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ABSTRACT

CHARACTERIZATION OF ANAEROBIC DIGESTATES FOR THEIR NITROGEN FERTILITY
VALUE AND IMPROVED NUTRIENT MANAGEMENT

Mary Christine O'Reilly
University of Guelph, 2014

Advisor:
Dr. R. Paul Voroney

The purpose of this research was to determine the nitrogen fertility benefits of
anaerobic digestates (AD) applied to agricultural soils for crop production.
The kinetics of nitrogen release in soils amended with AD were measured in 6-week
laboratory incubation studies. Nitrification occurred within the first 3-4 weeks. Mineralization
was not statistically significant over time. Soil samples from field trials in the 2012 - 2013
cropping year showed nitrification and mineralization occurred in the six weeks after AD
application. Most soil inorganic-N was taken up by the crop before harvest.
Early growth of maize (Zea mays L.) in soil amended with AD was investigated in a
greenhouse trial. Field trials in 2012 and 2013 measured grain yield response and stover
production of maize in soils treated with AD, urea, or manure (2013 only). These experiments
confirm that inorganic-N in digestate and urea is equally available, and that ADs are a
comparable nitrogen source to liquid manure (FNEs of 34% and 31%, respectively).
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CHAPTER 1. A REVIEW OF ANAEROBIC DIGESTION TECHNOLOGY IN ONTARIO:
CURRENT PRACTICES AND FUTURE POSSIBILITIES
Introduction
Anaerobic digestion can be defined as “the decomposition of organic matter by
bacteria in an oxygen-limiting environment” (O.Reg. 267/03, s.1(1)). On an industrial scale,
anaerobic digesters are designed to facilitate this process and capture the methane gas
produced. The methane is combusted either for heat production or to fuel a generator – which
can supply electricity to a closed system or be sold back to the main electrical grid. The liquid
slurry produced, which consists of microbial biomass and the relatively resistant products of
organic matter decay, is referred to as “digestate” by the industry.
Aside from treatment of organic feedstocks by anaerobic digestion for methane
production, various organic materials may undergo digestion to create a manageable product
for land application. Ideal feedstocks for energy generation yield high amounts of methane
gas (Buffiere et al. 2006). Feedstock digested with the primary purpose of stabilization for
land application may not yield optimal methane levels, but the aim of stabilization is to reduce
the number of pathogens in the digestate (Gomez et al. 2005), to minimize the release of
greenhouse gases from the field after land application. Digestates are nutrient-rich materials,
and therefore are regulated under the Ontario Nutrient Management Act, 2002.
Anaerobic Digestate and the Ontario Nutrient Management Act, 2002
According to the Nutrient Management Act (2002) anaerobic digestate (AD) may be
regulated in Ontario as an agricultural source material or non-agricultural source material
(NASM) depending on the composition of the digester's feedstock (O.Reg. 267/03, s.1(1))
(See Figure 1.1). Ontario Regulation 267/03, Part IX.1 covers anaerobic digestion and details
the requirements for the receipt, storage, and treatment of feedstock material; specific
regulations for the storage and land application of digestate; and the records required for
operations treating materials with anaerobic digestion.
Permission to operate a digester may be granted under the Nutrient Management Act
or via an environmental compliance approval from the Ontario Ministry of the Environment.
The current regulations for the storage and land application of agricultural source AD from a
digester regulated by the Nutrient Management Act are the same as those for manures and
other agricultural source material (O.Reg. 267/03, s.98.10, 98.11). If the agricultural source
1

digestate is from an environmental compliance approved facility and the farm on which the
digestate is being applied does not require a nutrient management plan, application rates may
not exceed:
 200 kg ha-1 of plant available nitrogen within a 12 month period; and
 the greater of either the crop production requirements plus 85 kg phosphates ha -1 over
five years; or the phosphate removed from the land plus 390 kg phosphates ha -1 over
five years (O.Reg 267/03, s.98.12)
These restrictions help ensure that water resources are protected from nutrient pollution.
For a waste to be classified as NASM, it must demonstrate an agronomic beneficial
use. This means that the material must: 1) provide a combined 13 000 mg kg-1 (solid material)
or 140 mg L-1 (liquid material) of plant available nitrogen, phosphorus, and potassium; 2)
amend soil organic matter by containing at least 15% organic matter; 3) amend soil pH (if
necessary to improve growing conditions); or 4) contain less than 1% dry matter for irrigation
use (O.Reg. 267/03, s.98.0.6). Digestates typically meet the beneficial use criteria for plant
available nutrients (Haraldsen et al. 2011).
The regulations for storage of NASM anaerobic digestate are the same as those for
agricultural source anaerobic digestate (O.Reg. 267/03, s.98.10). With the exception of
digestates containing sewage, anaerobic digestate is not a listed NASM (O.Reg. 267/03,
Schedule 4: Categories of Non-Agricultural Source Material); this automatically places all
digestates in Category 3, which carries the most restrictions. Land application regulations for
NASM digestates are determined based on heavy metal content and pathogen levels.
(O.Reg. 267/03, s.42,45,46; s.98.11(1a)).
There are about 30 anaerobic digesters under construction or operating in Ontario at
the time of writing. While regulations are in place to guide management of digestates, most of
the current knowledge regarding digestate management is based on research conducted in
Europe or the United States. An understanding of what is known about digestate
management provides a foundation for assessment and development of Ontario's policies for
agricultural land application.

Current Use of Anaerobic Digestate on Crop Land
Application on farm land is used to dispose of digestate as its chemical composition
suggests great potential for use as a soil amendment and a crop fertilizer. There are two
2

major concerns with using digestate as a fertilizer: whether it is effective as a source of plant
nutrients, and if there is a risk of nutrient leaching into local water systems.
Concentrations of plant available nitrogen, phosphorus, and potassium in digestates
are typically high (Haraldsen et al. 2011). However, germination trials with digestates indicate
their high organic acid concentrations which may be phytotoxic (Abdullahi et al. 2008). Fatty
acids are known to induce phytotoxicity by damaging the proteins and lipids in the cellular
membranes of plant roots, thereby impairing the plant's ability to uptake and retain nutrients
(Baziramakenga et al. 1995). The potential for phytotoxicity has been addressed by adding an
aerobic decomposition phase after anaerobic digestion to further the stabilization of the
digestate (Drennan and DiStefano 2010). This aerobic curing lowers the concentrations of
volatile fatty acids sufficiently to avoid any phytotoxic effects (Drennan and DiStefano 2010).
McLachlan et al. (2004) suggested that it is not organic acids, but soluble salts that make
digestates phytotoxic (McLachlan et al. 2004; Rivard et al. 1995) by changing the osmotic
potential between the soil matrix and plant roots. Further, not all studies have recorded
phytotoxic effects from raw digestate (Haraldsen et al. 2011; Loria et al. 2007; Montemurro
2010) which may be due to the nature of the experiments; Abdullahi et al. (2008) and
McLachlan et al. (2004) conducted germination trials where radish (Raphanus sativus L.)
seeds were placed directly in digestate, the trials mentioned that did not see phytotoxicity
grew various plants in soils amended with digestate. By incorporating digestate with the soil,
there is potential for fatty acids to be broken down by soil microorganisms, and for soluble
salts to leach out of the root zone before either component could damage a crop.
Research has also examined the likelihood of nutrient leaching from digestate applied
to crops. The digestion process converts organic nitrogen into plant-available inorganic forms
(Lehtomaki and Bjornsson 2006), and this determines how these wastes should be managed
in the field. A higher inorganic-N content increases the potential risk of excess nitrogen
leaching into water systems (Jokela and Rintala 2003; Sandars et al. 2003; Haraldsen et al.
2011). Tillage before application disrupts preferential flow channels that would allow digestate
and its plant available nutrients to quickly drain through the soil profile and out of the crop root
zone (J. Lauzon, lecture, University of Guelph, Guelph, ON). In addition, if other chemical
components of the digestate inhibit plants from taking up nitrogen, the high levels of nitrate
may pose a serious water pollution risk.
As anaerobic digestion facilities are becoming more common throughout the province,
the generation of digestates may prove to be a valuable source of nutrients for Ontario's
3

agricultural industry. This energy-generating technology could contribute not only to
sustainable energy production, but to more sustainable agricultural production practices.
Future Objectives for Using Anaerobic Digestate in Agriculture
The technology of using anaerobic digestion to produce electricity was established in
the 1970s (Dagnell 1995). This has provided ample time to fine-tune the process, and yet in
many countries the technology has not become popular. In order for Ontario to succeed with
anaerobic digesters, the provincial government and interested industry groups should
consider examples of successful integration of the technology into both the agricultural and
energy sectors on which to base the province's model for development.
Socolow (1999) drew parallels between the so-called crises in both the energy and
food sectors by arguing that they face the same problem: a non-renewable and unsustainable
model of linear nutrient flow. In energy, the nutrient of interest is carbon; for agriculture,
nitrogen is most influential (Socolow 1999). The Haber-Bosch process used to create
synthetic nitrogen fertilizers requires a lot of energy, typically derived from fossil fuels, to bring
the reaction chamber to 350 - 550°C and 150 – 350 atm (Schrock 2006). Both industries draw
from finite resources, generate nutrient losses throughout the value-adding process of
providing a product needed by society, and finish with waste by-products that may damage
the natural environment. Socolow (1999) proposed a solution to both problems: to change the
energy and food systems from linear source-to-sink models into cycles, where losses are
accounted for and minimized, and waste products are reused back into the system to keep
natural carbon and nitrogen cycles balanced. This could be taken one step further: if the
problems and solution models are the same, energy and agriculture could become one
integrated, sustainable industry.
If Ontario adopts anaerobic digestion as a renewable energy source across the
province, agriculture would play a key role in providing appropriate feedstock and in
managing the resulting digestate. A successful integration of energy generation with
agriculture could help keep nutrients cycling locally. As more farmers in the province become
familiar with the technology, it is likely that operators will consider investing in energy
production through anaerobic digestion.
While most anaerobic digesters are installed with the intent of producing electricity to
feed the grid, there may be other uses for the methane gas that will help reduce Ontario's
dependence on fossil fuels. Hansen et al. (2007) compared how a 1996 Chevrolet truck
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performed when run on gasoline, compressed natural gas, and biogas from a digester. The
truck had been retrofitted to run on compressed natural gas prior to the experiment, and it
was this system that the researchers used to fuel the truck with biogas (Hansen et al. 2007).
They found that there was no significant difference in wear on the engine when biogas was
used as a fuel (Hansen et al. 2007). The truck lost about 30% power, but this was attributed to
the same proportion of carbon dioxide present in the fuel; a purified biogas should be able to
match the horsepower derived from gasoline (Hansen et al. 2007).
Dagnell (1995) outlined a national strategy to implement anaerobic digesters in
Britain's agricultural industry. While digesters have been operating in the United Kingdom
since the 1980s, Dagnell (1995) claimed that on-farm operations were not very successful
due to challenges with integrating them into farm management systems and with low biogas
yields. Dagnell (1995) proposed that if European Union and British policy-makers were
serious about promoting the use of anaerobic digestion to help meet environmental
regulations, the United Kingdom should consider adopting a co-operative system similar to
that in Denmark, where digesters are centralized rather than located on individual private
farms. Centralized digesters have greater positive social and economic impacts on
communities than do those on private farms (Varela et al. 1999).
Farmer co-operatives are already established for other commodities in Ontario, and
this system may be a viable approach for Ontario to adopt anaerobic digestion technology.
The risks (start-up costs and continuous feedstock supply) and benefits (profits from
electricity sales and access to nutrient-rich material for land application) can be shared by
members rather than taken on individually. Several farmer-initiated co-operatives focused on
generating electricity through anaerobic digestion have been formed in the United States
(Downing et al. 2005). Downing et al. (2005) identified the greatest weakness of the farmer
co-operative system as a lack of involvement by co-operatives in the development of energy
and agricultural policy. This may make it more difficult for co-operative ventures to obtain
government support and a legislative structure conducive to co-operative business
enterprises in the agriculture and energy sectors.
Conclusions
As more anaerobic digestion facilities become operational in Ontario, OMAF/MRA have
initiated a research program to investigate digestate production in the province with the aim of
improving nutrient management regulations. The vast range of potential feedstocks for
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anaerobic digestion make the by-product of each facility unique, and this diversity reflects the
agriculture, food, and waste disposal systems local to a digester. Therefore, information
gathered from Ontario sources will be more valuable to policy-makers because local
conditions are accurately represented.
This thesis will examine the nitrogen fertility benefits of applying anaerobic digestates
to agricultural soils for crop production. It is hypothesized that: 1) the inorganic-N in digestate
is plant available; and 2) digestates will have a positive effect on maize (Zea mays L.) yield.
Maize has been selected for these trials because it is among the most common crops
produced in Ontario, and has a high nitrogen demand. The objectives to assess these
hypotheses are: 1) to measure changes in net nitrogen mineralization and nitrification in soils
amended with digestate; and 2) to measure yield responses of maize (both grain and stover
production) grown in soils amended with digestate. These objectives will be addressed
through a greenhouse trial growing maize, laboratory soil incubation trials, and field trials in
2012 and 2013. If the results of this project indicate shortcomings in current legislation and
best management practices, these data would allow for revision of provincial policies
regarding digestate management.

6

Figure 1.1 Decision tree to determine if anaerobic digestate is an agricultural (ASM) or nonagricultural (NASM) source material under current regulations
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CHAPTER 2. GROWTH RESPONSE OF ZEA MAYS L. TO SOILS AMENDED WITH
DIGESTATE AS A NITROGEN SOURCE
Introduction
In order for a waste to be classified as a non-agriculture source material, it must
demonstrate an agronomic beneficial use. This means the material must: 1) provide a
combined 13 000 mg kg-1 (solid material) or 140 mg L-1 (liquid material) of plant available
nitrogen, phosphorus, and potassium; 2) amend soil organic matter by containing at least
15% organic matter; 3) amend soil pH (if necessary to improve growing conditions); or 4)
contain less than 1% dry matter for irrigation use (O.Reg. 267/03, s.98.0.6). Levels of plant
available nitrogen, phosphorus, and potassium in digestates are typically high (Haraldsen et
al. 2011), which suggests that digestate would meet the plant available nutrient requirement
for beneficial use.
In previous studies, digestate generated from source-separated organics yielded 72105% of expected yield from fertilizer on cereal crops (Rodhe et al. 2006) and anaerobically
digested swine manure had a fertilizer nitrogen equivalency of 44-100% yield in maize (Zea
mays L.) (Loria et al. 2007). Results from a greenhouse trial using materials from American
Samoa suggest that maize yield increases with increased application rates of digestate
(Rivard et al. 1995). Montemurro (2010) found that amendment with anaerobic digestates
improved lettuce (Lactuca sativa var. longifolia Lam.) yields, and concluded that using
digestate as an organic fertilizer is a valid option – provided farmers use appropriate nutrient
management practices to minimize the environmental impact of their operation.
Phytotoxicity from anaerobic digestate application has been noted in some studies.
The toxicity was attributed to elevated levels of volatile fatty acids that damage plant roots
(Abdullahi et al. 2008; Baziramakenga et al. 1995), and to high concentrations of soluble salts
which change the osmotic potential between plant roots and the soil solution (McLachlin et al.
2004; Rivard et al. 1995).
The objective of this study was to evaluate similarities between the early growth
responses of maize in soils supplied with either digestate or synthetic fertilizer as nutrient
sources.
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Materials and Methods
Experimental Design
A mixture of Brookston clay soil collected from the top 15 cm of a field near
Leamington, ON and peat moss (Sun Gro Horticulture Sunshine Mix #2/LB2) in a 2:3 ratio
was used as potting material in 10 L pots. The potting material was mixed by hand. The trial
included nine different treatments: synthetic fertilizer (15-15-15) applied at rates of 50, 100,
150, and 200 kg N, P2O5, and K2O ha-1 (F50, F100, F150, F200). The amount of inorganic
nitrogen from anaerobic digestate from Seacliff Energy in Leamington, ON (0.48%) was
applied to match the fertilizer rates (D50, D100, D150, D200). Total nitrogen in the digestate
was 0.71%, but the organic N was not considered a potential plant-available source.
Assuming no nitrogen mineralization occurred during the six-week trial, the digestate nutrients
could be expressed as 0.48-0.20-0.24 (Appendix A). The fertilizer and digestate treatments
were hand mixed into the top 5 cm of the potting material. A control was included where no
additional nutrients were applied (C). The experiment was run in a completely randomized
design and treatments were replicated five times.
Maize was chosen as an indicator crop due to its high nutrient demands (Rivard et al.
1995). Three seeds were planted at 4 cm depth in the middle of each pot and covered with
potting material. One week after planting, the pots were thinned so that each contained only
one maize plant; selection was based on freedom from damage and the overall appearance
of vigour. The heights of the plants were measured from the soil surface to the tip of the
newest fully-emerged leaf held erect. Pots were re-randomized weekly. The pots were
watered twice per week to ensure water was not limiting plant growth. Water was applied until
gravitational water was seen draining from the base of the pot. The experiment was
conducted in a greenhouse at the University of Guelph (Guelph, ON) in July- August 2012.
Supplemental light was used to acheive 16 h days (0600 to 2200) and daily mean
temperature within the greenhouse ranged from 21.2°C to 27.6°C.
After the final height measurements were taken on week six, plants were cut at ground
level and dried for 70 hours at 60°C in paper bags. The dried plants were weighed by
treatment and the mass was divided by the number of plants within the treatment to
determine the mean plant mass per treatment. The maize plants were ground to pass through
a 0.5 mm screen by a Wiley Mill (Arthur H. Thomas Co., Model No. 3) and sent for nutrient
and heavy metal analysis (Appendix A) at the University of Guelph Laboratory Services
9

(Guelph, ON). The mill had trouble grinding the fibrous stalk material from the base of the
plants; these were not included in the samples sent for analysis. Only the nitrogen data were
evaluated in this thesis.
Statistical Analyses
Regression analysis was conducted on the data to describe the response pattern of
the maize with each source of nitrogen. A two-factor ANOVA with interaction was performed to
test differences in maize height between the digestate and fertilizer rates using the GLM
procedure of SAS version 9.3 (SAS Institute, Cary, NC). Residuals for each week were
examined to check the assumptions of normality and equality of variances using scatter plots
and a Shapiro-Wilk test. The Type I error rate was set at α=0.05.
Results and Discussion
All data sets had normally distributed residuals except for Week 3. Log transformations
did not improve the distribution, so the regression model with original data was accepted. The
seeds in one of the 200 kg N ha-1 fertilizer treatments did not germinate, likely due to fertilizer
burn from granules in close proximity to the seeds (Reid 2006).
During Weeks 1, 2, and 5 there were no significant differences in plant growth between
N sources and the control. The source of nitrogen had a significant effect on plant height
during Weeks 3 and 4, in that plants treated with synthetic fertilizer were taller than plants
treated with digestate (Table 2.1). By Week 6, only the rate of nitrogen was significant in
predicting the height (Figure 2.1) of the maize plants. While there was a high amount of plant
available nitrogen in the digestate (4750 ppm of ammonium-N), it is possible that other
chemicals present in the digestate, such as volatile fatty acids (Abdullahi et al. 2008) or salts
(McLachlan et al. 2004), reduced the plants' ability to take up nutrients between emergence
and Week 3. High concentrations of volatile fatty acids disrupt nutrient uptake by damaging
root structure (Baziramakenga et al. 1995). Since plant heights were not different between N
sources by Week 6, this suggests that the maize roots were not permanently damaged by
digestate during Weeks 3 and 4. The young maize plants may have been stressed by a saltinduced osmotic potential, as maize is known to be sensitive to saline conditions (Ashref and
Rauf 2001). When the root systems are more developed, the plants respond to additional
nutrients. Mallarino et al. (1999) report maize in the V4 and V5 stages showing a positive
growth response to additional phosphorus.
10

At six weeks growth, the N concentration of the plant tissue showed a positive trend
with increasing rate of N applied increased. Maize plants treated with digestate had higher N
concentration and greater biomass than those grown with fertilizer (Table 2.2). Statistical
analysis could not be done on these data because plant mass was recorded as a mean per
treatment only, so the differences shown are numerical. Since the rate of digestate was
calculated based only on its ammonium-N contents, the data suggest that some of the
organic-N was mineralized. This would mean that the digestate supplied more plant-available
nitrogen than did the inorganic fertilizer at a given rate.
Additional Observations
During Week 4, plant development was recorded using the leaf-tip method described
by OMAFRA (2009). At this time, the control plants were at the 7 leaf stage, plants treated
with digestate were at the 7-8 leaf stage, and fertilizer treatments were at the 7-9 leaf stage.
Plants receiving higher nitrogen rates acheived a higher leaf stage than those treated with the
same amendment at a lower rate.
By the end of Week 6, the digestate treatments showed more striation in new leaf
growth than did those receiving synthetic fertilizer. This may be due to a zinc deficiency, since
the digestate in the trial had a pH of 8.0 and zinc forms insoluble compounds at high pH
levels (Reid 2006). Another possibility is ammonia toxicity, since the high pH of the digestate
is condusive to ammonia gas occurring.
Conclusions
Digestate had a positive effect on early maize growth when compared to an
unamended control. By the sixth week of this trial, the source of nitrogen (digestate or
inorganic fertilizer) did not have a significant impact on plant height. This may indicate that
any potential toxicities that occurred were short lived. Studies of digestate organic-N
mineralization rates should be carried out to better manage digestate as a crop nutrient
source over one or many cropping years. Further studies should include laboratory incubation
trials and field studies using digestates from a variety of sources to determine if local
feedstocks have an impact on the nutrient availability from the resulting digestate.
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Table 2.1 Means and means comparisons of Zea mays L. height under greenhouse
conditions during six weeks growth following application of a nitrogen source in a completely
randomized design at Guelph, ON in 2012
Week Mean height of control (cm) Mean height difference from control (cm)
Digestate

15-15-15 Fertilizer

Pr > |t|

1

10.66

0.4317436

-0.3317316

0.1330

2

37.26

4.1643846

5.8060336

0.4220

3

62.6

6.9400000

14.4052632

0.0094*

4

90.9

19.2950000

26.0210526

0.0318*

5

110.6

32.1550000

37.8105263

0.2257

6

128.96

40.3596388

46.6719592

0.1719

*designates statistical significance at P < 0.05 between digestate and fertilizer
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Figure 2.1 Impact of digestate and fertilizer N rate on Zea mays L. height six weeks after
planting
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Table 2.2 Biomass and nitrogen uptake data from Zea mays L. under greenhouse conditions
six weeks after applying a nutrient source in a completely randomized design at Guelph, ON
in 2012
Mean plant
mass (g)

Tissue N
concentration (%)

Plant N uptake (mg
plant-1)

0

9.8

1.16

113.68

D

50

17.8

2.34

416.52

D

100

19.6

2.75

539

D

150

29.4

2.63

773.22

D

200

31.8

2.62

833.16

F

50

23.2

1.32

306.24

F

100

28.8

1.75

504

F

150

32.8

2.24

734.72

F

200

32

2.75

880

Treatment
Sourcez Rate (kg ha-1)

D = digestate; F = fertilizer (15-15-15)

Z
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CHAPTER 3. COMPARISON OF NITRIFICATION AND MINERALIZATION RATES FOR
ANAEROBIC DIGESTATES FROM DIFFERENT SOURCES
Introduction
The process of anaerobic digestion converts the constituents of various organic wastes
into plant-available inorganic forms, and as a result digestates can potentially be used as an
effective fertilizer in agriculture (Lehtomaki and Bjornsson 2006). However, the greater the
extent of nitrogen mineralization, the greater the potential risk of excess nitrogen leaching into
water systems (Jokela and Rintala 2003; Sandars et al. 2003; Haraldsen et al. 2011). Best
management practices can only be implemented once an understanding of digestate nitrogen
dynamics is obtained.
Soil incubation trials in the late 1960s and early 1970s showed that net mineralization
of nitrogen from anaerobically digested sewage sludge was slower with high rates of
digestate application due to an initial lag period caused by toxins in the sludge (Ryan et al.
1973). However, high rates of anaerobic digestate would stimulate growth of the soil microbial
population as they consume the organic matter (Alburquerque et al. 2010). These soil
microbes would meet their own nitrogen demands through immobilization before mineralizing
organic nitrogen in the digestate, potentially causing the lag reported by previous researchers.
The digestate used by Ryan et al. (1973) had a C:N ratio of 2.4:1, and 40% of the total
nitrogen was ammonium. The inconsistent nitrification rates at high levels of digestate
application observed by Ryan et al. (1973) could be the result of the methods used in that
trial: the two highest rates were added gradually over the first 17 days of incubation, making
direct comparison to the other rates difficult, as these were applied in whole at time 0.
Goberna et al. (2011) indicate that digestates often contain higher proportions of
ammonium-N than the original manure feedstock, which readily nitrifies in the field after
application. Other research suggests that digestate from a manure feedstock degrades in the
field along a similar time frame as raw manure and provides a comparable amount of crop
available nitrogen (Loria et al. 2007). Alternatively, Alburquerque et al. (2011) suggest that the
degree of stabilization or maturity of a digestate determines the proportion of inorganic-N in
digestate. The residence time of feedstock in the digesters for this study ranged from 20 – 40
days, and the feedstock consisted of cattle or dairy manure, with or without glycerine
(Alburquerque et al. 2011), but no data on feedstock nitrogen contents were provided to
illustrate how anaerobic digestion affects the proportions of different nitrogen forms. Shortterm soil incubation studies have shown rapid nitrification of liquid digestate (Alburquerque et
15

al. 2010).
The objective of this study was to determine the rate of nitrification and net nitrogen
mineralization through changes in ammonium and nitrate levels over a six-week incubation
period in soils amended with anaerobic digestate.
Materials and Methods
Experimental Design
Brookston clay soil from a field near Leamington, ON was obtained for this
experiment. Air-dried soil was ground to pass through a 2 mm sieve, and 530 g was allocated
for each experimental unit. An appropriate volumetric water content for this incubation was
determined to be 21% by using matric potential to draw water up through a 10 cm cylinder of
soil. The volumetric water content was calculated for each 2 cm section of soil. Based on the
water holding capacity of the soil's texture class, the 21% volumetric water content was
between the soil's field capacity and permanent wilting point, and thus should provide a moist,
aerobic environment for soil microbes. The mass of water required to maintain this moisture
level was calculated for more practical application of water. In order to measure potential net
immobilization after digestate application, a nitrate pretreatment was added to the soil as
KNO3 at a rate of 50 mg N kg-1 soil. This was done by applying a KNO3 solution with a spray
bottle to soil contained in a plastic bag and mixing thoroughly. The pretreatment brought the
soil up to 14% volumetric moisture content. The pretreated soil was left undisturbed for 96 h.
Five treatments were used: anaerobic digestate was applied at rates of 50, 100, 150,
and 200 kg ammonium ha-1 (50, 100, 150, and 200); and a control, where no anaerobic
digestate was applied (0). The treatments were replicated three times in a randomized
complete block design. The experiment was repeated with digestates from different sources:
Seacliff Energy of Leamington, ON; Clovermead Farms near Alma, ON; and the Ridgetown
Campus of the University of Guelph (See Appendix A for nutrient analyses of digestates).
Digestate was mixed with the soil in plastic bags. One bag of soil was emptied into each 2 L
plastic bin (Kis Omnibox, 20.3 cm x 15.9 cm x 9.6 cm). The bins had three holes drilled into
the lid to maintain an aerobic environment while minimizing water loss. The soil was then
moistened to 21% volumetric water content with a spray bottle before replacing the lids.
Samples of incubated soil weighing 72 g were taken after digestate treatments were
applied. Once per week for the six-week duration of the trial, incubation bins were weighed
and the soils were moistened with a spray bottle to restore the moisture content to 21%. Soil
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samples (~72 g)were taken from the bins and frozen at -18°C until extractions could be
performed. The bins were weighed again after sampling and recorded as reference for 21%
moisture content the following week. Soil inorganic nitrogen was extracted by adding 50 mL of
2.0 M KCl to 5 g of soil and shaking for 30 min at 160 strokes per min (Thermo Scientific
MaxQ 4000). The suspension was filtered through Whatman 42 filter paper and the extracts
were frozen at -18°C until analysis could be performed. Nitrate nitrogen was determined using
the hydrazine method as described by Downes (1978). Ammonium nitrogen was determined
via the sodium salicylate indophenol formation method as described by Verdouw et al. (1977);
both inorganic N forms were analyzed on Technicon Auto-Flow Analyzers.
Apparent mineralization was calculated by subtracting the Day 0 level of inorganic-N at
each rate (baseline) from the inorganic-N levels of all other sampling times for that rate. This
quantified the change in total inorganic-N foreach treatment over the duration of the trial.
Statistical Analyses
Regression analysis was conducted on the data to describe the change over time in
ammonium and nitrate for each rate of nitrogen application using the GLM procedure of SAS
version 9.3 (SAS Institute, Cary, NC). Residuals for each week were examined to check the
assumptions of normality and equality of variances using scatter plots and a Shapiro-Wilk
test. Treatment means by week and apparent mineralization were compared by ANOVA using
the Tukey's adjustment for multiple means comparisons. The Type I error rate was set at
α=0.05.
Results and Discussion
Some data sets (Seacliff nitrate and ammonium, Ridgetown nitrate, and Clovermead
nitrate, ammonium, and inorganic-N) had non-normally distributed residuals. Transformations
did not improve the distribution in all non-normal data sets. Slicing each data set by week for
analysis made it possible to identify statistical outliers, but there was no experimental basis on
which to exclude them. The regressions for data analyzed by week appeared to be very
similar to the regressions for full data sets. In order to include interactions between rate and
time, the full data sets with non-normally distributed residuals were accepted.
Based on the nutrient analyses presented in Appendix A, ammonium-N accounts for
65% of the total nitrogen in digestate. This means that a major proportion of the nitrogen in
digestate is plant available at the time of application. The high ammonium content resulted in
17

the exchangeable ammonium contents across all rates being highest at Day 0 for Ridgetown
and Seacliff, and Day 7 for Clovermead (Figures 3.1, 3.2, and 3.3). Although rate is
significant on Day 41 in the Clovermead and Ridgetown incubations, the numeric difference in
the data is very small so this is probably due to the lack of variability in the data and is not
relevant in terms of meaningful treatment differences. By Day 20, the levels of ammonium in
the Ridgetown and Seacliff digestates are negligible, while the 150 and 200 kg ammonium
ha-1 rates from Clovermead take until Day 30 to reach levels below 10 μg NH 4+ g-1 soil
(Figures 3.4, 3.5, and 3.6). Alburquerque et al. (2010) also found that NH 4+ was the primary
form of inorganic-N in anaerobic digestates, and that by the second week of a soil incubation,
the ammonium was nitrified. In the last few days of the trials, both the Ridgetown and Seacliff
digestates seem to increase slightly in ammonium content. This is most likely a function of the
quadratic model, and not evidence of mineralization.
Nitrate levels follow similar regressions in all three incubation trials (Figures 3.7, 3.8,
and 3.9). The models for each week within a trial have the same intercept, (the control rate of
0 kg N ha-1) indicating that the addition of digestate as a nitrogen source is required for net
nitrification to occur over time. Day 0 for all three trials has decreasing nitrate levels with
increasing digestate application rates, which is likely a function of the regression model. The
amount of nitrate in the soil over time for the Clovermead incubation plateaus earlier at low
rates and later as teh amount of digestate added increases (Figure 3.10). By Day 28 the
amount of nitrate in the soil reaches a maximum for all rates of the Ridgetown and Seacliff
trials and thereafter remained high (Figures 3.11, and 3.12). These results are similar to those
of Alburquerque et al. (2010; 2011).
Total inorganic-N (sum of NO3- and NH4+) was lowest across all trials and rates at Day 0
(Figures 3.13, 3.14, and 3.15). The decrease in total inorganic-N seen in previous studies
(Alburquerque et al. 2010; Alburquerque et al. 2011) during the first week of incubation was
not apparent in this study. This may be due to the KNO 3 pre-treatment used in these trials to
ensure that nitrogen was available for immobilization by soil microorganisms and so it could
be measured; Alburquerque et al. (2010; 2011) did not add nitrogen to their soils prior to
incubation with digestate. The highest levels of inorganic-N across all rates are Day 28 for
Clovermead and Seacliff, and Day 41 for Ridgetown (Figures 3.16, 3.17, and 3.18). While the
Clovermead model shows declining inorganic-N levels after Day 28, this may be a function of
the model, rather than an indication of immobilization.
The ANOVA analysis for Ridgetown NO3-, Ridgetown inorganic-N, and Seacliff
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inorganic-N indicate that the rate*time interaction was not significant for these datasets.
Tukey's comparison of multiple means showed that at Day 0, nitrate levels are significantly
lower than at any other time for all three digestates (Tables 3.1, 3.2, and 3.3). The trends
shown by the means comparisons support the regression models described above.
The ANOVA analysis for apparent mineralization indicated that the rate*time interaction
for Ridgetown and Seacliff digestates was not significant during those six-week trials. A
Tukey's comparison of multiple means shows that over time some mineralization occurred,
but the amount is not always significantly different from the baseline (Table 3.4). There is a
stronger trend for increased mineralization with increased rate of application; all of the 150
and 200 kg N ha-1 applications from any source are significantly different from their baselines.
The rate*time interaction for the Clovermead digestate was significant, but only 200 kg N ha -1
at Day 35 was significantly different from its baseline apparent mineralization level (Table 3.4).

Conclusions
A high proportion of the nitrogen in anaerobic digestate is available at application as
ammonium. This exchangeable ammonium nitrifies within the first two weeks of incubation in
an aerobic soil environment at room temperature and at 21% volumetric water content (within
water holding capacity for the Brookston clay soil). Small amounts of mineralization will occur
within the first six weeks after a soil is amended with digestate. Increased rates of digestate
application correspond with an increase in total inorganic-N.
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Figure 3.1 Impact of Clovermead digestate at different rates on soil ammonium concentration
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Figure 3.2 Impact of Ridgetown digestate at different rates on soil ammonium concentration
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Figure 3.3 Impact of Seacliff digestate at different rates on soil ammonium concentration
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Figure 3.4 Impact of Clovermead digestate on soil ammonium concentration over time
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Figure 3.5 Impact of Ridgetown digestate on soil ammonium concentration over time
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Figure 3.6 Impact of Seacliff digestate on soil ammonium concentration over time
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Figure 3.7 Impact of Clovermead digestate at different rates on soil nitrate concentration
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Figure 3.8 Impact of Ridgetown digestate at different rates on soil nitrate concentration
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Figure 3.9 Impact of Seacliff digestate at different rates on soil nitrate concentration
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Figure 3.10 Impact of Clovermead digestate on soil nitrate concentration over time
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Figure 3.11 Impact of Ridgetown digestate on soil nitrate concentration over time

30

Figure 3.12 Impact of Seacliff digestate on soil nitrate concentration over time

31

Figure 3.13 Impact of Clovermead digestate at different rates on soil inorganic-N
concentration
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Figure 3.14 Impact of Ridgetown digestate at different rates on soil inorganic-N concentration
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Figure 3.15 Impact of Seacliff digestate at different rates on soil inorganic-N concentration
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Figure 3.16 Impact of Clovermead digestate on soil inorganic-N concentration over time
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Figure 3.17 Impact of Ridgetown digestate on soil inorganic-N concentration over time
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Figure 3.18 Impact of Seacliff digestate on soil inorganic-N concentration over time
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Table 3.1 Means and means comparisons of ammonium, nitrate, and inorganic-N levels
throughout a six-week soil incubation after applying various rates of Clovermead digestate in
a completely randomized design at Guelph, ON in 2013
Means
NH4+ (μg g-1 soil)

NO3- (μg g-1 soil)

Inorganic-N (μg g-1 soil)

8.15 xy

76.88 w

85.04 w

Day
0
7

29.74 z

107.60 x

137.35 yz

14

2.242 w

117.91 xy

120.15 xy

21

2.98 w

147.90 z

150.89 z

28

2.77 wx

107.88 xy

110.64 x

35

5.93 wxy

130.60 yz

136.53 yz

41

8.77 y

118.06 xy

126.82 xy

0

3.48 s

82.16 s

85.64 s

50

5.09 rs

98.83 rs

103.92 rs

100

7.67 rs

113.63 r

121.30 r

150

9.44 r

137.65 q

147.09 q

200

17.59 q

144.04 q

161.63 q

0*0

3.21 ef

82.54 jk

85.75 jk

0*50

11.89 de

78.01 jk

89.89 jk

0*100

5.85 def

81.65 jk

87.50 jk

0*150

3.95 ef

67.20 k

71.14 k

0*200

15.88 d

75.01 jk

90.89 jk

7*0

-0.16 f

77.85 jk

77.69 jk

Rate

Day*Rate

7*50

2.05 ef

99.97 hijk

102.03 ijk

7*100

27.70 c

134.54 cdefghi

162.23 bcdef

7*150

39.55 b

115.14 defghijk

154.69 cdefgh

7*200

79.58 a

110.51 efghijk

190.10 abc

14*0

-0.24 f

87.10 ijk

86.86 jk

14*50

0.80 f

97.05 hijk

97.14 ijk

14*100

-0.16 f

98.72 hijk

98.56 ijk

14*150

3.36 ef

152.69 cdef

156.05 cdefgh

14*200

8.14 def

154.00 cdef

162.14 bcdef

38

21*0

2.90 ef

85.89 ijk

88.78 jk

21*50

2.72 ef

110.59 efghijk

113.31 fghijk

21*100

3.33 ef

157.68 cde

161.02 cdefg

21*150

2.26 ef

210.13 ab

212.38 ab

21*200

3.72 ef

175.23 bc

178.94 bcd

28*0

3.22 ef

77.09 jk

80.32 jk

28*50

3.69 ef

106.98 fghijk

110.67 ghijk

28*100

2.25 ef

121.40 defghij

123.65 efghij

28*150

1.54 def

116.20 cdefghijk

117.74 defghijk

28*200

3.12 ef

117.72 defghij

120.85 fghijk

35*0

6.81 def

87.49 ijk

94.29 jk

35*50

6.05 def

97.54 hijk

103.59 ijk

35*100

5.59 def

102.39 ghijk

107.98 hijk

35*150

6.04 def

139.75 cdefgh

145.80 cdefghi

35*200

5.15 def

225.81 a

230.97 a

41*0

8.64 def

77.18 jk

85.82 jk

41*50

9.18 def

101.67 ghijk

41*100

9.12 def

99.01 hijk

41*150

9.37 def

162.42 bcd

171.80 bcde

41*200

7.52 def

149.99 cdefg

157.51 cdefgh

110.85 ghijk
108.13 hijk

a-z means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
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Table 3.2 Means and means comparisons of ammonium, nitrate, and inorganic-N levels
throughout a six-week soil incubation after applying various rates of Ridgetown digestate in a
completely randomized design at Guelph, ON in 2013
Means
NH4+ (μg g-1 soil)

NO3- (μg g-1 soil)

Inorganic-N (μg g-1 soil)

Day
0

23.08 z

86.71 x

109.79 x

7

3.25 x

144.35 yz

147.59 yz

13

3.50 xy

157.86 z

161.36 z

20

0.78 x

123.20 y

123.98 xy

28

6.51 y

153.51 z

160.02 z

34

0.61 x

149.57 z

150.19 yz

41

2.89 x

147.83 yz

150.72 z

0

2.31 s

99.22 t

101.53 t

50

5.58 r

124.71 s

130.29 s

100

6.56 qr

132.98 rs

139.54 rs

150

6.123 qr

154.66 qr

160.79 r

200

8.43 q

176.31 q

184.74 q

- -

- -

Rate

Day*Rate
0*0

1.51 cde

0*50

22.32 b

- -

- -

0*100

28.51 b

- -

- -

0*150

25.03 b

- -

- -

0*200

38.03 a

- -

- -

7*0

-0.55 e

- -

- -

7*50

1.53 cde

- -

- -

7*100

1.38 cde

- -

- -

7*150

5.65 cde

- -

- -

7*200

8.21 c

- -

- -

13*0

3.48 cde

- -

- -

13*50

3.76 cde

- -

- -

13*100

3.79 cde

- -

- -

13*150

2.95 cde

- -

- -

13*200

3.52 cde

- -

- -

40

20*0

0.92 de

- -

- -

20*50

0.72 e

- -

- -

20*100

1.17 cde

- -

- -

20*150

0.58 e

- -

- -

20*200

0.50 e

- -

- -

28*0

6.27 cde

- -

- -

28*50

5.90 cde

- -

- -

28*100

7.90 cd

- -

- -

28*150

6.10 cde

- -

- -

28*200

6.38 cde

- -

- -

34*0

0.21 e

- -

- -

34*50

0.84 e

- -

- -

34*100

0.75 e

- -

- -

34*150

0.38 e

- -

- -

34*200

0.89 de

- -

- -

41*0

4.35 cde

- -

- -

41*50

4.02 cde

- -

- -

41*100

2.40 cde

- -

- -

41*150

2.18 cde

- -

- -

41*200

1.51 cde

- -

- -

a-z means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
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Table 3.3 Means and means comparisons of ammonium, nitrate, and inorganic-N levels
throughout a six-week soil incubation after applying various rates of Seacliff digestate in a
completely randomized design at Guelph, ON in 2012
Means
NH4+ (μg g-1 soil)

NO3- (μg g-1 soil)

Inorganic-N (μg g-1 soil)

Day
0

49.03 z

66.67 x

115.70 x

7

20.79 y

107.79 y

128.58 xy

14

4.34 x

137.9 z

142.12 yz

21

1.38 x

159.27 z

160.65 z

28

0.36 x

137.67 z

138.03 xyz

36

2.15 x

146.94 z

149.10 yz

43

1.66 x

148.65 z

150.31 yz

0

1.69 s

78.15 u

79.84 u

50

4.79 s

103.33 t

108.12 t

100

9.92 r

123.89 s

133.81 s

150

13.44 r

152.16 r

165.59 r

200

27.09 q

188.74 q

215.84 q

Rate

Day*Rate
0*0

1.57 e

71.82 mno

- -

0*50

21.01 cd

61.91 o

- -

0*100

48.89 b

72.89 lmno

- -

0*150

54.60 b

69.20 no

- -

0*200

119.08 a

57.50 o

- -

70.33 no

- -

7*0

0.99 e

7*50

3.07 e

7*100

11.17 de

7*150

121.58 fghijkl

- -

78.93 klmno

- -

30.32 c

120.67 fghijklm

- -

7*200

58.39 b

147.42 defgh

- -

14*0

3.09 e

84.54 ijklmno

- -

14*50

2.52 e

99.82 hijklmno

- -

14*100

4.26 e

131.03 efghij

- -

14*150

4.52 e

178.17 bcde

- -

14*200

7.29 e

195.37 abcd

- -

42

21*0

1.76 e

81.88 jklmno

- -

21*50

1.55 e

124.80 fghijk

- -

21*100

0.96 e

161.81 cdefg

- -

21*150

1.39 e

200.14 abc

- -

21*200

1.24 e

227.71 ab

- -

28*0

0.36 e

77.26 klmno

- -

28*50

0.36 e

98.22 hijklmno

- -

28*100

0.36 e

142.05 efgh

- -

28*150

0.36 e

147.49 defgh

- -

28*200

0.36 e

223.35 ab

- -

36*0

2.40 e

80.53 klmno

- -

36*50

2.96 e

104.20 hijklmno

- -

36*100

2.08 e

147.52 defgh

- -

36*150

1.31 e

169.06 cdef

- -

36*200

2.02 e

233.40 a

- -

43*0

1.64 e

80.70 klmno

- -

43*50

2.10 e

112.78 ghijklmn

- -

43*100

1.75 e

132.95 efghi

- -

43*150

1.56 e

180.35 bcde

- -

43*200

1.24 e

236.47 a

- -

a-z means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
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Table 3.4 Means and means comparisons of apparent mineralization levels throughout three
six-week soil incubations after applying various rates of digestate in a completely randomized
design at Guelph, ON in 2012 and 2013
Means
Clovermead (μg g-1 soil)

Ridgetown (μg g-1 soil)

Seacliff (μg g-1 soil)

Dayz
0

-0.00 i

-0.00 i

0.00 i

7

52.31 h

37.12 hi

12.87 hi

13/14

35.31 hi

52.55 h

26.42 hi

20/21

65.85 h

12.26 hi

44.94 h

28

23.92 hi

42.75 hi

22.33 hi

34-36

51.49 h

37.26 hi

33.39 hi

41/43

41.79 h

27.27 hi

34.61 hi

0

-0.11 f

10.23 e

6.44 f

50

14.03 ef

22.43 de

25.21 def

100

33.79 e

16.94 de

12.00 ef

150

74.74 d

47.66 d

41.78 d

200

70.74 d

52.16 d

39.25 de

0*0

0.00 b

-0.00 a

0.00 a

7*0

-8.06 b

11.93 a

-2.07 a

14*0

1.11 b

18.11 a

14.23 a

21*0

3.03 b

10.95 a

10.24 a

28*0

-5.43 b

11.00 a

4.22 a

35*0

8.54 b

-3.49 a

9.54 a

42*0

0.07 b

23.13 a

8.95 a

0*50

0.00 b

-0.00 a

0.00 a

7*50

12.13 b

59.05 a

41.73 a

14*50

7.24 b

34.44 a

19.42 a

21*50

23.42 b

-14.29 a

43.44 a

28*50

20.77 b

14.61 a

15.66 a

35*50

13.70 b

31.32 a

24.24 a

42*50

20.96 b

31.92 a

31.96 a

0*100

-0.00 b

0.00 a

0.00 a

Rate

Day*Rateyx
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7*100

74.73 ab

29.77 a

-31.71 a

14*100

11.06 b

54.34 a

13.49 a

21*100

73.52 ab

5.14 a

40.96 a

28*100

36.15 ab

16.73 a

20.60 a

35*100

20.47 b

6.88 a

27.79 a

42*100

20.63 b

5.76 a

12.89 a

0*150

0.00 b

0.00 a

0.00 a

7*150

83.55 ab

40.15 a

27.18 a

14*150

84.25 ab

56.53 a

58.88 a

21*150

141.25 ab

19.23 a

77.72 a

28*150

38.18 ab

61.74 a

24.04 a

35*150

74.65 ab

85.29 a

46.57 a

42*150

100.66 ab

70.70 a

58.10 a

0*200

-0.00 b

-0.00 a

0.00 a

7*200

99.20 ab

44.70 a

29.23 a

14*200

71.25 ab

99.35 a

26.08 a

21*200

88.05 ab

40.27 a

52.36 a

28*200

29.95 ab

109.65 a

47.12 a

66.29 a

58.83 a

4.83 a

61.13 a

35*200
42*200

140.08 a
66.62 ab

a-i means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
z
when two days are listed together, Clovermead was sampled on 14, 21, 35, and 41;
Ridgetown was sampled on 13, 20, 34, and 41; Seacliff was sampled on 14, 21, 36,
and 43
y
for simplicity, days are listed at 7 day intervals; refer to Day subheading for actual
sampling times
x
for each rate, Day 0 was taken as a baseline of mineralized N. This value was
subtracted from each time point for that rate
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CHAPTER 4. SOIL NITROGEN AVAILABILITY AND YIELD RESPONSES OF ZEA MAYS L.
AFTER AMENDMENT WITH ANAEROBIC DIGESTATE
Introduction
Farmland is used to dispose of digestates because their chemical composition
suggests that they have great potential for use as a crop fertilizer and as a soil organic matter
amendment. Many trials have shown that digestates have a positive effect on plant growth
when compared to unamended soils (Haraldsen et al. 2011; Montemurro 2010). Previous
studies have demonstrated a digestate fertilizer-use equivalency of 72-105% on cereal crops
(Rodhe et al. 2006) and a nitrogen fertilizer-use equivalency 44-100% on maize (Zea mays
L.) (Loria et al. 2007). A greenhouse study using digestate from American Samoa showed that
maize yield increases with increasing application rates of digestate (Rivard et al. 1995).
Studies suggest that digestates obtained from manure feedstocks degrade in the field
at a similar rate as do raw manures and provide comparable amounts of crop available
nitrogen (Loria et al. 2007; Moller and Muller 2012). Early incubation trials showed that
mineralization of nitrogen from anaerobically digested sewage sludge was slower at high
rates of digestate application due to an initial lag period (Ryan et al. 1973). This lag was
observed during short-term laboratory trials, but over a growing season may not affect the
total amount of nitrogen available to plants.
The objectives of this study were: 1) to determine if the yield response of maize differs
in soils amended with either anaerobic digestate or synthetic fertilizer as a nutrient source;
and 2) to determine changes in soil inorganic nitrogen contents over a twelve-month period
following anaerobic digestate application to maize-cropped field soils.
Materials and Methods
Experimental Design
Two fields on Brookston clay soils located near Leamington, ON were planted with
maize (Zea mays L.) in spring of 2012 using a conventional planter: the Pond Field on May 3,
2012 with variety Pioneer PO2016; and Home Field on May 15, 2012 with variety Croplan
5237 SS RIB. Rows of maize were 77 cm apart and plants were spaced ~15 cm apart within
a row, for a population density of 80 000 plants ha -1. The Home Field soil had a pH of 6.6,
3.7% organic matter, 36 ppm bicarb P, 172 ppm K, 260 ppm Mg, and 2090 ppm Ca. The Pond
Field soil had a pH of 5.95, a buffer pH of 6.8, 2.7% organic matter, 22 ppm bicarb P, 118 ppm
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K, 109 ppm Mg, and 1092 ppm Ca. Both fields received starter fertilizer (12-22-6) at a rate of
224 kg ha-1, which provided 27 kg N ha-1, 50 kg P2O5 ha-1, and 13 kg K2O ha-1.
The Home Field received four rates of nitrogen application as anaerobic digestate at
50, 100, 150, and 200 kg inorganic-N ha -1 (D50, D100, D150, D200) and synthetic fertilizer
(urea: 46-0-0) applied at rates of 50, 100, 150, and 200 kg N ha -1 (F50, F100, F150, F200).
The Pond Field received four rates of nitrogen application with anaerobic digestate at 25, 50,
75, 100 kg inorganic-N ha-1(D25, D50, D75, D100) and urea applied at rates of 25, 50, 75,
and 100 kg N ha-1 (F25, F50, F75, F100). Each site included a control that received no
additional nitrogen (C). The plots (8 m x 15 m) were arranged in a randomized complete
block design with four replications per site.
The liquid digestate was from Seacliff Energy of Leamington, ON, and was classified
as a NASM that did not contain human bodily waste. The feedstock for this digester included:
manure, slaughterhouse blood, restaurant fats, oils, and greases, food waste, pet food, and
culled vegetables. After digestion, the total N in digestate was 0.71% and the amount of
ammonium was 0.48%. The digestate also contained 0.09% phosphorus and 0.20%
potassium (Appendix A).
Amendments were applied to hand-dug furrows located midway between the plant
rows at approximately 10 cm depth to simulate field nutrient application by injection. Digestate
was applied with a 12 L watering can and urea fertilizer was dribbled into the furrows. The
treatments were covered immediately after application to minimize N losses by volatilization.
Maize was hand-harvested in mid-October 2012. Ears (cob + kernels) were husked on
the stalk from the centre two rows along a 6 m section near the middle of each plot. The
harvested ears were weighed and a sub-sample of ten ears from each plot was brought back
to the lab for analysis.
Plants from the harvested section (an area of 9.24 m 2) were cut 5 cm above the soil
surfaces and weighed. A sub-sample of the plant residues from each plot was dried at 60°C
and ground to pass through a 0.5 mm screen using a Brinkman-Retsch hammer mill. The
ground maize was analyzed for tissue nitrogen concentration using a LECO TruSpec® CN
Analyzer.
Ears were dried at 30°C for 48 h, after which the temperature was increased to 60°C
for five days. Dried ears were shelled and the kernels weighed. Whole kernels were analyzed
for protein content (DICKEYjohn OmegAnalyzerG Whole Grain Analyzer NIRT). Sub-samples
of the grain were ground to pass through a 0.5 mm screen using a Brinkman-Retsch hammer
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mill. The nitrogen content of the ground grain was determined using a LECO TruSpec® CN
Analyzer. A response curve was generated from the LECO's %N data, which provided the
coefficients to calibrate the grain protein content obtained from the DICKEYjohn. These
coefficients were used to solve the quadratic equation to convert data from %protein to %N.
Composite soil samples to 30 cm depth were taken from each block before treatments
were applied and taken from the control and digestate plots three and six weeks after
treatment application, at harvest, in late fall, and again the following spring. Soil samples were
kept frozen until they were prepared for analysis. The frozen soils were thawed overnight
(minimum 18 h) and sieved through a 2 mm screen. Inorganic nitrogen was extracted with 2.0
M KCl (5 g soil: 50 mL extract); the suspensions were shaken for 30 min at 160 strokes per
minute (Thermo Scientific MaxQ 4000). The suspension was filtered through Whatman 42
filter paper and the extracts kept frozen until the analysis could be performed. Nitrate nitrogen
was determined using the hydrazine method as described by Downes (1978). Ammonium
nitrogen was determined via the sodium salicylate indophenol formation method as described
by Verdouw et al. (1977); both inorganic N forms were analyzed on Technicon Auto-Flow
Analyzers.
Statistical Analyses
Regression analysis was used to describe the response patterns of nitrogen
concentration and yield in grain and above-ground plant tissue with each rate and source of
nitrogen using the GLM procedure of SAS version 9.3 (SAS Institute, Cary, NC). Regressions
were also run using the GLM procedure on soil nitrogen data (NO3- , NH4+, and total inorganicN) to determine plant available soil nitrogen throughout the year. Residuals were examined to
check the assumptions of normality and equality of variances using scatter plots and a
Shapiro-Wilk test. The Type I error rate was set at α=0.05.
Results and Discussion
Maize Nitrogen Response
All data sets had normally distributed residuals, except for the biomass data set from
the Home Field. Statistical analysis indicated the presence of two outliers in the data set (an
F200 of 760.55 kg ha-1, and an F150 of 16 063.41 kg ha-1) which was confirmed by assessing
the harvest index of each data point (0.94 and 0.52 respectively; mean HI for the data set was
0.65). The outliers were excluded from statistical analysis and the altered data set had
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normally distributed residuals.
At the Home Field, maize grain yields showed a significant response to nitrogen rate,
but not to the source of nitrogen (Figure 4.1). Similar results were found by Chantigny et al.
(2008), Loria et al. (2007) and Rivard et al. (1995). Maize in the Pond Field showed a
significant response to both the rate and the source of nitrogen; soils amended with digestate
yielded significantly higher at a given rate of nitrogen than those treated with urea (Figure
4.2). Since the rate of digestate application was based on the ammonium fraction alone,
mineralization of the organic nitrogen in digestate may have resulted in increased N
availability. Because the Pond Field recieved half rates of nitrogen, the maize experienced
more nitrogen limitations than maize in the Home Field, which may explain why the Pond
Field had a significant N source difference while the Home Field did not.
Maize grain nitrogen content in both fields showed a significant response to nitrogen
rate (Figures 4.3 and 4.4). This increase seems to follow the increase in biomass, although
the nitrogen concentration increased wiht rate as well (data not shown). As crops produce
higher grain yields, more nitrogen is relocated to the grain portion of the plant (Sinclair 1998).
The grain nitrogen content in the Pond Field also showed a significant response to the source
of nitrogen, with maize grown in digestate-amended soils containing significantly more grain
nitrogen at any given rate (Figure 4.4); this supports the grain yield data from this site (Figure
4.2), and suggests that more nitrogen was available to relocate to the grain (Sinclair 1998).
Stover mass at the Home Field increased as the rate of nitrogen applied increased
(Figure 4.5), however, stover at the Pond Field was not significantly influenced by the rate or
source of nitrogen applied (Figure 4.6). These results support those obtained by Walsh et al.
(2012) who found that both digestate and synthetic fertilizers increased grass biomass
production similarly compared to a control. In Figure 4.5, there are five data points of biomass
yields much higher than average. Three of the five very high data points, including the control
plot, were along the same edge of the experimental field. It is possible these experimental
units (109, 309, and 401) received additional nitrogen from the broadcast application applied
to the rest of the field. This is supported by the yields from 201, which was located in line with
these plots and yielded highest in its block, though not high enough to be detected by visual
inspection of teh graph. The other two points, from plots 403 and 405 were along another
edge of the field and may have recieved additional fertilizer from the rest-of-field side dress
application. The residuals for these points all fell within a normal distribution and thus were
not statistical outliers, and were included in the analysis.
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Nitrogen content in stover from both fields increased as the rate of nitrogen applied
increased (Figures 4.7 and 4.8). This increase seems to follow the increase in biomass,
although the nitrogen concentration increased with rate as well (data not shown). This is
similar to results reported by Loria et al. (2007), who suggested that luxury nitrogen uptake is
evident in the corn stalk beyond application rates that produce maximum grain yield.
However, nitrogen rates in this study were not high enough to reach a plateau in yield. Since
luxury nitrogen uptake is only seen in the stover portion of the plant (Loria et al. 2007), the
Pond Field maize must have experienced nutrient limitations great enough to translocate the
majority of plant nitrogen to the grain, as indicated by the lower N contents in the stover than
that from the Home Field.
The increase in nitrogen content of the plant tissue as the rate of application increased
was also observed in measurements of the mass of nitrogen taken up by above-ground plant
biomass (grain+stover) (Figures 4.9 and 4.10).
Soil Mineral Nitrogen
Soil nitrogen data sets covering the entire year had non-normally distributed residuals,
so the data was sliced by sampling time which resulted in data sets with normally distributed
residuals. Shapiro-Wilk tests and scatter plots indicated the presence of outliers in the
following data sets: Home Field NO3- late fall (150 kg N ha-1 measuring 27.69 ug g-1 soil),
Home Field NH4+ pre-application (block 4 at 18.59 ug g-1 soil), three weeks post-application
(150 kg N ha-1 measuring 325.73 ug g-1 soil and 200 kg N ha-1 at 401.74 ug g-1 soil) and six
weeks post-application (150 kg N ha -1 measuring 173.34 ug g-1 soil), Home Field inorganic-N
late fall (150 kg N ha-1 measuring 30.52 ug g-1 soil), Pond Field NO3- spring (100 kg N ha-1 at
16.78 ug g-1 soil), Pond Field NH4+ harvest (25 kg N ha-1 at 7.96 ug g-1 soil, 50 kg N ha-1 at
5.42 ug g-1 soil, and 75 kg N ha-1 at 9.22 ug g-1 soil), and late fall (50 kg N ha-1 at 6.50 ug g-1
soil), and Pond Field inorganic-N spring (100 kg N ha -1 measuring 28.95 ug g-1 soil). Statistical
outliers in the nitrogen data sets may have been caused by soil sampling technique. Cores
were taken from the middle of the rows where the digestate had been applied. Most of these
outlying data points were much higher than the rest of the corresponding set and could be the
result of sampling on a nutrient band rather than near it. These errors were accepted because
the data collection process provided no basis on which to exclude them. Transformations did
not improve the distribution in all non-normal data sets, and created new non-normal
distributions in data sets not listed above. The significant models were compared between
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measured non-normal and transformed data sets, and the models remained the same in all
cases except for the home field NH4+ three- and six-weeks post-application. Since the
statistical results were not different, for consistency the measured data for these sampling
times was selected for all data sets.
No significant models were generated for the Pond Field at the three-weeks postapplication sampling time. This is likely due to the 14 soil samples from this site and sample
time entering a walk-in freezer equivalent of L-space, as described by Pratchett et al. (1999).
Soil nitrate levels increased with increasing application rate for the three- and six-week
post-application sampling times at the Home Field (Figure 4.11) and at the six-week postapplication sampling time at the Pond Field (Figure 4.12). The model for the Pond Field at
three-weeks post-application shows a similar trend. There was no significant model for soil
NO3- in spring for the Home Field. For the Pond Field, no significant model exists for harvest,
late fall, or spring sampling times. However, from harvest onward, the trend seems to be for
low soil nitrate levels that barely increase with the rate of nitrogen applied as digestate.
Chantigny et al. (2008) also found low levels of nitrate in the soil after harvesting maize.
Ammonium nitrogen in the soil increased with increasing application rate for the threeand six-weeks post-application sampling times at the Home Field (Figure 4.13) and at the sixweek post-application sampling time at the Pond Field (Figure 4.14). As with the nitrate at the
Pond Field, ammonium at the three-weeks post-application sampling did not result in a
significant effect, possibly due to the missing data points, but shows a similar trend of
increased soil ammonium content with increased application. There were no significant
models generated for the Home Field at harvest or spring, or the Pond Field at harvest, late
fall, or spring. Comparable to nitrate, the trend from harvest onwards seems to be low soil
ammonium levels that are unaffected by the rate of nitrogen applied as digestate. Loria et al.
(2007) observed late fall-applied digestates had nitrified by spring, which supports the results
seen in these trials.
The soil's total inorganic nitrogen is the sum of the nitrate and ammonium at each rate
and sampling time. Inorganic-N tended to increase in the soil as the rate of nitrogen applied
increased for the three- and six-week post-application and late fall sampling times. All
regression models for the Home Field were significant (Figure 4.15), while only the six-week
post-application model was significant from the Pond Field (Figure 4.16). Trends from nitrate
and ammonium for the last three sampling times apply to inorganic nitrogen as well.
Because plant data were taken only at harvest when the maize was fully mature, the
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data do not show a comprehensive picture of when nitrogen is moving from the soil to the
plant, and how much is being lost to the environment. Future studies should address this by
taking plant samples at different stages of maturity to correspond with soil sampling times.
Conclusions
Increasing the rate of plant-available nitrogen applied to maize as either digestate or
fertilizer resulted in similar increases in crop grain yield, above-ground biomass production,
and the concentration and content of nitrogen in the plant's grain and stover. Increasing the
rates of nitrogen application tend to increase all of these measures. The source of N (either
from digestate or synthetic fertilizer) does not appear to make a difference to uptake by the
plant in most instances. When it does, the higher grain yields and higher concentrations of
nitrogen in above-ground plant biomass from digestate application may be attributed to
nutrient-limiting application rates and the mineralization of organic nitrogen from the digestate
during the growing period.
The amount of plant available nitrogen in the soil during the first six weeks after
application of digestate increases with the rate of nitrogen applied. By the time maize is
harvested, only low levels of inorganic nitrogen (nitrate and ammonium) remain in the soil,
and these levels are not significantly different between areas treated with different rates of
digestate. There was also little difference in the levels of soil inorganic nitrogen from harvest
through late fall and the following spring. This suggests that the inorganic nitrogen supplied
from digestate was taken up by the plant or lost to the environment sometime between the
sixth week after application and harvest.
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Figure 4.1 Impact of digestate and fertilizer N rate on Zea mays L. grain yield at the “Home
Field”
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Figure 4.2 Impact of digestate and fertilizer N rate on Zea mays L. grain yield at the “Pond
Field”
z
To be analyzed as a fasctorial design, control values were not included in the analysis
to generate this regression model. The control treatment mean was subtracted from
measured values before analysis, and has been added to the intercept to show the
model with measured data.
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Figure 4.3 Impact of digestate and fertilizer N rate on Zea mays L. grain nitrogen content at
the “Home Field”
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Figure 4.4 Impact of digestate and fertilizer N rate on Zea mays L. grain nitrogen content at
the “Home Field”
z

To be analyzed as a fasctorial design, control values were not included in the analysis
to generate this regression model. The control treatment mean was subtracted from
measured values before analysis, and has been added to the intercept to show the
model with measured data.
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Figure 4.5 Impact of digestate and fertilizer N rate on Zea mays L. stover yield at the “Home
Field”
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Figure 4.6 Impact of digestate and fertilizer N rate on Zea mays L. stover yield at the “Pond
Field”
z
This model is not significant at P < 0.05
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Figure 4.7 Impact of digestate and fertilizer N rate on Zea mays L. stover nitrogen content at
the “Home Field”
z
Control values were not included in the analysis to generate this regression model.
The control treatment mean was subtracted from measured values before analysis,
and has been added to the intercept to show the model with measured data.
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Figure 4.8 Impact of digestate and fertilizer N rate on Zea mays L. stover nitrogen content at
the “Pond Field”
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Figure 4.9 Impact of digestate and fertilizer N rate on Zea mays L. above-ground plant
biomass nitrogen content at the “Home Field”
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Figure 4.10 Impact of digestate and fertilizer N rate on Zea mays L. above-ground plant
biomass nitrogen content at the “Pond Field”
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Figure 4.11 Impact of digestate rate on soil nitrate concetration at the “Home Field”
*designates statistical significance at P < 0.05
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Figure 4.12 Impact of digestate rate on soil nitrate concetration at the “Pond Field”
*designates statistical significance at P < 0.05
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Figure 4.13 Impact of digestate rate on soil ammonium concetration at the “Home Field”
*designates statistical significance at P < 0.05
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Figure 4.14 Impact of digestate rate on soil ammonium concetration at the “Pond Field”
*designates statistical significance at P < 0.05
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Figure 4.15 Impact of digestate rate on soil inorganic-N concetration at the “Home Field”
*designates statistical significance at P < 0.05
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Figure 4.16 Impact of digestate rate on soil inorganic-N concetration at the “Pond Field”
*designates statistical significance at P < 0.05
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CHAPTER 5. TIMING AND METHOD OF APPLICATION OF ANAEROBICALLY DIGESTED
DAIRY MANURE COMPARED TO RAW DAIRY MANURE ON NITROGEN AVAILABILITY
TO ZEA MAYS L.
Introduction
Appropriate timing of nitrogen fertilization is critical to ensuring maximum efficiencies of
plant nutrient use. To recommend best management practices for digestate application on
crops, an understanding of the rate at which digestate N becomes plant available is
necessary.
In studies where digestate did not cause phytotoxicity, it acted as a nutrient source for
plants (Haraldsen et al. 2011; Montemurro 2010) and has been attributed a fertilizer-use
equivalency varying between 44% and 105%, depending on crop species and trial conditions
(Loria et al. 2007; Rodhe et al. 2006). In these situations, increasing digestate application rate
corresponds with increasing crop yields (Rivard et al. 1995).
Previous research by Vetsch and Randall (2004) and Thomsen (2004) indicates that
the timing of nitrogen application is an important factor in the amount of nitrogen available to a
crop. Vetsch and Randall (2004) found that weather conditions play a role in whether or not
there are differences between maize response from fall or spring applied anhydrousammonia. They observed yield reductions of 20% and apparent nitrogen recovery of 45%
from fall N applications prior to a warm, wet spring; spring applications that year apparently
recovered 87% of applied nitrogen (2004). The second year of the study had more typical
spring weather conditions and no differences were found between the timings of nitrogen
application (Vetsch and Randall 2004). Thomsen (2004) reported 23% greater nitrogen
recovery between winter and spring applied poultry manure. The manures used by Thomsen
(2004) had total N concentrations ranging from 62.0 to 70.4 g kg -1, and of that 6.1 to 22.4 g
kg-1 was ammonium-N.
Both eedstock and the stability of a mature digestate seem to influence the proportion
of inorganic-N in a digestate (Alburquerque et al. 2011; Goberna et al. 2011). Research
suggests that digestate from a manure feedstock degrades in the field at the same rate as
raw manure and provides a comparable amount of crop available nitrogen (Loria et al. 2007).
The objectives of this study were: 1) to compare the yield responses of maize (Zea
mays L.) supplied with digestate as a nitrogen source with the responses from undigested
manure and synthetic fertilizer; and 2) to compare different times and methods of digestate
application in order to maximize nitrogen use by the crop.
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Materials and Methods
Experimental Design
A field at the Elora Research Station (University of Guelph) near Elora, ON was
selected for this trial. The trial included three nitrogen sources: raw dairy manure, digested
dairy manure, and urea fertilizer (46-0-0). Both the manure and digestate were obtained from
Clovermead Farm in Alma, ON. The manure contained 0.36% total nitrogen, 0.14%
ammonium-N, 0.07% phosphorus and 0.20% potassium. Feedstock for the digester included:
the raw dairy manure, chicken processor waste, cookie waste, banana peels, and onion
skins. The finished digestate contained 0.26% total nitrogen, 0.16% ammonium-N, 0.07%
phosphorus, and 0.23% potassium (Appendix A).
The manure and digestate were compared across methods of application (surface
applied, surface applied and incorporated, or injected) at 150 kg total N ha-1 in either fall or
spring preceding planting with maize. Fall treatments were applied November 15, 2012, and
spring treatments were applied May 16, 2013. Maize was planted May 17, 2013. Urea was
applied in spring via surface application with incorporation, at rates of 50, 100, 150, and 200
kg N ha-1.The trial included a control plot where no additional nitrogen was applied to the crop.
Plots within the field were 6 m x 12 m and the experiment was arranged in a randomized
complete block design with four replications.
Maize was hand-harvested early November 2013. Cobs were husked on the stalk from
two rows in a 5 m section near the middle of each plot. The cobs were weighed and a subsample from each plot was brought back to the lab for analysis. Stalks from the harvested
section were hand-harvested and weighed. A sub-sample was shredded, weighed, and dried
at 60°C for seven days. Samples were ground to pass through a 0.5 mm screen using a Wiley
Mill (Arthur H. Thomas Co., Model No. 3). The nitrogen content of the plant tissue was
determined by analysis with a LECO TruSpec® CN Analyzer.
Cobs were dried at 30°C for 48 hours, after which time the temperature was increased
to 60°C for five days. The cobs were weighed, shelled, and then weighed again. The grain
was analyzed for protein content (DICKEYjohn OmegAnalyzerG Whole Grain Analyzer NIRT).
Some of the sub-samples were ground to pass through a 0.5 mm screen using a Wiley Mill
(Arthur H. Thomas Co., Model No. 3) and the nitrogen content of the grain was determined by
LECO analysis. A response curve was generated from the LECO's %N data, which provided
the coefficients to calibrate the grain protein content obtained from the DICKEYjohn. These
coefficients were used to solve the quadratic equation to convert data from %protein to %N.
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Statistical Analyses
A factorial analysis was done to examine interactions between the nitrogen source
(digestate or manure), the method of application, and the timing of application to determine
their effects on grain yield, grain nitrogen concentration, above-ground plant biomass, and
plant tissue nitrogen concentration using the GLM procedure of SAS version 9.3 (SAS
Institute, Cary, NC). The trial was also analyzed as a completely randomized design in order
to compare each treatment's grain yield to the control and fertilizer rates. Residuals were
examined to check the assumptions of normality and equality of variances using scatter plots
and a Shapiro-Wilk test. A two-way ANOVA was performed to test differences between rates
and sample times using the GLM procedure of SAS version 9.2. Treatment means were
compared using the Tukey's adjustment for multiple means comparisons. The Type I error
rate was set at α=0.05.
Total above-ground plant biomass N (stover + grain) was used to calculate fertilizer
nitrogen equivalency and apparent nitrogen recovery. A fertilizer response curve was
developed from the yields of the urea treatments:

(4.1)
where y is the total plant nitrogen (kg ha-1) from fertilizer; x is the applied rate of nitrogen (kg
ha-1); and a,b and c are quadratic coefficients. The quadratic equation was used to calculate
the fertilizer nitrogen equivalency (FNE) of manures and digestates:

(4.2)
where z is the total plant nitrogen (kg ha-1) from either digestate or manure; and a, b, and c
are the quadratic coefficients in equation 4.1. To calculate the percent fertilizer nitrogen
equivalency, the result of equation 4.2 was divided by the amount of nitrogen applied in the
specific treatment and multiplied by 100.
To calculate apparent nitrogen recovery (ANR):
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(4.3)
where N is the total nitrogen content of above-ground maize tissue for a specific amended
(digestate or manure) treatment; N0 is the nitrogen content of the above-ground tissue of
maize from the control treatment; and x is the applied rate of nitrogen (kg ha -1) applied in the
specific digestate or manure treatment. The methods used to calculate fertilizer nitrogen
efficiency and apparent nitrogen recovery are those used by Perry (2006).
Results and Discussion
The factorial analysis of the manure and digestate treatments indicated that only the
method of application significantly affected grain yields, stover production, and fertilizer
nitrogen equivalency (Table 5.1). Timing of application was not significant, possibly due to
weather factors in fall of 2012 through spring of 2013. Fall treatments were applied on
November 15, 2012. Temperatures on the day of application ranged between -2.5 and 5°C
(Environment Canada 2014). Within a week, ambient mean temperatures were consistently
below 0°C, and 40.2 mm of precipitation were received in the 14 d following application
(Environment Canada 2014). Temperatures remained near or below freezing until mid-April of
2013 (Environment Canada 2014), as such there may not have been enough heat to promote
large amounts of microbial activity until early May, resulting in similar availability of fall and
spring applied N. Spring treatments were applied May 17, 2013. Nitrogen source may not
have been significant due to the similarities in composition between the manure and
digestate. The mean total nitrogen content of the manure was 0.325%, while in the digestate
it was 0.272%. The average amount of ammonia-N in the manure was 1 168 ppm compared
to digestate averaging 1 603 ppm.
The analysis by treatment indicated that the control treatment grain yield and stover
production were significantly lower than all other treatments in the trial (Table 5.2). Timing of
application had no impact on yield differences. While not statistically significant, injection
tended to increase yield compared to other methods of application. No significant differences
exist between manure and digestate as nitrogen sources. Urea treatments contained the most
inorganic nitrogen, and therefore yielded significantly higher of all treatments, except at the
lowest rates of application (50 and 100 kg N ha -1). These results support the findings from the
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factorial analysis.
Analysis by treatment for grain nitrogen content indicated that only urea treatments at
100, 150, and 200 kg N ha-1 and all of the injected treatments except spring manure were
significantly different from the control (Table 5.2). Timing of application did not make a
significant difference in nitrogen concentration, and no differences were observed between
digestate and manure as nitrogen sources. In the stover nitrogen content, only 150 and 200
kg N ha-1 urea treatments differed significantly from the control (Table 5.2); timing and method
of application had no effect on stover nitrogen content.
Analysis of apparent nitrogen recovery (ANR) of maize from the different treatments
showed no statistical difference between timings and methods of application; the source of
nitrogen significantly affected ANR, though there was no difference between manure and
digestate (Table 5.3). All plots treated with urea had significantly higher apparent nitrogen
recovery than those treated with either manure or digestate; this is likely due to the organic
nitrogen components of manure and digestate that were unavailable during the growing
season. Apparent recovery of N by maize was 29.82% from manure, 34.25% from digestate,
and between 90.25% and 122.19% from the urea rates due to background soil inorganic-N
content.
Conclusions
Given the similarities in nutrient composition between raw and digested dairy manure,
these amendments released plant available nitrogen at similar rates. Maize grain yields, and
stover production were significantly higher when the digestate or liquid manure were
incorporated or injected. Fertilizer nitrogen equivalency was highest using these application
methods which would have minimized volatilization losses associated with surface
application. The amount of nitrogen that the maize plants recovered from digestate was not
significantly different than the apparent recovery from untreated manure.
Anaerobic digestate contains high levels of plant available nutrients and should be
managed following the best management practices (BMPs) outlined by the Ontario Ministry of
Agriculture and Food/Ministry of Rural Affairs (OMAF/MRA) to prevent nutrient pollution of
water sources. These BMPs differ for digestate classified as agricultural source material and
NASM, but are often similar to the BMPs for storing and handling liquid manure. In order to
retain the maximum amount of plant available nitrogen from the digestate, farmers should
attempt to inject or incorporate the material as soon after field application as possible.
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Table 5.1 Means and means comparisons of Zea mays L. responses to different methods of
nitrogen application analyzed as a factorial design at Elora, ON in 2013
Method

Mean
Grain Yield (kg ha-1) Stover Yield (kg ha-1)

FNEz (%)

ANRy (%)

surface

8 050.87 b

5 362.46 b

21.60 b

27.68 b

incorporation

8 635.68 ab

5 655.45 ab

25.00 ab

31.16 ab

injection

9 103.08 a

5 855.76 a

27.55 a

37.27 a

a-b means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
z
FNE is fertilizer nitrogen equivalency
y
ANR is apparent nitrogen recovery
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Table 5.2 Means and means comparisons of Zea mays L. responses to nitrogen from
different sources, applied in either fall or spring, and with different methods of application,
analyzed as a randomized complete design at Elora, ON in 2013
Treatment

Mean
Biomass
(kg ha-1)

Stover N
Content
(kg N ha-1)

FNEz
(%)

Grain Yield
(kg ha-1)

Grain N Content
(kg N ha-1)

Control

4 328.54 d

26.29 d

3 543.69 d

18.07 c

FMy incorp

8 521.14 c

60.05 cd

5 281.31 c

30.51 bc

31.85 c

FD incorp

8 421.41 c

56.58 cd

5 599.63 bc

29.18 bc

30.30 c

FM inject

9 621.10 bc

69.15 c

6 003.68 abc

34.32 bc

42.13 c

FD inject

9 156.92 bc

62.41 c

5 989.09 abc

36.94 bc

38.61 c

FM surface

8 175.59 c

55.64 cd

5 593.31 bc

32.54 bc

28.89 c

FD surface

7 835.11 c

53.49 cd

5 162.12 c

29.68 bc

26.17 c

SM incorp

8 141.10 c

54.31 cd

5 642.50 bc

28.66 bc

27.97 c

SD incorp

9 458.16 bc

68.36 c

6 098.36 abc

36.74 bc

40.39 c

SM inject

8 354.93 c

56.52 cd

5 451.39 c

30.98 bc

30.13 c

SD inject

9 279.39 bc

80.23 bc

5 978.88 abc

30.48 bc

38.92 c

SM surface

7 885.70 c

54.55 cd

5 077.66 c

27.32 bc

25.71 c

SD surface

8 307.06 c

60.17 cd

5 616.74 bc

30.13 bc

29.44 c

Urea 50x

9 165.49 bc

72.81 c

6 118.45 abc

32.64 bc

- -

Urea 100

11 583.53 ab

111.00 ab

7 073.09 a

43.76 bc

- -

Urea 150

12 527.79 a

126.45 a

6 933.68 ab

53.85 ab

- -

Urea 200

13 186.83 a

145.47 a

7 226.93 a

79.38 a

- -

- -

a-d means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
z
FNE is fertilizer nitrogen equivalency
y
F = fall application; S = spring application; M = manure source; D = digestate source;
incorp = surface applied and incorporated; inject = injected; surface = surface applied
x
all urea treatments were surface applied and incorporated in the spring. Numbers
correspond to kg N ha-1 applied
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Table 5.3 Means and means comparisons of Zea mays L. responses to different sources of
nitrogen in a factorial design at Elora, ON in 2013
Source

Mean
FNEz (%)

ANRy (%)

31.11 c

29.82 c

33.97 c

34.25 c

50 kg N ha-1

112.35w a

122.19v a

100 kg N ha-1

101.89w a

110.41v ab

150 kg N ha-1

77.34 b

90.63 b

200 kg N ha-1

74.61 b

90.25 b

manurex
digestate

x

urea

a-c means within a column followed by the same letter are not significantly different
according to a Tukey’s Multiple Comparison Test (α=0.05)
z
FNE is fertilizer nitrogen equivalency
y
ANR is apparent nitrogen recovery
x
application rates were equivalent to 150 kg total N ha -1
w
values greater than 100% are possible because the calculation does not support
yields higher than the site response curve
v
values greater than 100% are possible due to variables beyond the treatment that
affect yield
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CHAPTER 6. SUMMARY AND CONCLUSIONS
Maize (Zea mays L.) Responses to Digestate
When the rate of inorganic-N in digestate is equivalent to the rate applied as urea,
most instances show no difference in grain yield or above-ground plant biomass production;
where statistical differences exist, maize treated with digestate yielded higher. This suggests
that the crop is not limited in its uptake of nitrogen by other chemical properties of the
digestate, and that neither volatile fatty acids nor soluble salts are hindering the growth and
development of maize to maturity. Only in early growth (three and four weeks postemergence) did the plants treated with fertilizer have a height advantage over those with
digestate: six weeks post-emergence that difference was no longer apparent. In all of the
trials conducted for this thesis research, maize showed a significant positive difference in
plant response to digestate from the control. Altogether, this evidence strongly suggests that
digestates are not phytotoxic to maize.
The inorganic-N component and the small proportion of organic nitrogen that is
mineralized during the growing season are available to a maize crop from digestate. This
suggests that digestate will yield lower than synthetic fertilizers at equal rates of total N, and
in this way it behaves much like a liquid manure with similar nitrogen content and
inorganic:organic nitrogen ratios.
Soil Mineral Nitrogen
Increasing rates of digestate application result in increasing levels of soil inorganic-N.
Most of this nitrogen is plant available within the first six weeks after application. This means
that the method of application is important for conserving plant available nitrogen. Direct
injection or rapid incorporation of broadcast digestate will minimize volatilization of the
ammonium-N contained in the digestate. While the organic nitrogen fraction of digestate does
mineralize in soil, this process occurs slowly and does not have much effect on maize yields
at conventional field application rates. This mineralization process may contribute to
“background” levels of soil nitrogen in the subsequent year. Although little change was
observed over winter in soil N levels due to frozen conditions, farmers may find benefits to
including cover crops to scavenge the mineralizing organic-N fraction of the digestate and
recover it for a crop during the following spring. These and other best management practices
for liquid manure are appropriate for digestates to prevent nutrient pollution and maximize
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apparent nitrogen recovery of crops.
Nutrient Management Legislation for Anaerobic Digestates in Ontario
At the time of writing, anaerobic digestates that are considered agricultural source
materials are stored and land applied in the same way as liquid manure (O.Reg. 267/03,
s.98.10, 98.11). This seems to be an appropriate practice for nutrient management since the
soil nitrogen dynamics of digestate are very similar to those of a comparable liquid manure.
The non-agricultural source material (NASM) digestate from Seacliff Energy
(Leamington, ON) used in several of the trials described in this thesis was nitrified and
underwent net N mineralization within the same time period as the agricultural-source
digestates. This material does not contain human bodily waste, and under current regulations
can be stored in the same way as agricultural source material. Because anaerobic digestates
without human bodily waste are not officially listed as NASM (O.Reg. 267/03, Schedule 4:
Categories of Non-Agricultural Source Material) they are automatically legislated with the
most risky materials eligible for land application. Future research into anaerobic digestate in
Ontario should focus on determining whether these precautions are necessary, perhaps
through investigating heavy metal contents or pathogens present in the digestate. If less
stringent regulations are acceptable for digestates that do not contain human bodily waste,
efforts should be made to characterize them and have them officially added to the list. This
amendment to current legislation would eliminate the testing required to prove a digestate can
be responsibly managed under less restrictive guidelines than those for Category 3 NASM.
Contributions to Scientific Knowledge
The work reported in this thesis is adding to new information about digestates being
produced in Ontario. These results support previous research indicating that digestate is
beneficial for plant growth. The digestate N release data from the incubation trials and
Leamington, ON field sites may be included in the calculations within the Ontario Ministry of
Agriculture and Food's nutrient management planning software (NMAN) in a future update. In
addition, the 2013 field trial at the Elora Research Station is one of the earliest experiments
on how the timing and the method of application affects nitrogen availability from digestate,
despite a large body of similar work with manure. Over all, this work will help improve
Ontario's nutrient management regulations and recommended best management practices.
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APPENDIX A: ANALYSES OF ANAEROBIC DIGESTATES
Table A.I Nutrient analysis of anaerobic digestates to determine agronomic beneficial use based on NASM criteria for plant
nutrient content and water content
Source of digestate

Seacliff Energy

Clovermead Farms

University of Guelph,
Ridgetown Campus

Location of digester

Leamington, ON

Alma, ON

Ridgetown, ON

Feedstock

manure
blood
FOGz
food waste
pet food
vegetables

dairy manure
chicken processor waste
cookie waste
onion skins
banana peels

dairy manure
swine manure
glycerine
corn stover
corn silage
pet food
SSOy

Date of Report

2012-06-06

Dry Matter (%)

4.83

4.34

4.06

Nitrogen (% wet)

0.71

0.34

Ammonium-N (mg/kg wet)

4750

Phosphorus (% wet)

2012-11-15

2013-03-14

2013-06-13

4.32

5.37

2.38

0.21

0.21

0.28

0.2

1590

1560

1410

1990

1300

0.09

0.07

0.06

0.06

0.08

0.04

Potassium (% wet)

0.2

0.23

0.23

0.21

0.24

0.2

Beneficial Use: Water Source

No

No

No

No

Beneficial Use: Nutrient Content

Yes

Yes

Yes

Yes

FOG = fats, oils, and grease
SSO = source-separated organics

Z
y
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Table A.II Heavy metal analysis of anaerobic digestates to determine categories of regulated
metals based on NASM Criteria for Metal (CM)z
Source of digestate

Clovermead Farms

University of Guelph, Ridgetown
Campus

Location of digester

Alma, ON

Ridgetown, ON

Date of Report

2013-03-14

2013-06-13

Dry Matter (%)

5.37

2.38

Arsenic (mg/kg dry)

0.47

0.54

Cadmium (mg/kg dry)

<0.2

0.38

Chromium (mg/kg dry)

6.6

15

Cobalt (mg/kg dry)

3.3

1.3

Copper (mg/kg dry)

91

71

Lead (mg/kg dry)

1.9

<2.5

<0.035

0.04

Molybdenum (mg/kg dry)

4.4

10

Nickel (mg/kg dry)

6.7

16

Selenium (mg/kg dry)

1.8

1.2

Zinc (mg/kg dry)

390

240

Category of Regulated Metals

CM1

CM2

Mercury (mg/kg dry)

z

not all digestates listed qualify as NASM; table is for chemical comparisons only

83

APPENDIX B: ANALYSIS OF GREENHOUSE PLANT TISSUE
Table B.I Mean plant nutrient and metals concentrations in tissues of Zea mays L. grown with different rates and sources of
nitrogen for six weeks under greenhouse conditions in 2012 at Guelph, ON
Treatment

C

D50

D100

D150

D200

F50

F100

F150

F200

Total Nitrogen (% dry)

1.16

2.34

2.75

2.63

2.62

1.32

1.75

2.24

2.75

Phosphorus (% dry)

0.21

0.23

0.25

0.24

0.25

0.2

0.19

0.21

0.25

Potassium (% dry)

4.02

3.07

3.26

2.69

2.75

3.49

3.14

3.1

3.09

Magnesium (% dry)

0.28

0.24

0.4

0.34

0.35

0.27

0.32

0.33

0.35

Calcium (% dry)

0.28

0.35

0.39

0.35

0.34

0.24

0.28

0.3

0.38

Arsenic (ppm)

0.032

0.048

0.049

0.045

0.057

0.039

0.065

0.082

0.12

Cadmium (ppm)

0.054

0.37

0.32

0.45

0.61

0.12

0.15

0.27

2.2

Chromium (ppm)

0.15

0.092

0.081

0.081

0.092

0.16

0.30

0.27

0.11

Cobalt (ppm)

0.0081

0.010

0.0055

0.0057

0.0068

0.0051

0.011

0.016

0.0083

Copper (ppm)

1.9

4.7

5.0

5.2

5.7

2.5

2.9

3.5

3.6

Lead

0.055

2.3

1.2

1.5

2.7

0.23

0.28

0.27

0.27

Mercury

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

Molybdenum

0.67

0.75

0.75

0.66

0.69

0.44

0.40

0.41

0.42

Nickel

0.31

0.26

0.19

0.26

0.21

0.24

0.27

0.26

0.14

0.0090

0.011

0.0098

0.0082

0.012

0.0083

0.011

0.0089

0.0090

21

23

24

23

29

22

28

38

30

Reported 2012-09-18

Reported 2012-09-25

Selenium
Zinc

C is the control, where no nitrogen was added; D is digestate from Seacliff Energy in Leamington, ON; F is urea (46-0-0).
Rates are given as equivalent to kg ha-1 (ie: D50 is 50 kg N ha-1 from digestate, D100 is 100 kg N ha-1, etc)
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