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ABSTRACT

Grift, Shen L. M. Sc., The University of Manitoba, March, 2001. Impact of Leaching
and Denitrification on Tem~oraiVariation in Profile Distribution of Nitrate- in
--- Several
- - - --

Manitoba Soils. Maior Professor Dr. C,M. Cho.

Leaching and denitrification are govemed by several factors including soi1
management, moisture, aeration, organic carbon and soil temperature. The interaction of
these factors and their effects on the processes of denitrification and leachuig influence
the temporal and spatial distribution of nitrate in soils. Nitrate leaching in the field was

monitored on an Orthic Black loamy fine sand (Stockton soil), an Oahic Black loam

(Wellwood soil) and a Gleyed Rego BIack Almasippi sand. Four treatments were
exarnined: fertilizer applied (100 kg ha-' N as NH4N03)on fdow, fertilizer applied and

seeded to wheat, no fertilizer applied on fallow and no f d l i z e r applied on wheat.
SampIes were taken in 15 cm increments to a depth of 120 cm and analyzed for moisture

and nitrate content, and groundwater samples were analyzed for nitrate content.

Laboratory studies of nitrate disappearance rate were conducted on the Stockton and
AImasippi soils using soil slurries incubated on a shaker at one of five temperatures: 5,
11, l6S,2O.S7 and 26S°C. The amounts of NO,-N remaining in the slmies after set

incubation periods were graphed as a function of time.
Aithough nitrates moved mainly with soil water, soi1 nitrate contents of planted

and fallow treatments were significantly different, while ferCilizer application had no

significant effects on nitrate distribution and profile content at the application rates used,
Laboratory studies on denitrificationrates indicate that for the Stockton profile, the

biological activity decreased exponentiaily with depth and increased with increasing
temperature accordïng to the Arrhenius equation. The Almasippi profile exhi'bited two

rates of biological activity: one for the 0-15 cm depth and another for the 15-120 cm
depth, presumably due to the rapid decline in soil organic matter content below 15 cm in
this profile.
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Denitrification has been a subject of intense study since the early 1900's.
However, it was believed that the process was of no importance under normal field
conditions, and consequently eariy research on some factors influencing denitrification
was limitted (Panganiban, 1925). On the prairies, nitrate leaching did not appear to

become a concern until weU after commercial fertilizers became available in the 1930's
(Hedlin, 1999, and then concerns were centred on the leaching of nitrate mineralized
under cultivated conditions (Doughty et al.., 1954).
Currently, there is an abundance of information on the processes of denitrification
and nitrate leaching, and research in these areas has been steady over the latter part of the

20" century. Initially, the major concem was economic, as any nitrate nitrogen removed

from the root zone was nitrogen Iost to the crop (Doughty et al.., 1954). However, over
the years, the environmental impacts of nitrate leaching and denitrification have assumed

much greater importance. Due to the high use of nitrogen fcrtikers for crop
maintenance, the possibility of groundwater contamination by nitrate is an important
issue. High nitrate contents in drinking water can have adverse effects on human health
(White, 1996) and a level of 10 mg L-'has been set as a maximum allowable level of

nitrate for potable water in Canada (CCREM,1995).
Often, in the case of sandy soils, where large pore spaces result in the rapid

movement of water, the maximum allowable limit of 10 mg NO,-N Le'may be exceeded
in the groundwater to the point of doubling (KIadivko et al.., 1991). Leaching of soil

nitrate is influenced not only by soil texture but also by other soi1characteristics
(Simmons and Baker, 1993), soil management (Toth and Fox, 1998; Levanon et al...,
1993; Roth and Fox, 1990), and fiequency and duration of rainfall events (Tziturralde et

al.., 1993). Under field conditions, variations in amounts of nitrate leaching may be both

spatial (Pennock et al., 1992; Lund, 1982; Cameron et al., 1979) and temporal (Owens et
al., 1999; Magdoff, 1992; Watts et al., 1991; Roth and Fox, 1990).

Denitrification is the process whereby facultative anaerobes use nitrate as the
primary electron acceptor in the absence of oxygen. For this reason, denitriftcation is

often seen as a method to reduce or prevent excess nitrate in the soil and groundwater
(Schipper and VojvodiC-Vukovi6, 1998; Groffman et aI., 1992; Obenhuber and Lowrance,
1991). However, severai factors influence the occurrence and degree of denitrification

including temperature, oxygen status, moisture content, available carbon, soil pH, amount

of nitrate (Paul and Clark, 1989) and soil management (Watson and Mills, 1998). Ifthese
factors are optimum, significant losses of nitrate may occur via this pathway Guo et al.,

1998;Mahli et al., 1990). Like nitrate leaching, denitrification may also Vary both across
a field (Parkin, 1987; Folorunso and Rolston, 1984) and over time (Henault et al., 1998;
Groffinan and Tiedje, 1991).

While there is a gwd understanding of the factors iduencing nitrate leaching and
2

denitrification, the interactions between these factors within each process and between the
processes themselves, are less clearly defineci under field conditions (Parsons et al.,
1991). Quite ofien, rates of denitrification as deteRnined in the literature appear to be

almost specific to soil type, and a great deai of research has been concentrateci on studying
denitrification of regional soils (Weier et al., 1993;Peterjohn, 1991;Peterjohn and
Schlesinger, 1991; Hixson et al., 1990;Giiliam et al., 1977).

In Manitoba, potato production has been increasing, and optimum locations are
coane textured soils in proximity to a readily accessible water source for irrigation. This

water source is usually an aquifer. The high hydraulic conductivity of the sandy soils
located above these aquifers, coupled with the high levels of N fertiiization recommended
for optimum potato production, substantiaiiy increases the nsk of nitrate groundwater
contamination in these areas. The prirnary objective of this project was to detennine the
fate of surface applied nitrogen in three medium to coarse textured Manitoba soils: a
Stockton loamy h e sand, a Wellwood loam and an ALmasippi sand. These soils, three
examples of medium to coarse textured soils representative of agro-Manitoba, were
treated as field replicates in this study. Al1 were located above aquifers to allow for
groundwater sampling for nitrate content throughout the growing season. Nitrate was
monitored in both the soil profiles and groundwater under field conditions in order to
demonstrate the dynamics of nitrate movement through the soil profile in fertilized and

unfertilized, planted and fallow conditions on these soils.

In order to detennine the extent of the effects of biological activity on temporal
and spatial nitrate distribution in these soils, laboratory studies of denitrincation intensity

3

@NI) were perfonned under saturated, anaembic, nitrate-rich conditions using a range of

soil temperatures encountered in the field during spring, summer and fa.This pennitted
the determination of the denitrificationcapacity in these soils to a depth o f 120 cm.
Parameters calculated for the denitrification capacity o f these soils at diûerent profile
depths as influenced by soil temperature could be used to mode1 the maximum nitrate

aîtenuation of each soil over the growing season. This combination of field observations

and laboratory studies allowed for an examination of nitrate dynamics in the different soil
types, and a better understanding of the temporal and spatial distriiutions of nitrate within
a field.

2.1 Fates of Nitrate in Soi1

in soil are subject to various possible fates, some of which result in the

removal of nitrogen fiom the soil system. The fate of this nutrient is dependent on both
soil microbial activity and soil physical properties. Processes to which nitrate is subject

include denitrification, assimilatory nitrate reduction, dissimilatory reduction to
ammonium, leaching fkom the soil profile, crop uptake, and off-site transport by wind or
water erosion (Paul and Clark, 1989). Nitrate that is not physically removed from the

profile or transformed by microbial processes may accumulate at sorne depth below the
rooting zone, generally under arid conditions, where soil moisture is insufficient for
leaching or sustained microbial reduction. This nitrate will be subject to leaching and/or
microbial processes when soil moisture penetrates to that depth.

Paul and Clark (1989) report the foliowing range of average values for the
contributions made by various processes involved in removal of fertilizer nitrogen from
the soil:

crop uptake
irnmobilization
gaseous loss
erosion
leaching

Others believe that d e r uptake, the largest fertilizer nitrogen removais occur via
denitrification, leaching and erosion, in descending order (Lowrance, 1992). In fact,
amounts of fertilizer N lost through each of the various processes may be higher than the
averages shown above depending upon soil conditions. For example, in a loamy sand

studied by Lowrance (1992), N losses to denitrification and erosion combined were only
20% of the total N lost to leaching. Of the total N lost to Ieaching as accounted for in the
subsurface flow in Lowrance's study, 97% was in the form of NO,-N, indicating that
leaching was a major avenue of loss for NO3-N on this coarse textured soil.
Crop uptake of nitrate is largely dependent on the amount of available ammonium
in the soil. Plants wiil preferentially absorb NH,' over NO; because NO; must first be

reduced by the plant before it c m be used to synthesize amino acids and proteins (Paul
2nd Clark, 1989). In spite of the extra energy the plant must expend in absorbing nitrate,
this is often the dominant form of N taken up by crops (Tisdale et al.., 1985). This is due

largely to the free movement of NO3-in soil. Nitrate is transported to the roots by
diffusion and mass fiow, while NH,' may become adsorbed by soil colloids (Paul and
Clark, 1989).
Assirnilatory reduction is the method used by microorganisms to incorporate
nitrogen for ce11 growth. This is commonly refened to as immobilization of nitrogen as N
incorporated in this way is not available to plants. Generally, reduction of nitrate in this
manner will only occur if insufncient ammonium exists in the soil, as microorganisms are
capable of incorporating ammonium without expenditwe of additional energy required for

6

reduction. This may be a major source of nitrate loss in the soil under certain conditions,
parîicularly when high carbon, low nitrogen residues such as wheat straw are incorporated
into the soil. C:N ratios of stable organic matter in soil are generaily between 9 and 12
(Tisdale et al., 1985). Ifthe straw does not provide adequate N to meet its carbon supply,
microorganisms will assimilate mineral N fiom the soil to maintain this ratio. It is not a
large source of loss where soil carbon inputs are low.
Dissimilatory reduction of nitrate occurs under anaerobic conditions and involves
the reduction of nitrate to ammonium. The iikely reaction is thought to be as follows

(Paul and Clark, 1989):

The extent of this occurrence in nature is unknown (Paul and Clark, 1989), but it is

encouraged by the presence of large amounts of readily available carbon. Stanford et al..
(1975) found that soil amended with glucose at rates of 0.48 mg C g-' or greater produced

increasingly higher amounts of labelled '*NE&-Nwith increasing glucose additions.
Under unamended conditions, other researchers looked at seventeen different surface soils
and found that NH,-N production accounted for less than 2% of NO,-N consumption,
with the exception of one soil (6%) (Burford and Bremner, 1975).

Nitrate may be removed offsite via water and wind erosion. In the case of wind
erosion, nitrate removed is in association with soil particles. Ofien, arid penods precede
this type of erosion, and nitrate may accumulate near the surface through capillary nse.

This may result in signincant nitrate removal with erosion of soil by wind (Paul and

Clark, 1989)- During runoffeventts, 99% of the NO,-N lost due to water erosion is

associated with the sediment, and can account for feallizer losses as large as 160 kg N ha'
y-' under corn or f d o w (Hargrave and Shaykewich, 1997).
Of the various avenues of nitrate Ioss, two are of most environmental concern:
denitrification and nitrate leaching. Denitrification releases N,O gas, a known contributor
to ozone depletion.

Nitrate leaching may result in contamination of groundwater and

possibly of surface waters, with adverse health aech to those who use the water as a
drinkllig source. Due to the extent of their impact on the environment, these two methods

of nitrate removal are addressed in greater detail in m e r sections.

2.2 Nitrate Leaching

Nitrate is a concem in the soil profile because it moves with the soi1 water. This
movement has often been explained by the foilowing equation, which assumes movement
by convection and difision:

adat = D ( ~ c / M -) VO(&/t3z)

where c is the concentration of NO, (mg L-'),t is t h e (days), D is the apparent mean
difision coefficient (cm2day-'), z is the linear distance in direction of flow (cm) and V, is
the average pore velocity (cm &y-') (Paul and Clark, 1989). This equation implies that

flow rate is proportional to leaching volume and inversely proportional to the volumetric

water content; it is considered valid for homogeneous soil conditions (Paul and Clark,

1989).

In dry seasons, nitrate may concentrate at the d a c e as capillary nse increases,
but in wet seasons it is leached fiom the soil surface (Tisdale et, al, 1985). Nitrate may
move deep into the soil profile, where it is out of the reach of plant root systems, or it may
be removed completely fiom the profile and enter the ground water @au1 and Clark,
1989). This is cause for concern as such removal of nitrogen fiom the rhizosphere is

uneconomical for crop producers and can be an environmentai hazard once it reaches the
ground water2.2.1

Environmental Implications
The Canadian Water Quality Guidelines (CCREM,1992) recommend a maximum

allowable concentration of NOrN in drinking water of 10 mg Le'.Levels higher than this
can lead to a condition called methaemoglobinaemia in infants. High

levels have

also been shown to have adverse effects on reproduction, and have been associated with
miscarriages and gastric cancer (White, 1996). Unfortunately, such levels of nitrates (>IO

mg L-')are often found in ground water, particularly under coarse textureci soils, which
are subject to high nitrate leaching.

Roth and Fox (1990) discovered substantial movement of NO3-to the 90 - 120 cm
profile depth within one year of application. Owens et al., (1991) shidied weli drained

loam soils and found that the response time of aquifers to soil management effects was 3
years, but noted that this would be much faster under sandier soils with shallower depth to
water table. They found that the p u n d water nitrate levels had reached 10 mg L" by the
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tenth year of the study (Owens et al., 1991). Similarly, researchers in Maryland (Weil,
Weismiller and Turner, 1990) discovered that the nitrate concentration of gound water
under four treatment fields was greater than 10 mg L-'at N application rates common to
the area (240-800 kg N ha-' yfL). The soils used in this particular study ranged in texture

fiom very fine sand to gravelly coarse sand. Kladivko et al.. (1991) examined subsurface

flow of a silt loam soi1 by installing subsurface drains at 75 cm depth and reported NO,-N
levels averaging 20-30 mg L", and generally above 10 mg L-'.
Nitrate leaching is not only an agriculturai problem. Significant nitrate leaching
has been determined to occur fkom utban lawns. Exner et al. (1991) studied leachùig
conditions under a simulated urban lawn and found a particular probIem with fall fertilizer
application. They discovered that up to 95% of f a applied fertilizer was leached fiom
the root zone (15 cm) within 34 days. Watts et al. (1991) also found that imgated gras
on sandy soils creates a hazard for ground water pol1ution.
2.2.2 Factors Influencing Nitrate Leaching

The amount of nitrate leached fiom a soi1 is dependent on soi1 texture, land
management, and Erequency and duration of rainfali events. Water rnovement, and hence
nitrate movement is greater in sandier soils, a fact recognïzed (and studied) by various

researchers. Previous fertilizer history must also be taken into consideration as nitrate
accumulation can vary. Roth and Fox (1990) found that previously manured sites tend to
accumulate greater amounts of nitrate (295 kg NO,-N ha-') tha.unmanured sites (36 kg
NO,-N ha-'). The type of tillage employed on agriculturai land may also a f k t nitrate
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leaching. Nitrate leaching is generally higher under partial tillage than under zero tillage
Gevanon et al., 1993). This is ascnied to higher nitrogen mineraiization under partial
tillage, while zero tiiied soils have higher rates of immobilization and denitrification,
resulting in less nitrate in the soil profile. Izaurralde et al. (1993) found that nitrate
leaching was related to soi1 management, but stressed that rapid drainage events caused
by heavy precipitation were also a factor in nitrate leaching.

2.2.3 Spatial and Temporaï Variations in Nitrate Leaching

There may be several non-microbid reasons for spatial variation in soi1 nitrate
concentrations. Variability is infiuenced by variable fertilizer application, micro
topography and soil physical properties (Cameron et al., 1979). Cameron et ai. (1979)
studied spatial variability of anions and discovered that initially, varïability can be
accounted for by non-uniform fertilization; in cases of high fertilization rates, it accounted

for more than 98% of the total variation. Dinerential leaching may occur after rainfàil if
there is variable rain catchment in micro relief areas; this can greatly idluence leaching
patterns (Cameron et al., 1979). Lund (1982) also found considerable spatial variations of

nitrate in four study areas. Macropore or bypass flow may also be a factor in preferential
nitrate leaching, particdarly in medium soils with good aggregate formation (Misra and

Mishra, 1977; Levanon, 1993; Shutord et al., 1977; Simmons and Baker, 1993).
Simrnons and Baker (1993) determineci that macropore flow had a significant effkct on
leachate concentration, which was generally lower than the nitrate concentration in the
soil matrix. Tyler and Thomas (1977) fouud simitar results but speculated that macropore
11

flow could be a signincant problem with surface applied f-er

in May and lune. In

this case, the nutnents will be carried with water h m the surface through fissures and
possibly out of the rooting zone and into the ground water.

Nitrate adsorption may also be a factor in spatial nitrate variability and reduced
nitrate leaching in some soils. Nitrate adsorption has generally been found to occur

rnainly htropical soils, but recent work in Fraser Valley suggests that nitrate adsorption

should be incoxporated when modelling nitrate leaching in acidic soils (Kowalenko and

Yu, 1996).
Temporal variation in nitrate leaching has been studied by various researchers.
Many have found that soil nitrate concentrations in f
d were much higher than spring

concentrations in the same area (Watts et al., 1991;Roth and Fox, 1990; Magdoff, 1992).
Magdoff (1992) found no signficant nitrate leaching in summer, which was attributed to

evapotranspirationbeing greater than precipitation, but discovered that leaching may be
considerable in fall if the soil nitrate content is high. FaU nitrate accumulation increases
with increasing nitrogen application rates, and nitrates tend to accumulate at the surface,

whereas spring nitrate accumulation occurs at a depth of 60-90 cm (Roth and Fox, 1990).
Watts et al. (1991) studied grass production and also found higher nitrate concentrations

in the faIl than in the spring,whkh they ascribed to mineralization in the fa11 following
the break up of sod. They determimi that leaching during the winter months was a big
source of nitrate loss (Watts et al., 1991). Owens et ai. (1999) also found that nitrate
leaching was most significantin the late winter and early spring under fertilized forages.

2.2-4 Methods of Monitoring Nitrate Leaching

Leaching has been studied in situ, under manipulated field conditions (irrigation,
flooding) (Misra and Mishra, 1976). and in laboratory columns (Kowalenko and Yu,

1996), to measure rates of nitrate movement. The study of nitrate leaching usually
involves soil and/or ground water sampling and one or more of the following monitoring
methods:
1) Lysimeters or porous cups
2) '*N labelled fertilizers
3) A nonreactive tracer (generally Cl or Br).

Various methods have been used to collect water fkom the soil profile during a
leaching event. These include the use of various types of lysimeters (Toth and Fox, 1998;
Tyler and Thomas, 1977; Owens et al., 1992), porous suctions cups (Misra and Mishra,

1976), vacuum operated extracton (Watts et al., 1991), and zero tension samplers
(Simmons and Baker, 1993).
Nitrogen is subject to microbial manipulation, and following nitrate movement in
the soil profile does not guarantee that al1nitrate present is there as a result of the fertilizer

added, or that all of the nitrate will be subject to leaching. Nonreactive tracers such as

chlonde or bromide are used because these anions move similarly to nitrate with water
but are not subject to microbial activity (Camemn et al., 1979). Chlonde is the anion
generally used &und, 1982; Cameron et ai., 1979; Tyler and Thomas, 1977; Shuford et
aI., 1977; Misra and Mishra, 1976; Endelman et al., 1974), but bromide has also been
13

used, paaicularly where soil background Cl levels are high (Levanon et al., 1993). '*N
labeiled fertilizers may also be used when a nitmgen budget is being established or they

may also be used as a tracer in detmnining the amotmt of fertilizer N that is being lost to
leachulg (Mahli et al.., 1996) or involved in nitrification, mineralization, and
immobilization (Watson and Mills, 1998).

2.3

Denitrification

Denitrifkation is the process whereby facultative anaerobes use nitrate as the primary
electron acceptor in the absence of oxygen. The most probable pathway for this biological
action is as follows:
NO,- a0; -0)

a 2 0

Nitric oxide (NO) may or may not be an intemediate of this process. It tends to persist

mainly under acidic conditions (Nagele and Conrade, 199ûa; Cady andBartholomew, 1960),
but is not readily observed in al1 situations. More recently, G6dde and Conrad (1998)

ivestigated the relative contributions of denitrification and nitrification to production of NO
in four different soils and with the exception of an acid forest soil, detennined that in fact

nitrification was the process governing NO production. Both N20 and Nzare gaseous in
nature and either or both may be end products of denitrification if the N20escapes nom the
soil before it is fllrther reduced to N2. Nitrogen gas (NJ is not subject to M e r reduction
and will be released from the soil ma&, if the system is not closed.

D e n i t r m g populations are mainly composed of bacteria (Paul and Clark, 1989),
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although some h g i have also been found to be capable of denitrification. Many organisms
that participote in denitrification lack the enzymes necessary to contribute to the entire
pathway, so that complete denitrification requires a consortium of microorganisms. The
microbial composition can also affect the outcome of nitrate reduction as proposed by
Chèneby et al. (1998). Tbey studied two soils and determined that although the soils had

similar numbers of nitrate reducing organisms, the soils had d i f f i t numbers of organisms
capable of carrying denitrification through to thc formation of N20and N,. It has also been
noted that even if ali conditions for denirification are similar between soils, the d e n i m g

enzyme activities of the soils may differ (Henault et al., 1998).
Large populations of denitrifiers can exist in the rooting zones of arable soils, with
estimated numbers greater than one million organisms per gram of soi1 (Alexander, 1977).

The presence of large numbers of denitrifjhg organisms generaily indicates the
denitrificationpotential of a mil, assuming that conditions conducive to denitnfication were
to exist (Alexander, 1977). Nitrous oxide emissions have been signincantly correlated
(1?=0.92) directly to microbial activity as measured in some soils (Paramasivan et al., 1998).

2.3.1

Environmental Implications of Denitrification
The process of denitrincation has both positive and negative implications for the

environment. Nitrous oxide (Np)is an intermediate of denitrification, and may be a
possible end product if it is released fbm the system priot to fùrther reduction to N,-

Production of N,O is detrimental to the enWonment as it contributes to the greenhouse gas
effect (Govenunent of Canada, 1991). However, denitrification may aiso be a si&

for

nitrous oxide, in that it c m be reduced to N, if it enters the soil system. In addition,

denitrification can significantlyd u c e the iuipacts of nitrogen loading on groundwater. Weil
et al., (1990) found that denitrificationwas signifïcmt in preventiag NG; contamination of

groundwater if enough carbon were present in anaerobic zones within the soil. However,
Lowrance (1992) discovered that if environmental conditions were unfavourable for the

reduction of nitrate, nitrogen loss via denitnfication and d a c e m o f f combined was only
20% of the nitrogen removed by leaching. Because the rate and occurrence of denitrification
is govemed by various environmental factors, results regarding denitrification are often
largely site a d o r soi1 specific.

2.3.2 Factors Controliing Denitrification
2.3.2.1 Temperature. nie temperature range in which denitrification occurs has been given
as 5-75 OC,with the upper range occupied by thermophilIic bactena @au1 and Cl&

1989),

but other sources state that the range of temperatures in which denitrification can occur is

actually 2-60 OC (Tisdale et al., 1985). Sources generally agree that deaitrification rates are
very slow at SOC (Stadord et al., 1975) and may not be significant unless there is an adequate

supply of an available energy source (Gilliam and Garnbreli, 1978; Bailey, 1976). Jacobson
and Alexander (1980) found no denitrification in soils maintaineci anaerobically at 1 OC for
seven days, but found some nitrate reduction in the samples when they were incubated at 7
OC.

Cho et al. (1979) detennined that 2.7S°C was the lower temperature threshold for

denitrification, and found a linear relationship between temperature and DNI up to 20°C,
while Pelletier et al. (1999) determined that there was stiii signifïcant denitrifying enzyme
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activiîy at 2OC. Chernical denitriEication, whereby NO; is reduced to N,,has been determineci

to occur under fiozen conditions (Christianson and Cho, 1983).

Mahli et al. (1990) attempted to determine if the optimum temperatures for
denitrification were lower in prairie soils than in the mils of warmer climates. They found
an increase in the denitrification rate of 3.9 times in magnitude as the temperature was raïsed

from 4-10 OC, and a slightly lower increase in rate of 3.5 times in magnitude as the

temperature increased from 10-40 O C . At 60 OC, they found that the denitrification rate
decreased in two of the three soils studied. This is comparable to the hdings of previous
researchers, who have found that denitdication rates change very litt1e h m 35-45 OC
(Mangaraja and Misra, 1978; Stanford et al.., 1975).

A Q,, value signifies the magnitude that the rate of a reaction will increase for every
10°C increase in temperature. Within the temperature range of 15-35 O C , the Q,, value has
&en been cited as approximately 2. Cooper and Smith (1963) found a Q,, value of 2 for the

temperature range of 20-30 OC- Stanford et al. (1975) used two soils of differeflt textures and
also found a Q,, of 2, aithough in this case the temperature range in question was 15-35 OC.
In order to determine the effect of carbon amenciments on the Q,,value, they ran a second
experiment with identical conditions but with no glucose amendment and found that the Q,,
value of 2 did not change fkom that of the unamended samples for eight diaerent soils.

Mangaraja and Misra (1978) reported similar results for a temperature range of 25-35 O C : soi1
samples with no carbon amendment had a Q,, of 1.9, while identical samples with sucrose
added had a Q,, of 1.8. These Q,, values diner h m those repoaed by Gilliam and Gambrell
(1978) who obtained Q,, values of 4-6for 15-25OC,and a Q,, of 2 for the temperature range
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of 5-15 OC. Keeney et al. (1979) found that the total CN,+ N,O)-N evolved did not increase

much between 7-1SOC, which d a e r s h m the earlier findings of Stanford et aI, (1975) who
reported a tenfold increase in the rate of denitrification when the temperature was increased
from 10 to lS°C.

Temperature has both direct and indirect effects on the rate of denitrification,
Directly, denitrification rate (k, mol L-l) increases as temperature (T, "R) increases as
indicated by the Arrhenius equation:

k = Ae-W'Rr,
or in its logarithmic fom as

ln k = -Ea/(RT) + in A
whereby Ea is the activation energy (W mol-'), A is the intercept (mol L" s-'), and R is the gas
constant (8.314 J k'mol-') (Barrow, 1988). A graph of ln k vs. 1iT would show a linear
relationship for a particular soil sample, provided the treatment of the soil sample, Le.
presence and level of amen-,

remaineci the same under al1 temperatures studied. Such

an equation could provide a usefiil estimate or indication of the rate of denitrification in a

particular soil at any temperature within the temperature range studied. Under field
conditions, temperature affects the distn'bution and movement of NO; and 0,in the soil
profile, and wiil affect the amount of moisture lost firom the soil through evaporation or plant
uptake. Pang et al. (1977) applied m a to the centre of 12 cm columns of clay loam and
studied the movement of NO,-under isotherrnal and gradient conditions. They discovered
that not only did NO,-accumulate at the warmer end of the column, but also NO; travelled
faaha h m the site of application under a tempgature gradient. This would affect the nitrate
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availabiiity for de~ûificationin the field, particularly in the warmer summer months, as the
nitrate would likely travel fiorn the deeper more anaerobic soil zones M e r up the soil

profile where denitrification would be more Iimited by aeration. In fact, in a field study by
Parsons et al. (1991), they found no correlationbetween temperature and denitrification rate.

They attributed this to the inverse relationship in the field between temperature and water
filled pore space. Under laboratory conditions, soi1 temperature prior to the anaerobic
incubation does not appear to affect the denitrification rate under incubation conditions (Smid
and Beauchamp, 1976).

2.3.2.2 Owgen Status. The e f f i t of oxygen on denitdication has been seen to be twofold:

the presence of oxygen inbi'bits denitnfication, but if oxygen were not present, nitrification

would not occur and denitrification would be limited by a lack of nitrate substrate

(Alexander, 1977). Patrick and Reddy (1976) investigated the fate of ammonium in flooded
soils in oxygenated atmospheres and determinai that NH,' in the flooded layer above the soi1
would be nitrifiai to nitrate, which would difhise back into the aoaerobic layer and be subject
to denitrification. They state that the ammonium gradient created by this process would
result in M e r diffusion of NH,' into the flooded layer, contiming the production and
eventual reduction of nitrate.

Various studies have been conducted conceming the upper level of oxygen that may
be present in a soil system before denitrification c m occur. Burton and Beauchamp (1985)
found that, under field conditions, oxygen repmssed deniacation at au filied porosities
greater than 35%. Studies executed on denitrification within soi1aggregates concludeci that

there was no signincant denitrification within the aggregates unless the pore oxygen
concentration was less than 0.5%, and denitrification rates did not approach the potential
rates u t i l the pore oxygen concentration was Iess than 0.3% (Parkin and Tiedje, 1984). The

maximum concentration ofoxygen in solution equilibratedwith normal air is 026 p o l e mL-

', and Trevors (1985) suggests a n upper Limit of 0.20 m o l e mL" oxygen in solution before
denitrification will occur. He concluded that denitrifiers may begin reducing nitrate at low
oxygen concentrations (Trevors, 1985). Kroeckel and Stolp (1985), found complete
reduction of nitrate at p02c 6.7 kPa, and complete rezovery of nitrate at ~ 0 2 4 m
0a,and
bath aerobic respiration and denitrification at Iirnited rates at PO, values between 6.7 kPa and

13.3 kPa. More recent studies investigating the relationship between denitrification and air

filled porosity found that clay soils exhiiited denitrification at higher air filleci porosities than

loam soils, and sandy soils showed no significant relationship between air filled porosity and
denitrification (Grofian and Tiedje, 1991). They suggest that this is Wrely a result of the
a u e n c e of soil texture on the availability of oxygen. Therefore, availabilityof oxygen may
be of greater importance than the total amount of oxygen present in the soil system.

This is

particularly tme of field conditions, where anaerobic microsites may occur wherever oxygen
consumption is greater than its supply by diffusion (Alexander, 1977).

However, unless conditions within the soil system are conducive to denitrScation,
an absence of oxygen does not ensure that denitrification will OCCUT. Sexstone et al. (1985)
studied 0,profiles in aggregates with a moisture content -ter

than 28%. They found that

not all aggregates with anaerobic microsites exhibiteci denitrification, although ail aggregates
that did exhibit denitrification possessed anaerobic microsites. They suggested that the
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aggregates that had anaerobic microsites in which no denitrification occurred may have &en

limited by a Iack of carbon d o r nitrogen substrate.
The avdability or amount of oxygen present in a soi1 system may also influence the

end product of denitrification. Firestone et al. (1979) found that a small addition of oxygen
to anaerobic soil slurries, aside firom causing a s i w c a n t decrease in denitrification, also

resuited in an increasing ratio of N,O:N, produced. Tbey suggested that denitrification was
so slow in such systems that N,O was able to diffuse h m the site before it could be m e r

reduced.
2.3.2.3 Moisture Content. It is weIi established that denitrification increases at high soil

moisture contents. Kroeckel and Stolp (1986) detennined that for a soil with a bulk density
of 1.33 Mg m'3, the lowest gravimetric water content at which denitrification occurred was
0.30 (approximately 0.40 volumetric water content). This value is in close agreement with
the results of Grundrnann et al. (1988), who found a field N,O flux of near zero when the

volumetric water content was decreased h m 0.38 to 0.33- Other researchers have also found
that denitrificationrate inmases with increasing moisture content (Christensen et al., 1990a),

with peaks in denitrificationo c c ~ atgwater fiiled pore space levels of > 60% (Parsons et

al., 1991). Denitrification may occur at substantial rates at simulated field capacity levels

(Abbasi and Adams, 1998), but N,O reûuction is not always stimulated by addition of water
(Jordan et al., 1998).
The reason often cited to explain the effect of moisture on the denitrincation rate of

a soil is the constraint placed on oxygen diffitsiion as the soi1moisture increases. In addition,

soi1 moisture may also play a more direct d e on the rate of denitrification, and be
instrumental in the determination of the end products that may form. Cady and Bartholomew
(1960) performed a study in which soils at gravimetric moisture contents of IO%, 12.5% and

15% were incubated under anaerobic conditions. They discovered that the higher the

moisture content of the soil, the more rapidIy NO; was reduced. AAer nine days incubation,
N,O had accumulateci in the systems with the two lower soi1 moisture contentsyand only N,

could be found in the system with 15% moisture content.
2.3.2.4 Amount of Available Carbon. Generally, denitrification rates are lower in soils with

low carbon contents. Several attempts have been made to quantifjr this relationship, the
relationship between carbon content and soil respiration, and the relationship between soil
respiration rate and denitrification rate. Burford and Bremner (1975) studied seventeen

surface soils and discovered that the denitrification capacities of the soils were directly
correlated to their total organic carbon (r=0.77), water soluble organic carbon (r-0.99)and
mineralizable carbon (r4.99)contents. They used the foilowing equation to describe the
relationship:
4(cH20) + 4NOi + 4H* = 4c0, +2N20+ 6H,O.
This indicates that 1 pg of available carbon is required for the production of 1.17 pg of N
as N,O (Burford and Bremner, 1975).

Katz et al. (1985)also found a good correlation (r-0.93) between denitrification
capacity, soluble organic carbon, and oxygen consumption at various dqths in five soils.
Abbasi and Adams (1998)determineci that nitrate disappearauce rate was positively

correlated ( M . 8 8 ) to organic matter content at all soi1 depths studied. Soi1respiration as
measured by CO, evolution has been shown to be strongly correlated to the denitrification
rate (Parsons et al.., 1991)- Drury et al.. (1991) looked at background denitdication (no
carbon or nitrogen amendments), and fomd that it was strongly conelated to biomass
carbon (r = 0.854) and organk carbon (r = 0.90 1). Zn earlier unamended studies, de
Catazzaro and Beauchamp (1985) found that mineralizable carbon was a good predictor

of denitrification in the k t four days of the process, but found a lack of correlation later
in the process which they attributed to nitrate depletion.
Stanford et al. (1975) determinecl the rate of nitrate disappearance (k, hf') for
several soils with organic carbon contents ranging fiom 5.3 to 30.2 mg g-', and noted that
tbe rate of nitrate disappearance was highest at higher organic carbon contents. They
added incrementally larger amounts of glucose to these soils, and found that k increased
as the amounts of glucose added were increased for al1 soils until further additions had no
more effect, and k became constant.

Burford and Bremner (1975) measured N20and N, evolution on several
incubated, N amended soils and discovered that the rate of production slowed aller five
days, and was considerably slower after seven days. When subsamples of those soils with

low denitrification rates were amended with 2 mg glucose C g-' and subjected to the same
incubation conditions, all nitrate was gone h m the systern within seven days.
A study by de Cantazzaro and Beauchamp (1985) compared the effects on

denitrification rate of different carbon amendments: straw, alfalfâ, sucrose, glucose,
glycerol and mannitol. They found that denitrification rates were simila. for al1 soluble
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carbon treatments. The actuai ranking h m lowest to highest denitrificationrates was as
follows: samples with no carbon amendments, straw amended samples, soluble carbon
amended samples and alfalfa amended samples. Unamended samples had significantly
lower denitrification rates.
Wheatley et al. (1991) monitored a potato cmp to which they applied four separate
treatments: no fertilizer, fertilizer (NH,and NO,), fertilizer and sucrose, and fertilizer and
straw. They determined the denitrification potentiai with and without added glucose for
soils taken fkom each treatmmt and incubated at 100% moisture content anaerobicdy for
72 hours. At the beginning of the season, the potential rates were signincantly greater

only for the sucrose treatment, but by the end of the season, they were significantly

greater for the straw amendment as well. The soils with glucose added showed similar
trends to the soils with no added glucose but the rates of denitrification were higher.
Similarly, glucose added to unplanted and planted soils increased the
denitrification rate in both soils, but in this case glucose additions decreased the rate

difference between the planted and unplanteci soils, although trends remained the same
(Smith and Tiedje, 1979). In fact, carbon additions have been shown to increase the

denitrification potential to five tirnes @rury et al., 1991) to ten times (Jordan et al., 1998)
the background (no carbon or nitrogen amendments) denitrification level. When

introduced in the preincubation stage, carbon amendments have increased denirification
capacity and also the total microbial biomass, which may be due to an increase in the size
of the denitrifier biomass (Myrold and Teidje, 1985). Perhaps, most interesting is the fact
that with carbon addition to soi1samples, &O: N, ratios of denitrification products in the
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laboratory generally decrease at higher available carbon amendments (Weier et al., 1993).

In this case, the denitrification rate is likely so rapid with the addition of carbon that N@
is unable to diffuse away h m the site of denitrification and is therefore reduced to N,.

Carbon additions have also been examined as a possible alleviation of NO;
contaminated groundwater through their stimuiation of denitrification. Obenhuber and
Lowrance (1991)used microcosms containing aquifer materid and approximated
conditions under which the quifer existed. They found that adding 10 mg C L-'water per
day increased the amount of N20dissolved and the most probable number of

microorganisms, and decreased the NO,:Cl ratio as well as the oxygen levels in the
ground water. Therefore, they surmiseci that the addition of carbon to an aquifer
promoted denitrification with existing microbial populations, which increased fiom 4% of
the total population to 3560%. Less than 2 % of the nitrate loss was attributed to

assimilatory nitrate reduction.
When studying background denitrification, an important limitation could therefore
be considered available carbon. Under field situations, the amount of carbon in the soi1

profile g e n e d y decreases with depth. Therefore, some effect of soil depth on
denitrification could be expected to be observeci. Luo et al. (1998) reported that
denitrification in the field was highest at the soil surface 0-5 cm and generally decreased
exponentially with depth. They determhed that the carbon was limiting to denitrification
at al1 profile depths, particularly in the subsurface soils. In spite of this, some subsoils
have been found to have potential denitrification levels considered signincaat enough to

reduce the hazard of nitrate contamination of groundwater (Castle et al., 1998). Smith
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and Tiedje (1979) studied denitrification rates in mizosphere soil and found that rates
were highest to lowest in this order: rhizosphere> non rhizosphere planted s o i b unplanted

soil. Wheatley et al. (1991) studied plants over the gtowing season and f o n d that mots
had a seasonai effect on denitrification as well as a soi1 depth effèct- They found that the

denitrificationrate of soils increased with mot emergence and again with senescence, and
dropped as roots disappeared. They attributed this effect to carbon inputs by rwts.

In a different approach, Katz et al- (1985) found a higher denitdication rate (mean
NO, disappearance in pg day -'g " of soil) in orgaaie than in mineral soils. They

concluded that there was a higher rate of carbon solubilization firom organic matter than
carbon consurnecl in denitrifilcation, and that this restricted denitrification rates in some
soils. Similady, Lind and Eiland (1989) sampled soils to 20 rn depth aod found a
potential for denihincation at al1 depths that was dependent on the presence of available
organic carbon. McCarty and Bremner (1992) looked at surface (0-25 cm) and subsurface
(150-200cm) soils and discovered that although the number of denitrifiers decreased with
depth, they were still significant at 150-200 cm depth (100-600 per g of soil). In fact,

glucose amended subsurface soils showed hi& denitrification rates after seven days
incubation. They concluded that the water-soluble carbon was decomposeci in surface

soils before it could reach the subsoil (water in tile drains was found to have a carbon
content of < 2.9 pg C mL "). Later, they added extracts of d a c e soils to subsoils and
found stimulatory effects on denitrification that were correlated to the organic carbon
contents of the surface soil arnendments (McCarty and Bremfler, 1993).

2.3.2.5 Soii pH. Generaliy, acid soils are believed to have smaller populations of

denitrifiers than soils of higher pH (Alexander, 1977). The preferred pH for denitrifiers is
6-8, with denitrification proceeding slowIy below pH 5, and very little or no

denitrification occurring below pH 4 (Paul and Clark, 1989). The products which
accumulate during the denitrificationprocess also differ as the pH changes: the dominant
product is N,O at pH 6.0-6.5, NO at pH < 5.5 and N, at pH > 6.5 (Tisdale et al., 1985).
As early as 1960 (Cady and Bartholomew, 1960), researchers studied the effect of

pH on denitrification rate. In this particda.study, they looked at a sandy loam soil and
observed the denitrification rates when the soil was at a pH of 7.5 and when it was 4.5.
They observed a much faster de~trificationrate at a pH of 7.5, but observed no NO

production. They proposed that NO is an equilïbrium pmduct of some reaction govemed
by pH. However, Nagele and Conrad (1990a) found that autoclaving a soil resulted in no

NO production, although the un-autoclaved incubated soil produced NO, even at acidic
pH. This led them to conclude that NO production must be a result of microbial activity.
A study by Blackmer and Bremner (1978) showed that as soil pH decreased, the

inhibitory effect of NO,- on N,O reduction increased. However, when nitrate was
removed fiom the system, N,O was reduced equally as rapidly in neutral, acid and
calcareous soils. This eEect of pH on N,O was also observed by Nagele and Conrad
(1990a) in a study which compared changing the soil pH in both an acid forest soil (pH

was raised fiom 4 to 7) and an agricdtural soil @H was decreased fiom 7.8 to 6.5). They

found that a low soil pH resulted in an increase in N,O and NO released from the soil, in
both the agricultural and forest soils. More recently, Ellis et al. (1998) noted that pH
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significantly influenced the number of denitrifiers in the soil, enzyme synthesis rates, and
the actual kinetics of nitrate reduction.
Waring and GiIliam (1983) examined soils in the pH range of 3.2-7.3 and

determined that soil pH did not strongly correlate with soil nitrate reduction but did
correlate strongly with denitrification. They attn'buted this to the fact that the conversion
of NO,- to organic N was high in acidic soïis (14-18% of N0,3 and low in soils with a pH
>4 (only 0.5-1.9%). Therefore, they believed that much of the pH effect was actuaUy due

to the presence of soluble carbon. In another study (Parkin et al., 1985), two soils with
pH's of 4-08 and 6.02 were compared. Each soil had an optimum pH for denitrification
near their natural pH (3.9 for the acid soil, 6.3 for the neutral soil), which appeared to
indicate the presence of two different denitrifier populations in the two soils. Therefore,

pH was not limiting at either site, although the natural denitrification rates at the more
acidic site was one third the rate at the neutrai site. These resdts enforced the fhdings of
Muller et al. (1980), who determineci that soiIs of Like pH had similar denitrification rates,
regardless of differences in vegetation.

2.3.2.6 Amount of Nitrate. Generaily, higher NO,-concentrations may result in an
increased rate of denitrification, and certainly will result in increased production of
N20:N,(Firestone et al.., 1979; Weier et al.., 1993). SpecifidIy, results have indicated

that if Po3-]> 20 pg da'
in solution, zero order kinetics wili prevail, and the reaction
will be independent of the nitrate concentration (Myrold and Tiedje, 1985). Conversely,
at low nitrate concentrations, the reaction wiil occur accordhg to first order kinetics and

the rate of reaction will increase as the nitrate concentration increases Pirestone et al.,

1979;Paul and CIark, 1989). This may be due to the low rate of difhsion to
denitrification sites under low nitrate concentrations Paul and Clark, 1989). Cho and

Sakdinan (1978)noted that under flooded conditions, NO; would be the preferred
electron acceptor and N,O would not be reduced until NO; was removed from the system,
provided that the system was shaken- This would provide a constant supply of electron

acceptors to the site of denitrification, and would ensure the rate of nitrate disappearance
was independent of the original nitrate concentration (Cho and Sakdinan, 1978).

As early as 1963,Cooper and Smith (1963)compared rates ofdenitrification (total
time required to reduce all NO;

to Na at initial nitrate concentrations of 300 ppm, 150

ppm, 75 ppm and 37.5 ppm and found no change in the overall rates of denitrification at

these initial nitrate concentrations. They did note an overall reduction in the maximum
amounts of N,O in the atmosphere when initiai nitrate concentration was reduced. Others

have also confirmed that NO,- has an inhiiitoxy effect on N,O reduction which increased
with initial nitrate concentration (Blackmer and Bremner, 1978;Weir et al.., 1993)and

decreasing p H (BIacher and Bremner, 1978). However, research bas also indicated that
this effect is lesseneci in soils that are subjected to prolonged flooding perry and Tate,

1980).

In a field study by Ryden (1983), NH4N0, was applied at a rate of O, 250 and 500
kg N ha-'. It was found that the rate of denitrificationwas not dependent on nitrate
concentration at levels greater than 5-10 pg g-', although rates decreased with nitrate
concentration at nitrate concentrations below 5 pg g'. Both the control and 250 kg N ha''
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treatment plots acted as sinks for N,O when soi1 moisture was greater than 20% by
weight, nitrate content was Iess than 1 pg g-' and soi1 temperature was above 5-8°C. It

should be noted that Mahli et al.. (1990) did report an increase in the rate of nitrate Ioss
with increasing nitrate concentrations h m 50 to 500 mg kg-'. This appears to contrast

with other available information for laboratory studies. However, Jordan et al. (1998)

found an increase in nitrous oxide production of up to iû times the pre-treatment rate
when nitrate was added to field studies of denitrification in riparian forests. ûthers have
also noted that NO,-N Iimited denitrification at some soil depths, notably at the soil
surface in the s p ~ when
g
nitrate concentration is low ( h o et al., 1998).

2.3.3 Temporal and Spatial Variations in Denitrincation in the Field
2.3.3.1 Spatial Variations in Denitdication. Spatial variations in denitrification under
field conditions are large (FoIorunso and Rolston, 1984; Parkin, 1987). Researchers have

found that spatial variability exists in fields with no differences between soil types, and
suggest that while the measured charactenstics of bulk soi1 may be a good predictor of
temporal vanations in denitrification rate, they will not accurately predict spatial
variations (Parsons et al., 1991). Parkin (1987) believes that this spatial variation is due
to the distribution of particdate organic carbon material, which influences the magnitude

of denitrification rates and the spatial variability under naturai conditions.
P a r h (1987) adopted the term "hot-spots" to descnie those areas in the field
where natural denitrification rates are simiificantly higher than the rates exhibiteci by the
buk of the field. It is thought that at these particuiar locations, oxygen consumption can
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lead to the presence of anaerobic microsites, That is, these sites may be a result of high
microbial activity that may in fact be due to the presence of high levels of particdate
organic matter (Parkin, 1987). Similar conclusions were reacheà by other researchers,
who detexmined that these hot spots were not nitrate limitthg (Christensen et al.., 1990b).

Christensen et al.. (1 99Oa) fouid hot spot activity in moist soi1but determined that
denitrification occurred throughout the soil if flaoded conditions prevailed. Those
microsites that were extmnely active were assumeci to approximate the denitdication
potential of the soils, and addition of succinate failed to stimulate activity in these cores to
the degree it did in low activity cores. They concluded that a removal of limitations to
denitrification by reducing oxygen, adding nitrate and soluble carbon would reduce the
spatial variations in denitrification. This would make any variation still present

dependent on the distribution of the denitrifierpopulation alone (Parkin, 1987).
Folorunso and Rolston (1985) examineci spatial phase spectra and Wuency
patterns of various cycIes in soil and found that both N,O and CO, flues were in phase,

meaning that total activity was high in any hot spots that were found. It was determined
by other researchers that this f
hdid not correlate directly to the soil water content, water

soIuble carbon content, or soi1 solution nitrate content (Grundmann et al.., 1988). They
attributed this lack of apparent relationship to the interaction between the various factors
controlling denitrification rate, but did note that the soi1 water content would contribute to
the varïability in these parameters (such as nitrate and oxygen contents). Burton and

Beauchamp (1985) did find some evidence of a relationship between N,O production and
air filled porosity and carbon supply, but found few significant relatiomhips between N,O
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production and other parameters. Grundmm et ai.. (1988) agreed with Parkin's (1987)
conclusions that hot spots may be a result of particdate organic matter.
Seech and Beauchamp (1988) examined the denitrification rate in soi1 aggregates

and found that denitrification and overall microbiai activity was greater in small than in
large aggregates. 'ïhey attributed this to carbon availabiiity, which was higher in s m d
aggregates. Elliot et al.. (1991) reported that earthworm casts could be signincant
microsites in which denitrification could occur, contributhg in part to spatial variation.

2.3.3.2 Temporal Variations in Denitrification. While there are seasonal variations in
denitrification in the field, there is some temporal stability in spatial variations of
denitrification. This concIusion was reached by Christensen et al..(1990b), who
determined that at conditions of field capacity or greater moisture and unlimited nitrate

supply, some locations in the field had consistenly higher denitrification rates than other
locations throughout the field season. On an overall field scale, denitrification is
seasonal, with increased activity in the spring, Gd was very low or immeasurable in

summer and au-

(Parsons et al.., 1991). Grofhan and Tiedje (199 1) obtained similar

results when comparing spring microbial activity to that in SuTllIller, which they
interpreted as a negative relationship between denitrification activity and temperature
under field conditions. This may perhaps be more indicative of a positive relationship
betuieen moisture content and denitrification activity.
Along with a seasonai response, there may also be temporal variations in
denitrification in the field as a r e d t of singie events, such as rainfall. Sexstone et al..

(1 985) studied denitdication rates of a sandy soi1 as it was flécted by rainfall events.

They discovered that the denitrificationrate was constant for the £kst 1-3 hours following
the event, then increased for the next 3-6 hours, at which point the rate was ten times
higher the rate before the soi1 was wetted Within 12 hours of the initiai event, rates had
retunied to their original levek Ryden (1983) also obsewed that denitrification increased
rapidly after raidail events, particularly &er feailizerhad recently been applied. In thïs
case, the highest rates of denitrification (2.0 kg N ha-'day-')

occurred after N application

in the spring when the soi1 water content was 30% by weight.

3. MATERIALS AND METHODS

3.1 Description of Sites and Soils

The continued use of hi& levels of nitrogen fertilizers has lead to an increased
nsk of groundwater contaminationby nitrates, particulariy on sandy soils that have a low

water holding capacity. A field study was conducted to monitor nitrate movement
through coarse to medium soils to determine the extent of groundwater contamination

under these conditions. Three sites were chosen as repIicates for this study based on soil

texture and the presence of attainable groundwater. Two of these sites were located near
the town of Carberry and wilI be called Carberry A (legal location: NE 25-10-15W)and

Carberry B (SW 22-10-14W). The third site was located near the town of St. Claude at
NE 10-9-8W. Topography at a i i sites was level. The two soils near Carberry were weU
drained Orthic Black soils. Carberry A was determined to be a Stockton soi1 with a sandy

loam surface texture while the Carberry B site (Wellwood soil) exhibited a clay loam
surface texture. The soil at the St. Claude site was an imperféctly drained Gleyed Rego
Black soil of the Ahasippi series. The depth to groundwater was considered
approximately 6 m at the Carberry A site, and 1.5 m at the St. Claude site.

The physical and chernicd properties of the mils are given in Table 3.1. Analyses
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were performed as foilows:
A, Soi1Texture

Particle size analysis was performed on al1 three soils using the hydrometer method after
pre-treatment for removal of organic matter with 30% H2OP These methods are outlined
by Sheldrick and Wang (1993).

B. Bulk Density
Bulk densities were determineci in the field to a depth of 120 cm for both the
Carberry A and St. Claude sites, A modifi.ed core method h m Cuiiey (1993) was used,

and three replicate cores were taken for each depth. Three sub samples fiom each
repiïcate were analyzed gravimetrically for water content in order to calculate the oven
dry weight of each soil core-

C. Organic Matter Content
Organic matter contents were determineci for 15 cm increments to a depth of 120
cm for both the Carberry A and St- Claude sites. A wet oxidation-redox titration method
was used, similar to that described by Tiessen and Moir (1993).

D. pH and Electrical Conductivity
Both the pH and EC measurements were based on a 1:1 mixture of soil and water
that was stirred penodicaiiy for 30 minutes and then let to stand for one hour. At this

point, readings were taken using an Accumet 25G pH meter with a combined calomel

electrode. The suspensions were then filtered and a conductivity meter was used to obtain
estimates of solute concentration. Values were obtained to a depth of 120 cm for the
Carberry A and St. Claude sites.

Table 3.1 Description of soi1 pmperties ofthe sites.

Site and Depth

St. Claude

Carberry A
0-15 cm
15-30 cm
30-45 cm
45-60 cm
60-75 cm
75-90 cm
90-1 05 cm
105-120 cm

pH

Electrical
Conductivity

dS m?

Bulk
Density
M g mJ

Organic Matter

YO

3.2 Field Studies

3.2.1 Site Preparation

Al1 replicated plots were 50 m x 50 m in size (Fig.3.1). These plots were divided
into two halves and one halfofthe plot was seeded to wheat while the other halfwas left
fdow. Centrai subplots measuring 20 m X 20 m were created at Carberry A and St.
Claude and these subplots were fertiked with 100 kg ha-' ofN as m4NO3and 100 kg ha-

K as KCl. The central subplot created at the Carberry B site was slightiy larger (30 m x
30 m), but was also fertilized with 100 kg ha*' N and K. This allowed for the

establishment of four diîfierent treatments under which nitrate movement could be
observed: soi1 under wheat with and without added nitrogen, and soil left fdlow with and
without added nitrogen.
Wells were installed to enable sampling of the groundwater for nitrates, and to
allow the groundwater depth to be rnonitored. Two wells were installed at the Carberry A

plot, one on the fertilized subplot, and the other on the unfertilized section of the plot.
Four weIls were placed at the St. Claude plot, one in the middle of the fertilized subplot

and the remaining three at the edges of the unfertilized plot. No wells were installed at
the Carberry B plot. Wells at dl sites consistai of PVC pipe 10 cm in diameter, open at
the bottom, with holes drilled into the sides at periodic intervals, The pipes extended to

five meters in depth at the Carbeny A plot and to only two meters in depth at St. Claude
to reflect the estimated depth to water table.
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SC Claude Site
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<

Carberry Site A

Carberry Site B

Figure 3.1 Plot layout for the three repiicate sites.
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Since temperature affects the rate and amount of denitrification (and hence NO+
removal fkom the soil profile) that will occur, soil temperature was monitored at all sites.
Three temperature probes were instalIed at each of the three plots to d o w temperature to
be monitored to a depth of 120 cm. Temperature was taken at the soil surface, and at 2.5,

5,10,30,60,90 and 120 cm depth (Appendices 1-VI).
Precipitation will obviously increase soil moisture and may result in nitrate
leaching fiom the profile and in increased denitrification. Rain gauges were set up at the
St. Claude and Carberry A plots to monitor precipitation in order to illustrate the
relationship between rainfâll and soi1nitrate transport.
Denitrification occurs under anaerobic conditions and it was therefore desirable to
measure soil aeration. Platinun microelectrodes were inserted at the Carberry A and St.

Claude plots to allow the oxygen d i h i o n rate to be monitored in the soi1 at various
depths, Two sets of microelectrodes were placed at St. Claude, in the northeast and

northwest corners of the plot. These allowd for m o n i t o ~ g
of the oxygen diaision rate

(ODR) in the soil at depths of 10,20,30,50,75 and 100 cm (Appendices VIX and PX).

One set of electrodes was installeci at Carberry A to measure the ODR at depths of 10,20,
30,50 and 60 cm (Appendices Vm). The microelectrodes were left in the soil for the
duration of the fïrst field season, then rehstailed in the second field season.
Measurements were made using a Mode1 D Oxygen Difkion Ratemeter h m Jensen
Instruments.
Soi1 samples were obtained for al1 four treatments a? each of the three plots in 15

cm increments to a depth of 120 cm. The St. Claude plot was sampled on a weekly basis,
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while the Carberry plots were sampled every two weeks. Soil temperature, amount of
precipitation and ODR were aiso measured at this tirne. The depth to groundwater was
measured, and if possible, a groundwater sample was obtained fiom each of the wells at
the Carbeny A and St. Claude plots. Two existing wells near the Carberry A plot were
also sampled. This included an irrigation weii north of the plot and a weli located in a
shed adjacent to the plot. Effluent h m a tile drain approximately 200 m h m the St.

Claude plot was also coilected regularly.
3.2.2 Samples and Analyses

3.2.2.1 Soil Samples. An auger was used to obtain soil samples weekly to every two
weeks fiom aiI four subplots at the tbree repiicate plots h m May to September in 1991

and 1992. These sampIes were taken in 15 cm increments to a depth of 120 cm. Each
sarnple was sealed in a plastic bag and placed in a cooler with ice packs for transport to
the laboratory. AU sealed samples were placed in a fieezer at a temperature of -4°C until

NO,-N extractions could be performed.
Prior to analysis, the soil samples were removed fiom the fieezer and allowed to
thaw at room temperature for approximately two hours. Two grams of field moist soil
were placed ïnto a 50 mL plastic centnfùge tube with 20 mL of 2 mol L" KC1. These

centrifuge tubes were placed on a shaker for a penod of 30 min and then centrifiiged for
10 min. The supernatant was coUected and placed in 15 mL plastic centrifiige tubes for

storage. These tubes were stored in the refkigerator at 4OC and were analyzed for nitrate
nitrogen content within one week. In order to determine the dilution factor for NO,-N and
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the oven dry weight of soi1 use& the moisture content of the soi1samples was detennined
at the time the nitrates were extracted, based on 5 g samples. This is a modified version

of the extraction method outlined by Maynard and Kalra (1993).

A Tecator II autoanalyzer was usedto detemine the nitrate content of the samples
based on the cadmium reduction procedure given by Maynard and Kalra (1993). The
standards used in the laboratory were 0.5, 1.0,2.0,3.0,4.0 and 5.0 pg NO3-NmL-'. Sets
of repeats and standards were amlyzed after every 24-sample run to ensure precision of
the results to within 1%. if No,-N readings were greater than 4.0 pg NO3-NmL-',

samples were diluted with 2 mol L-'KCI and re-analyzed. This method involves the use
of a cadmium converter column that reduces NO, to NOp The resulting NO,-N is

rneasured colorirnetrically by the autoanalyzer. Periodicaily, a set of samples was run
without the cadmium converter column to ensure that there was no NO,-N in the samples,
as this could lead to a higher reported level of NO,-N than was achially present.
Following nitrate analysis, the original soi1samples were air dried and stored in
pIastic bags. Soi1 samples obtained in 1991 were not analyzed for chlonde content.
However, air-dried soi1 samples obtained fiom the fertilized treatments of the St. Claude
and Carberry A plots in 1992 were analyzed for chloride content at the end of the season.
A mercury II thiocyanate method was used for colorimeûic determination of chlonde

concentration as measureâ by a spectrophotometer (Fixen et al., 1988).
3.2.2.2 Groundwater Samples. Groundwater samples were obtained using a Masterflex

penstaltic hand pump and collected in a 500 mL plastic jar with a screw top lid. These

samples were imrnediately placed in a cooier with ice packs to be transporteci to the
Iaboratory, The water samples were then placed in a refngerator at a temperature of 4°C
d

l they could be analyzed (less than one week).
At time of analysis, a 1mL aliquot of groundwater was dïluted to 20 mL with 2

mol L-I KCl. The procedure for analysis for NO3-Ncontent of the groundwater samples is

otherwise the same as that outlined for the soil sarnples above.

3.3 Laboratory Studies of Nitrate-N Disappearance

Profile samples fiom two plots were selected for the nitrate disappearance study:
Carbeny A and St. Claude, The second Carbeny plot was not used in the study. Soi1
samples previously analyzed for NO3-N in the first field season were air dried and sealed

in labelled plastic bags for use in this experiment. For each plot, samples of equal depths
were combined fiom al1 four subplots. This soil was thoroughly mixed and passed
through a 2 mm sieve. The result was eight homogeneous soil samples (15 cm

incremental depths to 120 cm) for each of the two profiles.
Destructive sampling was used to determine the rate o f NO,-N disappearance. If
the amount of NO,-N remaining in each tube after its designated incubation tirne were
graphed as a function of tirne, the resulting slope would be the rate of nitrate
disappearanceof each soil depth at the particular temperature under study. This required
that 6-8 sampIes be used for each soi1depth at each temperature studied Each sample

represented one incubation time for one plot at a particular temperature. These samples
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consisted of 12.5 g of air*

soiI, which was placed in an airtight container and saturated,

with 25 mL of KNO, solution containhg 25 pg NO,-N L-'. After the samples were
agitated to ensure removal of air trappeci in the soi1layer, oxygen was evacuated h m all
containers and argon was added to an intemal pressure of 88 kPa. This pressure was
chosen because it was less than atmospheric pressure (1 01.3 kPa) and would d o w for an
ïncrease in the internal pressure of the sample tubes resdting fkom the accumulation of
CO2and N,O produced during the incubation. The samples were placed on a shaker and

incubated for a period ranging nom 6 hours to 12 days, to allow for up to 8 separate
points for detemination of the NO,-N disappearancerate.

The samples were continuously shaken throughout the incubation to ensure that
the N20produced could diffuse away fkom active sites of denitrincation and NO, codd
be preferentially reduced, so that the rate of nitrate reduction would be an estimate of the

rate of denitrification (Cho and Sakhan, 1978). This procedure was repeated for each
depth of soi1 fkom both sites. AU samples (hm both plots at ail depths) were incubated

at one of the temperatures under examination before repeating the procedure at another

temperature. This ensureci that the temperature remained consistent for al1 samples at all
depths. Nitrate disappearance rates for the two soils were studied at the foiiowing

temperatures: 5, 1 1, l6.5,20.5, and 26.S°C.
After incubation for the designateci period for each sample (ranging h m 6 hours
to 12 days), samples were removed h m the shaker. The containers were examined for
evidence of air leakage pnor to opening and any that appeareü to have been contaminated
by oxygen were not used; these incubation tirnes were later repeated with fresh samples.
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If the tube a p p e d to be undisturbcd, it was opened and the soi1 s l m y was poured into a

50 mL plastic centrifiige tube. A 0.1 mL aliquot of concentrated HC1 was added to each
tube to lower the pH of the siurry in order to stop denitrification, and then the tubes were
centrifbged for 10 minutes. The supernatant was decanted into 15 mL plastic centrifuge
tubes and stored in a refiigerator at 4OC.
Al1 renigerated samples were malyzed for NO,-N withh 48 hours using the
Tecator II autoanalyzer. The method used was as previously outlined, with the exception
that a 1 mL solution sample was diluted to 10 mL with 2 mol L-'KCI pnor to being

analyzed.

3.4 Staüsticai Analyses of Data

The plots were set up with a central feailized subplot to enable determination of
fertiiizer effects on the groundwater concentration of nitrate. Each of the three plots was

at a different site, but sites were chosen to be replicates: al1had medium to coarse soils
and water tables at depths shallow enough to allow for sampling using weUs and a hand
pump. Although same day sampling was often impractical, the plots were sampled withui

one to two days. However, it became apparent during the fïrst year of the study that plot
3 was less than ideal as a replicate, as the extremely shallow water table at this site

strongly influenced the movement of nitrate in this soi1 profile. For this reason, the means
and standard errors for the three replicate plots were not deterniined. fnstead, graphical

illustrations using individual data points obtained firom each of the plots were used to
demonstrate the variation in nitrate distribution within the soi1 profiles over tirne.
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tn order to determine the effects of treatment on the nitrate distribution within the
soil profiles, the total amounts of nitrate were calculated for the soil profile for each of the
four treatments over all three plots. Amounts were calculated on a basis of kg NO,-N ha-'
using a profile depth of 105cm and soil bullc densities as previously presented in Table
3.1. The M l 2 0 cm sampling depth was not used, as soil b u k densities for the 105-120

cm depth could not be obtained for the profiles. For plot 3, soi1 bulk densities were only
obtained for the top 90 cm, but the value of bulk density obtained for the 75-90 cm depth
at this pIot was used for the 90-105 cm depth as an approximate value for bullc density-

The actual value could not be obtained at this plot as the soi1 texture and close proximity
to the water table made it difficuit to remove a core sample for bulk density measurement
below the 90 cm soil depth. For plot 2, bulk density values were estimated h m plot 1
measured values.

Analysis of variance CANOVA) was performed on the replicate data (as dictated
by the common sampling dates) using JMP IN@ software fiom SAS instiîute, and the

effects of crop, fertilizer and crop x fertilizer interactions were examined for each year's
data set. As the proximïty to the water table at the third plot had profound effects on the
nitrate distribution, and ultimately nitrate content of that soii profile, it was not considered

a good replicate. The analyses were, therefore, run a second time for each year, this time
without considering the data h m plot 3.
Linear regression was used to descnbe the change in nitrate concentration over
t h e in the incubation studies, the semi-log linear relationship between nitrate

disappearance rate and soi1depth and the semi-log linear Arrhenius graphs. Coefficients
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of determination (3or r) were calcuiaîed and tested for s i ~ c a o c via
e t-tests and
standard errors of slope were determined using Mï~rosofkExcel97. Mïcrosoft Exce197
was also used to determine the effccts of temperature on the nitrate disappearance rate at

various soi1 depths. In this case, the relationship which best fit was the power relationship

-xb,

where c and b are constants)provideci that the temperatum of 26.S°C was included

in the calculation. Coefncients of detemination (8) were determined with Microsoff
Excd97 software, which uses a transformeci regression mode1 for determination of
coefficient to describe the power relationship.

4.

RESULTS AND DISCUSSION

4.1 Temporal and Spatial Variations in Nitrate Distribution in 1991

Plots 1 and 2 were seeded to wheat and fertilized on May 23,1991 with N
H
m
, ,
and muriate of potash at rates of 100 kg N ha-' and 100 kg K ha-', respectively. At the

time of fertilizer application on these plots, the wheat had emerged and was
approxirnately 5 cm tail. The precipitation gauge was installed at plot 1 on this date, and
precipitation was monitored for the remainder of the season (Figure 4.1). Two wells were
installed at this plot, and nitrate-nitmgen water concentrations were recorded for these
wells, along with an irrigation weli and an indoor well, for the remainder of the samplùig

season (Table 4.1). The third plot @lot 3) was seeded and fertilized at the same rates as
for the first two plots on May 28, 1991. Three wells, the middle, east and west wells,

were also installed at plot 3 on that date. The remaining well (north well) was installed on
June 27, 1991 along with the precipitation gauge, and groundwater nitrate levels (Table
4.2) and precipitation (Figure 4.2) were monitored at this plot for the remainder of the

season. No wells or precipitation gauges were installeci at plot 2.
Sampling intensities of the plots varied, with plots 1and 2 being sampled every
two weeks, while plot 3 was sampled weekly. During periods of heavy rainfàll activity,

changes in the distribution of nitrate in the soil profile could occur rapidly, and it was

11-Jun 18Jun 274un 1 1-Jul 23-Jul

8-Aug 19-Aug 11-Sep 25-Sep

Date

Figure 4.1 Amount of precipitation recorded for plot 1 during the 1991 growing season.
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Figure 4.2 Amount o f precipitation recorded for plot 3 during the 1991 growing season.

Table 4.1 Nitrate-N concentration of groundwater at plot 1in 1991.

Date

Irrigation WeU

WeU for Other

Use
pg NOfl

Weil of
Unfertilized
Subplot

Weiï of
Fertilized
Subplot

a-'
t

*

3.O

8.8

11.0

4.6

O

5.2

6.6

August 8

7.2

O

4.6

6.2

August 19

10.6

O

-

-

June 18

6.6

0.4

June 27

6.0

1.O

July 11

7.6

July 23

* Well not installed.
- Water table dropped below well depth.
believed that weekly monitoring of plot 3 might better illustrate the temporal variations in

nitrate distribution. In addition, this plot had the shallowest water table, so impacts on
groundwater health would be experienced at this plot more quickly than at the othen.
During the weeks when all three plots were visited, every effort was made to sample the

plots within one to two days, so that these samples could be considered replicates. Due to
the distance between the first two plots and the third plot, same-day sampling was ofien

impractical. It became apparent during the fint year of the study that plot 3 was a poor
replicate, as the shallow water table in this area proved to have a distinct impact on nitrate
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distribution within the soil profile. Results have, thetefore, been presented as individual
points on the graph, rather than as means with enor bars, in order to provîde the reader
with a clearer picture of the actuai nitrate-nitrogen distributions in the profiles.
Table 4.2 Nitrate-N concentration of groundwater at plot 3 in 1991.

East Well

Date

Centre Weii

North Weii

West Welï
pg NO,-N

M a y 31

33.0

-

June 13

31.8

82.4

eL
-

Tile Drain

-

-

-

June 27

July 4
July 10
J d y 16

July 22
Juiy 30
August 7
August 15
August 22

- No water in well.
The fïrst round of soi1 samples were obtained post fertilization during the period

of June 11-13, 1991. At this point, the fertilizer application was readily apparent in the
high concentration of nitrate nitrogen at the soil surface (0-15 cm) of the fertilized
subplots of al1 plots (Figure 4.3). Over 30 mm of precipitation was recorded at plot 1, and
although there was no marked downward movement of nitrates, the increased soil
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moisture may have added to the nitrate load of the pronle thmugh nitrification of applied
ammonium. It is interesthg to note that the nitrate nitrogen distribution patterns were
quite similar for all three replicates with the exception of the 105-120 cm nitrate
concentrations-Values for all treatements at this depth were more widely divergent,
particularly for the Uflfertilized treatments of plot 1, which expressed the highest profile
nitrate nitrogen concentrations at this depth. This may be a relic of cropping history, as
this field had been plauted to potatoes the previous year, and appiied nitmgen may not
have been completely removed by the crop, and may have leached to this depth in the soil

profile.

In fact, in a sîudy conducted by Errebhi et al.. (1998), four application rates of
nitrogen were examined on potatoes in a loamy sand, and it was determined that residuai

soil NO,-N contents after harvest were at background levels in the top 90 cm, regardless
of nitrogen treaûnent. However, there was a significant difference in nitrate levels
between treatrnents at depths below 140 cm (Errebhi et al., 1998).

Soi1 moisture distribution pattems within the profiles (0-120 cm) were similar for
ail three plots (Figure 4.4), but generally moisture levels appear to highest for plot 2
(loarn), then plot 1(loamy fine sand) and lowest for plot 3 (sand), which is a reflection of

their soil textures. This basic trend is exhibited through the entire season, with some
exceptions for plot 3 as detailed Iater,
By June 27, 1991,135 mm of precipitation was recordd The area around plot 2
was completely inundated, and the field could not be sampled. Plot 3 was extremeiy wet,

but samples could still be obtained to 120 cm. The initial hi& surface nitrate levels for
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Figure 4.3 Distribution of nitrate in the soil profile as infiuenced by treatment for h n e
11-13, 1991.

Figure 4.4 Distribution of moisnire in the soil profile under different treatments for June
11-13, 1991.
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plots 1 and 3 had dissipated and the nitrate appeared to be concentrating at some depth in
the profile, lkely as a result of leaching due to the heavy rainfall (Figure 4.5). This was
also reflected by the nitrate concentrations in the ground water at plot 3, where nitrate
levels in al1 wells were extremely high (Table 4.2). The groundwater nitrate
concentrations were not above 10 pg NO,-N g-' at plot 1, but as the depth to ground water
at this plot was still greater than 4.5 m, the groundwater would not rapidly show the
effects of a single event of nitrate leaching.
By the sampling dates of July 10 and L1, M e r precipitation had been recorded
(Figures 4.1 and 4.2), and although plot 2 was no longer out of reach, plot 3 was
completely saturated, and samples could only be obtained to a depth of 60 cm. The depth
to water table, as measured fkom the west well at plot 3 was onIy 45 cm, and less than 4.5

rn at plot 1. While the tile drain near plot 3 had been fieely running since June 27, this
date was the first during which the nitrate-nitrogen concentrations in the tile drain emuent
climbed above 10 pg NO,-N m L 1(Table 4.2). It was also the fist date that a sarnple
could be obtained fiom the well located on the fertilized subplot of plot 1, where nitrate
concentration in the ground water beneath the site was 11 pg NO,-N rnL1(Table 4.1).

Soi1 nitrate levels were similar for plots 1 and 2 for the seeded treatments (Figure
4.6). This was likely a result of uptake of nitrogen by the wheat as the crop at plot 1was

90 cm ta11 and at the heading stage, and approximately halfof the plot showed lodging.

However, for the unseeded treatments, plot 1 had high nitrate spikes below 60-75 cm
depth, while plot 2 did not. Given the inundation expenenced at the second plot two
weeks prior, it is entirely plausible that the nitrate either leached below the 120 cm
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Figure 4.5 Distribution of nitrate in the soil profile as influenced by treatment for June
27, 1991.

Figure 4.6 Distribution of nitrate in the soil profile as infhenced by treatment for July
10-1 1, 1991,
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sampling depth, or was subject to denitrification, or both.
Plot 3 was completely dîffierent nom the other two plots on this date. Although
Iow Ievels of nitrate were measured under the NFNW treatment, nitrate levels under the
fertïlized subplot were quite high, and for both of the wheat subplots, soil nitrate
concentrations appeared to be climbing with depth. Interestùigly, this is partïcularly tme
for the NFW treatment, which is following the pattern of distribution determined for the

previous two sampling dates (Figures 4.4 and 4.3, and nitrate levels are actually climbing
with depth. Since there was some ponding in the field beyond the NFW subplot, and the

water table was highest in the west weii, it seems that a discharge area existed
immediately to the west of the field. It is therefore likely that the increased nitrate levels
exhibited by the NFW treatment at depth were due to movement in the groundwater h m
below the fertilized treatments. The proximity of the groundwater table to the soi1 surface
had a profound effect on soil nitrate distribution in this plot.
On the foilowing sampling dates in the third week of July, nitrate distribution
patterns in the soil were similar for al1 three plots within each of the four treatments with
two exceptions. Plot 2 had a fairly high level of nitrates evenly distributed throughout the
top 120 cm of soil for the NFNW subplot, and plot 3 stiil showed evidence of elevated
soil nitrates due to lateral flow of nitrates in the groundwater (Figure 4.7). Of the four
treatments, the NFW treatment seemed to have the lowest soil nitrate levels for plots 1

and 2. Since this is the treatment receiving no nitrogen amenciments but still supporting a
crop of wheat, this is hardly surprising. The uptake of nitrogen by the wheat was
becoming evident in the soil nitrate distribution pattern at this point, and the low levels
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Figure 4.7 Distribution of nitrate in the soi1 profile as influenced by treatment for July

Figure 4.8 Distribution of nitrate in the soi1 profile as influenced by treatment for A U ~ U S ~
7-8, 199 1.
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of nitrates under the seeded treatments continueci for plots one and two for the remainder
of the growing season. It is important also to note that denitrification codd have been
occurring at optimum rates in these soils based on the soil moisture levels and high soi1
temperatures (Appendices 1, II and ID)for these dates in July. This could contribute to
the removal of nitrate under the seeded treatments, as planted soil has generally been

shown to have higher denitrfication rates than unplanted soil (Smith and Tiedje, 1979).

In the first week of August, nitrate levels were low for al1 plots under the seeded
treatments (Figure 4.8), again iikely due to crop uptake. The water table had receded
somewhat at plot 1and had dropped to 0.75 m at plot 3, but nitrate levels in the
groundwater of plot 3 were still very high in those wells that still accessed the water table.
There was no water flowing fiom the tile drain and the moisture content of the surface

soil was fakly low (Figure 4.9). However, as the soil nitrate was generally highest in the
surface 0-15 cm of d l treatments for al1 plots, it appeared that the nitrate may have been
moving up the soil profile with evaporation and upward movement of soil water through

capillary rise-

On August 19-22, 1991, accumulation of nitrate at the soi1 surface continued and
it becarne apparent that although upward movement of nitrates may have made a

contribution to this phenornenon, nitrification was and had been occurring for al1 three
plots on both dates. This was particularly evident under the FNW treatment (Figures 4.8
and 4-10), where the total amount of nitrate in the upper part of the soi1profile was higher

than what could be accounted for solely by redistribution. Certainly soil temperatures

and moisture levels wodd have been favourable for this process (Appendices 1, II and
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Figure 4.9 Distribution of moisture in the soi1 profile under different treatments for
August 7-8, 1991.

Figure 4.10 Distribution of nitrate in the soii profile under different treatments for

III). Profile nitrate distributions under seeded treatments of plot 3 had changed h m the
previous sampling date, and high levels of nitrates were expressed throughout these soil
profiles (Figure 4. IO). Once again, the lateral movement of nitrates with ground water at
the third plot was masking treaûnent effects. Water levels were low-ernear the soil

surface for al1 plots (Figure 4.1 1) and upward movement of water in response to
evapotranspirationwould have brought the nitrates in the shallow water table at plot 3
into the soil profile itself. It appears that very little, if any removal of nitrates through

denitrification was occurring at plot 3. Even with crop uptake, there was simply too much
nitrate in the soil profile as a result of nitrates in the groundwater for the nutrient to be
completely rernoved fiom the soil. It is also worth noting that the rooting depth of the
wheat at this plot was less than at plots 1 and 2, due to the saturateci status of the soil for
much of the earlier growing season, and crop uptake fiom this plot would likely be iess.

In September, most of the soil profile nitrate was concentrated at the soi1 surface
(Figure 4.12). This was either a function of movement within the soi1 solution, or as an

expression of mineralization and nitrification following harvesting. Twenty miIlimetres
of precipitation were recorded between August 19 and September 11, 1991, so
minerakation and nitrification Iikely played a role in this increased nitrate due to a h h
of biological activity following the addition of moisture to a warm, dry soil. Distribution

patterns were similar for al1 plots on the unseeded treatments and for plots 1and 2 on the
seeded treatments. Nitrate levels were quite high under the seeded treatments for plot 3,
which again was a result of the high nitrate concentrations in the ground water. Plot 3
was not sampled on September 25,1991, but nitrate distribution within the soil profile of
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Figure 4.11 Distribution of moisture in the soi1 profile under different treatments for

Figure 4.12 Distribution of nitrate in the soi1 profile as infiuenced by treatment for
September 11, 1991.
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plots 1 and 2 appear to be sirnilar to the observations from two weeks prior (Figure 4-13},
with accelerated nitrification near the soil surface foilowing an additional 40 mm of

precipitation.

4.2 Temporal and Spatial Variations in Nitrate Distribution in 1992.

ChIoride in the form of KCl was applied to the fertilized subplot as a nomeactive
tracer of nitrate movement in the soil profile. As previously mentioned, chloride moves

with water similarly to nitrate, but it is not subject to microbid activïty (Cameron et al,

1979). Therefore, the distribution of chloride within the soi1profile is basically a result of
the movement of the applied chloride with water in the soil profile, whereas nitrate

distribution is a factor of both microbial activity (denitrification and nitrification) and
leaching. Thus chlmide distribution wîthin the soil profile will provide conhnation as to

the extent of leaching that occurred.
Although chiorides were applied to al1 three plots in both years at a NO,-N: Clratio of 0.55, chloride concentrations in the soil profile were not analyzed for 1991 and

were o d y analyzed for the fertilized treatments in 1992. Chloride concentrations in the
soil profile of plot 2 were not analyzed for either year, as this plot did not appear to be
significantly different in nitrate distribution fiom plot 1. Residual NO#

and Cl- were

present in the soi1 profiles fiom the previous season and nitrogen as NH,' was also
applied to the plot in both years. Since these background nutrient levels and any
transformations of NH,' to nitrate were not accounted for, it is difficult to establish the
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Figure 4.13 Distribution of nitrate in the soil profile under different treatments for
September 25, 1991.

Figure 4.1 4 Distribution of nitrate in the soil profile under different treatments for May
12-13, 1992.
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actual ratio at which the nutrients would be present in the soil at the start of the season.

However, Cl- and NO,-N concentration as they changed with depth over time were
graphed for use as an indicator of whether or not temporal variations in NO; distribution
were due to physical movement or biologicd transformations.
Prior to fertilization and seeding for the second season of the study, the three plots
were sampled on May 12 and 13, 1992 (Figure 4.14). Nitrate distribution patterns for aU
plots were sirnilar, and nitrate concentrations in the soil profïie peaked at 45-60 cm depth
for plots 2 and 3 for the treatments that had no crop the previous year. Generally, the

nitrate levels were lower, and concentrated deeper in the profile than they had been in the
last sampling of late September, 1991 (Figure 4.13). This indicated that with snow melt
and early spring precipitation, nitrate appeared to have moved down the soil pronle since
the fall, and may have been subject to denitrification. These observations reflect the

experimental results of Owen et al. (1999), who found the greatest amounts of nitrate
were transported via leaching during the late winter and early spring and Pelletier et al.
(1999), who determined that denitrification enzyme activity varied seasonalIy, with
highest levels in November and May-June.
For plot 1, nitrate levels in both pIot weiis and the outside source were below 10
pg NO,-N mL", and the water table was at 4.2 m depth (Table 4.3). The water table at

plot 3 was only at 60 cm depth, and water table effects present in 1991 were still evident
in the high nitrate content of the profile of plot 3 under the NFNW treatment. Recail that
the high nitrate levels in the ground water were reflecteà in the soi1 profiles with the
shallowest depths to ground water. Ground water flux resulted in nitrate deposition in the
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soi1 profiles at depths that would nonnally have had low levels of nitrate at this point in
the season. AU four welis on the plot had very high groundwater nitrate contents (Table
4.4) and e£€iuent fiom the tile drain was found to have a nitrate concentrationof 12.6 pg

NO,-N mL? Therefore leaching was Uely signincant under plot 3 for the overwintering
penod of 1991-1992. Rain guages for plots 1 and 3 were installed on May 12 and May 6,
1992, respectively and precipitation was monitored for both of these plots for the

remainder of the growing season (Figures 4.15 and 4.16).

Table 4.3 Nitrate-N concentration of groundwater at plot 1 in 1992.
--

Irrigation
Well

Date

-

--

---

WeU for Other Well of
Use
Unfertilised
Subplot
-

Weil of
Fertilized
Subplot

-

pg NO,-N mL*'
4.4

7.2

5.8

8.6

7.O

-

5.0

7.2

June 22

5.4

-

4.0

5.2

July 7

3 -2

O

2.2

7.8

July 2 1

3 .O

O

2.0

6.2

August 6

4.6

O

1.8

12.2

August 18

10.2

O

2.4

12.8

August 3 1

9.8

O

2.0

5.6

September17

10.2

-

-

-

May 12

7.8

May 27

7.8

June 8

-

No sample codd be obtained.

Table 4.4 Nitrate-N concentration of groundwater at plot 3 in 1992.

Date

North Well

May 6
May 13
May 20

May 25
June 2
June 8
June 16

June 22
June 29

July 7
July 14

July 21
July 28
August 5
August 11
August 19
August 26

Sept. 2
Sept. 10

Sept. 22

- No water in well.

West Well

Centre Weil

East Weii

Tile Drain

12- 20- 278- 22- 7-JuI 21May May May Jun Jun
Jul

6-

18-

25-

31-

17-

1-

Aug Aug Aug Aug Sep Oct

Date

Figure 4.1 5 Amount of precipitation recorded for plot 1 in 1992.

Date

Figure 4.16 Amount of precipitation recorded for plot 3 in 1992.

The plots were seeded to wheat on May 19, 1992 and the last sampling dates pnor

to fertilization occurred on May 25 & 27, 1992. Soi1 profile nitrate distn'butions were
similar for plots 1 and 3, but plot 2 had higher nitrate levels for the NFNW treatrnent, and
distribution appeared to be erratic below the unseeded treatments at this plot (Figure
4.17). The levels of nitrate in the soil profile of plot 2 on the NFNW treatment remained

higher than the other two plots for much of the growing season, and was likely a result of
less leachhg within this soil profile. After samphg on May 27, 1992, m 4 N 0 3and

muriate of potash were applied to the central subplot of all three plots at rates of 100 kg N
ha-' and 100 kg K ha-', respectively.
By the next sarnpling date of June 8, 1992, 12 mm of precipitation was recorded

for plot 1, and 17 mm was recorded for plot 3. Some of the fertïlizer nitrate had akeady
Ieached down into the soil profiles, particularly for plot 3, as expressed by the
accumulation of soil nitrate with depth (Figure 4.18). However, much of the nitrate in the
plot 1 fertilized subplots still remained at the soil surface, as did the chlonde in the
fertilized subplots (Figure 4-19), indicating that extensive leaching had not occurred. It is
interesting to note that plot 2 does not appear to be following the trends indicated by plots
1 and 3 for this season. A quick examination of the soil moisture distribution in these

three profiles f?om this date (Figure 4.20) indicates that although the moisture content of
plots 1 and 3 was increasing with depth, soil moisture at plot 2 was relatively evenly
distributed throughout the soil profile. The overall nitrate contents in the surface 0-120

cm of this soil are also higher, particularly under the NFNW treatment. It seems apparent
that at this tirne, very little leaching of nitrates had occurred in this pronlc nom the
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1

No Fertiïizer, No Wheat

Figure 4.17 Distribution of nitrate in the soil profile under different treatments for May

Figure 4.18 Distribution of nitrate in the soil profile as influenced by treatment for June
8, 1992-

Figure 4.19 Distribution of chlonde and nitrate under seeded and fallow conditions for
June 8, 1992,

Figure 4.20 Distribution of moistute in the soi1 profile under different treatments for
June 8, 1992.
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prevïous f d .
Nitrate distrifiution patterns were s i n d a .for al1 plots by June 22, 1992, although
actud levels of nitrates were stiil higher for plot 2 under the uncropped treatments (Figure
4.21). Crop uptake of nitrate resulted in the depletion of nitrate fiom ail soil profile levels

below 15 cm in the seeded treatments, with the exception of plot 3 under the NFW
treatment As in 1991, water table influences at tbis plot (the water table was at 120 cm
depth, and the nitrate levels in the ground water were very high) had a profound effect on
the distribution of nitrate in the dertilized plots due to laterai movement of nitrate in the
ground water. ChIoride and nitrate distribution patterns were relatively similar for the
fertilized subplots of plots 1 and 3 (Figure 4.22) with the exception of the 0-15 cm depth
for plot 3 under the FW treatment. This may have been a result of variability caused by
non-unifoxm fertilizer application (Carneron et al., 1979).
By Jdy 2 1, nitrate levels in the soil profile had decreased for al1
treatments, but were still highest for plot 2 under the fallow treatments (Figure 4.23).
Once again, there were nitrates at depth for plot 3 under the cropped treatments. Given
the high nitrate concentration in the groundwater and the high water table, this was not

unexpected, and in fact repeats trends exhibited by this plot in 1991. Chloride distribution
for plots 1 and 3 largely munic the nitrate distribution in the soil profile, with the
exception of high levels of chlondes at the surface of the FW profiles for both plots
(Figure 4.24). It is unclear as to why this would be the case. If considered individuaily,
the high chIoride levels at the surface of the FW treatment wodd not be so unexpected, as

uptake of nitrate by wheat is higher than that of chlondes. However, the chloride Levels

Figure 4.21 Distribution of nitrate in the soi1 profile as infiuenced by treatment for June
22, 1992.

Figure 4.22 Distribution of chloride and nitnue under seeded and fallow conditions for
June 22, 1992.
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Figure 4.23 Distribution of nitrate in the soil profile as influenced by treaünent for July
21, 1992,

Figure 4.24 Distribution of chloride and nitrate under seeded and fallow conditions for
JuIy 21, 1992.

should then be at least as high for the FNW treatment, where there would be no uptake,
and this was not the case. It is possible that the removal of soil water by the growing

wheat created a localized moisture deficit, and the resulting capillary nse of soil water
carried chiondes (and likely nitrates) near the surface horizons, where differential rates of
nutrient uptake would result in residual chlonde. However, this does not appear to be

well reflected in the soil moisture distribution data (Figure 4.25).
For the sampling dates of August 5 & 6, 1992, nitrate concentrations in the f d o w
treatrnents had increased, particularly in the surface horizons (Figure 426). Although this
could be an artifact of nitrate movement up the soil profile, the nitrate distribution
patterns in the soil profiles do not match the moisture distribution patterns (Figure 4.27)

or the chloride distribution patterns (Figure 4.28). It is therefore most likely that the

cause of the nitrate increase near the soil surface was nitrification, foliowing the most
recent precipitation event (5 mm at plot 1 and 21 mm at plot 3). This echoes results for
1991, where nitrification also occurred in the mid summer montbs on the fallow

treatrnents. A study conducted by Watson and Mills (1998), determined that there was
substantial nitrification in soils receiving NH4N0, fertiiizer, particularly on those soils
that had a history of hi& N inputs. During the incubation time of the study (21 days), the
soil receiving NH4N0,at the same rate as our plots (1 00 kg N ha-') had gross nitrification
production equivalent to 44.0 kg N ha-'(Watson and Mills, 1998). This pattern of
increasing nitrate accumulation near the surface of the soil profile continued for plots 1
and 2 for the remainder of the growing season until the final sampling date of September

17, 1992 (Figure 4.29,4.30 and 4.3 1). Plot 3 did not particularly foliow this pattem,
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Figure 4.25 Distribution of moisture in the soi1 profile under different treatments for Iuly

Figure 4.26 Distribution of nitrate in the soi1 profile as influenced by treatment for
August 5-6, 1992.
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Figure 4.27 Distribution of moisture in the soi1 profile under different treatments for
August 5-6, 1992.

Figure 4.28 Distibution of chloride and nitnite under seeded and fallow conditions for
August 6,1992.
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Figure 4.29 Distribution of nitrate in the soil profile as influenced by treatment for
August 18-19, 1992.

Figure 4.30 Distribution of nitrate in the soil profile as influenced by treatment for
August 3 1-September 2, 1992.
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although it did in the previous field year. This change in seasonal response may be due to
the very low moisture content of the surface 15cm of plot 3, which may have been less

than optimum for nitrification in this particular soi1 (Figure 4.32). Examination of the

chionde data for August 18 (Figure 4.33) and 3 1 (Figure 4.34) shows close relationships
between chloride and nitrate distn'butions in soil, indicaihg that at least some of the
increased nitrate near the soil surface is a result of upward movement of soil nutrïents
with ground water. The large flush in nitrate between the August t S and August 3 1

sampling dates foIIowed approxirnately 40 mm of precipitation, which likely stimuiated

nitrification under the uncropped treatments. This pattern of nitrate distribution for plots
1 and 2 is also seen on September 17, 1992, following a m e r 30 mm of precipitation.

Plot 3 was not included for this final sampling date, as the plot was not sarnpled within a
2 day time period. Chloride data was aiso not evaluated for this date, so some effect of

movement of nitrates in the profile c m not be completely eliminated as a factor
influenciing the increase of nitrate near the surface of the soil profile.

Figure 4.3 1 DistrÎbution of nitrate in the soi1 profile under different treatments for
September 17,1992.

Figure 4.32 Distribution of moisture in the soi1 profile under different treatments for
August 1849,1992,
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Figure 4.33 Distribution of chloride and nitrate under seeded and fallow conditions for
August 18,1992.

Figure 4.34 Distriiution of chloride and nitrate under seeded and fallow conditions for
August 3 1,1992.
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4.3 Fluctuations in Total Profile Nitrate Concentrations.

In an effort to determine whether there was a net loss or gain of nitrate nitrogen in
the soil profile over the course of the growing season, the total amounts of nitrate were

calculated for the soil profile for each of the four treatments over al1 three plots. Amounts
were calculated on a basis of kg NO,-N ha-' using a profile depth of 105 cm and soil bulk
densities as previously presented in Table 3.1. The full 120 cm sampling depth was not

used, as soil bulk densities for the 105-120 cm depth could not be obtained for the

profiles. For plot 3, soil bulk densities were only obtained for the top 90 cm, but the
value of buk density obtained for the 75-90 cm depth at this plot was used for the 90-105
cm depth as an approximate value for buk density The actual value could not be
obtained at this plot as the soii texture and close proximity to the water table made it

difficult to remove a core sample for bulk density measurement below the 90 cm soil
depth. For plot 2, bulk density values were estimated from plot I measured values, as the

soil type was the same, and these had not been measured in the field,

The results for all three plots for both years are presented in three separate tables
(Tables 4.5, 4.6 and 4.7). Analyssis of variance (ANOVA)was performed on the replicate
data (as dictated by the common sampling dates) using JMP IN@ soAware fiom SAS

institute, and the effecîs of crop, fertilizer and crop x fertilizer interactions were examined
for each year's data set. When all three plots were considered, there were no significant

Table 4.5 Total nitrate-nitrogen in the Stockton soi1 profiIe over two years- plot 1.
Date &
Code*

No Fertiiizer,
No Wheat

Fertilizer,
No Wheat

Fertilizer &
Wheat

No Fertiiizer &
Ulieat

'The Date Code indicates which sarnpling dates in Tables 4.5,4.6 and 4.7 were used to
statistically analyze treatment effects. Only dates which were assigned a code were used,
and dates with the same code were considered to be replicates.

Table 4.6 Total nitrate-nitrogen in the WeUwood soi1 profile over hvo years- plot 2.

Date &
Code'

No Fertilizer,
No Wheat

Fertilizer,

No Wheat

Fertilizer &
Wheat

No Fertiüzer &
Wheat

kg NO,-N ha"

Sol 06/11/91
S03 O711 1/91
S04 07/23/91
SOS 08/08/91
S06 08/19/91
S07 09/11/91
S08 09/25/91
S09 05/12/92
S 10 05/27/92
SI1 06/08/92
S 12 06/22/92
S13 07/07/92
SI4 07/21/92
S 15 08/06/92
S 16 08/18/92
S17 08/31/92
SI8 09/17/92

'The Date Code indicates which sampling dates in Tables 4.5,4.6 and 4.7 were used to
statiçtically analyze treatment effects. Only dates which were assigned a code were used,
and dates with the same code were considered to be replicates.

Table 4.7 Total nitrate-nitrogen in the Almasippi soil profile over two years - plot 3.
Date &
code*

No Fertilizer,
No Wheat

FertiJher.
No m e n t

Ferfilizer &
Wheiit

No Fertilizer &
Wheat

SOI 06/13/91
S02 06/27/91
07/04/9 la
07/10/91=
0711619 1b
0712219 1=
O7/3019 1
S05 08/07/91
08/15/91
S06 08/22/91
O8/28/9 1
09/05/91
S07 09/12/91
0911919 1
1O/O3/9 1
05/06/92
S09 05/13/92
S 10 05/25/92
06/02/92
SI1 06/08/92
06116/92
S12 06/22/92
06/29/92
S13 07/07/92
07/14/92
S14 07/21/92
O7/28/92
SI5 08/05/92
O8111/92
S16 08/19/92
O 8/26/92
SI7 09/02/92
O9/ 10192
09/22/92
- ~ h Date
e
Code indicates which sampling dates in Tables 4.5.4.6 and 4.7 were used to
statistically analyze treatment effects- Only dates that were assigned a code were used, and dates
with the same code are replicates.
a
c

- based on 0-60 cm soi1depth
- based on 0-90 cm soi1 depth

b

- based on 0-75 cm soi1 depth

interaction effects, and only one date on which there was a signifïcant difference (pc
0.05) between the fertilized and unfeailized treatments (August 18, 1992) (Table 4.8).
Under crop effects, there were only four dates that were significantly different at the
pcO.05 level: July 11 and August 8 in L991, and M a y 27 and August 18 in 1992,
As the prolamity to the water table at the third plot had profound effects on the nitrate

distribution, and uitimately nitrate content of that soil profile, it was not considered a
good replicate. The anaiyses were, therefore, run a second tirne for each year, this time
without considering the data fiom plot 3, and these results are presented in Table 4.9.
Once again, there were no signincant effêcts (p> 0.05) of crop x fertilizer interactions on

total nitrate in the soil profile for either year, and only one date in 1992 (August 18) that
showed significance @<O.OS) for fertilizer effects, For 1991, there was a marked effect of

crop on total nitrate content in the soi1profile that was expressed later in the season. In
this case, profile nitrate contents ftom July 11to September 25, 1991, were significantly

lower under the treatments with crop, regardes of whether the subplot received a

fertilizer application. For 1992,the May 12 and 27 sarnpling dates, which occumed prefertilization for that year, showed significant crop effects at the p<0.10 level, which were
likely a reflection of the previous year's treatments. Sampling dates fiom July 21, 1992
to September 17, 1992 had significantly higher soil nitrate concentrations in the

uncropped treatments than in the crop treatments at the level of p<O.O5. This echoed the
results fkom 1991.

Table 4.8 Effect of treatment on profile nitrate-nitrogencontent - sufnmary of response to
ANOVA using the means of ail three plotsDate
Code

Wheat

-

+
Mean

- kg NO3-Nha-' -

Fertilizer

-

+

Effecîs

Wheat*
Fertiiizer
Effects
Effects

Mean

-kg NO,-N ha-' -

SOI
S02"
S03
S04
SOS
S06
S07
SOSa

SOS
SI0
S11
S12
S13
S14
SIS
SI6
S17
S 18"
a

- based on two plots only; .

NS

tt

- significant at p<O. 1O;

rt

- not significant at p<0.10;
- significant at p<O.O5.

Table 4.9 Effect of treatment on profile nitrate-nitrogencontent - summary of response to
ANOVA using plots 1 and 2.
Date
Code

Fertilizer

Wheat

+

-

Mean
kg NO,-N ha-'

Effects

-

NS - not significant at p<0.10.

+

-

Effects

Wheat*
Fertilizer
Effects

Mean

- kg NO,-N hae'-

* - significant at pcO.05.

**- significant at p<0.10.

The effects of crop on nitrate content in the soil pronle may be simply an
expression of nutrient uptake by the crop, as wheat generaliy will remove approxhately
95 kg N ha-' fiom the soi1(Soi1 Fertility Guide, Manitoba Agriculture, 2000). However,
this should stili result in a Merence in nitrate levels at the end of the growing season

between fertilized and dertilized subplots, unless the wheat took up di of the additional
nitrogen added, or denitdication was occurrïng. There appeared to be enough residual
nitrate in the soil at the beginning of the growing season to support a crop on the NFW
treatrnent, and there were no sigdicant Merences between the fertilized and unfertilized
subpIots at the end of the growing season.
Given the very high levels of nitrate in the NWNF treatments at the end of the
growing season, it appears that nitrification played a significant role in supplying
additional nitrate to the soil profile under uncropped conditions. This is not particularly
surprising since the NH,' applied to the soil for these treatments wouid not have been
taken up by plants, and was therefore likely available for nitrification. The fact that

nitrification was occurring under the uncropped systems suggests that given the proper
rnoisture, aeration and temperature conditions, denitrincation was likely occuiring to

some degree under au treatments, particuiarly in the cropped treatments where carbon
additions Eom root exudates would stimulate deniûification (Bailey, 1976). Therefore,
crop uptake would not be solely responsible for nitrate depletion under the cropped
treatrnents. Both of the cropped treatments for plots t and 2 differed in 1992 in that nitrate
was undetectable in the two profiles on numerous sampling dates, whereas the nitrate was
never completely depleted fiom the soil profiles on any date in 1991. This would be
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expected on the Ullfertilized subplot, where nitrate had not been added for two years, but
slightIy unexpected for the fertilized subplot, which wouid have received just enough

nitrogen to support the crop for the duration of the growing season. Considered with the
residual nitrate in the profile fiom the previous season, there should have been sufficient
nitrogen in the soi1 profile to support the crop without going to depletion. This rnay,

therefore, be an indication of the occurrence of denitrification under the cropped
treatments.
Analysis of variance (ANOVA) was performed on the replicate chlonde data for
plots 1 and 3 (as dictated by the common sarnpling dates in 1992) using JMP IN@
software from SAS institute, and the effects of crop on the soiI chloride contents of the
fertilized subplots were examined. Although plot 3 was not considered an ideal replicate
due to the influence of the high water table, chLonde contents were not measured for plot

2, so the replicates used were plots 1 and 3 (Table 4.10). Unlike the case for the nitrate
contents of the profiles, where there were distinct crop effects, there were no significant
differences (p0.10)in profile chloride contents between the no wheat and the wheat
subplots. This was expected, as chloride is not subject to biological changes, and spring
wheat will typically only remove 5.6 kg Cl- ha-'per growing season (Soi1 Fertility Guide,
Manitoba Agriculture, 2000), while the application rate of Cl- was 90 kg ha-'. The fact
that chlonde was present at high levels throughout the soi1 profile illustrates the extent of
leaching that occurred in the soils used in this study.

Table 4.10 Total chloride content and nitrate-nitrogen: chloride ratios in the fertilized
subplots of plots 1 and 3 to a depth of 105 cm.
Plot

Sample date

Fermer,
No Wheat

Fertilizer &
Wheat

kg CI ha--

Fermer,
No Wheat

Fertilizer
&

Wbeat
NO,-Nm.C1

* Fertilizer was applied at a rate of 90 kg Cl- ha-'after samphg on M a y 27, 1992.
** Fertilizer was applied at a rate of 90 kg Cl- ha-' &er sarnpling on May 25, 1992.

Often, NO,-N: Cl- ratios are used to qualitativety determine ifleaching,
nitrification or denitrincation is occurrîng in the soil profile (Weil et aI., 1990; Misra and
Mishra, 1976). In our study, the application ratio of nitrogen to chloride was
approximately 1.1, while the application of nitrate-nitrogen:chloride was 0.55. If we
assume that the ammonium applied as fertilizer eventually nitnned, then the ratio that we
would use as our standard would be approximately one. Therefore, one could assume that
if the ratio remains the same, or close to 1, there is Iittle biological activity occurring

involving nitrate as the distribution of chlonde and nitrate within the soil profile is similar
to the application rates. If the ratio is Iess than 1, it could be hypothesized that

denitrification is likely occurring, or in the case of the FW treatment, tha: nitrogen uptake
into the plant has occurred. (Wheat uptake of nitrate is much greater than chlonde,
approximately 17 to 1 as estimated using data in the Soi1 Fertility Guide, Manitoba
Agriculture, 2000). If the ratio is greater than 1, nitrification and mineralization are Mcely
contributing nitrate to the soil system.

Although not statisricaily significant, trends in the data could be observed (Table
4.10). Nitrate-chloride ratios were greater than one for the FNW treatment f i e r J m e 22,
1992 for plot 3 and on all sampling dates except for June 8, 1992 for plot 1. This indicates

that net nitrification may be occurring under this treatment beghnhg at least by June,
1992. For the FW treatment on plot 3, the ratios were rarely greater than 1.1, and only

once after the June 22 sampling date. At plot 1, the ratios were greater than one only once
under the FW treatment, on August 31, 1992. These values could be expected where

nitrogen uptake and/or denitrificationwould be occurring. Therefore, although not
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statistically significant, difZerences in the nitrate-chionde ratios appear to support the
seasonal nitrate fluctuations.

The actual total concentrations of Cl- within the soil profiles fluctuated over time,
and did not appear to differ between cropped and uncropped treatments, except for shortiy

d e r the fertilization date (Table 4.10). These ciifferences in Cl- concentrations within the
soil profiles may in part be due to spatial variability in feailizer application, or
nonuniform leaching (Cameron et al., 1979). Lund (1982)concluded that spatial
variations in nitrate and chloride distriiutions were related to field and soil characteristics
in only a few cases, and often had no relation to these characteristics at aU. The variation

may also be due to movement of chloride in and out of the sampiing zone, so that if
chloride had moved below 105 cm, the profile C i content would be low for a particular
sarnpling date. If, by a subsequent date, chloride had moved back up the profile with soi1
water, the chloride would again be present in the soi1 profile depths used to calculate total

Cl- profile concentration. nierefore, temporal variations of total Cl- and NO,-N would be
more prominent on those soils sarnpled to a Lesser depth (Lund, 1982). In addition,
differential anion uptake by plants could play a role in both temporal and spatial
variations in Cl- profile contents, as there can be a negative interaction between Cl- and
NO,-N uptake: as the nitrate content of the soil water decreases, the uptake of chloride by
the plant will increase (Tisdale et al., 1985). Furthemore, application of chlondes to soils

at rates of 50 kg CL' ha-' can reduce uptake of nitrate by wheat (Mohr, 1992), which also

complicates the use of ratios under seeded treatments.

4.4 Denitrification Studies

For each of the field sampling depths for the Stockton loamy fine sand @lot 1) and
the Almasippi sand @lot 3) profiles, five to eight sub samples were incubated for periods

varying fkom six hours to fourteen days, depending upon the incubation temperature. For
instance, incubation tirnes at 5OC ranged fiom 2 to 14 days, whereas incubation times at

26S°C ran from 6 hours to 4 or 6 days, depending on the sample depth. This was done to

ensure that carbon did not become limiting to the denitrificationprocess for soil depths
where more rapid rates of denitrification could be expected. Under lower temperatures,
lag times for increase in biological activity foliowing rewetting of the air dried soil

seemed to persist beyond the generally held expectation of 4-6 hours (Smithand Tiedje,
1979; Dendooven and Anderson, 1994), as evidenced by a slight increase in nitrate-

nitrogen in the closed system for up to 24 hours following onset of incubation.
For example, for the Stockton soil, 30-45 cm depth at SOC, six soil slurries were
placed on the shaker in the incubation chamber. One sample was removed at each of 2,4,

6, 8, 10 and 14 days and destnictively sampled. The nitrate concentration of each soil

slurry was determined and plotted as a h c t i o n of time for the construction of one graph
(Figure 4.35). This step was performed for every pronle depth at each temperature

studied. The slope of each graph (pg NO,-N g-' d-') gave the rate of nitrate disappearance

Time (days)

Figure 4.35 Nitrate disappearance rate of Stockton sandy loam at SOC for 3 0 4 5 cm soi1
depth.
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Figure 4.36 Semi-log plot of nitrate disappearance rate of the Stockton loamy fine sand
profile at SOC.

(NDR) at that particular soil depth and temperature- For the specific example of the 3045 cm Stockton profile depth at SOC, the rate of nitrate disappearance was calculated to be

1.26 pg NO& g-' soi1 day-'. Determination of the nitrate disappearance (NDR) rate of

the soil profile at each of the temperatures under investigation requîred the creation of 80
indixldud graphs (5 temperatures x 8 profile depths x 2 soils). Combined, these graphs
represent the nitrate-nitrogen concentrations of more than 500 individual soil s l e e s (6-8
individual sarnples per graph). The rates of nitrate disappearance (slopes of the graphs),

which were temperature and depth dependent, were then plotted in a semi-log linear
manner as a fimction of soil depth for each temperature under study (Figure 4.36). This
procedure was performed for both the Almasippi and Stockton soils at five temperatures:
SOC, 11°C, 16S°C, 2OS0Cand 26.S°C (Appendix X).
In this study, nitrate disappearance rate was chosen to provide a measure of
denitrification rate in the soils because it was a less complex and faster method than
others in use. Although this method is not as widely used as nitrous oxide production
measurements, it is still a valid determination of denitrification potential in soils (Abbasi
and Adams, 1WX), provided that conditions for preferrential reduction of nitrate are

supplied (Cho and Sakdinan, 1978). To elaborate, NO,-has been shown to be reduced
preferentially over N,O under reducing conditions, provided that adequate NO; exists in
the system, and N,O is able to diffirse away Erom the site of denitrification once it is

formed (Cho and Sakdinan, 1978). These conditions con be adequately met by
providing sufficient nitrate substrate for the reaction to occur, and shaking soil slumies to
ensure a steady supply of nitrate to sites of reduction (Cho and Sakdinan, 1978). Under
94

these conditions, nitrous oxîde would not be reduced until aU nitrate was removed fÎom

the system. Nitrate disappearance wodd then be a reasonable estimate of denitrification
occurring in the soi1 slurry-

Background denitrincation potential is generally considered to be the maximum
possible denitrification rate that codd be obtained on a particular soil with no C or N
amendments (Drury et al., 1991). Although nitrates were added to the soil slurrïes in this
study, it should be noted that the rates of nitrate disappearance detennined for soils in this
study are in actual fact, the background denitrification potentiais of these soiis. While the

presence of nitrate in a system may stimulate denitrification and is ceRaidy necessary for
denitrification to proceed, the rate of denihification is not affected by the level of nitrates
present u1 the system, provided that the nitrate substrate is not limiting (Cho and
Sakdinan, 1978)- In other words, there should be enaugh nitrate in the system for the

reduction of nitrate to proceed, but additional nitrate will not increase the rate of nitrate
disappearance (Ryden, 1983). This is not true for carbon amendments. The addition of
readily available carbon sources can resuit in denitrification rate increases of up to 5-10

times the levels prior to carbon additions (Jordan et al., 1998; Dniry et al., 1991).

Therefore, no carbon amendments were used in this study, in order to more accurately

determine in-field nitrate disappearance rates. As the rates in this sîudy are not being
amplified in any way, values detennined for nitrate disappearancerates in this study could
therefore be considered to be potential background denification rates. Hence, these
rates are reasonable estimates of denitrification rates in the two soil profiles studied under
saturated conditions,

If a readily available carbon source had been added to this system, the resulting
nitrate disappearance rate would have been a determination of denitrification potential of
the soil. The denitrification potentid has oAen been denned as the maximum possible rate

of denitnfication that a soil can attain with the assistance of amendments. The added
presence of carbon could also increase the dissimilatory reduction of nitrate to ammonium

as descnbed earlier in the literaîure review. If that were to occur, a measure of nitrate
disappearance rate under these conditions would not simply be a measure of
denitnfication and may result in an over estimation of denitrification rate in the soils.
However, even when dissimilatory reduction of NH4+is believed to be a factor, it
accounts for oniy minor amounts of nitrate loss (Abbasi and Adams, 1998). As well,
while nitrate is added under field conditions, carbon is not usually added, udess a zero-till
situation is being considered, Therefore, the situation in the laboratory was constnicted to
more closely resemble conventionai till field situations. Sampling began after at least six
hours to allow the system to equilibrate following the flush caused by rewetting the ak-

dried soil.
4.4.1

Nitrate Disappearance Rate for the Stockton Soi1

It was determined that the nitrate disappearance rate (NDR)of the Stockton soil

decreased exponentially with depth for all temperatures (Figure 4.37). Generally,
correlation was very good for the upper 45 cm of the profile (r is generally *.9), but not
as consistent for the 75-120 cm depth, where correlation coefficients (r) ranged h m

Soif Depth (cm)

Figure 4.37 Semi-log plot of nitrate disappearance rate for Stockton loamy fine sand
profile at 20S°C.
0.1 17-0.98 1 (Table 4.1 1). Since the rate of nitrate disappearance is much slower at the

deeper depths (particularly for 105- 120 cm), and several different samples were used for
determination, small differences between the individual samples would have a large effect

Other researchers have studied the changes in nitrate disappearance rate with
depth in soi1 at a single temperature (20°C) and determined that the amount and rate of
nitrate reduction decreased significantly with depth (Abbasi and Adams, 1998). They

perforxned regression analysis between the nitrate disappearance rate (NDR) and organic
matter content as a fiinction of soi1 depth down to 7.5 cm and detemiined that there was a

positive correlation ( M . 8 8 ) between NO,' disappearance and organic matter content.

Table 4.1 1 Rates ofnitrate disappearance on Stockton soi1 for aii depths at various
temperatures.
Rate of NOJY
Temperature

Soil Depth

cc)

(cm)

5

0-15

(l.4g-l day-'1

4.56

Standard
Error
0.50

Correlation
Coefficient (r)

0,966

Level of
Significaace

p<O.Ol

Therefore, they attriiuted the reduced rates of denitrification at lower depths to lower
organic matter contents. Luo et al., (1997) detennined that denitnfication activities in two
soils were highest in the top 0-5 cm,and decreased exponentialiy with depth to 40 cm,
independent of sampling sites and times. However, they amibuted the reduced
denitnfication rates at lower depths to lower denïtri+g

populations deeper in the soil,

rather than simply a limitation of available carbon.
Rates of denitrification in subsoil cores removed ikom 1-2 m and incubated under
anaerobic conditions with no carbon amendments bave exhibited denitrification capacities
of 0.2 - 0.5 mg N kg-' d-' at a temperature of 12°C (Castle et al., 1998). Values

detennined in this study for the 1.05 - 1.2 m depth for the Stockton soil at 11°C were
comparable at 0.78-1.25 mg N kg-' d-'. C a d e et al. (1998) believed that this level of
denitrification potential in the subsurface soils was s f i c i e n t to reduce leaching of nitrate
to the groundwater and subsequent nitrate contamination of groundwater on these soils.

The relatively low ievels of nitrates in the water table below the Stockton soil profile

throughout the growing season may be a reflection of this.
Nitrate disappearancerate increased exponentidy as temperature increased

(Fiavc 4.3 8). Rates at the O- L 5 cm depth changed most dramatically with temperature,
and rates at the lower depth changed much less. For example, the NDR of the 0-15 cm

depîh at SOC was only 4.56 pg g -'day-', but was measured as being 54.60 pg g -' day-' at
26"C, a twelve-fold increase, while the rates for the 45-60 cm depth increased by a factor

of 5-5 from 1.15 to 6.30 pg g --' day-' at the same temperatmes. This is Wrely a reflection
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Figure 4.38 Effect of temperature on nitrate disappearance rate at different depths of
Stockton loamy fine sand profile.

Figure 4.39 Arrhenius plot of Stockton loamy fine sand at 0-15 cm depth: Effect of
temperature on rate of nitrate disappearance.

of the size of the microbial popdation as distributed within the soil prome.
Arrhenius plots of the rate of deaitrification of al1 soi1 sample depths were
calculated using dI temperatures under investigation in order to descnie the relationship
between denitrification and temperature in the soil profile. Results for the 0-15 cm depth
are presented in Figure 4.39, above. It was found that a good correlation could be

obtained for the top 75 cm of the soil profile, but correlation for the remaining 75-120 cm
depths was very poor (Table 4.12). When the rates obtained at 26°C for the 75-120 cm
depths were dropped, correlation (r) improved signifïcantly for the 75-90 cm and 90-105
cm depths (f?om 0.1292 to 0.9738 and from 0.4608 to 0.9230, respectively) but less
improvement could be seen for the 105-120 cm depth. It is likely that 26°C is higher than
the optimum temperature range for denitrification at these soil depths in the Stockton soii.

In fact, soi1 temperatures for the 60 cm depth oniy climbed above 20°C once (August 19,
199 1) in the two years that they were monitored at this site. Mean temperatures at the 120

cm depth never even reached 20°C during the field study, and the temperature of 20.5 OC
used in the denitrification study may also be outside of the bounds of optimum

temperature range for denitrification for this soil at the 105-120 cm depth. It may,
therefore, be reasonable to assume that the microbid population of this soil profile does

indeed change with depth, and the population withùi the subsoil is Iess heat tolerant.
According to the correlation coefficients for the Arrhenius equatiom obtained for
the soil profile, the mode1 c m be considered a good representation of the effects of

temperature on denirification within the Stockton soil, with the exception of temperatures
greater than 20°C at depths below 90-105 cm. Activation energy @a) as determined using
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Table 4-12 Activation energy and Q,, values for Stockton soil.

Soi1 Depth

Correlation Coeflïcient
for Arrhenius Graphb

Activation Energy

Q,, Values

(La)

Joules

77,562.1
61,204.3

51,828.6
48,809.8

41,142.7

-

"Data fbllowing was based on four temperatures only: 5"C,1 1°C,16S°Cand 20S°C.
Vnnless otheNnse indicated, all coefficients for correlation (r) are significaut at p<O.05.
'There is no significant h e a r relationship between temperature and depth at p<O. 1.
dThecoefficient for correlation (r) is significant at pc0.1.
- Not determined.

the Arrhenius equation is an indicator of the response of the d e n i m g population to

temperature. That is to Say, the higher the activation energy, the greater the impact of
temperature on the reaction. Activation energies were determuied for each depth of the
Stockton profile and were found to decrease with depth (Table 4.12). This is Wcely a
reflection in the amount of readily available carbon and the size (and possibly
composition) of the microbial population, both of which would be expected to decrease
with depth. Values obtained for Ea are similar to those reported in literature of anywhere

f?om 59 - 74 kJ mol-' (Pelletier et al., 1999).
QI, values, which signify the magnitude that the rate of denitrification wiil
increase for every 10°C increase in temperature, were aiso calculated for al1 soi1 depths

using the Arrhenius equations obtained fiom the graphs. These values ranged fiom 1.44
to 2.97, which is close to the Q,, values offered in the literature of 1.74, (Peterjohn, 1991)

and 1.8 (Mangaraja and Misra, 1978). However, higher values (4-6) have also been given
in the Literature (Gilliam and Gambrell, 1978), and this may be somewhat dependent on

the source of carbon used for denitrification (Pelletier et al., 1999). Most interestingly,
the Q,, values decreased with depth, and were nearly half the rate exhibited by the surface
0-15 cm (2.97) by the 105-120 cm soil depth (1-44).

Therefore, the assumption that Q,,
values have any universality is likely an
inaccurate one, unless the depth effects exhibited here are s h p l y another expression of
carbon effects on the Q,,values as mentioned by Pelletier et al. (1999). If that were the
case, then the change in Q,,values with depth would simply be a result of decreasing
amounts of readily available organic carbon present in the soil with depth. However,

S t d o r d et al. (1975) and Mangaraja and Misra (1978) found that Q,, values did not
change at al1 or very Little (0.1 merence), respectively, when soi1 samples were amended
with carbon. It is therefore plausible that the change in Q,, values observed in this study

is a result of the intrinsic characteristics of the microbial population as it changes with soil
depth. This would also account for the drastic increase in the rate of denitrification with
increases in temperature noted for the 0-15 cm depth, where the microbial population

would be the largestIt is important to note that these activation energy values (and for that matter, the

QI, values) are likely valid only for the range of temperatures observed in this study. It is
apparent that temperatures greater than 26°C wiU not be well accounted for in this mode1
for certain soi1 depths, and previous research (Peiletier et al., 1999) has indicated that the

Arrhenius mode1 is not ideal for descnbing the effects of temperature on denitrification at
low temperatures (below 4°C) in cold climate soils. However, the temperatures under
study encompass much of the temperature variation withh a field season and therefore

use of the Arrhenius mode1 for describing the effeît of temperature on denitrification in
these soil profiles during the growing season is valid,

4.4.2

Nitrate Disappearance Rate of the Almasippi Soil.

On examination of the the Almasippi profile, it was discovered that a rate of biological
activity for 0-15 cm depth existed separately h m the rate of biological activity of the 15120 cm depth. This is likely due to the rapid decrease in soi1 organic matter

Figure 4.40 Two rates of nitrate disappearance of the Almasippi sand as affected by soi1
dmth at 26°C.

Figure 4.41 Two separate rate expressions for the Almasippi sand are combineci into a
single equation in order to express NDR for the entire profile at 26°C.

below 15 cm depth. Both rates were determined graphicaliy and showed an exponential
decrease in biological activity with depth (Figure 4-40).
The equation for the line representing 0-1 5 to 15-30 cm depths was determined by
first calculating the equation for 15-120 cm when plotted in a semi-log linear manner.
The value for y was then extrapolated fiom this equation at x = 7.5 cm (average of 0-15
cm depth). From y, which is the natural logarithm of the rate, the extrapolated rate could
be obtained. This extrapolated rate was subtracted fiom the actual nitrate disappearance

rate, and the natural logarithm of the difference was used to determine the dope of the
line comecting 0-15 cm to 15-30 cm depths. The equation obtained for this line
represents a rate of activity in the 0-15 cm depth beyond the overall rate of reaction for
the entire profile as epitomized by the 15-120 cm depths. The equations for both rates

were combined in a single expression to illustrate the overall rate of biological activity for
the profile and a close fit was obtained (Figure 4.41).
As in the Stockton profile, nitrate disappearance rate increased exponentially as
temperature increased (Figure 4.42). Again, rates at the 0-15 cm depth changed most
dramatically with temperature, and rates at the lower depth changed much less. For
example, the NDR of the 0-1 5 cm depth at SOC was only 0.928 pg g-'day-', but was
measured as being 19.60 pg g-l day-l at 26"C,a rate twenty-one times greater than that
detemiuied for the lower temperature. This is a larger change in rate than observed for
the Stockton soil at the same temperatures, although the actual NDR of the Stockton soi1
at 26°C was much higher (54.60 pg g' day"). Correlation for the Aimasippi soi1 was best

for the 0-15 cm depth (rs0.92)for all temperatures, and was good for al1 other soil depths,
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with a level of significance of pc0.10 for all profile depths (Table 4.13).
Arrhenius graphs were plotted over the temperature range of the study and
correlation was relatively good for ail depths above 105 cm (Table 4-14). The 105-120
cm depth was not significantly correlated at p=O. 10, possïbiy due to non-uniformity of the
samples. There was a clay tongue that occasionally reached above the 120 cm depth at
the St. Claude site, and consequently composed a portion of some of the soiL samples

taken at the 105-120 cm depth, When soi1 samples were bulked for this experiment, they
were mixed and sieved, but were not ground. Therefore, some non-uniformity of samples

may have persisted and could account for the varying rates of denitrification and poor

correlation at this depth.
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Figure 4.42 Effect of temperature on nitrate disappearance rates (NDR) at different
profile depths of the Aimasippi sand.

Table 4.13 Rates ofnitrate disappearance on Alrnasippi soi1 for al1 depths at various
temperatures.
Temperature

cc)

'Oii

5

0-15

(cm)

RateOf
Disapperraoce
uig g-' day'')

0.93

Standard
Error

0-1l

Correlation

(0
0.920

Levei of
Significance

p<O.O 1

Unlike the Stockton soil, 26°C did not appear to be outside the range of optimum
temperatures for denitrification at the lower depths for the Almasippi soil. This is despite
the fact that the soil temperature at depths below 60 cm was less than 20°C on a l l
sampling dates over the two years of the field study. It may be that the microbial
populations of this soil were less depth specific than that of the Stockton soil. Field data
seems to indicate that extensive Ieaching and water table fluctuations occurred with the
Almassipi field site, which Likely resulted in a mixïng of populations fkom one depth to
the next- As the water moved up and down the soil profile, so did the soi1
rnicroorganisms. This would not be true for the Stockton soil, as that site appeared to
have less leaching, and a lower water table. It should be noted that previous research by
Luo et al.. (1997) concluded that heavy rainfdl did not wash microorganisms down the

soil profile of a well drained sandy loam.
Activation energies did decrease as the depth of soil dropped below 15 cm.
However, the pattern here is also very different fiom that of the Stockton soil. In this
case, as with the two different rates of bioiogical activity for the Almasippi soil, the 0-15
cm depth has both activation energy and Q,, values distinct fkom the remaining 15-120

cm of the soil profile. The activation energy for the 0-15 cm depth is 98, 380J whereas
the remainder of the profile has an average activation energy level of 48,827J. The Q,,

values for the entire soil profile are witbin the expected range outlined in the iiterature,
bat here, again, the value at 0-15 cm is 3.97 while the average value for the remainder of

the profile is 2.02. (The 30-45 cm depth is somewhat of an anomaly in that it has a
padcularly high Ea of 78,442 J and a Q,, of 2-99). This fiirther supports the use of two
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separate equations to describe Almasippi soils.

Table 4-14 Activation energy and Q,, values for Almasippi soil.
-

Soi1 Depth

Correlation Coeificient
for Arrhenius Grapha

-

-

-

-- -

Activation Energy (Ea)

-

-

Q,, Values

Joules
98,380
56,415

"Coefficientsof correlation (r) are signiiïcant at p=0.05 unless otherwïse indicated.
b
Coefficient of correlation (r) is significant at p4.10.
'There is no significant linear relationship between NDR and soii temperature at p-1 .O.

5. GENERAL DISCUSSION

A seasond pattern of nitrate distribution emerged for the two years of the study on
these sandy and clay loam soils. In early May of the k t season, nitrate levels were
initially Iow, indicating that nitrates were not accumulating to any significant extent
within these profiles pnor to the period of study- By June, nitrate was quite mobile

within the soil profile and leached in response to rainfâll, and moved out of the profile via
uptake of nutrïents by plants. hcreased crop uptake of nitrate in July appeared to be
accompanied by a net removal of nitrate via denitrification under the seeded treatments,

while there was a net increase of nitrate Ma mineralization and nitrification under the
uncropped treatments. Although al1 three of the processes would likely be occurring
under al1 treatments to some extent, increased carbon exudates fiom roots under the
seeded treatments likely resulted in increased denitrification in anaerobic microsites

(Bailey, 1976) as compared to the uncropped treatments. Under the uncropped
treatments, lack of carbon inputs may have resulted in some mineralization of organic

nitrogen within the soil. This increase in ammonium may in tuni have resulted in
increased nitrification, and a net gain in nitrate content in the soil profile over that in the

seeded treatments.

In August, some nitrate appeared to move up the profile in response to surlace
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evaporation, and this upward movement, plus nitdication in this month and into
September resulted in very high nitrate levels in the top 120 cm of the unseeded soi1
profiles. This pattern was repeated for the second year of the study, and is similar to
findings of Watts et al.. (1991), Roth and Fox (1990) and Magdoff (lggz), who noted that
soil nitrate concentrations in fa11 were much higher than spring concentrations in the same
area. Since nitrate levels were so low in these soils in early May, it is Wcely that
significant denitrification occurs in these soils in early spring when the soil is very wet
and surface temperatures during the day may be quite hi&.
As previously indicated, there were significant differences in the amount of nitrate

in the surface 0-105 cm of soii between the cropped and uncropped treatments. As the

amount of nitrates in the uncropped profiles appeared to increase over the growing season,
these cropping effects were not only a result of nitrogen uptake by the crop, but also of
the large amount of mineralization and nitrincation occurring on these soils under faliow
conditions. Other researchers have reported net nitrification rates of 2.7 kg N ha-' d-' for
soils receiving 100 kg N ha-' fiom m 4 N 0 3fertilizers on an annual bais (Watson and
Mills, 1998), indicating that nitrifkation was quite sigrtificant within these soils.
It should be noted that nitrate to chloride ratios support the theory that net

nitrification was certainly occurring under the fallow plots. Ratios of nitrate nitrogen to
chloride within the f a o w subplots were much higher than the nitrogen to chlonde
application of 1.1 for the latter part of the growing season for plots 1 and 3. Therefore,
even though the patterns (and rates) of biological activity (as expressed by denitrincation

in each soil profile) were different for both soils, there was a marked contribution of
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nitrate to the soil profile for both soils, regardiess of theu actual acîïvity rates. The
resulting ratios were much higher than 1.1 at some penods during the growhg season.
Since the application ratio of inorgaaic N to Cl- was 1.1 (the ratio of NO,-N to Cl- applied
was approximately 0-SS), even if all the nitrogen applied as

m*nitrifie& the ratio

should still not be much higher than 1. However, nearer the end of the growing season,
actual ratios were much greater than one, indicating that mineralization in this soi1 was
also likely o c c e g . Watson and Mills (1998) determineci that net mineraikation of

existing pools of organic N was not significant during the period of their study, but gross
rninerdization was o c c ~ atga signincant rate.
Under the f d o w conditions imposed in this shidy, the b i t of available carbon Ui
the soi1 would support the mineralization of soil organic N, as there would be Little
additional available C for growth of the microorganisms under the fallow conditions.
Generally, the soil nitrate levels in the top 1.2 m of the fallow subplots were often higher
than the 168 kg NO,-N hà1 level provided by the Department of Agriculture and Food,

Province of Manitoba as the level above which the soil is considered to be nitrate
contaminated These levels were surpassed at various times throughout the growing
season regardless of whether or not any additional fertilizer was applied.
The seeded treatments had very different nitrate distribution patterns h m the
fallow treatments for al1 soils studid Aithough the soil would have iikely been well
oxygenated in July, considerable denitrification appeared to be occurring on the seeded
treatments, presumably in anaerobîc microsites within the soi1 profile. This is indicated
by the fact that the seeded treatments were both depleted of nitrogen for plots 1 and 2,
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regardless of whether fertilizer was applied. At the very le&, it is likely that some
denitrification was occurrhg on the FW treatment, as sufncient nitrogen for the growing
season was applied, and stili the nitrate was completely depleted fiom the soil profile by
the end of the second growing season. This would be expected based on the study by

Smith and Tiedje (1979), who found the highest rates of denitrification in rhizosphere
soil. The timing of the denitrification period (July) reflects the seasonal effects
discovered by Wheatley et al. (1991) whereby soil denitrification rates increased with root
emergence. On the other hand, Grofban and Tiedje (1991) and Parsons et al. (199 1)
detennined that while denitrification activity increased in spring, it was lower in summer.
This may be an issue with soil moisture, which must be significant (as both a contributor
to limited aeration and in and of itself) in order for denitrification to occur - a situation
that is not necessarily present during the summer months.
It is worth noting that the above mentioned patterns of varying total nitrate
nitrogen contents under the different treatments was not true for plot 3, certainly during
the 1991 growing season. In this case, there appeared to be very little difference in the

total amounts of nitrate in the soil profile under the different treatments. Given the high
perched water table at plot 3, and the low rate of denitrification expressed by the

Almasippi soil fiom this plot, this is not surprising. Levels of nitrate at this site were
directly and rapidly affected by groundwater fluctuations. In 1991, with the groundwater
reaching up to 45 cm from the soil s d a c e , the soil surface was bog-iike and our feet
would sink in up to our ankles. At this point, with the level of mixing in the groundwater,
the plot could not reaUy be considered to have unfertilized and fertilized treatments.
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The amounts of nitrates in the soi1 profiles under all four treatments for this soil in
1991 were very high across the board, likely because in this particular soil system, with

its perched water table and 1ow denitrification rates, the nitrates simply had no place to
go. There was nowhere to be leached to, as the water table was so high that downward

movement was effectively stoppe& Akhough the soil temperatures were still quite warm
at some of the sampling times, and likely the surface was moist enough to successfully
support denitrification, very little reduction of nitrate occurred in this soil profile,

This is similar to results obtained by Klemedtsson et ai. (1988) on a loam soil.

They found only a slow increase in nitrous oxide production after a dry loam soil was
rewetted, and surmised that this indicated a low overall biological activity of the soil. The
researchers thought it would, therefore, be unlikely that the loam soil wodd have
anaerobic microsites caused by high oxygen consumption at moisture levels below
saturation. Christensen et ai. (1990a) observed denitrification on a coarse textured soil
with little aggregation and found only short penods of increased activity following

irrigation. This led them to suspect that little denitrification occurred in that soil at field
capacity. Results of the laboratory studies of denitrification in the Almassippi soil
c

o

6 that it is highly unlikely that denitrification would be responsible for a large

amount of nitrate loss at the St. Claude site as rates are 1ow even under saturated
conditions.
Nitrate levels in the groundwater were generally low below the Stockton soi1at
plot 1, and were only higher than the maximum level of 10 pg NO,-N mL-' on two
occasions in 1991. Water fÎom the well on the fertilized subplot on plot 1registered 11.O
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pg NO3-N mL-' on July 11, and water fiom the irrigation weli had nitrate levels of 10.6 pg

NO,-N m ~ -on
' August 19, 1991. In 1992, the ïmîgation weli had water nitrate levels of
10.2 pg NO,-N mL-' on both August 18 and September 17, while water in the weli of the

fertilized subplot had nitrate levels of 12.2 and 12.8 pg NO3-N rnI? on August 6 and 18,
respectively. Nitrate levels of groundwater directly below the unfeailized subplot were
never greater than 6 pg NO,-N mL-' in 1992. It is apparent nom the data obtained that

nitrate Ieaching at this site was quite limited, as the groundwater under the area of study
where no nitrate was applied did not seem to be aected. In fact, the weil that has been

described as being for other use had consistently low to zero levels of nitrate present in
the water in both years of the study.

Nitrate concentrations in the groundwater beneath the site at St. Claude were
consistently ver)- hi& (ofien greater than 30 pg NO3-N mL') and always greater than the
maximum acceptable iimit of 10 pg NO3-N d-This
'.
was true nom the tint well
sampled on May 3 1, 1991 to the last well sampled on September 22, 1992. Even the tile
drain, which was located 50 m fiom the plot, occasionally had levels of nitrate greater
than 10 pg NO3-N mL-'when it was flowing. Nitrate levels in the groundwater did not

differ greatly between wells or years, but levels were highest in the Center and West wells

in 1991 and in the Center weil in 1992, As the Center weU was located in the middle of
the fertilized subplot, this is not unexpected. Seasonally, groundwater nitrate levels were

highest in the West weil h m late Iune to early July in 1991, and for the Center well
during the same period in 1992. No seasonal ciifferences in nitrate contents of the
groundwater were exhibited by any of the other wells in eitha of the years of the study.
116

TiIe drain flow patterns differed h m 1991 to 1992. It is uniikely based on the high
levels of nitrate present in the groundwater that a significant level of denitrification was
o c c e g in the aquiferThe Arrhenius equations detemiined for both the Almasippi and Stockton profiles

at each soif depth (Appenduc X I ) were used to calculate the maximum denitrification
potential for each soil profile based on actual temperatures measured in the field
(Appendices 1, III, N and VI). These results are presented in Tables 5.1,52,5.3 and 5.4.
The potential denitrification rates were determined for the entire soi1 pronle (to 120 cm)

for both soils in both years of the study. Calculations were made based on the 0-120 cm
rates, and then again on the 15-120 cm rates based both on the arnount of NO,-N
denitrified per kg of soil and ushg the bulk densities of the soils as detemiined in the field
(Table 3.1) on a per ha of land basis. The rates as detemined are extremely high,
particularly when the top 0- 15 cm of soil is considered in the caiculation, but seem to
agree with rates maximum rates detexmïned by others (Mahii et ai., 1990).

The assumptions made in making these calculations include the following
conditions: saturated soil, anaerobic conditions, uniimited nitrate and carbon supply, and
no constraints on NO,-N and N20diffûsion- The existence of all of these conditions at
the soil surface under the high temperatures measured is extremely unlikely. Therefore,
the maximum attenuation was also caiculated for only the 15-120 cm depth, to give a
more reasonable estimate of potential denitrincation rates. Again, dl conditions as
previously rnentioned are assumed to exist. In reality, much of the denitdication that
occurs within the soil profile wiU do so in auambic microsites and/or hot spots varicin,
1l î

Table 5.1. Maximum nitrate attenuation potentid* of Almasippi profile in 1991.
Sample Date

e120 cm

Maximum denitrification potentialf
15420 cm
0-120 cm
15-120 cm

mg NO,-N kg-' d-'

A

g NOrN ha" d-'"

May 28,1991
June 27,1991
July 4, 1991
Suly 10, 1991
Jdy23,1991
July30, 1991
Aug 7, 1991
Aug 15,1991
Aug22,1991
Aug 28,1991
Sept 5, 1991
Sept 13, 1991
Sept 19, 1991
Oct 3,1991
Seasonal Mean 28.8 1

10.63

56.19

24.56

* The maximum denitrification potential for the soil profile was cdculated using actual
soil temperatures measured for each soil depth, and Arrhenius equations detemiined for
each soil depth over the temperature range of 5-26°C. This assumes that the soii is
completely saturated and anaerobic and that the supply o f both nitrate and carbon are not
limiting.
**Calculations were made using bulk densities as determined in the field. Bulk densities
for depths 90-105 and 105-120 cm were approximated from the bulk density measured for
75-90 cm.

Table 5.2. Maximum nitrate attenuation potential* of Almasippi profile in 1992.
Sample Date

Maximum denitrification potential*
0-120 cm

15420 c m

0-120 cm

15-120 c m

mg NO3-Nkg-'d-'
May 6,1992
May 13,1992
May 20,1992
May 25,1992
June 2,1992
Jme 16,1992
June 22,1992
June 29,1992
July 7, 1992
July 14,1992
July 21,1992
July 28, 1992
Aug 5, 1992
Aug 19,1992
Sept 2, 1992
Sept 10,1992

26-94
10.54
46-82
13.O2
31.54
14-95
31-34
22.8 1
34.85
41-83
23 -62
18-81
28-49
22.32
15.3 1
10.83
8.30

6.67
5.55
7.89
5 -72
9.37
10.32
8 -20
9.66
9.07
11.17
9-45
10.28
10.21
10.61
8.41
7.8 1
6.74

* The maximum denitrincation potential for the soil profile was calcuiated using actual
soi1 temperatures measured for each soi1 depth, and Arrhenius equations detemiined for
each soi1 depth over the temperature range of 5-26°C. This assumes that the soi1 is
completely satwated and anaerobic and that the supply of both nitrate and carbon are not
lirnithg.
**Calculations were made using buIk densities as detennined in the field. Bulk densities
for depths 90-105 and 105-120 cm were approximated fiom the bulk density measured for
75-90 cm.

Table 5.3. Maximumnitrate attenuation potential* of Stockton profile in 1991.
Sample Date

cm

Maximum denitrification potential*
15-120 cm

0-120 c m

15-120 cm

24.45

123-99

40.80

M a y 16,1991
M a y 23, 1991
June 11, 1991
June 18,1991
June 27,1991
July 23, 1991
Aug 8,1991
Aug 19,1991
Sept 11, 1991
Sept 25,1991
Seasonal Mean 77.77

* The maximum denitrification potential for the soil profile was calcuiated using actual
soi1 temperatures measured for each soi1 depth, and Arrhenius equations deteimuied for
each soil depth over the temperature range of 5-26°C. This assumes that the soil is
completely saturated and anaerobic and that the supply of both nitrate and carbon are not
limiting.
*'Calculations were made using bulk densities as determined in the field. Bulk densities
for 105-120cm were approximated fiom the bulk density measured for 90-105cm.

Table 5.4. Maximum nitrate a t t e n d o n potential* of Stockton profile in 1992.
Sample Date

0-120 c m

Maximum denitrifkation potential*
15-120 cm
0-120 c m
15-120cm

May 12, 1992
May 27, 1992
June 22,1992
July 7, 1992
July 21, 1992
Aug 6,1992
Aug 18, 1992
Aug 31,1992

Seasonal Mean

* The maximum denitdication potentid for the soi1 profile was caiculated using actual
soil temperatures measured for each soi1 depth, and Arrhenius equations detennined for
each soil depth over the temperature range of 5-26°C. This assumes that the soil is
completely saturated and anaerobic and that the supply of both nitrate and carbon are not
limiting.
**Calculations were made using bulk densities as detennined in the field. Buik densities
for 105-120 cm were approxirnated fiom the bulk density measured for 90-105 cm.

1987) and the actual o v e d rates will therefore be much lower- In addition, carbon

and/or nitrate supplies would become depleted quite quickly under these optimum
conditions, and the full seasonal attenuation potential would never be reached.

It is interesthg to note that the seasonai mean potential denitrification rates were
quite similar within each soil profile over the bvo years of the study. Mean rates were 78
and 80 mg NO,-N kg-'d-' for the 0-120cm depths for the Stockton soil in 1991 and 1992,
respectively (Tables 5.3 and 5.4) and 29 and 24 m g NO,-N kg-'d-' for the Almasippi soil

in 1991 and 1992, respectively (Tables 5.1 and 5.2). Therefore, it may be reasonable to

assume that actual seasonal denitrification levels are s i d a r within a soil type fiom year
to year, provided that soil management remains the same. However, the two soils were

distïnctly different fiom one another, and potential denitrification was much higher for the
Stockton soil than for the Almasippi soil. This fûrther supports the results of the field
studies, where it became apparent that while Ieaching played a large role in the fate of
nitrate in the Almasippi profile, denitrification was a major influence on the fate of nitrate
in the Stockton soil.

6. SUMlMARY AND CONCLUSIONS

This study examined the fate of surface applied nitrate nitrogen in three medium to

coarse textured soils located above aquifers. The two soils located near Carberry, one a
Stockton loamy fine sand @lot l), and the other a Wellwood loam (plot 2), had similar
seasonal nitrate distribution patterns throughout the two years of the study. Generally,
soil b e l s of nitrate were initially low in May, then high after fertilizer application. In

June, nitrate accumulations occurred lower down in the soil profile, with low nitrate levels
at al1 profile depths under the seeded treatments. In July, nitrate levels were lower under

fertilized treatments, particularly on the seeded treatments, and dispropoaionately lower
than the levels of chlonde present. During August the nitrate in the soil profile tended to

accumulate at or near the surface, and this trend continued into September, with the actuai
nitrate concentrations at the top of the profile increasing.
Treatment effects could be observed for the Stockton and Wellwood soil profiles,
with the presence of a crop significantly reducing the amount of nitrates present in the
soil, to the point of depletion, regardless of whether fertilizer was applied. Treatment
effects were not as obvious for the Almasippi soil, as its shallow water table ensured that
al1 treatments received nitrates nom the ground water, and differences in nitrate contents
in the soil profiles under the treatment could not be distinguished. Although there were

no significant eEects of fertilizer on the amount of nitrogen in the soil profile, levels
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applied in this study were relatively rnodest (100 kg N ha-') and higher application rates
would likely have exhibited significant differences, particularly &er the second field
season. ResuIts from this study clearly indicate that leaving a field fallow could have
significant detrimental impacts to ground water quality as the amounts of nitrate that
accumulated under the fallow treatments were higher than the excess soil nitrate Limit
determined by the Province of Manitoba (150 lb N ac-' / upper 4 feet). This was tme even
for the treatment for which no feailizer had been applied.

The groundwater at plot 2 was not monitored, but nitrate levels in the groundwater
were generaily low at plot 1, and were only higher than the maximum Ievel of 10 pg NO,N mL-' on two occasions in 1991. In 1992, the imgation well had water nitrate levels of

10.2 pg NO,-N mL-' on both August 18 and September 17, while water in the well of the
fertilized subplot had nitrate levels of 12.2 and 12.8 pg NO3-NmL-' on August 6 and 18,
respectively. Nitrate IeveIs of groundwater directly below the ULlfertilizedsubplot were
never greater than 6 pg NO3-NrnL-' in 1992. The well that has been descnbed a s being
for other use had consistently Iow to zero levels of nitrate present in the water in both

years of the study.
Although the Aimasippi sandy soi1 located at the St. Claude site also had some
seasonal distribution patterns, the distribution of nitrate in the soil profile at this site was a
direct result of the water table, particularly in 1991. Throughout the199 1 field season,
both the soil moisture and nitrate distributions fluctuated dramatically, as did the depth to
groundwater. At its highest point, the groundwater was located only 60 cm fÎom the soil
surface. Like the Stockton and Wellwood sites, the Almasippi profile distribution showed
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an accumulation of nitrate at or near the soil surface in August and September of 1991.
Nitrate concentrations in the groundwater of the Almasippi soil were consistently
very high (ofien greater than 30 pg NO,-N mL-') and always greater than the maximum
acceptable limit of 10 pg mL-'. The tile drain, which was located 50 m fiom the plot,
occasionally had levels of nitrate greater than IO pg mL-' when it was flowing- Nitrate
levels in the groundwater did not di!Ter greatly between wells or years. Tile drain flow
patterns differed from 1991to 1992.
Laboratory studies on denitrification indicated that for the Stockton loamy sand

profile, the rate of biological activity decreases exponentiallywith depth. The Almasippi
profile exhibits two rates of activity: one for the 0-15 cm depth and another for the 15-120

cm depth. Arrhenius graphs of the Stockton soil indicate that nitrate disappearance rate
increased with temperature, except at depths of 75-120cm, which were more hîghly
correlated if the temperature of 26°C were omitted fiom calculations. This was not true
for the Almasippi soil, where Arrhenius graphs with al1 temperatures were highly

correlated. Activation energies calculated for the Stockton soi1 decreased with depth, as
did Q,,values. For the Almasippi soil, the activation energy and Q,,
values were much

greater for the 0-15 cm profile depth than for the remainder of the profile.
In conclusion, nitrate distribution patterns for the sites showed some seasonal
effects, although nitrate distribution in the Almasippi soi1 is strongly infiuenced by soi1
water movement. Groundwater contamination was minimal beneath the Stockton soil at
plot 1. Rates of nitrate disappearance for this soil were relatively high, and denitrification
could be a significant avenue for nitrate loss on the Stockton soil provided that conditions
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for denitrification are favourable. Groundwater below the Almasippi profile was highly
contaminated witbin the h t year ofthe study. Nitrate disappearance rates calculated for
this soi1 are quite low, even for the 0-15 cm depth under saturated conditions, and it is not

expected that there will be much nitrate lost to denitrification at this site. Therefore, the
St. Claude site has a very high potential for groundwater contaniination.

7. CONTRIBUTION TO KNOWLEDGE

Although there is an abundance of infoxmation on denitrification, most studies are
either doue in situ, or if in the laboratory, consider only the surface soil horizon. It is

interesting to note that in this study, Q,, values changed with depth. Therefore, the
optimum temperature range for denitrification may not be the same for al1 pronle depths
within the same soil type. This study c o h s that provided a system is shaken to ensure
that preferential reduction of nitrate occurs, zero-order denitrification kinetics will prevail
and NDR will decrease in a semi log iinear manner with depth. Finally, this study

provides actual values for potential background denitrification rates for two Manitoba soil

profiles. These values can be used to provide an estimate of maximum expected
denitrification withui these two soi1 profiles under saturated conditions.
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9. APPENDICES

1. Mean soi1 temperatures for different profile deptlis of Stockton soil-Plot 1- for al1 sampling dates in 1991.

Mean Soil Temperature (OC)

Soil

Depth
(cm)
May 16'

May 23

June 1 I

Iune 18

June 27

'~emperaturesare based on results fiom one probe.
* ~ e a temperatures
n
are based on results fiom two probes.

July 23

Aug 8

Aup 19'

Sept 11

Sept 25

III. Mean soi1 temperatures for different profile deptlis of Almasippi soi1 - Plot 3- for ail sampling dates in 1991.
-

Mean Soil Temperature (OC)

Soil
Depth
(cm)
May
28

June
27

Juty 4

July
1O

July
23

July
30

'Mean temperatures are based on results from two probes.
'~emperaturesare based on results fiom one probe.

Aug 7

Aug
15

Aug
22

Aug
28

Sept 5

Sept
13

Sept
19

Oct 3

V. Soil temperatures for different profile depths of Wellwood soi1 -Plot 2- for al1 sampling dates in 1992.
Soil Temperature CC)

Soil
Depth
(cm)

May 12

May 27

June 22

July 7

My21

Aug6

Aug18

Aug31

Sept17

VI. Soil temperatures for different profile depths of Alrnasippi soil- Plot 3- for al1 sarnpling dates in 1992.
Soil Temperature ( O C )

May
6

May
13

May

May

June

June

June

June

20

25

2

16

22

29

July
7

July

July

July

Aug

Awg

Sept

Sept

Sept

14

21

28

5

19

2

10

21

W. Oxygen flux ofAhasippi soi1 in 1991 under two cropphg tceatmentsDepth
(cm)

l5/O8/91

22/08/91 28/08/91 05/09/91 13/09/91 19/09/91 03/10/91
Fdow
pg O2 cm-2 mlsl

Wheat
pg 02 c
10
20
30
50
75
100

0.22
0.74
1.30
1.27
O. 10
0.79

0.61
0.8 1
1.19
1.O5
0.14
0.90

0.5 1
0.87
1.19
1.O0
0.13
0.72

d minos
0.46
0.74
0-96
0.82
0-12
054

0-47
0.75
028
0.85
0.12
0.64

0.60
0.66
0.82
0.78
0.16
0.5 1

W. Oxygen flux of Stockton soi1 for two field seasons.
Depth

Depth
(cm)

05/16/91

08/19/91

06/22/92

07/07/92

09111/91

07121/92

09/25/91

08/06/92

0.45
0.68
0.62
0.69
0.1 1
0.19

IX. Oxygen flux of Almasippi soi1 in 1992 under two cropping treatments.
Depth
(cm)
Rallow
pg 0 2 cm-2minJ

Wheat
pg 0 2 cm-2 miirf

Appendix X. Equations for rates of nitrate disappearance for the Almasippi and Stockton
soi1 profiles (0-120 cm depth).
Soi1 Temperature

cc)

Equations for nitrate diuppearance
(r = depth in cm)
Almasippi profile
Stockton profile
rate (pg NO,-N g-' day")

in rate (pg NO,-N g-' day-')

Appendix XL Arrhenius equations for the efféct of temperature on rates of nitrate
disappearance for the Almasippi and Stockton soi1 profiles (5-26OC).
Soi1 Depth
(cm)

Arrhenius Equaüons
(X = Iftemperature in OK1)
Almasippi profile
Stockton profile

* Equations are based on four temperatures ody: SOC, ll°C,16.S°C and 20.S°C.

