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ABSTRACT 

The decline of indigenous soil fertility on the pra1r1es has necessitated 
higher nitrogen fertilizer inputs into cropping systems. Our objectives were to 
quantify the acidifying effects of urea and anhydrous ammonia nitrogen injected 
at 0. 1 m depth annually at rates of 45, 90, and 180 kg ha·1 in a Dark Brown loam 
at Scott. Soil acidity increased with increasing rates of nitrogen fertilization 
and anhydrous ammonia was more acidifying than urea. After 9 years of anhydrous 
ammonia application at 180 kg ha·1, soil PHeac12 at injection depth had dropped to 
4.2 compared to 5.2 in the unfertilized check treatment. This acidification was 
associated with a depletion of exchangeable base cations (1307 kg calcium ha·1, 

307 kg magnesium ha·1) and a concomitant increase in exchangeable acidity in the 
top 0.3 m. The base depletion and the increase in exchangeable manganese were 
correlated with the amount of nitrate leached into 0. 3 to 1. 5 m depth (r = 0. 66·
and 0. 79***) . The soil solution was more acidified 6 days after fertilizer 
injection than 3 days before and 26 days after injection. With increasing 
acidity, the solution concentration of potentially phytotoxic manganese increased 
from 0.2 to 29 mg 1·1 and nutrient ratios changed significantly, e.g., the molar 
K/NH4-ratio decreased from 5.4 to 0.1. Our data suggest that large losses of 
nitrogen beyond rooting depth and to atmosphere take place where high rates of 
fertilizer nitrogen are used. 

~NTRODUCT~ON 

The nitrogen fertilizer requirements of cropping systems have increased on 
the prairies due to declining indegenous soil fertility and because crop 
rotations are being extended (Campbell et al., 1991; Doyle et al., 1992) . 
Reduction of nitrogen discharge to the environment (nitrate leaching and gaseous 
emissions) and of soil acidification are paramount to sustainable cropping. Urea 
and anhydrous ammonia have been shown to be less acidifying than fertilizers such 
as ammonium sulfate (Pierre, 1934) . However, nitrate concentrations are likely 
to increase in the soil as a result of fertilization. The mobile anion concept 
(Reuss and Johnson, 1986) suggests that increased nitrate levels augment the risk 
of permanent soil acidification. If the nitrogen cycle is not completely coupled 
between nitrification and plant uptake, nitrate leaching acidifies the soil by 
reducing the acid neutralization capacity of the soil (van Breemen et al., 1984). 
The export of base cations through cropping in excess of unfertilized treatments 
is another source of potential acidification (Bolan et al., 1991) . Acidification 
can lead to the release of potentially toxic metals, e.g. aluminum and manganese. 
Thus, nutritional stress in the form of deficiency, toxicity, and nutrient 
imbalances may result from soil acidification due to nitrogen fertilization. 

The objectives of the study were to quantifiy the effects of nitrogen source 
and rate on (i) soil acidity and cation exchange properties, (ii) nutrient 
availabilty, and (iii) soil solution quality in a loam. 

MATER~ALS AND METHODS 

Soil samples were taken in the final year of a fertilizer trial that was 
conducted at the Experimental Farm at Scott, Saskatchewan, from 1983 to 1992. 
The experiment included a zero nitrogen check treatment, two nitrogen sources 
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(urea and anhydrous ammonia) applied at rates of 45, 90, and 180 kg nitrogen per 
hectare, with randomized assigment of rates as mainplot and source as subplot. 
Plots were 3.7 m wide and 30.5 m long. 

Each year except for 1989 and 1992, half of each plot was seeded to hard red 
spring wheat, cv. Katepwa (Triticum aestivum L.) and half to barley, cv. Bonanza 
(Hordeum vulgare L.). In 1989 and 1992, canola, cv. Westar (Brassica campestris 
L.) replaced the cereals to break pest cycles. In spring of each year, the 
fertilizers were soil injected at 0.1 m depth in rows spaced at 0. 3 m. 
Phosphorus fertilizer (11-55-0) was seed placed annually to all plots at a rate 
of 19 kg P ha·1 • Grain and nitrogen yields were determined in each year of the 
experiment (Ukrainetz et al., 1993). 

Soil samples were taken three times in 1992; i.e., 3 days before and 6 and 
26 days after the tenth application, to assess long-term and short-term effects 
of fertilizer. Each plot was subdivided into equally spaced areas and within 
each area composite samples were taken in the 0 - 0.075-m, 0.075 - 0.15-m, and 
0.15- to 0.3-m depth increments. For assessment of long-term effects, one set 
of samples was taken prior to fertilizer application on May 5. These were 
analyzed for physical, chemical, and microbiological properties. The 
microbiological analysis was restricted to 0 - 0.15 m. As well, on May 5, an 
additional set of samples was taken in 0.3 m segments to 1.5 m depth to measure 
deep leaching of ammonium and nitrate. On May 14 and June 3, (i.e., 6 and 26 
days after fertilizer injection) two separate sets of samples were collected in 
fertilizer rows and between rows for pH and nutrient availability testing. A 
third set of samples that integrated row and inter-row space served for 
microbiological and soil solution analysis. 

Ammonium and nitrate, sodium bicarbonate extractable phosphorus, organic 
nitrogen and carbon were analyzed according to standard soil testing procedures 
(Winkleman 1991). The soil pH was measured in 0.01 M CaC12 suspension at a 1:2 
soil:solution ratio. Exchangeable acidity and cations were displaced using 1M 
KCl and analyzed in the supernatant after centrifugation at 3000 rpm and 
filtration through Whatman no. 42 paper (Thomas, 1982) . Electrical conductivity 
(EC), pH, and ions were determined on water saturated paste extracts 
(solution:soil ratio 0.50 to 0.55). 

The nitrogen balance was calculated for the 90 and 180 kg ha"1 nitrogen 
application rates by the difference method using the zero nitrogen check as a 
reference to assess fertilizer recovery by the soil plant system. Effective 
cation exchange capacity was calculated by summing the amounts of calcium, 
magnesium, and acidity displaced by KCl. The quotient of these base cations and 
the effective cation exchange capacity provided the effective base saturation. 

Computer software provided by CoHort Software (Berkeley, CA) and the SAS 
Institute (Cary, NC) were used for ANOVA, regression and contrast analysis. 

RESULTS AND DZSCUSSZON 
pH and Exchange Properties 

Fertilized soils were significantly more acidified and base depleted than 
the unfertilized soil (Table 1) . Acidifcation generally increased with 
application rate and was more pronounced with anhydrous ammonia than with urea. 
In Illinois, Khonje et al. (1989) observed a similar effect of nitrogen source 
after 9 yr of application but in Kansas Darusman et al. (1991) did not detect any 
effect of source after 20 years. The salt pH decreased by up to one unit and 
reached a low of 4. 3 at fertilizer injection depth in the 180 kg ha·1 rate of 
anhydrous ammonia treatment. The pH was a good predictor of exchangeable acidity 
and cations. The increase in exchangeable manganese in fertilized treatments as 
a result of reduced pH was pronounced and indicated recent soil acidification, 
because manganese is usually more soluble but less abundant in soils than 
aluminum. Bicarbonate extractable phosphate was significantly higher in the most 
acidified treatments (Table 1) . 
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Table 1. soil salt pH and exchange properties. 

KCl exchangeable 
Nitrogen Nitrogen PHeact2 Bs.t CEC0 Ca Mg Acidity Mn Olsen-P 
Source Rate 

:~:{if~:~::,);,'~~~! . .;_-.;. ..:~:~~.::,~ ~- mnio1···· kg· I --- --mg kg·! __ 
c 

0 - 0~075 m 
Check 0 5.3 98 122 92 27 2 24 38 
Urea 45 5.4 99 117 90 25 1 26 35 

90 5.1 98 117 90 25 2 21 33 
180 4.8 98 106 82 22 2 33 39 

Anhydrous 45 5.0 98 111 85 24 2 31 39 
ammonia (AA) 90 4.8 97 111 85 23 3 42 34 

180 4.6 94 100 75 20 6 73 42 

LSD (0.05) 0.2 2 4 4 2 2 21 6 
AA vs. Urea ** ** ** ** ** ** ** 

0,075 - 0.15 m 
Check 0 5.2 99 122 94 27 1 16 11 
Urea 45 4.8 97 115 89 22 3 32 13 

90 4.8 98 122 96 24 2 32 12 
180 4.5 94 102 77 19 6 57 21 

Anhydrous 45 4.7 97 111 86 22 3 36 16 
ammonia (AA) 90 4.5 94 112 85 21 6 81 13 

180 4.3 88 100 72 17 12 108 21 
"''1t"'~'t-

LSD ·:'(o. OS) 0.2 3 5 5 2 4 39 7 
AA vs. Urea ** ** ** ** ** * ** 

0.15 - 0.30 m 
Check 0 5.7 99 124 95 28 1 6 5 
Urea 45 5.6 99 132 101 30 1 2 5 

90 5.9 99 124 96 28 1 3 5 
,, 180 5.0 98 122 92 27 3 11 6 

Anhydrous 45 5.5 99 136 107 29 1 5 5 
ammp.nia (AA) 90 5.3 99 118 90 27 1 7 5 

";:;t\ 

180 4.7 96 114 84 25 5 53 7 

LSD (0.05) 0.3 1 12 12 3 1 6 1 
AA vs .. Urea ** ** ns ns ns * ** 

t The Bs. and CEC. are effective base saturation and cation exchange capacity, 
respectively. 

The effective base saturation decreased significantly below pH 5 showing 
that a lime free soil undergoes a rapid transition in base saturation if 
fertilized continuously with urea or anhydrous ammonia at high rates of nitrogen. 
Our data supported results of a fertilizer study on a montmorillonitic soil in 
Kansas (Schwab et al., 1989) . Our base saturation values were surprisingly high 
compared to those of soils developed in more humid weathering conditions (Thomas 
and Hargrove, 1984) . 

In the Kansas study Hetrick and Schwab (1992) report that unfertilized 
soils were apparently in equilibrium with amorphous aluminum hydroxide and 
hydroxy apatite while aluminum solubilities in N fertilized soils were 
undersaturated with respect to aluminum oxides and hydroxides but may have been 
in equilibrium with a montmorillonite/goethite phase and with aluminum phosphate. 
Thus, the aluminum controlling phase of our fertilized soils might have low 
solubility, possibly compounded by annual phosphorous fertilization, and would 
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require high proton inputs to bring aluminum into solution and to react with the 
exchange complex. 

Protons by themselves are poor competitors for permanent exchange sites 
compared to the prevailing bivalent Calcium and Magnesium cations (Table 1) . 
However, protonation of pH dependent charge on primarily organic exchange sites 
would likely occurr because the increase in exchangeable acidity did not fully 
balance base depletion. Consequently, the effective cation exchange capacity 
dropped significantly with decreasing pH. Reduction of charge may also have 
been the result of coating of exchange sites with hydrous aluminum oxides (Thomas 
and Hargrove, 1984). The decrease of effective cation exchange capacity is 
consistent with observations by CUrtin et al. (1984) on a number of sites in the 
Dark Brown soil zone showing that exchangeable acidity was less than 1 % of the 
total (titratable plus exchangeable acidity) . 

Soil Solution Quality 

The soil solution pH decreased with increasing fertilizer rate from 5.7 in 
the zero nitrogen check to 4.5 in the 90-anhydrous ammonia and remained constant 
thereafter (Table 2) . The pH did not change significantly between the three 
sampling dates despite the generation of acidity by nitrification indicating an 
effective proton buffering system at low pH. Fertilization substantially 
increased total salt concnetration (EC) though the values declined with time 
after fertilization. There was a close relationship between EC and nitrate (~ 
= 0. 99) . Calculation of a base-nitrate charge balance indicated that base 
depletion was exclusively driven by proton production by nitrification .. 

The concentration of manganese increased at lower pH (Table 2). The 
divergence between 90- and 180-anhydrous ammonia at similar pH and EC confirmed 
differences in the manganese saturation of the exchange comp.lex. It is also 
noteworth, that other heavy metals are known to display a similar pH dependent 
flush. Thus, micronutrition might improve but crop quality may be jeopardized 
depending on site conditions and crop management. Aluminum concentrations were 
much lower than those of manganese but they were also inversely related to 
solution pH. 

Table 2. Soil solution from saturation paste for zero nitrogen and anhydrous 
ammonia (0.075 - 0.15 m). 

Rate pH EC TOC Mn Al NH4 Na K Mg 

-- mg 1"1 ------------ --mmol. 1"1-- ------------

3 
0 

45 
90 

180 
LSD (0. 0,5) 

6 
0 

45 
90 

180 
LSD (0. OS) 

26 
0 

45 
90 

180 
LSD(O.OS) 

davs before fertilization 
5.5 0.3 
5.1 0.4 
4.9 0.4 
4.6 0.7 
0.3 0.3 

76 0.2 0.1 0.1 
94 0.8 0.2 0.1 
94 3.3 0.5 0.1 

110 5.5 0.5 0.4 
16 3.9 0.3 ns 

days after fertilization 
5.7 0.4 83 0.2 0.2 
4.7 1.4 84 3.7 0.1 
4.6 2.8 104 12.6 0.3 
4.5 2.9 118 29.1 0.7 
0.4 0.4 20 4.3 0.3 

days after 
5.5 0.2 
5.0 0.7 
4.7 1.3 
4.6 1.9 
0.4 0.7 

fertilization 
87 0.4 0.1 
91 1.6 0.2 

127 9.3 0.3 
166 18.7 0.7 

47 6.8 0.2 

0.0 
0.1 
4.3 
7.3 
3.1 

0.0 
0.1 
0.3 
2.3 
1.4 

0.2 0.1 0.7 
0.3 0.1 1.0 
0.2 0.1 1.0 
0.3 0.2 1.4 
0.1 ns ns 

0.2 
0.4 
0.6 
0.5 
0.1 

0.2 
0.3 
0.3 
0.4 
ns 

0.1 
0.3 
0.9 
0.9 
0.2 

0.1 
0.2 
0.5 
0.9 
0.2 

1.0 
3.2 
5.8 
5.0 
1.0 

0.6 
1.5 
3.2 
3.8 
2.0 

1.3 
2.3 
2.3 
3.5 
ns 

0.4 
0.2 
0.1 
0.1 
0.1 

1.9 0.5 
8.2 0.0 

12.5 0.1 
11.8 0.0 
2.1 ns 

1.3 
3.8 
7.2 
9.5 
4.6 

0.2 
0.1 
0.0 
0.0 
ns 

LSD(0.05) Time ns 0.2 17 2.6 ns 0.9 0.0 0.1 0.6 1.4 ns 
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1.3 0.3 
3.0 0.4 
3.1 0.3 
5.3 0.3 
2.6 ns 

2.2 
11.3 
26.2 
26.2 
4.2 

1.6 
5.3 

10.5 
16.6 
6.7 

0.3 
0.2 
0.3 
0.2 
ns 

0.3 
0.3 
0.3 
0.3 
ns 

0.4 
0.4 
0.3 
0.3 
0.1 

0.4 
0.3 
0.3 
0.3 
0.1 

0.3 
0.3 
0.2 
0.3 
ns 

2.2 0.0 0.0 
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Six days after fertilizer injection, the nitrate concentrations increased 
with fertilizer rate but remained equal between 90- and 180-anhydrous ammonia 
while ammonium was greater at the highest application rate, suggesting a relative 
decline in nitrification due to manganese toxicity (Table 2) . Although ammonium 
concentrations had decreased since day 6, significantly high ammonium 
concentrations were still observed 26 days after injection of 180 kg ha-1 

anhydrous ammonia. Sulfate.,-;. c.oncent::r;.ation .were suppressed in fertilized 
treatments while chloride retdlf~a -dhaH~dtE!d. "'~f/ggesting soil sulphur depletion 
due to increased protein export as indicated by grain nitrogen yields in excess 
of the zero nitrogen check treatment (Table 3). 

Nitrogen and Proton Balance 

The application of 405 to 1620 kg nitrogen per hectare over 9 yr had the 
potential to remove 6 to 24 % of the exchangeable calcium and magnesium pool in 
the top 0. 3 m soil. This potential was not fully realized suggesting some 
gaseous (non-acidifying) emissions of nitrogen. Approximately 0 to 19 % of the 
basic cations were removed as a result of fertilization. 

The cumulative nitrogen mass balance of the 90 and 180 applications for the 
1983 to 1992 period suggested substantial loss of nitrogen from the soil-plant 
system (Table 3). The balance showed that only 30 to 43 % of urea and SO to 55 
% of anhydrous ammonia nitrogen could be accounted for in terms of nitrogen 
export in grain, soil nitrogen change in 0.3 m depth, and mineral nitrogen in 
deep cores (0.3- to 1.5-m). 

Table 3. Nitrogen mass balance (cumulative for 9 yr period) 

!!\ Urea vs. 
Urea Anhydrous NH2 Anhydrous NH3 

90 180 90 180 (p-value) 

----Nitrogen (kg ha-1) -----

1. A£Qlied fertilizer 810 1620 810 1620 

Recove:n!: 
i'lltc2. Grain yield 114 187 119 125 0.22 
.3. Soil (0 .3 m) organic 0 0 0 0 0.73 
4. NH4 1 13 17 58 0.09 
5. N03 29 42 26 78 0.05 
6. Deep core NH4 64 14 3 3 0.28 
7. (0.3 - 1.5 m) N03 140 223 304 523 0.06 
8. Total 349 479 468 788 

9. Balance (8 - 1l -451 -1102 -342 -792 0.10 

The leaching of nitrate into 0.3- to 1.5-m depth and concomittant base depletion 
in 0.3 m showed rate and source effects (Figure 1). A simple proton balance 
indicated that deep core nitrate explained base depletion fully under 90-urea but 
only by 36, 41 and 56 % under 180-urea, 180- and 90-anhydrous ammonia, 
respectively. Assuming that base depletion was completely driven by nitrate 
leaching, one can conclude that volatile (non-acidifying) losses prevailed with 
urea while anhydrous ammonia application lead primarily to leaching below 1.5 m. 
The estimate of the apparent annual nitrogen loss to atmosphere and leaching 
(Table 4) is only a first approximation and should be taken with caution since 
they are based on the single anion assumption and nitrate concentrations were 
quite variable. 
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Figure 1. Base depletion in 0.3 m and deep core N03-N in 0.3 - 1.5 m. 

lanai .. -1 c 

D ... dlplltlan In 
Um 

90-U. 180-U 80-A 
. Rate-Source 

180-A 

Table 4. Estimate of apparent annual loss of applied fertilizer nitrogen via 
leaching and gaseous means based on data in Figure 1 and Table 3) . 

t1rea 
90 180 

Anhydrous NB3 
90 180 

-- kg Nitrogen ha-l yr-1 

Leachingt 

Gaseous loss 

0 

36 

45 

77 

t Amount of nitrate leaChed below 1.5 m. 

26 84 

12 4 

The bicarbonate anion were low since pH was below 5. 0 and should therefore 
not make a change in our estima~es of nitrogen losses. The water soluble carbon 
data showed treatment effects but no reliable charge estimates of organic 
compoUDds are available. However, our data clearly showed that the nitrogen 
source . effect on soil acidification was caused by increased leaching under 
anhydrous ammonia. The estimates for gaseous losses in the 180 kg ha"1 anhydrous 
ammonia treatment were SU%prisingly low compared to the other treatments but they 
could not be explained by our balance calculations. Furthermore, grain nitrogen 
yields indicated that excessive cation export due to nitrogen fertilization was 
only a minor source of soil acidification at high application rates. 

Annual application of practical rates of urea and anhydrous ammonia (45 kg 
N ha"1) had relatively little effect on soil acidity and exchange properties after 
9 yr. Annual application of high fertilizer rates lead to permanent soil 
acidification primarily due to increased nitrate leaching. Managnese availabilty 
was relatively high in acidified soils and this might reach toxic levels. 
Long-term fertilizer application would increase liming demand to prevent 
nutritional stress. OUr data suggest that large losses of nitrogen beyond 
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rooting depth and to atmosphere take place were high rates of fertilizer nitrogen 
ara usad. A mass balanca of proton and nitrogen was shown to be a useful tool 
in facilitating an understanding of the nitrogen cycle of fertilized cropping 
systems. 
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