
ABSTRACT 
 
McBRIDE, ROBERT GRABER.  Relationships between soil properties and yield 
variability and the potential for establishing management zones for site-specific 
management in North Carolina.  (Under the direction of J. L. Havlin and D. A. 
Crouse) 
 
 Ten North Carolina fields, three in the Piedmont, three in the Coastal 

Plain, and four in the Tidewater regions were sampled to ascertain if yield 

variability could be explained by soil properties and to determine if select soil 

properties could provide a practical means of establishing soil and crop 

management zones.  The soil properties investigated included apparent electrical 

conductivity, bare soil reflective aerial imagery, texture, depth, humic matter 

content, cation exchange capacity, slope, elevation, surface flow accumulation, 

plant available water, and for the tidewater soils, weight per volume, depth to 

mineral horizon, % sand of the first mineral horizon, and distance to surface 

drainage.  In every field the soil properties studied were valuable in explaining 

yield variability.  Unfortunately, the explanatory properties varied from one field to 

another making the development of a model to establish management zones 

impractical.  Soil nutrient status was also investigated.  It was found that neither 

yield nor soil physical properties explained the spatial variation of nutrients. 
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INTRODUCTION 

Agricultural fields are usually treated as management units without regard 

to field size, or the irregularity of the growing conditions within a field.  Field sizes 

and shapes are generally determined by property boundaries and physical 

features such as roads, streams, and ditches.  When fields with varying crop 

productivity are managed uniformly over and under application of inputs occurs. 

The uniform management of crops grown under spatially variable conditions can 

result in less than optimum yields due to nutrient deficiencies as well as 

excessive applications that potentially reduce environmental quality (Redulla et 

al., 1996). 

  The goal of precision agriculture is to properly manage homogeneous 

areas within a field.  Technical advances have made it possible to variably apply 

inputs within farm fields.  Nutrients deficient in a given area can be increased to 

meet the needs of the crop in that area, while areas with excess nutrients can be 

left unfertilized.  McBratney et al. (2000) states that site-specific crop 

management is conditional on 1) magnitude of variation, 2) spatial structure of 

variation, and 3) economic and environmental benefit. 

Benefits 

Accurate variable application of inputs can result in increased input 

efficiency.  Under variable, or site-specific management inputs are incorporated 

across a field at optimum levels based on site specific soil test values, rather 

than at a uniform level based the average field values.  Therefore the over and 
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under application of inputs associated with a uniform management system is 

eliminated.  Another possible benefit to the site-specific application of nutrients is 

an increase in crop yield.  Since nutrient levels are being maintained at optimum 

levels throughout the field crops are not limited by nutrients allowing the potential 

for maximum yields.  These two concepts were demonstrated by Heiniger and 

Crosier (1999) who measured an increase in yield when they performed a 

comparison between uniform and site-specific nitrogen (N), phosphorus (P), and 

potassium (K) applications in eastern North Carolina.  Approximately the same 

total amounts of nutrients were used in both the variable rate and uniform 

applications demonstrating an increase in efficiency.  If variable input application 

effectively increases yields, and/or reduces the amount of inputs used, site-

specific management could be economically beneficial.  Beckie et al. (1997) 

states that variable rate fertilizer applications can be profitable provided the yield 

variation is sufficiently large so that the added costs of collecting information and 

managing parts of fields differently can be offset with additional income from 

higher yields.  Heiniger and Crosier (1999) calculated that the increase in 

measured yield more than compensated for the increased sampling and 

application costs associated with the site-specific application. 

 It has been suggested that variable rate management practices could 

decrease adverse environmental effects by reducing the loss of agricultural 

chemicals (Bouma, 1999).  It is presumed that because low yielding areas of 

fields are not being over fertilized under a site-specific approach there will be less 

fertilizer lost to the environment.  This was demonstrated by Kitchen et al. (1995) 
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who found that variable-rate nitrogen N reduced unrecovered (N) applied to corn 

in Missouri. 

Challenges 

The technological challenges of spatially applying inputs to agricultural 

fields have been successfully overcome with equipment and services widely 

available to producers.  Although it is theoretically possible to determine the 

spatial variability of crop productivity and soil properties, and to manage nutrients 

according to this variability (Schuller, 1992), variable rate application 

technologies have not been widely adopted primarily due to difficulties involved 

with trying to subdivide fields into smaller management units (Colvin et al. 1996).  

The fundamental challenge with precision agriculture is determining how much of 

a given input to apply and where to apply it. 

Initial efforts in precision agriculture focused on soil fertility and nutrient 

management.  Fields were typically sampled in 0.5 to 3-acre square grids and 

correlations were attempted between soil test values and crop yield (Pierce et al., 

1994) and/or soil test values and soil type (Schmidt and La Barge, 1995).  These 

projects were largely unsuccessful because the grid sampling approach did not 

accurately characterize the spatial distribution of soil test levels.  Problems 

encountered with grid sampling include bias from localized irregularities and 

systematic features.  Therefore, the grid density required for meaningful 

interpretation is usually prohibitively expensive (Pocknee, et al., 1996). 
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Management Zones 

A proposed solution to the problems associated with grid sampling is the 

establishment of management zones or separating areas within fields with similar 

soil properties and crop growth parameters into independent zones.  These 

zones can then be sampled with confidence that minimal sampling will represent 

each zone.  Pocknee et al. (1996) described this directed sampling as the 

“simple technique of incorporating prior knowledge about soil variability into the 

sampling design to match sampling distribution and intensity with known soil 

patterns.”  For example, in a study using three North Dakota fields (Franzen et 

al., 1996) determined that landscape sampling for nitrate-N may potentially 

reduce the number of samples needed within a field compared to the number 

needed for similar correlation using grid sampling, while approximating nitrate-N 

levels as well as or better than a grid.  In a similar study, Franzen et al. (2000) 

determined that zones based on topography significantly reduced the amount of 

sampling required and that variable-rate N applications were profitable provided 

soil N variability was great enough. 

Management zones have been delimitated by a variety of means.  

Fleming et al. (2000) used aerial images of soil color, topography, and farmers 

management experience in two irrigated Iowa cornfields.  Nitrogen inputs and 

soil sampling were reduced while yields remained unchanged. 

From a management standpoint, it is imperative to understand yield 

variability since most nutrient recommendations are based on expected yield 

levels.  In precision agriculture one is, therefore, attempting to variably apply 
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nutrients based on the spatial distribution of expected yield.  Determining the 

expected yield at every location has proven difficult.  A decade of yield 

monitoring experience has revealed tremendous instability in yields within fields 

and between seasons (Swindell, 1996).  The determination of high and low 

fertility areas within a field by grid sampling was initially expected to correlate 

with these areas of high and low yield.  It was reasoned that nutrient levels could 

be adjusted to match spatial variation in expected yield.  Conversely, it was 

reasoned that areas of low yield were being limited by fertility.  Unfortunately, the 

expected relationship between soil fertility levels and crop yield was often found 

to be very weak, if it existed at all.   Many researchers have found the disparity 

between fertility and yield to be so great as to make nutrient recommendations 

based on expected yield variation unadvisable (Everett and Pierce, 1996). 

Sources of Yield Variability 

Nutrients 

There are many causes of yield variability besides nutrient status.  If a 

nutrient limits crop growth in parts of a field reduced yields will result.  As stated 

above, explaining yield variability with only soil fertility has met with mixed 

results.  For example, on a dry land, small grain field in eastern North Dakota a 

50-foot grid-sampling scheme effectively quantified soil fertility variability 

(Wibawa et al., 1993).  Fertilization based on the soil test resulted in the greatest 

average yield two out of three years.  Mulla and Bhatti (1997) also found 

intensive soil sampling to be an acceptable method of creating soil management 
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zones in eastern Washington winter wheat.  In both cases, grid sampling was 

found to be prohibitively expensive. 

Other researchers have not had as much success basing fertility 

recommendations on soil tests.  Beckie et al. (1997) conducted a three-year 

study in Saskatchewan where flax, wheat, and canola were grown.  Varying 

fertilizer rates according to management zones based strictly on available nitrate-

N levels might not be profitable.  Again, fertility will only explain yield variability if 

nutrients are limiting crop growth; however, many factors contribute to varying 

nutrient levels.  Froment et al. (1996) attributed within field variation in N, P, K, 

and Mg in grassland fields in the United Kingdom to variations in soil type, depth, 

animal waste and fertilizer applications, and variations in productivity resulting in 

differential nutrient availability.  Karlen et al. (1999) looked at plant emergence 

and growth, insect pressure, and yield components.  Spatial variability was 

evident in most parameters, but in general, the variation appeared to be closely 

associated with landscape position and soil classification. 

 

Landscape 

Many soil and landscape factors affect yield variability.  Soil texture, 

structure, depth, salinity, organic matter (OM), and field slope, and aspect affect 

yield through water holding capacity or by how nutrients and pesticides are 

retained.  Karlen et al. (1999) conducted a study in which plant emergence and 

growth, insect pressure, and yield components were evaluated.  Spatial 

variability was evident in most parameters, but in general, the variation in yield 
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appeared to be closely associated with landscape position and soil classification.  

It was suggested that factors related to soil water, pH, and erosion were better 

candidates for site-specific management rather than just differentially applying 

nutrients.  Robert et al. (1996) determined that soil depth was the most important 

factor influencing wheat yield variability.  Khakural et al. (1996a) working in 

glacial soils in Minnesota, found that corn yield was correlated to “A” horizon 

depth, depth to carbonate, slope gradient, water storage in the 0 to 1-m profile, 

elevation, and aspect.  In the same study, soybean yield was correlated to 

carbonate depth, surface silt and OM, texture, slope gradient, slope aspect, and 

profile curvature.  Depth to carbonate was the most significant variable affecting 

corn and soybean yields (Gollany et al., 1992).  Carbonate depth was correlated 

with “A” horizon thickness and soil water storage in the surface 1 m of soil.  

Yields and depth to carbonate were used as management zones.  Management 

zones based on these soil properties were thought to be better for fertility 

management than crop yields.  Khakural et al. (1996b) had some success 

predicting corn yield based partially on soil physical properties in Minnesota.  In 

the Palouse area of eastern Washington on summer fallow wheat, Mulla and 

Bhatti (1997) found surface soil OM to be a moderately sensitive indicator of 

spatial patterns in N fertilizer requirements, but was highly sensitive to variations 

in P requirements.   In their study, economic optimum N rate and yield response 

were correlated with elevation and soil color at one site, while economic optimum 

N rate was related to slope gradient at another site.  These examples serve to 
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demonstrate that many soil properties contribute to yield variability, and that 

these factors vary from one location to another. 

 Landscape position has proved instrumental in explaining yield variability 

in many cases.  Wibawa et al. (1993) found that yields differed with management 

units based on landscape position.  Yields were higher on footslopes than 

backslopes, which had higher yields than summit positions.   Khakural et al. 

(1999) also found landscape position to be related to corn and soybean yields.  

Fiez et al. (1994a, 1994b) found 63% of the yield potential could be explained by 

landscape position in dry land systems in the Palouse region of eastern 

Washington.  However, they did find that landscape position was not an 

adequate criterion for dividing fields into equal productivity units.  Fiez et al. 

(1995) found that the amount of N required to produce a unit of yield was most 

associated with differences in landscape position due to differences in N uptake 

efficiency.  Differences in efficiency were credited to N leaching.  Similarly, Nolan 

et al. (1995) found in an Alberta study that yield increases due to fertilizer 

additions were related to landscape position.  Responses were greater on 

footslope positions than on back or summit/shoulder positions.  Cassel et al. 

(1996) suggested that the reason for greater biomass and grain yield in concave 

footslopes in a North Carolina Coastal Plain soil were due to greater soil moisture 

from runoff accumulation. They noted that in wet years crop yields were severely 

reduced by excessive water in this landscape position.  Afyuni et al. (1993) made 

similar observations in a North Carolina Piedmont soil.  Footslopes were found to 

have the greatest plant available water and highest silage yields.  In an eastern 
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Washington winter wheat study, Fiez et al. (1994b) found that slope and aspect 

played an important role in determining crop productivity (yield and protein) in a 

field where grain yield varied by up to 55% across landscapes.  Yield differences 

were primarily related to differences in available soil water.  Bruulsema et al. 

(1996), working in Minnesota, found that sites varied in terms of yield and 

landscape relationships.  Similarly, Wyciskalla et al. (2000) working in two Illinois 

fields examined a large number of soil physical and chemical properties some of 

which correlated to landscape position, but not with yield.  

Many studies have made correlations between soil physical properties and 

landscape positions. In their study, Brubaker et al. (1993) found 13 soil properties 

that differed with landscape position on four fields in eastern Nebraska. Sand, 

silt, pH, calcium carbonate (CaCO3), extractable calcium (Ca) and magnesium 

(Mg), exchangeable Ca, and base saturation generally increased down slope. 

Clay content, OM, cation exchange capacity, and available K generally 

decreased down slope.  Khakural et al. (1996a) found in Minnesota glacial soils 

that elevation was correlated with texture, depth to carbonate, and nutrient levels.  

Texture and depth to carbonate were correlated with slope gradient.  “A” horizon 

thickness, depth to CaCO3, soil water storage, and texture were correlated with 

profile curvature.  Texture was correlated with aspect.  Brubaker et al. (1994) 

were somewhat successful in predicting soil properties on different landscape 

positions from observed values on the nearly level upper interfluve positions in 

four Nebraska fields.  Pachepsky et al. (2001) used digital elevation models 

(DEM’s) to estimate soil texture, which was correlated to slope and curvature in a 
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Maryland field.  Topography explained 60% of the variation in soil water, which 

was correlated to soil texture. 

Many other factors have been correlated to landscape position.  Kutcher 

et al. (1999) found wheat and canola diseases to be correlated with landscape 

position in Saskatchewan.  Sutherland et al. (1993) working in a Saskatchewan 

irrigated wheat field found that elevation was the single most important variable, 

explaining 26% of the variation in soil N15 and 31% of plant N15 with the lower 

elevations tending to have greater values.  There were significant relationships 

between elevation and sand, silt, and clay content, volumetric soil moisture 

content, denitrification activity, pH, and total soil N.  This was explained by water 

redistribution in the landscape resulting in low elevation areas having higher 

volumetric moisture contents and finer textures that that was assumed to have 

eroded from the surrounding hill slopes.  After a three-year study in 

Saskatchewan Moulin et al. (1999) and Beckie et al. (1997) determined that 

using management zones based on landscape position (or OM) to variably apply 

N resulted in more efficient N use than uniform N fertilizer application, or 

management zones based on soil N levels. 

 

Water 

Although many factors that contribute to variations in yield have been 

presented, in crop production the single most important factor is too much or too 

little water.  By mapping soil physical properties, one is generally trying to predict 

the availability of water to the crop.  For example, Lund et al. (2000) stated that 
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apparent electrical conductivity (ECa) could be used to indirectly measure soil 

texture and moisture that are related to water holding capacity.  Soil moisture has 

been directly correlated with landscape position (McConkey et al., 1997; Cassel 

et al., 1996; Afyuni et al. 1993).  Many studies have demonstrated the 

relationship between water and crop growth.  Blackmore et al. (1999) stated that 

in four fields in the UK, the major cause of yield variation was linked to 

differences in soil water holding capacity.  In Colorado, Morton et al. (1999) 

explained 83% of the variation in corn yield with seasonal crop water use.  Timlin 

et al. (1999) stated that although inconsistent, water holding capacity and 

drainage were the most important factors in explaining crop variability in their 

New York study.  Eash at al. (2000) observed in a Minnesota corn field that in a 

year with near-perfect rainfall the effects of soil physical properties had little 

impact on yield. 

 

Weather 

Although soil factors affect water availability to crops, the amount, 

intensity, and timing of precipitation affect how much water is stored in the soil.  

Variations in weather patterns from year to year result in temporal variability that 

is difficult to forecast.  Wibawa et al. (1993) reported that difficulties were 

encountered with estimating the productivity level of individual management units 

in that relative productivities varied greatly from year to year depending on the 

amount and pattern of rainfall.  For example, these authors state that in a wet 

year, the relative productivity of the Tonka soil series would be near zero while in 
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a dry year it could be the most productive soil in the field.  Huggins and Alderfer 

(1995) found that year-to-year climatic variation far outweighed N management 

treatments in terms of the efect on corn yield in a 33-year study in Minnesota.  In 

their Midwest corn study, Runge et al. (1999) stated that “Plant available stored 

soil water and seasonal precipitation quantity and distribution have the greatest 

effect on crop yield.”  Beckie et al. (1997) stated that soil fertility and the amount 

of water available to the crop were the two main factors affecting crop yield 

potential and thus nutrient requirement.  Nolin et al. (2000) identified soil 

properties that affected yield in their Quebec study, but found they were not 

temporally recurrent due to annual weather variations.  Because weather factors 

such as precipitation and temperature that strongly influence crop growth are 

primarily unpredictable, soil factors, that buffer water availability may prove to the 

most useful variables in explaining yield variability. 

 

Other factors 

There are a variety of factors contributing to yield variability, which have 

not been addressed.  Disease and insect damage are obvious examples.  

Competition from weeds, as well as pesticide damage, inconsistent seed 

germination, lodging, wind and hail damage, and many other factors can also 

negatively impact yield. 
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Measuring variability 

Grid sampling 

If one hopes to manage within field variability, it is necessary to quantify 

the spatial distribution of selected soil and crop factors.  For example, even under 

uniformly managed cropping systems, considerable variation in plant nutrient 

levels exists within a field (Dampney and Goodlass 1997).  To correct 

deficiencies in areas of low fertility, it is necessary to locate and quantify these 

areas within the field.  Grid sampling can be an effective method of determining 

this variability (Wibawa et al. 1993; Mulla and Bhatti, 1997), although it is 

generally not economically viable. 

 Many studies were conducted to determine optimum grid size (Franzen 

and Peck, 1995a; Franzen and Peck, 1995b; Bronson et al., 2000; Lamb et al., 

2000) and pattern (Wollenhaupt et al., 1994).  The optimal grid size is dependant 

on the spatial structure of the variable under consideration.  The 100 m square 

grid typically employed by commercial fertilizer applicators was generally found 

to be at too large a scale to be effective.  Non-grid based methods such as 

sampling by soil survey mapping units, elevation, and targeted sampling based 

on various data levels have also been investigated (Mallarino and Wittry, 2000). 

 

Yield monitors 

Harvesting equipment instrumented with yield sensors is widely available 

for many major crops.  Yield data is gathered spatially, but when collected over 

years can be used to measure temporal variability.  It would seem logical to 
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directly measure yield for several seasons and then calculate the average yield 

and fertilize accordingly.  Researchers have had little success making 

prescription fertilizer applications based on annual yield maps (Pierce et al., 

1994).  Many studies have found that yield maps are simply not reliable 

indicators of crop fertility needs.  For example, Blackmer and White (1996) found 

in an Iowa field that the lowest yielding areas had the highest positive response 

to additional N while the highest yielding areas had the greatest lowest negative 

response. 

Robert et al. (1996) stated that yield mapping appeared to be insufficient 

when used alone for site-specific N management in a three-year study in two 

small grain fields in France.  Lamb et al. (1996) conducted a five-year study in 

Minnesota where irrigated corn and corn/soybean crops were grown.  They found 

good and poor yielding areas in different locations every year and thus 

determined that the use of grain yield maps for fertilization recommendations on 

a site-specific basis would require a much longer term than the normally 

recommended five years. Porter et al. (1996) and Swindell (1997) conducted 

studies with continuous corn and corn/soybean rotations in three locations in 

Minnesota and Wisconsin, respectively.  In the three locations studied, they 

found that yield variability was three times greater for soybean and four times 

greater for corn from year-to-year than from plot to plot.  They stated that basing 

yield on individual year data would result in quite different and perhaps erroneous 

conclusions than if yield predictions were based on long-term (10-year) 

averages.  In an Iowa field, Colvin et al. (1996) conducted a six-year study where 



 15

the coefficient of variation in crop yield ranged from near 12% to over 30%.  

Relative rankings of yields between specific locations were not stable even after 

six years with only a few points in the field exhibiting a stable yield pattern.  

Robert et al. (1996) working in wheat in France stated that yield mapping 

appeared to be insufficient when used alone for specific-site N management of 

nitrogen fertilizer.  Kachanoski et al. (1996) working in Quebec stated that yield 

variably from uniformly applied N couldn’t be used to estimate the map for 

fertilizer N applications.  Davis et al. (1996) working on four corn fields in 

southwest Minnesota found yield levels from check plots (no N) were more 

accurate and precise predictors of spatial patterns than yield levels from well 

fertilized plots.  These examples point out the difficulties producers are likely to 

have using yield maps from well fertilized fields to determine N requirements. 

Other researchers have been somewhat more successful. In the Palouse 

area of eastern Washington on summer fallow wheat, Mulla and Bhatti (1997) 

found crop yields to be a particularly sensitive indicator of patterns in N fertilizer 

requirements, but insensitive to variations in P requirements.  Under irrigated 

agriculture where spatially variable drought stress is less likely, yield maps may 

be more useful.  In central Kansas, Redulla et al. (1996) were successful in using 

yield maps in determining yield goals, and thereby N requirements in irrigated 

corn.  This is likely due to the N being the next most limiting variable after water.  

Gerwig et al. (2000) working in the Coastal Plain of North Carolina, found the 

prior years yield to be the most effective of several methods for establishing 

management zones. 
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This it not to say that yield maps have no value in precision fertilizer 

management.  Yield maps will probably play a role in “smart sampling.”  

Limitations in soil physical properties will show up year to year, while other yield 

limiting problems are sporadic such as seedbed establishment, leaching, and 

denitrification (Schepers and Blackmer, 1996).  Yield maps have been used in 

combination with other spatial data to map spatial patterns and define soil 

management units (Blackmer and White, 1996; and Penney et al., 1996). 

 

Aerial soil imagery 

Aerial images of bare soil can reveal a considerable amount of information 

about soil physical properties and landscape position. Soil color is often an 

indication of elevation with eroded upslope positions exposing subsurface 

horizons and, thus, appearing in aerial imagery as different colors than lower 

depositional areas.  In a general way, soil color can provide information about 

residue cover, past erosion, soil slope, and areas of topsoil deposition, any or all 

of which are candidates for site-specific management practices (Schepers and 

Blackmer, 1996).  Black and white images effectively display surface soil OM that 

can be correlated to soil texture and landscape position.  The advantage of aerial 

photos is that they are easily obtained, cover a large area, and are relatively 

inexpensive.  McCann et al. (1996) determined that black and white aerial 

photographs could be used as a cost-effective method to delineate soil 

management units.  In a glacial till soil in Saskatchewan, management units 

made from the photos had a close relationship to intensively measured soil 
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properties related to OM.  Mulla et al. (2000) found that targeted sampling 

utilizing near infrared (NIR) images of bare soil and crop canopies resulted in 

significant savings over uniform rate lime applications. 

 

Aerial crop imagery 

Aerial images of growing crops can reveal differences in crop growth 

patterns, with a great deal of research relating crop imagery to crop N status.    

Bausch et al. (1996) working in irrigated corn in Colorado used green and NIR 

wavebands to identify and map within field N deficient areas.  Scharf and Lory 

(2000) found color aerial photos and a ground based spectral radiometer both 

could be used to assess crop N needs.  Robert et al., (1996) suggested going 

beyond yield mapping alone stating that N fertilizer rates should be adjusted and 

re-applied during the growing season.  Hendrickson and Han (2000) used color 

infrared (CIR) aerial photos to map corn N stress in Missouri.  Similarly, Solie et 

al. (2000) used ground mounted NIR and red sensors in combination with 

cumulative growing degree-days to calculate small grain N needs in Oklahoma. 

  Yield maps generated from CIR aerial images have been shown to 

correlate with maps from yield monitor data (Yang and Everitt, 2000).  Blackmer 

and White (1996) found that color aerial photos of corn revealed differences in 

soil properties.  The photos were also found to aid in yield map interpretation due 

to greater resolution of the photos.  Long et al. (1995) stated that management 

zones derived from CIR photos of the growing crop were more effective than 

methods involving soil sampling.  Anderson and Yang (1996) also generated 
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management zones from remotely sensed video utilizing the green, red, and NIR 

bands.  Similarly, Carr et al. (1991) utilized aerial and satellite images to refine 

management zone boundaries.  In addition, remote sensing has been used as a 

means of data collection for a variety of agricultural purposes from water stress 

(Barnes et al., 2000), to early detection of fungal disease (Duchesne and 

Lamkadmi, 1999), and scouting crops for pests (Blumhoff and Johnson, 2000). 

 

Soil electrical conductivity 

Devices are currently available that measure a depth weighted average of 

the soil electrical conductivity (EC), which is termed apparent electrical 

conductivity (ECa) (Cook and Walker, 1992).  The EC of a soil is a function of its 

water and salt content, as well as the soil structure, texture, and mineralogy 

(Cook and Walker, 1992).  Nugteren et al. (2000) reported an interaction 

between soil water content, soil temperature, and EC have been found to 

influence ECa (Nugteren et al., 2000).  In many fields, a single factor dominates 

the measured ECa and, thus, can be measured (Jaynes, 1996).  For example, 

soil EC instruments can be used to map soil salts in areas of high salinity. 

Jaynes et al. (1995) unsuccessfully attempted to directly correlate ECa to 

yield.  Apparent electrical conductivity has also been used to indirectly measure 

depth to clay pans (Doolittle et al., 1994).  Sudduth et al. (1995) conducted a 

study to evaluate ECa as an indicator of crop productivity variations on clay pan 

soils.  The ECa readings were found to be highly predictive of depth to clay.  

Myers et al. (2000) stated that ECa might be useful in explaining yield variations 
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in clay pan soils.  Kitchen et al. (2000) found that depth to clay was influential in 

explaining crop response to P and K.  Sudduth and Kitchen (2001) found that 

ECa and elevation were effective in establishing management zones in clay pan 

soils. 

Research has demonstrated three potential uses of ECa in regard to 

precision agriculture: pre-sampling reconnaissance; as a secondary variable for 

improving estimates of primary variables through geostatistical methods; and as 

a surrogate measure of parameters more costly to measure (Jaynes, 1996).  

Johnson et al. (2001) recommended using soil ECa to delineate distinct zones of 

soil conditions as an effective basis for soil sampling.  Bishop and McBratney 

(2001) found that they could predict soil cation exchange capacity (CEC) using 

ECa and color bare soil aerial images.  Triantafilis et al. (2001) found ECa and 

color aerial images could be used to map clay content.  Lund et al. (2000) 

successfully used ECa and yield maps to set yield goals, stating that ECa served 

as a suitable surrogate for soil water holding capacity measurements.  Accuracy 

of these devices is discussed by Sudduth et al. (2001). 

Managing variability 

Many methods have been investigated to manage yield variability.  The 

most commonly utilized approach has been the intensive sampling of a field to 

establish differences in soil fertility levels.  The soil fertility map is used as a 

guide to bring deficient areas up to optimum levels for the intended crop.  
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Commercial variable rate fertilizer application is most often based on soil test 

maps (Franzen and Peck, 1995a). 

An alternative approach to managing variability is to spatially vary cultivars 

in order to exploit conditions within management zones.  Heiniger and Dunphy 

(1999) were successful in demonstrating that different cultivars of corn and 

soybeans yielded differently in various topographical positions. 

 Variable rate seeding is a possible means of managing within field 

variability.  Areas with the potential for high yields are planted to achieve higher 

plant populations than areas of lower yield potential.  Bauer et al. (2000) working 

in Missouri found optimal corn-seeding density varied between and within fields.  

Shanahan et al. (2000) working in Colorado found that while hybrids responded 

similarly to soil variability, planting densities responded differently and 

predictably.  In their study, higher planting densities were found to be 

advantageous in higher yielding areas.   

Use of a combination of approaches will likely be necessary to develop 

practical soil management units and fertility recommendations in order to 

maximize efficiency both in reducing sampling expenses and in matching inputs 

to crop needs.  Researchers have had success using a variety of data sources.  

From the results of a study on four fields in Alberta, Penney et al. (1996) 

determined that management units could be made from intensive grid sampling 

in combination with yield maps, aerial photographs, and topography.  However, 

they felt that alternative methods to intensive grid sampling were needed to 

reduce cost.  Carr et al. (1991) used a combination of soil surveys, color infrared 
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photos, satellite images, and producer knowledge to develop management unit 

maps in central Montana.  They felt profitability could be increased over whole 

field applications by utilizing management units, soil fertility status, and yield 

goal.  Similarly, Wibawa et al. (1993) reported that the most profitable method 

was to soil sample by soil series to produce a soil map unit fertility average 

where the same yield goal was used for all units.   Blackmer and White (1996) 

stated that use of remote sensing with yield monitoring, soil testing, and tissue 

analysis could aid efforts to map spatial patterns for optimal rates of nitrogen 

fertilization within fields.  Khakural et al. (1996a) working in glacial soils in 

Minnesota felt that landscape, soil development, fertility, and productivity should 

be considered to improve fertility management.  These examples suggest that 

effective strategies are subject to the parameters of a given area. 

Objective 

Yield has proven difficult to predict.  Even when yields have been 

measured, the prediction of yield in a given year has proven elusive.  While the 

yield mean does give an indication of the long-term productivity of an area, the 

mean gives no indication of the likelihood of achieving a mean yield in any given 

year.  That is the mean yield may be the result of the combination of very high 

and very low yielding seasons, or it could have resulted from similar yields.  Both 

of these scenarios were observed within and between fields in this study.  An 

example can be seen in Figure 1.  The implication of this behavior being that 

even if an accurate mean yield were determined, the usefulness of such 
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information would be limited.  The premise of this research is that the prediction 

of yield variability would be an achievable alternative to the precise prediction of 

yield and would be more useful than the prediction of the yield mean.  The aim of 

this research is to investigate soil variables that could be used to predict yield 

variability in North Carolina soils.  In the event that a few common factors are 

found to dominate yield variability, a general model for establishing management 

zones based on these soil properties would be developed without the need for 

multiple years of yield data.  The thinking being that areas with relatively stable 

yields should grouped together as a management unit, as should areas with 

unstable yields.  Once a management zone based on yield variability has been 

established, yield estimates or field averages could then be used as part of a 

management strategy to make decisions such as nutrient requirements. 

Bell et al. (1995) stated that soil variables such as soil moisture, 

temperature, and fertility status are ephemeral properties that vary considerably 

from year to year in response to weather and management practices.  Other soil 

properties such as profile morphology and texture change little over the short 

term and therefore, reflect the long-term status. Similarly, Dampney and Moore 

(1999) state there are three factors that cause variation: 1) fixed site 

characteristics, not easily altered (e.g., soil texture and depth to rock); 2) 

persistent site characteristics, which may be altered (e.g., soil pH, soil nutrients); 

and 3) short term factors (such as weather, foliar diseases and pests).  Because 

the short term factor, weather, cannot easily be spatially forecast, this study aims 

to use fixed factors that can explain variability.  If soil physical properties can be 
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used to explain yield variability, the potential is readily available for the 

establishment of management zones.  With management zones, sampling is 

minimized and the non-persistent site characteristics of pH and fertility can be 

managed at maximum efficiency.  It was to this end that this project was initiated. 

A review of the current literature indicates that soil physical factors and 

soil water availability are the most widely credited causes of yield variation.  In 

research conducted in fields with significant relief, Brubaker et al. (1993) 

demonstrated that soil properties could be correlated to landscape position.  

Others established relationships between yield and topography in Eastern 

Washington (Fiez et al. 1994a; Fiez et al. 1994b) and Minnesota (Khakural et al., 

1999).  Given that the hilly topography of the Piedmont of North Carolina is 

somewhat comparable to that of the research fields used by Fiez et al. and 

Khakural et al., it was hoped that similar correlations between landscape and 

yield could be found.  Others, such as Franzen et al. (2000) in North Dakota, 

have successfully developed management zones based on topography. 

North Carolina Coastal Plain soils generally have loamy to sandy surface 

horizons underlain by a horizon or horizons of increased clay.  Research on 

somewhat similarly structured clay pan soils in Missouri found that depth to the 

claypan was accurately measured by EC (Doolittle et al., 1994).  Depth to the 

clay layer in Missouri was found to somewhat correlated to yield, particularly in 

dry years (Sudduth et al., 1995).  It was hoped that similar correlations could be 

found in the Coastal Plain soils of this project.  The Missouri researchers 

ultimately went on to estimate productivity (Myers et al., 2000) and to develop an 
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effective method of establishing management zones (Sudduth and Kitchen, 

2001). 

Tidewater soils in NC range from dark surfaced mineral soils to deep 

histosols.  The amount and depth of the surface OM has a profound effect on 

agricultural production (Lilly, 1981).  The mineral subsoils, which influence 

drainage, range from clays to sands and can change drastically within short 

distances.  Again, it was hoped that this research would identify specific soil 

physical properties that influence soil water and, therefore, yield variability. 

 

METHODS 

Field descriptions 

Ten fields being used for row crop production were selected for this study 

(Figure 2).  Three of the fields were in the Piedmont and comprised of residual, 

heavy textured soils on a hilly, dissected landscape.  Located in Rowan County, 

NC, the Graham field was made up of what were once smaller independent 

fields.  Five years before sampling, approximately half the area was in pasture. 

The sampled portion of this field was mapped by the Natural Resource 

Conservation Service  (NRCS) Soil Survey as 62% Mecklenburg clay loam (Fine, 

mixed, thermic Typic Kanhapludults) and 38% Enon fine sandy loam (Fine, 

mixed, thermic Ultic Hapudalfs).  The Baker and Fischer fields are also 

composites of several smaller fields, approximately half of which were in pasture 

until seven years prior to sampling.  The Baker field, located in Rowan County, 
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NC, was mapped as 71% Hiwassee clay loam 2 – 8% slope (Clayey, kaolinitic, 

thermic Typic Kanhapludults), and 29% Hiwassee clay loam 8 – 15% slope.  The 

Fischer field, located in Rowan County, NC, field was mapped as 89% Cecil 

sandy clay loam (Clayey, mixed, thermic Typic Kanhapludults) and 11% 

Mecklenburg clay loam (Fine, mixed, thermic Ultic Hapudalfes).  The three fields 

were planted in corn, wheat-soybean double crop rotation. 

Three fields in the Coastal Plain were also sampled.  Coastal plain soils 

were formed from marine and river sediments.  Fields Bottoms North and 

Bottoms South are located in the Edgecomb County.  The Bottoms North field 

was mapped by the NRCS Soil Survey as 63% Wickham sandy loam (Fine-

Loamy, mixed, semiactive, thermic, Typic Hapludult) and 37% Altavista fine 

sandy loam (Fine-Loamy, mixed, thermic, Aquic Hapludult).  The Bottoms South 

field was mapped as 65% Altavista fine sandy loam, 25% Tarboro loamy sand 

(Mixed, thermic, Typic Udipsamment), 7% Wickham sandy loam (Fine-Loamy, 

mixed, semiactive, thermic, Typic Hapludult), and 3% Roanoke loam (Fine, 

mixed, semiactive, thermic Typic Endoaquult).  These two fields are farmed in a 

corn, cotton, and peanut rotation.  The Teachers field is located in Wayne County 

and was mapped as 46% Wickam loamy sand (Fine-loamy, mixed, semiactive, 

thermic Typic Hapludults), 30% Kenansville (Loamy, siliceous, subactive, thermic 

Arenic Hapludults), 16% Lynchburg sandy loam (Fine-loamy, siliceous, 

semiactive, Arenic Paleaquults), and 8% Kalmia loamy sand (Fine-loamy over 

sandy or sandy skeletal, siliceous semiactive, thermic Typic Hapludults).  This 
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field is utilized for tillage and cover crop research.  The portions used in this 

study are farmed in a corn and cotton rotation with a small grain cover crop. 

Three of the Tidewater fields (Home, Pasture, and Harvey) are organic 

soils and are characterized by sandy horizons high in OM 35-60 cm thick 

overlaying marine sediments.  The Home field located in Hyde County was 

mapped by the NRCS Soil Survey as 57% Conaby muck (Coarse-loamy, mixed, 

nonacid, thermic Histic Humaquepts), and 43% New Holland mucky loamy sand 

(Coarse-loamy, mixed, acid, thermic Cumulic Humaquepts).  The home field 

received dairy manure for approximately 25 years with the last application having 

taken place 12 years before sampling.  The Pasture field located in Hyde County 

was mapped entirely as Belhaven muck (Loamy, mixed, nonacid, thermic Terric 

Medisaprists).  This field was used as a pasture where cattle were fed through 

the winter and hay cut in the summer for 6 years until 4 years before sampling.  

The field has since been in row crop production.  The Harvey field located in 

Hyde County was mapped as 67% Wasda muck (Fine-loamy, mixed, acid, 

thermic Histic Humaquepts), 23% Belhaven muck, and 10% Conaby muck 

(Coarse-loamy, mixed, nonacid, thermic Histic Humaquepts). These three fields 

are currently being farmed in a corn, wheat, and soybean rotation.  A fourth 

Tidewater field, Block 53, located in Carteret County was also selected.  The 

upper horizons of this field have a much higher organic content than that of the 

other Tidewater fields sampled.  Block 53 is mapped as 66% Ponzer muck 

(Loamy, mixed, dysic, thermic Terric Haplosaprists), and 34% Wasda muck 
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(Fine-loamy, mixed, semiactive, acid, thermic Histic Humaquepts).  This field is in 

a corn and soybean rotation. 

Sampling procedure 

Because this study was intended to represent large regions of North 

Carolina, it was decided that it was more important to sample a wide range of 

soils than to intensively sample any single field.  Therefore, parts of ten fields 

were sampled rather than fewer entire fields.  The advantage of sampling at 

many locations is that the data would better represent regional differences.  The 

disadvantage of this strategy is that functional management zones cannot be put 

together on any complete field. 

Approximately sixty samples were taken from each of the ten fields 

(Figure 3).  Although grid sampling is more common, sampling by transect has 

also been employed to gather spatial field data (Khakural et al., 1999).  Timlin et 

al. (1999) showed that closely spaced data taken along transects provided more 

information on the spatial structure than did data from more coarsely spaced 

grids.  Following this same principle of intensive sampling, the fields were 

sampled by transect at a 25-m spacing.  In small fields such as Bottoms North 

and Bottoms South where large portions of the fields were included, transects 

were aligned so that they in effect formed a grid.  Larger fields were sampled by 

transect.  The Piedmont fields (Graham, Fischer, and Baker) were sampled using 

two parallel transects 25-m apart and at 25-m spacing.  The Teachers field had 

been and was being utilized for a tillage and cover crop research project at the 
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time of sampling.  In order to eliminate any influence from this unrelated project 

the sample transects were all contained within the same tillage and cover crop 

treatment of that project (Figure 3). 

The sampling objective was to capture as much within field variability as 

possible.  Prior investigations had shown that ECa varied with changes in soil 

type in Block 53.  ECa was therefore utilized in the Tidewater fields and the 

somewhat similar Coastal Plain fields to determine the sampling scheme.   In the 

Piedmont, the landscape has considerably more relief.  It was suspected that in 

this region landscape position would play an important role as it had in other 

studies with similar relief.  The sampling therefore was designed to include as 

much landscape variability as possible. 

Soil samples consisted of a single 4-inch core taken with a Giddings 

probe.  For the Tidewater fields (Home, Pasture, Harvey, and Block 53), the 

uppermost horizon was separated at a depth of 20-cm (Table 1).  There was 

difficulty in identifying the plow layer in these organic soils.  Even though this 

layer was often physically indistinguishable from the material below, it was felt 

there should be a separation to measure the chemical differences resulting from 

management practices.  For all other horizons in all of the study fields, the cores 

were separated by major profile differences based on soil OM and texture.  

Indicators such as soil color and structure, which are commonly used to separate 

horizons when classifying soil, were not utilized.  Horizons that were less than 

5-cm thick were not separated due to the limited amount of sample material.  
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These thin horizons were incorporated into the adjacent horizon that they most 

resembled. 

Soil analysis 

The samples were dried, ground and passed through a 20-mm screen.  A 

portion of each sample was sent to the North Carolina Department of Agriculture 

(NCDA) Soil Testing Laboratory where they received the standard soil analysis 

which included P, K, calcium (Ca), magnesium (Mg), sodium (Na), manganese 

(Mn), zinc (Zn), copper (Cu), pH, buffered acidity, sum of cations, cation 

exchange capacity (CEC), base saturation, soil weight per volume, and humic 

acid content (Mehlich, 1984a).  Soil particle size analysis was conducted on the 

mineral samples using the hydrometer method (Gee and Bauder, 1986).  This 

analysis can be seen in Tables 2-16. 

Humic acid does not directly correlate to OM content.  This analysis is 

conducted by the NCDA because it gives an indication of the organic materials 

influence on ions in the soil solution.  However, the NCDA analysis does not 

measure humic acid beyond 10 g/100cm3.  Samples that exceed this level are 

recorded as 10+ g/100cm3.  Samples resulting in these high readings were 

extracted and diluted using the same procedure as the NCDA (Mehlich, 1984b).  

Standards read with the NCDA equipment were comparable (± 0.1 g/100cm3) to 

the readings recorded with the colorimeter used for the dilutions.  Unfortunately 

the data were inconsistent in that readings for soils above 10 g/100cm3 were not 

often repeatable.  This was likely due to inconsistencies with the extraction of the 
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samples that had high OM.  Even when the ratio of extractant to sample was 

increased as suggested by Mehlich (1984b), satisfactory results were never 

achieved.  The humic acid data was therefore treated as an indication of the 

relative humic acid content and not an exact measurement. 

Variables 

The variables selected for analysis were consistent within each region 

(Piedmont, Coastal Plain, and Tidewater).  However, not all variables were used 

for analysis in every region.   Brief discussions and summarizations of the data 

are included with the description of how each variable was generated.  These 

data descriptions are included in order to clarify why a variable was or was not 

used.  A fuller description of the data can be found in the results and discussion 

sections. 

Dividing the value of each grid cell by the mean of the whole field, then 

multiplying the quotient by 100 normalized each variable.  For example, a grid 

cell with a pH of 5 in a field with an average pH of 7 results in a normalized value 

of 71.43.  This was done to ensure that the scale of a given variable did not 

influence its contribution to the analysis.   

 

Yield Stability (YLDST) 

A combine equipped with a yield monitor measured crop yields with the 

data being recorded as points.  If a combine header is left down while no grain is 

being harvested, either because there is no grain or because the combine is not 
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moving, the yield monitor will continue to log data.  This results in points being 

created with a value of zero.  Because there were no catastrophic weather 

events, or insect or disease problems, the assumption was made that there were 

no areas within the fields that did not have grain to harvest.  Therefore, all the 

points having a value of zero were considered errors and were removed.  Also, 

points lying outside the field boundaries were assumed to be the result of GPS 

error and were removed.  The sharp turns at field edges and grass waterways 

interrupt the flow of grain in the combine.  Because it takes time for grain flow to 

stabilize into a steady flow, data within 30 m of the field edge or a grass 

waterway were not retained.  The remaining points were converted to a 15 x 15-

m grid by averaging the 8 to 30 points that fell within each grid cell.  Blackmore 

and Marshall (1996) and Colvin et al. (2000) discuss yield and yield monitor 

errors in detail. 

Typically, yield values that are not within ±3 standard deviations of the 

mean are discarded as outliers (McBratney et al., 2000).  Given that yield 

monitors only record values for grain that actually contacts the sensor, it can be 

assumed that extremely high values result from a large quantity of grain hitting 

the sensor in a short time or distance.  The grain striking the sensor obviously 

existed and it would, therefore, follow that while one point is being over valued, 

other points are being undervalued.  Rather than discard the suspect high 

values, the grids were smoothed using a low pass filter.  That is, the value of 

each grid cell and its eight neighboring cells are multiplied by one (a “low pass” 

as opposed to using a higher value which would do more to reduce contrasts in 
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the data), the values of all nine cells were then summed and divided by nine to 

create a new value for the cell.  The end product was a representation of yield 

utilizing all of the yield data without the speckling resulting from the odd very high 

and low values (Figure 4).  Other researchers have used similar smoothing 

techniques on yield data and found the reduction in “noise” greatly improved the 

correlations over the raw data (Gerwig, 2000).  It was also necessary to 

normalize the yield data so that different crops grown in different years would be 

weighted equally during statistical analysis.  The following formula was used for 

normalization of the yield grids: 

 

Normalized Yield of Cell = (Yield Value of Cell / Yield Mean of Field) X 100 

 

Researchers have used several methods to represent yield variability; 

Lark and Stafford (1996) and Swindell (1997) summed yields to produce a score, 

while Blackmore (2000) mapped spatial trends using yield means, and mapped 

temporal trends using yield variance.  For this study, a grid of the standard 

deviation of the yields similar to Blackmore’s temporal trend map was used for 

analysis.  Because the grid for each year’s crop was the same size and occupied 

the same coordinates it was possible to develop mathematical functions between 

the cells, such as standard deviation, to create new grids.  
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Piedmont 

The yield variability variable (YLDST) for the Baker field was comprised of 

5 years of yields.  These were corn in 1996 and soybeans in 1997 through 2000.  

The Fischer field YLDST variable was comprised of 4 years of yield data.  These 

were corn in 1996, and soybeans in 1997 through 1999.  The YLDST variable for 

the Graham field was comprised of 4 years yield data.  These were soybeans in 

1997, corn in 1998, and soybeans in 1999 and 2000. 

 

Costal Plain 

The yield variability variable (YLDST) for the Teachers field was 

comprised of 4 years yields.  These were corn in 1997 and 1999, and cotton in 

1998 and 2000.  Unfortunately, both the Bottoms north and south fields proved to 

have insufficient yield data for meaningful analysis. 

Tidewater 

The (YLDST) variable for the Home field was comprised of 3 years yields.  

These were soybeans in 1996, and corn in 1997, and 1999.  Block 53 was 

comprised of 3 years yields.  These were soybeans in 1995 and 1997, and corn 

in 1996.  Only 2 years yield data were available for the Pasture field, corn in 

1996, and soybeans in 1997.  The Harvey field had insufficient yield data for 

meaningful analysis. 
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Electrical conductivity (EM38, VERIS1, VERIS2) 

Piedmont 

Electrical conductivity measurements were taken with a Geonics EM38 

(Geonics Ltd., Mississauga, ON, Canada) mounted on a trailer pulled by an ATV 

(Kitchen et al., 1996).  Readings were recorded as points every second.  The 

points for each field were averaged into a 15 x 15-m grid, which occupied the 

same coordinates as the yield grids.  Most cells averaged between 4 and 6 

readings. 

 

Coastal Plain and Tidewater 

EM38 soil electrical conductivity measurements were collected on the 

three Coastal Plain and four Tidewater fields as they were in the Piedmont.  In 

addition electrical conductivity was measured with a Veris 3100 instrument (Veris 

Technologies, Salina KS) in both Bottoms fields.  This device takes two readings 

at each sample location.  The first reading (VERIS1) relates to the 0 – 30-cm soil 

depth, and the second to a depth of 30 – 90 cm (VERIS2).  The primary 

difference between the two EC systems being that the EM38 passes 

approximately 10 cm above the soil without actually touching it, whereas, the 

Veris instrument has electrodes that are drawn through the soil (Fritz et al., 

1999).  The points for each instrument were averaged into 15-m grids, which 

occupied the same coordinates as the yield grids.  Most cells averaged between 

4 and 6 readings. 
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Aerial Imagery Brightness (LSAT, DOQQ) 

Piedmont 

 The PAN band of a Landsat 7 satellite image was utilized as a bare 

ground image for the three Piedmont fields.  Other sources were investigated but 

imagery in a bare ground state could not be located due to portions of the fields 

being covered with crops, or in pasture during past imagery.  The image used 

was taken March 6, 2000.  The quality of the data generated from the image was 

poor due to the 15-m resolution, young wheat crops, and no till residue in the 

field.  The image was converted to grid format and the coordinates were adjusted 

to match those of the yield grid. 

 

Coastal Plain and Tidewater 

 For the Coastal Plain and Tidewater United States Geological Survey 

(USGS) digital orthophoto quarter quadrangle (DOQQ) imagery was available 

with the study fields in a bare soil state.  These images are preferred due to their 

1-m resolution and the bare soil conditions at the time of image collection.  The 

DOQQ images were converted to point data, and the points averaged to form a 

15 x 15-m grid with the same coordinates as the YLDST variable. 

 

“A” Horizon Depth (DEPTH) 

Piedmont and Coastal Plain 

The depth of the “A” horizon was measured and recorded in cm at the soil 

sampling points.  The average depth was 22 cm in the Piedmont fields and 
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23.5 cm in the Coastal Plain fields (Table 1).  A plow layer was generally 

indiscernible in the Tidewater fields.  The “A” horizons for these fields were 

therefore fixed at 20-cm and not included in analysis.  

 

“A” Horizon Texture (SAND, SILT, CLAY) 

Piedmont and Coastal Plain 

The soil texture of the “A” horizon was determined at the soil sampling 

points by means of the hydrometer method (Gee and Bauder, 1986).  The 

percent sand, silt, and clay were utilized as 3 separate variables (Tables 14-16).  

The “A” horizons of the Tidewater fields were too high in organic matter to obtain 

a meaningful textural analysis.  Further, the mineral portion plays a lesser role in 

the physical and chemical attributes of organic soils, and therefore was not used 

for analysis. 

 

“A” Horizon Humic Matter (HUMIC) 

Humic content of the “A” horizon was determined by colorimetric analysis 

(Mehlich, 1984b) preformed by the NCDA Soil Testing Laboratory.  Humic 

contents in the Piedmont and Coastal Plain were relatively low averaging 0.2 and 

0.45 g/100cm3 soil respectively (Table 13).  In the Tidewater humic content of the 

“A” horizon was determined using the same methodology as the NCDA Soil 

Testing Laboratory.  Humic levels were quite high averaging 11.24 g/100cm3 

(Table 13). 
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Weight per volume (W/V) 

 Weight per volume of the “A” horizon was determined by the NCDA Soil 

Testing Laboratory.  Piedmont values ranged from 1.03 g/cm3 to 1.39 g/cm3, with 

an average of 1.18 g/cm3.  Coastal Plain values ranged from 1.09 to 1.63 with an 

average of 1.41.  Tidewater values ranged from 0.49 to 1.04 with an average of 

0.82 (Table 12) 

 

“A” Horizon Cation Exchange Capacity (CEC) 

Piedmont, Coastal Plain, and Tidewater 

Cation exchange capacity of the “A” horizon was calculated from a 

Mehlich-3 extraction (Mehlich, 1984a) preformed by the NCDA Soil Testing 

Laboratory.  Piedmont values ranged from 4.6 meq/100cm3 to 19.8 meq/100cm3, 

with an average of 9.3 meq/100cm3.  Coastal Plain values ranged from 1.9 to 7.6 

with an average of 4.0.  Tidewater values ranged from 12.8 to 34.6 with an 

average of 22.1 (Table 11). 

 

Slope, Elevation, Flow Accumulation (SLOPE, DEM, FLOW) 

Piedmont and Coastal Plain 

A Topcon GTS-213 Total Station surveying instrument was used to collect 

digital elevation data.  Points were collected on roughly a 40 x 40-m grid, 

although in rapidly changing terrain points were taken much closer and in areas 

of long unbroken slopes points were taken somewhat further apart.  This 
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instrument is quite accurate and in the application used, elevations can be 

expected to be within approximately 5cm of actual elevations. 

The data points were converted to DEM’s on a 15 x 15-m grid using 

ANUDEM software.  The DEM coordinates were made to match those of the 

yield grid.  Many drainage ditches, terraces, and other water control features 

were at too small a scale to be modeled by the software.  These landforms were 

mapped in the field and break lines were forced to ensure that water in the DEM 

would flow in the same configuration that it did on the ground. 

The DEM was used to calculate slope.  Slope in turn was used to 

calculate flow direction.  Using the flow direction data, calculations were made of 

the flow accumulation for each cell.  For this calculation all the cells up slope 

from a given cell that channel water into that cell are summed.  Each cell then 

has a value representing the accumulated water that flow into the cell.  This flow 

accumulation grid describes surface water flow with the assumptions that there is 

no infiltration or evaporation.  The bottoms of drainage ways attain very high 

values.  During statistical analysis these high values tend to mask the subtle 

changes on the upper landscape positions.  For this reason the approximately 

20% of the grid that had accumulation values greater than 50 cells were adjusted 

to a value of 50.  Grids were generated in a GIS of slope, elevation, and flow 

accumulation with all three being used as separate variables, SLOPE, DEM, and 

FLOW respectively. 

The soil sampling points of the Baker field had slopes ranging from 0.08 to 

4.72% and an average slope of 2.35%.  There was a 4.5m difference in elevation 
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over the 550 m of soil sample points.  The soil sampling points of the Fischer 

field had slopes ranging from 0.08 to 4.72% and an average slope of 2.34%.  

There was a 5.5 m difference in elevation over the 700 m of soil sample points.  

The soil sampling points in the Graham field had slopes ranging from 0.05 to 

4.59% and an average slope of 1.86%.  There was a 4.1 m difference in 

elevation over the 700 m of soil sampling points.  The Coastal Plain fields are 

fairly level with slopes up to 2.9%, but averaging well below 1.0%. 

Tidewater fields have virtually no natural slope.  In order to make the study 

fields suitable for agricultural production earth moving equipment was employed.  

The fields were mounded between ditches creating relief and encouraging 

drainage.  It was felt that the SLOPE, FLOW, and DEM variables would not be 

useful on these fields.  Instead, several other variables addressing water 

movement were employed. 

 

Available Water Index (AWI) 

Piedmont and Coastal Plain 

 In an effort to quantify the water available in the root zone a simple model 

was created.  Three factors were considered for each sample point; these were 

depth, texture, and pH.  The following formula was used for each horizon; the 

horizons were then summed for a single value for each sample point: 

 

AWI = Horizon depth x ((%sand x factor) + (%silt x factor) + (%clay x factor)) x pH factor 
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The horizon depth component consisted of the thickness of the horizon 

expressed in meters. 

The sand silt and clay factors were derived from plant available water 

calculations made on soils samples from the study fields by the pressure plate 

method (Cassel and Nielsen, 1986).  The Piedmont data consisted of 35 clay, 

5 silty clay, 3 clay loam, 3 silty clay loam, 2 silt loam, 9 loam, 4 sandy loam, 

1 loamy sand, and 2 sandy clay loam samples.  Principle component analysis 

was used to determine the contribution of the three particle size classes.  

Principle component analysis is discussed in detail in the analysis section.  The 

sand fraction was calculated to account for 18.52% of the available water.  Silt 

and clay accounted for 49.97% and 31.52% respectively. 

For the Coastal Plain the sand, silt and clay factors were derived from 

3 silt loam, 3 silty clay loam, 7 loam, 9 clay loam, 21 sandy loam, 11 sandy clay 

loam, 11 loamy sand, and 6 sand samples.  The sand fraction was calculated to 

account for 26.08% of the variability.  Silt and clay accounted for 38.64% and 

35.28% respectively. 

The pH factor was included to account for the limitation to root growth in 

the lower horizons as a result of aluminum (Al) toxicity.  Al3+ phytotoxicity and 

plant tolerance mechanism are quite complex.  The most visible symptom of Al 

toxicity is the rapid inhibition of root elongation and a reduction in root hydraulic 

conductivity. This is followed by a decrease in shoot growth (Barcelo et al., 

1996).  Because of this roots are not able to utilize a given volume of soil to the 

same degree as a soil with a more favorable pH. 
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A pH range of 4-5 is practically always detrimental to plants due to the 

presence of Al3+ (Foy, 1984; Thomas et al., 1996).  At pH levels of 5.5 and above 

Al3+ is no longer present.  Although the hydroxy-Al ions present can be 

detrimental to plants roots the effect is negligible.  Due to the minimization of Al 

toxicity and the availability of plant nutrients, pH levels in the range of 5.5–6.5 are 

generally considered ideal.  

For the purposes of the model, soil horizons with a pH of 5.5 or greater 

were multiplied by a factor of 1, horizons with pH values between 5 and 5.5 were 

multiplied by a factor of 0.5, horizons with pH values between 4 and 5 were 

multiplied by a factor of 0.25, and horizons with a < pH 4 were multiplied by a 

factor of 0.  Therefore, soil horizons of a favorable pH were assumed to 

contribute water from 100% of the soil volume, while horizons with decreasing pH 

levels contributed less, to the point where they contributed nothing (below pH 4) 

due to severe root impairment.  These factors were loosely based on wheat 

response to pH (Leech et al., 1998; Zhang et al., 2000).  The resulting 

calculations do not, of course, represent an actual calculation of plant available 

water, but rather a classification of the sample points relative to one another. 

The AWI model was not used in the Tidewater fields.  In these fields 

excessive rather than restricted water is generally a much greater concern.  Also, 

the root zone tends to be shallow. 

The available water measurements obtained by the pressure plate method 

did not correlate well with the particle size analysis data.  A possible explanation 

is that the sand fraction was not subdivided.  Finer sands may have been 
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behaving more like silt in regard to water availability.  Similarly the AWI model 

calculations, which were based on both texture and the plant available water 

measurements, had poor correlations to the available water measurements.  

Despite the lack of verification of the soil textural portion of the AWI model, the 

model was maintained as a variable primarily because it proved to be 

explanatory in all but one of the fields. 

 

Depth to Mineral Horizon (THICK) 

Tidewater 

 In Tidewater soils the thickness of the organic horizons is considered to 

have a pronounced effect on drainage, with shallower organic horizons generally 

being better drained (Lilly, 1981).  This variable consists of a measurement of the 

distance from the surface to the top of the first mineral soil horizon in cm.  In the 

Tidewater fields the organic surface horizons ranged from 28 to 81 cm, with the 

Home field averaging 55 cm, the Pasture and Harvey fields averaging 48 cm, 

and Block 53 averaging 44 cm. 

 

Percent Sand of Mineral Horizon (%SAND) 

Tidewater 

 The %SAND variable was the sand content in % of the mineral horizon 

located directly below the organic horizons.  This variable was included because 

it was felt the subsurface texture would have an effect on drainage.  In the 

Tidewater fields the content of the upper mineral horizon ranged from 58 to 98% 
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sand.  The Home field averaged 79% sand, the Pasture field 88% sand, the 

Harvey field 78% sand, and Block 53 averaged 85% sand. 

 

Distance from Surface Drainage (DIST) 

Tidewater 

 The distance from each sample point to the nearest surface drainage ditch 

was calculated and recorded in m.  It was reasoned that in the Tidewater where 

drainage can be a problem, the distance to a surface drain might have a 

influence on yield.  

All the variables used in each field can be seen in figures 5-14. 

Statistical Analysis. 

Principle component analysis (PCA) was preformed on the data set.  PCA 

has been described as “the most widely used method of multivariate data 

analysis owing to the simplicity of its algebra and to its straightforward 

interpretation” (Wackernagel,1998).  Gnanadesikan (1997) stated “The basic 

idea of PCA is to describe the dispersion of an array of n points in p-dimensional 

space by introducing a new set of orthogonal linear coordinates so that the 

sample variances of the given points with respect to these derived coordinates 

are in decreasing order of magnitude”.  Put more simply, the basic problem 

solved by PCA is to transform a set of correlated variables into uncorrelated 

quantities, which can be interpreted as independent factors underlying the 
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phenomena.  In this study, as in others (Fridgen et al., 2000; Nolin et al., 2000) 

PCA was used to determine which soil variables explained yield variability. 

 Thinking of the data set as a multidimensional cloud of points, PCA will fit 

axis (called eigenvectors).  The longest axis is the first principle component 

(PC1), the next longest perpendicular axis will PC2, etc.  Each variable in the 

data set can be evaluated in regard to its contribution of the data set.   

Correlating the direction of maximum spread with each eigenvector does this.  

For example, the variable with the greatest range of values will strongly 

correspond to PC1.  Conversely, if a variable does not correspond to any PC 

axis, or only with high numbered PC axis, the variable has very little if any control 

over the distribution of the data.  Simply put, the most explanatory variables will 

have high values in the first few principle components. 

 During SAS Analyst analysis PC’s with an eigenvalue greater than 1 were 

selected (termed the “Kaiser’s rule,” Nolin et al., 2000).  Variables within each of 

the selected components with a value greater than 0.5 were retained and those 

lower than 0.5 were dropped.  In instances where no variables in a given PC 

were above 0.5, the group of variables with the higher values was retained.  The 

selected variables were then run again with a new set of PC being generated.  

After several iterations the most explanatory variables are singled out and their 

interactions easily determined. 

 The PC groups generated in the analysis described above were then 

regressed against the YLDST variable using stepwise regression.  The stepwise 

regression procedure repeatedly alters the model by adding or removing 
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predictor variables until the only remaining variables are above the 0.15 

significance level.  The regression therefore effectively evaluates the result of the 

PCA.  The SAS code for the statistical analysis can be seen in appendices A 

and B. 

 

RESULTS 

Relationship between Weather, Yield, and Nutrients 

 A great deal of the research in precision agriculture has been conducted in 

attempts to spatially correlate crop yield with fertility levels.  These attempts were 

largely unsuccessful due to the significantly greater influence of other factors 

such as weather.  As stated in the objectives of this project fixed site 

characteristics, not short-term factors such as weather or persistent 

characteristics such as fertility, were to be investigated.  However, it seemed 

prudent to scrutinize the relationship between weather and yield, as well as the 

relationship between soil properties, fertility, and yield.  To this end, weather and 

yield data were compared, and the overall soil nutrient levels, yield effects on soil 

nutrient levels, and the soil effect on nutrient levels were assessed.  In addition, 

cation mobility was examined and can be seen in appendix C.   

 
Weather Effect on Yield 

 As discussed previously, weather has a pronounced effect on crop yields.  

It was theorized that years with similar weather patterns would result in similar 

yields.  Average daily temperature and total daily precipitation data were 
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obtained from the State Climate Office of North Carolina.  To facilitate a visual 

comparison the data were graphed with the days of the growing season (April 1 

through August 31) on the x-axis, and the temperature in degrees Celsius minus 

precipitation (in 5-mm increments) on the y-axis for each location each year 

(Figures 15-18).  In the resulting graphs upward trending data represent dry 

periods, with periods of higher average temperatures resulting in steeper slopes.  

Negative slopes represent precipitation.  The length and duration of the negative 

slopes give an indication of the amount and intensity of each precipitation event.   

By comparing each year on the graph a subjective determination of 

similarity was made for each location.  There was no correlation between similar 

looking years and similar average yields.  For example, in the Baker field 

soybeans had an average yield of 28 bushels (bu)/acre in 1997, and 26 bu/acre 

in 1998.  The weather data for these two years were similar at the beginning of 

the season, but very different at the end of the season with 1998 being much 

drier (Figure 15).  In the same field the 1999 soybean yield of 42 bu/acre was 

similar to the 2000 soybean yield of 44 bu/acre.  The weather data for these two 

years is similar, however both years appear equally similar to the low yielding 

year of 1998. 

 

Nutrient Levels 

Nutrient levels were important in this study in that the assumption was 

made that they were not limiting.  This was not entirely the case.  In the Piedmont 

the fields Graham and Baker had “A” horizon P levels (Table 2) that averaged in 
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the low range as defined by the NCDA (Tucker et al., 1996).  The Baker field also 

had a low average Ca level (Table 4), and both Baker and Fischer had low Mg 

levels (Table 5).  All three Coastal Plain fields were low in Ca and Mg (Tables 4 

and 5).  In the Tidewater, the Pasture field had an average “A” horizon Mn level 

in the low range (Table 7).  These fertility levels were only measured in the winter 

of 2000 and, therefore, are not entirely representative when considering the 

multiple years crops evaluated in this study.  It is possible that the low nutrient 

status measured, or past nutrient deficiencies since corrected, had an effect on 

the yields measured in those years. 

 

Yield Effect on Nutrient Levels 

 It was theorized that if yields were being influenced by spatial variations in 

fertility, yield would be an indicator of nutrient status.  The thought being that 

higher yielding areas would effectively mine more nutrients than lower yielding 

areas, and that a majority these nutrients would be removed with the crop.  

Therefore, the uniform application of nutrients would negatively replicate the 

distribution of yield.  Regressions were performed to determine if there was 

indeed a correlation between soil nutrient levels and crop yield (Tables 17 - 26). 

Several interesting correlations were observed.  Soil pH was positively 

correlated (R2 = 0.47 to 0.80) with Ca and Mg in two of the Piedmont fields 

(Tables 17 and 19), all three of the Coastal Plain fields (R2 = 0.29 to 0.73)(Tables 

20, 21, and 22), and from fairly significant (R2 = 0.48) to insignificant in the 

Tidewater fields (Tables 23, 24, 25, and 26).  The relationship between pH, Ca, 
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and Mg can be explained by frequent use of dolomite (CaCO3
.MgCO3) as a lime 

source.  Unfortunately, pH was only negatively correlated (supporting the mining 

theory) with the mean yield in the Fischer field (R2 = -0.21).  Soil pH was 

positively correlated with the previous seasons yield in the Graham field 

(R2 = 0.27) and with previous yield and mean yield in the Home field (R2 = 0.22 

and 0.13).  Similarly, Ca and Mg were negatively correlated (R2 = -0.19 and 

-0.13) with mean yield only in the Baker field.  Ca and Mg were positively 

correlated with yield (R2 = 0.20 and 0.18) in the Graham field and with yield 

(R2 = 0.44 and 0.31) and with mean yield (R2 = 0.39 and 0.26) in the Home field. 

As an interesting aside, pH levels were not an adequate indicator of Ca 

and Mg levels in the Coastal Plain fields.  Plow layer pH levels were adequate in 

all three fields, averaging 6.1 in the Teacher field, 6.0 in the Bottoms North field, 

and 5.6 in the Bottoms South field (Table 10).  At the same time Ca and Mg 

levels (Tables 4 and 5) were in the low fertility range as defined by the NCDA 

(Tucker et al., 1996).  This is likely a result of the soils low CEC levels (3.5 – 4.9 

meq/100cm3, Table 11), which require low rates of lime to raise the pH and 

provide fewer exchange sites.  The low CEC is a result of the coarse texture of 

these soils (65 – 75% sand, Table 14), which encourages leaching of mobile 

cations like Ca and Mg. 

Phosphorus was negatively correlated (R2 -0.18) with mean yield only in 

the Block 53 field (Table 23).  Similarly, K was only negatively correlated 

(R2 - 0.15) in the Fischer field (Table 18).  The micronutrients Mn, Zn and Cu 

were also evaluated.  Weak correlations were seen in several of the fields 
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(Tables 17, 18, 19, 20, 23, and 24), but were found to be positively correlated 

with yield as often as negatively correlated.  The micronutrients also tended to be 

correlated with one another as well as with P.  This is possibly a residual effect of 

past manure applications. 

 

Soil Effects on Nutrient Levels 

 If one assumes that the soil heterogeneity responsible for varying nutrient 

levels are consistent over time, then these soil properties might be used to 

predict areas of similar nutrient status.  To this end principle component analysis 

coupled with stepwise regression was employed to determine if soil properties 

could be used to explain nutrient variability. 

 The variables SAND, SILT, CLAY, OM, CEC, EC, DEPTH, DEM, SLOPE, 

and FLOW used in the yield variability study were incorporated in the Piedmont 

and Coastal Plain analysis.  The variables W/V, OM, CEC, DIST, and EC were 

used in the Tidewater analysis.  In addition, the pH of the A-horizon was included 

in both sets of variables. 

If a specific set of soil properties explained the variability of a given 

nutrient, this would be a verification of a soil and nutrient association.   

Unfortunately, there was little evidence of any such relationship.  The results are 

summarized in Tables 27, 28, and 29.   
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Soil Factors Affecting Yield 

As stated in the objectives, the aim of this study was to investigate soil 

variables that could be used to predict yield variability in North Carolina soils.  

Principle component analysis was coupled with stepwise regression to 

investigate the relationships between the soil variables and yield variability. 

 
Piedmont 

In the Baker field, the variables that best explained yield variability by 

means of PCA were % sand in the “A” horizon (SAND), % clay in the “A” horizon 

(CLAY), available water index (AWI), flow accumulation (FLOW), and “A” horizon 

depth (DEPTH).  These 5 variables accounted for 87% of the variability 

(Table 30).  Stepwise regression found none of the PC’s to be significant at the 

0.1500 level. 

 In the Fischer field, the variables that best explained yield variability by 

means of PCA were elevation (DEM), Landsat imagery (LSAT), AWI, SAND, and 

CLAY.  These 5 variables accounted for 80% of the variability (Table 31).  

Stepwise regression found PC2 (LSAT, DEM, and AWI) to be significant with a 

partial R2 of 0.22, and PC1 (SAND and CLAY) to be significant with a partial R2 

of 0.05. 

 In the Graham field, the variables that best explained yield variability by 

means of PCA were SAND, CLAY, humic content of the “A” horizon (OM), and % 

silt in the “A” horizon (SILT).  These 4 variables accounted for 84% of the 
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variability (Table 32).  Stepwise regression found PC2 (SILT and HUMIC) to be 

significant with an R2 of 0.06. 

 

Coastal Plain 

 In the Teachers field, the variables that best explained yield variability 

were SAND, SILT, HUMIC, DOQQ, AWI, and DEPTH.  These 6 variables 

accounted for 87% of the variability (Table 33). Stepwise regression found PC1 

(SAND, and SILT) to be significant with an R2 of 0.05. 

 

Tidewater 

In the Home field, the variables that best explained yield variability were 

EM38, the “A” horizon soil weight per volume (W/V), and the distance from 

surface drainage (DIST).  These three variables accounted for 81% of the yield 

variability (Table 34).  Stepwise regression found PC1 (W/V and DIST) to be 

significant with an R2 of 0.05. 

 Block 53 yield variability was explained by Veris upper readings (VERIS1), 

the Veris lower readings (VERIS2), cation exchange capacity (CEC), and W/V.  

These variables accounted for 85% of the variability (Table 35).  Stepwise 

regression found none of the PC’s to be significant at the 0.1500 level. 

 In the Pasture field VERIS1, VERIS2, W/V, depth to mineral horizon 

(THICK), and the percent sand of the mineral horizon (%SAND) were the 

explanatory variables.  These variables accounted for 83% of the yield variability 
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(Table 36).  Stepwise regression found PC1 (W/V and VERIS2) to be significant 

with a partial R2 of 0.36. 

 

DISCUSSION 

Weather Effect on Yield 

 There are several possible reasons why no correlations were observed 

between the seasonal weather and average yields.  Average daily temperature 

and daily precipitation constitute only a crude approximation of the stress 

conditions affecting plant growth.  For a proper determination of 

evapotranspiration environmental factors such as net solar radiation, wind speed, 

and saturated vapor pressure are needed.  These types of measurements were 

beyond the scope of this study.  Further, even though data from the nearest 

weather station to each field was used, these stations were still many miles 

away.  It is likely that precipitation in particular was significantly different in the 

study fields than at the nearest weather station.  Finally, the planting date, 

varieties, and other cultural practices were not considered.  Ideally one would 

want to evaluate climatic conditions during critical physiological states of the 

crop.  Although weather was not demonstrated as having an effect on yield, the 

relationship between weather and yield should not be discounted.  Weather likely 

played a role in the yield variability observed. 
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Yield Effect on Nutrient Levels 

The few weak negative correlations between nutrients and yield, and the 

mean yield in the seven fields with yield data suggest that yield alone cannot be 

used as an indicator of soil nutrient levels.  There are several possible 

explanations: the sampling procedure whereby a single soil sample point is 

compared to an average yield within a 15m-grid cell may lack the accuracy 

needed to observe any correlation that may exist.  Past manure, fertilizer, and 

lime applications very likely had a great deal of spatial variability due to 

limitations with the application equipment and human error.  The inherent 

heterogeneous nature of soil mineralogy would effect nutrient mineralization and 

fixation.  This heterogeneous nature of soil also has an effect on chemical and 

biological processes as well as erosion and deposition, all of which serve to alter 

the extractable level of any uniformly applied amendment. 

Soil Effect on Nutrient Levels 

Calcium, Mg, Mn, Zn, Cu, and P were each evaluated for each field.  The 

results are summarized in Tables 27, 28, and 29.  It was hoped that a specific set 

of soil properties would explain the variability of a given nutrient.  This was not 

the case.  As with the yield data, explanatory variables varied from field to field.  

Further, one would assume that nutrients with dissimilar chemical properties 

would be affected by different soil factors.  For example, one would expect the 

factors explaining P, which is quite immobile in soil, to be different than the 

factors explaining mobile nutrients such as Ca and Mg.  This was the case to 
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some extent, but by in large the explanatory variables were consistent within 

each field, and varied between fields (Tables 27, 28, and 29).  In any case, the 

soil properties measured were of little value in predicting nutrient levels. 

Soil Factors effecting yield 

Piedmont 

Texture proved to be important in explaining yield variability in all 3 

Piedmont fields during the PCA analysis.  SAND and CLAY in particular were the 

key variables in PC1 of Baker and Graham, and of PC2 in Fischer (Tables 30, 

31, and 32).  The fact that SAND and CLAY had opposing signs in the 

eigenvectors suggests a contrast in the variables.  These two variables also had 

strong negative correlations in the correlation matrix (Tables 37, 38, and 39).  

This indicates that as the value for one goes up the value for the other goes 

down.  This is not surprising considering that on a volume basis particle sizes are 

mutually exclusive because both SAND and CLAY are a percentage of the total 

texture.  Therefore, as one of the textural classes approaches 100% the other 

classes approach 0%.  Interestingly, only in the Fischer field did SAND or CLAY 

show any correlation with yield variability (YLDST) having values of 0.47 and –

0.38, respectively (Table 38).  So although neither SAND nor CLAY alone related 

to yield variation, together they are explanatory.  This detection of complex 

relationships is the benefit of using PCA over simpler statistical procedures.  The 

stepwise regression analysis confirmed that texture was explanatory in the 

Piedmont soils.  Although none of the PC groups were significant in the Baker 



 55

field, PC1 of the Fischer field consisting of the SAND and CLAY variables was 

barely significant (partial R2 = 0.05), and PC2 of the Graham field consisting of 

the variables SAND and HUMIC was significant with the model R2 = 0.66 (Table 

40). 

 AWI was an important variable in both the Baker and Fischer fields during 

the PC analysis.  In the Fischer field PC1 was controlled by the variables AWI, 

LSAT, and DEM (Table 31).  These three variables were well correlated in the 

correlation matrix with AWI being negatively correlated to both LSAT and DEM, 

and DEM and LSAT being positively correlated to one another (Table 38).  This 

indicates that as elevation increases, soil color becomes lighter and AWI 

decreases.  In the Baker field AWI and FLOW were negatively correlated in PC2 

suggesting that a contrast in the two that explained yield variation.  In the 

correlation matrix AWI and FLOW were weakly and negatively correlated (Table 

37).  This would mean that as FLOW values increased, AWI values decreased.  

One would expect AWI and FLOW to be positively correlated, as they were in the 

Fischer and Graham fields (Tables 38 and 39), due to finer textured and deeper 

soil profiles associated with soil deposition in high water accumulating areas.  In 

fact the decrease in AWI values in relation to increasing FLOW values in the 

Baker field were insignificant (R2 = 0.09).  Although none of the PC groups in the 

Baker field were found to be significant with stepwise regression, PC2 of the 

Fischer field consisting of LSAT, DEM, and AWI proved to be the most important 

in that field with a partial R2 = 0.22 (Table 40) 
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 The FLOW variable was also important in PC3 of the Baker field during 

PC analysis, although it was not significant during the subsequent stepwise 

regression.  In this case FLOW and DEPTH were positively correlated in the 

principle component suggesting that when the two variables were averaged they 

explained yield variability (Table 30).  They were uncorrelated in the correlation 

matrix (Table 37).  One would expect that they would be somewhat positively 

correlated considering that high FLOW values represent areas that would be 

expected to receive sediments from up slope, and thus higher DEPTH values.  

This was the case with the Fischer and Graham fields (Tables 38 and 39). 

An explanation for the behavior of the FLOW variable being somewhat 

different than anticipated may lie in that fact that the high FLOW values in the 

Baker field in particular do not represent actual “bottoms,” or areas of low slope 

at the bottom of a grade where materials being transported by water and gravity 

are deposited.  Rather the high FLOW values generally represent channels in 

mid-slope.  Similarly, low elevation (DEM) values tend to represent the lowest 

part of the grades sampled, not necessarily “bottoms.”  HUMIC levels, which 

were quite low overall (Table 13), were inconsistent in regard to FLOW and DEM.  

One would expect HUMIC to increase in low, heavy textured areas due to 

increased moisture and anaerobic conditions.  Texture likewise did not suggest 

deposition due to slowing water.  SAND actually increased at the lower 

elevations in all 3 fields.  Afyuni et al. (1993) also found in their Piedmont study 

that foot slopes had coarser textures, yet greater plant available water.  This 

increase, combined with the fact that DEPTH is negatively correlated with DEM 



 57

in all 3 fields, demonstrating that lower soils tend to be deeper, suggests that the 

heavier sand moving down slope is deposited mid slope while the finer textured 

material remain suspended.  So although the high FLOW and low DEM values 

may not represent true “bottoms,” it appears that the subtle profile changes 

associated with landscape position that they represent are very influential in 

regard to yield variability as evidenced by the importance of the FLOW, DEM, 

and AWI variables in explaining yield variability. 

 The variables HUMIC and SILT in PC2 of the Graham field make up the 

remainder of the variables identified by the PC analysis.  This was the only PC 

group found in the Graham field found to be significant during stepwise 

regression (Table 40).  Although HUMIC is somewhat correlated with SILT in all 

three fields (Tables 37, 38, and 39), it appears that OM accumulation is a result 

of greater OM inputs as evidenced by an association between high yields and 

high HUMIC values.  Keeping in mind that the HUMIC levels in all the samples 

were quite low (Table 13).  It therefore appeared that SILT and HUMIC relate to a 

complex interaction that relates to yield variability.  In this field SAND, SILT, and 

CLAY were not correlated with yield variability, yet they were all instrumental in 

explaining the variability (Table 32).  When all the selected variables are 

considered in all 3 fields, it seems a reasonable assumption that water availability 

to the crop is driving yield variability.  These variables were primarily related to 

texture (SAND, SILT, CLAY), landscape (DEM) or other factors that relate to both 

(AWI). 
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Coastal Plain 

In the Teachers field SAND and SILT accounted for the most yield 

variability in PC1 (Table 33) during PC analysis.  These variables had a strong 

negative correlation in the correlation matrix (Tables 41).  Stepwise regression 

found PC1 to be the only significant PC group of the Teachers field (R2 = 0.05).  

In the Coastal Plain, as in the Piedmont, soil texture proved to be an important 

factor. 

HUMIC and DOQQ were the significant variables in PC2 during PC 

analysis (Table 33).  There is often a relationship between soil color and OM, 

which appears to be the case in the Teachers field (Table 41), which is 

dominated by light colored sands.  It is not surprising then that the HUMIC 

variable, which in this field accumulated in the lower, heavier textured, and likely 

wetter areas of the field, would explain yield variability.  Particularly when 

considering the sandy drought prone nature of soils such as are encountered in 

the Coastal Plain. 

 AWI and DEPTH were the significant variables in PC3 of the PC analysis 

(Table 33).  These variables were fairly well correlated in the correlation matrix 

(Table 41).  It is interesting that the association is negative.  That is, as the “A” 

horizon gets thicker, the calculated AWI diminishes.  Looking through the data it 

becomes apparent that this negative association is a result of the way that AWI is 

calculated.  The sample points with deeper “A” horizons have textures with sand 

contents that are higher than the field average, and silt and clay contents that are 

below the average.  Conversely the samples with shallower “A” horizons have 
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textures with higher than average silt and clay contents, and lower than average 

sand.  The samples with the thinner, heavier textured “A” horizons also have 

heavier textures in the lower horizons.  These heavier textured lower horizons 

have higher pH levels than the coarser textured soils with thicker “A” horizons.  

The negative association between AWI and DEPTH therefore seems to 

adequately describe yield variability. 

The Bottoms North and South fields did not have adequate yield data for 

statistical analysis.  However, a correlation matrix was generated for each field 

(Table 42 and 43).  As one would expect SAND, SILT, and Clay were correlated. 

The relationship between HUMIC and DOQQ seen in the Teachers field 

(Table 41) was weaker in Bottoms South field (Table 43) and non-existent in 

Bottoms North field (Table 42).  The relationship between AWI and DEPTH in the 

Teachers field were absent in the both Bottoms fields. 

 

Tidewater 

Soil electroconductivity was beneficial in explaining yield variability in all 

three fields during PC analysis (Tables 34, 35, and 36).  Only two PC groups 

from these three fields were found to be significant during stepwise regression, 

one of which was PC1 of the pasture field.  This PC group consisted of the 

variables W/V and VERIS2 (R2 = 0.36).  Because both the EM38 and VERIS 

readings were essentially redundant, only the most explanatory of the two was 

used in each field.  Fritz et al. (1999) found the results from EM38 and Veris 

mapping to be similar.  Research has shown that total volumetric water content 
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of the soil is the most important factor influencing EC (Rhoades et al., 1996).  

This would support the hypothesis that plant available water is the primary factor 

controlling yield variability. 

 The weight per volume of the “A” horizon was also important in all three 

fields during PC analysis.  Both of the significant PC groups from the stepwise 

regression contained the variable W/V.  PC1 of the Home field (R2 = 0.05) 

consisted of the variables W/V and DIST, and PC1 of the Pasture field 

(R2 = 0.36) consisted of the variables W/V and VERIS2.  The W/V variable was 

somewhat correlated with many of the variables in all four fields (Tables 44, 45, 

46, and 47).  It is possible that the W/V measurements are serving as an 

effective substitute for humic matter.  As discussed earlier the humic matter 

analysis in the organic soils proved to be relatively unreliable.  Further, the humic 

acid analysis is used as an indicator of how chemically reactivity the soil organic 

fraction, and how it will effect lime and herbicide rates.  Because this 

measurement does not necessarily reflect the total soil organic matter content, 

and because W/V is a good indicator of the ratio of organic to mineral soil 

constituents, W/V might be representing the influence of OM on soil water and 

crop relationships. 

The W/V variable was negatively associated to DIST in one field (Table 

34), EC in another (Table 36), and CEC in the other (Table 35).  The negative 

association with DIST, which was the only significant PC group during the 

stepwise regression, is likely a result of land shaping, where soil is removed near 

surface ditches and added to the center of the fields to promote drainage.   As 
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the organic surface is thinned near the ditch, it seems feasible that the mineral 

subsoil could be mixed into the surface organic layer with tillage.  In this scenario 

the center of the fields, with a deeper organic surface, would also have higher 

CEC and EC values.  This in fact tended to be the case in all four of the 

Tidewater fields.  This occurrence would explain the negative correlation 

between W/V and the variables DIST, EC, and CEC.  It would also explain 

variability in yield, which tended to form patterns paralleling the ditching/crowning 

layout.  The Home and Pasture fields tended to have higher yield variability, and 

higher yields along the crown in the center of the fields.  The Block 53 field 

showed the opposite pattern.  One explanation would be that the Block 53 field 

has a much higher organic content and would experience from poorer drainage 

in the deeper profiled center of the field (Tables 12 and 13).  The centers of the 

Home and Pasture fields on the other hand might benefit from the extra moisture 

retained in dry years, suffering only in wet years.  This would explain the higher 

average yields and higher yield variability seen in these two fields. 
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CONCLUSIONS 

 
 Weather likely had an influence on yield, but no correlation could be seen 

between similar yields and seasonal weather patterns.  Soil chemical properties 

were similarly uninformative.  This study consisted of several objectives, the 

foremost of which was to determine if soil physical properties could be used to 

explain the variability in crop yields.  This was by and large successful.  In the 

Piedmont and Coastal Plain, soil texture consistently proved to be valuable in 

explaining yield variance, likewise soil EC and W/V were explanatory in the 

Tidewater.  However, these soil variables only correlated with yield variance 

when combined with other soil variables that varied from field to field. 

A second objective was to determine if these same soil physical properties 

could be used to predict yield variability and thereby establish management 

zones for use in establishing recommendations for soil amendments based on 

expected yield.  It was found that the spatial relationships between soil properties 

and yields are complex with certain factors dominating in some locations, while 

having little effect in others.  Generalized estimations of yield then appear to be 

an unattainable goal.  Further, soil nutrient distribution was uncorrelated to yield 

and soil properties. 

Sudduth et al. (1996) experienced comparable problems in central 

Missouri, as did Mallarino et al. (1996) in Iowa.  In a similar study Ward and Cox 

(2000) employed principle component analysis and found that parent material, 

texture, and P explained cotton yields in two Georgia fields.  They too found that 
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the influence of these factors were inconsistent between fields.  Nolan et al. 

(2000) comparing several models for the establishment of management zones in 

Alberta determined that the components for an effective model vary from site to 

site and from year to year.  These inconsistencies make the development of a 

generalized strategy for the establishment unachievable.  Complex relationships 

between soil factors and yield make it difficult to predict yield. 

 It is possible that every field has a different set of soil properties 

influencing yield.  Another consideration is that soil properties not measured in 

this study are exerting an influence on yield variability.  For example, soil 

structure was not measured.  Cambardella et al. (1996) determined that 

aggregate size was an important variable in an Iowa field.  Dulaney et al. (2001) 

used ground-penetrating radar to determine the impact of preferential flow on 

corn yield in Maryland.  Yield was poorly correlated with soil physical and 

chemical properties but was highly correlated with color IR imagery, and primary 

subsurface pathways.  It is possible that in the Piedmont, Coastal Plain, and 

Tidewater systems that subsurface water flow is similarly influencing yield. 

The fact that specific soil physical properties were not found to universally 

explain yield variability should not be viewed as an indication that this research 

has no value.  Investigating the relationship between soil physical properties and 

yield was an obvious next step in the study of precision agriculture and needed to 

be explored.  Although unsuccessful in developing a generalized strategy for the 

establishment of management zones, beneficial information was gained.  Future 

studies might follow three possible options. First, consider more variables and 
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sample at a finer resolution.  Variables that would be good candidates for 

evaluation include subsurface flow and soil structure.   Second, to directly 

measure each field individually.  Third, to disregard prediction and base inputs on 

the crop as it grows. 

Finer Resolution 

It was hoped that the soil factors responsible for yield variation could be 

identified and used to predict yield variability in the absence of multi-year yield 

data.  We were unable to do so within the parameters of this study.  It is 

theoretically possible for a given location if an intensive enough sampling 

scheme were employed.  Such an undertaking would be exceedingly costly in 

terms of time as well as capital. 

Direct Measurement 

Even with many years of data researchers have experienced great 

difficulty when trying to predict yields (Lamb et al., 1996; Swindell, 1997).  When 

a clear mean is determined for a given portion of a field it was reasoned that 

inputs could then be applied accordingly.  In this study it was questioned if this 

was indeed the best approach.  Even when a mean yield is determined with 

certainty for a given area, the probability that the yield any given year will be in 

the vicinity of the mean is dubious.  It was decided therefore that it would be 

more useful to know the spatial variability of the yield rather than the spatial 

mean of the yield alone.  Accordingly, in the research documented above the 

YLDST variable is yield variance rather than yield mean. 
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The objective was to generate management zones encompassing areas 

of similar variance.  These areas could then be managed based on the likelihood 

that they would attain a certain yield, rather than management based on average 

yield.  As an illustration, yields ranging from 0 - 100 or 45 - 55 can average 50.   

Although the average yield is 50 in both scenarios, the management implications 

are quite different. 

Most farm operators interested in precision agriculture start by spatially 

measuring yields.  Even with only a few years of yield data, management zones 

can easily be generated.  As further yield data are gathered the zones can be 

regenerated to more accurately reflect yield variability. 

 In North Carolina, management zones based on yield variability would be 

useful for the determination of N application rates.  Due to precipitation 

exceeding evapotranspiration during North Carolina winters, all N is assumed to 

have moved below the root zone by spring.  Rates would be determined by the 

average yield within a zone of a given variability and by some compromise 

between the economics of N cost vs. maximum yield and limiting N loss to the 

environment.   As a final note, no soil sampling is required for the above 

scenario.  The minimum zone size is therefore only limited by the harvesting and 

application equipment.  

 Soil amendments used in North Carolina, other than N, have a residual 

effect necessitating sampling to determine the current level prior to making 

applications for the current crop.  There are several tactics, which could be 

employed to minimize the sampling required.  As a general strategy a field 
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should be divided into obvious areas of differences.  Former field boundaries, 

areas of past animal confinement, areas that have been in pasture, obvious 

changes in soil type etc.  Each area should be grid sampled.  The results of the 

grid sampling should be evaluated to ensure that the sampling was at a fine 

enough resolution to be effective.  A useful technique for ascertaining the 

boundaries of, and determining the ideal number of zones is fuzzy k-means 

(Fridgen et al., 2000).     Because the spatial variability of optimum fertilizer rates 

between different nutrients are not correlated (Haneklaus and Schnug, 2000), it 

will be necessary to create separate zones for pH, P, and K.  Nutrient zones will 

have to be overlaid with yield variance zones to create a final amendment 

prescription map. 

 Once the management zones have been determined, annual soil sampling 

within management zones should be representative of the entire area.  Assuming 

that the factors responsible for differences in nutrient levels are stable over time, 

zones boundaries should also remain relatively stable.  The stability of the zones 

can be determined by observing the variability of the annual soil sampling for rate 

determination.  In the event that a zone becomes unstable, it can be re-grid 

sampled and subsequently divided to account for the variability.  Conversely, in 

the event that two zones develop similar characteristics due to variable rate 

application, the zones can be joined.  It is likely that management zone 

determination will be a dynamic process requiring changes over time. 

Due to technological advances, in the future extensive sampling may 

prove to be feasible.  Automated soil sampling equipment has already been 
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developed (Janssen et al., 1998).  Similarly, Adamchuk et al. (1999) developed 

an automated pH sensor that measures pH every 8 seconds on the go.  Particle 

size analysis, which proved to be very valuable in this study is very time 

consuming and labor intensive procedure.  New methods are being developed 

utilizing gamma ray attenuation (Naime et al., 2001) and laser (Eshel and Singer, 

2001) techniques, which greatly simplify the process.  Bergeijk et al. (2001) 

correlated tillage resistance to soil clay content thereby eliminating sampling all 

together.  Other researchers have developed in-ground sensors to monitor soil 

chemistry (Artigas et al., 2001). 

In Season Management 

Rather than predicting yield at the outset of the cropping season, the 

future will likely see fertility management based on vegetative indices at various 

stages of crop growth measured throughout the season by means of remote 

sensing.  As a crop matures measurements can be taken and regular fertility 

applications made based on short-term prediction rather than whole pre season 

predictions. 

 



 

 

 
 
 
 
 
 

Table 1.  Depth (cm) of soil “A” horizons in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop production fields. 
 
 
 
 
 
 
 
 

Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 
   
 Horizon 1  

Mean 20 20 20 20 22 21 21 22 25 19 
Std. Error 0 0 0 0 0.53 0.47 0.63 0.51 0.52 0.75 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 35 28 28 24 26 25 26 18 20 17 
Std. Error 1.28 1.33 1.39 1.40 1.06 1.17 1.01 1.22 1.19 1.16 
Count 70 60 56 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 17 19 21 31 32 26 30 34 26 26 
Std. Error 0.91 0.43 0.64 2.00 1.17 1.13 1.22 2.05 1.48 1.43 
Count 70 60 55 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 13 20  25 22 21 23 21 18 24 
Std. Error 2.54 0  2.13 2.21 1.33 2.91 1.46 1.48 1.43 
Count 3 2  34 12 22 10 35 37 49 

  
 Horizon 5  

Mean    16    20 13 21 
Std. Error    2.33    3.69 2.96 1.28 
Count    6    7 7 19 
           

68 



 

 

 
 
 
 
 

Table 2.  Mehlich III extractable phosphorus levels (mg dm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 
 

Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 
   
 Horizon 1  

Mean 268.7 33.2 60.2 37.1 16.1 34.9 10.0 81.3 85.0 159.1 
Std. Error 8.82 1.31 2.39 3.28 1.96 3.44 1.47 5.49 5.69 11.82 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 128.3 56.5 24.0 8.6 1.7 0.4 0.3 21.5 11.1 107.8 
Std. Error 8.81 3.55 1.64 1.00 0.94 0.23 0.19 5.31 2.41 11.43 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 32.4 37.2 10.2 6.3 3.3 0.1 0.3 4.4 2.1 15.8 
Std. Error 4.07 3.90 1.15 1.42 1.63 0.06 0.25 1.82 1.07 4.22 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 12.6 51.8  0.5 11.5 0.00 0.4 2.5 1.4 4.2 
Std. Error 7.14 35.15  0.40 5.88 0.00 0.23 1.08 1.02 2.20 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    0.7    1.0 0.3 2.2 
Std. Error    0.59    0.99 0.27 0.70 
Count    6    7 7 19 
           

69 



 

 

 
 
 
 
 

Table 3.  Mehlich III extractable potassium levels (meq 100cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 0.41 0.24 0.33 0.24 0.38 0.21 0.30 0.36 0.33 0.36 
Std. Error 0.03 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.01 0.01 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 0.09 0.05 0.06 0.08 0.13 0.09 0.12 0.30 0.25 0.31 
Std. Error 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 0.16 0.04 0.06 0.04 0.10 0.08 0.09 0.25 0.22 0.36 
Std. Error 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 0.10 0.06  0.08 0.08 0.09 0.10 0.17 0.18 0.29 
Std. Error 0.05 0.01  0.01 0.01 0.01 0.02 0.01 0.01 0.02 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    0.16    0.19 0.15 0.22 
Std. Error    0.03    0.02 0.02 0.02 
Count    6    7 7 19 
           

70 



 

 

 
 
 
 
 

Table 4.  Mehlich III extractable calcium levels (meq 100cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 
 

Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 
   
 Horizon 1  

Mean 9.77 12.44 10.41 16.51 7.96 3.98 3.20 1.84 1.95 2.47 
Std. Error 0.20 0.32 0.20 0.41 0.20 0.12 0.11 0.07 0.08 0.09 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 3.91 3.53 2.24 4.16 8.15 2.91 2.76 1.79 1.94 1.53 
Std. Error 0.19 0.28 0.12 0.31 0.31 0.11 0.08 0.11 0.14 0.08 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 1.36 1.03 0.56 1.01 8.25 2.32 2.17 2.58 2.94 1.85 
Std. Error 0.08 0.08 0.02 0.08 0.38 0.15 0.09 0.15 0.18 0.12 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 1.24 0.60  1.78 7.90 1.80 2.02 2.33 3.06 1.70 
Std. Error 0.33 0.19  0.28 0.51 0.15 0.17 0.19 0.21 0.09 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    6.26    2.27 3.06 1.59 
Std. Error    1.46    0.39 0.41 0.16 
Count    6    7 7 19 
           

71 



 

 

 
 
 
 
 

Table 5.  Mehlich III extractable magnesium levels (meq 100cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 
 

Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 
   
 Horizon 1  

Mean 3.31 4.05 3.19 5.30 3.84 1.80 1.57 0.46 0.46 1.11 
Std. Error 0.11 0.16 0.10 0.15 0.13 0.05 0.07 0.03 0.02 0.04 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 2.26 1.44 1.01 2.10 3.98 1.39 1.31 0.62 0.62 0.73 
Std. Error 0.10 0.11 0.08 0.16 0.29 0.04 0.06 0.05 0.05 0.04 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 1.15 0.55 0.40 0.52 4.69 1.13 1.21 0.79 0.93 0.85 
Std. Error 0.07 0.03 0.02 0.05 0.38 0.06 0.05 0.05 0.06 0.05 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 1.05 0.50  0.40 4.11 0.86 1.18 0.57 0.76 0.78 
Std. Error 0.31 0.01  0.04 0.39 0.06 0.11 0.04 0.05 0.04 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    0.84    0.51 0.69 0.75 
Std. Error    0.17    0.06 0.04 0.07 
Count    6    7 7 19 
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Table 6.  Mehlich III extractable sodium levels (meq 100cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 0.1 0.1 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
Std. Error 0.002 0.002 0.000 0.012 0.004 0.002 0.003 0.000 0.002 0.003 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 0.1 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 
Std. Error 0.006 0.005 0.006 0.009 0.007 0.002 0.006 0.002 0.002 0.002 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 
Std. Error 0.006 0.002 0.003 0.007 0.005 0.004 0.008 0.004 0.006 0.004 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 0.0 0.0  0.1 0.1 0.0 0.1 0.0 0.0 0.0 
Std. Error 0.000 0.000  0.003 0.012 0.005 0.017 0.005 0.007 0.004 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    0.2    0.0 0.0 0.0 
Std. Error    0.033    0.014 0.020 0.005 
Count    6    7 7 19 
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Table 7.  Mehlich III extractable manganese levels (mg dm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 
Tidewater crop production fields. 

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 9.4 3.6 4.9 9.1 166.2 101.6 85.5 38.5 18.8 38.8 
Std. Error 0.41 0.14 0.15 0.27 5.10 8.51 6.48 1.48 1.12 2.33 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 1.6 0.6 0.7 1.6 92.6 40.4 40.5 29.5 12.7 30.4 
Std. Error 0.13 0.08 0.04 0.15 6.25 9.23 7.49 2.15 1.50 2.25 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 0.4 0.2 0.5 0.4 47.8 31.0 16.4 9.4 6.3 11.3 
Std. Error 0.06 0.02 0.07 0.04 5.37 9.40 4.79 1.45 1.19 1.67 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 0.3 0.2  0.5 29.5 32.1 24.4 5.5 2.7 4.1 
Std. Error 0.10 0.10  0.08 7.85 15.84 15.34 2.04 0.83 0.69 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    0.7    5.8 4.0 3.4 
Std. Error    0.12    2.40 3.31 0.58 
Count    6    7 7 19 
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Table 8.  Mehlich III extractable zinc levels (mg dm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater 
crop production fields. 

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 24.7 5.8 9.2 8.1 2.3 4.9 3.1 1.9 1.7 2.9 
Std. Error 0.71 0.23 0.29 0.19 0.12 0.22 0.18 0.25 0.08 0.30 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 4.4 0.7 1.0 1.3 0.5 0.5 0.4 0.6 1.5 2.4 
Std. Error 0.52 0.12 0.09 0.12 0.07 0.07 0.06 0.06 0.17 0.53 
Count 70 60 57 61 58 58 42 60 60 58 

  
 Horizon 3  

Mean 0.4 0.1 0.4 0.4 0.2 0.2 0.1 0.2 1.3 1.2 
Std. Error 0.05 0.01 0.05 0.04 0.02 0.02 0.01 0.03 0.22 0.43 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 0.4 0.1  0.5 0.2 0.2 0.1 0.2 0.8 1.3 
Std. Error 0.20 0.00  0.07 0.05 0.04 0.03 0.02 0.14 0.99 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    1.3    0.3 0.8 0.2 
Std. Error    0.29    0.07 0.36 0.03 
Count    6    7 7 19 
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Table 9.  Mehlich III extractable copper levels (mg dm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater 
crop production fields. 

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 2.1 1.2 1.1 1.8 1.6 2.5 2.1 1.5 0.7 1.0 
Std. Error 0.11 0.04 0.04 0.15 0.06 0.07 0.09 0.06 0.02 0.07 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 0.4 0.2 0.2 0.3 0.6 1.2 0.9 0.7 0.3 0.7 
Std. Error 0.05 0.03 0.01 0.07 0.05 0.07 0.06 0.06 0.02 0.05 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 0.2 0.1 0.3 0.1 0.4 0.8 0.6 0.3 0.3 0.4 
Std. Error 0.02 0.03 0.04 0.02 0.02 0.05 0.04 0.02 0.02 0.03 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 0.2 0.1  0.3 0.4 0.7 0.6 0.2 0.3 0.3 
Std. Error 0.07 0.00  0.06 0.04 0.10 0.08 0.01 0.03 0.02 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    1.0    0.2 0.2 0.2 
Std. Error    0.36    0.03 0.03 0.01 
Count    6    7 7 19 
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Table 10.  Soil pH levels by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop production fields. 
 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 5.1 4.9 4.8 5.1 6.3 6.3 5.8 6.0 5.6 6.1 
Std. Error 0.03 0.02 0.03 0.05 0.04 0.04 0.06 0.04 0.05 0.04 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 4.5 4.4 4.2 4.1 6.2 5.9 6.0 5.6 5.6 5.6 
Std. Error 0.02 0.02 0.02 0.03 0.03 0.09 0.07 0.07 0.07 0.05 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 4.7 4.7 4.4 4.1 6.3 5.5 5.6 5.1 5.3 5.4 
Std. Error 0.03 0.04 0.02 0.03 0.05 0.09 0.07 0.05 0.06 0.05 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 4.7 4.6  4.4 6.3 5.3 5.5 5.3 5.2 5.3 
Std. Error 0.06 0.00  0.04 0.12 0.14 0.12 0.08 0.08 0.05 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    5.0    5.4 5.2 5.2 
Std. Error    0.07    0.20 0.20 0.08 
Count    6    7 7 19 
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Table 11.  Mehlich III Buffered cation exchange capacity (meq 100cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, 
and 4 Tidewater crop production fields.  

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 18.2 22.7 20.3 27.4 13.8 6.9 6.2 3.5 3.6 4.9 
Std. Error 0.25 0.49 0.27 0.51 0.29 0.17 0.14 0.11 0.09 0.12 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 11.8 11.1 10.3 14.0 13.2 5.2 4.7 3.8 3.6 3.8 
Std. Error 0.29 0.46 0.26 0.56 0.61 0.12 0.10 0.23 0.20 0.16 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 5.6 5.1 5.5 7.2 13.9 4.7 4.1 5.3 5.1 4.8 
Std. Error 0.19 0.18 0.20 0.29 0.77 0.15 0.08 0.32 0.26 0.26 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 4.9 4.8  6.4 13.3 4.3 4.1 4.4 5.2 4.5 
Std. Error 0.94 0.60  0.28 0.74 0.19 0.24 0.36 0.29 0.26 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    9.8    4.1 5.2 4.2 
Std. Error    1.72    0.46 0.62 0.41 
Count    6    7 7 19 
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Table 12.  Soil weight per volume (g cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop 
production fields.  

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 18.24 22.66 20.26 27.40 13.79 6.86 6.24 3.49 3.56 4.87 
Std. Error 0.25 0.49 0.27 0.51 0.29 0.17 0.14 0.11 0.09 0.12 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 11.82 10.96 10.25 13.95 13.23 5.19 4.65 3.82 3.64 3.84 
Std. Error 0.29 0.46 0.26 0.56 0.61 0.12 0.10 0.23 0.20 0.16 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 5.55 5.08 5.53 7.15 13.90 4.71 4.14 5.31 5.10 4.82 
Std. Error 0.19 0.18 0.20 0.29 0.77 0.15 0.08 0.32 0.26 0.26 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 4.87 4.80  6.36 13.31 4.27 4.08 4.41 5.20 4.52 
Std. Error 0.94 0.60  0.28 0.74 0.19 0.24 0.36 0.29 0.26 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    9.80    4.07 5.21 4.19 
Std. Error    1.72    0.46 0.62 0.41 
Count    6    7 7 19 
           

79 



 

 

 
 
 
 
 

Table 13.  Humic matter content (g cm-3) by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop 
production fields.  

 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 10.31 10.47 12.02 11.92 0.23 0.27 0.27 0.46 0.48 0.41 
Std. Error 0.14 0.14 0.20 0.24 0.01 0.03 0.02 0.03 0.02 0.02 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 2  

Mean 10.11 7.36 5.95 11.97 0.05 0.12 0.07 0.23 0.17 0.26 
Std. Error 0.18 0.32 0.31 0.39 0.01 0.02 0.02 0.04 0.02 0.03 
Count 70 60 57 61 58 56 42 60 60 58 

  
 Horizon 3  

Mean 2.36 1.64 1.42 5.20 0.02 0.06 0.04 0.17 0.10 0.06 
Std. Error 0.23 0.20 0.13 0.41 0.00 0.01 0.01 0.06 0.03 0.01 
Count 70 60 56 60 58 56 42 59 59 58 

  
 Horizon 4  

Mean 2.27 1.46  2.82 0.01 0.06 0.03 0.07 0.06 0.04 
Std. Error 1.36 0.09  0.14 0.01 0.02 0.01 0.01 0.02 0.02 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    1.38    0.07 0.02 0.05 
Std. Error    0.34    0.02 0.01 0.02 
Count    6    7 7 19 
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Table 14. Percent sand by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop production fields. 
 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 74    38 43 34 74 75 66 
Std. Error 0.77    1.57 1.51 1.33 1.43 0.94 1.39 
Count 2    58 56 42 60 60 58 

  
 Horizon 2  

Mean 80 83 81 78 30 25 20 62 64 63 
Std. Error 0.16 1.19 1.09 1.67 1.99 1.90 1.67 2.14 1.89 1.66 
Count 2 20 33 4 58 56 42 60 60 58 

  
 Horizon 3  

Mean 80 88 78 85 31 24 19 57 59 52 
Std. Error 0.70 0.87 1.02 1.62 2.20 1.69 1.15 2.36 2.27 2.06 
Count 69 59 56 41 58 56 42 59 59 58 

  
 Horizon 4  

Mean 83 91  77 34 25 19 67 62 55 
Std. Error 2.33 2.55  1.96 6.85 3.60 2.86 2.71 3.00 2.59 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    63    70 68 63 
Std. Error    5.57    4.64 5.2 4.05 
Count    6    7 7 19 
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Table 15.  Percent silt by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop production fields.  
 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 20    34 30 25 20 20 24 
Std. Error 0.85    0.69 1.10 0.70 0.99 0.79 1.09 
Count 2    58 56 42 60 60 58 

  
 Horizon 2  

Mean 13 8 12 15 28 26 22 25 23 24 
Std. Error 0.15 0.71 0.73 1.08 0.78 0.84 1.00 1.40 1.12 1.02 
Count 2 20 33 4 58 56 42 60 60 58 

  
 Horizon 3  

Mean 10 5 12 9 30 31 25 22 21 27 
Std. Error 0.44 0.42 0.63 0.99 0.96 1.08 1.39 1.30 1.27 1.37 
Count 69 59 56 41 58 56 42 59 59 58 

  
 Horizon 4  

Mean 9   13 30 33 28 16 18 24 
Std. Error 2.15 0.25  1.13 2.15 2.51 3.14 1.42 1.74 1.74 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    16    15 15 20 
Std. Error    1.51    4.30 3.40 2.61 
Count    6    7 7 19 
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Table 16. Percent clay by horizon in 3 Coastal Plain, 3 Piedmont, and 4 Tidewater crop production fields.  
 
 Field Home Pasture Harvey Block 53 Graham Fischer Baker Bottom N Bottom S Teacher 

   
 Horizon 1  

Mean 6    28 26 41 6 6 10 
Std. Error 0.08    1.61 1.13 1.61 0.61 0.42 0.60 
Count 2    58 56 42 60 60 58 

  
 Horizon 2  

Mean 7 9 8 8 42 49 58 13 13 13 
Std. Error 0.00 0.61 0.56 0.93 2.21 1.67 1.65 1.09 1.13 0.79 
Count 2 20 33 4 58 56 42 60 60 58 

  
 Horizon 3  

Mean 11 7 10 6 39 45 56 22 20 22 
Std. Error 0.36 0.48 0.47 0.70 2.39 1.37 1.55 1.29 1.28 0.96 
Count 69 59 56 41 58 56 42 59 59 58 

  
 Horizon 4  

Mean 9 5  10 36 42 53 17 20 21 
Std. Error 1.40 2.30  0.92 6.50 2.66 2.46 1.56 1.47 1.09 
Count 3 2  34 12 22 10 36 37 49 

  
 Horizon 5  

Mean    2    16 17 18 
Std. Error    4.44    2.24 1.85 1.64 
Count    6    7 7 19 
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Table 17.  Baker nutrient R2 of linear regression. 
 

 
“Yield” refers to the yield prior to sampling; “Mean Yield” refers to the average of five years yields; 
Stdev Yield refers to the standard deviation of five years yields. 
 
 
 
Table 18.  Fischer nutrient R2 of linear regression. 

 
“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of four years yields; 
Stdev Yield refers to the standard deviation of four years yields. 
 
 
 

 pH P K Ca Mg Mn Zn Cu 
P 0.04  
K 0.00 0.07  
Ca 0.71 0.09 -0.03  
Mg 0.80 0.01 -0.01 0.79  
Mn 0.05 0.08 0.08 0.02 -0.01  
Zn 0.46 0.22 0.00 0.56 0.38 0.13 
Cu 0.32 0.16 0.01 0.32 0.12 0.28 0.35
Yield 0.03 -0.01 -0.01 0.02 0.07 -0.08 0.04 -0.09
Mean Yield -0.12 -0.02 0.01 -0.19 -0.13 -0.01 -0.05 -0.20
Stdev Yield 0.07 0.04 0.19 0.03 0.02 0.16 0.06 0.09

 pH P K Ca Mg Mn Zn Cu 
P -0.01  
K 0.00 0.15  
Ca 0.00 0.01 0.16  
Mg 0.00 0.00 0.08 0.81  
Mn 0.50 0.00 0.17 -0.02 -0.01  
Zn 0.00 0.23 0.26 0.49 0.35 0.00 
Cu 0.10 0.00 0.25 0.05 0.05 0.24 0.09
Yield -0.01 0.00 -0.01 -0.03 0.00 0.00 0.00 -0.08
Mean Yield -0.21 0.00 -0.15 -0.00 0.00 -0.18 -0.04 -0.23
Stdev Yield 0.08 0.05 0.01 -0.05 -0.06 0.02 0.00 -0.01
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Table 19.  Graham nutrient R2 of linear regression. 
 
 

“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of four years yields; 
Stdev Yield refers to the standard deviation of five years yields. 
 
 
Table 20.  Teachers field nutrient R2 of linear regression. 
 
“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of four years yields; 

Stdev Yield refers to the standard deviation of five years yields. 
 

 pH P K Ca Mg Mn Zn Cu
P -0.01  
K -0.01 0.01  
Ca 0.63 0.00 -0.03  
Mg 0.47 0.00 -0.13 0.89  
Mn 0.00 0.01 -0.01 -0.08 -0.04  
Zn 0.26 0.22 0.02 0.13 0.10 0.13 
Cu -0.03 0.22 0.00 -0.02 0.00 0.22 0.10
Yield 0.27 -0.03 -0.01 0.20 0.18 -0.12 0.03 -0.13
Mean Yield 0.05 0.05 0.00 0.07 0.07 -0.05 0.05 0.00
Stdev Yield 0.00 -0.08 0.04 0.00 0.00 0.00 0.00 -0.14

 pH P K Ca Mg Mn Zn Cu 
P -0.15  
K 0.09 -0.16  
Ca 0.72 -0.19 0.26  
Mg 0.73 -0.30 0.21 0.90  
Mn -0.02 0.40 -0.08 -0.04 -0.06  
Zn -0.03 0.29 -0.03 -0.00 -0.02 0.11 
Cu -0.01 0.19 -0.01 0.00 -0.01 0.22 0.54
Yield -0.01 0.00 -0.01 -0.04 -0.02 0.20 0.00 0.03
Mean Yield -0.04 -0.00 -0.03 -0.09 -0.06 0.00 -0.00 -0.00
Stdev Yield 0.00 -0.07 0.03 0.01 0.02 -0.05 0.00 0.00
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Table 21.  Bottoms North nutrient R2 of linear regression. 

 
 
 
 
Table 22.  Bottoms South nutrient R2 of linear regression. 
 

 
 
 
 
 
 

 pH P K Ca Mg Mn Zn Cu 
P -0.20  
K 0.02 -0.01  
Ca 0.29 -0.04 0.46  
Mg 0.36 -0.04 0.28 0.80  
Mn -0.06 0.10 0.11 0.04 0.00  
Zn 0.00 0.36 0.08 0.09 0.03 -0.12 
Cu -0.09 0.33 0.09 0.05 0.02 0.30 0.26
Yield - - - - - - - - 
Mean Yield - - - - - - - - 
Stdev Yield - - - - - - - - 

 pH P K Ca Mg Mn Zn Cu 
P 0.02   
K 0.12 0.00   
Ca 0.54 0.07 0.39   
Mg 0.64 0.00 0.18 0.63   
Mn 0.13 0.35 0.12 0.32 0.03   
Zn 0.28 0.23 0.09 0.37 0.21 0.35  
Cu 0.00 0.25 0.12 0.05 0.00 0.10 0.16  
Yield - - - - - - - - 
Mean Yield - - - - - - - - 
Stdev Yield - - - - - - - - 
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Table 23.  Block 53 nutrient R2 of linear regression. 
 

 
“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of three years yields; 
Stdev Yield refers to the standard deviation of three years yields. 
 
 
Table 24.  Home field nutrient R2 of linear regression. 

 
“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of three years yields; 
Stdev Yield refers to the standard deviation of three years yields. 
 
 
 

 pH P K Ca Mg Mn Zn Cu 
P 0.37  
K 0.00 0.04  
Ca 0.14 0.05 0.23  
Mg 0.00 -0.00 0.23 0.48  
Mn -0.17 -0.28 -0.01 -0.04 0.06  
Zn 0.07 0.10 0.01 0.26 0.10 0.03 
Cu 0.01 0.07 -0.01 -0.01 -0.05 0.00 0.21
Yield - - - - - - - - 
Mean Yield -0.08 -0.18 -0.01 -0.05 0.00 0.20 -0.01 0.00
Stdev Yield -0.24 -0.31 -0.02 -0.13 -0.05 0.09 -0.02 0.00

 pH P K Ca Mg Mn Zn Cu 
P 0.01  
K 0.00 0.07  
Ca 0.43 0.02 -0.01  
Mg 0.48 0.00 -0.01 0.76  
Mn -0.27 0.27 0.01 -0.07 -0.31  
Zn 0.08 0.18 0.00 0.58 0.20 0.07 
Cu 0.44 -0.03 -0.02 0.70 0.63 -0.33 0.21
Yield 0.22 0.06 0.02 0.44 0.31 -0.02 0.35 0.28
Mean Yield 0.13 0.02 0.00 0.39 0.26 -0.01 0.30 0.23
Stdev Yield 0.19 0.08 0.02 0.19 0.15 -0.06 0.13 0.15
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Table 25.  Pasture nutrient field R2 of linear regression. 
 

 
“Yield” refers to the yield prior sampling; “Mean Yield” refers to the average of two years yields; 
Stdev Yield refers to the standard deviation of two years yields. 
 
 
 
 
 
Table 26.  Harvey field nutrient R2 of linear regression. 
 

 
 

 pH P K Ca Mg Mn Zn Cu 
P 0.02  
K 0.06 -0.05  
Ca 0.15 -0.38 0.13  
Mg 0.14 -0.52 0.21 0.79  
Mn 0.02 -0.01 0.06 0.34 0.13  
Zn 0.13 -0.21 0.19 0.61 0.64 0.15 
Cu 0.14 -0.33 0.10 0.63 0.59 0.10 0.60
Yield - - - - - - - - 
Mean Yield 0.02 0.01 0.00 -0.04 0.00 0.07 0.01 0.02
Stdev Yield -0.06 0.08 -0.01 -0.25 -0.08 -0.09 -0.03 -0.08

 pH P K Ca Mg Mn Zn Cu 
P 0.04  
K -0.09 0.02  
Ca 0.31 0.28 0.00  
Mg 0.18 0.54 0.00 0.50  
Mn 0.13 0.18 0.02 0.67 0.23  
Zn 0.42 0.27 0.00 0.85 0.52 0.57 
Cu 0.18 0.01 0.00 0.43 0.02 0.43 0.43
Yield - - - - - - - - 
Mean Yield - - - - - - - - 
Stdev Yield - - - - - - - - 



 

 

 
 
 
 
 
 
 

Table 27.  Variables explaining nutrient levels in three Piedmont crop production fields. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Calculations were made by principle component analysis coupled with stepwise regression with all variables normalized.  “B” indicates 
the Baker field, “F” the Fischer field, and “G” the Grahm field.  “OM” is the humic level of the soil “A” horizon, “Depth” is the soil “A” 
horizon depth, DEM is the elevation, “Flow” is a simple calculation of the total surface water flowing through each sample point, and 
“EC” is the apparent electrical conductivity of the soil. 

 
 

 Mobile Semi Mobile Immobile Fixed 
 Ca Mg K Mn Zn Cu P 
Sand   G      G B         B   
Silt   G      G   G         G 
Clay  F G B F    G B         B   
Humic  F G               G    
CEC B  G   G                
pH    B       F      F     
EC      G     F      F     
Depth                  G    
DEM B   B             F     
Slope    B  G            G    
Flow   G  F G  F         F     

89 



 

 

 
 
 
 
 
 
 

Table 28.  Variables explaining nutrient levels in three Coastal Plain crop production fields. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Calculations were made by principle component analysis coupled with stepwise regression with all variables normalized.  “T” indicates 
the Teacher field, “N” the Bottoms North field, and “S” the Bottoms South field.  “OM” is the humic level of the soil “A” horizon, “Depth” is 
the soil “A” horizon depth, DEM is the elevation, “Flow” is a simple calculation of the total surface water flowing through each sample 
point, and “EC” is the apparent electrical conductivity of the soil. 

 

 Mobile Semi-Mobile Immobile Fixed 
 Ca Mg K Mn Zn Cu P 

Sand        T N  T   T   T N  T  S 
Silt             T         
Clay                     S 
Humic    T                  
CEC             T      T   
pH      S T     S   S    T   
EC T   T N  T  S             
Depth T   T     S        N     
DEM T    N S T N  T    N S  N   N  
Slope          T      T   T   
Flow        N    S  N   N     
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Table 29.  Variables explaining nutrient levels in three Tidewater crop production fields. 
 
 
 
 
 
 
 
 
 

Calculations were made by principle component analysis coupled with stepwise regression with all variables normalized.  “B” indicates 
the Block 53 field, “h” the Home field, “H” the Harvey field, and “P” the Pasture field.  “W/V” is the weight per volume of the soil “A” 
horizon, “OM” is the humic content of the soil “A” horizon, and “Dist” is the distance to nearest surface drain, and “EC” relates to 
apparent electrical conductivity of the soil. 

 

 Mobile Semi-Mobile Immobile Fixed 
 Ca Mg K Mn Zn Cu P 
W/V  h H P B   P B h H P B h  P B  H P    P   H P
pH  h  P B  H    H  B h H   h  P  h  P     
Humic   H  B h   B      H P  h  P  h  P     
CEC  h H    H  B   P B h  P B h H P    P B  H P
Dist B h H   h H  B    B  H   h    h   B  H P
EC B   P              h H        H  
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Table 30.  Baker field principle component analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

SAND and CLAY variables are the sand and clay percentage of the soil “A” horizon.  The DEPTH 
variable is the depth of the soil “A” horizon.  The FLOW variable is a measurement of surface 
water accumulation.  The AWI variable is a relative calculation of plant available water with depth. 
 
 
 
Table 31.  Fischer field principle component analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
SAND and CLAY variables is the sand and clay percentage of the soil “A” horizon.  The LSAT 
variable is the values of panchromatic satellite imagery.  The DEM variable is a digital elevation 
model.  The AWI variable is a relative calculation of plant available water with depth. 
 
 
 
 

 PC 1 PC 2 PC 3 PC 4 PC 5 
Eigenvalue 2.002 1.326 1.010 0.591 0.071 
Difference 0.677 0.316 0.420 0.520  
Proportion 0.401 0.265 0.202 0.118 0.014 
Cumulative 0.401 0.666 0.868 0.986 1.000 
Eigenvectors   
    SAND 0.640 -0.320 -0.093 0.015 0.692 
    CLAY -0.679 0.177 0.018 0.007 0.713 
    DEPTH 0.210 0.372 0.772 -0.462 0.092 
    FLOW -0.153 -0.536 0.628 0.542 -0.034 
    AWI 0.249 0.633 0.025 0.702 0.065 

 PC 1 PC 2 PC 3 PC 4 PC 5 
Eigenvalue 2.506 1.516 0.450 0.392 0.138 
Difference 0.990 1.067 0.057 0.255  
Proportion 0.501 0.303 0.090 0.078 0.028 
Cumulative 0.501 0.804 0.894 0.973 1.000 
Eigenvectors   
    SAND -0.265 -0.634 0.662 0.168 0.250 
    CLAY 0.139 0.700 0.670 -0.067 0.193 
    LSAT 0.551 -0.056 0.126 0.729 -0.383 
    DEM 0.589 -0.148 -0.192 -0.018 0.771 
    AWI -0.511 0.289 -0.246 0.660 0.400 
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Table 32.  Graham field principle component analysis. 
 

 
 
 
 
 
 
 
 
 
 
 

 
SAND, SILT, and CLAY variables is the sand, silt, and clay parentages of the soil “A” horizon.  
The HUMIC variable is the relative humic content of the soil “A” horizon. 
 
 
 
 
 
 
Table 33.  Teachers field principle component analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The DEPTH variable relates to the depth of the soil “A” horizon.  The HUMIC variable is the 
relative humic content of the soil “A” horizon.  The DOQQ variable is the panchromatic values of a 
USGS digital ortho quarter quad.  The DEM variable is a digital elevation model.  The AWI 
variable is a relative calculation of plant available water with depth. 
 
 
 
 

 PC 1 PC 2 PC 3 PC 4 
Eigenvalue 1.927 1.425 0.648 0.000
Difference 0.502 0.778 0.648
Proportion 0.482 0.356 0.162 0.000
Cumulative 0.482 0.838 1.000 1.000
Eigenvectors  
    SAND -0.709 -0.044 0.206 0.673
    SILT 0.059 0.722 -0.621 0.299
    CLAY 0.679 -0.276 0.070 0.677
    HUMIC 0.179 0.633 0.753 0.000

 PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 
Eigenvalue 2.172 1.631 1.425 0.366 0.321 0.085 
Difference 0.542 0.206 1.059 0.044 0.236  
Proportion 0.362 0.271 0.238 0.061 0.054 0.014 
Cumulative 0.362 0.634 0.871 0.932 0.986 1.000 
Eigenvectors   
SAND 0.628 0.219 -0.028 -0.243 -0.051 0.704 
SILT -0.632 -0.182 0.069 0.228 -0.196 0.687 
DEPTH 0.154 0.478 0.537 0.652 -0.181 -0.053 
HUMIC -0.311 0.609 -0.124 -0.066 0.707 0.112 
DOQQ 0.210 -0.557 0.418 0.203 0.645 0.120 
AWI 0.206 -0.098 -0.719 0.647 0.102 0.049 
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Table 34.  Home field principle component analysis. 

 
 
 
 
 
 
 
 
 
 
 

The EM38 variable is the soil electrical conductivity data measured by means of the EM38 
instrument.  The W/V is the weight per volume of the soil “A” horizon.  The DIST variable is the 
distance to the nearest surface drainage. 
 
 
 
Table 35.  Block 53 principle component analysis. 
 

 
 
 
 
 
 
 
 
 
 
 

 
The VERIS1 and VERIS2 variables are the upper and lower apparent soil electrical conductivity 
readings from the Veris instrument.  The CEC variable is the cation exchange capacity of the soil 
“A” horizon.  The W/V variable is the weight per volume of the soil “A” horizon. 
 
 
 
 
 
 
 
 

 PC 1 PC 2 PC 3 
Eigenvalue 1.420 1.021 0.559
Difference 0.399 0.461
Proportion 0.473 0.340 0.187
Cumulative 0.473 0.814 1.000
Eigenvectors  
    EM38 0.066 0.973 -0.221
    W/V 0.711 0.109 0.695
    DIST -0.700 0.203 0.685

 PC 1 PC 2 PC 3 PC 4 
Eigenvalue 2.000 1.392 0.353 0.254
Difference 0.608 1.039 0.099
Proportion 0.500 0.348 0.088 0.064
Cumulative 0.500 0.848 0.936 1.000
Eigenvectors  
    VERIS1 0.378 0.630 0.669 -0.114
    VERIS2 0.499 0.477 -0.720 0.073
    CEC 0.561 -0.411 0.188 0.694
    W/V -0.541 0.455 -0.002 0.708
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Table 36.  Pasture field principle component analysis. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

The VERIS1 and VERIS2 variables are the upper and lower apparent soil electrical conductivity 
readings from the Veris instrument.  The W/V variable is the weight per volume of the soil “A” 
horizon.  The THICK variable is the soil depth to the first mineral horizon.  The %SAND variable is 
the sand content of the first mineral horizon. 
 
 

 PC 1 PC 2 PC 3 PC 4 PC5 
Eigenvalue 2.863 1.279 0.381 0.301 0.176 
Difference 1.584 0.898 0.070 0.125  
Proportion 0.573 0.256 0.076 0.060 0.035 
Cumulative 0.573 0.828 0.905 0.965 1.000 
Eigenvectors   
    VERIS1 0.539 0.009 -0.228 0.523 0.620 
    VERIS2 0.508 0.137 0.587 -0.563 0.248 
    W/V -0.513 -0.087 0.669 0.378 0.373 
    THICK 0.126 0.829 0.197 0.364 -0.356 
   %SAND 0.417 -0.536 0.342 0.366 -0.537 



 

 

 
 
 
 
 
 

Table 37.  Baker field correlation matrix of variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The YLDST variable is the variability from 5 years of yield data.  SAND, SILT, and CLAY variables are the sand, silt, and clay 
percentages of the soil “A” horizon.  The DEPTH variable is the depth of the soil “A” horizon.  The CEC variable is the cation exchange 
capacity of the soil “A” horizon.  The HUMIC variable is the relative humic content of the soil “A” horizon.  The EC variable is the 
remotely sensed apparent electrical conductivity of the soil.  The LSAT variable is the values of panchromatic satellite imagery.  The 
SLOPE variable is the slope of the soil surface.  The DEM variable is a digital elevation model.  The FLOW variable is a measurement of 
surface water accumulation.  The AWI variable is a relative calculation of plant available water with depth. 

 
 

 YLDST SAND SILT CLAY DEPTH CEC HUMIC EC LSAT SLOPE DEM FLOW AWI 
YLDST 1.0000 -0.0227 -0.0283 0.0307 -0.0080 0.0549 0.1133 0.0047 -0.2466 -0.3569 -0.0365 -0.0289 0.3832 
SAND -0.0227 1.0000 0.1883 -0.9135 0.0282 -0.6329 0.5387 -0.4089 0.2507 0.4401 -0.3520 -0.0492 0.0418 
SILT -0.0283 0.1883 1.0000 -0.5717 0.3725 -0.0025 0.3218 -0.2466 0.2111 0.2023 -0.0403 -0.1555 0.2899 
CLAY 0.0307 -0.9135 -0.5717 1.0000 -0.1779 0.5298 -0.5834 0.4438 -0.2969 -0.4515 0.3107 0.1055 -0.1550 
DEPTH -0.0080 0.0282 0.3725 -0.1779 1.0000 0.0221 0.0476 -0.0482 -0.1374 -0.0454 -0.0586 -0.0158 0.2506 
CEC 0.0549 -0.6329 -0.0025 0.5298 0.0221 1.0000 -0.1739 0.4994 -0.4816 -0.5427 0.3937 0.1760 0.1339 
HUMIC 0.1133 0.5387 0.3218 -0.5834 0.0476 -0.1739 1.0000 -0.2806 0.0422 0.3134 -0.2687 0.0851 0.0030 
EC 0.0047 -0.4089 -0.2466 0.4438 -0.0482 0.4994 -0.2806 1.0000 -0.7135 -0.5118 0.3850 0.0377 0.1380 
LSAT -0.2466 0.2507 0.2111 -0.2969 -0.1374 -0.4816 0.0422 -0.7135 1.0000 0.7783 -0.2877 -0.0251 -.03588 
SLOPE -0.3569 0.4401 0.2023 -0.4515 -0.0454 -0.5427 0.3134 -0.5118 0.7783 1.0000 -0.5063 -0.0170 -0.3573 
DEM -0.0365 -0.3520 -0.0403 0.3107 -0.0586 0.3937 -0.2687 0.3850 -0.2877 -0.5063 1.0000 0.1079 0.2225 
FLOW -0.0289 -0.0492 -0.1555 0.1055 -0.0158 0.1760 0.0851 0.0377 -0.0251 -0.0170 0.1079 1.0000 -0.2820 
AWI 0.3832 0.0418 0.2899 -0.1550 0.2506 0.1339 0.0030 0.1380 -.03588 -0.3573 0.2225 -0.2820 1.0000 
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Table 38.  Fischer field correlation matrix of variables. 
 

 YLDST SAND SILT CLAY DEPTH CEC HUMIC EC LSAT SLOPE DEM FLOW AWI 
YLDST 1.0000 0.4737 -0.2561 -0.3825 0.0126 -0.2668 -0.0672 0.5905 -0.2831 0.0486 -0.3007 -0.1063 0.3088 
SAND 0.4737 1.0000 -0.6973 -0.6396 0.2103 -0.3458 -0.0426 0.4337 -0.3362 -0.1100 -0.5507 -0.0121 0.1854 
SILT -0.2561 -0.6973 1.0000 -0.1050 -0.2168 0.3928 0.4235 -0.3098 0.2169 0.2049 0.3721 0.1906 -0.1678 
CLAY -0.3825 -0.6396 -0.1050 1.0000 -0.0593 0.0585 -0.3952 -0.2694 0.2338 -0.0672 0.1254 -0.1876 -0.0761 
DEPTH 0.0126 0.2103 -0.2168 -0.0593 1.0000 -0.5995 -0.4328 0.1210 -0.2222 -0.3804 -0.3120 0.3506 0.3909 
CEC -0.2668 -0.3458 0.3928 0.0585 -0.5995 1.0000 0.6106 -0.3170 0.1237 0.3537 0.1484 0.1050 -0.2862 
HUMIC -0.0672 -0.0426 0.4235 -0.3952 -0.4328 0.6106 1.0000 -0.2196 0.2280 0.3571 0.1756 0.2014 -0.2404 
EC 0.5905 0.4337 -0.3098 -0.2694 0.1210 -0.3170 -0.2196 1.0000 -0.4575 -0.3609 -0.5507 -0.1381 0.5538 
LSAT -0.2831 -0.3362 0.2169 0.2338 -0.2222 0.1237 0.2280 -0.4575 1.0000 0.3924 0.7877 -0.3353 -0.6123 
SLOPE 0.0486 -0.1100 0.2049 -0.0672 -0.3804 0.3537 0.3571 -0.3609 0.3924 1.0000 0.5030 -0.148 -0.5600 
DEM -0.3007 -0.5507 0.3721 0.1254 -0.3120 0.1484 0.1756 -0.5507 0.7877 0.5030 1.0000 -0.3574 -0.7816 
FLOW -0.1063 -0.0121 0.1906 -0.1876 0.3506 0.1050 0.2014 -0.1381 -0.3353 -0.1484 -0.3574 1.0000 0.3255 
AWI 0.3088 0.1854 -0.1678 -0.0761 0.3909 -0.2862 -0.2404 0.5538 -0.6123 -0.5600 -0.7816 0.3255 1.0000 

 
The YLDST variable is the variability from 5 years of yield data.  SAND, SILT, and CLAY variables are the sand, silt, and clay 
percentages of the soil “A” horizon.  The DEPTH variable is the depth of the soil “A” horizon.  The CEC variable is the cation exchange 
capacity of the soil “A” horizon.  The HUMIC variable is the relative humic content of the soil “A” horizon.  The EC variable is the 
remotely sensed apparent electrical conductivity of the soil.  The LSAT variable is the values of panchromatic satellite imagery.  The 
SLOPE variable is the slope of the soil surface.  The DEM variable is a digital elevation model.  The FLOW variable is a measurement of 
surface water accumulation.  The AWI variable is a relative calculation of plant available water with depth. 
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Table 39.  Graham field correlation matrix of variables. 
 

 YLDST SAND SILT CLAY DEPTH CEC HUMIC EC LSAT SLOPE DEM FLOW AWI 
YLDST 1.0000 0.1647 -0.0282 -0.1579 -0.2834 0.1518 -0.2764 0.2910 -0.3165 0.2806 -0.2523 -0.3682 -0.2398 
SAND 0.1647 1.0000 -0.3064 -0.8956 0.2155 0.3754 -0.2712 0.5401 -0.2347 -0.1764 -0.6208 0.2418 -0.4906 
SILT -0.0282 -0.3064 1.0000 -0.1491 0.0943 -0.0462 0.3273 -0.0828 -0.0579 0.0814 -0.0822 0.0664 -0.0579 
CLAY -0.1579 -0.8956 -0.1491 1.0000 -0.2679 -0.3684 0.1287 -0.5224 0.2709 0.1452 0.6833 -0.2822 0.3968 
DEPTH -0.2834 0.2155 0.0943 -0.2679 1.0000 -0.1828 0.3096 -0.1849 0.1970 -0.2905 0.0686 0.2653 0.1391 
CEC 0.1518 0.3754 -0.0462 -0.3684 -0.1828 1.0000 -0.3527 0.6872 -0.3421 -0.0186 -0.6263 0.1816 -0.2982 
HUMIC -0.2764 -0.2712 0.3273 0.1287 0.3096 -0.3527 1.0000 -0.3091 0.1983 -0.1677 0.2407 -0.0833 0.2111 
EC 0.2910 0.5401 -0.0828 -0.5224 -0.1849 0.6872 -0.3091 1.0000 -0.3613 0.0410 -0.6911 0.0406 -0.4911 
LSAT -0.3165 -0.2347 -0.0579 0.2709 0.1970 -0.3421 0.1983 -0.3613 1.0000 -0.2503 0.5214 0.1785 0.2932 
SLOPE 0.2806 -0.1764 0.0814 0.1452 -0.2905 -0.0186 -0.1677 0.0410 -0.2503 1.0000 -0.1215 -0.1709 0.0735 
DEM -0.2523 -0.6208 -0.0822 0.6833 0.0686 -0.6263 0.2407 -0.6911 0.5214 -0.1215 1.0000 -0.2726 0.3429 
FLOW -0.3682 0.2418 0.0664 -0.2822 0.2653 0.1816 -0.0833 0.0406 0.1785 -0.1709 -0.2726 1.0000 0.3644 
AWI -0.2398 -0.4906 -0.0579 0.3968 0.1391 -0.2982 0.2111 -0.4911 0.2932 0.0735 0.3429 0.3644 1.0000 

 
The YLDST variable is the variability from 5 years of yield data.  SAND, SILT, and CLAY variables are the sand, silt, and clay 
percentages of the soil “A” horizon.  The DEPTH variable is the depth of the soil “A” horizon.  The CEC variable is the cation exchange 
capacity of the soil “A” horizon.  The HUMIC variable is the relative humic content of the soil “A” horizon.  The EC variable is the 
remotely sensed apparent electrical conductivity of the soil.  The LSAT variable is the values of panchromatic satellite imagery.  The 
SLOPE variable is the slope of the soil surface.  The DEM variable is a digital elevation model.  The FLOW variable is a measurement of 
surface water accumulation.  The AWI variable is a relative calculation of plant available water with depth. 
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Table 40.  Significant principle components from stepwise regression. 
 
  Partial R2  
Field Name R2 PC1 PC2 PC3 Variables 
Baker  NS NS NS  
Fischer 0.27 0.05 0.22  LSAT, DEM, AWI; SAND, CLAY 
Graham 0.06 NS 0.06  SILT, HUMIC 
Teacher 0.05 0.05 NS NS SAND, SILT 
Home 0.05 0.05 NS  W/V, DIST 
Block 53  NS NS   
Pasture 0.36 0.36 NS  W/V, VERIS2 
 
NS indicates that the PC group was eliminated from the model by the stepwise regression 
analysis.  The LSAT variable is the values of panchromatic satellite imagery.  The DEM variable 
is a digital elevation model.  The AWI variable is a relative calculation of plant available water with 
depth.  The SILT, and SAND variables is the silt and sand parentages of the soil “A” horizon.  The 
HUMIC variable is the relative humic content of the soil “A” horizon.  The W/V is the weight per 
volume of the soil “A” horizon.  The DIST variable is the distance to the nearest surface drainage.  
The VERIS2 variable is the lower apparent soil electrical conductivity readings from the Veris 
instrument. 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 

Table 41.  Teachers field correlation matrix of variables. 
 

 YLDST SAND SILT CLAY DEPTH CEC HUMIC EC DOQQ SLOPE DEM FLOW AWI 
YLDST 1.0000 -0.3422 0.2633 0.2844 -0.3051 0.4145 -0.0772 0.2925 -0.5040 -0.0573 -0.0297 0.0744 0.0814 
SAND -0.3422 1.0000 -0.8969 -0.6005 0.3283 -0.5823 -0.1556 -0.3956 0.2686 -0.1696 0.4827 -0.2601 0.3005 
SILT 0.2633 -0.8969 1.0000 0.1849 -0.2111 0.4981 0.1778 0.3965 -0.2621 -0.0001 -0.3887 0.2143 -0.3886 
CLAY 0.2844 -0.6005 0.1849 1.0000 -0.3479 0.3935 0.0243 0.1622 -0.1229 0.3771 -0.3698 0.1906 0.0348 
DEPTH -0.3051 0.3283 -0.2111 -0.3479 1.0000 -0.5080 0.2418 -0.2463 0.1259 0.0864 0.0863 -0.1373 -0.3729 
CEC 0.4145 -0.5823 0.4981 0.3935 -0.5080 1.0000 0.2977 0.4687 -0.5075 -0.0544 -0.2815 0.1862 0.1217 
HUMIC -0.0772 -0.1556 0.1778 0.0243 0.2418 0.2977 1.0000 -0.1573 -0.5270 0.1583 -0.3260 0.1812 -0.0753 
EC 0.2925 -0.3956 0.3965 0.1622 -0.2463 0.4687 -0.1573 1.0000 -0.1626 0.1540 -0.3045 0.2003 -0.0786 
DOQQ -0.5040 0.2686 -0.2621 -0.1229 0.1259 -0.5075 -0.5270 -0.1626 1.0000 0.1778 0.0216 -0.0207 -0.2160 
SLOPE -0.0573 -0.1696 -0.0001 0.3771 0.0864 -0.0544 0.1583 0.1540 0.1778 1.0000 -0.8010 0.3800 -0.1754 
DEM -0.0297 0.4827 -0.3887 -0.3698 0.0863 -0.2815 -0.3260 -0.3045 0.0216 -0.8010 1.0000 -0.4227 0.2374 
FLOW 0.0744 -0.2601 0.2143 0.1906 -0.1373 0.1862 0.1812 0.2003 -0.0207 0.3800 -0.4227 1.0000 -0.1955 
AWI 0.0814 0.3005 -0.3886 0.0348 -0.3729 0.1217 -0.0753 -0.0786 -0.2160 -0.1754 0.2374 -0.1955 1.0000 

 
The YLDST variable is the variability from 5 years of yield data.  SAND, SILT, and CLAY variables are the sand, silt, and clay 
percentages of the soil “A” horizon.  The DEPTH variable is the depth of the soil “A” horizon.  The CEC variable is the cation exchange 
capacity of the soil “A” horizon.  The HUMIC variable is the relative humic content of the soil “A” horizon.  The EC variable is the 
remotely sensed apparent electrical conductivity of the soil.  The DOQQ variable is the panchromatic values of a USGS digital ortho 
quarter quad.  The SLOPE variable is the slope of the soil surface.  The DEM variable is a digital elevation model.  The FLOW variable 
is a measurement of surface water accumulation.  The AWI variable is a relative calculation of plant available water with depth. 
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Table 42.  Bottoms North field correlation matrix of variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAND, SILT, and CLAY variables are the sand, silt, and clay percentages of the soil “A” horizon.  The DEPTH variable is the depth of 
the soil “A” horizon.  The CEC variable is the cation exchange capacity of the soil “A” horizon.  The HUMIC variable is the relative humic 
content of the soil “A” horizon.  The EC variable is the remotely sensed apparent electrical conductivity of the soil.  The VERIS1 and 
VERIS2 variables are the upper and lower apparent soil electrical conductivity readings from the Veris instrument.  The DOQQ variable 
is the panchromatic values of a USGS digital ortho quarter quad.  The SLOPE variable is the slope of the soil surface.  The DEM 
variable is a digital elevation model.  The FLOW variable is a measurement of surface water accumulation.  The AWI variable is a 
relative calculation of plant available water with depth. 

 

 SAND SILT CLAY DEPTH CEC HUMIC EC VERIS1 VERIS2 DOQQ SLOPE DEM FLOW AWI 

SAND 1.0000 -0.8158 -0.8459 -0.1559 -0.7236 0.3208 0.2373 -0.3266 -0.6102 -0.0508 0.1307 -0.1723 0.3320 -0.2031 

SILT -0.8158 1.0000 0.3817 0.1356 0.3763 0.0575 -0.2979 0.2433 0.5967 0.1248 -0.2126 0.1012 -0.3640 0.1418 

CLAY -0.8459 0.3817 1.0000 0.1241 0.8095 -0.5658 -0.1046 0.2976 0.4251 -0.0339 -0.0127 0.1821 -0.1949 0.1939 

DEPTH -0.1559 0.1356 0.1241 1.0000 0.1367 0.1999 0.1310 0.0013 0.0576 -0.1537 0.0077 -0.0545 0.1052 -0.0215 

CEC -0.7236 0.3763 0.8095 0.1367 1.0000 -0.2857 -0.0110 0.2646 0.5014 -0.0578 -0.0822 0.2849 -0.2260 0.0750 

HUMIC 0.3208 0.0575 -0.5658 0.1999 -0.2857 1.0000 0.0691 -0.1415 -0.1095 0.0280 0.0115 -0.0501 -0.0625 -0.2044 

EC 0.2373 -0.2979 -0.1046 0.1310 -0.0110 0.0691 1.0000 -0.2642 -0.3241 -0.4306 0.0938 -0.0093 0.2334 -0.3166 

VERIS1 -0.3266 0.2433 0.2976 0.0013 0.2646 -0.1415 -0.2642 1.0000 0.6167 0.2613 -0.0427 0.4280 -0.2588 0.4340 

VERIS2 -0.6102 0.5967 0.4251 0.0576 0.5014 -0.1095 -0.3241 0.6167 1.0000 -0.3241 -0.0597 0.4736 -0.4545 0.2788 

DOQQ -0.0508 0.1248 -0.0339 -0.1537 -0.0578 0.0280 -0.4306 0.2613 -0.3241 1.0000 -0.0583 0.0174 -0.3091 0.1022 

SLOPE 0.1307 -0.2126 -0.0127 0.0077 -0.0822 0.0115 0.0938 -0.0427 -0.0597 -0.0583 1.0000 -0.1272 -0.0151 0.0093 

DEM -0.1723 0.1012 0.1821 -0.0545 0.2849 -0.0501 -0.0093 0.4280 0.4736 0.0174 -0.1272 1.0000 -0.4275 0.3799 

FLOW 0.3320 -0.3640 -0.1949 0.1052 -0.2260 -0.0625 0.2334 -0.2588 -0.4545 -0.3091 -0.0151 -0.4275 1.0000 -0.2740 

AWI -0.2031 0.1418 0.1939 -0.0215 0.0750 -0.2044 -0.3166 0.4340 0.2788 0.1022 0.0093 0.3799 -0.2740 1.0000 
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Table 43.  Bottoms South field correlation matrix of variables. 
 

 SAND SILT CLAY DEPTH CEC HUMIC EC VERIS1 VERIS2 DOQQ SLOPE DEM FLOW AWI 

SAND 1.0000 -0.8951 -0.5690 0.0381 -0.2831 -0.2661 -0.4597 -0.2501 -0.4705 0.4596 0.2364 0.0275 -0.2289 0.2552 

SILT -0.8951 1.0000 0.1427 -0.1150 0.2612 0.3460 0.3751 0.0579 0.3877 -0.4874 -0.2993 -0.1290 0.2307 -0.2845 

CLAY -0.5690 0.1427 1.0000 0.1275 0.1468 -0.0474 0.3286 0.4485 0.3293 -0.1212 0.0272 0.1769 0.0826 -0.0417 

DEPTH 0.0381 -0.1150 0.1275 1.0000 0.0464 0.1256 -0.0910 -0.0903 -0.2552 0.0001 0.0435 0.1361 0.2110 0.0913 

CEC -0.2831 0.2612 0.1468 0.0464 1.0000 0.1822 0.5430 0.3240 0.3580 -0.2283 0.0204 -0.4339 0.2040 0.3365 

HUMIC -0.2661 0.3460 -0.0474 0.1256 0.1822 1.0000 -0.0309 -0.3438 -0.3166 -0.3839 -0.2975 -0.1506 0.4308 -0.2434 
EC -0.4597 0.3751 0.3286 -0.0910 0.5430 -0.0309 1.0000 0.4057 0.6521 -0.3931 0.0353 -0.3245 0.0280 0.2581 

VERIS1 -0.2501 0.0579 0.4485 -0.0903 0.3240 -0.3438 0.4057 1.0000 0.6608 0.2416 0.0466 0.1809 -0.1323 0.2152 

VERIS2 -0.4705 0.3877 0.3293 -0.2552 0.3580 -0.3166 0.6521 0.6608 1.0000 -0.0515 -0.0771 -0.0688 -0.1224 0.3502 

DOQQ 0.4596 -0.4874 -0.1212 0.0001 -0.2283 -0.3839 -0.3931 0.2416 -0.0515 1.0000 0.2597 0.4414 -0.3592 0.1548 

SLOPE 0.2364 -0.2993 0.0272 0.0435 0.0204 -0.2975 0.0353 0.0466 -0.0771 0.2597 1.0000 0.0551 -0.1813 0.1112 

DEM 0.0275 -0.1290 0.1769 0.1361 -0.4339 -0.1506 -0.3245 0.1809 -0.0688 0.4414 0.0551 1.0000 -0.2960 -0.3221 

FLOW -0.2289 0.2307 0.0826 0.2110 0.2040 0.4308 0.0280 -0.1323 -0.1224 -0.3592 -0.1813 -0.2960 1.0000 -0.0684 

AWI 0.2552 -0.2845 -0.0417 0.0913 0.3365 -0.2434 0.2581 0.2152 0.3502 0.1548 0.1112 -0.3221 -0.0684 1.0000 

 
SAND, SILT, and CLAY variables are the sand, silt, and clay percentages of the soil “A” horizon.  The DEPTH variable is the depth of 
the soil “A” horizon.  The CEC variable is the cation exchange capacity of the soil “A” horizon.  The HUMIC variable is the relative humic 
content of the soil “A” horizon.  The EC variable is the remotely sensed apparent electrical conductivity of the soil.  The VERIS1 and 
VERIS2 variables are the upper and lower apparent soil electrical conductivity readings from the Veris instrument.  The DOQQ variable 
is the panchromatic values of a USGS digital ortho quarter quad.  The SLOPE variable is the slope of the soil surface.  The DEM 
variable is a digital elevation model.  The FLOW variable is a measurement of surface water accumulation.  The AWI variable is a 
relative calculation of plant available water with depth. 
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Table 44.  Home field correlation matrix of variables. 
 

 YLDST EM38 VERIS1 VERIS2 DOQQ HUMIC CEC W/V THICK %SAND DIST 
YLDST 1.0000 0.1619 0.2392 0.2394 -0.1361 -0.0562 0.4656 -0.0044 0.3016 0.0956 0.2656
EM38 0.1619 1.0000 0.1906 0.3392 0.0941 -0.0741 0.2166 0.0437 -0.1732 -0.0021 0.1125
VERIS1 0.2392 0.1906 1.0000 0.3334 -0.4379 0.0934 0.2319 -0.2804 0.3603 -0.0109 0.4825
VERIS2 0.2394 0.3392 0.3334 1.0000 -0.223 0.0286 0.2772 -0.2005 0.1813 -0.1673 0.2500
DOQQ -0.1361 0.0941 -0.4379 -0.223 1.0000 -0.2827 -0.2223 0.4223 -0.3366 0.1596 -0.2443
HUMIC -0.0562 -0.0741 0.0934 0.0286 -0.2827 1.0000 -0.2271 0.0828 0.0598 -0.2114 -0.2626
CEC 0.4656 0.2166 0.2319 0.2772 -0.2223 -0.2271 1.0000 -0.2106 0.2511 0.1587 0.4469
W/V -0.0044 0.0437 -0.2804 -0.2005 0.4223 0.0828 -0.2106 1.0000 -0.2710 -0.0178 -0.4419
THICK 0.3016 -0.1732 0.3603 0.1813 -0.3366 0.0598 0.2511 -0.2710 1.0000 0.0494 0.2588
%SAND 0.0956 -0.0021 -0.0109 -0.1673 0.1596 -0.2114 0.1587 -0.0178 0.0494 1.0000 0.2859
DIST 0.2656 0.1125 0.4825 0.2500 -0.2443 -0.2626 0.4469 -0.4419 0.2588 0.2859 1.0000

 
The YLDST variable is the variability from 3 years of yield data.  The EM38 variable is the soil electrical conductivity data measured by the 
EM38 instrument.  The VERIS1 and VERIS2 variables are the upper and lower apparent soil electrical conductivity readings from the Veris 
instrument.  The DOQQ variable is the panchromatic values of a USGS digital ortho quarter quad.  The HUMIC variable is the relative 
humic content of the soil “A” horizon.  The CEC variable is the cation exchange capacity of the soil “A” horizon.  The W/V variable is the 
weight per volume of the soil “A” horizon.  The THICK variable is the soil depth to the first mineral horizon.  The %SAND variable is the 
sand content of the first mineral horizon.  The DIST variable relates to the distance to the nearest surface drainage. 
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Table 45.  Block 53 correlation matrix of variables. 
 

 YLDST EM38 VERIS1 VERIS2 DOQQ HUMIC CEC W/V THICK %SAND DIST 
YLDST 1.0000 -0.4772 -0.1443 -0.2848 0.2389 0.1914 -0.1990 -0.2289 -0.1032 0.2742 -0.3944
EM38 -0.4772 1.0000 0.3425 0.6035 0.0544 0.0663 -0.0732 0.4147 -0.0774 -0.3701 -0.1281
VERIS1 -0.1443 0.3425 1.0000 0.6109 -0.3835 -0.2745 0.0800 0.0802 0.0868 -0.0933 0.0079
VERIS2 -0.2848 0.6035 0.6109 1.0000 -0.2165 -0.0481 0.2692 -0.0665 0.2947 0.0403 0.1116
DOQQ 0.2389 0.0544 -0.3835 -0.2165 1.0000 0.3695 -0.5748 0.4209 -0.2953 -0.2224 -0.4720
HUMIC 0.1914 0.0663 -0.2745 -0.0481 0.3695 1.0000 -0.3592 0.0725 -0.0586 -0.0491 -0.4229
CEC -0.1990 -0.0732 0.0800 0.2692 -0.5748 -0.3592 1.0000 -0.6873 0.3577 0.4751 0.6447
W/V -0.2289 0.4147 0.0802 -0.0665 0.4209 0.0725 -0.6873 1.0000 -0.3638 -0.7730 -0.2279
THICK -0.1032 -0.0774 0.0868 0.2947 -0.2953 -0.0586 0.3577 -0.3638 1.0000 0.1166 0.4227
%SAND 0.2742 -0.3701 -0.0933 0.0403 -0.2224 -0.0491 0.4751 -0.7730 0.1166 1.0000 0.1045
DIST -0.3944 -0.1281 0.0079 0.1116 -0.4720 -0.4229 0.6447 -0.2279 0.4227 0.1045 1.0000

 
The YLDST variable is the variability from 3 years of yield data.  The EM38 variable is the soil electrical conductivity data measured by the 
EM38 instrument.  The VERIS1 and VERIS2 variables are the upper and lower apparent soil electrical conductivity readings from the Veris 
instrument.  The DOQQ variable is the panchromatic values of a USGS digital ortho quarter quad.  The HUMIC variable is the relative 
humic content of the soil “A” horizon.  The CEC variable is the cation exchange capacity of the soil “A” horizon.  The W/V variable is the 
weight per volume of the soil “A” horizon.  The THICK variable is the soil depth to the first mineral horizon.  The %SAND variable is the 
sand content of the first mineral horizon.  The DIST variable relates to the distance to the nearest surface drainage. 
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Table 46.  Pasture field correlation matrix of variables. 
 

 YLDST EM38 VERIS1 VERIS2 DOQQ HUMIC CEC W/V THICK %SAND DIST 
YLDST 1.0000 -0.6718 -0.5512 -0.6219 0.2376 -0.2245 -0.3847 0.4693 0.0122 -0.4791 -0.2978
EM38 -0.6718 1.0000 0.7702 0.7823 -0.4727 0.0706 0.4262 -0.7443 -0.1604 0.8106 0.1355
VERIS1 -0.5512 0.7702 1.0000 0.7817 -0.5931 0.2742 0.6361 -0.8105 0.1641 0.7074 0.4225
VERIS2 -0.6219 0.7823 0.7817 1.0000 -0.5547 0.3788 0.5883 -0.7473 0.2232 0.6436 0.3361
DOQQ 0.2376 -0.4727 -0.5931 -0.5547 1.0000 -0.1805 -0.6059 0.5483 -0.1999 -0.4313 -0.4553
HUMIC -0.2245 0.0706 0.2742 0.3788 -0.1805 1.0000 0.6242 -0.4875 0.4742 -0.1340 0.4521
CEC -0.3847 0.4262 0.6361 0.5883 -0.6059 0.6242 1.0000 -0.7487 0.5200 0.1889 0.7786
W/V 0.4693 -0.7443 -0.8105 -0.7473 0.5483 -0.4875 -0.7487 1.0000 -0.1781 -0.5800 -0.4272
THICK 0.0122 -0.1604 0.1641 0.2232 -0.1999 0.4742 0.5200 -0.1781 1.0000 -0.2854 0.6264
%SAND -0.4791 0.8106 0.7074 0.6436 -0.4313 -0.1340 0.1889 -0.5800 -0.2854 1.0000 -0.0311
DIST -0.2978 0.1355 0.4225 0.3361 -0.4553 0.4521 0.7786 -0.4272 0.6264 -0.0311 1.0000

 
The YLDST variable is the variability from 3 years of yield data.  The EM38 variable is the soil electrical conductivity data measured by the 
EM38 instrument.  The VERIS1 and VERIS2 variables are the upper and lower apparent soil electrical conductivity readings from the Veris 
instrument.  The DOQQ variable is the panchromatic values of a USGS digital ortho quarter quad.  The HUMIC variable is the relative 
humic content of the soil “A” horizon.  The CEC variable is the cation exchange capacity of the soil “A” horizon.  The W/V variable is the 
weight per volume of the soil “A” horizon.  The THICK variable is the soil depth to the first mineral horizon.  The %SAND variable is the 
sand content of the first mineral horizon.  The DIST variable relates to the distance to the nearest surface drainage. 

 

105 



 

 

 
 
 
 
 
 

Table 47.  Harvey field correlation matrix of variables. 
 

 EM38 VERIS1 VERIS2 DOQQ HUMIC CEC W/V THICK %SAND DIST 
EM38 1.0000 0.6639 0.8566 -0.3519 -0.0481 0.4594 -0.5397 -0.1072 0.4899 0.1913
VERIS1 0.6639 1.0000 0.7565 -0.3791 -0.0443 0.3249 -0.7190 -0.0818 0.2796 0.2796
VERIS2 0.8566 0.7565 1.0000 -0.3876 -0.0958 0.5036 -0.6614 -0.1385 0.4200 0.1951
DOQQ -0.3519 -0.3791 -0.3876 1.0000 0.2204 -0.2258 0.3236 0.1220 -0.3183 -0.2510
HUMIC -0.0481 -0.0443 -0.0958 0.2204 1.0000 0.1234 0.0692 0.1148 -0.2174 0.0669
CEC 0.4594 0.3249 0.5036 -0.2258 0.1234 1.0000 -0.3896 -0.1755 0.0775 0.6932
W/V -0.5397 -0.7190 -0.6614 0.3236 0.0692 -0.3896 1.0000 0.2352 -0.2008 -0.2611
THICK -0.1072 -0.0818 -0.1385 0.1220 0.1148 -0.1755 0.2352 1.0000 -0.0232 -0.1805
%SAND 0.4899 0.2796 0.4200 -0.3183 -0.2174 0.0775 -0.2008 -0.0232 1.0000 0.0837
DIST 0.1913 0.0927 0.1951 -0.2510 0.0669 0.6932 -0.2611 -0.1805 0.0837 1.0000

 
The EM38 variable is the soil electrical conductivity data measured by the EM38 instrument.  The VERIS1 and VERIS2 variables 
are the upper and lower apparent soil electrical conductivity readings from the Veris instrument.  The DOQQ variable is the 
panchromatic values of a USGS digital ortho quarter quad.  The HUMIC variable is the relative humic content of the soil “A” horizon.  
The CEC variable is the cation exchange capacity of the soil “A” horizon.  The W/V variable is the weight per volume of the soil “A” 
horizon.  The THICK variable is the soil depth to the first mineral horizon.  The %SAND variable is the sand content of the first 
mineral horizon.  The DIST variable relates to the distance to the nearest surface drainage. 
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Figure 1.  Mean yield calculated in two areas of the Fischer field. 
The portion of the field bounded by box “A” yielded high in 1996, low in 1997, and intermediate in 1999.  The 
portion of the field bounded by box “B” maintained a stable average yield in the medium high range each of the 
three years.  Both areas had approximately the same average yield over the three years shown.
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Figure 2.  Location of fields sampled. 
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Figure 3.  Sampling patterns of study fields. 
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Figure 4. The Graham field before, and after, smoothing with a low-pass filter.
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Figure 5.  Variables used for Baker field analysis.  Data has been normalized 
with darker shades indicating higher values.
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Figure 6.  Variables used for Fischer field analysis.  Data has been normalized with darker shades indicating 
higher values. 
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Figure 7.  Variables used for Graham field analysis.  Data has been normalized 
with darker shades indicating higher values. 
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Figure 8.  Variables used for Teacher field analysis.  Data has been normalized 
with darker shades indicating higher values. 
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Figure 9.  Variables used for Bottoms North field analysis.  Data has been normalized with darker shades 
indicating higher values. 
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Figure 10.  Variables used for Bottoms South field analysis.  Data has been normalized with darker shades 
indicating higher values.
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Figure 11.  Variables used for B53 field analysis.  Data has been normalized with 
darker shades indicating higher values. 
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Figure 12.  Variables used for the Home field analysis.  Data has been 
normalized with darker shades indicating higher values. 
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Figure 13.  Variables used for Pasture field analysis.  Data has been normalized with darker shades indicating 
higher values. 
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Figure 14.  Variables used for Harvey field analysis.  Data has been normalized 
with darker shades indicating higher values. 
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Figure 15. Daily temperature and precipitation recorded at the Salisbury weather station.  
“Bkr” indicates the Baker field, “Fish” the Fischer field, and “Grm” the Graham field.  Numbers represent bu/acre 
corn “cn” and soy beans “sb”. 
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Figure 16.  Daily temperature and precipitation recorded at the Goldsboro weather station. 
“Tch” indicates the Teachers field.  Numbers represent bu/acre corn “cn” and lbs/acre cotton “ct”. 
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Figure 17. Daily temperature and precipitation recorded at the Morehead weather station. 
“B53” indicates the Block 53 field.  Numbers represent bu/acre of corn “cn” and soy beans “sb”. 
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Figure 18. Daily temperature and precipitation recorded at the Belhaven weather station. 
“Hom” indicates the Home field, and “Pst” the Pasture field.  Numbers represent bu/acre corn “cn” and soy beans “sb”
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Appendix A 
 

PRINCIPLE COMPONENT ANALYSIS SAS CODE 

title Home_Field; 
*** Principal Components Analysis *** ; 
options pageno=1; 
proc princomp data=Home_Field_Data; 
var EM38 VERIS1 VERIS2 DOQQ HUMIC CEC WV DEPTH %SAND DIST; 
partial YIELDSTDEV; 
run; 
quit; 
 

Appendix B 
 

STEPWISE REGRESSION SAS CODE 

title Home_Field; 
data set1999; 
input EM38 WV DIST PC1 PC2; 
cards; 
YIELD  EM38  WV  DIST  PC1  PC2 
45.74  84.96  103.19 33.09  50.21  82.67 
.  .  .  .  .  . 
.  .  .  .  .  . 
.  .  .  .  .  . 
30.05  83.90  91.49  33.09  41.89  81.64 
proc reg; 
model EM38 WV DIST=PC1 PC2/selection=stepwise; 
run; 

 
APPENDIX C 

 

CATION MOBILITY 

Since the soil in this study was collected and analyzed by horizon, the 

data collected provide insight into nutrient movement with depth.  This 

information is quite useful in that it provides clues to the complex behavior of the 



 141

soil systems examined.  The sampling methodology used does not lend itself to 

quantitative analysis of the movement of plant nutrients at a micro scale.  

However, the relatively extensive data set does provide general information 

about the long-range movement and accumulation of plant nutrients under 

contemporary agricultural systems. 

Sodium (Na+) is generally considered mobile in soils followed by Ca++ and 

Mg++.  Indeed, Na proved to be the most mobile in the profile with the lower 

horizons generally having higher levels than the surface horizon, particularly in 

the sandy Coastal Plain and Piedmont soils (Tables 6, 4, and 5).  The increasing 

concentration with depth provides evidence that the material is mobile.  This was 

not true with the Tidewater soils.  In these organic soils, Na did not appear to 

move as readily.  The overall Na levels were much higher than the Piedmont and 

Coastal Plain soils.  However, the concentration diminished with depth.  These 

soils have very shallow water tables making it possible that the Na leached into 

the lower horizons and left the system in the ground water.  However, the high 

levels in the surface horizons suggest that the Na simply is not as mobile in these 

soils. 

While Na proved to be more mobile than Ca and Mg in the Piedmont and 

Coastal Plain soils, in the Tidewater soils Mg appeared to move similarly to Na.  

In the Home, Pasture, and Harvey fields, Mg ≥ Na concentration in the lower 

horizons.  Ca movement was slightly less than Na or Mg in all the fields (Tables 5 

and 6). 
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Potassium can be somewhat mobile in soils.  In this study, K showed less 

leaching than Na, Ca, and Mg in all soils except in the Teachers field where it 

showed similar movement (Table 3).  In this field, K, Na, Ca, and Mg tended to 

be fairly evenly distributed throughout the profile whereas in the other fields they 

tended to increase in the subsurface horizons.  This might be explained by the 

surface texture of the Teachers field, which contained more clay than the other 

Coastal Plain fields (Table 16).  Even though the Piedmont fields have more clay 

in the surface horizons than the Teachers field, they also have subsurface 

horizons with greater clay contents than the surface. 

The micronutrients Cu, Mn, and Zn are considered to be relatively 

immobile in soil.  This was found to be true in that Cu, Mn, and Zn showed less 

movement and accumulation in the subsurface horizons than Na, Ca, Mg, and K 

(Tables 9, 7, and 8).  These micronutrients did however show some evidence of 

movement.  Unlike the more mobile cations, Cu, Mn, and Zn tended to decrease 

with depth.  This can be viewed as evidence of lesser mobility. 

Copper, which is supposed to bind to OM more tightly than Mn and Zn 

(McBride, 1994), tended to be the most mobile of the three in the Tidewater and 

Piedmont soils except for Mn which moved similarly in the Piedmont and slightly 

better in the Bottoms North field.  Of the three, Zn was the least mobile except in 

the Bottoms South and the Teachers fields where it was the most mobile 

(Table 9).  

Phosphorus is considered to be the least mobile of the nutrients 

measured.  This was demonstrated in this study where the mobile cations tended 



 143

to be diminished in the surface horizons and concentrated in the subsurface 

horizons, while the P levels were higher in the surface and quickly decreased 

with depth.  The Pasture field was an exception.  In this field P showed an 

accumulation in the subsurface horizons (Table 2).  This may be a residual effect 

of past animal confinement or waste application. 

The Home field and the Teachers field had the highest P levels in the 

surface horizon, as well as the highest P levels in the second and third horizons 

(with the exception of the Pasture field).  This would suggest that increasing the 

P level in the surface horizon results in increased accumulation in the lower 

horizons. 

Evidence can be seen for increased P movement due to increased 

solubility.   The Piedmont Graham field did not have high P concentrations in the 

surface horizon.  However, this field contained more P in the subsurface horizons 

in proportion to the surface horizons than Piedmont fields Fischer and Baker 

(Table 2).  This increased P movement is most likely due to the substantially 

higher pH levels of the subsurface horizons of the Graham field resulting in 

greater P solubility (Table 10). 

In the Tidewater soils, P movement equaled or exceeded that of K, Cu, 

Zn, and Mn (Tables 2,3,9,8,7).  This is most likely a result of organic soils poor P 

absorption (Mengal and Kirkby, 1987) and the metal ions strong affinity for 

organic matter (McBride, 1994). 

 


