following
discontinuation of 30 yr of manure application. The 30-yr (1981-2010) average growing
season precipitation is 220 mm and the average growing season temperature is 16°C
(Environment Canada 2016).

Also, the mean NOs-N concentration (409 mg kg™) in the 0-60 cm depth interval in plots in
which manure was discontinued exceeded the maximum recommended NO3-N limit of 34 mg kg™
(270 kg ha™) for manured, irrigated Dark Brown Chernozems and for medium and fine-textured soils
(Province of Alberta, 2017). The excess soil N and P may be subject to loss to the environment via
leaching of NO3 to groundwater and P surface runoff to water bodies, resulting in environmental
degradation. The high mean STP (200 mg kg™), EC (1.4 dS m™), and CI concentration (75 mg kg™)
in the control plots in 2003 relative to measurements in 1973 could possibly be due to soil drifting
and/or soil movement from manured plots resulting from tillage operations, which may have

contaminated the control plots.
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Table 5.1 Descriptive statistics of soil properties measured at the start of the experiment in 1973 and in 2003 after discontinuation of
manure application.

Control (1973)} Manured plots (1973)§ Control (2003) 1 Manured plots (2003)#

Variablet Min. Max. Mean SD CV Min. Max. Mean SD CV Min. Max. Mean SD CV Min. Max. Mean SD CV

(%) (%) (%) (%)
pH 7.6 7.8 7.7 01 1 7.7 7.8 77 003 04 72 7.7 74 02 23 7 7.4 73 01 2
EC, dSm™ 0.5 0.9 07 01 18 0.5 1.2 07 02 28 11 2.3 14 04 28 42 13 77 26 34
STP, mg kg™ 8.8 19 11 33 30 3 16 96 36 38 58 659 200 185 92 1160 2628 1895 591 31
NOs;-N,mgkg® 7.8 262 141 59 42 7.6 24 15 48 32 15 129 35 37 106 137 732 409 172 42
NH.-N, mg kg™ - - - - - - - - - - 15 30 20 51 25 20 41 30 66 22
TN, g kg™ 0.3 2.1 16 05 34 1.5 2 18 02 10 21 42 27 06 24 86 19 138 43 31
TP, g kg™ 0.6 0.7 0.7 01 9 0.6 0.7 06 004 7 0.7 1.8 1 03 33 2 6.4 41 15 36
TC, gkg™ - - - - - - - - - - 22 42 29 57 20 56 136 89 27 30
TOC, gkg* 11 15 12 14 12 9.2 16 13 19 15 17 38 23 65 28 55 135 88 26 30
SO, mg kg™ 178 742 312 181 58 220 886 413 198 48 80 225 127 55 43 213 1483 706 349 49
Cl, mg kg™ 0 29 10 86 85 35 19 10 6.5 63 33 179 75 49 65 244 1575 898 424 47
Ca, mg kg™ - - - - - - - - - - - - - - - 598 179 101 43 43
K, mg kg™ - - - - - - - - - - 14 59 32 14 45 182 832 429 246 57
Mg, mg kg™ - - - - - - - - - - 16 51 27 10 39 46 148 78 35 45
Na, mg kg™ 6.6 12 9 1.7 19 7 13 10 1.8 18 12 37 18 79 44 32 212 96 60 62

1 EC, electrical conductivity; STP, soil-test phosphorus; NO3-N, soil nitrate-nitrogen; NH4-N, soil ammonium-nitrogen; TN, total nitrogen;
TP, total phosphorus; TC, total carbon; TOC, total organic C; SO, soluble sulphate; Cl, soluble chloride; Ca, soluble calcium; K, soluble
potassium; Mg, soluble magnesium; Na, soluble sodium. Sample size was nine for the control and manured plots, respectively. For soil
parameters, the soil analyses for samples from the 0-15 cm depth interval were used, except for NO3-N, SO, and Cl, which were measured

in samples from the 0-60 cm depth interval.
1 Soil parameters measured in 1973 for the control plots.

§ Soil parameters measured in 1973 for the plots in which manure was applied until 2002.

9 Soil parameters measured in 2003 for the control plots.
# Soil parameters measured in 2003 for plots in which manure application was discontinued in 2002.
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5.4.3. Grain Yield Trends and Changes in Soil Properties after Discontinuation of Manure
Application
Repeated measures ANOVA for grain yield indicated a significant (P = 0.01) year x rate
interaction (Table 5.2). In 2004 through 2007, the grain yield each year generally decreased with rate
of manure application (Fig. 5.2). The yield in 2005 was in fact significantly greater for the 60 Mg ha
! yr! rate than the 180 Mg ha™ yr rate and greater for the control than the 180 Mg ha™, likely

reflecting the high EC associated with the high manure rate.

Table 5.2 Soil properties as affected by historical (30 yr) manure application and the number
of years elapsed since discontinuation of manure application.

Effect Yieldf NH4-N  NOs3-N STP TN TP TOC
kg ha™ mg kg g kg
Rate (Mg ha™* yr")
0 4852 20 22 153 3.07¢t  1.16c¢ 28¢
60 5132 65 144 840 6.25b 2.85b 52bc
120 4496 59 270 1225 8.48ab  3.69a 77ab
180 3904 76 330 1615 11a 4.36a 97a
Year
2003 - 31 312 1471 7.45 3.35 67a
2004 4228 138 179 1414 7.51 3.26 69a
2005 4906 - - - - - -
2006 5113 26 172 476 7.18 2.78 -
2007 3267 - - - - - -
2008 6275 25 103 472 6.21 2.67 55b
2009 5006 - - - - - -
2010 3377 - - - - - -
ANOVA P value
Rate (R) 0.01 0.61 <0.001 <0.001 <0.001 <0.001 <0.001
Year (Y) <0.001 0.18 <0.001 <0.001 0.21 0.1 0.004
Y XR 0.01 0.23 0.01 <0.001 0.4 0.1 0.25

+ Yield, barley grain yield; NH4-N, soil ammonium-nitrogen; NO3-N, soil nitrate-nitrogen; STP,
soil-test phosphorus; TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon. For soil
parameters, soil samples from the 0-15 cm depth interval were used, except for NOs-N, which was measured
in samples from the 0-60 cm depth interval.

1 Values in the same column followed by the same letter are not significantly different at P < 0.05.
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Figure 5.2 Barley grain yield during the 7 yr following discontinuation of 30 yr of annual beef cattle
manure applications at different rates.

During the post-manuring period, grain yield showed no consistent overall trend regardless of
historical manure application rate. However, yield from the last 3 yr (2008 through 2010) showed a
nearly linear decrease with year for all treatments, which was likely due to the gradual decline in soil

nutrient concentrations.

Tests for homogeneity of CVs for grain yield during the post-treatment phase (that is, 2004-
2010) showed significant (P < 0.05) differences in CVs among the years, indicating that treatment
differences were not consistent across the years (Fig. 5.3a). This difference is due to the unusually
high CVs observed in 2007 as a result of the reduced barley grain yield due to the low growing-
season precipitation in 2007 (121 mm) compared to the other years, which ranged from 140 mm in

2006 to 375 mm in 2005. Most of the rainfall observed in 2007 was in May (86 mm), with much
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smaller amounts in June (23 mm) and August (12 mm) and none in July (Fig. S1). Throughout much
of Alberta, the Feekes Large Growth Stages 6 to 10 for barley, which correspond to Zadoks stages 30
to 45, occur in late June or early July, and possibly represent phenological stages when the crop has
its highest moisture and nutrient requirements needs for dry matter accumulation (Alberta
Agriculture and Forestry, 2015). When the CV for 2007 was excluded from the analysis, the test for
homogeneity of CVs for grain yield indicated no significant difference in the CVs, suggesting no

evidence that treatment effects were becoming more similar (Fig. 5.3b).

There was a significant year x rate interaction (P = 0.01) for NO3s-N concentration (Table
5.2). Soil NO3-N concentration was significantly lower in the control than in plots receiving 120 and
180 Mg ha™ yr'! manure in 2003 and 2006 (Fig. 5.4). Similarly, NOs-N concentration was
significantly greater for the 120 and 180 Mg ha™ yr™ rates than the 60 Mg ha™ yr* rate and the
control in 2008. The NOs-N concentration for the 60 Mg ha™ yr treatment was similar to that for
the control in 2008. Apart from crop N uptake, the decrease in NO3-N concentration may have been

a result of nitrate leaching and denitrification following irrigation.
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Figure 5.3 Trends in coefficient of variation (CV) of barley grain yield during the 7 yr following
discontinuation of 30 yr of annual beef cattle manure application.
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Figure 5.4 Soil nitrate N (NO3-N) concentration in the 0-60 cm soil layer during the 5 yr following
discontinuation of 30 yr of annual beef cattle manure application at different rates.

There was a significant (P < 0.001) year x manure rate effect on STP (Table 5.2). In 2003
through 2008, STP generally decreased with rate of manure application, with the STP significantly
greater for the 180 Mg ha™ yr™ rate than the 0, 60, and 120 Mg ha™* yr rates in 2003 and 2004. For
all manure treatments, STP decreased significantly from 2004 to 2006 and remained statistically
unchanged in 2008 (Fig. 5.5). Studies have shown that the stabilization of freshly applied P and
water soluble P in the soil results in the reduction of extractable soil P over time (Spratt et al., 1980;
Sheppard and Racz, 1984a; Kashem et al., 2004). Dark Brown Chernozems are known to have high
content of base cations (Ca®*, Mg®*, K*, and Na*) in the A horizon, with Ca®* as the dominant cation
(Pennock et al., 2011). The decline in STP concentration from 2004 to 2006 could be due to a
combination of crop uptake, dilution of P resulting from tillage operations, leaching, and

precipitation of the inorganic P by the exchangeable Ca and Mg in the soil, transforming the P to
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more stable forms over time (Hao et al., 2008). In an incubation study, Kashem et al. (2004) reported
that most of the labile P (H,0-P) in Chernozemic soils amended with hog, cattle manure, and
synthetic P fertilizer moved into the less labile fraction (NaHCO3-P) with increasing incubation time.
The authors concluded that P sorption was the main retention mechanism for added P. By the fall of
2006 in our study, manure P remaining in the soil probably consisted of a relatively greater
proportion of less soluble forms, and a correspondingly lower proportion of Olsen P. Pizzeghello et
al. (2016) reported that the amount of P sorbed increased with soil organic matter content and Ca and

Mg concentrations in the soil.

In addition to the organic matter content and precipitation reactions, P availability and hence
STP may have been influenced by soil moisture content and temperature at the time of soil sampling
(Sheppard and Racz, 1984b; Siebers et al., 2017). Soil samples were collected after harvest (crop
nutrient uptake generally completed by end of July) and immediately before fall manure application
in early November. The cumulative precipitation and mean air temperature between August and
October in 2006 were 68.7 mm and 12.9°C, respectively, compared with 97.6 mm and 12.2°C,
respectively, in 2004 (Table S1). The low precipitation in 2006, coupled with the high temperature
that year, may have enhanced the formation (via precipitation) of more stable forms of P relative to
2004, resulting in the observed decrease in Olsen P in 2006 (Sheppard and Racz, 1984b).
Nonetheless and importantly, STP concentrations were still above agronomic thresholds even for
plots previously receiving the lowest manure rate, which had an STP concentration of 403 mg kg™

soil in 2008.

Results show that soil NO3s-N and STP concentrations declined gradually with repeated
harvesting with no further fertilization following the discontinuation of manure application.

However, it will take a much longer time for the STP to decrease to acceptable agronomic levels
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when compared to N. This could have environmental implications in that, the P is still susceptible to
loss to the environment. The plots therefore need to be managed carefully to minimize this risk of

loss from occurring.
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Figure 5.5 Soil test P concentration in the 0-15 cm soil layer during the 5 yr following
discontinuation of 30 yr of annual beef cattle manure applications at different rates.

Tests of homogeneity of CVs for the soil parameters during the years following
discontinuation of manure application indicated no significant difference in the CVs among the six
years for NH4-N, TN, TP, and TOC concentrations, reflecting the high accumulation of N, P, and C

from 30 yr of manure application.

5.4.4. Predicting Grain Yield following Discontinuation of Long-term Manure Application
A one-latent variable PLS model explained 25 to 88% of the total variability in grain yield
during the 7 yr (2004-2010) following discontinuation of manure application (Table 5.3). A two-

latent variable PLS model improved the predictive power, explaining 90% of the variability in grain
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yield 4 yr since the last manure application and 94% of the variability in cumulative grain yield
(2003-2010). Nine to 13 explanatory variables had a significant (VIP > 0.8) contribution to the
model explaining yield each year and cumulative yield during the 7 yr following discontinuation of
manure application. Four variables (TOC, TP, TN, and NO3-N) were critical factors (VIP > 1.0) for
barley grain yield in almost all years following discontinuation of manure application. However, the
model containing these four variables had a lower predictive power (R®) than models containing
more variables selected using the criterion VIP > 0.8. For example, R® decreased from 87% for the
model based on VIP > 0.8 to 85% in the model with just TOC, TP, TN, and NO3-N in the model (4-
parameter model) for grain yield 3 yr since the last manure application. On the other hand, the model
based on VIP > 1 improved R? relative to the model based on VIP > 0.8 and, for the most part, the
four-parameter model, except in 2009. Hence, the final model selected was the one based on VIP >

1.

The four critical soil variables (TOC, TP, TN, and NO3-N) were generally negatively correlated with
barley grain yield. This apparently anomalous correlation may reflect in part the negative effect of
EC, which increased concomitantly with the critical nutrients from a baseline range of 0.5-0.9 dS m™
prior to manure application in 1973 to 4.2-12.7 dS m™ in 2003 following discontinuation of manure
application. Positive response to nutrient concentrations was not expected in the manured plots since
concentrations remained very high even 6 yr after the end of manure application. On the other hand,
negative effects from high NOs-N concentrations (137-732 mg kg™ soil in manured plots) may also
have negatively affected barley yields. McDonald, (2006) reported that NO3-N concentration in the
subsoil was negatively related with both the grain yield and total dry matter yield of barley and
wheat at maturity. Redulla et al. (2002) reported a similar negative correlation between total tuber

count of potato (Solanum tuberosum L.) and soil NO3-N concentration.
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Table 5.3 Variable importance in the projection (VIP) and regression coefficients (b) for soil variables measured in 2003 and
used in models for predicting barley grain yield during the 8 yr (2003-2010) following discontinuation of 30 yr of manure
application.

Variablet 2004% 2005 2006 2007 2009 Cumulative
VIP b VIP b VIP b VIP b VIP b VIP b
TOC, g kg'1 0.74 -003 118 -0.09 123 -0.09 113 -0.07 1.17  -0.09 1.17  -0.09
TP, g kg'1 080 -0.04 118 -0.09 129 -0.09 124 -0.08 1.19 -0.09 1.24  -0.09
TN, g kg'1 065 -0.03 116 -0.09 124 -0.09 120 -0.08 1.18 -0.09 1.19 -0.09
STP, mg kg'1 044 -0.02 115 -009 105 -0.08 091 -0.06 1.01 -0.08 1.06 -0.08
NOs-N, mg kg'1 1.32 -006 101 -0.08 109 -0.08 111 -0.07 1.16  -0.09 1.09 -0.09
NHz-N, mg kg'1 036 -0.02 061 -005 130 -0.08 145 -0.09 094 -0.07 1.01  -0.07
K, mg kg'1 086 -0.04 114 -009 096 -0.07 08 -0.05 098 -0.08 1.00 -0.08
Ca, mg kg™ 141 -0.07 098 -0.08 0.61 -005 034 -002 069 -005 071 -0.06
Mg, mg kg™ 099 -005 112 -009 081 -0.06 059 -004 089 -0.07 084 -0.07
Na, mg kg™ 114 -005 111 -0.09 094 -007 081 -005 099 -008 096 -0.08
Cl, mg kg™ 1.05 -005 084 -0.07 061 -005 079 -005 092 -007 079 -0.06
SOy, Mg kg'1 1.37 -006 030 -0.02 073 -005 111 -0.07 093 -0.07 0.83 -0.06
pH 1.32 006 082 007 089 007 1.13 0.07 0.97 0.08 1.08 0.08
EC, dSm™ 075 -0.03 098 -008 08 -0.06 077 -0.05 084 -0.07 0.83 -0.06
PLS factors§ 1 1 1 1 1 1
Overall model PV | 25 88 71 48 80 80
R%(VIP > 0.8) # 0.23 0.87 0.69 0.47 0.79 0.80
RZ(VIP > 1) 1 0.29 0.9 0.80 0.57 0.75 0.84
R? (Four parameters) 11 - 0.85 0.72 0.36 0.79 0.79

1 EC, electrical conductivity; STP, soil-test phosphorus; NOs-N, soil nitrate-nitrogen; NH;-N, soil ammonium-nitrogen; TN, total
nitrogen; TP, total phosphorus; TOC, total organic carbon; SO4, soluble sulphate; Cl, soluble chloride; Ca, soluble calcium; K, soluble
potassium; Mg, soluble magnesium; Na, soluble sodium.

12004, 2005, 2006, 2007, and 2009 represent 1, 2, 3, 4 and 6 yr following discontinuation of 30 yr of manure application; cumulative,
predicting cumulative by summing barley grain yield from 2004 to 2010.
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8 Number of partial least square (PLS) factors determined by cross-validation.

{l Percentage of variation explained by the PLS factor in the cross-validation step.

# Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step using predictors with VIP > 0.8.

+1 Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step using predictors with VIP > 1 (preferred model).

11 Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step with TOC, TP, TN, and NO3-N as predictors.
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The authors suggested that this negative correlation was likely due to the large amount of N

applied, which was greater than the optimal for potato production.

The 2007 growing season was the driest of all years following discontinuation of manure
application, receiving just 121 mm of rainfall compared with 139-375 mm for the other six seasons.
Clearly, supplemental irrigation did not do much to mitigate the effects of the drought, as indicated
by the generally lower yields in 2007 compared to the other years (Fig. 5.1). The dry conditions may
also have resulted in the high yield variability in 2007, which showed a CV of 61% compared to 10-
22% for the other years (Fig. 5.3). This likely explains the low R? (48%) for the predictive model in
2007 compared to 0.8-0.94 for the other years. The low predictive power (25%) of the model
observed for 2004 was likely due to poor seedling establishment resulting from delayed seeding early
in the spring of 2004 (Personal communication with Dr. Xiying Hao) coupled with the low
temperatures at the time of seeding in 2004 (7°C) compared with 10-19°C for the other six growing
seasons (Fig. S2), which resulted in low barley grain yields for all treatments. Although, the average

monthly temperature for May of 2004 was 15°C, there were days with as low as < 5°C.

Overall, our results suggest that soil parameters measured in the year following
discontinuation of manure application accounted for a great percentage of the variability in grain
yield and were therefore effective in predicting the yield even 7 yr after manure application was
discontinued. In fact, inclusion of only TOC, TP, TN, and NOs-N concentration in the PLS model

provided adequate predictive power in the subject plots that had a long history of manure application.

5.4.5. Predicting Grain Yield for the Control Plot
Although the seven-latent variable model provided the greatest R? for grain yield prediction

in 1988, as did the four-latent variable model in 1992, the one-factor model provided adequate
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predictive power for the majority of the years (Table 5.4). The model did not converge when the
multiple latent variable equivalents were replaced by their one latent variable in 1988 and 1992. The
model containing fewer variables selected based on VIP > 1 improved the predictive power relative
to the model containing more variables selected using the criterion VIP > 0.8 in 1976, 1979,1984,
1992, 1993, 1994, and 1995. However, the R? for both models were similar in 1977, 1978, 1985,
2009, 2010, and cumulative yield during the 37 yr of continuous cropping. Generally, the model
based on VIP > 1 had a greater predictive power than the four-parameter model for almost all the
years, except in 1975, 2006, 2007 and 2010. Hence, the model based on VIP > 1 was selected as the

preferred model compared to the others.

Initial TOC, TN, TP, and NOs-N concentrations were the most critical soil variables in the
models and explained most of the variability in annual and cumulative grain yield. As expected for
these control plots, there was a generally positive correlation between grain yield and the four soil
variables. In contrast, the same predictors were generally negatively correlated with grain yield in
plots that had previously received 30 yr of manure application, reflecting the negative effects of high

EC and soil nutrient concentrations.
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Table 5.4 Variable importance in projection (VIP) and regression coefficients (b) values for soil parameters measured in 1973 and
used to predict barley grain yield in the control plots.

Variablet 1974% 1975 1976 1977 1978 1979 1980
VIP b VIP b VIP b VIP b VIP b VIP b VIP b

TOC, g kg™ 019 -0.04 157 026 162 023 138 019 126 017 091 014 133 0.18

TP, g kg™ 1.00 -021 142 023 140 020 140 019 122 017 059 0.09 0.77 0.10

TN, g kg™ 043 01 152 025 169 024 136 019 151 021 135 021 171 0.23

Soil test P, mg kg™ 114 -024 057 0.09 012 002 042 0.06 027 004 063 -0.09 0.03 0.004

NOs-N, mg kg™ 084 018 113 018 094 014 129 018 111 015 089 014 121 0.17

Na, mg kg™ 1.30 027 041 0.07 024 003 034 005 02 -003 078 012 0.01 0.001

Cl, mg kg™ 128 027 019 003 037 005 103 014 135 019 157 024 117 0.16

S04, mg kg™ 03 01 041 0.07 048 007 014 -0.02 037 -005 022 0.03 093 -0.13

EC, dSm™ 152 032 047 0.08 045 006 052 007 059 008 129 019 010 0.0

PLS factors8 1 1 1 1 1 1 1

Overall model PVY 70 82 60 63 60 54 57

R*(VIP > 0.8) # 0.67 0.70 0.49 0.56 0.54 0.47 0.57

R (VIP > 1) 0.58 0.70 0.55 0.56 0.54 0.48 0.53

R? (Four parameters)} - 0.70 0.49 0.47 0.39 - 0.38
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Table 5.4 (continued)

TOC, g kg™

TP, g kg™

TN, g kg™

Soil test P, mg kg™
NOs-N, mg kg™
Na, mg kg™

Cl, mg kg™

S04, mg kg™

EC, dSm™

PLS factors§
Overall model PV{
R%(VIP > 0.8) #
RZ(VIP > 1)+t

R? (Four parameters)

1981 1984 1985 1988 1992 1993 1994
VIP b VIP b VIP b VIP b VIP b VIP b VIP b
158 029 166 024 132 02 09 014 099 -001 118 018 122 0.18
081 015 158 023 112 017 098 079 106 022 086 013 094 0.14
130 024 15 022 15/ 024 111 -0./7 099 0003 141 021 129 0.2
0.90 -0.17 006 001 026 004 131 -081 157 079 028 -0.04 087 0.13
089 016 088 013 125 019 094 069 105 001 125 019 089 0.13
145 027 026 004 019 003 099 073 059 002 026 -004 079 -0.12
044 -008 124 003 115 017 063 004 046 003 132 019 0.2 0.03
043 0.08 059 009 026 -004 087 -068 089 031 116 -0.17 123 -0.18
025 -005 032 005 070 011 107 -051 098 042 004 -001 11 -0.16

1 1 1 7 4 1 1
61 60 75 99 98 65 87
0.48 0.47 0.69 - 0.98 0.56 0.82
0.46 0.54 0.69 - 0.99 0.61 0.97

- 0.47 0.56 - 0.49 0.32 0.54
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Table 5.4 (continued)

1995 2006 2007 2008 2009 2010 Cumulative
VIP b VIP b VIP b VIP b VIP b VIP b VIP b

TOC, g kg™ 063 009 142 -02 148 -022 151 017 102 017 139 021 129 0.15
TP, g kg™ 077 0211 113 -016 140 -021 058 009 070 012 105 016 111 0.13
TN, g kg™ 086 012 151 -021 145 -022 151 025 142 023 133 0.2 165 0.19
Soil test P, mg kg™ 094 0214 053 -008 099 -015 0.17 -003 007 0.01 071 011 031 0.03
NOs-N, mg kg™ 156 022 111 -0.16 128 -019 145 024 153 025 166 025 104 0.12
Na, mg kg™ 045 -0.07 0.67 -009 011 -0.02 0.19 003 005 -001 031 005 019 -0.02
Cl, mg kg™ 164 024 04 006 014 -002 144 024 145 024 061 009 131 0.15
S04, mg kg™ 071 -0.10 0.76 -0.11 024 0.04 072 -012 078 -013 069 -01 018 -0.02
EC, dSm™ 074 011 085 -012 020 -002 074 0212 063 010 0.02 -0.003 0.63 0.07
PLS factors8 1 1 1 1 1 1 1
Overall model PVY 59 51 74 76 81 75 41
R*(VIP > 0.8) # 0.62 0.29 0.71 0.69 0.80 0.66 0.32
R*(VIP > 1) 0.68 0.22 0.66 0.39 0.80 0.66 0.32
R? (Four parameters) 0.19 0.22 0.66 0.29 0.47 0.66 0.22

+ EC, electrical conductivity; STP, soil-test phosphorus; NOs-N, soil nitrate-nitrogen; TN, total nitrogen; TP, total phosphorus; TOC,
total organic carbon; SOy, soluble sulphate; CI, soluble chloride; Na, soluble sodium.

11974, 1975, 1976, 1977, 1978, 1979, 1980, 1981, 1984, 1985, 1988, 1992, 1993,1994, 1995, 2006, 2007, 2008, 2009 and 2010
represent 1, 2, 3, 4,5, 6,7, 8, 11, 12, 15, 19, 20, 21, 22, 33, 34, 35, 36 and 37 yr after the start of the experiment; cumulative,
predicting cumulative by summing barley grain yield from 1974 t02010.

8 Number of partial least square (PLS) factors determined by cross-validation.

{l Percentage of variation explained by the PLS factor by cross-validation step.

# Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step using predictors with VIP > 0.8.

11 Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step using predictors with VIP > 1 (preferred model).
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11 Predictive strength assessed by linear regression of measured values of response variables versus predicted values obtained in the
cross-validation step with TOC, TP, TN, and NOs-N as predictors.
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5.5. Conclusions

Partial least squares models using soil variable measured at the end of a 30-yr annual manure
application period adequately predicted barley grain yield for up to 7 yr following discontinuation of
manure application. Similarly, annual grain yield in control plots that did not receive any manure
application was adequately predicted, for up to 37 yr since the start of the experiment, by PLS
models utilizing soil properties measured in 1973. In both cases, the four soil variables, TOC, TP,
TN, and NOs-N concentrations were the most influential and most consistent in explaining the
variability in yield. The predictive power of the models was very good, ranging from 41 to 88%.
Overall, a one-factor model with variables having VIP > 1 was selected as the most suitable for
predicting grain yield in both the manured and unmanured plots in all years. Our results showed no
evidence of convergence in grain yield among the discontinued manure treatments 7 yr after
discontinuation of manure application, which reflects the high soil nutrient concentrations and the
adverse and persistent EC effects. This indicates that there is no need to supplement soil nutrients
through the addition of synthetic fertilizers or manure within this period since the nutrient
concentrations are still above the agronomic thresholds for optimum yield production. There is a
need for long term measurements of barley yield to determine when barley yield convergence across
treatments will occur and when nutrient addition should begin. Yields were greater for the 120 and
180 Mg ha® yr' manure rates than the control in 2010, unlike in the earlier years following
discontinuation of manure application, when yields were lower in the manured plots. Because the
STP and NOs-N levels were still greater than the maximum agronomic limits of 60 and 34 mg kg™,
respectively, even 7 yr after manure application was discontinued, these plots still need to be

managed with care to ensure that excess nutrients are not lost to the environment.
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6. OVERALL SYNTHESIS

6.1. Relevant Findings and Implications of the Research

The beef cattle feedlot industry in North America has seen an increase in the use of dried
distillers grains with solubles (DDGS) as animal feed (Li et al., 2011; FOBI Network, 2013). This is
partly due to the increased supply of DDGS with the rapid expansion of the biofuel industry in the
United States and Canada (Liu, 2011; FOBI Network, 2013). Studies have shown that inclusion of
DDGS in cattle diet alters manure properties by increasing the excretion of nutrients, especially
nitrogen (N) and phosphorus (P), relative to manure from animals fed a regular grain diet (Hao et al.,
2009; McGinn et al., 2009; Hunerberg et al., 2013a). Greater N and P uptake, soil total N, total P,
and soil test P concentrations have been reported in soil following application of manure from cattle

fed DDGS compared with manure from cattle fed a barley grain diet (Benke et al., 2010).

Manure properties are affected not only by the type of diet fed to the animal but also by the
bedding material used in confined feeding operations (Miller et al., 2003, 2010). The increasing use
of construction and demolition waste (CDW), especially the wood and drywall fractions, as bedding
material in beef cattle feedlots in the Canadian Prairies may further reduce N availability in manure
from animals receiving DDGS in their diet. This is because the stable C in the woodchip fraction can
alter nutrient release dynamics when the manure is applied to soil (Larney et al., 2008; Miller et al.,

2010; Hao et al., 2014).

Information on the agronomic effectiveness and environmental risk associated with repeated
land application of manure from cattle fed either DDGS or regular grain diet, and the effects of
mixing the manure with peat or CDW, were reported in Chapter 3 of this thesis. The addition of

CDW to DGM and RM manure lowered canola cumulative dry matter yield (CDMY) and N uptake
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relative to manure without CDW, while CDMY and N uptake increased in the presence of peat. The
lower dry matter yield and N uptake resulting from reduced organic N mineralization indicate that
CDW-amended DGM and RM manure may have to be supplemented with synthetic N fertilizer to
meet crop N requirements. In both the N mineralization (Chapter 2) and the bioassay (Chapter 3)
experiments, the presence of CDW in manure resulted in net immobilization of N compared with
manure without CDW, suggesting that CDW affects N dynamics by lowering the amount of N that is
mineralized. In the bioassay, all organic amendment treatments resulted in lower net N
mineralization in the Brown Chernozem compared to the Black Chernozem. This is consistent with
results from the N mineralization study (Chapter 2) in which negative mineralization occurred in the
Brown Chernozem with the same amendments. This further highlights the relevance of the combined
effect of soil and amendment properties on soil N mineralization-immobilization processes, and

hence the eventual release of N for crop uptake.

Nitrogen mineralization kinetics for the Black Chernozem (Chapter 2) was best described by
the mixed first-order and zero-order kinetic model. Our results showed that potentially mineralizable
N (N,) was the only temperature-dependent model parameter. Averaged across organic amendment
treatments, N, was greater at 25°C than at 15°C. This indicates that a greater amount of N is
mineralized as the temperature of incubation is increased possibly due to enhanced microbial
activity. Averaged across incubation temperatures, N, was lower for DGM than RM. The lower N,
for DGM in the Black Chernozem possibly reflects the rapid mineralization of the easily
decomposable organic N pool (i.e., larger ki) and the slower mineralization of the large resistant N
pool (i.e., lower k,) compared to RM. It is possible that a greater fraction of N is made available in
soil when the large resistant N pool gets mineralized compared to the N released from the easily

decomposable organic N pool. This is consistent with the results from the bioassay study (Chapter
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3), in which the cumulative organic N mineralized in the Black Chernozem was greater for RM than

DGM.

Although, manure containing CDW reduced biomass yield, N uptake and organic N
mineralization relative to manure without CDW, our results showed reduced soil inorganic N
concentration in both soils with DGMcpw and RMcpw compared to DGM and RM applications,
respectively (Chapter 3). The result is the excessive buildup of nitrate, which is susceptible to loss to
the environment through leaching, as seen with the greater PLN and CPLN with DGM and RM
compared to DGMcpw and RMcpw, respectively. Our results further showed that nitrapyrin
application had no significant effect on nitrate leaching. In general, the results showed that both RM
and DGM resulted in greater residual N concentrations at the end of the five growth cycles compared
to the initial soil inorganic N concentration prior to the experiment, with the increase greater with

DDGS manure (Chapter 3).

Agricultural fields in the vicinity of concentrated animal operations (e.g., cattle feedlots in
southern Alberta) have a long history of livestock manure application, which results in elevated
levels of N and P, which are susceptible to loss to the environment (Pant et al., 2004; Larney et al.,
2006). On such fields, further fertilization with synthetic fertilizer or manure is undesirable. In many
cases, the fields are repeatedly cropped to forage to reduce soil nutrient concentrations, a technique
known as phytoextraction (Pederson et al., 2002; Pant et al., 2004; Read et al., 2007). Chapter 4 of
this thesis provides information on the phytoextraction of N and P from a heavily manured Dark
Brown Chernozem by various agronomic crops [four cereal crops (barley, corn, oat and triticale),

canola and legumes (pea and soybean)] grown under two moisture regimes (100% and 50% SFC).
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The results showed that dry matter yield, N and P uptake were on average lower at 50% SFC
than at 100% SFC, reflecting the reduced biomass yields at the lower moisture level. However, soil
residual N concentration was lowest under 100% SFC an indication of greater N uptake by plants
under optimum moisture conditions through increased biomass yields. The implication is that
phytoextraction of N in a heavily manured soil is maximized when the soil moisture is optimum,
resulting in increased soil organic matter decomposition and N mineralization through enhanced soil
microbial activity (Sierra, 1997; Leirés et al., 1999; Agehara and Warncke, 2005). Our results also

showed that soil available P and percent change in dry matter (ADMY1), nitrogen (ANU;) and

phosphorus (APU4) relative to Cycle 1 were all unaffected by the moisture regimes.

Results from the study indicate that P phytoextraction rates after six growth cycles for most
crops except pea were greater than those for N. This suggests that a greater fraction of P that was
initially present in the heavily manured soil was removed with repeated harvesting. This is important
since the common practice is to apply manure to meet crop N requirements, which usually results in
accumulation of excess P in soil, which is a major environmental concern (Sharpley et al., 2001;

Eghball et al., 2003).

Results showed that repeated harvesting of canola and corn resulted in the lowest soil residual
N and available P concentrations compared to the other grain crops and legumes, which were
consistent with the greater CNU and CPU of both canola and corn. This indicates that under the
conditions tested in this study, canola and corn are the appropriate crop choices for phytoextraction
of N and P in a heavily manured soil. Although N and P phytoextraction rates after six growth cycles
were greatest for corn than canola, however, we recommend that canola would be the ideal crop to

use since our results showed that it maintained a consistent uptake of N and P rates with repeated
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cropping compared to corn that initially outyielded all the other crops, with yields increasing little

with repeated harvests, resulting in lower nutrient uptake at the later growth cycles.

Apart from seasonal and yearly variability in weather, landscape characteristics of a field,
management practices adopted on the farm and the occurrence of crop disease, crop biomass
production and the eventual nutrient uptake on any particular agricultural field are highly influenced
by soil properties. The soil’s ability to supply nutrients required for optimum growth and
development by crops is critical in sustaining productivity even after application of nutrient sources
such as synthetic fertilizer and livestock manure is discontinued. Chapter 5 of this thesis provides
information on the prediction, using PLS modeling, of barley grain yield in years following
discontinuation of long term manure application in a Dark Brown Chernozem using soil properties
measured at the cessation of manure application. Our results (Chapter 5) showed that a one-latent
variable PLS model with variables having VIP > 1 explained between 29-99% of the variability in
grain yield in the manured plots and between 22-99% in the unmanured plots. Results from the
study showed that the four soil variables, TOC, TP, TN, and NO3-N concentration, were the most
influential in explaining the variability in yield. The consideration of TN and NOs-N as parts of key
critical factors goes further to confirms the generally accepted fact that the N demand by most arable
crops is generally greater compared to crop P requirement including other essential soil nutrients
(Malhi et al., 2006, 2007; Meisinger et al., 2008). The relatively high and constant predictive power
of the model during the years following discontinuation of manure application suggest that under the
same condition as in this study, yearly soil sampling and measurement may not be necessary,
especially in a field where manure application was discontinued since the initial soil properties were

able to explain the variability in the barley grain yield years after the last manure application. Hence,
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analysis of soil samples collected from such a field should be limited to just TOC, TP, TN and NOs-

N for routine soil testing if the need arises.

6.2. Recommendations

Our study provides information on crop N uptake and N dynamics (Chapter 2 and 3) in
Chernozems as influenced by CDW and peat in manure from beef cattle fed either a regular grain
diet or DDGS. This is of great importance as there is growing interest in the use of CDW as bedding
in cattle feedlots in the Canadian Prairies, along the increasing inclusion of DDGS in animal diets.
Findings from this study will help beef producers and policy makers to make informed decisions on
manure nutrient management, especially with the use of CDW and peat, by ensuring that negative
effects to the environment that are associated with manure application are minimized while aiming
towards a more sustainable crop production using cattle manure. Hence, future studies should be
focused on further improving our understanding of N dynamics in the field using cattle manure
containing CDW or peat by using manure in which the bedding material is actually added into the
animal pen instead of mixing manure from pens with CDW and peat as done in this study. It is
possible that the CDW and peat added with manure used in this study did not have enough time to
react as would be the situation in feedlots. In the Canadian prairies, manure in cattle feedlots is
usually removed from the pens once a year, usually in September to November, which coincides
with the fall application of manure, which is widely practiced (Miller et al., 2003; Sheppard et al.,
2011; Sheppard and Bittman, 2012). The extended contact time allows for a greater interaction
between the bedding material and the manure. Under such conditions, manure N dynamics may
differ due to dilution in the presence of the bedding. Furthermore, manure nutrients, particularly N,

will have been susceptible to loss to the environment through various pathways (e.g., volatilization,
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denitrification and leaching) while in the feedlot pen and during outdoor storage (e.g. stockpiling)

following the cleaning of the pen (Sheppard and Bittman, 2012).

The rates of fresh manure application used in this study were based on the field application
rate of 60 Mg ha™ recommended in southern Alberta to supply 150 kg N ha™ for irrigated cereal
production. However, the use of the same manure weight for both DDGS and RM manure in our
study resulted in slightly different amounts of N being applied to the soils, which precluded a
combined analysis of the data. Manure application to meet crop requirement based on the nutrient
content of manure and rate of manure application will ensure the same N rate for all amendments,

hence allowing a comparison of manure types.

Results from the N mineralization studies showed that N immobilization was predominant in
the Brown Chernozem for all the organic amendments. Under similar controlled conditions as was
used in our study, Chiyoka et al. (2014) reported a negative N mineralization for a Dark Brown
Chernozem amended with cattle manure. There is the need to further our understanding on soil
factors and organic amendment properties that may be responsible for the N immobilization in the
Brown Chernozem and to confirm if the same negative mineralization will occur under field

conditions.

Our phytoextraction study (Chapter 4) was conducted under controlled conditions and
provides relevant information on crops that are more efficient in reducing soil N and P
concentrations in a heavily manured soil under varying soil moisture conditions. This research is the
first step towards providing information on N and P removal in a heavily manured soil by various
agronomic crops. Our understanding of the phytoextraction rates of these crops could be further

extended by conducing field research to examine rooting depth effects on nutrient extraction since
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root growth of the various crops used in our study may have been restricted by the size of the

experimental pots.

The prediction of barley grain yield in the study used only soil chemical properties such as
NOs-N, pH, TOC, TN (Chapter 5). However, soil physical (e.g., hydraulic conductivity, porosity,
aeration status, soil strength, and temperature) and biological (e.g., microbial biomass, organic
matter) properties also influence crop growth and yield. Inclusion of all these factor in the models

will improve their predictive power.
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APPENDICES

Supplementary Information: Chapter 5

Table S1. Cumulative precipitation and average air temperature before soil sampling during
the eight years (2003-2010) following discontinuation of 30 yr of manure application in a Dark
Brown Chernozem at the AAFC Research and Development Centre in Lethbridge, Alberta,
Canada.

Year  Cumulative Precip. Average temp.

Aug - Oct. Aug - Oct.
mm °C

2003 40.4 14.3
2004 97.6 12.2
2005 243 12.5
2006 68.7 12.9
2007 70.7 13

2008 98.3 13.1
2009 134.3 12.8
2010 108.1 12.8
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Figure 5S1. Growing season monthly precipitation (white bars) and mean air temperatures (black
asterisk) during the seven years (2004-2010) following discontinuation of 30 yr of
manure application in a Dark Brown Chernozem at the AAFC Research and
Development Centre in Lethbridge, Alberta, Canada.
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Figure 5S2 Daily precipitation and mean air temperatures in May during the seven years (2004-
2010) following discontinuation of 30 yr of manure application in a Dark Brown
Chernozem at the AAFC Research and Development Centre in Lethbridge, Alberta,

Canada.
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Figure 5S3 Correlation loading plot (a), profiles of centered and scaled parameters (b), and variable importance of the projection plots
(c) of the PLS model for predicting barley grain yield 4 yr following discontinuation of 30 yr of manure application.
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