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ECONOMIC FEASIBILITY OF VARIABLE-RATE 

TECHNOLOGY FOR NITROGEN ON CORN 

SUNIL THRIKAWALA, ALFONS WEERSINK, GARY KACHANOSKI, AND 
GLENN FOX 

The economic feasibility of three different fertilizer management strategies (constant rate, three- 
rate and multiple-rate technology) in the application of nitrogen fertilizer to corn are compared 
under different probability distributions for field fertility. A constant rate was more profitable 
than either variable-rate technology system for homogeneous fields with low fertility. The ap- 
plication area at which the relative profitability between systems changed was largely determined 

by the characteristics of the fertility distribution rather than by assumptions regarding costs. 
Variable-rate technology improves groundwater quality in low-fertility fields by reducing total 
fertilizer applied and in high-fertility fields by increasing corn yield. 

Key words: fertility distributions, net returns, precision farming, variable rate. 

Spatial information technology such as global 
positioning systems is rapidly being applied 
in agriculture. Known as precision agricul- 
ture, site-specific farming, or variable-rate 
technology, this technology collects and an- 
alyzes data for alternative locations, thereby 
permitting management decisions to vary by 
location. The technology recognizes the spa- 
tial variability inherent in most agricultural 
production processes. For example, in crop 
production, soil fertility can vary significantly 
within a field so that the typical nutrient man- 
agement strategy of applying a single rate of 
fertilizer will result in areas that are either 
under- or overfertilized. Variable-rate tech- 
nology allows farmers to apply the optimal 
rate for each location in the field, thereby im- 
proving efficiency in fertilizer use and poten- 
tially significantly decreasing residual nutrient 
loadings. 

The question surrounding whether the po- 
tential increase in gross returns and reduction 
in fertilizer expenses is sufficient to cover the 
investment costs of adopting variable-rate 
technology (VRT) remains unanswered. Pre- 

vious studies on the profitability of site-spe- 
cific fertilizer management, as reviewed by 
Lowenberg-DeBoer and Swinton, are incon- 
clusive. Many of the previous studies focused 
on the means of obtaining the fertility map 
and have not adequately considered all ap- 
plication and investment costs associated with 
VRT. In addition, previous studies have used 
experimental or farm-level data, making it dif- 
ficult to assess the viability of the approach 
in other farm conditions. Without considering 
all revenues and costs of actual application 
methods and under a variety of conditions, 
previous studies have not been able to gen- 
erate results transferable to many interested 
in this new technology. The general relation- 
ship between field fertility characteristics and 
the feasibility of VRT is particularly impor- 
tant since the profitability of adopting VRT 
depends largely on the magnitude of within- 
field variation (Sawyer). 

The purpose of this study is to assess the 
economic feasibility of variable-rate technol- 
ogy in the application of nitrogen fertilizer to 
corn. Three different fertilizer application sys- 
tems (constant rate, three-rate, and multiple- 
rate) are compared under different probability 
distributions for field fertility. The article be- 
gins by characterizing the trade-off between 
efficiency gains from optimal site-specific fer- 
tilizer application (increased yields and/or re- 
duced fertilizer costs) and the increased costs 
of alternative application systems. In addition, 
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it is shown that the optimal application meth- 
od depends on the parameters of the soil fer- 
tility distribution. The method for calculating 
revenues and costs for each of the three fer- 
tilizer application systems is then described, 
followed by presentation of the results. Rev- 
enues involve determining the optimal nitro- 
gen application rate and yield at each location 
in a hypothetical field where the fertility val- 
ues are generated from a given probability 
distribution following a first-order autore- 
gressive process. Annualized costs are cal- 
culated for all relevant information and ap- 
plication costs of each method. The simula- 
tion model used for the calculation of optimal 
rates and costs for each application method 
under alternative field fertility distributions 
represents a significant contribution beyond 
past studies which have used a partial budget 
analysis for a specific aspect of VRT under a 
given field situation. The empirical model fo- 
cuses on corn production in Ontario but the 
results are generalizable to other corn-grow- 
ing regions. Sensitivity of the net benefits to 
changes in variables such as application area 
and years of useful life is also examined. The 
article concludes with an analysis of the en- 
vironmental impact of VRT. 

Conceptual Model 

Fertility can vary substantially within a field 
and variable-rate technology attempts to de- 
termine the optimal rates of fertilizer appli- 
cation for each area. The area over which a 
single rate is applied is referred to as a man- 
agement unit. The benefits of site-specific fer- 
tilizer application, or management units 
smaller than a whole field, increase with the 
spatial pattern and scale of variation of fer- 
tility within a field. However, so do infor- 
mation and application costs associated with 
the ability to recognize and place differential 
rates. 

The trade-off between benefits and costs for 
alternative management strategies is illustrat- 
ed in figure 1. The horizontal axis indicates 
the number or size of the management units 
for which fertilizer is applied on a hypothet- 
ical field consisting of a single strip the width 
of the fertilizer applicator. Number and size 
of the management unit are denoted by N and 
S, respectively. The typical approach has been 
to assume there is a single management unit 
for the whole field. With this method, NcR = 
1 and Scr = field length (FL), where the sub- 

$/ha 

EGBVRT EGB 

EG'R Field B-high variability1 

CVRT Cost 

EGAVRT 

EGA3RT Field A-low variability 

EGcRT 

CCRT 

NCRT = 1 N3RT = FI100 NVRT = FIJ1.5 
Number of Management Units (N) 

SCRT = FL S3RT = 100 SVRT = 1.5 
Size of Management Units (S) 

Figure 1. Efficiency gains (EG) and ap- 
plication costs (C) for alternative fertilizer 
management strategies 

script CRT indicates that a single, constant 
rate is applied on the whole field. Moving 
along the horizontal axis is associated with 
breaking up the field into smaller management 
units starting from the whole field to the 
smallest possible management unit under pre- 
sent technology, which is presently 1.5 m in 
length. This multiple-rate application system 
is denoted in figure 1 by the VRT subscript. 
The number of management units under this 
technology will thus be the field length di- 
vided by 1.5 m (NvRT) and SVRT = 1.5 m. A 
third application system is also considered in 
this study where the farmer subjectively se- 
lects from three discrete application rates. The 
size and number of management units under 
this three-rate option are denoted in figure 1 
by S3RT and N3RT, respectively, where (N3RT = 
FL/S3RT). 

Fertilizer efficiency increases as the number 
of management units increases since a more 
precise amount of fertilizer can be identified 
for locations in the field. The increases in fer- 
tilizer efficiency or returns to information and 
application costs are nondecreasing (nonin- 
creasing) in management unit number (size) 
by definition. The concept is illustrated in fig- 
ure 1 for two fields with differing soil fertility 
distributions. Both are assumed to have the 
same average fertility but field A represents 
a relatively homogeneous field while spatial 
variability in fertility is greater in field B. The 
change in gross revenues less fertilizer costs 
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increases with the number of management 
units but the extent of the efficiency gain is 
higher in field B for a given management unit 
size. The greater increase in profits exclusive 
of system costs in field B as compared to field 
A is due to the greater degree of heterogeneity 
in field fertility. Therefore, greater benefits 
arise from breaking the field into smaller man- 
agement units. Note that the efficiency gain 
curve in figure 1 is horizontal for a field with 
the same level of fertility throughout. The in- 
tercept of the curve is represented by the in- 
crease in returns from applying a constant fer- 
tilizer rate less the actual fertilizer costs (not 
including application costs). This intercept, 
EGcRT in figure 1, increases with decreases in 
the average level of field fertility. 

Decreasing the management unit size not 
only increases the benefits of higher yields, 
lowers fertilizer costs, or both, but it also in- 
creases the information and application costs 
since more complex technology is required to 
handle a smaller management unit area. These 
information and application costs of the three 
application scenarios examined in this study 
[the conventional constant rate approach 
(CRT), a three-rate option (3RT) and multi- 
ple-rates (VRT)] are shown, respectively, in 
figure 1 as CCRT, C3RT, and CVRT. 

The optimal management unit size among 
the three possible application methods is 
where the difference between the efficiency 
gains from fertilizer and the costs of infor- 
mation and application is maximized. With 
the typical approach of applying a single rate 
across the whole field, efficiency gains from 
applying fertilizer using a constant rate as 
compared to not applying any fertilizer 
(EGcRT) are greater than CCRT for both fields 
illustrated in figure 1. Note that the efficiency 
gain from a constant application rate method 
is the same for both fields since average fer- 
tility is assumed equal (EGART = 

EGBRT). Net 
returns with both three-rate and multiple-rate 
application systems are negative on the more 
homogeneous field A (0 > EGRT - C3RT > 

EGRT - CVRT), implying that only the con- 
stant rate method is economically feasible. In 
contrast, all three application scenarios gen- 
erate positive returns on field B, but the dif- 
ference between efficiency gains and the costs 
of information and application is largest for 
the three-rate method (EGRT, - C3RT > 
EGBRT - CVRT > EGBRT - CCRT> 0). Thus, 
the optimal management unit size is the whole 
field in which a constant fertilizer rate is ap- 
plied for field A while the optimal application 

system for field B is the three-rate method 
with an associated management unit size of 
S3RT. The cost of breaking up the field into 
smaller management units is justified for the 
field with more spatial variation. 

The fertilizer application method generat- 
ing the highest net returns was conceptualized 
in figure 1 for two fields in which the spatial 
variability of soil fertility differed. Not only 
the variance of the distribution but also the 
mean and autocorrelation of soil fertility val- 
ues should be considered when examining the 
optimal application technology. Changes in 
average fertility will shift the efficiency gain 
curve in figure 1 and, thus, the potential net 
returns to an application system will adjust. 
The analysis of variable-rate application sys- 
tems should also account for the extent of 
correlation in fertility. For example, if two 
fields have the same soil fertility variance, the 
degree of precision that is economically fea- 
sible will be less for the field in which the 
fertility values are clumped together (high 
correlation) than for the field in which the 
fertility values are scattered. Thus, net returns 
to an application system will depend on sev- 
eral parameters of the fertility distribution. 

Empirical Model 

The empirical evaluation of the net returns for 
the three fertilizer application methods re- 
quires estimating the efficiency gains and ap- 
plication costs for each method under alter- 
native fertility distributions. The approach is 
outlined in figure 2. Each component of the 
model is explained in further detail in the sub- 
sections that follow. A hypothetical field is 
divided into a single strip of cells separated 
by the minimum distance at which variable 
rates can technically be applied. Soil fertility 
values are then randomly generated for each 
cell from a given fertility distribution as sum- 
marized by the mean, variance, and correla- 
tion coefficient. Cells are then grouped to- 
gether on the basis of the minimum manage- 
ment unit size for each of the three application 
methods which increases from 1.5 m for the 
multiple-rate system to 100 m for the three- 
rate VRT, and to the whole field for the con- 
stant rate application method. For each meth- 
od, the optimal nitrogen application rate is 
determined and the subsequent yield gain is 
calculated. The efficiency gain (revenues less 
fertilizer cost) is then derived. The process is 
repeated to generate a yield distribution for 
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each set of parameters. The mean value of the 
yield distribution is then used in the subse- 
quent profitability analysis. Information and 
application costs are then deducted to deter- 
mine the approach generating the highest re- 
turns for the given fertility distribution. The 
procedure for determining net returns for each 
application method is then repeated for an- 
other set of fertility parameters. 

Application Methods 

The three fertilizer application scenarios eval- 
uated in this study involve the broadcast ap- 
plication of nitrogen fertilizer to corn fields. 
Constant rate technology (CRT) is the appli- 
cation of single rate over the entire field based 
on average fertility for that field. As men- 
tioned previously, this conventional system is 
compared to two types of variable-rate appli- 
cation methods. The first method allows the 
farmer to select from three rates using a man- 
ually operated three-way switch. This type of 
variable-rate application does not require 
technology such as global positioning systems 
(GPS) to identify location. Instead, location 
in the field is subjectively assessed by the op- 
erator of the fertilizer applicator while driving 
the tractor with the aid of a fertility map de- 
veloped through either grid soil sampling or 
yield monitoring. It is assumed the operator 
can switch among the three application rates 
at a minimum distance of 100 meters. 

The second variable-rate application sys- 
tem allows for more than three rates and re- 
quires the fertilizer spreader to be coupled 
with GPS to pinpoint field location. There are 
several portable and rugged field navigation 
systems which integrate data collection, map- 
ping, and variable-rate application with a 
built-in GPS. When coupled with a variable- 
rate module on the spreader and a differential 
real-time correction source, these navigation 
systems are capable of changing fertilizer 
rates at a rate of two times per second. If a 
tractor on which the fertilizer spreader is 
pulled travels at a speed of 10 km/hr, the ma- 
chine is thus capable of changing fertilizer 
rates every 1.5 m based on the average fer- 
tility in the 1.5 m length cell. 

Efficiency Gains of Fertilizer Application 

Revenues and fertilizer costs for each of the 
three application methods will vary depending 

on the probability distribution of soil fertility 
for the application area. Consequently, effi- 
ciency gains are calculated for alternative fer- 
tility distributions. It is assumed that the only 
soil quality factor is the amount of available 
N in the soil. 

Soil fertility distributions. The first step in 
the model as illustrated in figure 2 is to divide 
a hypothetical field into a single strip of cells 
each 1.5 m in length representing the area of 
the smallest possible management unit size 
associated with the multiple-rate system. The 
model assumes there are 1,000 cells implying 
that the field is 1,500 m long. The width of 
the field is given by the width of the applicator 
and does not need to be specified at this time 
since it is assumed that the fertility level for 
any 1.5 m cell is constant across the width of 
the applicator. This minimum management 
unit (MU) size of 1.5 m also represents the 
distance between sampling locations. 

Once the field is divided into cells, the next 
step is to assign soil nitrogen test values to 
each cell on the basis of a given spatial fer- 
tility distribution as summarized by the mean, 
coefficient of variation, and correlation co- 
efficient (see figure 2). The coefficient of var- 
iation captures the heterogeneity of fertility 
values in the field and the correlation coef- 
ficient measures the degree to which similar 
fertility values are clumped together. The lat- 
ter measure is important to consider as the 
gains to decreasing management unit size in- 
crease with the degree to which a given set 
of fertility values are scattered in the field. 
Three values are assumed for each of the three 
parameters, resulting in 27 fertility distribu- 
tions on which the optimal fertilizer appli- 
cation method is evaluated. The parameter 
values are 80, 55, and 30 N kg/ha for mean 
fertility, 50%, 25%, and 10% for the coeffi- 
cient of variation, and 0.6, 0.3, and 0.1 for 
the correlation coefficient. This range of pa- 
rameter values captures most Ontario field 
conditions (Kachanoski and Fairchild). 

Soil test values generated from each of the 
27 fertility distributions are spatially corre- 
lated and are assumed to follow a stochastic 
first-order autoregressive AR(1) process. The 
AR(1) process is the typical means of repre- 
senting soil spatial variability, although higher 
orders are used for fields with rolling topog- 
raphy where elevation is related to fertility. 
The approaches for estimating spatial vari- 
ance relationships are described in Vieira et 
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al. and in Webster. An AR(1) process is rep- 
resented by 

(1) 
V(Xi+) 

= 8 + arV(Xi) + 
E• 

where Xi is the location of cell i, 
Xi+l 

is the 
neighboring field cell, V(X,) is the soil test 
value for cell Xi, 8 is a constant, ao is the 
correlation between soil test values that are 
separated by one sampling interval (1.5 m), 
and Ei is the random error term. The variance 
of this error term and the parameters of equa- 
tion (1) can be derived from the specification 
of the three fertility distribution parameters. 
For given values for the mean of soil test val- 
ues (E[V(X)]) and the correlation coefficient 

(ox), the constant term 8 in equation (1) can 
be calculated from the following relationship 
for an AR(1) process: 

(2) E[V(X)] = 8/(1 - ox). 

The next step is to specify the final parameter 
of the distribution which is the variance 
var[V(X)] and subsequently the coefficient of 
variation (CV). The variance of the random 
error (82) in the AR(1) process is assumed to 
be normally distributed with zero mean. Since 
the variance of fertility for an AR(1) process 
can be expressed as 

(3) var[V(X)] = 
U•/(1 

- cO2) 

the variance of the random error term is equal 
to 

(4) (F2 = var[V(X)](1 - x2) 

= (1 - t2) 
CV1 

.) 

The soil test values at each of the 1,000 cells 
in the field are generated according to the 
AR(1) process in equation (1), the parameters 
of which are either given (ox) or can be cal- 
culated through equations (2) and (4) from the 
specification of the fertility distribution pa- 
rameters (E[V(X)], var[V(X)], and a). 

Average fertility. Once the fertility values 
for each cell in the field are generated, the 
next step is to calculate the average fertility 
within each management unit area for the 
three application methods examined (see fig- 
ure 2). Under the multiple-rate application 
system (VRT), the management unit consists 

of a single cell in the field. Average fertility 
in this system is the soil test value for that 
cell. The fertility value for the constant rate 
application method is the average of the 1,000 
cells (sampling locations) comprising the 
field. One of three fertility categories was as- 
signed to each 100 m size MU for the three- 
rate method depending on average fertility of 
the cells in that MU: low (< 40 kg/ha), me- 
dium (40-90 kg/ha), and high (> 90 kg/ha). 

Nitrogen rate. The optimal fertilizer rate 
for a management unit within each of the three 
application methods depends on the soil fer- 
tility level of the MU, yield response of corn 
to nitrogen fertilizer, and prices for both corn 
and nitrogen fertilizer. Yield gain per hectare 
from applying nitrogen versus not applying 
any fertilizer (A Y = actual yield - check 
yield) is assumed to follow a quadratic rela- 
tionship with a plateau. Prices used in this 
study for corn and nitrogen respectively are 
$0.30/kg and $1.50/kg. The ratio of these pric- 
es has been relatively constant over time in 
Ontario. Using the assumed quadratic, bound- 
ed production function and the given prices, 
the following linear relationship has been es- 
timated between the recommended rate (N*) 
and average fertility for Ontario conditions 
(Kachanoski and Beauchamp): 

167; V(X) < 29.6 

(5) N* 
= 

175 - 1.95(V(X) - 25.6); 
29.6 ? V(X) -< 115 

0; V(X) ? 115 

where V(X) is average fertility for the man- 
agement unit (MU) as calculated in the pre- 
vious subsection. Thus, any MU requires no 
fertilizer if the soil nitrogen test value is above 
115 kg/ha and requires 167 kg of nitrogen per 
hectare if the soil test value is less than 29.6 
kg/ha. The optimal rate given by equation (5) 
is valid for only multiple-rate and constant- 
rate systems where the application rate may 
be a continuous variable. For 3RT, three dis- 
crete fertilizer rates must be specified based 
on the three possible fertility categories. The 
three rates used are 167 kg/ha for the low- 
fertility areas assumed to have an average fer- 
tility of 29.6 kg/ha, 98.2 kg/ha for the me- 
dium-fertility category given an average fer- 
tility of 65 (average of the two bounds 40 and 
90), and 49 kg/ha for the high-fertility regions 
with an average soil N test value of 90 kg/ 
ha. 
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Yield gain. The general quadratic, bounded 
yield gain function used to determine the op- 
timal application rate N* was modified so that 
it is also a function of average fertility values 
in the soil (authors). Using the linear rela- 
tionship between N* and V(X) in equation (5), 
Kachanoski and Fairchild estimated the fol- 
lowing response function for Ontario condi- 
tions and prices: 

10,090; V(X) 
< 

29.6 

5 
(175N* - 0.5(N*)2); 

(6) AY, = 1.95(V(X) - 25.6) 
29.6 - V(X) - 115 

0; V(X) 
- 

115. 

If the soil test value is less than or equal to 
the minimum critical value of 29.6 N kg/ha, 
yield gain is 10,000 kg/ha achieved by ap- 
plying 167 N kg/ha. In contrast, any location 
in the field with a soil nitrogen test value 
above 115 kg/ha requires no fertilizer and 
generates no yield gain. The yield gain given 
by equation (6) is calculated for each cell 
within the field while the fertilizer rate is de- 
termined for all cells within an MU based on 
average fertility from those cells. As long as 
V(X) is greater than 29.6 and less than 115, 
then equations (5) and (6) assure that the value 
of marginal physical product (VMP) of total 
N is equal to the price of nitrogen fertilizer 
as implied by profit maximization. However, 
if V(X) is less (greater) than 29.6 (115), then 
VMP of total N will exceed (be less than) the 
input price. 

Gross Returns and Fertilizer Costs 

Given the nitrogen application rate for each 
management unit and the level of soil fertility 
and yield gain of each cell, the increase in 
revenues less fertilizer costs (efficiency gains) 
as compared to not applying any fertilizer can 
be determined for each application method. 
Annual revenue change is the yield gain (kg/ 
ha) averaged across all 1,000 cells in the field 
multiplied by corn price ($0.30/kg). Fertilizer 
expense in $/ha is the nitrogen price ($1.50/ 
kg) times the average application rate over the 
management units defined by each method. 

The process of calculating gross returns less 
fertilizer cost is repeated for each manage- 
ment unit size starting from the minimum MU 
size for the VRT (SVRT = 1.5 m) moving to 
the 3RT method (S3RT = 100 m) and then to 

a single rate system in which the whole field 
becomes the MU (ScRT = 1,500 m). This pro- 
cedure is repeated for alternative draws of the 
same field characteristics until the average ef- 
ficiency gain of the field for each of the three 
possible MU sizes stabilizes with the addition 
of another draw (see figure 2). For each set 
of parameters of the fertility distribution 
(twenty-seven combinations), twenty-five dis- 
tributions of 1,000 fertility test values are gen- 
erated. 

Information and Application Costs 

The final step in the economic feasibility anal- 
ysis of the three application methods under 
alternative fertility distributions is to deduct 
information and application costs from the ef- 
ficiency gains calculated above. Information 
costs are associated with soil sampling, chem- 
ical analysis, and map making, whereas fer- 
tilizer application costs consist of equipment 
costs of placing the fertilizer in the field at 
constant or varying rates. The size of infor- 
mation and application costs are inversely (di- 
rectly) related to the management unit size 
(degree of VRT technology). The comparison 
is standardized by assuming the producer does 
all sampling and purchases all equipment rath- 
er than having the work completed by a cus- 
tom operator. Thus, the costs likely represent 
a maximum for most producers. Custom rental 
rates are also provided to serve as an upper- 
bound comparison. 

Results 

Revenue 

Revenue gains for the three fertilizer appli- 
cation methods under alternative fertility dis- 
tributions are given in table 1. Revenue gen- 
erated from fertilizer application increases 
significantly with decreases in average fertil- 
ity. For example, with the CRT, revenue gains 
in fields with a CV of 50% and a correlation 
coefficient of 0.6 are approximately $309/ha 
when the mean fertility is 80 kg/ha. Revenue 
gains increase to $890/ha when mean fertility 
is 55 kg/ha, reflecting the benefits of enhanc- 
ing soil fertility with nitrogen fertilizer. The 
relationship between the increased revenue 
from fertilizer application and average fertil- 
ity is not linear, reflecting the diminishing 
marginal productivity for fertilizer embedded 
in the yield gain function. 
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Field divided into strip of 1.5 m length cells 

N fertility level in each cell Field fertility distribution 
generated for an AR(1) process parameters V 
Management unit (MU) size chosen 
nd cells combined 

MU size of 3 methods 

1.5 m (VRT), 

100 m (3RT) Average fertility calculated for each MU 
(CRT)F 

Yield response 

fun••)ion e• • 
r c 

afor 

corn and N 

itrogen 
rate determined for each MU 

Yield gain in each cell Costs of N fertilizer for each MU 

Yield gain in each MU 

Total revenue gain for field ($/ha) I Total costs of N for field ($/ha) 

Is MU size = field length (FL)? 
No- increase MU size 

cYes Celculate efficiency gains (EG) for each method 

(Revenue gain - N costs) 

Is EG stabilized for each method? No 

Yes 
Draw from same distribution 

Yes 

Repeat for another fertility distribution 

Deduct information and application costs 

Net returns to each method for alternative fertility distributions ($/ha) 

Figure 2. Outline of approach to calculate net returns for three fertilizer application 
methods under alternative field fertility distributions 

Revenue gains for each method are directly 
related to spatial variability when average fer- 
tility is medium to high but inversely related 
in low-fertility fields. In the case when av- 
erage fertility is high (80 kg/ha), decreasing 
the coefficient of variation from 50% to 25% 
reduces the revenue gains associated with 
CRT from $309/ha to $159/ha. The increase 
is due to the greater potential for yield in- 
creases across location in the field with in- 

creases in the variability of fertility among 
those locations. The bounded nature of the 
yield response function results in the opposite 
effect when fertility is low. Increasing the CV 
of fertility in the field when the average fer- 
tility is low means more areas that require and 
consequently receive the maximum nitrogen 
rate and generate the maximum possible yield 
gain. While both the mean and variability of 
soil fertility values affected revenue gains to 
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Table 1. Revenue Gains and Cost of Applied Nitrogen Fertilizer for Alternative Fertility 
Distributions and Application Methods ($/ha) 

Fertility Distn. Parameters Revenue Gains Cost of Applied Nitrogen 
CRT 3RT VRT 

Mean CV CRT 3RT VRT (S = (S = (S = 
(kg/ha) (%) (a) (S = 1,500) (S = 100 m) (S = 1.5 m) 1,500 m) 100 m) 1.5 m) 

80 50 0.6 309.64 324.28 372.38 102.24 113.75 118.32 
0.3 305.69 329.08 368.01 102.68 119.97 118.37 
0.1 311.20 347.20 375.27 102.87 127.83 118.95 

25 0.6 159.02 186.69 173.40 103.41 130.01 105.47 
0.3 158.13 189.19 172.67 103.05 132.63 105.21 
0.1 152.90 186.39 167.95 100.58 132.63 102.93 

10 0.6 139.62 166.88 141.33 103.22 132.63 103.22 
0.3 140.36 167.33 142.10 103.59 132.63 103.59 
0.1 140.00 167.17 141.78 103.37 132.63 103.37 

55 50 0.6 890.24 851.18 904.24 177.84 160.85 177.62 
0.3 890.64 833.31 905.38 177.11 146.94 177.17 
0.1 877.95 817.69 893.26 175.58 140.12 175.88 

25 0.6 473.70 415.02 485.38 175.56 139.76 175.52 
0.3 470.02 404.28 481.71 175.53 134.33 175.50 
0.1 472.33 404.25 483.71 176.04 133.02 176.00 

10 0.6 371.42 308.16 373.02 176.58 132.63 176.58 
0.3 359.99 306.30 361.57 174.50 132.63 174.50 
0.1 360.15 306.43 361.75 174.50 132.63 174.50 

30 50 0.6 2133.45 2131.75 2124.74 246.08 246.56 231.45 
0.3 2123.06 2121.70 2114.16 246.06 246.45 231.00 
0.1 2161.52 2161.82 2151.59 248.75 250.50 233.28 

25 0.6 2244.65 2244.97 2239.01 249.30 250.50 241.47 
0.3 2241.59 2241.85 2235.88 249.50 250.50 241.47 
0.1 2256.95 2257.12 2251.28 249.81 250.50 241.67 

10 0.6 2438.33 2438.63 2435.69 249.74 250.50 246.68 
0.3 2423.80 2424.18 2421.14 249.54 250.50 246.53 
0.1 2427.25 2427.59 2424.56 249.63 250.50 246.54 

fertilizer application, the correlation coeffi- 
cient had no effect. 

Revenue gains not only vary with changes 
in the distribution of fertility values for a giv- 
en application method but alterations in the 
parameters of the distribution also changed 
the relative increases in revenue across meth- 
ods. Revenue gains tend to be lowest for CRT 
in medium- to high-fertility fields. For ex- 
ample, revenue gains increase from 310 to 324 
to 372 $/ha, respectively, when the technology 
advances from CRT to 3RT to VRT for the 
fertility distribution with a mean of 80 kg/ha, 
a CV of 50%, and a correlation coefficient of 
0.6. Revenues are higher with the variable- 
rate methods since those approaches can rec- 
ognize that there are areas in the field re- 
quiring more fertilizer than applied under 
CRT, despite the high average fertility. In con- 
trast, CRT generates higher revenues when the 
average fertility is low since it applies a larger 
amount of fertilizer to all areas than the var- 
iable-rate systems. For example, with the 

same CV (50%) and correlation coefficient 
(0.6), decreasing mean fertility to 30 kg/ha 
changes the revenue gains to $2,133/ha for 
CRT, $2,131/ha for 3RT, and $2,124/ha for 
VRT. The extent of the difference between 
CRT and variable-rate methods increases with 
spatial variability as expected for a given av- 
erage fertility level. For example, in a high- 
fertility field, the difference in revenue gain 
between CRT and VRT increased from ap- 
proximately $2/ha ($141 - $139) for a CV 
of 10% to $63/ha ($372 - $309) with an in- 
crease in the CV to 50%. 

Fertilizer Cost 

Nitrogen fertilizer costs for the three different 
application methods are listed in table 1 for 
each fertility distribution. Fertilizer costs are 
inversely related to average soil fertility. For 
a given mean fertility, there are significant 
differences in the total cost of fertilizer be- 
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Table 2. Information and Application Costs of Fertilizer Application Methods for a 50 
ha Field ($/ha) 

Fertilizer Application Method 

Cost Item CRT 3RT VRT 

Information Costs 
Variable costs 

Core sampling 12.50 12.50 
Lab analysis ($12/sample) 60.00 600.00 
Map making 425.00 
Opportunity costs of check strips 21.49 

Per ha costs 1.05 20.75 
Annualized cost (3 years) 0.39 7.62 7.89 

Fixed costs 
Yield monitor 13,600.00 
Differential correction source 3,000.00 

Per ha costs 332.00 
Annualized cost (5 years) 76.68 

Application Costs 
Variable costs 

Nitrogen application-Fuel 1.00 1.00 1.00 
-Labor 0.83 0.83 0.83 

Per ha costs 1.83 1.83 1.83 
Fixed costs 

Fertilizer spreader 8,000.00 8,000.00 8,000.00 
Per ha costs 160.00 160.00 160.00 
Annualized cost (10 years) 20.72 20.72 20.72 

Variable-rate equipment 
Fertilizer rate controller 1,500.00 4,500.00 
VRT option 950.00 
Other option 2,260.00 

Per ha costs 0.00 30.00 154.20 
Annualized Cost (5 years) 0.00 6.93 35.62 

Total per ha annualized cost 22.94 37.10 142.74 

tween application methods only when spatial 
variability is high. There are differences in 
the 3RT as compared to the other methods 
since the application rate is constrained to a 
set of three choices. Given a large variation 
in fertility values across the field, decreasing 
the MU size increases the amount (and cost) 
of fertilizer applied at a high average fertility. 
Increasing spatial variability in high-fertility 
fields increases the number of cells con- 
strained to receiving no fertilizer but also the 
number of cells with fertility below the critical 
soil test value (115). VRT can identify these 
areas and therefore results in more fertilizer 
being applied than under the CRT scenario. 
The opposite occurs when mean fertility is 
low since VRT will apply less fertilizer to the 
increased number of cells with greater fertility 
than the low average. There is only little or 
no change in the amount of fertilizer applied 
across application methods for field distri- 
butions with low mean fertility. The average 

fertility of 30 N kg/ha is close to the minimum 
soil N test value which bounds the application 
rate at the maximum. Consequently, the rates 
are similar across the three methods in that 
situation. Decreases in spatial variability also 
decrease the impact of decreases in manage- 
ment unit size on fertilizer application. 

Information Costs 

Information costs in $/ha of applying fertilizer 
are summarized for a 50 ha field in table 2 
for each application method. CRT requires 
less-intensive sampling and no mapping so 
information costs are relatively low. One sam- 
ple per 10 hectares should be tested for ni- 
trogen and each sample should be a compo- 
sition of twenty subsamples (OMAFRA). 
With labor costs of collecting at $10/hr and 
approximately 15 minutes needed for a com- 
plete sample to be taken and packed (Low- 
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enberg-DeBoer and Swinton), the cost of sam- 
pling for a 50 ha field with CRT is $12.50 
[0.25 x ($10/hr) x (5 samples)]. The cost of 
lab analysis is $12/sample for the total of five 
samples. 

Intensive sampling or a high level of tech- 
nology or both are necessary to obtain a map 
that differentiates fertility levels in the field. 
In the case of a 3RT system, where the op- 
erator can switch rates at almost every 100 
m, the grid size of the fertility map will be 1 
ha (100 m x 100 m). It is assumed that two 
subsamples are taken to form one complete 
sample for every hectare. Since the same 
number of subsamples is collected per hectare 
as in the CRT scenario, collection costs are 
the same. However, rather than analyzing a 
single average sample for every 10 ha and 
averaging the one composite sample, every 
hectare must be analyzed at a cost of $12/ 
sample. Thus, the analysis costs for a 50 ha 
field are $600 (50 samples X $12/sample). 
This fertility information at each 1 ha grid 
must then be translated into a fertility map 
using a procedure such as kriging with map- 
making software that can be purchased for 
$425 (Lowenberg-DeBoer and Swinton). The 
approximate $21/ha cost of an individual pro- 
ducer sampling, analyzing, and constructing 
the fertility map is slightly less than $25/ha 
charged by the private companies for this 
complete service. In all three methods, it is 
assumed that new information must be col- 
lected every three years. 

The level of detail required for the soil fer- 
tility map increases with the possible number 
of application rates. Information on soil fer- 
tility can be obtained directly by grid soil sam- 
pling as used in the 3RT method, but these 
costs increase with decreases in grid size. For 
example, the cost of chemical analysis alone 
with 1.5 m2 grid sampling on a 50 ha field is 
approximately $453,000. A less expensive 
method applicable in the case of nitrogen is 
to monitor actual yield at harvest and compare 
it to neighboring locations, called "check 
strips," on which no nitrogen was applied. 
This delta yield method generates nitrogen 
recommendations by location based on this 
yield gain. The lost profit from not applying 
the optimal nitrogen rate on the check strips 
represents a variable information cost. The 
area of no fertilizer strips required for the delta 
yield method is 2% of the total area (Ka- 
chanoski). Thus, the opportunity cost ($/ha) 
of the check strips (OC) is 

(7) OC = 0.02{P(avg yield - check yield) 

- WN} 

where the P and W are the respective prices 
of corn and nitrogen per kg assumed to be the 
Ontario averages used previously and N is the 
average application rate. Yields will vary by 
field but the average yield (avg yield) is as- 
sumed to be 8,000 kg/ha (125 bu/ac) which 
is a typical average for southern Ontario while 
the no-nitrogen yield (check yield) is assumed 
to be half of the average (4,000 kg/ha). Av- 
erage soil test is assumed at 72.5 kg/ha which 
is the mean of the lower (29.5) and upper 
bound (115) of soil fertility levels of the yield 
gain function. Applied nitrogen (N) for this 
soil test value calculated using equation (2) 
is 83 kg/ha. Thus, the opportunity cost of the 
check strip necessary to obtain the fertility 
map is $21.49/ha. 

Check yield is compared to actual yield ob- 
tained from a yield monitor on the combine. 
The equipment required to continuously re- 
cord yield in every area of the field represents 
a fixed information cost. The yield monitor 
with GPS is assumed to cost $13,600 
(AshTech). To sample at 1.5 m intervals re- 
quires a differential correction source which 
costs an additional $3,000 (Bruce Shillinglow, 
personal communication). The information 
technology equipment is assumed to have a 
useful life of five years based on the rapid rate 
of innovation for this technology. 

Application Costs 

Application costs associated with the three 
different fertilizer methods are also given in 
table 2. Variable application costs of fuel and 
labor assumes that 5 gallons of fuel ($2.38/ 
gallon) per hour are burned to spread fertilizer 
on an area of 12 hectares in one hour (OMAF- 
RA) and that the labor charge of fertilizer 
spreading is $10/hr. The fixed equipment cost 
of $8,000 for the fertilizer spreader is also the 
same for each method. The spreader is as- 
sumed to have a useful life of ten years. 

The variable-rate equipment involves 
switching the track speed within the spreader 
from a wheel-driven one that can be changed 
only when stopped to one that can be adjusted 
through hydraulics while driving. The cost of 
doing so for a three-way system is approxi- 
mately $1,500 (Kachanoski, personal com- 
munication). The multiple rate VRT method 
requires a GPS-linked control system that can 
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Table 3. Annual Net Returns ($/ha) for Fertilizer Application Methods and Area under 
Alternative Fertility Distributions 

Fertility Distribution Parameters 

Field Size Application Mean of 80 N kg/ha Mean of 55 N kg/ha 
(ha) Method CV of 50% CV of 25% CV of 50% CV of 25% 

50 CRT 184.28 32.67 689.46 275.21 
3RT 184.27 18.55 658.99 247.38 
VRT 111.36 -74.76 583.93 167.16 

200 CRT 200.11 48.50 705.29 291.04 
3RT 210.72 45.00 685.44 273.83 
VRT 217.01 30.89 689.58 272.81 

500 CRT 203.28 51.67 708.46 294.21 
3RT 216.01 50.29 690.73 279.12 
VRT 238.14 52.02 710.71 293.94 

be purchased for approximately $4,500 
(Green Lea Agri Centre). In addition, other 
necessary options include a variable-rate op- 
tion costing $950 and the options costing 
$2,200 that integrate yield monitoring, map- 
ping, and variable-rate application, such as 
survey option, light bar, and mapstick. The 
complete cost of application plus the GPS sys- 
tem for 50 ha field is $133/ha which is greater 
than the custom rate of $25 per hectare (Car- 
gill, Princeton Ont.). However, only two units 
are presently available in Ontario and cost ap- 
proximately $500,000. Both variable-rate 
control systems are assumed to last for five 
years. 

The per hectare annualized information and 
application costs vary from $23 to $37 to $143 
respectively as the application technology ad- 
vances from CRT to 3RT to multiple-rate VRT 
(table 2). However, these figures have been 
obtained for a 50 ha field. For multiple rate, 
a large portion of these costs are associated 
with the fixed costs of equipment such as yield 
monitor, GPS, and variable-rate applicator. 
Therefore, increasing field size allows these 
costs to be spread over a larger area and sig- 
nificantly decreases the information and ap- 
plication of VRT. 

Net Benefits 

Net gain or loss for each of the three fertilizer 
application methods representing the efficien- 
cy gains minus the cost of information and 
application are given in table 3 for three ap- 
plication areas. The low-average-fertility 
fields are excluded from the analysis since 
profitability is large for any method on these 
fields (see table 1) and there is subsequently 

little difference in relative returns between 
methods. Net returns are positive for CRT and 
3RT for all fertility distributions and assump- 
tions on cost determinants. Multiple-rate VRT 
suffers a net loss only on small fields with 
high average fertility and low variability. Al- 
though revenue gains less fertilizer cost are 
positive, they are insufficient to cover appli- 
cation costs in high-fertility fields that are rel- 
atively homogeneous. In larger application ar- 
eas, the comparative advantages of VRT are 
enhanced because specific locations requiring 
more fertilizer can be identified and thus yield 
is increased. 

Not only are net returns positive for CRT, 
they are generally greater than those obtained 
for either of the variable-rate systems for the 
distributions with medium average fertility. 
When the average fertility is 55 kg/ha, the CV 
is 50%, and the correlation coefficient is 0.6, 
net returns for CRT ($689/ha) are $30/ha 
greater than 3RT ($659/ha) and $105/ha great- 
er than the VRT system ($584/ha) for a 50 ha 
application area. The absolute level of returns 
for all three systems increases as field area 
covered increases since fixed costs are spread 
over more hectares. For a 200 ha application 
area under the above fertility conditions, net 
returns are still highest for CRT but the dif- 
ference as compared to the variable-rate sys- 
tems is much smaller. The relative benefits of 
the multiple-rate method in particular increase 
with area since a larger portion of the costs 
with this system are associated with fixed 
equipment costs. CRT is also more profitable 
for areas with a fertility CV equal to 25% 
regardless of average fertility, except in the 
case of a larger application area of high fer- 
tility. Without the variation within the field, 
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Table 4. Break-Even Application Area for Alternative Methods and Cost Assumptions 

Fertility Distn. Cost Assumptions Break-Even Area (ha) 
Parameters Threshold 

Mean Years of Discount Application 
(kg/ha) CV (%) Life Rate CRT 3RT VRT Areaa 

80 50 5 5 5 8 28 125 
10 8 10 33 145 

10 5 5 7 18 75 
10 6 8 23 95 

25 5 5 20 33 107 485 
10 25 40 123 555 

10 5 20 30 69 285 
10 25 36 86 355 

55 50 5 5 1 3 10 420 
10 2 3 11 480 

10 5 1 2 6 250 
10 2 3 8 310 

25 5 5 4 6 23 510 
10 5 7 26 280 

10 5 4 6 15 300 
10 4 7 18 375 

a Application area at which net returns for multiple-rate VRT is greater than constant rate method (CRT). 

the benefits of breaking up the field into small- 
er MU's are not significantly greater than the 
costs except when spread over a large area. 
The multiple-rate system is preferred only for 
large application areas. While the relative net 
returns rankings indicating a preference for 
CRT over VRT were expected for more ho- 
mogeneous fields, the unexpected high rela- 
tive net returns with CRT for the variable 
fields with low average fertility are due to the 
large gains from applying even the average 
amount of fertilizer on such fields. 

The relative rankings of net returns change 
with application area as the costs of variable- 
rate technology are allowed to be spread over 
a larger area. The break-even annual appli- 
cation areas for the three methods are listed 
in table 4. CRT and 3RT can be justified even 
for high-average-fertility fields at a very small 
scale (less than 10 ha) while the high tech- 
nological costs involved with multiple VRT 
require larger application areas in order to 
break even. Application costs are covered by 
the revenue gains at areas much smaller than 
operated by most commercial farmers. Sig- 
nificant changes in the discount rate and years 
of life for equipment have a relatively minor 
effect on the break-even application area for 
the multiple-rate system only. The major fac- 
tor determining the break-even areas are the 
characteristics of fertility distribution within 
the field and not the cost determinants. The 
application area at which the multiple-rate 

method becomes more profitable than CRT 
significantly increases with decreases in av- 
erage fertility and variability. For example, 
assuming five years of life for equipment, a 
field with an average fertility of 80 kg/ha, and 
assuming a 5% discount rate suggests the 
threshold field size is 125 ha for a field dis- 
tribution with 50% CV and 485 ha for a 25% 
CV. 

Environmental Impacts 

While there may be positive net farm benefits 
of variable-rate technology for certain indi- 
vidual farmers, a major off-farm advantage of 
precision technologies is the reduction in the 
level of polluting residuals. The improvement 
in environmental health associated with such 
technology may be sufficient to warrant the 
expenditure of public funds to encourage their 
adoption.1 

The environmental impacts associated with 
variable-rate technology were determined us- 
ing a nitrogen budget developed by Barry, 
Goorahoo, and Goss. The model assumes that 
all excess N will be lost by leaching to 
groundwater where the potential leaching loss 
is the difference between N inputs (seed, fer- 
tilizer, and atmospheric deposition) and N out- 
puts which for a cash crop farm with crop 
residues remaining on the field is equal to the 
N removed in harvested crops. The excess N 
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Table 5. Average (Standard Deviation) 
Levels of N in Groundwater for Alternative 
Application Methods (mg L-1) 

Fertility Distn. 
Parameters Application Method 

% Change 
Mean in VRT 
(kg/ha) CV (%) CRT VRT from CRT 

80 50 56.1 49.9 -11.1 
(14.3) (36.3) 

25 49.3 46.2 -6.2 
(12.3) (6.1) 

10 43.0 40.7 -5.3 
(17.1) (30.5) 

55 50 49.7 44.9 -9.6 
(22.7) (14.8) 

25 51.3 48.1 -6.2 
(14.1) (7.9) 

10 52.1 49.8 -4.2 
(5.3) (3.9) 

30 50 44.8 28.5 -36.3 
(11.6) (18.3) 

25 48.8 37.4 -23.3 
(15.8) (20.7) 

10 50.7 42.6 -15.4 
(19.7) (18.1) 

(mg L-') was calculated for each cell in a 
given field based on the application rate and 
yield gain for that cell as determined earlier. 
Other assumptions necessary to determine N 
concentration in groundwater such as N con- 
centration in crop dry matter are contained in 
Barry, Goorahoo, and Goss. 

The leaching losses associated with CRT 
and VRT systems under alternative field fer- 
tility distributions are listed in table 5. The 
absolute levels of excess N are highest under 
fields with high average fertility and high var- 
iability. While yield levels plateau given the 
nature of the assumed production response, N 
input levels, including both N rate and inher- 
ent N levels in the soil, increase with average 
fertility. Increases in variability also increase 
the number of cells with high N input levels 
which are not offset by yield increases which 
remove N. The opposite is true for fields with 
low average fertility. Yield gains, and thus N 
removal rates, are maximized in cells with 
fertility levels of N less than 29.5 kg per ha 
from the application of N at 167 kg per ha. 
Thus, N removal rates by the crop are high 
and total N input levels are relatively low for 
a number of cells with a low average and high- 
variability fertility distribution. 

Under all fertility distributions, the VRT 
system results in significantly less excess N 

than the constant-rate application method. Av- 
erage application rates and yield gains are 
higher under VRT than CRT in high-average- 
fertility fields as areas in the field requiring 
fertilizer can be identified (see table 1). The 
removal of N by the higher crop output levels 
more than offsets the higher average appli- 
cation rate resulting in a reduction in excess 
N. Groundwater quality is also improved with 
VRT in low-average-fertility fields but the re- 
sponse is due to the significant reduction in 
N inputs as yield levels are very similar be- 
tween the two application methods. In the 
low-average-fertility fields, VRT allows cells 
in the field to be identified that do not require 
the maximum application rate. The environ- 
mental benefits of VRT decline with increases 
in average soil fertility as the marginal in- 
creases in the removal rates of N decline due 
to the diminishing marginal productivity of 
total N associated with the assumed fertilizer 
response function. These benefits increase 
with field fertility variability as VRT allows 
input levels to be targeted to the productivity 
of a cell in the field. In contrast, the number 
of cells in which N input levels associated 
with the single application rate of CRT are 
greater than the removal rates from yield 
gains, and thus excess N, will increase with 
spatial variability in fertility. 

Summary 

This article calculated net returns for three 
different application methods for nitrogen fer- 
tilizer on corn: constant rate, three-rate, and 
multiple-rate technologies. Fertilizer cost for 
alternative distributions and information and 
application costs with each method were de- 
termined and then deducted from the revenue 
gains to determine the net returns. Net returns 
are positive under each cost scenario for the 
constant rate and three-way application sys- 
tems. The multiple-rate system also generated 
positive net returns at application areas much 
smaller than most commercial farms. How- 
ever, a single constant was generally more 
profitable than either variable-rate system for 
fields with low-average fertility or low spatial 
variability. Net returns for the multiple-rate 
method eventually became larger than those 
for CRT as the application area over which 
the fixed costs could be spread became larger. 
The application area at which the relative prof- 
itability between the two systems changed 
was largely determined by the characteristics 
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of the fertility distribution rather than by as- 
sumptions made in calculating costs such as 
the level of the discount rate. 

The distribution of soil fertility within a 
field also influences the environmental ben- 
efits of variable-rate technology. Potential 
leaching losses are reduced under VRT for all 
fields exhibiting some spatial variability since 
deficiencies and excesses in N application are 
avoided. However, the extent of the reduction 
in leaching decreases with increases in aver- 
age fertility as the marginal increases in the 
removal rates of N decline due to the dimin- 
ishing marginal productivity of total N asso- 
ciated with the assumed fertilizer response 
function. The environmental benefits of var- 
iable-rate technology increase with field fer- 
tility variability due to the relative increases 
in fertilizer use efficiency as compared to a 
single application rate method. Suggestions 
for extending the analysis in future research 
include (i) consideration of uncertainty about 
soil quality or prices, (ii) sensitivity with re- 
spect to relative prices, (iii) inclusion of other 
soil quality factors and inputs; and (iv) the 
consideration of additional inputs such as P, 
seed, or pesticide, the rates of which will also 
vary with field location. 

[Received July 1997; 
accepted November 1998.] 

References 

AshTech Ag-Navigator Price List. EO.B. Sun- 
nyvale CA, 1996. 

Barry, D.A.J., D. Goorahoo, and M.J. Goss. "Es- 
timation of Nitrate Concentration in Ground- 
water Using a Whole Farm Nitrogen Bud- 
get." J. Environ. Quality 22(October-De- 
cember 1993):767-75. 

Carr, P.M., G.R. Carlson, J.S. Jacobsen, G.A. 
Neilson, and E.O. Skogley. "Farming Soils, 

Not Fields: A Strategy for Increasing Fertil- 
izer Profitability." J. Prod. Agr. 4(January- 
March 1991):57-61. 

Kachanoski, R.G. "Variable Rate Technology for 
N fertilizer Application." Annual Report 
Submitted to the Agriculture Canada Green- 
plan Program, December 1994. 

Kachanoski, R.G., and E.G. Beauchamp. "Nitro- 
gen Soil Test for Corn." Ontario Ministry of 
Agriculture and Food, Dept of Land Re- 
source Science, University of Guelph, 1991. 

Kachanoski, R.G., and G.L. Fairchild. "Field 
Scale Fertilizer Recommendations: The Spa- 
tial Scaling Problem." Can. J. Soil Sci. 

76(February 1996):1-6. 
Khanna, M., and D. Zilberman. "Precision Tech- 

nologies and Nonpoint Pollution Control." 
Paper presented at AAEA annual meeting, 
San Antonio TX, 28-31 July 1996. 

Lowenberg-DeBoer, J.L., and S.M. Swinton. 
"Economics of Site-Specific Management in 
Agronomic Crops." Staff Paper, Department 
of Agricultural Economics, Michigan State 
University, November 1995. 

Ontario Ministry of Agriculture, Food and Rural 
Affairs. 1995-1996 Field Crop Recommen- 
dations. Publication 296, 1995. 

Sawyer, J.C. "Concepts of VRT with Consider- 
ation for Fertilizer Application." J. Prod. 
Agr. 7(April-June 1995):195-201. 

Vieira, S.R., J.L. Hatfield, D.R. Nielson, and J.W. 
Biggar. "Geostatistical Theory and Appli- 
cation to Variability of Some Agronomical 
Properties." HIGARDIA 51(June 1983):1- 
75. 

Webster, R. "Quantitative Spatial Analysis of Soil 
in the Field." Advances in Soil Science, vol. 
3, pp. 1-75. New York: Springer-Verlag. 

Wollenhaupt, N.C., R.P. Wolkowiski, and M.K. 
Clayton. "Nutrient Management Mapping 
Soil Test Phosphorus and Potassium for Var- 
iable-Rate Fertilizer Application." J. Prod. 
Agr. 7(October-December 1994):441-48. 


	Article Contents
	p. [914]
	p. 915
	p. 916
	p. 917
	p. 918
	p. 919
	p. 920
	p. 921
	p. 922
	p. 923
	p. 924
	p. 925
	p. 926
	p. 927

	Issue Table of Contents
	American Journal of Agricultural Economics, Vol. 81, No. 4 (Nov., 1999), pp. 761-994
	Front Matter
	What Causes Commodity Price Backwardation? [pp. 761-771]
	A Dynamic Analysis of Land Prices [pp. 772-784]
	Agricultural Graduate Earnings: The Impacts of College, Career, and Gender [pp. 785-800]
	Are Eco-Labels Valuable? Evidence from the Apparel Industry [pp. 801-811]
	An Econometric Analysis of the Costs of Sequestering Carbon in Forests [pp. 812-824]
	Environmental Externalities and the Optimal Level of Market Power [pp. 825-833]
	Adverse Selection in Crop Insurance: Actuarial and Asymmetric Information Incentives [pp. 834-849]
	Simple Nonparametric Tests of Technological Change: Theory and Application to U.S. Agriculture [pp. 850-864]
	Input Demands and Inefficiency in U.S. Agriculture [pp. 865-880]
	A Soil-Quality Index and Its Relationship to Efficiency and Productivity Growth Measures: Two Decompositions [pp. 881-893]
	Using Cross-Section Data to Adjust Technical Efficiency Indexes Estimated with Panel Data [pp. 894-901]
	The Nonparametric Risk-Adjusted Efficiency Measurement: An Application to Taiwan's Major Rural Financial Intermediaries [pp. 902-913]
	Economic Feasibility of Variable-Rate Technology for Nitrogen on Corn [pp. 914-927]
	Evaluation of Price Policy in the Presence of Water Theft [pp. 928-941]
	Price Information and Bidding Behavior in Repeated Second-Price Auctions [pp. 942-949]
	On Interpreting Inverse Demand Systems: A Primal Comparison of Scale Flexibilities and Income Elasticities [pp. 950-958]
	The Effect of Income and Food Programs on Dietary Quality: A Seemingly Unrelated Regression Analysis with Error Components [pp. 959-971]
	Two-Step Estimation of a Censored System of Equations [pp. 972-982]
	Books Reviewed
	Review: untitled [pp. 983-984]
	Review: untitled [pp. 984-985]
	Review: untitled [pp. 985-987]
	Review: untitled [p. 987]
	Review: untitled [pp. 987-989]

	Necrology [pp. 990-992]
	Back Matter [pp. 993-994]



