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SOIL CHEMICAL CHANGES AFTER NINE YEARS OF
DIFFERENTIAL N FERTILIZATION IN A NO-TILL
DRYLAND WHEAT-CORN-FALLOW ROTATION

R. A Bowman and A D Ha|vorson

Intensively cropped dryland systems in the central Great Plains require
adequate N fertilization for optimum residue and grain production. How-
ever, this N fertilization could be slowly changing the chemistry of the
surface soil because of a decrease in soil pH and an increase in soil organic
matter (SOM) and basic cations, even in previously well buffered calcare-
ous soil systems.We investigated the effects of five increasing ammonium-
N fertilizer rates in a Platner loam, on physical and chemical changes at
the 0 to 5,and 0 to 15-cm depths after three cycles of no-till wheat (Triticum
aestivum L.)-corn (Zea mays L.)-fallow rotation. We measured soil pH, tex-
ture, bulk density, cation exchange capacity (CEC), total P,soluble and to-
tal soil organic carbon (SOC), nitrate-N to a depth of 60 cm, and grain
yields. No significant changes were found with soil texture, bulk densities,
CEC, and total P.The data showed a significant reduction in surface (0-5
cm) soil pH (6.5 to 5.1) with the highest N rate (112 kg/ha), but this was
accompanied by a 40% increase in SOC. Although there were significant
increases in Al and Mn and decreases in Ca concentrations in the surface
0 to 5 cm at the highest N rate, no reduction in grain yields occurred rel-
ative to lower N levels with near neutral pHs. Because only a shallow depth
of the soil was affected, residue, SOM, and rapid root growth could be
compensating for surface acidity. Over the longer term, we need to mon-
itor the effects of ammoniacal-N on downward soil acidity and yield
trends under these new intensive cropping systems. (Soil Science 1998;

163:241-247)

ULTIVATED soils of the central Great Plains

generally exhibit pH values in the neutral to
slightly alkaline range because of calcareous parent
material at relatively shallow depths and the result
of the lower amounts of precipitation these areas
receive compared with the more leached acidic
soils of the Pacific Northwest, Midwest, and East-
ern States. Even though many of these Plains soils
are classified as Mollisols, their fertility as measured
by soil organic matter (SOM) levels and cation ex-
change capacity (CEC) is generally low because of
soil degradation caused by the traditional clean-~till
winter wheat-summer fallow (W-F) system
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(Campbell 1978). Generally, clean-till enhances
SOM decomposition and increases nutrient and
SOM losses from erosion (Bowman et al. 1990;
Havlin et al. 1991). As the depth of the surface soil
decreases as a result of erosion, conventional tillage
mixes the surface soil with deeper soils of higher
pH and lower SOM values, and this mixing tends
to buffer surface soil pH against decreases.
Because of this built-in buffering with CaCO,,
few farmers and researchers in the central Great
Plains have worried about increasing acidity prob-
lems such as phosphorus (P) fixation, herbicide ef-
fectiveness, and aluminum (Al) toxicity and its at-
tendant reduction in root biomass. However,
certain current management practices may be re-
versing this trend. The shift to spring and summer
crops with reduced- and no-till practices and in-
creased use of ammoniacal (NH?) fertilizers may
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be changing the chemistry of the surface soil layer
more quickly than previously thought relative to
pH, cation exchange, and SOM. Under no-tillage
conditions, lower soil horizons with higher pH are
not mixed with the surface lower pH soils; thus,
neutralization of acidity caused by ammonium- or
urea~based fertilizer is minimal Volatilization is also
less than under conventional tillage (Mahler and
Harder 1984). Given sufficient time, reduced- or
no-till practice and the continuous use of ammo-
niacal (NH?) fertilizers could lead to a significant
drop in soil pH because of the production of acid-
ity (hydrogen ions) as a result of the conversion of
NH} to nitrate (NO3) (Van Breemen et al. 1983).
However, these management practices also engen-
der a slow buildup of surface soil basic cations and
SOM by reducing decompositional losses of SOM
associated with summer fallow and by increasing
plant biomass and the recycling of residues and nu-
trients to the soil.

Studies on tillage and different rotations are
being conducted in the central Great Plains
(Kitchen et al. 1990; Wood et al. 1991; Westfall et
al. 1992; Halvorson and R eule 1994), but there is
little information about pH decline in semiarid
environments and about how this decline is af-
fected by SOM and basic cations released from
crop residues. Whereas known soil chemistry
principles predict acidification, the level of cu-
mulative fertilizers N of ammoniacal source and
the maintenance N level at which improved fer-
tility with basic cations buffers the negative effects
of increasing hydrogen production require inves-
tigation with respect to both time and pH de-
crease with soil depth.

1985 1994
Phase A w F
Phase B C wW
*hase C E C
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The objectives of this study, therefore, were (i)
to quantify the changes in soil pH, soil CEC, and
soil organic carbon (SOC) caused by the applica-
tion of increasing NH ,-N levels (0 to 672 kg/ha)
after three cycles of no-till dryland wheat-corn-
fallow and (ii) to quantify the effects of these
chemical changes on biomass production and
grain yields.

MATERIALS AND METHODS

The experiment was conducted in Washing-
ton County, Colorado.This area receives an aver-
age of 420 mm of precipitation per year, with
about 80% occurring from April to September
(200 mm in May,June,and July). Snowfall averages
750 mm per year,and the frost-free season is an av-

. erage of 139 days, with average frost-free dates of’

May 11 to September 28. Site elevation is about
1400 m. Open pan evaporation, an index of po-
tential evapotranspiration (PET) for the cropping
season, is about 1000 mm.

The study was initiated in 1985 and consisted
of a randomized complete block design compris-
ing three rotation phases or blocks (wheat(W)-
corn(C)-fallow(F), phase A; C-F-W/, phase B;and
F-W-C, phase C) and five nitrogen treatments (0,
28,56,84,and 112 kg N/ha) replicated four times
within each rotation phase (Fig. 1). Thus, each
phase of the rotation was present every year. How-
ever, because of confounding from erosion in the
second rotation phase (high pH from lime at the 0
to 5-cm depth in some plots), only phases A and C
were evaluated. These comprised 40 treatment
plots (2 rotation phases, 5 N rates, 4 replicates).
Plot size of N treatments was 9 m X 12 m,and the

NO | N4 | N2 | N3 | NI R1
R2
N4 [ N1 NO [ N2 | N3 | R3
R4

Fig. 1. Layout of field plots with three phases, 5 N rates, and 4 replications.
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N was applied before planting. During the 9-year
period, nitrogen was applied as either NH,NO,
(surface applied) or as anhydrous NH, (narrow
shank blades 30 cm apart). Because the main in-
tent of the research was to quantify grain yields
with increasing N rates, the confounding of total
ammonium source (anhydrous NH,) and partial
ammonium source (NH,NO,) with time was not
considered. The soil was a Platner loam, which
classified as fine, montmorillonitic, mesic Aridic
Paleustolls (Table 1).

For rotation phase W-C-E winter wheat (ini-
tially TAM 105 and in later years TAM 107) was
seeded in September 1985 and harvested in July
1986; corn (Pioneer 3732) was seeded in May
1987 and harvested in November 1987;the fallow
period was from November 1987 to September
1988. The other two sites (phases), initiated in
1986, began with corn, and fallow (Fig. 1). Wheat
was planted at a rate of about 2.2 million seeds/ha
with a no-till disk drill (about 0.17-m row spac-
ing). Corn was planted at about 37,000 seeds/ha,
(0.76-m row spacing). Blanket P application
(about 30 kg P/ha) was made on all sites initially
and then at 20 kg P/ha every 3 years with wheat
seeding.

No-till treatment consisted of post-harvest
residual herbicides and contact herbicides only
(no mechanical tillage). Generally, 2,4-D was ap-
plied to the wheat crop during the spring. After
the wheat harvest in July, residual herbicides such
as clomazone and atrazine were applied in August.
The following summer, either glyphosate or
paraquat was applied to control weed escapes. For
corn weed control, atrazine was applied preemer-
gence and dicamba postemergence.

All soil samples were taken at the O to 5- (strat-
ification zone) and 0 to 15-cm depths. Although
all crop harvests were completed by November
1994, the soil samples were taken in the spring of
1995. Soil data collected included pH (McLean
1982), 1.0 M KCI extractable Al, Mn, and Ca
(Barnhisel and Bertsch 1982), CEC and ex-
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changeable cations (Rhoades 1982), bulk density
(Blake and Hartge 1982) and total C and N by dry
combustion with a C and N analyzer, and nitrate-
N to a depth of 60 cm. Manganese and Ca were
determined from the KCl extracts by atomic ab-
sorption spectroscopy, and Al was determined
colorimetrically (Wilson 1984). A soluble car-
bon fraction was determined by extracting 5 g of
soil with 50 mL of 0.5M NaHCO, (pH 8.0). A
10-mL aliquot sample was concentrated to dry-
ness at 60 C, and the resultant carbon in the sam-
ple was determined colorimetrically by chromic
acid reduction (Heanes 1984).

Statistical analyses included analysis of vari-
ance (P < 0.10) and mean comparisons by least
significance difference (LSD), where treatment
significance was obtained, as well as regression
analysis of pH by N rates. Soil reaction changes
from rotational effects were not evaluated because
preliminary data showed no significant differ-
ences. All N treatments by replications and rota-
tions were, therefore, composited.

RESULTS AND DISCUSSION

Selected physical and chemical soil properties
for the control in 1986 and 1995 are presented in
Table 1.R esults show that bulk densities, soil tex-
tures, CEC, and total soil P did not vary signifi-
cantly with time for the two rotation phases.
Specific bulk densities varied from 1.2 to 1.5, but
they were not different by year. Texture varied
from silty clay loam to loam, and lime was present
at depths of about 50 to 60 cm. Cation exchange
capacity remained unchanged. Total surface (0-5
cm) soil P, an indicator of possible erosion, varied
widely across the field, but,again, differences after
9 years were not significant for the two rotation
phases.

In 1995, research plots with 0,56,and 112 kg
N/ha were sampled in 2.5-cm increments (Fig. 2)
to a depth of 15 cm to assess pH changes. A signif-
icant drop in pH was observed with the 112 kg
N/ha at the 0 to 2.5- and 2.5 to 5.0-cm depths

TABLE 1
Selected physical and chemical soil properties of Platner loam. (Zero N rate in 1986 and 1995)
Soilt pH BD Fines* CEC TP BD Finest CEC TP
depth (H,0) Mg/m? % cmol/kg mg/kg Mg/m? % cmol/kg mg/kg
1986 1995
0-15 6.2 1.40 54 10 404 1.50 50 10 420
15-30 6.6 1.45 29 12 371 1.45 31 13 382
30-60 7.5 1.45 28 370 1.45 30 380

fFree CaCo, at 55 cm.
*Fines = clay + silt.
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Effects of N rates on pH
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Fig. 2. Effects of 0, 56, and 112 kg N/ha on pH changes
to 15 ¢cmin 0 to 2.5-cmincrements in 1995.

(pH 4.7,5.1) compared with the control plots (pH
6.9,7.0).The pH for the 56 kg/ha N rate was in-
termediate for these two surface depths, but the
lower depths coincided more with the O~N rate,
which essentially showed neutral pHs. Although
not listed inTable 1, pH values at all N rates for the
15 to 30-cm depths were between 6.6 and 7.1.For
this reason only the 0 to 5~ and 0 to 15-cm depths
were analyzed and reported.The 0 to 5- and O to
15-cm depths were chosen and sampled instead of
the 0 to 5- and 5 to 15-cm depths because this lat-
ter approach eliminated the need to average a
nonlinear parameter (pH).

Although soil acidification is a natural process,
given sufficient time (the C, N, S cycles result in
acidification), the imposition of agriculture accel-
* erates this process. Generally,the pH range most af-
fected by change is 4.5 to 7.5 because higher pH
values are affected minimally as a result of the
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strong buffering of carbonates (Jenny 1980) and
the lower pH values by the buffering of aluminum
hydrous oxides (Helyar and Porter 1989). Acidifi-
cation under the no-till system in the Plains is
caused primarily by two factors: lack of mixing to
15 ¢m and oxidation of ammonium ions. Hydro-
genionsare produced when organic matter-N and
ammonium fertilizers are converted to nitrate. In
addition, residue and organic matter accumulate
under no-till conditions, where decomposition
and mineralization of these materials result in the
production of organic acids in the surface layers.As
the pH drops,both of these elementsbecome more
soluble and toxic (Stumpe andVlek 1991) The alu~
minum ion hydrolyzes further and produces more
acidity (Coleman and Thomas 1967). Although
significant pH differences can exist statistically (2
drop in pH from 7.3 to 6.3), the pH levels at which
Mn and Al solubilities can cause toxicities (about
5.5 and 5.0, respectively), are more important bio-
logical benchmarks.

Once it was determined that significant
changes occurred only in the 0 to 5- and 0 to 15-
cm depths, a more thorough evaluation of the
changes in soil chemical properties caused by in-
creasing N rates was made (Table 2).Soil pH in the
top 5 cm decreased linearly (r= —0.90, P=0.10)
during the 9 years of the study. This reduction
was equivalent to a decrease of 0.20 pH units/ 100
kg N applied (pH = 6.4-0.002* kg N Applied),
which is much greater than the 0.04 pH units
found by Rasmussen and R ohde (1989) in Ore-
gon. Although many confounding differences
existed between the two studies, our no-tillage
versus their sweep tillage and our 5-cm depth ver-
sus their 7-cm depth can account for some of
these differences. At the 0 to 15-cm depth, only
the 112-N rate showed a pH value less than 5.5.In
Idaho,Mahler and McDole (1987) found a reduc-
tionin wheat yields,and an even greater reduction

TABLE 2
Effects of N rates on selected soil chemical changes at 0 to 5- and 0 to 15-cm depths
N rates Total N pH Al Mn Ca pH Al Mn Ca
—————— kg/ha -—~—— (H,0) ~-—---—~-cmol/kg ~—--—-—- (H,0) cmol/kg
0-5 cm 0-15
0 0 6.3 <0.01 0.02 7.0 6.8 <0.01 0.02 8.2
28 168 6.2 <0.01 0.03 6.0 6.7 <0.01 0.01 8.6
56 336 5.8 <0.01 0.08 5.6 6.2 <0.01 0.02 6.6
84 504 5.4 0.06 0.08 4.7 6.0 <0.01 0.02 5.5
112 672 5.0 0.15 0.20 3.6 5.5 <0.01 0.06 5.3
xt 0.6 0.04 0.10 0.8 0.5 0.01 0.04 0.8

¥Critical level for mean comparison using LSD (P < 0.10).
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in legumes, with similar low pH levels. By far the
greatest changes occurred at the 0 to 5-cm pH val-
ues lower than 5.5.These two N rates also showed
significant changes in KCl-extractable Al com-
pared with the other Jower N rates. Manganese
concentration was increased only at the high N
rate in the 0 to 5-cm depth. Aluminum concen-
tration increased about eightfold with the 84-N
level,and about 20-fold with the 112-N rate.In a
long-term  fertilizer study in  Kansas,
Hetrick and Schwab (1992) inferred a closer sol-
ubility relationship of Al with montmorillonite
than with gibbsite. Our Platner loam is classified
in the former category. On the positive side, phos-
phate (relatively high in our study), sulfate, and
fluoride have been found to detoxify Al (Cameron
etal. 1986).Because of its chelating properties,soil
organic matter 1s also an efficient buffer against Al
toxicity (Thomas 1975).

Results for Ca showed decreasing concentra-
ttons (Table 2) at the 0 to 5-cm depth with in-
creasing N rates. This element and molybdenum
are the two most negatively affected nutrients un-
der extreme acid conditions. Calcium activity has
also been built into some Al toxicity equations to
predict relative root length (Fey et al. 1991).In a
greenhouse study with the low pH soil (0 to 5-cm
depth) from the 112-N rate, Bowman found
bleaching on the main tller of young wheat
plants, which may indicate Ca deficiency (Wiese
1993); however, the secondary tillers were not af-
fected (unpublished data). Under field conditions,
where the roots of the wheat seedling grow
quickly to below the 0 to 5-cm zone of low pH,
Ca deficiency in semiarid Plains soils may be dif-
ficult to detect.
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Although NH,-N rates affected pH changes,
these rates also affected crop yield and biomass pro-
duction, which ultimately affected residue and
SOC (Table 3). An increase in organic matter as a
result of N treatments has also been documented by
Rasmussen et al. (1980), Glendining and Powlson
(1991),and Paustian et al. (1992). Our data showed
significant increases in both total and soluble or-
ganic carbon with N treatments compared with the
control. Given the three cycles of no-ull W-C-Ethe
increasesin yield and recycled straw (56% for wheat
and 89% for corn) contributed to this soil organic
carbon increase. There also seemed to be an accu-
mulation of nitrates in the soil profile with the
highest N rate. This downward nitrate movement
with the extra available water under no-till is prob-
ably responsible for the loss of Ca as Ca(NO,), in
the surface 5-cm depth (Raney 1960).

Although there were significant differences in
pH and Al and Mn with varying N levels, these
chemical differences did not result in grain yield
reductions at the high levels of N (Table 3).There
appeared to be no detrimental effects, but this was
not verified with an experiment containing lime
treatments. Alessi and Power (1972) also did not
find yield reduction with spring grain in the
Northern Plains. Qur data did show, however, that
the highest rates of 112-N on a continued basis
may not be necessary under dryland conditions
because some nitrates remained in the soil profile
during the years of lower rainfall when produc-
tion yields were not realized.

Do these results mean that the continued
practice of high ammoniacal-N fertilization in
no-till and reduced-till systems in the semiarid
Plains will not result in a reduction of yield? As

TABLE 3

Grain and straw production, surface soil organic carbon (SOC) at the 0 to 5-cm depth,
and soil nitrate-N to a depth of 60 cm as a function of N rates

N SOC Wheat Corn NON#
rates Total Soluble Grain Straw? Grain Strawf (0-60 cm)
kg/ha % mg/kg e kg/ha —omrmmms e e e
0 0.78 378 2265 3851 1837 3675 20
28 0.91 440 3135 5329 2997 5595
56 1.08 495 3498 5947 3268 6535 39
34 1.07 531 3589 6102 3312 6623
112 1.12 657 3542 6012 3481 6962 65
x§ 0.20 55 320 480

TStraw conversion: wheat grain X 1.7; corn grain X 2.0.
*Cumulative NO,~N to a depth of 60 cm in 1995.
SCritical level for mean comparison using LSD (P < 0.10).
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greater depths become acidified more quickly
with higher N rates, it is possible that there may be
a reduction in yield. However, the effect of this
high level of N on yield is easily confounded
when available water initially causes greater veg-
etation growth, but later, grain fill is preceded by
drought (Nielsen and Halvorson 1991). Any re-
duction from acidification, however, will proba-
bly be less than the yield loss that would be mea-
sured if no fertilizer N were applied. At this time,
the N and P provide quick root growth sufficient
to avoid Ca deficiency and other possible prob-
lems associated with Mn and Al concentrations in
the surface 5 cm. A second significant concern,
however, is the probable inactivation of herbi-
cides, especially the triazines, when these surface
soils become acidified (Lowder and Weber, 1982)
and the probable buildup of nitrates beyond the
root zone during the fallow period.

Nine years of 672 kg N applied/ha did not
seem to cause the significant downward move-
ment of acidity and Ca to affect yields. The in-
crease in basic cations from crop residue cycling
also did not significantly increase the surface soil
CEC.Whereas some researchers have used an ex-
cess base-to-N ratio of the crop residue to predict
the direction of pH change (Pierre and Banwart
1973; Pierre et al. 1970), Pocknee and Sumner
(1997) showed Ca-containing organics had a pos-
itive liming effect on soil pH. Our degradation of
basic cations from residue, especially Ca mineral-
ization, was probably much slower than that of the
synthetic substrates used by Pocknee and Sumner.

CONCLUSIONS

Once we convert to no-tillage with no or very
little summer fallow, we will be using 50 to 100 kg
N every year.We will thus reduce the time for sig-
nificant acidification to occur compared with the
traditional wheat-fallow rotation or with systems
in which volatilization is more pronounced. Even
though this acidification occurs primarily in the
top 5 cm, we need to monitor the downward
movement of thisacidity and its effects on calcium
deficiency, especially on the legume crops that are
more sensitive to acidity than is wheat. Present
studies with continuous cropping at the Research
Station at Akron are already showing pH values
below 5.5 (water) or 5.0 (CaCl,) after just 5 years.
Inasmuch as these rotation studies will continue,
we will be able to assess downward acidity move-
ment, surface root proliferation, SOM, and cal-
cium exchange chemistry. If or when yields be-
come reduced, a probable N choice under
conditions where lime is not easily applied might
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be Ca(NO,), if the economics and soil allow it.
No further soil acidification would occur, and a
source of Ca would be provided to the surface 0
to 5 cm.
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