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Equationsfor Estimating Nitrogen Fertilizer Requirementsfrom
Soil Analysisfor Maize (Zea MaysL.) Grown on Alfisols of
Northwestern Ethiopia

Yihenew G. Selassiel, Amnat Suwanarit?, Chairerk Suwannarat? and Ed Sarobol3

ABSTRACT

With the prime objective of developing equationsfor estimating nitrogen fertilizer requirements
of maizeon Alfisolsof Northwestern Ethiopia, field experimentswere conducted at 20 sites. At each site,
thetreatments (fiveratesof N fertilizer) were arranged in arandomized complete block design with four
replications. After maturity, yieldsandyield componentsdatawerecoll ected. Soil parametersdetermined
for indexing availability of nitrogen were organic matter content, total N, NH4-N, NO3-N, inorganic N
(NH4+NO3-N),inorganicN production onaerobicincubation, and ammonium-N rel eased onautoclaving
with dilute calcium chloride. Reliable methods were identified by fitting relative grain, relative dry
biomassand N yieldsin adoublelog curvilinear regression model and those availability indices giving
superior correlation were selected. Consequently, nitrogen availability indices that were found most
reliable and grain yield data were fitted into the Mitscherlich-Bray model.

Resultsof the experiment reveal ed that organic matter, total N, and NO3-N werethemost reliable
N availahility indices. The equations devel oped for estimating N fertilizer requirements of maize were:
(a) log (100-y) =2-0.1103b- 0.006411x; (b) log (100-y ) = 2 - 2.0566b - 0.006481x; and (c) log (100
-y) =2-0.0220b - 0.006414x for organic matter, total N and NO3-N, respectively, wherey wasrelative
yield goal, bwasN availability index expressed as % for theformer two indicesand mg kg 1 for thelater,
and x was the N fertilizer requirement. The three equations were statistically proven to give equally
reliableestimatesof N fertilizer requirement of maizeon Alfisolsof Northwestern Ethiopia. Nevertheless,
in seasons where rainfal is heavy, high probability of nitrate leaching may make the later method less
effective.
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INTRODUCTION mineral nutrition is becoming one of the most

important factorsfor achieving sustainable maize

Research on soil nutrientsisgoingthrough  productioninNorthwestern Ethiopia. Itisbecause

a development process away from agricultural ~ many soils of Ethiopian highlands are inherently

production per se towards sustainable production  poor inavailableplant nutrientsand organic matter
(Smaling and Oenema, 1998). Among others,  (Tekalign et al., 1988).
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To meet the nutrient demand of crops on
thenutrient deficient soilsof Ethiopia, application
of chemical and/ or organicfertilizer isnecessary.
Organic fertilizer is becoming a meager resource
in the farming communities where farmyard
manure and plant residues remain to be the major
source of fuel energy. Therefore, chemical
fertilizersare becoming to be the major sources of
plant nutrients. Theratesapplied, however, should
meet the demand of the crop, but should not
exceed the demand to any major extent. For this
purpose, in Ethiopia, some flat fertilizer
recommendations have been developed and
introduced totheextension system. Thisapproach,
however, had shortcomings in extrapolating the
resultstoother fields, because, theavail ablenutrient
statuson the experimental fieldswereeither lower
than, equal to or higher than that of the farmers
fields. Hence, fertilizer recommendations should
take into account the available nutrient already
present in the soil (Mengel, 1982).

Various soil analysis methods have been
proposed as indices of nitrogen availability. A
reliable soil testing method, however, should
provide precise information on the fertilizer
quantity required for optimum growth of a
particular crop (Mengel, 1982). To be a useful
guide for recommending N fertilization, results
from soil tests must be significantly correlated
withcropyieldswithout appliedfertilizer andwith
responses to fertilizer application (Welch and
Bartholomew, 1963). Sincenouniversally accepted
method exists, methods have been designed to
meet the specific conditionsunder whichthecrops
are intended to grow.

Followingidentificationof soil test methods
giving reliable availability indices, mathematical
models that integrate the soil test indices with
fertilizer rate requirements should be developed
for each crop specieson soil typeand agro ecology
where that particular crop is growing. The
Mitscherlich-Bray model has been successfully
used for such purposes (Suwanarit et al., 1995;

Santhi et al., 1998; Suwanarit et al., 1999). The
objective of this study was, therefore, to develop
equations for estimating nitrogen fertilizer
requirements of maize (Zea mays L.) from soil
analysis on Alfisols of Northwestern Ethiopia
using the Mitscherlich-Bray equation.

MATERIALSAND METHODS

Site selection

Toselect theexperimental sites, composite
soil samples were collected from 52 farmlands
that had different cropping history, slope and
management practices. The collected soil samples
were analyzed for organic matter content, texture
and pH. Out of the sampled sites, 20 experimental
sites covering the widest possible ranges of the
indicated parameters were selected (Table 1).

Experimental design, field layout and cultural
practice

At each site, the field experiment was
arranged in randomized complete block design
withfiveN fertilizer ratesastreatments (0, 30, 60,
90 and 200 kg N ha'l) as urea (46-0-0) and four
replications. Plant spacing was 70 cm between
rows and 30 cm between hills of each plant. The
gross plot had three harvestable and two boarder
rows (with 4.8 m length). Two plantsin each end
of the harvestable rows were used as boarder
plants. Seed bedsfor maizeplantingineachlocation
werepreparedfollowingfarmers’ practice. Planting
was conducted from May 28 to June 7, 2002
depending on the onset of rainfall in different
areas. Planting was made by keeping two seedsin
one hill at adistance of 30 cm within arow. Two
weeks after emergence plantswere thinned to one
plant per hill. Half of the nitrogen fertilizer for
each treatment wasapplied at planting by banding
aong the row at adistance of about 10 cm below
and 5 cm aside the seeds. The remaining nitrogen
was side-dressed at 35 days after emergence. To
each treatment, phosphorus (120 kg P,Os ha'l) as
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Table1l Locationsand some chemical and physical characteristics of soils of the experimental sites.

Altitude Particle size (%)
Site  (meters Geographic position Slope Organic pHin Sand  Silt Clay Soil texture
No. above (%) matter H>0
sealevel) (%) (1:2.5)

1 2240.0 11°17.2N  37°28.9'E 38 2.84 491 7 25 68 Clay

2 2243.1 11°17.3'N  37°28.8'E 2.6 3.35 521 5 25 70 Clay

3 2348.8 11°143' N 37°30.7E 0.3 3.25 5.00 7 21 72 Clay

4 2347.9 11°142’N  37°30.9'E 23 1.78 5.35 13 17 70 Clay

5 1897.3 11°44.0N  37°30.8'E 54 3.09 5.40 15 29 56 Clay

6 1918.0 11°447N 37°31.9E 51 2.66 4.73 5 17 78 Clay

7 1955.8 11°45.7N 37°324'E 31 3.19 4,99 7 27 66 Clay

8 1969.8 11°46.8'N 37°33.2°E 2.3 311 4.83 9 27 64 Clay

9 1916.8 11°444N 37°3L.7TE 8.1 231 5.26 55 21 24 Sandy clay loam
10 2048.7 11°248'N 37°24.8E 11 3.93 5.25 9 25 66 Clay

11 2067.6 11°25.0N  37°07.9'E 35 4.22 525 15 49 36 Silty clay loam
12 2039.8 11°24.8 N 37°07.4E 0.2 4.08 5.05 9 25 66 Clay

13 2038.9 11°246'N  37°07.1TE 0.3 424 513 11 23 66 Clay

14 2002.7 11°21.6'N  36°58.1'E 16 5.56 5.01 13 23 64 Clay

15 1900.0 10°80.0N 36°85.0E 5.0 6.06 5.75 11 21 68 Clay

16 2150.7 10°42.7N 37°05.6'E 18 3.99 5.78 15 25 60 Clay

17 2106.3 10°42.2N  37°06.3 E 52 451 543 9 21 70 Clay

18 1897.9 10°40.8N 37°16.4E 2.3 4.33 5.63 11 23 66 Clay

19 1888.4 10°405’N  37°16.4'E 29 412 5.42 11 23 66 Clay
20 1882.0 10°40.9N 37°19.0E 0.6 371 5.28 11 23 66 Clay

triple superphosphate (0-46-0) and potassium (60
kg K0 ha'l) aspotassium chloride (0-0-60) were
added as basal fertilizers. Two times ridging and,
asnecessary, weeding operationswere performed
inall sites.

Soil samplecollection and analysisfor indexing
availability of N

At planting, from each replication of the
selected 20 locations, one composite soil sample
wascollected fromthetop 0 - 20cm soil layer. The
collected samples were air-dried under the shade
and crushed to pass through 0.5 mm sieve. The
following soil analyses were conducted:
determination of organic matter content (hereafter
called method 1) according to the Walkley-Black
procedure (Nelson and Sommers, 1982); total N
determination (here after called method 2) by the
Kjeldahl method (Bremner and Mulvaney, 1982);
NOs-N ( hereafter called method 3), NH4-N (here

after caled method 4), and NOz+NH4-N (here
after called method 5) determination by steam
ditillation as outlined by Keeney and Nelson
(1982); aerabic incubation and estimation of
inorganic-N production (here after called method
6) as outlined by Ryan et al. (1971), and
determination of ammonium released on
autoclaving with dilute calcium chloride (here
after called method 7) as outlined by Keeney
(1982). These methods were selected because
indices from them were widely reported to be
reliable in estimating availability of N.

Yield data collection, plant sampling and
analysis

Thecropwasharvested after physiological
maturity andgrainyieldat 12.5% moistureand dry
aboveground biomass yield data were collected
from the three central rows excluding the two
boarder plantsin each end of therow. Maizegrain
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and stubble samples were collected to estimate
plant N uptake. For planttissueanalysis, procedures
outlined by Sahlemdihin and Taye (2000) were
used.

Derivation of equations for calculating N
fertilizer ratesfor desired maizeyields

Calculation of relativeyields

Relative grain and dry aboveground
biomass yields were determined by calculating
maximumyval uesof each parameter usingasecond
degree polynomial regression model: Y =a+ bix
+byox2, where Y = the dependent variable (yield);
x =theindependent variable (N fertilizer rate); a=
the intercept on the y-axis, and by and by =
regression coefficients. The maximum valuesfor
grain and dry biomass yields were determined
from the model after fitting obtained data. These
vaueswereregarded as100%r el ativeyieldvalues.
Other yield values were converted into relative
yields as percent of their corresponding maxima
(Suwanarit et al., 1999).

Calculation of relationshipsbetween the
availability indices and the relative grain,
relative biomassand N yields

N availability indicesmeasured by different
soil test methodsand relativegrainyields, relative
dry biomass yields and N uptake of the control
plots were fitted into double log curvilinear
regressonmodel: logy =a+ blogx, wherex =the
obtained index value; y =therelativegrainyields,
relative dry biomass yields or N uptake of the
control plots; a= theintercept at they axis; and b
= dope of the line. Among availability indices
givinghighly significant correl ationwiththeabove
yield parameters, most reliable oneswere selected
todevelop equationsfor calculating fertilizer rates
for desired maize yields.

Equations for calculating N fertilizer
ratesfor desired maizegrain yield

Relationships among relative grain yields,
obtained N availability indices from selected soil
test methodsand amount of fertilizer applied were

expressed by the Mtscherlich-Bray model. The
model for each selected chemical method was
derivedby cal culating ¢, (coefficient of availability
indices) and c (coefficient of fertilizer rates). First
¢ was calculated by substituting b (availability
indices) from each replication of the experimental
sitesinthefollowing equation: log (A -y) =log A
- C1b, where A = relative maximum grain yield;
and y = the relative grain yield from unfertilized
plots. Mean of all the ¢, valuesof al thelocations
was used for the model. Then the ¢ value was
calculated for each fertilized treatment by
substituting cal culated cq valueof eachreplication
inthefollowing equation: log (A -y) =log A - ¢1b
- X, Wwhere x = the N fertilizer ratesused and y =
relative grainyield of fertilized plots. Mean of all
the c values of all thefertilized plots was used for
the model.

Verifying reliability of obtained
equations

Reliability of the derived eguations was
verified by comparingtheactual maizegrainyields
withgrainyieldspredicted by theobtai ned equation.
A linear regressiontechniquewasemployedto see
the relationship between them. Significant
correlation coefficient revealed reliability of the
equation.

RESULTSAND DISCUSSION

Relationshipsamong soil N availability indices
andrelativegrain, relativebiomassand N yields

Results of the experiment revealed that all
the nitrogen availability indices included in the
experiment, except available NH4-N, showed
highly significant correlation (p < 0.01) with
relativegrainyield (Figurel). Relativedry biomass
yield and N uptake also correlated highly
significantly with all the indices except NH,4-N,
which were significant at 5% probability level.
The highly significant correlation between
NH4+NO3-N content and relative yield values
was, however, attributed to the NO3-N content
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Figurel Relationshipshetweenavailability indicesandrelativegrain, relativedry biomassandN yields
(*, ** significant at 5% and 1% probability levels, respectively; ™ non-significant at 5%

probability level; n = 80).

thantothe NH4-N content, becausethelater alone
did not have significant correlation with relative
grain yield and correlated at lower level of
significance (p = 0.05) with relative dry biomass
and N vyields. This suggested that inclusion of
NH4-N ininorganic N content analysisasanindex
rather reduces reliability. Generally, analytical
indices that involve measurement of NH4-N
exhibited rather diminished correl ation coefficients
and, in some cases, lower level of significance.
Comparing the obtained correlation coefficients
of the relationships between availability indices
and relative grain yield, NO3-N was found to be
superior to the other indices followed by organic
matter, and total N. However, the correlation
coefficients between availability indices and
relativedry biomassyieldaswell asN uptakewere
superior for organic matter followed by NO3-N
andtotal N. Theoverall trendindicatedthat organic
matter was superior to NO3z-N, and the later was
superior to total N.

The correlation coefficient matrix

calculated among N availability indices (Table 2)
a soreveal edthat organic matter, total N and NOs-
N highly significantly (p<0.01) correlated among
each other and with other indices except with
NH4-N. However, available NH4-N had highly
significant correlation (p < 0.01) with two of the
three methods that involve measurement of NH,4-
N. Organic matter exhibited exceptionally high
correlation (r = 0.85**) with NH4+NO3-N
production on aerobic incubation. This might be
justified that the organic matter pool supplied the
nitrogen to be mineralized during the 14 days
incubation period. Analogically, total N had
relatively higher correlationcoefficient (r=0.64**)
with NH4+NOs3-N production than NOs-N (r =
0.28*). Generally, indices that involve
measurement of NH4-N content gave relatively
lower correlation coefficients with indices that
provided superior correlation coefficients with
relative yields and N uptake. Based on the above
background, organic matter, total N and NO3-N
were identified as most reliable indices for
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Table2 Correlation coefficient matrix among soil N availability indices of different methods.

Method 1 Method 2 Method 3 Method 4 Method 5 Method 6
Method 2 0.86**
Method 3 0.65** 0.80**
Method 4 0.20"s 0.14ns 0.21ns
Method 5 0.54** 0.59** 0.77** 0.79**
Method 6 0.85** 0.64** 0.29* -0.25* 0.01"s
Method 7 0.50** 0.43** 0.48** 0.59** 0.68** 0.16"s

*, ** ggnificant at 5% and 1% probability levels, respectively; ™ non-significant at 5% probability level; n = 80.

estimating N fertilizer requirements of maize on
Alfisols of Northwestern Ethiopia.

Reliability of thetotal soil N asanindex has
been supported by results of some workers.
Bremner (1965a) reported that cultivated soils
generally contained between 0.8 and 4.0 g total N
kg1 soil (0.08-0.4%) and 1 to 3% of thetotal N is
mineralized during a growing season (Bremner,
1965b) which provided 15t0 200kg N harl. K eeney
(1982) supported the above idea that biological
andchemical testsof N availability werefrequently
closely related to total soil N except the procedure
wastoo costly for routinesoil testing. Suwanarit et
al. (1995) found highly significant correlation (p=
0.01) between total nitrogen content and relative
grainyields, relativedry matter yieldsand relative
N yields of maize and recommended this method
asan index for estimating availability of nitrogen
for fertilizer recommendation purposes.

Determination of organic matter content of
the soil can serve asreliable N availability index
because the amount of organic matter content in
soil indicates the potential of the soil to supply N
provided that suitable conditions exist for
mineralization. Miller and Donahue (1990)
reported that organic matter holds more than 95%
of soil nitrogen and mineralization of 1.5% of
organic matter in a soil having an organic matter
content of 4% would release about 70kg hal
nitrogen as ammonium. Suwanarit et al. (1995)
found significant correlation between organic

matter content andrelativegrainyields(r=0.49*),
relativedry matter yields (r = 0.88**) and relative
N yields (r = 0.46*) of maize and recommended
thismethod asan index for estimating avail ability
of nitrogento maize. Keeney (1982) alsoindicated
that organic matter determination could form the
basis for nitrogen recommendation.

Thehighly significant correlation of NO3-
N with relative yield parameters and N uptake
would be due to the aerobic situation in the well
granulated soils and the favorable climatic
conditions of the testing sites that favored
nitrification. It has been reported that in regions
where crop’ s evapotranspiration demand exceeds
annual precipitation, measuring the pre-planting
NO3-N content is valuable in predicting N
requirements (Havlin et al., 1999). Some authors
argued, however, that the initial NO3-N content
indicated the amount of NO3z-N available at
sampling but did not indicatethe ahility of the soil
tomineralizeN (Campbell, 1978). Moreover, NOs-
N is susceptible for leaching which could
undermine its reliability as an index in seasons
with heavy rainfall.

It is apparent that under aerobic soil
conditionsnitrification of NH4-N to NO3-N takes
placequiterapidly that makesNHy4-N lessreliable
N availability index. Thisstatement wassupported
by the work of Thicke et al. (1993) who obtained
anegative correlation (p < 0.01) between NH,4-N
and grain yield of maize. Blackmer et al. (1989)
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also reported that the R? did not improve when
NH4-N plus NOz-N were determined in the soil
sample compared with NO3-N aone. Thisindex
may beval uable, however, inanaerobicconditions
where nitrification israther slow. Suwanarit et al.
(1999) reported that measurement of NHy4-N
produced from incubation of soils under water
logged conditions to be reliable index to measure
availability of N for paddy rice. Sahrawat (1978)
also reported that measurement of NH4-N to be
reliable index for lowland rice.

Equationsfor estimatingN fertilizer ratesfrom
superior availability indices

The Mitscherlich-Bray equations for
estimating nitrogenfertilizer requirementsof maize
fromsoil analysisfor methods1, 2and 3areshown
in Table 3. From the models it was possible to
make predictions that for a unit increase in soil
organic matter content (%) or NO3-N content (mg
kg1), theamount of N fertilizer to beapplied shall
be reduced by 17.2 kg hal and 3.4 kg hal,

Kasetsart J. (Nat. Sci.) 37 (2)

respectively, taking 94%asoptimumrel ativeyield
goal (calculation of the optimum relative yield
goal is not presented in this paper). Similarly, a
0.1% increasein total N content shall reduce the
fertilizer rate by 31.7 kg hal. The maximum
fertilizer rates that would be applied had methods
1, 2 and 3 given zero values of their respective N
availability indices were 190.6, 188.5 and 190.5
kg N hal, respectively. This indicates that the
developed Mitscherlich-Bray equations give
equivalent fertilizer recommendations.

Reliability of the equations

Reliability of the equationswasverified by
comparing the actual grain yields obtained from
theexperimental plotswith predictedyieldsby the
developed equations (Figure 2). All the equations
gave grain yield predictions that were highly
significantly (P < 0.01) correlated with actual
yields. From the 400 data points, there were 218,
223 and 221 casesof overestimationand 182, 177,
and 179 casesof underestimation for theequations

Table3 Equationsfor estimating nitrogen fertilizer requirements of maize from soil analysisresults of

reliable methods.

Method No. Availability index Unit of index Equation
1 Organic matter2 % log (100 - y) = 2 - 0.1103b - 0.006411x
2 Tota N % log (100 - y) = 2 - 2.0566b - 0.006481x
3 NO3z-N mg kg1 log (100 - y) = 2 - 0.0220b - 0.006414x

Y y=relativeyieldgoal (as% of maximumyield); b= N availability index obtained from soil analysis; x = N fertilizer requirement
(kg ha'); 2 Organic matter (%) = Organic carbon (%) x 1.726

Method 1 Method 2 Method 3
10000 10000 10000

L =N =5

oy 58 58

B & 5000 B £ 5000 B & 5000

535 53 % z

ko ° = — * k
}3 = r = 0.929%* § = [ = 0.927+* x> r=0.933
0 ; 0 . 0 .
0 5000 10000 0 5000 10000 0 5000 10000

Actual grainyield (kg ha'h)

Actual grainyield (kg hal)

Actual grainyield (kg ha't)

Figure 2 Relationshipsbetween actual maize grainyieldsand theyiel ds predicted by the equationsfor
methods 1, 2 and 3 (** significant at 1% probability level; n = 400).
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of organicmatter, total N, andNO3-N, respectively.
When the absolute range of error around actual
grain yield was designated, i.e., + 1000kg ha'l,
there were only 37, 36 and 31 cases of
overestimation and 13, 12 and 12 cases of
underestimation for equations of method 1, 2, and
3, respectively. This shows that 87.5, 88.0, and
89.5%, respectively, of al the observations fell
withinthe' acceptable’ regionunder thisdefinition.
Generally, the three methods can be
interchangeably used as reliable N availability
indicesdepending onlaboratory reagentsavailable.

Determination of critical levelsof N availability
indices

The N availability indices of the
experimental sites obtained by the three reliable
methodsweregenerally low enoughtoidentify the
critical N levels using the graphical technique of
Cate and Nelson (1965). Nevertheless, the
developed equations have provided extrapolated
critical N levels (N levels at which application of
fertilizer isnot required) at planting to be 11.08%,
0.594%, and 55.54 mg kg'! for organic matter,
total N, and NO3-N, respectively taking 94% as
optimum relative yield goal. These critical levels
are quite high, and have never been reported to be
available in Ethiopian highland soils. The reason
why high critical values were obtained from the
equations was that since the study area had low
indigenous N and organic matter content, the
fertilized plotsof thetesting siteshighly responded
for application of N. Therefore, therelativeyields
calculated for the control plots were low enough.
This eventually reduced the coefficient of
availability indices (cq1), and the low c; value
providedhighcritical level. Thissuggests, however,
that application of fertilizer is a must to produce
maximummaizeyield inthe study area. Jalil et al.
(1996) reported organic carbon values ranging
from 0.98 to 5.56% (1.69-9.59% organic matter)
andtotal N contentsranging from0.113t00.514%
in cultivated soils of Saskatchewan, Canada, and

yet fertilizers have been applied for maximum
yield.

CONCLUSIONS

Fromtheresultsof theexperiment itispossible
to draw thefollowing conclusions:

1. From the soil analysis methods
incorporated in the experiment, determination of
organic matter, total N and NO3-N were found to
give most reliable N availability indices.

2. The Mitscherlich-Bray equations
developed for indices of organic matter, total N
and NO3-N were statistically proven to provide
comparable reliable estimates of N fertilizer
reguirementsof maizeon Alfisolsof Northwestern
Ethiopia.

3. Theextrapolated critical levelsbeyond
which application of N fertilizers becomes non-
responsivewereidentified to be 11.08%, 0.594%,
and 55.54 mg kg1 for organic matter, total N and
NO3-N, respectively measured at planting.
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