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SPATIAL VAKIABILITY ANALYSIS: A FlltST STEP IN SITE-SPECIFIC MANAGEMENT 

C. A. Cambardella, Soil Scientist 
T. S. Colvin, Agricultural Engineer 

D. B. Jaynes, Soil Hydrologist 
D. L. Karlen, Soil Scientist 

USDA-ARS 
National Soil Tilth Laboratory (NSTL) 

Ames, lA 

Part I. Can management affect the spatial pattern of soil fertility variables? 

Abstract 

Small-scale spatial variability of selected soil-test parameters in two adjacent central Iowa fields is 
discussed. We used semivariance analysis to detect the distance to which parameters were correlated 
and to estimate the strength of each correlation. Distinct differences in spatial dependence patterns 
were observed for the two farming systems. 

Background 

Precision agriculture requires three primary components: (I) global positioning to know where 
equipment is; (II) real-time mechanisms for controlling nutrient, pesticide, seed, water, or other crop 
production inputs; and (Ill) agronomic knowledge bases to develop an appropriate input response to 
various site-specific conditions. Technologies associated with requirements I and II are well advanced 
compared to development and interpretation of databases needed to obtain the full economic and 
environmental benefits of precision agriculture. 

Franzen and Peck (1995) said that coping with soil variability is an old challenge facing farmers and 
agricultural researchers. They also acknowledged that, long ago, extensive soil sampling was 
recognized as a basis for site-specific fertilizer application. However, as fertilizers became less 
expensive, it was simpler to treat entire fields than to complicate the process with spot application. As 
a result, soil sampling methods were generally based on fmding an average for a field or field 
segment The development of computer-controlled fertilizer application equipment and global 
positioning systems has renewed challenges to develop efficient sampling and mapping procedures that 
accurately define spatial variability (Wollenhaupt et al., 1994; Franzen and Peck, 1995; Pierce et al., 
1995). 

Several management-related (controllable) and natural factors affect soil fertility (Karlen and Sharpley, 
1994) and contribute to the spatial variability encountered within a sampling area (Cambardella et al., 
1994). Landscape position, especially through its impact on water relations, is a major natural factor 
that affects not only soil fertility parameters, but also crop growth and yield (Pierce et al., 1995). 
Tillage, crop rotation, and the application of manure or fertilizer are controllable factors that can have 
a major influence on physical, chemical, and biological parameters within a soil. 

Recent studies, conducted to fmd appropriate soil-test sampling protocol for precision agriculture, have 
suggested that grid points should not be spaced more than 200 to 300ft apart (Wollenhaupt et al., 
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1994; Franzen and Peck, 1995; Pierce et al., 1995). However, those studies were not conducted in 
fields with grid points located closer than 75ft, and there was no indication that animal manure or 
municipal sludge was being applied to any of the sites. 

The objective for this study was to examine spatial variability in soil test parameters within four- and 
six-ac segments of adjacent 40 ac fields that had distinctly different long-term management histories. 
A 50-ft grid spacing was chosen to correspond to plot dimensions for which crop yield was being 
measured The reason for doing this is to find the appropriate grid size for sampling these fields and 
to see if they differ. 

Methods and materials 

Field histories 
The four-acre sampling area was located in the center of a 40-ac field managed for the past 25 years 
in a five-year corn (Zea mays L.)-soybean [Glycine max (L.) Merr.]-com-oat (Avena sativa L.)-mixed 
hay rotation with ridge-tillage for row crops and manure/municipal sludge as the primary nutrient 
source (Alternative System). Total N-P-K application (1984-1993) was 1660-460-1590 lb. ac·1• The 
six-acre area was located within an adjacent 40-acre field that has been in a two-year, conventionally 
tilled and fertilized com-soybean rotation since 1958 (Karlen et al., 1995). Total N-P-K application 
for 1984 through 1993 was 720-170-430 lb. ac·1 for the conventional system. The fields are located in 
a Clarion-Nicollet-Canisteo soil ~iation that developed in calcareous glacial till deposited during 
the Cary substage of glaciation about 14,000 years ago. 

Sampling design 
Three, two inch diameter soil cores were collected within a 3-ft radius at each grid point with a 
hydraulic soil sampler. Cores were broken into 0 to 2-, 2 to 4-, 4 to 8-, and 8- to 12-in depth 
increments and similar segments were mixed to give one sample per depth increment Samples were 
air dried, crushed, passed through a 2-mm sieve, and analyzed for pH, Bray extractable P, 
exchangeable K, Ca, and Mg, and total organic C and N. Com grain yield was measured in 50-ft 
increments, centered on each grid point with a modified commercial combine with a three-row 30-in 
header (Colvin, 1990). The Conventional System grid was sampled in 1992 and the Alternative 
System grid in 1993. To compensate for yearly differences in yield because of this, relative grain 
yield for each grid point was computed by dividing grid point yields by the average for each sampling 
grid. 

Results and discussion 

Almost every soil-test parameter showed significant farming system differences at every sampling 
depth. This was not unexpected because nutrient management, crop rotation, and tillage practices were 
distinctly different for the two fields. In addition, the results may reflect year to year variability 
because the two systems were sampled in different years. The year of sampling probably affected crop 
yield more than the soil parameters. When the yields were adjusted for seasonal differences, relative 
yields between the two systems weren't significantly different 

Spatial patterns of the soil variables were distinctly different for the two farming systems although 
there was no consistent spatial pattern at either site with depth of sampling. Soil pH, total organic C 
and total N had strong spatial correlations for the Conventional system. Spatial correlation means that 
you can predict a measurement of some property at a predicted distance based on another 
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measurement Previous research conducted m conventionally managed com/soybean systems showed 
similar trends (Cambardella et al., 1994). For the Alternative system, Bray's P, Ammonium-N, and 
extractable Mg had strong spatial correlations. 'The strong spatial dependence of P and ammonium-N 
is likely a result of long-term manure application at this site. It has been thought that dependent soil 
variables with strong spatial correlations may be controlled by intrinsic variations in soil characteristics 
such as texture and mineralogy, whereas extrinsic variations, such as fertilizer application and tillage, 
may control the variability of soil properties that display weaker correlations (Rao and Wagenet, 1985; 
Cambardella et al., 1994). The results presented here suggest that this may be true only for 
conventional systems with rotations of one or two crops, intensive tillage, and high chemical inputs. 
Extrinsic factors, such as crop rotation and manure application, appear to play a larger role in 
controlling strong spatial dependence for systems with more than two crops, less-intensive tillage, and 
low chemical inputs. This means that management of fields may play a role in choosing appropriate 
sampling plans. 

Summary and conclusions 

This study was undertaken to examine the small-scale spatial variability of selected soil-test parameters 
for two adjacent field sites with known long-term soil and crop management histories. The study 
showed significant farming system effects, which were expected because of distinct differences in crop 
rotation and nutrient management practices. Semivariance analysis was used to find the distance to 
which soil-test parameter values were spatially correlated and to estimate the strength of that 
correlation. Distinct differences in spatial dependence patterns were observed for the two farming 
systems. For the Conventional system, soil properties exhibiting strong spatial dependence were 
spatially related across distances that spanned several soil map units and were correlated with intrinsic 
soil characteristics. Strong spatial dependence occurred at a smaller scale for the Alternative system 
site and may be related predominantly to tillage and nutrient management strategies. 

These results have important implications for how and when site-specific information should be 
collected and interpreted. Most of the spatial variability at the Conventional site could have been 
captured by using relatively coarse grid-spacing, larger than the 200-300 ft recommended in the 
literature. The Alternative system would require a finer grid-spacing to describe the smaller-scale 
spatial variability occurring at this site. The strong small-scale spatial dependence exhibited at the 
Alternative site may suggest temporal variability as well, because the soil biochemical processes 
responsible for nutrient transformations vary across the growing season. On the other hand, strong 
spatial dependence at the Conventional site seems to be related to intrinsic soil characteristics that 
don't change across the growing season. 
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Part n. Can soil biochemical data explain year to year yield variability? 

Abstract 

Multiple linear regression analysis was used to relate crop yield patterns observed over a 7-yr period 
(1989-1995) with patterns in soil properties measured in 1994 for one field in central Iowa. Our 
results emphasize the importance of soil structure in defining water relations in agricultural systems. 

Background 

Technological advances in recent years have led to the development of accurate, inexpensive yield 
monitors and equipment for variable-rate application of fertilizer and agricultural chemicals. Detailed 
maps of spatial yield patterns are confirming that crop yields aren't uniform ac~ agricultural fields. 
Colvin et al. (1996) describe the yield patterns for com and soybeans in rotation after six consecutive 
years within a single field They found that certain locations within the field had either consistently 
high, consistently low, or erratic yields when compared to whole-field averages. 11lese patterns of 
yield are probably controlled by soil properties and moderated by the interaction of climate and weed, 
insect, disease, and management pressures (Jaynes and Colvin, in review). 

Understanding the spatial distribution of soil attributes that affect yield pattern is important for the 
development of site-specific management systems for crop production that reduce environmental 
contamination while maintaining economic viability. Many soil properties that influence productivity 
exhibit high spatial and temporal variability (Cambardella et al., 1994). Quantification of this 
variability is complicated by the practice of arbitrarily delineating the boundaries of agricultural fields 
with little regard for variation in soil type, landscape characteristics, or drainage class. 

The objective of this study was to functionally relate crop yield patterns observed over a 7-yr period 
(1989-1995) with patterns of soil properties measured in 1994 for one field in central Iowa. We will 
use information from this analysis in the development of soil quality indices related to crop production 
for this field site. . 
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Methods and materials 

Field histories 
Data was collected from a 40-ac field in Boone Comtty, Iowa, cropped with a two-yr com-soybean 
rotation since 1958 (Karlen et al., 1995). Tillage has been based on the chisel plow and the field 
cultivator since 1981. Total N-P-K application for 1981 through 1995 was 15040-80 lb. ac·1yr·1• The 
field is located in a Clarion-Nicollet-Canisteo soil association that developed in calcareous glacial till 
deposited during the Cary substage of glaciation about 14,000 years ago. 

Sampling design 
Crop yield was measured for seven consecutive years starting with com in 1989. Yield data was 
collected in 65ft X 7.5 ft (three-row) areas from eight transects along the E-W axis of the field with a 
small commercial combine (Colvin, 1990). The yield data was used to identify thirteen sampling 
locations having consistently high, low, or erratic yields (Colvin et al., 1996). Soil parameters were 
measured to a depth of six in. at these locations in 1994. Bulk density, organic C, aggregate stability, 
soil texture, and gravimetric water content (SM1 for the 0-3 in. depth increment; SM2 for the 3-6 in. 
depth increment) were quantified for soil core samples brought back to the laboratory. Volumetric 
water content, cone index, uniformity coefficient, infiltration, runoff, field respiration, electromagnetic 
conductance, earthworm numbers, and weed density were estimated in situ for each of the 13 sampling 
locations. 

Reg~on analyses 
We used two multiple linear reg~on procedures, stepwise linear regression (STEP) and maximum 
r-improvement regression (MAXR) (SAS, 1985) to analyze the effect of the soil properties 
(independent variables) on crop yield (dependent variable) variability. Using this approach, we fomtd 
the set of soil parameters that contributed most to yield variation for any given year. 

We used the reg~on coefficients for each model to simulate crop yield for the corresponding year. 
The difference between observed and simulated yield was evaluated to fmd the most accurate model 
simulation for that year. 

Results and discussion 

The MAXR reg~on analysis most accurately simulated yield six out of the seven years compared 
with the STEP analysis. Stepwise regre&e;ion analysis predicted yield most accurately for 1993, a year 
in which precipitation levels were very high in Iowa. The reg~on models always did a better job 
of predicting soybean yield than com yield. This may be because the soil parameters were quantified 
in a year when the field was cropped to soybeans. Yield predictions were least accurate for the sites 
where yields were consistently low for the 7-yr period. For the consistently high and erratic sites, the 
models did a fairly good job of simulating yield. 

Aggregate stability contributed significantly to yield variability each year; bulk density, soil moisture, 
and soil texture in four out of seven years. These results emphasize the importance of soil structure in 
defming water relations in the soil-root-plant system. 

Summary and conclusions 

Detailed maps delineating the spatial pattern of crop yield are now po&e;ible because of recent advances 
in computer technology coupled with· state-of-the-art machinery for planting and harvesting. A more 
quantitative mtderstanding of the spatial patterns of soil properties is needed to make informed 
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decisions about how to change agriculnual management practices to improve yields of low yielding 
field areas. Tile goal of this &1:udy was to functionally relate crop yield patterns observed over a 
seven-yr period ·(1989-1995) with patterns in soil properties measured in 1994 for a field in Boone 
County, Iowa. Information from this analysis will be used in the development of soil quality estimates 
concerning crop production for this field site. 

Multiple linear regression analysis was used to analyze the effect of soil properties on annual yield 
variability. The regression coefficients for each best-fit model were used to simulate crop yield and 
the results were compared with observed yields for the corresponding year. 

The models always did a better job of simulating soybean yields than com yields. Simulated yields 
differed most from observed values for the sites where yield was consistently low for the seven-year 
period The models simulated yield fairly accurately for all other sites. 

We are interpreting the results of this &1:udy with great caution because there are severe limitations to 
applying multiple linear regression analysis when the number of dependent variables exceeds the 
number of observations. Simulated and observed values for yield are given for rough comparisons 
only. The most significant result of this study was the fact that aggregate stability was strongly 
correlated to yield variability in each of the seven years. This result, even if interpreted strictly 
qualitatively, emphasizes the importance of soil aggregate structure in defining water relations in 
agriculnual systems. · 

These studies are continuing at this field site and at other field sites throughout Iowa. The spatial 
pattern of crop yield differs from year to year because of the interaction of variable soil parameters 
and climate. Systematic grid sampling for soil attributes and yield has been ongoing for a field site in 
central Iowa since 1992. The field is sampled once each year after harvest. This study will capture 
longer-term changes in spatial patterns of soil attributes and how they correlate with changes in yield 
pattern. In addition, we are grid sampling another field site frequently during the growing season to 
capture the seasonal dynamics of spatial pattern for soil parameters. In the future, we will be 
integrating climate variables into these models and exploring the use of more sophisticated 
mathematical tools to better defme the interaction of soil and climate variables and their combined 
effect on crop yield: 
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Part m. Electromagnetic induction as a mapping aid for precision farming 

Abstract 

A major expense in applying precision farming is in development of field maps detailing soil 
attributes. Electromagnetic induction techniques can map soil properties quickly and cheaply. We 
have demonstrated the utility of this technology for producing detailed field maps of soil properties 
such as soil organic carbon content 

Background 

Precision farming technologies require accurate field maps of the soil characteristics that affect yield. 
Unfortunately, generation of these maps is expensive since intensive soil sampling and analyses are 
required Our research has shown that a non-contacting (soil-to-instrument) electromagnetic induction 
meter can potentially be used to reduce the cost and time required to prepare maps needed for 
precision farming. Also, these surveys may provide more detailed maps than even intensive grid 
sampling. This might better identify transitional zones of soil properties. 

Method 

Electromagnetic induction (EMI) instruments measure soil properties by generating an alternating 
magnetic field within the soil when held close to the soil surface. This alternating field then produces 
secondary magnetic fields that are linearly proportional to the soil's electrical conductivity. 
Instruments using EMI measure these secondary magnetic fields, and thus, the soil's electrical 
conductivity. Soil electrical conductivity is often determined by a soil property such as water, salt, or 
clay content Therefor, once this property is identified, an EMI survey can be used to map this soil 
attribute, and even other related attributes, quickly and cheaply. 

Results 

We have developed two strategies for using EMI measurements in the development of information 
valuable for precision farming. The first strategy is the production of more detailed, spatially accurate 
soil maps. Detailed soil maps would improve precision farming becau-;e soil nutrient status and soil 
limitations are often a fwlction of soil type. Unfortunately, because of the scale of precision farming 
(width of chemical applicator or even the spacing between applicator knives), existing county soil 
surveys are of insufficient detail. In a case study we showed that EMI surveys can be used to 
distinguish soil types that differ primarily by drainage class. Using EMI mapping, we re-mapped a 
field at a much higher resolution and greater accuracy than provided by county soil surveys. Once 
detailed soil maps are produced, they can be used in the selection of locations for soil sampling, 
potentially reducing the number the samples required to produce accurately detailed field maps. This 
would be true if more appropriate locations can be determined from the survey, and all other available 
information, rather than using the grid sampling approach. Grid sampling can miss areas of major 
variability. 

A second strategy is to use EMI measurements as a surrogate measure of some selected soil property 
such as organic carbon content, potassium or phosphorus levels, or pH. Because these factors 
influence soil fertility, herbicide efficacy and retention, and crop yield, accurate maps of these soil 
properties might permit spatially variable chemical application rates. EMI mapping may reduce the 
number of soil samples required and reduce the time and cost required to map these attributes acr~ a 
field. For this approach to be effective, a calibration curve must first be developed between EMI 
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measurements and the property of interest In our research we have succ~y calibrated EMI 
measurements for determining soil organic carbon content Maps of soil organic carbon distribution 
can be used to fine nme herbicide applications . because soil organic carbon affects both the efficacy 
and retention of herbicide. 

Part IV. Economic opportunity in f.eld variability 

Abstract 

Partial budgets were generated for 224 locations within one field for seven years. At least 30% of the 
locations were found to have negative returns in each year. Unfortunately, the locations with negative 
returns were not always in the same place from year to year. 

Background 

One important reason for adopting precision farming teclmiques and teclmologies will be the economic 
return that can be generated. If we truly have precision, then there should also be environmental 
benefits but that is not considered in the current project This study was designed to explore the size 
of potential gain in net return that may exist and might be captured by the adoption of precision 
farming on one field. The application of precision farming ideas is new enough that it will be difficult 
to generalize the results of the project to other fields at this time. More analyses will be needed to 
find underlying management options. 

Methods and Materials 

Field histories 
The study was dane using the same field as in Part n above. 

Sampling design 
Yield data was collected as described in Part n above with all 224 locations used for calculations. 

Partial budget development 
Standard costs of production were used each year for both c~m and soybean. The only change from 
year to year was the result of different yield and com moisture levels that affected harvest and drying 
costs. The cost for com production was close to $345/acre/year while the production costs for 
soybean were close to $270. The crops were valued at $2.40/bushel for com and $5.50 for soybean. 
The breakeven yield for com was 144 bu/ac and 49 bu/ac for soybean. 

Results and discussion 

Each year showed at least 32% of the locations with negative returns but the locations of the negative 
returns were not the same from year to year. In general, this means that we cannot go to an 
individual location, make a test, and correct a "problem" with a simple management change. 

On average, 5-10% of the locations were so negative that they did not cover all of the fixed costs of 
production. 1bose locations that did not cover fixed costs tended to be more stable in location than 
the less negative locations. In industrial management theory, you shut down a factory when it does 
not cover fixed costs. You will not earn a profit unless you cover all costs, but in the short run you 
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will lose less money opemting a factory that is covering all fixed costs rather than paying the fixed 
costs and not operating the factory. 

H all the locations that gave negative returns were not included in the net retum calculations for the 
field (set individually to zero after each year), then the minimum increase in net return for the field 
was approximately $400 for this 40-acre field Because of the difficulty in solving production 
problems by location, however, this net profit potential will not be easily realized. 

Summary and conclusions 

There were opportunities each year to increase net returns on this field if the reasons for negative 
returns can be Wlderstood and removed. UnfortWlately, this may not be a simple process. 
Prescriptions written to obtain maximum net retum will probably need to be based on probabilities 
rather than certainty. It is likely that risk will be an important factor in decision making. One or two 
years of information about a field may be misleading. All sources of information that are available 
must be analyzed and explored to develop prescriptions. Optimum management strategies are not 
obvious for this field at this time. 

It appears that climate is the reason for the shifts in location of the negative returns. This suggests 
that several years of data may be required before soWld decisions can be made. Even then the 
decisions may not be optimum for each location for each year. 
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