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ABSTRACT 

Optimum spring N fertilizer rates for winter wheat in Virginia vary widely from 

field to field, but traditionally spring N is applied at a uniform rate to all fields. 

A recently-developed tissue test procedure provides a field-specific evaluation 

of crop N status and predicts optimum N rate for the second spring N 

application in a split spring application management system. However, this 

procedure is based on a small number of researcher-planted experiments 

utilizing a single cultivar; it fails to provide field-specific rate recommendations 

for the first spring N application; and it is not accessible to farmers who are 

unwilling to split their spring N applications. Our objectives were: to evaluate 

the reliability of the tissue test procedure in a large number of farmer fields; to 

develop a method for making field-specific N rate recommendations for the first 

spring application in a split-application management system; and to develop a 

method for making field-specific N rate recommendations in a single-application 

management system. Forty-five spring N rate experiments were established in 

farmer fields over a five-year period. A range of N fertilizer rates was applied 

in early spring (Zadoks growth stage 25) and again in mid-spring (Zadoks 

growth stage 30) in all possible combinations. Yield data were used to 

calculate economic optimum N rates at growth stage (GS) 25 and GS 30 with 

split-application management, and at GS 25 with single-application 

management. These optima were regressed against a variety of predictor



variables measured in the same fields. The reliability of the previously- 

developed tissue test procedure for making GS 30 N rate recommendations was 

confirmed. Tiller density was the best predictor of optimum GS 25 N rate with 

split-application management, while soil nitrate to 90 cm was the best predictor 

of optimum GS 25 N rate with single-application management. These three 

relationships fit together to form a flexible and powerful system for making 

spring N rate recommendations for winter wheat. This system increased 

estimated profit and apparent fertilizer efficiency in these experiments.
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Chapter | 

Introduction 

OVERVIEW 

Soft red winter wheat production in Virginia varies from 110,000 to 160,000 

hectares per year. Similar areas are devoted to wheat production in the 

neighboring states of Maryland and North Carolina. This crop is second only 

to corn in the amount of nitrogen (N) fertilizer used in the state of Virginia. 

Virginia’s climate is humid, with about 100 cm of annual precipitation. 

Relatively little research has been done to develop field-specific nitrogen (N) 

fertilizer recommendations for wheat (and, until recently, for any crop) in the 

humid regions of the U.S. 

Traditionally, winter wheat in Virginia has received 20 to 30 kg N ha’ pre-plant 

incorporated in the fall and 90 to 100 kg N ha’ top-dressed N solution in early 

to mid-February. However, we have observed optimum spring N rates to range 

from O to 190 kg N ha’ for this crop. Clearly, the traditionally uniform rate of 

spring N application leads to many cases of gross over- and under-fertilization. 

Over-fertilization increases the potential for lodging, disease, and N transfer to 

ground and surface waters, as well as unnecessary expenditure on N fertilizer, 

while under-fertilization often results in large yield reductions. A method to 

predict the optimum spring N fertilization strategy for winter wheat on a field- 

by-field basis holds promise to increase yields and farmer profits while reducing 

agricultural non-point source pollution.



CONTEXT OF PRESENT RESEARCH 

As our research is the first to establish the extremely wide range of optimum 

N rates for winter wheat in the mid-Atlantic region, very little data existed to 

explain why some fields produced excellent yields with no N fertilizer applied. 

On these fields, substantial lodging and yield losses often occur when N 

fertilizer is applied at customary rates. We hypothesized that this phenomenon 

was due mainly to carryover of residual fertilizer and mineralized N from the 

preceding cropping season. To test this hypothesis, soil mineral N in the root 

zone was measured approximately monthly from wheat planting (late fall) 

through spring at nine site-years (two cropping seasons). This research, 

presented in Chapter Il, establishes that fall residual N levels vary widely in soils 

cropped to winter wheat in the Coastal Plain of Virginia, that a large but 

variable proportion of this fall residual N remains in the root zone until spring, 

and that residual N levels are strongly related to wheat response to N 

fertilization. Fields with high levels of spring residual N did not respond to N 

fertilization, implying that normal uniform-rate applications of spring N fertilizer 

resulted in excessive levels of soil mineral N in these fields. This situation is, 

for reasons explained in more detail below (and in succeeding chapters), highly 

undesirable both agronomically and environmentally. Field-specific tests are 

needed to identify such sites and prevent excessive fertilization. 

Most soils cropped to winter wheat in Virginia’s Coastal Plain are sandy, have 

high hydraulic conductivities and low water-holding capacities, and are subject 

to rapid percolation and leaching losses of fertilizer nitrogen. In many cases, 

the water table is quite close to the surface and N is transferred to groundwater



quickly. A substantial proportion of unconfined groundwater in this region is 

transient, emerging in seeps and springs. Much of Virginia’s Coastal Plain is 

drained by the Columbia and Yorktown aquifers, both of which are in extensive 

contact with the Chesapeake Bay and its lower tributaries (Reay and Simmons, 

1992). Nitrate-N measured in the Columbia aquifer has generally ranged 

between 1 and 10 mg NL", with the highest levels occurring under agricultural 

land (Reay and Simmons, 1992). These levels of nitrate are unlikely to have 

a major impact on human health, but could contribute significantly to the N 

budget of the region’s surface waters. 

Excess N is thought to be one of the most important factors causing the decline 

of the Chesapeake Bay. It is the nutrient most limiting to plant growth in the 

more saline portions of the Bay, and increasing levels have led to large 

increases in algal biomass. High algal biomass causes seasonal and regionally 

variable oxygen depletion (due to microbial oxidation of dead algal tissue) in the 

waters of the Bay, thus creating a high-stress environment for many of the 

Bay’s fish and mollusk species. Algae also, by intercepting sunlight 

(chlorophyll-absorbed wavelengths in particular), may be partly responsible for 

the observed decline in submerged aquatic vegetation, an important source of 

habitat and oxygen for many Bay species. In recognition of these facts, 

Virginia, Maryland, and Pennsylvania have signed an agreement to (attempt to) 

reduce nitrogen inputs to the Chesapeake Bay. 

At the time of traditional N applications in early to mid-February, soil moisture 

is usually high, having recharged over the winter. Combined with low 

evapotranspiration rates, this creates a situation in which precipitation water



percolates rapidly through sandy Coastal Plain soils and nitrate leaching 

potential is high. As the spring progresses, evapotranspiration rates increase, 

soil moisture decreases, and net percolation decreases, thus the probability that 

applied fertilizer N will be leached out of the root zone also decreases. The 

degree to which N leaching remains possible throughout the wheat growing 

season is unknown. 

Soils cropped to winter wheat in the Piedmont region of Virginia tend to be 

clayey and sloping with relatively low infiltration rates. Runoff is thus likely to 

be a more important mechanism for loss of fertilizer N than on Coastal Plain 

soils. Research on similar soils in Kentucky has shown that leaching from such 

soils can also be substantial (McMahon and Thomas, 1976), particularly during 

winter/early spring. At the time of traditional N applications, precipitation tends 

to be gentle, promoting infiltration, but there is relatively little soil Cover in 

wheat fields, a factor that favors ponding and runoff. Runoff potential is 

probably much lower a month after traditional N applications due to a much 

higher degree of ground cover. Nitrogen in runoff water contributes to 

eutrophication problems in surface water bodies, as detailed above. 

If fertilizer N is applied to the wheat crop at a rate greater than that needed for 

optimum yield, some luxury consumption by the crop will occur, but some 

fertilizer N will also remain in the soil. The relative balance of these two 

processes is unknown. Wheat grown in Virginia is followed predominantly by 

double-crop soybeans, a crop which is effective in extracting mineral N from 

the soil; thus part of any residual fertilizer N in the root zone at wheat harvest 

time is likely to be incorporated into soybean grain and residue. The rate at



which nitrogen remaining in crop residues will be mineralized is variable and 

highly dependent on C:N ratio. Residue from wheat with excess N applied will 

have a relatively low C:N ratio, as will soybean residue, so mineralization will 

be relatively rapid and a considerable portion of this N may be subjected to 

winter leaching. 

The preceding paragraphs establish that making fertilizer N applications to 

winter wheat later than is traditional would, in general, reduce transfer of N to 

ground and surface waters. This is additionally true because later applications 

are nearer to the time of maximum crop N uptake (Baethgen and Alley, 1989a); 

much of the N is thus in the soil for a relatively short time, and its window of 

exposure to transfer processes is reduced. Gravelle et al. (1988) showed that 

delaying part of the fertilizer application ("splitting” spring N) could be 

agronomically beneficial as well, increasing yields in one year out of two and 

decreasing lodging in both years. This conclusion is further validated by the 

report of Baethgen and Alley (1989a), who found that splitting spring N 

increased grain yields in one year out of two. Delaying the whole of the N 

fertilizer application for about a month gave yields equivalent to those from 

Splitting spring N in both years. 

In summary, splitting or delaying spring N applications to winter wheat would 

be environmentally beneficial. Limited previous research has shown such N 

application practices to be agronomically superior or equivalent to traditional 

practices. Basing the rate of these N applications on actual crop need 

evaluated in a particular field would reduce the frequency of occurrence of 

events that are both agronomically and environmentally undesirable. Baethgen



and Alley (1989b) showed that wheat tissue N content at Zadoks growth stage 

30 was strongly related to optimum N fertilizer rate at that time, and could be 

used to predict N needs on a field-specific basis. The strengthening and 

expansion of this recommendation system is the focus of Chapters Ill and IV. 

We observed, during the course of the experiments described in Chapters III 

and IV, that at some experimental locations very little tillering (sometimes none) 

had occurred by the time that active growth and tillering resumed in the spring. 

Regardless of spring N application strategy, low tiller density appeared to be an 

important yield-limiting factor at all of these locations. Soil texture at these 

locations was in all cases extremely sandy. Lack of fall tillering appeared to be 

caused by severe N deficiency, apparently due to extremely facile fall leaching 

of mineral N from the sandy surface horizons of these soils. We established 

four experiments in the 1991-1992 growing season to examine the potential 

for various slow-release N materials or fall/winter topdressing to prevent 

fall/winter N deficiency on extremely sandy soils. There was very little 

precipitation in the Coastal Plain of Virginia during November and December of 

1991, with the result that even plots receiving no fall N fertilizer were 

adequately tillered in these experiments. While the results we obtained thus did 

not address the purpose of these experiments, they did prove very suitable for 

demonstrating a statistical technique called nearest neighbor analysis that 

accounts for spatial yield variability in replicated field experiments. Spatial yield 

variability often is an important constraint limiting researcher ability to detect 

treatment differences; nearest neighbor analysis greatly increased statistical 

power to detect treatment differences in these experiments, as described in 

Chapter V.
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Chapter Il 

Residual soil nitrogen in 

humid region wheat production 

ABSTRACT 

The amount of soil mineral nitrogen (N) present when winter wheat (7riticum 

aestivum L.) is spring-fertilized is generally not taken into account when making 

N fertilizer rate recommendations in humid regions. This is partly because 

overwinter losses of soil N are thought to be extensive, resulting in little field- 

to-field variability in the amount of N fertilizer needed. Our objectives were to 

determine: whether agronomically significant levels of fall mineral N exist in 

fields planted to winter wheat in the Coastal Plain of Virginia; if so, the extent 

to which this mineral N remains within the rooting zone until spring; and 

whether this residual N affects crop response to spring N fertilization. We 

measured soil mineral N and conducted N-response experiments in nine farmer 

fields cropped to winter wheat--five in 1989-1990 and four in 1990-1991. 

Total soil mineral N was measured to 1.2 meters shortly after planting (Nov.) 

and approximately monthly thereafter through March, at which time rapid crop 

uptake begins. Soil mineral N in mid-November ranged from 69 to 237 kg N 

ha’, and in mid-March ranged from 19 to 167 kg N ha’. Wheat yield 

responded to spring N fertilizer applications in seven of the site-years; yield 

gains from N application ranged from 1.7 to 3.8 Mg ha’'. At the two sites with 

the highest soil mineral N levels, check yields were 4.7 and 5.0 Mg ha", and



no yield response to N fertilizer was observed; in fact, yields were depressed 

considerably by the application of N fertilizer. We conclude that high levels of 

soil mineral N can occur in the fall, that they can persist until spring, and that 

they can have considerable influence on optimum spring fertilization strategy. 

The wide range in residual mineral N that we observed and its strong correlation 

with yield response to fertilizer N demonstrates the need for field-specific N 

recommendations for winter wheat in humid regions.



INTRODUCTION 

Variation in residual soil mineral N levels is commonly taken into account in 

making N fertilizer rate recommendations in semi-arid regions of the U.S. 

(Peterson and Voss, 1984; Westfall, 1984; Rauschkolb et al., 1984). The 

same cannot be said for humid regions of the U.S.; none of the states east of 

the Mississippi recommended any test for soil mineral N (Bandel and Fox, 1984; 

Gilliam and Boswell, 1984; Welch, 1984) until the development of soil nitrate 

tests for corn (Magdoff et al., 1984; Bundy et al., 1992). This appears, in part, 

to be due to the still widely-held perception that over-winter soil mineral N 

losses through leaching and denitrification are high in humid regions, leaving 

little field-to-field variability in residual N to take into consideration when 

making spring N fertilizer recommendations. Virginia, with tissue test-based N 

recommendations for wheat (Alley et al., 1989), and Maryland, with soil nitrate 

test-based recommendations for wheat (R.F. Mulford, 1993, personal 

communication) appear to be the only states east of the Mississippi currently 

making test-based field-specific N rate recommendations for a crop other than 

corn. Arkansas, west of the Mississippi but still considered a humid region, has 

implemented test-based field-specific N rate recommendations for both wheat 

(Miley et al., 1982) and cotton (Baker et al., 1992). 

Wehrmann and Scharpf (1979) report finding high and variable residual soil 

mineral N (20 to 300 kg N ha’) in the spring in soils cropped to winter wheat 

in Germany. They found that fertilizer N need of the wheat crop was strongly 

related to the amount of residual soil mineral N and developed a system for 

making field-specific N recommendations based on mineral N levels. 

10



The most extensive report on residual soil N and its effect on crop N response 

in the U.S. is that of Bundy and Malone (1988). They found that overwinter 

retention of fall profile nitrate varied from 45 to 66% at three Wisconsin 

locations in a year with above normal fall to spring precipitation. Only once 

(out of ten cases) did they observe a corn yield response to N fertilizer when 

spring soil nitrate to 90 cm was greater than 140 kg N ha’; and only once (out 

of five cases) did they fail to observe a corn yield response to N fertilizer when 

spring nitrate to 90 cm was less than 140 kg N ha’. Meisinger et al. (1987) 

reported that residual spring nitrate in a corn/wheat cropping system on the 

Eastern Shore of Maryland could contribute to the N needs of the wheat crop. 

The rapid spread of the pre-sidedress soil nitrate test (PSNT) for corn (e.g. 

Blackmer et al., 1989; Fox et al., 1989) attests to the viability of soil mineral 

N for predicting crop N responsiveness in humid regions of the U.S. This test, 

of course, measures not only residual nitrate but also spring-mineralized nitrate. 

The pre-plant soil nitrate test reported by Bundy et al. (1992) utilizes earlier and 

deeper samples than the PSNT, thereby placing more emphasis on residual 

nitrate; this emphasis appears not to be misplaced, as the pre-plant soil nitrate 

test performed as well as the PSNT in predicting optimum N fertilizer rates at 

41 locations in Wisconsin and Minnesota (Bundy et al., 1992). 

11



MATERIALS AND METHODS 

Nine experimental locations, each approximately .4 hectare in size, were 

selected in farmer fields in the Coastal Plain of Virginia in the 1988-1989 and 

1989-1990 winter wheat growing seasons. Year, previous crop, and depth 

and texture of the A and argillic horizons are given for each location in 

Table 1. 

Soil samples were collected from each location shortly after planting (early to 

mid-November) and approximately monthly thereafter until mid-March, at which 

point rapid N uptake by the crop begins in this region. Each sampling consisted 

of fourteen well-spaced cores taken to a depth of 1.2 meters, divided into 30- 

cm depth increments, composited, mixed thoroughly, subsampled, and frozen 

immediately using dry ice. Samples were thawed and extracted in duplicate 

with 2M KCl (Keeney and Nelson, 1982); extracts were centrifuged rather than 

filtered to avoid extract contamination from filters (Scharf and Alley, 1988). 

Nitrate in the soil extracts was determined colorimetrically with a QuikChem 

Automated lon Analyzer according to QuikChem Method No. 12-107-04-1-B 

(Lachat Instruments, Milwaukee, WI), a Griess-llosvay method (Keeney and 

Nelson, 1982). Ammonium in the soil extracts was also measured 

colorimetrically using the same instrument and QuikChem Method No. 12-107- 

06-2-A, a modified indophenol blue method (Keeney and Nelson, 1982) in 

which salicylate is substituted for phenol. Soil nitrate and ammonium contents 

were calculated (dry weight basis); when the difference between duplicates 

12



Table 1. Previous crops and soil characteristics for experimental 

locations used to study soil mineral N levels and movement. 
  

    

  

A horizon: argillic horizon: 

previous 

location year crop. depth texture depth texture 

cm cm 

1 1988-1989 corn 0-25 | 25-127 cl 

2 1988-1989 corn 0-15 sl 30-76 scl 

3 1988-1989 corn 0-20 | 33-107 scl 

4 1988-1989 soybeans 0-23 sl 23-69 cl 

5 1988-1989 soybeans 0-23 sl 23-140 scl 

6 1989-1990 corn 0-23 sil 23-137 cl 

7 1989-1990 corn 0-30 Is 66-127 scl 

8 1989-1990 soybeans 0-18 Is 18-66 scl 

9 1989-1990 soybeans 0-23 sl 23-107 scl 
  

13



was greater than 1 g N kg’ soil, that sample was re-extracted. 

Urea-ammonium nitrate solution was applied in the spring at rates ranging from 

O to 238 kg Nha’. A carbon dioxide-pressurized backpack sprayer equipped 

with four Teejet “rain-drop" tips was used to apply the N solution. Experiment 

design was a randomized complete block with four replications. Wheat grain 

was harvested from a 1.5 m wide swath of each plot with a Hege 140 plot 

combine. Grain yields were adjusted to 135 g kg’ moisture content. 

14



RESULTS AND DISCUSSION 

Soil mineral N (nitrate + ammonium) measurements from November to March 

are shown in Figure 1. Considerable site-to-site variation was observed in the 

amount of mineral N present in the soil profile in November. The four locations 

at which mineral N levels were highest in the fall (locations 1, 2, 3, and 6) all 

had been cropped to corn prior to planting with wheat. Location 7, also 

previously cropped to corn, had the lowest fall mineral N levels of the nine 

locations. Much more variability in soil mineral N levels was seen following 

corn (from 69 to 237 kg N ha’') than following soybeans (from 92 to 111 kg 

N ha‘'). This is probably because corn crops receive substantial amounts of N 

fertilizer, but corn yields (and therefore, N uptake) are highly variable and 

unpredictable due to the low available water holding capacity of most Coastal 

Plain soils and variability in summer rainfall. The levels of fall soil mineral N 

observed in these experiments are high enough that they might contribute 

substantially to the N needs of the winter wheat crop. 

Soil mineral N measured in March ranged from 27 to 96 percent of November 

levels (Table 2). Total November-to-March precipitation was near the long-term 

average in both years of the study (Table 3). These results are in general 

agreement with those of Bundy and Malone (1988), who observed overwinter 

retention of 45 to 66 percent of fall soil nitrate at three locations in Wisconsin. 

The wide variation in overwinter retention that we observed makes it clear that 

fall mineral N measurements are unlikely to be helpful in making spring N 

fertilizer recommendations. 
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Figure 1. Soil mineral N (nitrate + ammonium) measured periodically through 

the winter in soils cropped to winter wheat in the coastal plain of Virginia. 
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�T�a�b�l�e� �2�.� �O�v�e�r�w�i�n�t�e�r� �r�e�t�e�n�t�i�o�n� �o�f� �s�o�i�l� �m�i�n�e�r�a�l� �N� 

�a�t� �n�i�n�e� �l�o�c�a�t�i�o�n�s� �c�r�o�p�p�e�d� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� 

�i�n� �t�h�e� �C�o�a�s�t�a�l� �P�l�a�i�n� �o�f� �V�i�r�g�i�n�i�a�.� 
� � 

� � 

� � 

�M�i�n�e�r�a�l� �N� 

�t�o� �1�.�2� �m�e�t�e�r�s� �i�n�:� 

�o�v�e�r�w�i�n�t�e�r� 

�l�o�c�a�t�i�o�n� �N�o�v�e�m�b�e�r� �M�a�r�c�h� �r�e�t�e�n�t�i�o�n� 

�k�g� �N� �h�a �� �k�g� �N� �h�a �� �%� 

�1� �1�6�8� �4�9� �2�9� 

�2� �1�3�7� �6�7� �4�9� 

�3� �2�3�7� �1�6�7� �7�0� 

�4� �1�1�1� �4�2� �3�7� 

�5� �1�0�4� �1�0�0� �9�6� 

�6� �1�7�5� �9�0� �5�1� 

�7� �6�9� �1�9� �2�7� 

�8� �9�2� �2�8� �3�0� 

�9� �1�1�0� �3�8� �3�5� 

�m�e�a�n� �1�3�3� �6�6� �4�7� 
� 



�T�a�b�l�e� �3�.� �P�r�e�c�i�p�i�t�a�t�i�o�n� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �C�o�a�s�t�a�l� �P�l�a�i�n� 

�d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r�s� �o�f� �1�9�8�8�-�1�9�8�9� �a�n�d� �1�9�8�9�-�1�9�9�0�.� 
� � 

�p�r�e�c�i�p�i�t�a�t�i�o�n� �m�e�a�s�u�r�e�d� �i�n�:� 
� � 

�2�0�-�y�e�a�r� 

�m�o�n�t�h� �1�9�8�8�-�1�9�8�9� �1�9�8�9�-�1�9�9�0� �a�v�e�r�a�g�e� 
� � 

�c�m� �c�m� �c�m� 

�N�o�v� �1�0�.�7� �9�.�7� �7�.�6� 

�D�e�c� �1�.�8� �6�.�6� �8�.�4� 

�J�a�n� �5�.�6� �9�.�1� �8�.�9� 

�F�e�b� �1�2�.�4� �7�.�6� �8�.�1� 

�M�a�r� �1�8�.�5� �9�.�4� �9�.�9� 
� 



�W�e� �h�a�v�e� �c�o�m�m�o�n�l�y� �o�b�s�e�r�v�e�d� �w�i�n�t�e�r� �w�h�e�a�t� �r�o�o�t�s� �t�o� �a� �d�e�p�t�h� �o�f� �1�.�2� �m�e�t�e�r�s�,� �a�n�d� 

�c�o�n�s�i�d�e�r� �t�h�i�s� �t�h�e� �d�e�p�t�h� �t�o� �w�h�i�c�h� �s�o�i�l� �m�i�n�e�r�a�l� �N� �m�a�y� �b�e� �e�x�t�r�a�c�t�e�d� �b�y� �t�h�e� �w�h�e�a�t� 

�c�r�o�p�.� �S�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�d� �t�o� �t�h�i�s� �d�e�p�t�h� �i�n� �M�a�r�c�h� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �7�0� �k�g� 

�N� �h�a �� �a�t� �l�o�c�a�t�i�o�n�s� �2�,� �3�,� �5�,� �a�n�d� �6�;� �t�h�i�s� �r�e�s�i�d�u�a�l� �s�o�i�l� �N� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� 

�s�u�p�p�l�y� �a� �s�u�b�s�t�a�n�t�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �N� �n�e�e�d�e�d� �b�y� �t�h�e� �c�r�o�p�.� �C�o�n�s�i�d�e�r�a�b�l�e� 

�v�a�r�i�a�b�i�l�i�t�y� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�o�i�l� �m�i�n�e�r�a�l� �N� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �w�h�e�a�t� �c�r�o�p� �i�n� �t�h�e� 

�s�p�r�i�n�g� �o�c�c�u�r�r�e�d� �f�o�l�l�o�w�i�n�g� �b�o�t�h� �c�o�r�n� �a�n�d� �s�o�y�b�e�a�n�s�.� �T�h�i�s� �v�a�r�i�a�b�i�l�i�t�y� �i�m�p�l�i�e�s� �t�h�a�t� 

�s�o�m�e� �m�e�t�h�o�d� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �s�p�r�i�n�g� �N� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �N� �f�e�r�t�i�l�i�z�e�r� �n�e�e�d� �o�n� �a� �f�i�e�l�d�-� 

�b�y�-�f�i�e�l�d� �b�a�s�i�s� �w�o�u�l�d� �b�e� �d�e�s�i�r�a�b�l�e� �r�e�g�a�r�d�l�e�s�s� �o�f� �w�h�i�c�h� �o�f� �t�h�e�s�e� �t�w�o� �c�r�o�p�s� �t�h�e� 

�w�h�e�a�t� �f�o�l�l�o�w�s�.� 

�M�o�v�e�m�e�n�t� �o�f� �m�i�n�e�r�a�l� �N� �f�r�o�m� �t�h�e� �3�0�-� �t�o� �6�0�-�c�m� �l�a�y�e�r� �t�o� �d�e�e�p�e�r� �l�a�y�e�r�s� �i�s� �e�v�i�d�e�n�t� 

�f�r�o�m� �J�a�n�u�a�r�y� �t�o� �M�a�r�c�h� �a�t� �l�o�c�a�t�i�o�n� �3� �(�F�i�g�u�r�e� �1�)�.� �T�h�i�s� �p�a�t�t�e�r�n� �o�f� �i�n�c�r�e�a�s�i�n�g� 

�m�i�n�e�r�a�l� �N� �i�n� �t�h�e� �d�e�e�p�e�r� �l�a�y�e�r�s� �o�v�e�r� �t�i�m�e� �i�s� �o�b�s�e�r�v�e�d� �a�t� �m�o�s�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�l�o�c�a�t�i�o�n�s�.� �S�u�c�h� �d�o�w�n�w�a�r�d� �m�o�v�e�m�e�n�t� �o�f� �s�u�b�s�t�a�n�t�i�a�l� �a�m�o�u�n�t�s� �o�f� �m�i�n�e�r�a�l� �N� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �l�e�a�c�h�i�n�g� �i�s� �p�r�o�b�a�b�l�y� �a� �p�r�i�m�a�r�y� �m�e�c�h�a�n�i�s�m� �o�f� �N� �l�o�s�s� �f�r�o�m� �t�h�e� 

�r�o�o�t�i�n�g� �z�o�n�e� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� 

�S�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�d� �a�t� �l�o�c�a�t�i�o�n� �1� �d�r�o�p�p�e�d� �s�h�a�r�p�l�y� �b�e�t�w�e�e�n� �J�a�n�u�a�r�y� �a�n�d� 

�M�a�r�c�h� �(�F�i�g�u�r�e� �1�}�;� �w�h�i�l�e� �t�h�i�s� �w�a�s� �p�r�o�b�a�b�l�y� �i�n� �p�a�r�t� �d�u�e� �t�o� �l�e�a�c�h�i�n�g� �a�n�d� 

�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �l�o�s�s�e�s� �(�h�e�a�v�y� �r�a�i�n�f�a�l�l� �o�c�c�u�r�r�e�d� �i�n� �M�a�r�c�h�)�,� �i�t� �w�a�s� �a�l�s�o� �p�r�o�b�a�b�l�y� 

�d�u�e� �t�o� �c�r�o�p� �u�p�t�a�k�e�.� �W�e� �h�a�v�e� �m�e�a�s�u�r�e�d� �o�v�e�r� �1�0�0� �k�g� �N� �h�a ��!� �i�n� �t�h�e� �a�b�o�v�e�-� 

�g�r�o�u�n�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �w�h�e�a�t� �c�r�o�p� �a�t� �t�h�i�s� �g�r�o�w�t�h� �s�t�a�g�e� �i�n� �o�u�r� �c�l�i�m�a�t�e�.� �M�a�r�c�h� 

�i�s� �p�r�o�b�a�b�l�y�,� �i�n� �o�u�r� �c�l�i�m�a�t�e�,� �t�o�o� �l�a�t�e� �t�o� �m�a�k�e� �s�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �u�s�e� 

�d�i�r�e�c�t�l�y� �i�n� �m�a�k�i�n�g� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �f�e�r�t�i�l�i�z�e�r� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �d�u�e� �t�o� �u�n�c�e�r�t�a�i�n�t�y� 

�a�b�o�u�t� �h�o�w� �m�u�c�h� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �d�e�p�l�e�t�e�d� �b�y� �c�r�o�p� �u�p�t�a�k�e�.� 
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�G�r�a�i�n� �y�i�e�l�d� �w�a�s� �r�e�g�r�e�s�s�e�d� �q�u�a�d�r�a�t�i�c�a�l�l�y� �a�g�a�i�n�s�t� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �a�n�d� �y�i�e�l�d� �g�a�i�n� 

�c�a�l�c�u�l�a�t�e�d� �a�s� �t�h�e� �y�i�e�l�d� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �y�i�e�l�d� �w�i�t�h� �z�e�r�o� �N� �f�e�r�t�i�l�i�z�e�r� �a�n�d� �t�h�e� 

�h�i�g�h�e�s�t� �y�i�e�l�d� �o�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �c�u�r�v�e�.� �T�o�p� �y�i�e�l�d�s� �i�n� �t�h�e� �n�i�n�e� �e�x�p�e�r�i�m�e�n�t�s� 

�r�a�n�g�e�d� �f�r�o�m� �4�.�4� �t�o� �6�.�8� �M�g� �h�a ��,� �a�n�d� �y�i�e�l�d� �g�a�i�n� �d�u�e� �t�o� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�n�g�e�d� �f�r�o�m� 

�0� �t�o� �3�.�8� �M�g� �h�a ��.� �Y�i�e�l�d� �g�a�i�n� �d�u�e� �t�o� �N� �f�e�r�t�i�l�i�z�e�r� �w�a�s� �i�n�v�e�r�s�e�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� 

�r�e�s�i�d�u�a�l� �s�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�d� �i�n� �J�a�n�u�a�r�y� �(�F�i�g�u�r�e� �2�)�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �z�e�r�o� �y�i�e�l�d� 

�g�a�i�n� �d�u�e� �t�o� �N� �f�e�r�t�i�l�i�z�e�r� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �l�o�c�a�t�i�o�n�s� �1� �a�n�d� �3� �d�e�s�p�i�t�e� �a�d�e�q�u�a�t�e� 

�g�r�o�w�i�n�g� �c�o�n�d�i�t�i�o�n�s� �(�c�h�e�c�k� �y�i�e�l�d�s� �o�f� �5�.�0� �a�n�d� �4�.�7� �M�g� �h�a ��,� �r�e�s�p�e�c�t�i�v�e�l�y�)�;� �n�i�t�r�o�g�e�n� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �p�r�o�d�u�c�e� �t�h�e�s�e� �y�i�e�l�d�s� �w�a�s� �s�u�p�p�l�i�e�d� �b�y� �t�h�e� �s�o�i�l�,� �m�a�i�n�l�y� �f�r�o�m� �r�e�s�i�d�u�a�l� 

�m�i�n�e�r�a�l� �N� �j�u�d�g�i�n�g� �b�y� �t�h�e� �h�i�g�h� �l�e�v�e�l�s� �w�e� �o�b�s�e�r�v�e�d� �a�t� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s�.� 

�N�o�t� �o�n�l�y� �w�a�s� �t�h�e�r�e� �n�o� �y�i�e�l�d� �g�a�i�n� �d�u�e� �t�o� �N� �f�e�r�t�i�l�i�z�a�t�i�o�n� �a�t� �l�o�c�a�t�i�o�n�s� �1� �a�n�d� �3�,� �b�u�t� 

�c�o�n�s�i�d�e�r�a�b�l�e� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n� �w�a�s� �c�a�u�s�e�d� �b�y� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �t�h�e�s�e� 

�l�o�c�a�t�i�o�n�s�.� �T�h�i�s� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�i�g�h� �l�e�v�e�l�s� �o�f� �l�o�d�g�i�n�g�.� 

�W�e� �h�a�v�e� �a�l�s�o� �o�b�s�e�r�v�e�d� �t�h�a�t� �c�o�n�s�i�d�e�r�a�b�l�e� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n� �i�n� �w�h�e�a�t� �c�a�n� �o�c�c�u�r� 

�d�u�e� �t�o� �N� �o�v�e�r�-�a�p�p�l�i�c�a�t�i�o�n� �e�v�e�n� �w�i�t�h�o�u�t� �l�o�d�g�i�n�g�.� �W�h�e�a�t� �i�s� �m�o�r�e� �p�r�o�n�e� �t�o� 

�e�c�o�n�o�m�i�c� �l�o�s�s�e�s� �f�r�o�m� �o�v�e�r�-�a�p�p�l�i�c�a�t�i�o�n� �o�f� �N� �t�h�a�n� �m�a�n�y� �o�t�h�e�r� �c�r�o�p�s�-�-�b�o�t�h� �y�i�e�l�d� 

�l�o�s�s�e�s� �a�n�d� �l�o�s�s�e�s� �d�u�e� �t�o� �s�l�o�w�e�d� �c�o�m�b�i�n�i�n�g� �o�f� �l�o�d�g�e�d� �w�h�e�a�t�.� �W�e� �c�a�l�c�u�l�a�t�e�d� 

�e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �a�t� �l�o�c�a�t�i�o�n�s� �1� �a�n�d� �3� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �a�p�p�l�y�i�n�g� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� 

�9�0� �k�g� �N� �h�a �� �r�e�d�u�c�e�d� �p�r�o�f�i�t�s� �b�y� �$�2�6�2� �h�a�"� �a�t� �l�o�c�a�t�i�o�n� �1� �(�$�4�3� �h�a!"�'� �N� �c�o�s�t�,� �$�2�0�9� 

�h�a ��'� �d�u�e� �t�o� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n�,� �a�n�d� �$�1�0� �h�a ��!� �d�u�e� �t�o� �s�l�o�w�e�d� �c�o�m�b�i�n�i�n�g�)� �a�n�d� �$�9�1� 

�h�a ��!� �a�t� �l�o�c�a�t�i�o�n� �3� �(�$�4�3� �h�a �� �N� �c�o�s�t�,� �$�2�4� �h�a ��'� �d�u�e� �t�o� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n�,� �a�n�d� �$�2�4� 

�h�a ��'� �d�u�e� �t�o� �s�l�o�w�e�d� �c�o�m�b�i�n�i�n�g�)� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �o�p�t�i�m�u�m� �N� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �z�e�r�o�.� 

�I�t� �i�s� �e�c�o�n�o�m�i�c�a�l�l�y� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �b�e�n�e�f�i�c�i�a�l� �t�o� �i�d�e�n�t�i�f�y� �s�u�c�h� �s�i�t�e�s� �w�i�t�h� �a� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �t�e�s�t�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�l�l�e�y�,� �M�.�M�.�,� �P�e�t�e�r� �S�c�h�a�r�f�,� �D�.�E�.� �B�r�a�n�n�,� �W�.�E�.� �B�a�e�t�h�g�e�n�,� �a�n�d� �S�.�J�.� �D�o�n�o�h�u�e�.� 

�1�9�8�9�.� �E�f�f�i�c�i�e�n�t� �N�_� �f�e�r�t�i�l�i�z�a�t�i�o�n� �o�f� �w�i�n�t�e�r� �w�h�e�a�t�:� �p�r�i�n�c�i�p�l�e�s� �a�n�d� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�.� �V�i�r�g�i�n�i�a� �C�o�o�p�e�r�a�t�i�v�e� �E�x�t�e�n�s�i�o�n� �P�u�b�l�i�c�a�t�i�o�n� �4�2�4�-�0�2�6�.� 

�B�a�k�e�r�,� �W�.�H�.�,� �J�.�S�.� �M�c�C�o�n�n�e�l�l�,� �R�.�L�.� �M�a�p�l�e�s�,� �a�n�d� �J�.�J�.� �V�a�r�v�i�l�.� �1�9�9�2�.� �A�p�p�l�i�c�a�t�i�o�n� 

�o�f� �s�o�i�l� �n�i�t�r�a�t�e� �t�e�s�t�i�n�g� �t�o� �c�o�t�t�o�n� �p�r�o�d�u�c�t�i�o�n�:� �f�i�e�l�d� �v�e�r�i�f�i�c�a�t�i�o�n�.� �p�.� �2�5�-�3�1�.� �/�n� 

�K�.�L�.� �W�e�l�l�s� �a�n�d� �W�.�R�.� �T�h�o�m�p�s�o�n�,� �J�r�.� �(�e�d�.�)� �C�u�r�r�e�n�t� �v�i�e�w�p�o�i�n�t�s� �o�n� �t�h�e� �u�s�e� �o�f� 

�s�o�i�l� �n�i�t�r�a�t�e� �t�e�s�t�s� �i�n� �t�h�e� �s�o�u�t�h�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�B�a�n�d�e�l�,� �V�.� �A�l�l�e�n� �a�n�d� �R�i�c�h�a�r�d� �H�.� �F�o�x�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �N�e�w� 

�E�n�g�l�a�n�d� �a�n�d� �M�i�d�d�l�e� �A�t�l�a�n�t�i�c� �s�t�a�t�e�s�.� �p�.� �6�7�7�-�6�8�9�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� 

�N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� �p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�B�l�a�c�k�m�e�r�,� �A�.�M�.�,� �D�.� �P�o�t�t�k�e�r�,� �M�.�E�.� �C�e�r�r�a�t�o�,� �a�n�d� �J�.� �W�e�b�b�.� �1�9�8�9�.� �C�o�r�r�e�l�a�t�i�o�n�s� 

�b�e�t�w�e�e�n� �s�o�i�l� �n�i�t�r�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �l�a�t�e� �s�p�r�i�n�g� �a�n�d� �c�o�r�n� �y�i�e�l�d�s� �i�n� �l�o�w�a�.� 

�J�.� �P�r�o�d�.� �A�g�r�i�c�.� �2�:�1�0�3�-�1�0�9�.� 

�B�u�n�d�y�,� �L�.�G�.� �a�n�d� �E�.�S�.� �M�a�l�o�n�e�.� �1�9�8�8�.� �E�f�f�e�c�t� �o�f� �r�e�s�i�d�u�a�l� �p�r�o�f�i�l�e� �n�i�t�r�a�t�e� �o�n� �c�o�r�n� 

�r�e�s�p�o�n�s�e� �t�o� �a�p�p�l�i�e�d� �n�i�t�r�o�g�e�n�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�2�:�1�3�7�7�-�1�3�8�3�.� 

�B�u�n�d�y�,� �L�.�G�.�,� �M�.�A�.� �S�c�h�m�i�t�t�,� �a�n�d� �G�.�W�.� �R�a�n�d�a�l�l�.� �1�9�9�2�.� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� 

�n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� �h�u�m�i�d� �r�e�g�i�o�n�s�:� �a�d�v�a�n�c�e�s� �i�n� �t�h�e� �U�p�p�e�r� �M�i�d�w�e�s�t�.� �p�.� �7�3�-�8�9�.� 

�I�n� �B�.�R�.� �B�o�c�k� �a�n�d� �K�.�R�.� �K�e�l�l�e�y� �(�e�d�.�)� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� 

�h�u�m�i�d� �r�e�g�i�o�n�s�.� �B�u�l�l�.� �Y�-�2�2�6�.� �N�a�t�i�o�n�a�l� �F�e�r�t�i�l�i�z�e�r� �a�n�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� 

�C�e�n�t�e�r�,� �M�u�s�c�l�e� �S�h�o�a�l�s�,� �A�L�.� 

�F�o�x�,� �R�.�H�.�,� �G�.�W�.� �R�o�t�h�,� �K�.�V�.� �I�v�e�r�s�e�n�,� �a�n�d� �W�.�P�.� �P�i�e�k�i�e�l�e�k�.� �1�9�8�9�.� �S�o�i�l� �a�n�d� �t�i�s�s�u�e� 

�n�i�t�r�a�t�e� �t�e�s�t�s� �c�o�m�p�a�r�e�d� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �s�o�i�l� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �t�o� �c�o�r�n�.� �A�g�r�o�n�.� 

�J�.� �8�1�:�9�7�1�-�9�7�4�.� 

�G�i�l�l�i�a�m�,� �J�.�W�.� �a�n�d� �F�r�e�d� �B�o�s�w�e�l�l�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �S�o�u�t�h� 
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�A�t�l�a�n�t�i�c� �s�t�a�t�e�s�.� �p�.� �6�9�1�-�7�0�5�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� 

�p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�K�e�e�n�e�y�,� �D�.�R�.� �a�n�d� �D�.�W�.� �N�e�l�s�o�n�.� �1�9�8�2�.� �N�i�t�r�o�g�e�n�-�-�i�n�o�r�g�a�n�i�c� �f�o�r�m�s�.� �/�n� �A�.�L�.� �P�a�g�e�,� 

�R�.�H�.� �M�i�l�l�e�r�,� �a�n�d� �D�.�R�.� �K�e�e�n�e�y� �(�e�d�.�)� �M�e�t�h�o�d�s� �o�f� �s�o�i�l� �a�n�a�l�y�s�i�s�,� �P�a�r�t� �2�.� �2�n�d� �e�d�.� 

�A�g�r�o�n�o�m�y� �9�:�6�4�3�-�6�9�8�.� 

�M�a�g�d�o�f�f�,� �F�.�R�.�,� �D�.� �R�o�s�s�,� �a�n�d� �J�.� �A�m�a�d�o�n�.� �1�9�8�4�.� �A� �s�o�i�l� �t�e�s�t� �f�o�r� �n�i�t�r�o�g�e�n� 

�a�v�a�i�l�a�b�i�l�i�t�y� �t�o� �c�o�r�n�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �4�8�:�1�3�0�1�-�1�3�0�4�.� 

�M�e�i�s�i�n�g�e�r�,� �J�.�J�.�,� �R�.�F�.� �M�u�l�f�o�r�d�,� �a�n�d� �J�.�S�.� �S�t�a�n�g�a�r�o�n�e�.� �1�9�8�7�.� �E�f�f�e�c�t�s� �o�f� �r�e�s�i�d�u�a�l� 

�N� �o�n� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �M�a�r�y�l�a�n�d�.� �p�.� �2�0�9�.� �/�n� �A�g�r�o�n�o�m�y� �A�b�s�t�r�a�c�t�s�.� �A�S�A�,� 

�M�a�d�i�s�o�n�,� �W�I�.� 

�M�i�l�e�y�,� �W�.�N�.�,� �S�.�L�.� �C�h�a�p�m�a�n�,� �a�n�d� �J�.�T�.� �B�a�t�c�h�e�l�o�r�.� �1�9�8�2�.� �N�i�t�r�o�g�e�n� �f�o�r� �w�h�e�a�t� �o�n� 

�h�e�a�v�y� �c�l�a�y� �s�o�i�l�s�.� �L�e�a�f�l�e�t�-�E�-�L� �N�o�.� �5�8�6�,� �U�n�i�v�.� �A�r�k�a�n�s�a�s� �C�o�o�p�.� �E�x�t�.� �S�e�r�v�.�,� 

�L�i�t�t�l�e� �R�o�c�k�,� �A�R�.� 

�P�e�t�e�r�s�o�n�,� �G�.�A�.� �a�n�d� �R�e�g�i�s� �D�.� �V�o�s�s�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �w�e�s�t� 

�N�o�r�t�h� �C�e�n�t�r�a�l� �s�t�a�t�e�s�.� �p�.� �7�2�1�-�7�3�3�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� 

�p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�R�a�u�s�c�h�k�o�l�b�,� �R�o�y� �S�.�,� �T�.�L�.� �J�a�c�k�s�o�n�,� �a�n�d� �A�.�I�.� �D�o�w�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� 

�n�i�t�r�o�g�e�n� �i�n� �t�h�e� �P�a�c�i�f�i�c� �s�t�a�t�e�s�.� �p�.� �7�6�5�-�7�7�7�.� �J�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� 

�c�r�o�p� �p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�S�c�h�a�r�f�,� �P�e�t�e�r� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�8�.� �C�e�n�t�r�i�f�u�g�a�t�i�o�n�:� �a� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �p�r�o�b�l�e�m�s� 

�p�o�s�e�d� �b�y� �a�m�m�o�n�i�u�m� �a�n�d� �n�i�t�r�a�t�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �f�i�l�t�e�r�s� �i�n� �s�o�i�l� �e�x�t�r�a�c�t� 

�a�n�a�l�y�s�i�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�2�:�1�5�0�8�-�1�5�1�0�.� 

�W�e�h�r�m�a�n�n�,� �J�.� �a�n�d� �H�.�C�.� �S�c�h�a�r�p�f�.� �1�9�7�9�.� �D�e�r� �m�i�n�e�r�a�l�s�t�i�c�k�s�t�o�f�f�g�e�h�a�l�t� �d�e�s� �b�o�d�e�n�s� 

�a�l�s� �m�a�&�s�t�a�b� �f�u�r� �d�e�n� �s�t�i�c�k�s�t�o�f�f�d�U�n�g�e�r�b�e�d�a�r�f� �(�N�,�,�,�-�m�e�t�h�o�d�e�)�.� �P�l�a�n�t� �S�o�i�l� 

�5�2�:�1�0�9�-�1�2�6�.� 

�W�e�l�c�h�,� �L�.�F�.� �1�9�8�4�.� �N�i�t�r�o�g�e�n� �m�a�n�a�g�e�m�e�n�t� �f�o�r� �t�h�e� �e�a�s�t� �N�o�r�t�h� �C�e�n�t�r�a�l� �s�t�a�t�e�s�.� �p�.� 
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�7�0�7�-�7�1�9�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� �p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� 

�W�I�.� 

�W�e�s�t�f�a�l�l�,� �D�.�G�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �M�o�u�n�t�a�i�n� �s�t�a�t�e�s�.� �p�.� �7�5�1�-� 

�7�6�3�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� �p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 
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�C�h�a�p�t�e�r� �I�l�l� 

�F�i�e�l�d�-�s�p�e�c�i�f�i�c� �s�p�r�i�n�g� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t�.� 

�|�.� �F�a�r�m�e�r�-�f�i�e�l�d� �v�a�l�i�d�a�t�i�o�n� �o�f� �t�i�s�s�u�e� �t�e�s�t�-�b�a�s�e�d� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�A�B�S�T�R�A�C�T� 

�A� �s�y�s�t�e�m� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �o�p�t�i�m�u�m� �s�p�r�i�n�g� �n�i�t�r�o�g�e�n� �(�N�)� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� �f�o�r� �w�i�n�t�e�r� 

�w�h�e�a�t� �i�n� �t�h�e� �m�i�d�-�A�t�l�a�n�t�i�c� �r�e�g�i�o�n� �o�f� �t�h�e� �U�.�S�.� �w�a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�v�e�l�o�p�e�d� �f�r�o�m� �a� 

�s�m�a�l�l� �s�e�t� �o�f� �e�x�p�e�r�i�m�e�n�t�s� �u�s�i�n�g� �a� �s�i�n�g�l�e� �w�h�e�a�t� �v�a�r�i�e�t�y� �a�n�d� �i�n� �w�h�i�c�h� �a�l�l� �c�u�l�t�u�r�a�l� 

�o�p�e�r�a�t�i�o�n�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� 

�r�e�p�o�r�t�e�d� �h�e�r�e� �w�a�s� �t�o� �e�v�a�l�u�a�t�e� �w�h�e�t�h�e�r� �t�h�i�s� �s�y�s�t�e�m� �c�o�u�l�d� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �m�o�r�e� �v�a�r�i�e�d� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �f�a�r�m�e�r� �f�i�e�l�d�s�.� �T�h�i�r�t�y�-�n�i�n�e� �N� �r�e�s�p�o�n�s�e� 

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �f�a�r�m�e�r� �f�i�e�l�d�s� �o�v�e�r� �f�i�v�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s� 

�e�n�c�o�m�p�a�s�s�i�n�g� �a� �w�i�d�e� �a�n�d� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �r�a�n�g�e� �o�f� �s�o�i�l� �t�y�p�e�s� �a�n�d� �w�h�e�a�t� 

�v�a�r�i�e�t�i�e�s�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �w�h�e�a�t� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� 

�S�t�a�g�e� �(�G�S�)� �3�0� �a�n�d� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �3�0� �w�a�s� �w�e�a�k�e�r� �i�n� �f�a�r�m�e�r� �f�i�e�l�d�s� 

�(�r�?�>�=�.�5�1�)� �t�h�a�n� �i�n� �t�h�e� �r�e�s�e�a�r�c�h�e�r�-�p�l�a�n�t�e�d� �e�x�p�e�r�i�m�e�n�t�s� �(�r�?�=�.�5�9�)� �b�u�t� �w�a�s� �s�t�i�l�l� 

�s�t�r�o�n�g� �e�n�o�u�g�h� �t�o� �b�e� �u�s�e�f�u�l�.� �E�c�o�n�o�m�i�c� �a�n�a�l�y�s�e�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�i�s�s�u�e� �t�e�s�t�-�b�a�s�e�d� 

�N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n�c�r�e�a�s�e�d� �p�r�o�f�i�t� �b�y� �a�n� �a�v�e�r�a�g�e� �o�f� �$�3�6� �h�a �� �r�e�l�a�t�i�v�e� �t�o� 

�t�r�a�d�i�t�i�o�n�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s�.� �A�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �m�e�a�s�u�r�e�d� 

�i�n� �t�e�n� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �f�o�r� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �b�a�s�e�d� 

�o�n� �t�h�e� �t�i�s�s�u�e� �t�e�s�t� �s�y�s�t�e�m� �t�h�a�n� �f�o�r� �t�r�a�d�i�t�i�o�n�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

�F�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �n�o�t� �u�s�e�d� �a�t� �p�r�e�s�e�n�t� �f�o�r� 

�w�i�n�t�e�r� �w�h�e�a�t� �g�r�o�w�n� �i�n� �h�u�m�i�d� �r�e�g�i�o�n�s� �o�f� �t�h�e� �U�.�S�.�,� �b�u�t� �w�o�u�l�d� �b�e� �h�i�g�h�l�y� �d�e�s�i�r�a�b�l�e� 

�d�u�e� �t�o� �t�h�e� �h�i�g�h� �p�o�t�e�n�t�i�a�l� �f�o�r� �n�i�t�r�a�t�e� �l�e�a�c�h�i�n�g� �t�o� �g�r�o�u�n�d� �a�n�d� �s�u�r�f�a�c�e� �w�a�t�e�r�s� 

�w�h�e�n� �N� �f�e�r�t�i�l�i�z�e�r� �i�s� �a�p�p�l�i�e�d� �i�n� �e�x�c�e�s�s� �o�f� �t�h�e� �a�m�o�u�n�t� �t�h�a�t� �c�a�n� �b�e� �e�f�f�i�c�i�e�n�t�l�y� �u�s�e�d� 

�b�y� �t�h�e� �c�r�o�p� �i�n� �t�h�e�s�e� �r�e�g�i�o�n�s�.� �T�h�i�s� �i�s� �e�s�p�e�c�i�a�l�l�y� �t�r�u�e� �b�e�c�a�u�s�e� �p�e�r�c�o�l�a�t�i�o�n� �r�a�t�e�s� 

�a�r�e� �h�i�g�h�e�r� �a�t� �t�h�e� �t�i�m�e� �w�h�e�n� �N� �f�e�r�t�i�l�i�z�e�r� �i�s� �a�p�p�l�i�e�d� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� �t�h�a�n� �a�t� �t�i�m�e�s� 

�w�h�e�n� �N� �f�e�r�t�i�l�i�z�e�r� �i�s� �a�p�p�l�i�e�d� �t�o� �m�o�s�t� �o�t�h�e�r� �c�r�o�p�s�.� 

�A� �s�y�s�t�e�m� �f�o�r� �m�a�k�i�n�g� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� 

�a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �(�G�S�)� �3�0� �(�Z�a�d�o�k�s� �e�t� �a�l�.�,� �1�9�7�4�)� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� 

�B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� �(�1�9�8�9�)�.� �T�h�i�s� �s�y�s�t�e�m� �u�s�e�d� �e�i�t�h�e�r� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �o�r� �c�r�o�p� 

�N� �u�p�t�a�k�e� �a�t� �G�S� �3�0� �a�s� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�.� �V�a�l�u�e�s� �o�f� 

�t�h�e�s�e� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �s�t�r�o�n�g�l�y� �r�e�l�a�t�e�d� �t�o� �o�p�t�i�m�u�m� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� �m�e�a�s�u�r�e�d� �i�n� 

�t�h�e� �s�a�m�e� �f�i�e�l�d�s�-�-�a�s� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �o�r� �c�r�o�p� �N� �u�p�t�a�k�e� �i�n�c�r�e�a�s�e�d�,� �o�p�t�i�m�u�m� �N� 

�f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �d�e�c�r�e�a�s�e�d�.� �T�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �t�e�s�t� �t�o� �u�s�e� �i�n� �t�h�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �p�r�o�p�a�g�a�t�e�d� �t�o� �f�a�r�m�e�r�s� �i�n� �V�i�r�g�i�n�i�a� �b�e�c�a�u�s�e� �i�t� �i�s� �e�a�s�i�e�r� 

�t�o� �m�e�a�s�u�r�e� �t�h�a�n� �N� �u�p�t�a�k�e� �(�A�l�l�e�y� �e�t� �a�l�.�,� �1�9�8�9�)�.� 

�B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� �(�1�9�8�9�)� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �c�r�i�t�i�c�a�l� �N� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�(�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �w�h�i�c�h� �9�0�%� �r�e�l�a�t�i�v�e� �y�i�e�l�d� �i�s� �a�t�t�a�i�n�e�d� �w�i�t�h�o�u�t� �f�u�r�t�h�e�r� �N� 

�f�e�r�t�i�l�i�z�a�t�i�o�n�)� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �a�t� �Z�a�d�o�k�s� �G�S� �3�0� �w�a�s� �3�9�.�5� �g� �N� �k�g �� �t�i�s�s�u�e�.� �T�h�i�s� 

�c�l�o�s�e�l�y� �a�g�r�e�e�s� �w�i�t�h� �t�h�e� �c�r�i�t�i�c�a�l� �l�e�v�e�l� �o�f� �3�5� �g� �N� �k�g �� �t�i�s�s�u�e� �r�e�p�o�r�t�e�d� �b�y� �R�o�t�h� �e�t� 

�a�l�.� �(�1�9�8�9�)� �(�F�e�e�k�e�s� �G�S� �5� �i�s� �t�h�e� �s�a�m�e� �a�s� �Z�a�d�o�k�s� �G�S� �3�0�)� �a�n�d� �w�i�t�h� �t�h�e� �c�r�i�t�i�c�a�l� 

�l�e�v�e�l� �o�f� �3�8� �g� �N� �k�g�"� �t�i�s�s�u�e� �r�e�p�o�r�t�e�d� �b�y� �V�a�u�g�h�a�n� �e�t� �a�l�.� �(�1�9�9�0�)� �(�"�l�e�a�v�e�s �� �a�t� 
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�F�e�e�k�e�s� �5� �a�s� �d�e�f�i�n�e�d� �b�y� �V�a�u�g�h�a�n� �e�t� �a�l�.� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �s�a�m�p�l�e�s� �r�e�p�o�r�t�e�d� �i�n� 

�t�h�e� �B�a�e�t�h�g�e�n� �a�n�d� �R�o�t�h� �p�a�p�e�r�s�)�.� �T�h�e� �c�l�o�s�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e�s�e� �s�o�u�r�c�e�s� 

�i�s� �a� �l�i�t�t�l�e� �s�u�r�p�r�i�s�i�n�g� �g�i�v�e�n� �t�h�e� �l�a�r�g�e� �c�l�i�m�a�t�i�c� �d�i�f�f�e�r�e�n�c�e�s�-�-�B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� 

�(�1�9�8�9�)� �a�n�d� �R�o�t�h� �e�t� �a�l�.� �(�1�9�8�9�)� �a�r�e� �b�o�t�h� �f�r�o�m� �t�h�e� �h�u�m�i�d� �e�a�s�t� �(�V�i�r�g�i�n�i�a� �a�n�d� 

�P�e�n�n�s�y�l�v�a�n�i�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� �w�h�i�l�e� �V�a�u�g�h�a�n� �e�t� �a�l�.� �(�1�9�9�0�)� �d�i�d� �t�h�e�i�r� �r�e�s�e�a�r�c�h� �i�n� 

�t�h�e� �s�e�m�i�-�a�r�i�d� �c�l�i�m�a�t�e� �o�f� �e�a�s�t�e�r�n� �C�o�l�o�r�a�d�o�.� �T�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �p�o�t�e�n�t�i�a�l� �f�o�r� 

�w�i�d�e� �a�d�a�p�t�a�b�i�l�i�t�y� �o�f� �N� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �b�a�s�e�d� �o�n� 

�t�i�s�s�u�e� �N� �c�o�n�t�e�n�t�.� 

�W�h�i�l�e� �c�r�i�t�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �s�i�t�e�s� �t�h�a�t� �a�r�e� �n�o�t� �l�i�k�e�l�y� �t�o� 

�r�e�s�p�o�n�d� �t�o� �f�e�r�t�i�l�i�z�e�r� �N� �a�p�p�l�i�c�a�t�i�o�n�s�,� �i�t� �i�s� �d�e�s�i�r�a�b�l�e� �t�o� �h�a�v�e� �a� �s�y�s�t�e�m� �t�h�a�t� �c�a�n� 

�p�r�e�d�i�c�t� �t�h�e� �e�c�o�n�o�m�i�c� �o�p�t�i�m�u�m� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �f�o�r� �f�i�e�l�d�s� �t�h�a�t� �t�e�s�t� �b�e�l�o�w� �t�h�e� �c�r�i�t�i�c�a�l� 

�l�e�v�e�l�.� �M�e�a�s�u�r�i�n�g� �t�h�e� �o�p�t�i�m�u�m� �N� �r�a�t�e� �i�n� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �r�e�g�r�e�s�s�i�n�g� �i�t� 

�a�g�a�i�n�s�t� �p�o�s�s�i�b�l�e� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s� �(�e�.�g�.� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t�)� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� 

�s�a�m�e� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �a� �p�o�w�e�r�f�u�l� �a�p�p�r�o�a�c�h� �t�h�a�t� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �o�n�l�y� �a� �f�e�w� 

�i�n�v�e�s�t�i�g�a�t�o�r�s�.� �W�e�h�r�m�a�n�n� �a�n�d� �S�c�h�a�r�p�f� �(�1�9�7�9�)� �m�e�a�s�u�r�e�d� �o�p�t�i�m�u�m� �N� �f�e�r�t�i�l�i�z�e�r� 

�r�a�t�e�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �G�e�r�m�a�n�y� �a�n�d� �f�o�u�n�d� �t�h�a�t� �t�h�e�y� �w�e�r�e� �s�t�r�o�n�g�l�y� �r�e�l�a�t�e�d� 

�t�o� �s�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�d� �t�o� �a� �1� �m�e�t�e�r� �d�e�p�t�h�;� �f�r�o�m� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �t�h�e�y� 

�d�e�v�e�l�o�p�e�d� �a� �p�r�e�d�i�c�t�i�v�e� �s�y�s�t�e�m� �(�t�h�e� �N�,�,�,�,�-�m�e�t�h�o�d�)� �t�h�a�t� �n�o�t� �o�n�l�y� �i�d�e�n�t�i�f�i�e�s� �f�i�e�l�d�s� 

�n�o�t� �n�e�e�d�i�n�g� �f�e�r�t�i�l�i�z�a�t�i�o�n�,� �b�u�t� �p�r�e�d�i�c�t�s� �t�h�e� �o�p�t�i�m�u�m� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �f�o�r� �f�i�e�l�d�s� 

�n�e�e�d�i�n�g� �f�e�r�t�i�l�i�z�a�t�i�o�n�.� �S�u�c�h� �a� �s�y�s�t�e�m� �p�r�o�v�i�d�e�s� �a� �m�e�a�n�s� �o�f� �r�e�d�u�c�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� 

�r�a�t�e�s� �w�i�t�h� �c�o�n�f�i�d�e�n�c�e� �o�n� �s�e�l�e�c�t�e�d� �f�i�e�l�d�s�,� �t�h�u�s� �r�e�d�u�c�i�n�g� �t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �b�o�t�h� 

�l�e�a�c�h�i�n�g� �o�f� �n�i�t�r�a�t�e� �a�n�d� �(�i�n� �s�m�a�l�l� �g�r�a�i�n�s�)� �l�o�d�g�i�n�g�.� �O�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �w�h�o� �h�a�v�e� 

�u�s�e�d� �t�h�i�s� �a�p�p�r�o�a�c�h� �i�n�c�l�u�d�e� �B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� �(�1�9�8�9�)�,� �B�e�a�u�c�h�a�m�p� �a�n�d� 

�K�a�c�h�a�n�o�w�s�k�i� �(�1�9�9�1�)�,� �a�n�d� �B�u�n�d�y� �e�t� �a�l�.� �(�1�9�9�2�)�.� 
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�W�h�i�l�e� �B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� �(�1�9�8�9�)� �f�o�u�n�d� �a� �s�t�r�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �w�h�e�a�t� 

�t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �G�S� �3�0� �a�n�d� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �3�0�,� �t�h�e�i�r� �r�e�s�e�a�r�c�h� 

�c�o�n�s�i�s�t�e�d� �o�f� �o�n�l�y� �e�i�g�h�t� �e�x�p�e�r�i�m�e�n�t�s�,� �a�l�l� �o�f� �w�h�i�c�h� �u�t�i�l�i�z�e�d� �a� �s�i�n�g�l�e� �v�a�r�i�e�t�y� �a�n�d� 

�w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�n�d�e�r� �h�i�g�h�l�y�-�c�o�n�t�r�o�l�l�e�d� �r�e�s�e�a�r�c�h� �c�o�n�d�i�t�i�o�n�s�.� �O�u�r� �o�b�j�e�c�t�i�v�e� �i�n� 

�u�n�d�e�r�t�a�k�i�n�g� �t�h�e� �p�r�e�s�e�n�t� �r�e�s�e�a�r�c�h� �w�a�s� �t�o� �f�u�r�t�h�e�r� �e�v�a�l�u�a�t�e� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �G�S� 

�3�0� �N� �f�e�r�t�i�l�i�z�e�r� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� 

�o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �v�a�r�i�e�t�i�e�s� �a�n�d� �s�o�i�l� �t�y�p�e�s� �a�n�d� �i�n� �c�o�n�d�i�t�i�o�n�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�o�f� �f�a�r�m�e�r� �f�i�e�l�d�s�.� 

�2�8



�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�E�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �c�o�o�p�e�r�a�t�i�n�g� �f�a�r�m�e�r�s� �i�n� �t�h�e� �C�o�a�s�t�a�l� 

�P�l�a�i�n� �(�3�5� �s�i�t�e�s�)�,� �P�i�e�d�m�o�n�t� �(�1� �s�i�t�e�)�,� �a�n�d� �R�i�d�g�e� �a�n�d� �V�a�l�l�e�y� �(�3� �s�i�t�e�s�)� �p�h�y�s�i�o�g�r�a�p�h�i�c� 

�r�e�g�i�o�n�s� �o�f� �V�i�r�g�i�n�i�a�.� �S�i�t�e�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �a� �m�o�n�t�h� �a�f�t�e�r� �p�l�a�n�t�i�n�g� 

�b�a�s�e�d� �o�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�r�i�t�e�r�i�a�:� �s�t�a�n�d� �u�n�i�f�o�r�m�i�t�y�,� �s�o�i�l� �u�n�i�f�o�r�m�i�t�y� �(�a�s� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �s�o�i�l� �p�r�o�b�e� �t�o� �1� �m� �d�e�p�t�h�)�,� �a�n�d� �w�h�e�t�h�e�r� �s�o�i�l� �t�y�p�e� �w�a�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �s�o�i�l�s� 

�c�r�o�p�p�e�d� �t�o� �w�h�e�a�t� �i�n� �V�i�r�g�i�n�i�a�.� �R�e�l�e�v�a�n�t� �s�i�t�e� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� 

�4�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �N� �r�a�t�e�s� �a�p�p�l�i�e�d� �a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e�s� �(�G�S�)� �2�5� 

�a�n�d� �3�0� �(�Z�a�d�o�k�s� �e�t� �a�l�.�,� �1�9�7�4�)� �i�n� �a� �c�o�m�p�l�e�t�e� �f�a�c�t�o�r�i�a�l� �d�e�s�i�g�n�.� �T�o�t�a�l� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n�s� �i�n� �t�h�e� �f�i�r�s�t� �t�w�o� �y�e�a�r�s� �o�f� �t�h�e� �s�t�u�d�y� �r�a�n�g�e�d� �u�p� �t�o� �3�3�6� �k�g� �N� �h�a �� �t�o� 

�e�n�s�u�r�e� �t�h�a�t� �t�h�e� �o�p�t�i�m�u�m� �N� �r�a�t�e� �w�o�u�l�d� �b�e� �w�i�t�h�i�n� �t�h�e� �r�a�n�g�e� �o�f� �r�a�t�e�s� �t�h�a�t� �w�e� 

�a�p�p�l�i�e�d�.� �W�i�t�h� �t�h�e� �e�x�p�e�r�i�e�n�c�e� �f�r�o�m� �t�h�e�s�e� �t�w�o� �y�e�a�r�s�,� �w�e� �f�e�l�t� �c�o�n�f�i�d�e�n�t� �t�h�a�t� �w�e� 

�c�o�u�l�d� �c�a�p�t�u�r�e� �t�h�e� �o�p�t�i�m�u�m� �N� �r�a�t�e� �w�h�i�l�e� �u�s�i�n�g� �a� �s�m�a�l�l�e�r� �r�a�n�g�e�.� �N�i�t�r�o�g�e�n� �r�a�t�e�s� 

�w�e�r�e� �r�e�d�u�c�e�d� �f�o�r� �t�h�e� �t�h�i�r�d� �t�h�r�o�u�g�h� �t�h�e� �f�i�f�t�h� �y�e�a�r�s� �o�f� �t�h�e� �s�t�u�d�y�,� �r�a�n�g�i�n�g� �f�r�o�m� �O� 

�t�o� �2�3�8� �k�g� �h�a �� �t�o�t�a�l� �s�p�r�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r�.� �R�a�t�e�s� �u�s�e�d� �f�o�r� �t�h�e� �t�w�o� �p�h�a�s�e�s� �o�f� �t�h�e� 

�s�t�u�d�y� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.� �T�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�r�r�a�n�g�e�d� �i�n� �r�a�n�d�o�m�i�z�e�d� �c�o�m�p�l�e�t�e� 

�b�l�o�c�k�s� �w�i�t�h� �f�o�u�r� �r�e�p�l�i�c�a�t�i�o�n�s� �a�t� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�.� �I�n�d�i�v�i�d�u�a�l� �p�l�o�t�s� 

�m�e�a�s�u�r�e�d� �5� �m� �b�y� �5�.�5� �m�.� 

�U�r�e�a� �a�m�m�o�n�i�u�m� �n�i�t�r�a�t�e� �s�o�l�u�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �N� �s�o�u�r�c�e� �f�o�r� �t�r�e�a�t�m�e�n�t� 

�a�p�p�l�i�c�a�t�i�o�n� �i�n� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �N� �s�o�l�u�t�i�o�n� �w�a�s� �a�p�p�l�i�e�d� �w�i�t�h� �a� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e� �p�r�e�s�s�u�r�i�z�e�d� �b�a�c�k�p�a�c�k� �s�p�r�a�y�e�r� �w�h�o�s�e� �b�o�o�m� �w�a�s� �f�i�t�t�e�d� �w�i�t�h� �T�e�e�j�e�t� 

�"�r�a�i�n�d�r�o�p�"� �t�i�p�s�.� �F�l�o�w� �r�a�t�e�s� �f�o�r� �e�a�c�h� �t�i�p� �s�i�z�e� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �e�a�c�h� 

�2�9



�T�a�b�l�e� �4�.� �B�r�i�e�f� �s�i�t�e� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �l�o�c�a�t�i�o�n�s� �u�s�e�d� �i�n� �s�t�u�d�y�i�n�g� �o�p�t�i�m�u�m� �s�p�r�i�n�g� �N� 
�f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t�.� 
� � 

� � 

� � 

�S�o�i�l� 

�L�o�c�a�t�i�o�n� �S�e�r�i�e�s� �a�n�d� 
�N�u�m�b�e�r� �Y�e�a�r� �V�a�r�i�e�t�y� �S�u�r�f�a�c�e� �t�e�x�t�u�r�e� �S�u�b�g�r�o�u�p� 

�1� �1�9�9�1�-�1�9�9�2� �C�o�k�e�r� �9�8�3� �P�a�m�u�n�k�e�y� �|� �U�l�t�i�c� �H�a�p�l�u�d�a�l�f� 
�2� �1�9�9�1�-�1�9�9�2� �C�o�k�e�r� �9�8�0�3� �B�o�j�a�c� �I�s� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�3� �1�9�9�1�-�1�9�9�2� �M�a�d�i�s�o�n� �S�u�f�f�o�l�k� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�4� �1�9�9�1�-�1�9�9�2� �M�a�d�i�s�o�n� �E�m�p�o�r�i�a� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�5� �1�9�9�1�-�1�9�9�2� �M�a�d�i�s�o�n� �C�e�c�i�l� �c�l� �T�y�p�i�c� �K�a�n�h�a�p�l�u�d�u�l�t� 
�6� �1�9�9�1�-�1�9�9�2� �W�a�k�e�f�i�e�l�d� �S�t�a�t�e� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
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�1�3� �1�9�9�0�-�1�9�9�1� �F�l�o�r�i�d�a� �3�0�2� �P�a�m�u�n�k�e�y� �|� �U�l�t�i�c� �H�a�p�l�u�d�a�l�f� 
�1�4� �1�9�9�0�-�1�9�9�1� �C�o�k�e�r� �9�8�3� �C�o�n�e�t�o�e� �s� �A�r�e�n�i�c� �H�a�p�l�u�d�u�l�t� 
�1�5� �1�9�8�9�-�1�9�9�0� �C�o�k�e�r� �9�1�6� �P�a�m�u�n�k�e�y� �|� �U�l�t�i�c� �H�a�p�l�u�d�a�l�f� 
�1�6� �1�9�8�9�-�1�9�9�0� �C�o�k�e�r� �9�8�3� �A�l�t�a�v�i�s�t�a� �f�s�l� �A�q�u�i�c� �H�a�p�l�u�d�u�l�t� 
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�1�9� �1�9�8�9�-�1�9�9�0� �M�a�d�i�s�o�n� �S�t�a�t�e� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�2�0� �1�9�8�9�-�1�9�9�0� �P�i�o�n�e�e�r� �2�5�5�5� �E�m�p�o�r�i�a� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�2�1� �1�9�8�8�-�1�9�8�9� �C�o�k�e�r� �9�1�6� �B�o�j�a�c� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
�2�2� �1�9�8�8�-�1�9�8�9� �C�o�k�e�r� �9�8�3� �B�o�j�a�c� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
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�2�6� �1�9�8�8�-�1�9�8�9� �C�o�k�e�r� �9�1�6� �E�m�p�o�r�i�a� �|� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 
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�T�a�b�l�e� �5�.� �F�e�r�t�i�l�i�z�e�r� �N� �r�a�t�e� �t�r�e�a�t�m�e�n�t�s� �u�s�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� 

�t�o� �s�t�u�d�y� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�n�d� 

�o�p�t�i�m�u�m� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0�.� 
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�G�S� �3�0�=�Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �3�0� �(�p�r�e�-�j�o�i�n�t�i�n�g�)



�e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n� �p�r�i�o�r� �t�o� �N� �a�p�p�l�i�c�a�t�i�o�n�,� �p�r�o�p�e�r� �w�a�l�k�i�n�g� �s�p�e�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� 

�d�e�s�i�r�e�d� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d�,� �a�n�d� �a� �s�t�o�p� �w�a�t�c�h� �a�n�d� �m�e�t�r�o�n�o�m�e� �w�e�r�e� 

�u�s�e�d� �t�o� �c�a�l�i�b�r�a�t�e� �a�n�d� �m�a�i�n�t�a�i�n� �p�r�o�p�e�r� �w�a�l�k�i�n�g� �s�p�e�e�d� �d�u�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�.� 

�P�l�a�n�t� �t�i�s�s�u�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �G�S� �3�0� �b�y� �c�l�i�p�p�i�n�g� �t�h�e� �e�n�t�i�r�e� �a�b�o�v�e�-� 

�g�r�o�u�n�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�a�n�t� �f�r�o�m� �t�w�o� �1�-�m� �s�e�c�t�i�o�n�s� �o�f� �r�o�w� �p�e�r� �p�l�o�t�.� �F�o�r� �e�a�c�h� 

�N� �r�a�t�e� �a�p�p�l�i�e�d� �a�t� �G�S� �2�5�,� �o�n�e� �p�l�o�t� �w�a�s� �s�a�m�p�l�e�d� �f�r�o�m� �e�a�c�h� �r�e�p�l�i�c�a�t�i�o�n�.� �S�a�m�p�l�e�s� 

�w�e�r�e� �d�r�i�e�d�,� �g�r�o�u�n�d� �t�o� �p�a�s�s� �a� �4�0�-�m�e�s�h� �s�c�r�e�e�n�,� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �t�o�t�a�l� �K�j�e�l�d�a�h�l� 

�N� �c�o�n�t�e�n�t� �u�s�i�n�g� �Q�u�i�k�C�h�e�m� �M�e�t�h�o�d� �N�o�.� �1�3�-�1�0�7�-�0�6�-�2�-�B� �(�L�a�c�h�a�t� �I�n�s�t�r�u�m�e�n�t�s�,� 

�M�i�l�w�a�u�k�e�e�,� �W�I�)� �m�o�d�i�f�i�e�d� �t�o� �o�b�t�a�i�n� �a� �h�i�g�h�e�r� �d�i�g�e�s�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a� �l�a�r�g�e�r� 

�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�n�g�e�.� �D�a�t�a� �q�u�a�l�i�t�y� �c�o�n�t�r�o�l� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �w�i�t�h� �f�r�e�q�u�e�n�t� 

�a�n�a�l�y�s�i�s� �o�f� �a� �N�a�t�i�o�n�a�l� �I�n�s�t�i�t�u�t�e� �o�f� �S�t�a�n�d�a�r�d�s� �a�n�d� �T�e�c�h�n�o�l�o�g�y� �p�l�a�n�t� �t�i�s�s�u�e� �s�a�m�p�l�e� 

�(�S�R�M� �1�5�4�7�)� �o�f� �k�n�o�w�n� �N� �c�o�n�t�e�n�t�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�g�e�s�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �i�n� 

�d�u�p�l�i�c�a�t�e�.� �W�h�e�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �v�a�l�u�e�s� �f�o�r� �d�u�p�l�i�c�a�t�e�s� �w�a�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �1� �g� �N� �k�g �� �t�i�s�s�u�e�,� �t�h�a�t� �s�a�m�p�l�e� �w�a�s� �r�e�-�d�i�g�e�s�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d�.� 

�A�t� �p�h�y�s�i�o�l�o�g�i�c�a�l� �m�a�t�u�r�i�t�y�,� �p�l�o�t�s� �w�e�r�e� �r�a�t�e�d� �f�o�r� �l�o�d�g�i�n�g� �u�s�i�n�g� �t�h�e� �B�e�l�g�i�u�m� �s�c�a�l�e� 

�(�S�z�6�k�e� �e�t� �a�l�.�,� �1�9�7�9�)� �a�n�d� �h�a�r�v�e�s�t�e�d� �w�i�t�h� �a� �H�e�g�e� �1�4�0� �p�l�o�t� �c�o�m�b�i�n�e�;� �y�i�e�l�d�s� �w�e�r�e� 

�c�o�r�r�e�c�t�e�d� �t�o� �1�3�5� �g� �k�g�'�'� �m�o�i�s�t�u�r�e�.� �P�o�s�t�-�h�a�r�v�e�s�t� �t�i�s�s�u�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� 

�f�o�u�r� �t�r�e�a�t�m�e�n�t�s� �a�t� �l�o�c�a�t�i�o�n�s� �1�0�-�1�6� �a�n�d� �1�8�-�2�0�:� �z�e�r�o� �s�p�r�i�n�g� �N�,� �1�0�2� �k�g� �N� �h�a ��!� �a�t� 

�G�S� �2�5� �(�r�e�p�r�e�s�e�n�t�i�n�g� �t�r�a�d�i�t�i�o�n�a�l� �p�r�a�c�t�i�c�e�)�,� �6�8� �k�g� �N� �h�a �� �a�t� �G�S� �2�5� �a�n�d� �t�h�e� �N� �r�a�t�e� 

�c�l�o�s�e�s�t� �t�o� �t�h�e� �t�i�s�s�u�e� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �a�t� �G�S� �3�0�,� �a�n�d� �t�h�e� �h�i�g�h�e�s�t� �N� �r�a�t�e� 

�(�1�0�2� �k�g� �N� �h�a �� �a�t� �G�S� �2�5� �a�n�d� �1�3�4� �k�g� �N�'� �a�t� �G�S� �3�0�)�.� �S�a�m�p�l�i�n�g� �a�n�d� �a�n�a�l�y�s�i�s� 

�p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �f�o�r� �t�h�e� �G�S� �3�0� �t�i�s�s�u�e� �s�a�m�p�l�e�s�.� �A�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� 

�e�f�f�i�c�i�e�n�c�i�e�s� �[�(�N� �u�p�t�a�k�e� �-� �c�h�e�c�k� �N� �u�p�t�a�k�e�)�/�f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�e�d�]� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� 

�a�s�s�u�m�i�n�g� �t�h�a�t� �N� �u�p�t�a�k�e� �m�e�a�s�u�r�e�d� �i�n� �a�b�o�v�e�-�g�r�o�u�n�d� �t�i�s�s�u�e� �a�t� �h�a�r�v�e�s�t� 
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�r�e�p�r�e�s�e�n�t�e�d� �8�5�%� �o�f� �a�c�t�u�a�l� �t�o�t�a�l� �N� �u�p�t�a�k�e�,� �w�i�t�h� �t�h�e� �o�t�h�e�r� �1�5�%� �e�i�t�h�e�r� �p�r�e�s�e�n�t� 

�i�n� �t�h�e� �r�o�o�t� �s�y�s�t�e�m� �a�n�d� �d�r�o�p�p�e�d� �l�e�a�v�e�s� �o�r� �v�o�l�a�t�i�l�i�z�e�d� �f�r�o�m� �l�e�a�v�e�s� �(�D�a�i�g�g�e�r� �e�t� �a�l�.�,� 

�1�9�7�6�;� �H�a�r�p�e�r� �e�t� �a�l�.�,� �1�9�8�7�)�.� �A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�w�h�e�t�h�e�r� �t�h�e�r�e� �w�a�s� �a� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t� �o�n� �a�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� �e�f�f�i�c�i�e�n�c�y�.� 

�F�o�r� �e�a�c�h� �G�S� �2�5� �N� �r�a�t�e�,� �G�S� �3�0� �N� �r�a�t�e� �w�a�s� �q�u�a�d�r�a�t�i�c�a�l�l�y� �r�e�g�r�e�s�s�e�d� �a�g�a�i�n�s�t� �y�i�e�l�d� 

�a�t� �e�a�c�h� �s�i�t�e�;� �t�h�e� �e�c�o�n�o�m�i�c� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �3�0� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�i�s� 

�r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n� �a�n�d� �c�u�r�r�e�n�t� �p�r�i�c�e�s� �f�o�r� �w�h�e�a�t� �g�r�a�i�n� �a�n�d� �N� �f�e�r�t�i�l�i�z�e�r�.� �T�h�u�s�,� 

�a�t� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�,� �f�o�u�r� �(�f�i�v�e� �i�n� �1�9�8�8�-�1�9�8�9� �a�n�d� �1�9�8�9�-�1�9�9�0�)� 

�o�p�t�i�m�u�m� �G�S� �3�0� �N� �r�a�t�e�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�,� �e�a�c�h� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �o�n�e� �G�S� �2�5� �N� 

�r�a�t�e� �a�n�d� �w�i�t�h� �a�n� �a�s�s�o�c�i�a�t�e�d� �t�i�s�s�u�e� �N� �m�e�a�s�u�r�e�m�e�n�t� �a�t� �G�S� �3�0�.� �O�p�t�i�m�u�m� �G�S� �3�0� 

�N� �r�a�t�e� �w�a�s� �r�e�g�r�e�s�s�e�d� �a�g�a�i�n�s�t� �G�S� �3�0� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �f�o�r� �a�l�l� �l�o�c�a�t�i�o�n�s�.� �A�l�l� 

�c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �w�e�r�e� �d�o�n�e� �u�s�i�n�g� 

�S�A�S� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �C�a�r�y�,� �N�C�)�.� 

�P�r�o�f�i�t� �w�a�s� �e�s�t�i�m�a�t�e�d� �f�o�r� �e�a�c�h� �p�l�o�t� �a�s� �w�h�e�a�t� �v�a�l�u�e� �(�y�i�e�l�d� �x� �w�h�e�a�t� �p�r�i�c�e�)� �-� �N� 

�f�e�r�t�i�l�i�z�e�r� �c�o�s�t� �(�N� �r�a�t�e� �x� �N� �p�r�i�c�e�)� �-� �c�o�m�b�i�n�i�n�g� �c�o�s�t� �i�n�c�r�e�a�s�e� �d�u�e� �t�o� �l�o�d�g�i�n�g� �(�u�p� �t�o� 

�$�5�0� �h�a �� �f�o�r� �c�o�m�p�l�e�t�e�l�y� �l�o�d�g�e�d� �w�h�e�a�t�)� �-� �o�t�h�e�r� �p�r�o�d�u�c�t�i�o�n� �c�o�s�t�s� �(�e�s�t�i�m�a�t�e�d� �a�s� 

�$�4�0�0� �h�a �� �f�o�r� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s�)�.� �T�h�e� �l�e�a�s�t�-�s�q�u�a�r�e�s� �q�u�a�d�r�a�t�i�c� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �N� �r�a�t�e� �a�t� �G�S� �2�5� �a�n�d� �N� �r�a�t�e� 

�a�t� �G�S� �3�0� �a�t� �e�a�c�h� �l�o�c�a�t�i�o�n�.� �T�h�e�s�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�s� �w�e�r�e� �u�s�e�d� �i�n� �c�o�m�p�a�r�i�n�g� 

�t�h�e� �e�c�o�n�o�m�i�c�s� �o�f� �t�r�a�d�i�t�i�o�n�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s� �t�o� �t�h�e� �e�c�o�n�o�m�i�c�s� �o�f� �t�h�e� 

�t�i�s�s�u�e� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�.� 
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�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�A�v�e�r�a�g�e� �t�o�p� �y�i�e�l�d� �f�o�r� �t�h�e� �t�h�i�r�t�y�-�n�i�n�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �5�.�7� �M�g�/�h�a�,� �i�n�d�i�c�a�t�i�n�g� 

�g�e�n�e�r�a�l�l�y� �g�o�o�d� �c�u�l�t�u�r�a�l� �p�r�a�c�t�i�c�e�s� �a�n�d� �f�e�r�t�i�l�i�t�y� �l�e�v�e�l�s� �f�o�r� �o�t�h�e�r� �p�l�a�n�t� �n�u�t�r�i�e�n�t�s�.� 

�T�h�e� �w�h�e�a�t� �c�r�o�p� �w�a�s� �h�i�g�h�l�y� �r�e�s�p�o�n�s�i�v�e� �t�o� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �(�t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �c�h�e�c�k� �y�i�e�l�d� �a�n�d� �t�h�e� �h�i�g�h�e�s�t� �t�r�e�a�t�m�e�n�t� �y�i�e�l�d� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �2� �M�g� 

�h�a!"�'�)� �a�t� �t�w�e�n�t�y�-�s�i�x� �l�o�c�a�t�i�o�n�s�,� �m�o�d�e�r�a�t�e�l�y� �r�e�s�p�o�n�s�i�v�e� �(�y�i�e�l�d� �r�e�s�p�o�n�s�e� �b�e�t�w�e�e�n� 

�1� �a�n�d� �2� �M�g� �h�a ��)� �a�t� �f�i�v�e� �l�o�c�a�t�i�o�n�s�,� �n�o�n�-�r�e�s�p�o�n�s�i�v�e� �(�n�o� �t�r�e�a�t�m�e�n�t� �y�i�e�l�d� �m�o�r�e� 

�t�h�a�n� �1� �M�g� �h�a ��!� �a�b�o�v�e� �o�r� �b�e�l�o�w� �c�h�e�c�k� �y�i�e�l�d�)� �a�t� �f�i�v�e� �l�o�c�a�t�i�o�n�s�,� �a�n�d� �n�e�g�a�t�i�v�e�l�y� 

�r�e�s�p�o�n�s�i�v�e� �(�s�o�m�e� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h� �y�i�e�l�d�s� �m�o�r�e� �t�h�a�n� �1� �M�g� �h�a�'� �b�e�l�o�w� �c�h�e�c�k� 

�y�i�e�l�d�)� �a�t� �t�w�o� �l�o�c�a�t�i�o�n�s�.� �E�x�a�m�p�l�e�s� �o�f� �t�h�e�s�e� �f�o�u�r� �c�a�t�e�g�o�r�i�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�g�r�a�p�h�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �3�.� �A�t� �o�n�e� �l�o�c�a�t�i�o�n�,� �m�o�d�e�r�a�t�e� �N� �r�a�t�e�s� �g�a�v�e� �a� �y�i�e�l�d� �i�n�c�r�e�a�s�e� 

�g�r�e�a�t�e�r� �t�h�a�n� �1� �M�g� �h�a ��,� �b�u�t� �h�i�g�h� �N� �r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �y�i�e�l�d�s� �m�o�r�e� �t�h�a�n� �1� �M�g� �h�a ��!� 

�b�e�l�o�w� �c�h�e�c�k� �y�i�e�l�d�s�.� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �t�h�a�t� �w�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �w�h�e�a�t� �t�i�s�s�u�e� �N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �G�S� �3�0� 

�a�n�d� �o�p�t�i�m�u�m� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �a�t� �G�S� �3�0� �(�F�i�g�u�r�e� �4�)� �i�s� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �r�e�p�o�r�t�e�d� 

�b�y� �B�a�e�t�h�g�e�n� �a�n�d� �A�l�l�e�y� �(�1�9�8�9�)�,� �t�h�o�u�g�h� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �l�e�a�s�t�-�s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n� 

�l�i�n�e� �i�s� �s�o�m�e�w�h�a�t� �l�e�s�s� �s�t�e�e�p� �a�n�d� �i�t�s� �r�?� �v�a�l�u�e� �s�o�m�e�w�h�a�t� �l�o�w�e�r� �t�h�a�n� �w�h�a�t� �t�h�e�y� 

�r�e�p�o�r�t�e�d�.� �T�h�e� �l�o�w�e�r� �r�?� �v�a�l�u�e� �i�s� �n�o�t� �u�n�e�x�p�e�c�t�e�d� �g�i�v�e�n� �t�h�a�t� �o�u�r� �c�o�n�d�i�t�i�o�n�s� 

�(�v�a�r�i�e�t�i�e�s�,� �s�o�i�l� �t�y�p�e�s�,� �c�u�l�t�u�r�a�l� �p�r�a�c�t�i�c�e�s�)� �w�e�r�e� �m�u�c�h� �m�o�r�e� �v�a�r�i�a�b�l�e� �t�h�a�n� �t�h�e�i�r�s�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �a�l�l� �1�9�8�8�-�1�9�8�9� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �e�x�c�l�u�d�e�d� �f�r�o�m� �F�i�g�u�r�e� �4�b�.� 

�R�a�i�n�f�a�l�l� �i�n� �M�a�r�c�h� �1�9�8�9� �w�a�s� �n�e�a�r�l�y� �d�o�u�b�l�e� �t�h�e� �a�v�e�r�a�g�e� �M�a�r�c�h� �r�a�i�n�f�a�l�l�,� �r�e�s�u�l�t�i�n�g� 

�i�n� �e�x�t�e�n�d�e�d� �w�a�t�e�r�l�o�g�g�e�d� �c�o�n�d�i�t�i�o�n�s� �a�t� �m�a�n�y� �e�x�p�e�r�i�m�e�n�t�s� �f�o�r� �t�h�e� �m�o�n�t�h� �p�r�i�o�r� 

�t�o� �G�S� �3�0�.� �W�h�e�a�t� �d�r�y� �m�a�t�t�e�r� �a�c�c�u�m�u�l�a�t�i�o�n� �m�e�a�s�u�r�e�d� �a�t� �G�S� �3�0� �a�v�e�r�a�g�e�d� �l�e�s�s� 
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�a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0� �(�g�/�k�g�)� 

�F�i�g�u�r�e� �4�b�.� �O�p�t�i�m�u�m� �N� �r�a�t�e� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0� �r�e�g�r�e�s�s�e�d� 

�a�g�a�i�n�s�t� �w�h�e�a�t� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0�.� �D�a�t�a� �a�r�e� �f�r�o�m� �f�o�u�r� �y�e�a�r�s� 

�a�n�d� �t�h�i�r�t�y�-�o�n�e� �l�o�c�a�t�i�o�n�s�.� �O�m�i�t�t�e�d� �l�o�c�a�t�i�o�n�s� �a�r�e� �e�x�p�l�a�i�n�e�d� �i�n� �t�h�e� �t�e�x�t�.� 
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�t�h�a�n� �h�a�l�f� �o�f� �t�h�a�t� �m�e�a�s�u�r�e�d� �i�n� �p�r�e�v�i�o�u�s� �y�e�a�r�s�,� �C�a�u�s�i�n�g� �t�i�s�s�u�e� �N� �t�o� �b�e� �v�e�r�y� 

�c�o�n�c�e�n�t�r�a�t�e�d�.� �F�o�u�r�t�e�e�n� �1�9�8�8�-�1�9�8�9� �l�o�c�a�t�i�o�n�/�G�S� �2�5� �N� �r�a�t�e� �c�o�m�b�i�n�a�t�i�o�n�s� �h�a�d� 

�a�v�e�r�a�g�e� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t�s� �a�b�o�v�e� �5�0� �g� �N� �k�g�"� �t�i�s�s�u�e�,� �r�e�l�a�t�i�v�e� �t�o� �o�n�l�y� �t�w�o� 

�t�r�e�a�t�m�e�n�t�s� �f�r�o�m� �a�l�l� �o�t�h�e�r� �y�e�a�r�s� �c�o�m�b�i�n�e�d�.� �W�h�i�l�e� �i�n�c�l�u�d�i�n�g� �d�a�t�a� �f�r�o�m� �t�h�i�s� �y�e�a�r� 

�o�n�l�y� �d�e�c�r�e�a�s�e�s� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �r�?� �t�o� �0�.�4�8�,� �i�t� �c�h�a�n�g�e�s� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e� 

�c�o�n�s�i�d�e�r�a�b�l�y�.� �S�i�n�c�e� �w�e� �w�a�n�t� �t�o� �u�s�e� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �a�s� �a� �b�a�s�i�s� �f�o�r� �m�a�k�i�n�g� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�,� �w�e� �f�e�l�t� �t�h�a�t� �i�t� �w�a�s� �b�e�t�t�e�r� �t�o� �e�x�c�l�u�d�e� �t�h�e� 

�r�e�s�u�l�t�s� �f�r�o�m� �t�h�i�s� �u�n�u�s�u�a�l� �s�e�a�s�o�n�.� �A�l�l� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �f�r�o�m� �t�h�i�s� �s�e�a�s�o�n�,� 

�h�o�w�e�v�e�r�,� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �e�c�o�n�o�m�i�c� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� 

�t�h�a�t� �f�o�l�l�o�w�s�.� �L�o�c�a�t�i�o�n� �1�7� �w�a�s� �e�x�c�l�u�d�e�d� �f�r�o�m� �b�o�t�h� �F�i�g�u�r�e� �4�b� �a�n�d� �t�h�e� �e�c�o�n�o�m�i�c� 

�a�n�a�l�y�s�e�s� �d�u�e� �t�o� �a� �s�e�v�e�r�e� �w�e�e�d� �i�n�f�e�s�t�a�t�i�o�n�.� 

�R�o�t�h� �e�t� �a�l�.� �(�1�9�8�9�)� �c�a�l�c�u�l�a�t�e�d� �e�c�o�n�o�m�i�c� �o�p�t�i�m�u�m� �N� �r�a�t�e�s� �f�o�r� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�s� 

�w�i�t�h� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �P�e�n�n�s�y�l�v�a�n�i�a�,� �a�n�d� �m�e�a�s�u�r�e�d� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �G�S� �3�0� 

�i�n� �t�h�e� �s�a�m�e� �e�x�p�e�r�i�m�e�n�t�s�.� �D�a�t�a� �f�r�o�m� �t�h�e�s�e� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�s� �(�f�r�o�m� �t�h�e�i�r� �T�a�b�l�e� 

�3�)� �a�g�r�e�e� �w�e�l�l� �w�i�t�h� �o�u�r� �r�e�s�u�l�t�s� �a�n�d� �f�a�l�l� �c�l�o�s�e� �t�o� �t�h�e� �l�e�a�s�t�-�s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e� 

�w�h�e�n� �p�l�o�t�t�e�d� �o�n� �F�i�g�u�r�e� �4�b�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �o�u�r� �r�e�s�u�l�t�s� �a�r�e� �l�i�k�e�l�y� �v�a�l�i�d� �o�n� �a�t� 

�l�e�a�s�t� �a� �r�e�g�i�o�n�a�l� �s�c�a�l�e�.� 

�W�h�i�l�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�b� �i�s� �h�i�g�h�l�y� �s�i�g�n�i�f�i�c�a�n�t�,� �i�t� �a�l�s�o� �c�o�n�t�a�i�n�s� 

�a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �s�c�a�t�t�e�r�.� �I�t� �i�s� �l�e�g�i�t�i�m�a�t�e� �t�o� �a�s�k� �w�h�e�t�h�e�r� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� 

�g�o�o�d� �e�n�o�u�g�h� �t�o� �f�o�r�m� �t�h�e� �b�a�s�i�s� �f�o�r� �a� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�.� �T�o� �a�n�s�w�e�r� �t�h�i�s� 

�q�u�e�s�t�i�o�n�,� �w�e� �c�o�m�p�a�r�e�d� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �f�o�r� �t�r�a�d�i�t�i�o�n�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s� 

�(�9�0� �k�g� �N� �h�a �� �a�t� �G�S� �2�5�)� �t�o� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �w�i�t�h� �6�0� �k�g� �N� �h�a�"� �a�p�p�l�i�e�d� �a�t� �G�S� �2�5� 

�(�B�a�e�t�h�g�e�n� �e�t� �a�l�.�,� �1�9�8�9�)� �a�n�d� �G�S� �3�0� �N� �r�a�t�e� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t� �r�e�s�u�l�t�s� 

�i�n�t�e�r�p�r�e�t�e�d� �u�s�i�n�g� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �i�n� �F�i�g�u�r�e� �4�b�.� �E�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �w�a�s� �h�i�g�h�e�r� 
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�f�o�r� �t�i�s�s�u�e�-�t�e�s�t� �b�a�s�e�d� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �t�h�a�n� �f�o�r� �t�r�a�d�i�t�i�o�n�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �a�t� 

�t�w�e�n�t�y�-�e�i�g�h�t� �o�u�t� �o�f� �t�h�i�r�t�y�-�e�i�g�h�t� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �(�T�a�b�l�e� �6�)�,� �a�n�d� �a�v�e�r�a�g�e�d� 

�$�3�6� �h�a�'� �h�i�g�h�e�r�.� �A� �p�a�i�r�e�d�-�t� �t�e�s�t� �p�r�o�v�i�d�e�s� �v�e�r�y� �s�t�r�o�n�g� �e�v�i�d�e�n�c�e� �(�p� �=� �.�0�0�0�1�)� �t�h�a�t� 

�t�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �r�e�a�l�.� �W�e� �f�e�e�l� �t�h�a�t� �t�h�i�s� �c�o�m�p�a�r�i�s�o�n� �c�l�e�a�r�l�y� �j�u�s�t�i�f�i�e�s� �t�h�e� �u�s�e� �o�f� 

�t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �i�n� �F�i�g�u�r�e� �4�b� �a�s� �t�h�e� �b�a�s�i�s� �f�o�r� �a� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�.� 

�F�i�g�u�r�e� �4�b� �i�n�c�l�u�d�e�s� �q�u�i�t�e� �a� �f�e�w� �p�o�i�n�t�s� �w�i�t�h� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �b�e�l�o�w� �4�0� �g� �N� �k�g �� 

�t�i�s�s�u�e� �b�u�t� �w�i�t�h� �o�p�t�i�m�u�m� �G�S� �3�0� �N� �r�a�t�e� �e�q�u�a�l� �t�o� �z�e�r�o�.� �I�n� �a� �f�e�w� �c�a�s�e�s�,� �t�h�i�s� 

�a�p�p�e�a�r�e�d� �t�o� �b�e� �d�u�e� �t�o� �s�o�m�e� �o�t�h�e�r� �s�e�r�i�o�u�s� �y�i�e�l�d�-�l�i�m�i�t�i�n�g� �c�o�n�s�t�r�a�i�n�t�,� �a�s� �f�i�n�a�l� 

�y�i�e�l�d�s� �w�e�r�e� �l�o�w�.� �T�h�e�s�e� �c�a�s�e�s� �w�e�r�e�,� �h�o�w�e�v�e�r�,� �t�h�e� �e�x�c�e�p�t�i�o�n� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� 

�r�u�l�e�:� �a�v�e�r�a�g�e� �y�i�e�l�d� �w�a�s� �5�.�4� �M�g� �h�a �� �f�o�r� �l�o�c�a�t�i�o�n�/�G�S� �2�5� �N� �r�a�t�e� �c�o�m�b�i�n�a�t�i�o�n�s� �f�o�r� 

�w�h�i�c�h� �o�p�t�i�m�u�m� �G�S� �3�0� �N� �r�a�t�e� �w�a�s� �z�e�r�o�.� �M�a�n�y� �o�f� �t�h�e�s�e� �p�o�i�n�t�s� �a�r�e� �f�r�o�m� 

�l�o�c�a�t�i�o�n�s� �i�n� �t�h�e� �n�o�n�-�r�e�s�p�o�n�s�i�v�e� �c�a�t�e�g�o�r�y� �(�a�s� �d�e�f�i�n�e�d� �a�b�o�v�e�)�.� �A�t� �o�n�e� �s�u�c�h� 

�l�o�c�a�t�i�o�n�,� �m�i�n�e�r�a�l� �N� �l�e�v�e�l�s� �w�e�r�e� �v�e�r�y� �l�o�w� �i�n� �t�h�e� �t�o�p� �6�0� �c�m� �o�f� �s�o�i�l�,� �b�u�t� �w�e�r�e� �h�i�g�h� 

�b�e�l�o�w� �6�0� �c�m�.� �N�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �l�o�w� �u�p� �t�o� �t�h�e� �t�i�m�e� �o�f� �t�i�s�s�u�e� 

�s�a�m�p�l�i�n�g�,� �b�u�t� �h�i�g�h� �t�h�e�r�e�a�f�t�e�r�.� �S�e�v�e�r�a�l� �o�t�h�e�r� �l�o�c�a�t�i�o�n�s� �i�n� �t�h�i�s� �c�a�t�e�g�o�r�y� �h�a�d� �h�i�g�h� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �l�e�v�e�l�s� �i�n� �t�h�e�i�r� �s�u�r�f�a�c�e� �h�o�r�i�z�o�n�s�,� �r�a�i�s�i�n�g� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �t�h�e� 

�t�i�s�s�u�e� �t�e�s�t� �m�a�y� �s�o�m�e�t�i�m�e�s� �u�n�d�e�r�e�s�t�i�m�a�t�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �m�i�n�e�r�a�l�i�z�i�n�g� �N�.� �N�o�n�e� 

�o�f� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �s�i�t�e�s� �w�i�t�h� �r�e�c�e�n�t�l�y�-�i�n�c�o�r�p�o�r�a�t�e�d� 

�o�r�g�a�n�i�c� �N� �s�o�u�r�c�e�s� �a�n�d� �t�h�e� �u�s�e�f�u�l�n�e�s�s� �o�f� �t�i�s�s�u�e� �t�e�s�t� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n� 

�s�u�c�h� �c�a�s�e�s� �m�u�s�t� �b�e� �r�e�g�a�r�d�e�d� �w�i�t�h� �c�a�u�t�i�o�n�.� �H�o�w�e�v�e�r�,� �w�h�i�l�e� �e�i�t�h�e�r� �s�o�i�l� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r� �c�o�n�t�e�n�t� �o�r� �m�i�n�e�r�a�l�i�z�a�b�l�e� �N� �(�m�e�a�s�u�r�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �I�V�)� �i�n� �t�h�e� 

�t�o�p� �3�0� �c�m� �o�f� �s�o�i�l� �i�s� �s�i�g�n�i�f�i�c�a�n�t� �w�h�e�n� �a�d�d�e�d� �a�s� �a� �p�r�e�d�i�c�t�o�r� �t�o� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �i�n� 

�F�i�g�u�r�e� �4�b�,� �n�e�i�t�h�e�r� �i�n�c�r�e�a�s�e�s� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �R�?� �m�u�c�h� �n�o�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�s� 

�e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �w�h�e�n� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�.� 

�3�9



�T�a�b�l�e� �6�.� �E�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�p�r�i�n�g� �N� 
�a�p�p�l�i�c�a�t�i�o�n� �s�t�r�a�t�e�g�y� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �a�t� �t�h�i�r�t�y�-�e�i�g�h�t� 
�e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �i�n� �V�i�r�g�i�n�i�a�.� 

�E�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �w�h�e�n� �s�p�r�i�n�g� �N� 
�a�p�p�l�i�c�a�t�i�o�n� �s�t�r�a�t�e�g�y� �i�s�:� 

�6�0� �k�g� �N� �h�a�"�!� �G�S� �2�5�,� 

� � 

� � 

� � 

�L�o�c�a�t�i�o�n� �9�0� �k�g� �N� �h�a ��!� �G�S� �2�5�%�,� �T�i�s�s�u�e� �t�e�s�t� 
�N�u�m�b�e�r� �0� �k�g� �N� �h�a�!� �G�S� �3�0� �r�e�c�.� �G�S� �3�0� 

�$� �h�a�"� �$� �h�a �� 
�1� �2�6�9� �2�8�2� 
�2� �8�9� �1�8�5� 
�3� �1�7�3� �1�7�0� 
�4� �1�8�0� �2�5�4� 
�5� �2�0�7� �2�5�4� 
�6� �1�9�0� �2�5�9� 
�7� �1�6�1� �1�9�0� 
�8� �6�2� �1�8�0� 
�9� �-�6�4� �-�1�2� 

�1�0� �-�2�0� �-�1�0� 
�1�1� �6�4� �1�2�8� 
�1�2� �7�4� �1�4�1� 
�1�3� �1�1�9� �1�3�6� 
�1�4� �-�2�0�3� �-�1�8�8� 
�1�5� �3�7�3� �3�5�8� 
�1�6� �1�1�9� �2�1�7� 
�1�8� �-�5� �1�2� 
�1�9� �2�1�7� �2�4�2� 
�2�0� �4�4� �1�1�6� 
�2�1� �2�0�3� �2�0�0� 
�2�2� �-�2�2� �-�4�2� 
�2�3� �2�7� �1�0� 
�2�4� �4�0� �8�2� 
�2�5� �5�4� �8�6� 
�2�6� �1�6�1� �1�6�3� 
�2�7� �1�2�4� �1�5�3� 
�2�8� �9�6� �1�8�5� 
�2�9� �6�9� �1�3�1� 
�3�0� �3�0�1� �2�9�1� 
�3�1� �1�1�6� �1�7�5� 
�3�2� �2�9�4� �2�7�9� 
�3�3� �2�6�7� �3�1�4� 
�3�4� �6�4� �1�1�4� 
�3�5� �4�2� �1�4�6� 
�3�6� �3�2�1� �3�1�4� 
�3�7� �4�0�3� �3�9�3� 
�3�8� �3�4�3� �3�2�9� 
�3�9� �2�2�7� �3�0�6� 

�a�v�e�r�a�g�e�:� �1�3�6� �1�7�2� 

�'�G�S� �2�5� �=� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �(�s�p�r�i�n�g� �g�r�e�e�n�u�p�)� 
�G�S� �3�0� �t

�l�
 

�Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �3�0� �(�p�r�e�-�j�o�i�n�t�i�n�g�)� 

�4�0



�W�h�e�a�t� �v�a�r�i�e�t�y� �a�n�d� �s�o�i�l� �s�e�r�i�e�s� �b�o�t�h� �e�x�p�l�a�i�n� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �(�a�=�.�0�5�)� �o�f� 

�v�a�r�i�a�b�i�l�i�t�y� �w�h�e�n� �a�d�d�e�d� �a�s� �c�l�a�s�s� �v�a�r�i�a�b�l�e�s� �t�o� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �i�n� �F�i�g�u�r�e� �4�b�.� �M�o�s�t� 

�v�a�r�i�e�t�i�e�s� �o�r� �s�o�i�l� �s�e�r�i�e�s� �t�h�a�t� �a�r�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�e� �a�v�e�r�a�g�e� �a�r�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �o�n�l�y� �o�n�e� �o�r� �t�w�o� �l�o�c�a�t�i�o�n�s�;� �w�e� �d�o� �n�o�t� �f�e�e�l� �t�h�a�t� �a�d�j�u�s�t�m�e�n�t� �o�f� 

�t�i�s�s�u�e� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �b�a�s�e�d� �o�n� �v�a�r�i�e�t�y� �o�r� �s�o�i�l� �s�e�r�i�e�s� �w�o�u�l�d� �b�e� �r�e�l�i�a�b�l�e� 

�w�i�t�h� �a�v�a�i�l�a�b�l�e� �d�a�t�a�.� �T�h�e� �v�a�r�i�e�t�y� �"�M�a�d�i�s�o�n�"� �i�s� �a� �p�o�s�s�i�b�l�e� �e�x�c�e�p�t�i�o�n� �t�o� �t�h�i�s� 

�s�t�a�t�e�m�e�n�t�-�-�i�t� �s�e�e�m�s� �t�o� �n�e�e�d� �a�b�o�u�t� �1�0� �k�g� �N� �h�a �� �m�o�r�e� �t�h�a�n� �o�t�h�e�r� �v�a�r�i�e�t�i�e�s� �w�h�e�n� 

�i�t� �h�a�s� �t�h�e� �s�a�m�e� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t�.� �S�o�i�l� �p�r�o�d�u�c�t�i�v�i�t�y� �c�l�a�s�s� �g�r�o�u�p�i�n�g�s� �f�r�o�m� 

�V�A�L�U�E�S� �(�V�i�r�g�i�n�i�a� �A�g�r�i�c�u�l�t�u�r�a�l� �L�a�n�d� �U�s�e� �E�v�a�l�u�a�t�i�o�n� �S�y�s�t�e�m�)� �d�o� �n�o�t� �e�x�p�l�a�i�n� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �v�a�r�i�a�b�i�l�i�t�y� �w�h�e�n� �a�d�d�e�d� �a�s� �c�l�a�s�s� �v�a�r�i�a�b�l�e�s� �t�o� �t�h�e� �r�e�g�r�e�s�s�i�o�n� 

�i�n� �F�i�g�u�r�e� �4�b�.� 

�A�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� �e�f�f�i�c�i�e�n�c�y� �v�a�l�u�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�e�n� �e�x�p�e�r�i�m�e�n�t�s� �i�n� �t�h�e� �1�9�8�9�-� 

�1�9�9�0� �a�n�d� �1�9�9�0�-�1�9�9�1� �s�e�a�s�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �7�.� �T�h�e� �t�r�e�a�t�m�e�n�t� �w�i�t�h� 

�1�0�2� �k�g� �N� �h�a �� �a�t� �G�S� �2�5� �a�n�d� �z�e�r�o� �N� �a�t� �G�S� �3�0� �r�e�p�r�e�s�e�n�t�s� �t�r�a�d�i�t�i�o�n�a�l� �p�r�a�c�t�i�c�e�.� �A�t� 

�l�o�c�a�t�i�o�n�s� �1�5� �a�n�d� �1�6�,� �a�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �i�n� 

�p�l�o�t�s� �r�e�c�e�i�v�i�n�g� �6�8� �k�g� �N� �h�a �� �a�t� �G�S� �2�5� �a�n�d� �t�h�e� �c�l�o�s�e�s�t� �r�a�t�e� �t�o� �t�i�s�s�u�e� �t�e�s�t� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �a�t� �G�S� �3�0� �t�h�a�n� �i�n� �p�l�o�t�s� �r�e�c�e�i�v�i�n�g� �"�t�r�a�d�i�t�i�o�n�a�l�"� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�T�h�e� �s�a�m�e� �i�s� �t�r�u�e� �f�o�r� �d�a�t�a� �f�r�o�m� �a�l�l� �t�e�n� �l�o�c�a�t�i�o�n�s� �w�h�e�n� �t�h�e�y� �a�r�e� �a�n�a�l�y�z�e�d� 

�t�o�g�e�t�h�e�r�-�-�m�a�n�y� �l�o�c�a�t�i�o�n�s� �s�h�o�w� �s�i�m�i�l�a�r� �t�r�e�n�d�s� �b�u�t� �a�r�e� �s�u�b�-�s�i�g�n�i�f�i�c�a�n�t� �w�h�e�n� 

�a�n�a�l�y�z�e�d� �i�n�d�i�v�i�d�u�a�l�l�y�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�o�b�a�b�l�y� �d�u�e� �b�o�t�h� �t�o� �e�f�f�i�c�i�e�n�t� �u�p�t�a�k�e� 

�w�h�e�n� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e�s� �a�r�e� �t�a�i�l�o�r�e�d� �t�o� �c�r�o�p� �n�e�e�d� �a�n�d� �t�o� �t�h�e� �h�i�g�h�e�r� �p�o�t�e�n�t�i�a�l� �f�o�r� 

�l�e�a�c�h�i�n�g� �l�o�s�s� �o�f� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�e�d� �a�t� �G�S� �2�5�.� �T�h�e�y� �s�u�g�g�e�s�t� �t�h�a�t�,� �o�v�e�r�a�l�l�,� �f�a�r�m�e�r� 

�a�d�o�p�t�i�o�n� �o�f� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�w�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �w�h�e�a�t� �a�n�d� �r�e�d�u�c�e� 

�t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �n�i�t�r�a�t�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �g�r�o�u�n�d� �a�n�d� �s�u�r�f�a�c�e� �w�a�t�e�r�s�.� 
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�C�o�m�p�a�r�i�s�o�n� �o�f� �a�p�p�a�r�e�n�t� �f�e�r�t�i�l�i�z�e�r� �e�f�f�i�c�i�e�n�c�y� �w�i�t�h� �1�0�2� �k�g� �N� �h�a �� �a�p�p�l�i�e�d� �a�t� �G�S� 

�2�5� �a�n�d� �e�i�t�h�e�r� �O� �o�r� �1�3�6� �k�g� �N� �h�a �� �a�p�p�l�i�e�d� �a�t� �G�S� �3�0� �(�T�a�b�l�e� �7�)� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e�r�e� 

�i�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �o�v�e�r�a�l�l� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �t�r�e�a�t�m�e�n�t�s�,� �a�n�d� �t�h�e�r�e� �i�s� 

�o�n�l�y� �o�n�e� �l�o�c�a�t�i�o�n� �(�1�6�)� �w�i�t�h� �a�n� �i�n�d�i�v�i�d�u�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�.� �T�h�i�s� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �u�p�t�a�k�e� �o�f� �e�v�e�n� �e�x�c�e�s�s�i�v�e� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �a�t� �G�S� �3�0� �w�a�s� �q�u�i�t�e� �e�f�f�i�c�i�e�n�t�.� �T�h�e� 

�t�r�e�a�t�m�e�n�t� �w�i�t�h� �1�0�2� �k�g� �N� �h�a�"� �a�p�p�l�i�e�d� �a�t� �G�S� �2�5� �a�n�d� �1�3�6� �k�g� �N� �h�a �� �a�p�p�l�i�e�d� �a�t� �G�S� 

�3�0� �w�a�s� �t�h�e� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �N� �r�a�t�e�s� �a�p�p�l�i�e�d� �i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�,� 

�a�n�d� �i�n� �m�a�n�y� �c�a�s�e�s� �r�e�s�u�l�t�e�d� �i�n� �l�o�d�g�i�n�g� �a�n�d� �y�i�e�l�d� �d�e�p�r�e�s�s�i�o�n�.� 

�R�e�l�a�t�i�v�e� �t�o� �t�r�a�d�i�t�i�o�n�a�l� �u�n�i�f�o�r�m�-�r�a�t�e� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� 

�V�i�r�g�i�n�i�a�,� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �a�p�p�l�i�c�a�t�i�o�n� �p�r�a�c�t�i�c�e�s� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t�i�n�g� �a�p�p�e�a�r� �t�o� 

�h�o�l�d� �g�r�e�a�t� �p�r�o�m�i�s�e� �f�o�r� �i�n�c�r�e�a�s�i�n�g� �p�r�o�f�i�t�a�b�i�l�i�t�y� �a�n�d� �m�i�n�i�m�i�z�i�n�g� �n�i�t�r�a�t�e� �l�e�a�c�h�i�n�g� 

�p�o�t�e�n�t�i�a�l�.� �F�i�e�l�d�s� �n�e�e�d�i�n�g� �l�i�t�t�l�e� �o�r� �n�o� �a�d�d�i�t�i�o�n�a�l� �N� �f�e�r�t�i�l�i�z�e�r� �a�t� �G�S� �3�0� �c�a�n� �b�e� 

�i�d�e�n�t�i�f�i�e�d�,� �t�h�u�s� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�c�i�d�e�n�c�e� �o�f� �o�v�e�r�-�f�e�r�t�i�l�i�z�a�t�i�o�n�,� �w�h�i�l�e� �f�i�e�l�d�s� �t�h�a�t� 

�n�e�e�d� �a�n�d� �c�a�n� �e�f�f�i�c�i�e�n�t�l�y� �u�s�e� �s�u�b�s�t�a�n�t�i�a�l� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �c�a�n� �a�l�s�o� �b�e� �i�d�e�n�t�i�f�i�e�d�,� 

�t�h�u�s� �a�v�o�i�d�i�n�g� �u�n�d�e�r�-�f�e�r�t�i�l�i�z�a�t�i�o�n� �a�n�d� �e�n�s�u�r�i�n�g� �t�h�e� �e�f�f�i�c�i�e�n�t� �u�s�e� �o�f� �o�t�h�e�r� �i�n�p�u�t�s� 

�t�o� �t�h�e� �c�r�o�p�p�i�n�g� �s�y�s�t�e�m�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�l�l�e�y�,� �M�.�M�.�,� �P�e�t�e�r� �S�c�h�a�r�f�,� �D�.�E�.� �B�r�a�n�n�,� �W�.�E�.� �B�a�e�t�h�g�e�n�,� �a�n�d� �S�.�J�.� �D�o�n�o�h�u�e�.� 

�1�9�8�9�.� �E�f�f�i�c�i�e�n�t� �N�_� �f�e�r�t�i�l�i�z�a�t�i�o�n� �o�f� �w�i�n�t�e�r� �w�h�e�a�t�:� �p�r�i�n�c�i�p�l�e�s� �a�n�d� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�.� �V�i�r�g�i�n�i�a� �C�o�o�p�e�r�a�t�i�v�e� �E�x�t�e�n�s�i�o�n� �P�u�b�l�i�c�a�t�i�o�n� �4�2�4�-�0�2�6�.� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�.� �O�p�t�i�m�i�z�i�n�g� �s�o�i�l� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �n�i�t�r�o�g�e�n� 

�u�s�e� �b�y� �i�n�t�e�n�s�i�v�e�l�y� �m�a�n�a�g�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �I�l�.� �C�r�i�t�i�c�a�l� �l�e�v�e�l�s� �a�n�d� �o�p�t�i�m�u�m� 

�r�a�t�e�s� �o�f� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r�.� �A�g�r�o�n�.� �J�.� �8�1�:�1�2�0�-�1�2�5�.� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.�,� �D�.�B�.� �T�a�y�l�o�r�,� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�.� �Q�u�a�d�r�a�t�i�c� �p�r�o�g�r�a�m�m�i�n�g� 

�m�e�t�h�o�d� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �o�p�t�i�m�u�m� �n�i�t�r�o�g�e�n� �r�a�t�e�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �d�u�r�i�n�g� 

�t�i�l�l�e�r�i�n�g�.� �A�g�r�o�n�.� �J�.� �8�1�:�5�5�7�-�5�5�9�.� 

�B�e�a�u�c�h�a�m�p�,� �E�.�G�.� �a�n�d� �R�.�G�.� �K�a�c�h�a�n�o�s�k�i�.� �1�9�9�1�.� �A�N� �s�o�i�l� �t�e�s�t� �f�o�r� �c�o�r�n�.� �P�r�o�g�r�e�s�s� 

�R�e�p�o�r�t�,� �D�e�p�.� �o�f� �L�a�n�d� �R�e�s�o�u�r�c�e� �S�c�i�e�n�c�e�,� �U�n�i�v�.� �o�f� �G�u�e�l�p�h�,� �G�u�e�l�p�h�,� �O�n�t�a�r�i�o�.� 

�B�u�n�d�y�,� �L�.�G�.�,� �M�.�A�.� �S�c�h�m�i�t�t�,� �a�n�d� �G�.�W�.� �R�a�n�d�a�l�l�.� �1�9�9�2�.� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� 

�n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� �h�u�m�i�d� �r�e�g�i�o�n�s�:� �a�d�v�a�n�c�e�s� �i�n� �t�h�e� �U�p�p�e�r� �M�i�d�w�e�s�t�.� �p�.� �7�3�-�8�9�.� 

�/�I�n� �B�.�R�.� �B�o�c�k� �a�n�d� �K�.�R�.� �K�e�l�l�e�y� �(�e�d�.�)� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� 

�h�u�m�i�d� �r�e�g�i�o�n�s�.� �B�u�l�l�.� �Y�-�2�2�6�.� �N�a�t�i�o�n�a�l� �F�e�r�t�i�l�i�z�e�r� �a�n�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� 

�C�e�n�t�e�r�,� �M�u�s�c�l�e� �S�h�o�a�l�s�,� �A�L�.� 

�D�a�i�g�g�e�r�,� �L�.�A�.�,� �D�.�H�.� �S�a�n�d�e�r�,� �a�n�d� �G�.�A�.� �P�e�t�e�r�s�o�n�.� �1�9�7�6�.� �N�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �o�f� 

�w�i�n�t�e�r� �w�h�e�a�t� �d�u�r�i�n�g� �g�r�o�w�t�h� �a�n�d� �m�a�t�u�r�a�t�i�o�n�.� �A�g�r�o�n�.� �J�.� �6�8�:�8�1�5�-�8�1�8�.� 

�H�a�r�p�e�r�,� �L�.�A�.�,� �R�.�R�.� �S�h�a�r�p�e�,� �G�.�W�.� �L�a�n�g�d�a�l�e�,� �a�n�d� �J�.�E�.� �G�i�d�d�e�n�s�.� �1�9�8�7�.� �N�i�t�r�o�g�e�n� 

�c�y�c�l�i�n�g� �i�n� �a� �w�h�e�a�t� �c�r�o�p�:� �s�o�i�l�,� �p�l�a�n�t�,� �a�n�d� �a�e�r�i�a�l� �n�i�t�r�o�g�e�n� �t�r�a�n�s�p�o�r�t�.� �A�g�r�o�n�.� �J�.� 

�7�9�:�9�6�5�-�9�7�3�.� 

�R�o�t�h�,� �G�.�W�.�,� �R�.�H�.� �F�o�x�,� �a�n�d� �H�.�G�.� �M�a�r�s�h�a�l�l�.� �1�9�8�9�.� �P�l�a�n�t� �t�i�s�s�u�e� �t�e�s�t�s� �f�o�r� �p�r�e�d�i�c�t�i�n�g� 

�n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �w�i�n�t�e�r� �w�h�e�a�t�.� �A�g�r�o�n�.� �J�.� �8�1�:�5�0�2�-�5�0�7�.� 

�S�z�6�k�e�,� �T�.�G�.�,� �J�.� �A�n�t�h�o�n�i�s�s�e�n�,� �a�n�d� �J�.� �V�e�r�g�r�a�c�h�t�.� �1�9�7�9�.� �N�e�w� �e�t�h�e�p�h�o�n� �b�a�s�e�d� 

�a�n�t�i�-�l�o�d�g�i�n�g� �p�r�o�d�u�c�t� �f�o�r� �b�a�r�l�e�y�.� �M�e�d�e�d�.� �F�a�c�.� �L�a�n�d�b�o�u�w�w�.� �R�i�j�k�s�u�n�i�v�.� 
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�4�4�:�8�4�3�-�8�5�2�.� 

�V�a�u�g�h�a�n�,� �B�.�,� �D�.�G�.� �W�e�s�t�f�a�l�l�,� �K�.�A�.� �B�a�r�b�a�r�i�c�k�,� �a�n�d� �P�.�L�.� �C�h�a�p�m�a�n�.� �1�9�9�0�.� �T�i�s�s�u�e� 

�n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �f�o�r� �d�r�y�l�a�n�d� �h�a�r�d� �r�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �A�g�r�o�n�.� �J�.� �8�2�:�5�6�1�-�5�6�5�.� 

�W�e�h�r�m�a�n�n�,� �J�.� �a�n�d� �H�.�C�.� �S�c�h�a�r�p�f�.� �1�9�7�9�.� �D�e�r� �m�i�n�e�r�a�l�s�t�i�c�k�s�t�o�f�f�g�e�h�a�l�t� �d�e�s� �b�o�d�e�n�s� 

�a�l�s� �m�a�f�&�s�t�a�b� �f�u�r� �d�e�n� �s�t�i�c�k�s�t�o�f�f�d�U�n�g�e�r�b�e�d�a�r�f� �(�N�,�,�,�-�m�e�t�h�o�d�e�)�.� �P�l�a�n�t� �S�o�i�l� 

�5�2�:�1�0�9�-�1�2�6�.� 

�Z�a�d�o�k�s�,� �J�.�C�.�,� �T�.�T�.� �C�h�a�n�g�,� �a�n�d� �C�.�F�.� �K�o�n�z�a�k�.� �1�9�7�4�.� �A� �d�e�c�i�m�a�l� �c�o�d�e� �f�o�r� �t�h�e� 

�g�r�o�w�t�h� �s�t�a�g�e�s� �o�f� �c�e�r�e�a�l�s�.� �W�e�e�d� �R�e�s�.� �1�4�:�4�1�5�-�4�2�1�.� 
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�C�h�a�p�t�e�r� �I�V� 

�F�i�e�l�d�-�s�p�e�c�i�f�i�c� �s�p�r�i�n�g� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t�.� 

�I�l�.� �A� �f�l�e�x�i�b�l�e� �m�u�l�t�i�-�c�o�m�p�o�n�e�n�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�.� 

�A�B�S�T�R�A�C�T� 

�A� �s�y�s�t�e�m� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �o�p�t�i�m�u�m� �n�i�t�r�o�g�e�n� �(�N�)� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� 

�a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �(�G�S�)� �3�0� �w�a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�v�e�l�o�p�e�d�.� �T�h�i�s� �s�y�s�t�e�m� �i�s� 

�b�a�s�e�d� �o�n� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�d� �e�c�o�n�o�m�i�c� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� 

�3�0� �a�n�d� �w�h�e�a�t� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �m�e�a�s�u�r�e�d� �a�t� �G�S� �3�0�.� �H�o�w�e�v�e�r�,� �w�i�n�t�e�r� �w�h�e�a�t� 

�o�f�t�e�n� �n�e�e�d�s� �a�n� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �s�p�r�i�n�g� �N� �p�r�i�o�r� �t�o� �G�S� �3�0� �t�o� �a�c�h�i�e�v�e� �o�p�t�i�m�u�m� 

�y�i�e�l�d�-�-�a�p�p�a�r�e�n�t�l�y� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �n�e�e�d�e�d� �t�o� �s�t�i�m�u�l�a�t�e� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�a�d�d�i�t�i�o�n�a�l� �t�i�l�l�e�r�s�.� �O�u�r� �o�b�j�e�c�t�i�v�e� �i�n� �t�h�e� �p�r�e�s�e�n�t� �r�e�s�e�a�r�c�h� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a� �t�e�s�t� 

�t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �f�i�e�l�d�s� �n�e�e�d� �t�h�i�s� �e�a�r�l�i�e�r� �(�g�r�o�w�t�h� �s�t�a�g�e� �2�5�)� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n�,� 

�a�n�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �o�p�t�i�m�u�m� �N� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e� �a�t� �t�h�i�s� �t�i�m�e� �e�i�t�h�e�r� �w�i�t�h� �s�p�l�i�t� 

�a�p�p�l�i�c�a�t�i�o�n� �m�a�n�a�g�e�m�e�n�t� �(�t�h�e� �s�e�c�o�n�d� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n� �w�o�u�l�d� �t�h�e�n� �b�e� �b�a�s�e�d� �o�n� 

�t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�v�e�l�o�p�e�d� �t�i�s�s�u�e� �t�e�s�t�)� �o�r� �a�s� �a� �s�i�n�g�l�e� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�.� 

�N�i�t�r�o�g�e�n� �r�a�t�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�v�e�r� �a� �p�e�r�i�o�d� �o�f� �f�i�v�e� �y�e�a�r�s� �i�n� �w�h�i�c�h� 

�t�h�e� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �w�a�s� �m�e�a�s�u�r�e�d� �b�o�t�h� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �s�u�b�s�e�q�u�e�n�t� 

�G�S� �3�0� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e�s�e� �m�e�a�s�u�r�e�d� �o�p�t�i�m�u�m� �N� �r�a�t�e�s� �w�e�r�e� �r�e�g�r�e�s�s�e�d� 

�a�g�a�i�n�s�t� �a� �v�a�r�i�e�t�y� �o�f� �p�o�s�s�i�b�l�e� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �f�i�e�l�d�s�.� 

�T�i�l�l�e�r� �d�e�n�s�i�t�y� �m�e�a�s�u�r�e�d� �a�t� �G�S� �2�5� �w�a�s� �a� �g�o�o�d� �p�r�e�d�i�c�t�o�r� �o�f� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� 

�2�5� �i�n� �a� �s�p�l�i�t� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n� �p�r�o�g�r�a�m�.� �U�s�i�n�g� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 

�w�i�t�h� �t�h�e� �G�S� �3�0� �t�i�s�s�u�e� �t�e�s�t� �t�o� �m�a�k�e� �N� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� 
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�i�n�c�r�e�a�s�e�d� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �r�e�l�a�t�i�v�e� �t�o� �u�s�i�n�g� �t�h�e� �t�i�s�s�u�e� �t�e�s�t� �a�l�o�n�e�.� �S�o�i�l� �n�i�t�r�a�t�e� 

�m�e�a�s�u�r�e�d� �t�o� �0�.�9� �m� �d�e�p�t�h� �w�a�s� �t�h�e� �b�e�s�t� �p�r�e�d�i�c�t�o�r� �o�f� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� 

�w�h�e�n� �t�h�a�t� �i�s� �t�o� �b�e� �t�h�e� �o�n�l�y� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�,� �a�n�d� �i�m�p�r�o�v�e�d� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� 

�r�e�l�a�t�i�v�e� �t�o� �a�p�p�l�y�i�n�g� �9�0� �k�g� �N� �h�a �� �a�t� �a�l�l� �s�i�t�e�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �e�c�o�n�o�m�i�c� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �s�p�l�i�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �w�a�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �b�e�t�t�e�r� �t�h�a�n� �f�o�r� �a�n�y� 

�m�e�t�h�o�d� �o�f� �m�a�k�i�n�g� �s�i�n�g�l�e� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� 

�d�e�v�e�l�o�p�e�d� �b�y� �i�n�t�e�g�r�a�t�i�n�g� �t�h�e�s�e� �c�o�m�p�o�n�e�n�t� �r�e�l�a�t�i�o�n�s�h�i�p�s� �i�s� �p�o�w�e�r�f�u�l� �a�n�d� 

�f�l�e�x�i�b�l�e�,� �a�n�d� �p�r�o�v�i�d�e�s� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �a�l�l� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� �r�e�g�a�r�d�l�e�s�s� �o�f� �m�a�n�a�g�e�m�e�n�t� �d�e�c�i�s�i�o�n�s� �a�b�o�u�t� 

�s�p�l�i�t�t�i�n�g� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

�T�r�a�d�i�t�i�o�n�a�l�l�y�,� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �V�i�r�g�i�n�i�a� �r�e�c�e�i�v�e�s� �2�0� �t�o� �3�0� �k�g� �N� �h�a �� �p�r�e�-�p�l�a�n�t� �i�n� 

�t�h�e� �f�a�l�l� �a�n�d� �a�n�o�t�h�e�r� �9�0� �t�o� �1�0�0� �k�g� �N� �h�a �� �i�n� �e�a�r�l�y� �t�o� �m�i�d�-�F�e�b�r�u�a�r�y�,� �a�t� �o�r� �s�l�i�g�h�t�l�y� 

�b�e�f�o�r�e� �s�p�r�i�n�g� �g�r�e�e�n�-�u�p�,� �a�l�s�o� �r�e�f�e�r�r�e�d� �t�o� �a�s� �g�r�o�w�t�h� �s�t�a�g�e� �(�G�S�)� �2�5� �(�Z�a�d�o�k�s� �e�t� �a�l�.�,� 

�1�9�7�4�)�.� �W�e� �h�a�v�e�,� �h�o�w�e�v�e�r�,� �m�e�a�s�u�r�e�d� �o�p�t�i�m�u�m� �s�p�r�i�n�g� �N� �r�a�t�e�s� �f�o�r� �w�h�e�a�t� 

�r�a�n�g�i�n�g� �f�r�o�m� �O� �t�o� �1�9�0� �k�g� �N� �h�a ��!� �(�S�c�h�a�r�f�,� �P�.�C�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�,� �u�n�p�u�b�l�i�s�h�e�d� 

�d�a�t�a�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �u�s�e� �o�f� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� �u�n�i�f�o�r�m� �r�a�t�e� �o�f�t�e�n� �l�e�a�d�s� �t�o� �g�r�o�s�s� 

�o�v�e�r�-� �o�r� �u�n�d�e�r�-�f�e�r�t�i�l�i�z�a�t�i�o�n�.� �O�v�e�r�-�f�e�r�t�i�l�i�z�a�t�i�o�n� �c�a�n� �c�a�u�s�e� �i�n�c�r�e�a�s�e�d� �n�i�t�r�a�t�e� 

�l�e�a�c�h�i�n�g�,� �i�n� �a�d�d�i�t�i�o�n� �t�o� �u�n�n�e�c�e�s�s�a�r�y� �e�x�p�e�n�d�i�t�u�r�e� �o�n� �N�,� �w�h�i�l�e� �u�n�d�e�r�-�f�e�r�t�i�l�i�z�a�t�i�o�n� 

�c�a�n� �c�a�u�s�e� �c�o�n�s�i�d�e�r�a�b�l�e� �y�i�e�l�d� �l�o�s�s�.� �C�l�e�a�r�l�y�,� �t�h�e�r�e� �i�s� �a� �n�e�e�d� �f�o�r� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� 

�r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n� �t�h�i�s� �c�r�o�p�p�i�n�g� �s�y�s�t�e�m� �s�o� �t�h�a�t� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �m�o�r�e� 

�c�l�o�s�e�l�y� �m�a�t�c�h� �c�r�o�p� �N� �n�e�e�d�.� 

�A� �n�u�m�b�e�r� �o�f� �s�e�m�i�-�a�r�i�d� �s�t�a�t�e�s� �h�a�v�e� �f�o�r� �s�o�m�e� �y�e�a�r�s� �m�a�d�e� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�h�e�a�t� �b�a�s�e�d� �o�n� �e�i�t�h�e�r� �s�o�i�l� �n�i�t�r�a�t�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�(�s�o�m�e�t�i�m�e�s� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �s�o�i�l� �w�a�t�e�r� �m�e�a�s�u�r�e�m�e�n�t�s�)� �(�P�e�t�e�r�s�o�n� �a�n�d� �V�o�s�s�,� 

�1�9�8�4�;� �W�e�s�t�f�a�l�l�,� �1�9�8�4�;� �A�l�l�e�y� �e�t� �a�l�.�,� �1�9�8�8�)� �o�r� �t�i�s�s�u�e� �N� �m�e�a�s�u�r�e�m�e�n�t�s� �(�V�a�u�g�h�a�n� 

�e�t� �a�l�.�,� �1�9�9�0�)�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n� �h�u�m�i�d� �r�e�g�i�o�n�s� 

�o�f� �t�h�e� �U�.�S�.� �h�a�s� �b�e�e�n� �s�l�o�w�e�r�,� �d�u�e� �t�o� �t�h�e� �m�o�r�e� �t�r�a�n�s�i�t�o�r�y� �n�a�t�u�r�e� �o�f� �s�o�i�l� �N� �i�n� 

�t�h�e�s�e� �r�e�g�i�o�n�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �n�e�e�d� �i�s� �e�v�e�n� �g�r�e�a�t�e�r� �t�h�a�n� �i�n� �s�e�m�i�-�a�r�i�d� �r�e�g�i�o�n�s� �d�u�e� 

�t�o� �t�h�e� �g�r�e�a�t�e�r� �p�o�t�e�n�t�i�a�l� �f�o�r� �l�e�a�c�h�i�n�g� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �N� �t�r�a�n�s�p�o�r�t� �t�o� �g�r�o�u�n�d� �a�n�d� 

�s�u�r�f�a�c�e� �w�a�t�e�r�s�.� �O�n�l�y� �V�i�r�g�i�n�i�a� �(�A�l�l�e�y� �e�t� �a�l�.�,� �1�9�8�9�)�,� �A�r�k�a�n�s�a�s� �(�A�d�a�m�s� �e�t� �a�l�.�,� 

�1�9�8�5�)�,� �a�n�d� �M�a�r�y�l�a�n�d� �(�R�.�F�.� �M�u�l�f�o�r�d�,� �1�9�9�3�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�;� �M�e�i�s�i�n�g�e�r� 

�e�t� �a�l�.�,� �1�9�8�7�)� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �t�e�s�t�-�b�a�s�e�d� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�f�o�r� �w�h�e�a�t� �i�n� �t�h�e� �h�u�m�i�d� �r�e�g�i�o�n�s� �o�f� �t�h�e� �U�.�S�.� 
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�T�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �t�h�a�t� �w�e� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �i�n� �V�i�r�g�i�n�i�a� �(�B�a�e�t�h�g�e�n� �a�n�d� 

�A�l�l�e�y�,� �1�9�8�9�b�;� �A�l�l�e�y� �e�t� �a�l�.�,� �1�9�8�9�;� �C�h�a�p�t�e�r� �I�l�l� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�)� �i�s� �b�a�s�e�d� �o�n� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�d� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e� �(�G�S�)� 

�3�0� �a�n�d� �w�h�e�a�t� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �G�S� �3�0�.� �G�r�o�w�t�h� �s�t�a�g�e� �3�0� �i�s� �t�h�e� �p�r�e�-�j�o�i�n�t�i�n�g� 

�s�t�a�g�e� �a�n�d� �u�s�u�a�l�l�y� �o�c�c�u�r�s� �a�b�o�u�t� �a� �m�o�n�t�h� �a�f�t�e�r� �G�S� �2�5�,� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� �t�i�m�e� �f�o�r� �N� 

�a�p�p�l�i�c�a�t�i�o�n�s�.� �G�r�o�w�t�h� �s�t�a�g�e� �3�0� �i�s� �a� �b�e�t�t�e�r� �t�i�m�e� �t�o� �a�p�p�l�y� �f�e�r�t�i�l�i�z�e�r� �N� �b�e�c�a�u�s�e� �i�t� 

�o�c�c�u�r�s� �i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �t�h�e� �p�e�r�i�o�d� �o�f� �m�a�x�i�m�u�m� �N� �u�p�t�a�k�e� �(�B�a�e�t�h�g�e�n� �a�n�d� 

�A�l�l�e�y�,� �1�9�8�9�a�)�,� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �t�i�m�e� �t�h�a�t� �t�h�e� �f�e�r�t�i�l�i�z�e�r� �N� �i�s� �e�x�p�o�s�e�d� �t�o� �l�e�a�c�h�i�n�g� 

�p�r�o�c�e�s�s�e�s�.� �L�e�a�c�h�i�n�g� �p�o�t�e�n�t�i�a�l� �i�s� �a�l�s�o� �u�s�u�a�l�l�y� �l�o�w�e�r� �a�t� �G�S� �3�0� �t�h�a�n� �a�t� �G�S� �2�5� �d�u�e� 

�t�o� �h�i�g�h�e�r� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �a�n�d� �l�o�w�e�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �l�e�v�e�l�s�.� �A� �s�u�b�s�t�a�n�t�i�a�l� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �f�e�r�t�i�l�i�z�e�r� �N� �a�p�p�l�i�e�d� �a�t� �G�S� �2�5� �m�a�y�,� �i�n� �o�u�r� �c�l�i�m�a�t�e�,� �b�e� �l�o�s�t� �b�e�f�o�r�e� 

�r�a�p�i�d� �N� �u�p�t�a�k�e� �b�y� �t�h�e� �c�r�o�p� �b�e�g�i�n�s�.� �I�n� �m�a�n�y� �c�a�s�e�s�,� �o�p�t�i�m�u�m� �y�i�e�l�d� �c�a�n� �b�e� 

�a�c�h�i�e�v�e�d� �w�i�t�h� �a� �s�i�n�g�l�e� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �3�0�,� �b�u�t� �i�n� �o�t�h�e�r� �c�a�s�e�s� �N� 

�f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �a�t� �b�o�t�h� �G�S� �2�5� �a�n�d� �G�S� �3�0� �a�r�e� �n�e�e�d�e�d� �t�o� �a�c�h�i�e�v�e� �o�p�t�i�m�u�m� 

�y�i�e�l�d�s� �(�S�c�h�a�r�f�,� �P�.�C�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�,� �u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a�)�.� �O�u�r� �w�o�r�k�i�n�g� 

�h�y�p�o�t�h�e�s�i�s� �i�s� �t�h�a�t� �a�n� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �2�5� �i�s� �n�e�e�d�e�d� �t�o� �s�t�i�m�u�l�a�t�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �a�d�d�i�t�i�o�n�a�l� �t�i�l�l�e�r�s� �w�h�e�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�s� �s�u�b�-�o�p�t�i�m�a�l� �(�t�i�l�l�e�r� �f�o�r�m�a�t�i�o�n� �h�a�s� �e�n�d�e�d� 

�b�y� �G�S� �3�0�)�.� �M�i�l�l�e�r� �e�t� �a�l�.� �(�1�9�9�1�)� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �a�t�t�a�i�n�i�n�g� �a�n� �a�d�e�q�u�a�t�e� �t�i�l�l�e�r� 

�d�e�n�s�i�t�y� �i�s� �c�r�i�t�i�c�a�l� �i�n� �a�c�h�i�e�v�i�n�g� �o�p�t�i�m�u�m� �r�i�c�e� �y�i�e�l�d�s�.� 

�C�u�r�r�e�n�t�l�y�,� �f�a�r�m�e�r�s� �w�h�o� �u�s�e� �t�h�e� �t�i�s�s�u�e� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �a�p�p�l�y� �5�0� 

�t�o� �6�0� �k�g� �N� �h�a �� �a�t� �G�S� �2�5� �(�B�a�e�t�h�g�e�n� �e�t� �a�l�.�,� �1�9�8�9�)� �a�n�d� �t�h�e�n� �a�p�p�l�y� �N� �a�t� �G�S� �3�0� 

�b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t� �r�e�s�u�l�t�s�.� �T�h�u�s�,� �o�n�l�y� �f�a�r�m�e�r�s� �w�h�o� �a�r�e� �w�i�l�l�i�n�g� �t�o� �s�p�l�i�t� �s�p�r�i�n�g� 

�N� �a�p�p�l�i�c�a�t�i�o�n�s� �c�a�n� �u�s�e� �t�h�e� �s�y�s�t�e�m�.� �A� �w�a�y� �t�o� �i�d�e�n�t�i�f�y� �t�h�o�s�e� �f�i�e�l�d�s� �w�h�e�r�e� �n�o� �G�S� 

�2�5� �N� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �n�e�e�d�e�d� �w�o�u�l�d� �m�a�k�e� �a� �s�i�n�g�l�e� �t�i�s�s�u�e� �t�e�s�t�-�b�a�s�e�d� �N� �a�p�p�l�i�c�a�t�i�o�n� 

�a�t� �G�S� �3�0� �p�o�s�s�i�b�l�e� �f�o�r� �f�a�r�m�e�r�s� �w�h�o� �a�r�e� �n�o�t� �w�i�l�l�i�n�g� �t�o� �s�p�l�i�t�.� �P�r�e�d�i�c�t�i�n�g� �o�p�t�i�m�u�m� 
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�N� �r�a�t�e� �a�t� �G�S� �2�5� �w�o�u�l�d� �a�l�s�o� �b�e� �d�e�s�i�r�a�b�l�e�,� �s�o� �t�h�a�t� �o�n�l�y� �a�s� �m�u�c�h� �N� �i�s� �a�p�p�l�i�e�d� �a�t� 

�t�h�i�s� �s�t�a�g�e� �a�s� �i�s� �n�e�e�d�e�d�;� �t�h�e� �m�a�i�n� �n�u�t�r�i�t�i�o�n�a�l� �n�e�e�d�s� �o�f� �t�h�e� �c�r�o�p� �c�a�n� �t�h�e�n� �b�e� �m�e�t� 

�w�i�t�h� �a� �m�o�r�e� �e�f�f�i�c�i�e�n�t� �G�S� �3�0� �a�p�p�l�i�c�a�t�i�o�n�.� �F�i�n�a�l�l�y�,� �i�f� �a�n� �N� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �i�n�d�i�c�a�t�e�d� 

�a�t� �G�S� �2�5� �a�n�d� �t�h�e� �f�a�r�m�e�r� �i�s� �n�o�t� �w�i�l�l�i�n�g� �t�o� �s�p�l�i�t�,� �i�t� �w�o�u�l�d� �b�e� �d�e�s�i�r�a�b�l�e� �t�o� �h�a�v�e� �a� 

�s�y�s�t�e�m� �t�o� �p�r�e�d�i�c�t� �t�h�e� �o�p�t�i�m�u�m� �r�a�t�e� �f�o�r� �a� �s�i�n�g�l�e� �G�S� �2�5� �N� �a�p�p�l�i�c�a�t�i�o�n�.� �O�u�r� 

�o�b�j�e�c�t�i�v�e� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a� �s�y�s�t�e�m� �f�o�r� �m�a�k�i�n�g� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� 

�r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�t� �G�S� �2�5�,� �b�o�t�h� �f�o�r� �s�p�l�i�t�-� �a�n�d� �s�i�n�g�l�e�-�a�p�p�l�i�c�a�t�i�o�n� �s�p�r�i�n�g� �N� 

�m�a�n�a�g�e�m�e�n�t�.� �T�h�e�s�e� �e�l�e�m�e�n�t�s�,� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�v�e�l�o�p�e�d� 

�t�i�s�s�u�e� �t�e�s�t� �s�y�s�t�e�m�,� �w�o�u�l�d� �f�o�r�m� �a� �f�l�e�x�i�b�l�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �t�h�a�t� �w�o�u�l�d� 

�p�r�o�v�i�d�e� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �a�l�l� �N� �a�p�p�l�i�c�a�t�i�o�n�s�,� �r�e�g�a�r�d�l�e�s�s� �o�f� 

�m�a�n�a�g�e�m�e�n�t� �d�e�c�i�s�i�o�n�s� �a�b�o�u�t� �s�p�l�i�t�t�i�n�g� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�E�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �c�o�o�p�e�r�a�t�i�n�g� �f�a�r�m�e�r�s� �a�n�d� �a�r�e� �d�e�s�c�r�i�b�e�d� 

�i�n� �T�a�b�l�e� �4� �(�C�h�a�p�t�e�r� �I�l�l�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�i�x� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �i�n� 

�1�9�9�0�-�1�9�9�1� �s�o�l�e�l�y� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �i�n� �a� �s�p�l�i�t� �a�p�p�l�i�c�a�t�i�o�n� 

�m�a�n�a�g�e�m�e�n�t� �s�y�s�t�e�m�.� �T�a�b�l�e� �8� �s�u�m�m�a�r�i�z�e�s� �r�e�l�e�v�a�n�t� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e�s�e� �s�i�t�e�s�;� 

�t�h�e�y� �a�r�e� �n�u�m�b�e�r�e�d� �a�s� �a� �c�o�n�t�i�n�u�a�t�i�o�n� �o�f� �t�h�e� �s�i�t�e�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.� �S�i�t�e�s� �w�e�r�e� 

�s�e�l�e�c�t�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �a� �m�o�n�t�h� �a�f�t�e�r� �p�l�a�n�t�i�n�g� �b�a�s�e�d� �o�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�r�i�t�e�r�i�a�:� 

�s�t�a�n�d� �u�n�i�f�o�r�m�i�t�y�,� �s�o�i�l� �u�n�i�f�o�r�m�i�t�y� �(�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �s�o�i�l� �p�r�o�b�e� �t�o� �1� �m� �d�e�p�t�h�)�,� 

�a�n�d� �w�h�e�t�h�e�r� �s�o�i�l� �t�y�p�e� �w�a�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �s�o�i�l�s� �c�r�o�p�p�e�d� �t�o� �w�h�e�a�t� �i�n� �V�i�r�g�i�n�i�a�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �N� �r�a�t�e�s� �a�p�p�l�i�e�d� �a�t� �Z�a�d�o�k�s� �g�r�o�w�t�h� �s�t�a�g�e�s� �2�5� �a�n�d� 

�3�0� �i�n� �a� �c�o�m�p�l�e�t�e� �f�a�c�t�o�r�i�a�l� �d�e�s�i�g�n�.� �T�o�t�a�l� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n� �t�h�e� �f�i�r�s�t� �t�w�o� 

�y�e�a�r�s� �o�f� �t�h�e� �s�t�u�d�y� �r�a�n�g�e�d� �u�p� �t�o� �3�3�6� �k�g� �N� �h�a�"� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �o�p�t�i�m�u�m� �N� 

�r�a�t�e� �w�o�u�l�d� �b�e� �w�i�t�h�i�n� �t�h�e� �r�a�n�g�e� �o�f� �r�a�t�e�s� �t�h�a�t� �w�e� �a�p�p�l�i�e�d�.� �W�i�t�h� �t�h�e� �e�x�p�e�r�i�e�n�c�e� 

�f�r�o�m� �t�h�e�s�e� �t�w�o� �y�e�a�r�s�,� �w�e� �f�e�l�t� �c�o�n�f�i�d�e�n�t� �t�h�a�t� �w�e� �c�o�u�l�d� �c�a�p�t�u�r�e� �t�h�e� �o�p�t�i�m�u�m� �N� 

�r�a�t�e� �w�h�i�l�e� �u�s�i�n�g� �a� �s�m�a�l�l�e�r� �r�a�n�g�e�.� �N�i�t�r�o�g�e�n� �r�a�t�e�s� �w�e�r�e� �r�e�d�u�c�e�d� �f�o�r� �t�h�e� �t�h�i�r�d� 

�t�h�r�o�u�g�h� �t�h�e� �f�i�f�t�h� �y�e�a�r�s� �o�f� �t�h�e� �s�t�u�d�y�,� �r�a�n�g�i�n�g� �f�r�o�m� �O� �t�o� �2�3�8� �k�g� �h�a �� �t�o�t�a�l� �s�p�r�i�n�g�-� 

�a�p�p�l�i�e�d� �N� �f�e�r�t�i�l�i�z�e�r�.� �R�a�t�e�s� �u�s�e�d� �f�o�r� �t�h�e� �t�w�o� �p�h�a�s�e�s� �o�f� �t�h�e� �s�t�u�d�y� �a�r�e� �g�i�v�e�n� �i�n� 

�T�a�b�l�e� �5� �(�C�h�a�p�t�e�r� �I�l�l�)�.� �T�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�r�r�a�n�g�e�d� �i�n� �r�a�n�d�o�m�i�z�e�d� �c�o�m�p�l�e�t�e� �b�l�o�c�k�s� 

�w�i�t�h� �f�o�u�r� �r�e�p�l�i�c�a�t�i�o�n�s� �a�t� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�.� �I�n�d�i�v�i�d�u�a�l� �p�l�o�t�s� �m�e�a�s�u�r�e�d� 

�5�m� �b�y� �5�.�5� �m�.� 

�U�r�e�a� �a�m�m�o�n�i�u�m� �n�i�t�r�a�t�e� �s�o�l�u�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �N� �s�o�u�r�c�e� �f�o�r� �t�r�e�a�t�m�e�n�t� 

�a�p�p�l�i�c�a�t�i�o�n� �i�n� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �N� �s�o�l�u�t�i�o�n� �w�a�s� �a�p�p�l�i�e�d� �w�i�t�h� �a� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e� �p�r�e�s�s�u�r�i�z�e�d� �b�a�c�k�p�a�c�k� �s�p�r�a�y�e�r� �w�h�o�s�e� �b�o�o�m� �w�a�s� �f�i�t�t�e�d� �w�i�t�h� �T�e�e�j�e�t� 
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�T�a�b�l�e� �8�.� �B�r�i�e�f� �s�i�t�e� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �u�s�e�d� �i�n� �s�t�u�d�y�i�n�g� �o�p�t�i�m�u�m� 

�N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �w�h�e�n� �a� �s�e�c�o�n�d� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �t�o� �b�e� 

�m�a�d�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0�.� �O�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �T�a�b�l�e� �4�.� 
� � 

� � 

� � 

�S�o�i�l� 

�L�o�c�a�t�i�o�n� �S�e�r�i�e�s� �a�n�d� 

�N�u�m�b�e�r� �Y�e�a�r� �V�a�r�i�e�t�y� �S�u�r�f�a�c�e� �t�e�x�t�u�r�e� �S�u�b�g�r�o�u�p� 

�4�0� �1�9�9�0�-�1�9�9�1� �C�o�k�e�r� �9�8�3� �C�o�n�e�t�o�e� �s� �A�r�e�n�i�c� �H�a�p�l�u�d�u�l�t� 

�4�1� �1�9�9�0�-�1�9�9�1� �C�o�k�e�r� �9�8�3� �S�t�a�t�e� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 

�4�2� �1�9�9�0�-�1�9�9�1� �C�o�k�e�r� �9�8�3� �S�u�f�f�o�l�k� �I�s� �T�y�p�i�c� �H�a�p�l�u�d�u�i�t� 

�4�3� �1�9�9�0�-�1�9�9�1� �M�a�s�s�e�y� �E�m�p�o�r�i�a� �s�l� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 

�4�4� �1�9�9�0�-�1�9�9�1� �C�o�k�e�r� �9�7�7�6� �H�a�y�t�e�r� �|� �U�l�t�i�c� �H�a�p�l�u�d�a�l�f� 

�4�5� �1�9�9�0�-�1�9�9�1� �M�a�s�s�e�y� �G�r�o�s�e�c�l�o�s�e� �|� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t� 

� � 
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�"�r�a�i�n�d�r�o�p�"� �t�i�p�s�.� �F�l�o�w� �r�a�t�e�s� �f�o�r� �e�a�c�h� �t�i�p� �s�i�z�e� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �e�a�c�h� 

�e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n� �p�r�i�o�r� �t�o� �N� �a�p�p�l�i�c�a�t�i�o�n�,� �p�r�o�p�e�r� �w�a�l�k�i�n�g� �s�p�e�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� 

�d�e�s�i�r�e�d� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d�,� �a�n�d� �a� �s�t�o�p� �w�a�t�c�h� �a�n�d� �m�e�t�r�o�n�o�m�e� �w�e�r�e� 

�u�s�e�d� �t�o� �c�a�l�i�b�r�a�t�e� �a�n�d� �m�a�i�n�t�a�i�n� �p�r�o�p�e�r� �w�a�l�k�i�n�g� �s�p�e�e�d� �d�u�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�.� 

�S�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �l�o�c�a�t�i�o�n�s� �1� �t�o� �3�9� �i�n� �l�a�t�e� �J�a�n�u�a�r�y� �o�r� �e�a�r�l�y� 

�F�e�b�r�u�a�r�y� �t�o� �a� �d�e�p�t�h� �o�f� �1�2�0� �c�m� �(�e�x�c�e�p�t� �i�n� �t�h�e� �1�9�8�7�-�1�9�8�8� �g�r�o�w�i�n�g� �s�e�a�s�o�n�,� 

�w�h�e�n� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �o�n�l�y� �t�o� �9�0� �c�m�)�.� �A�t� �s�o�m�e� �l�o�c�a�t�i�o�n�s�,� �s�t�o�n�e�s� 

�l�i�m�i�t�e�d� �s�a�m�p�l�i�n�g� �d�e�p�t�h�.� �E�a�c�h� �s�a�m�p�l�i�n�g� �c�o�n�s�i�s�t�e�d� �o�f� �f�o�u�r�t�e�e�n� �w�e�l�l�-�s�p�a�c�e�d� �c�o�r�e�s� 

�d�i�v�i�d�e�d� �i�n�t�o� �3�0�-�c�m� �d�e�p�t�h� �i�n�c�r�e�m�e�n�t�s�,� �c�o�m�p�o�s�i�t�e�d�,� �m�i�x�e�d� �t�h�o�r�o�u�g�h�l�y�,� 

�s�u�b�s�a�m�p�l�e�d�,� �a�n�d� �f�r�o�z�e�n� �i�m�m�e�d�i�a�t�e�l�y� �u�s�i�n�g� �d�r�y� �i�c�e�.� �S�a�m�p�l�e�s� �w�e�r�e� �t�h�a�w�e�d� �a�n�d� 

�e�x�t�r�a�c�t�e�d� �i�n� �d�u�p�l�i�c�a�t�e� �u�s�i�n�g� �2�M� �K�C�I� �(�K�e�e�n�e�y� �a�n�d� �N�e�l�s�o�n�,� �1�9�8�2�)�;� �e�x�t�r�a�c�t�s� �w�e�r�e� 

�c�e�n�t�r�i�f�u�g�e�d� �r�a�t�h�e�r� �t�h�a�n� �f�i�l�t�e�r�e�d� �t�o� �a�v�o�i�d� �e�x�t�r�a�c�t� �c�o�n�t�a�m�i�n�a�t�i�o�n� �f�r�o�m� �f�i�l�t�e�r�s� 

�(�S�c�h�a�r�f� �a�n�d� �A�l�l�e�y�,� �1�9�8�8�)�.� 

�N�i�t�r�a�t�e� �i�n� �t�h�e� �s�o�i�l� �e�x�t�r�a�c�t�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �c�o�l�o�r�i�m�e�t�r�i�c�a�l�l�y� �w�i�t�h� �a� �Q�u�i�k�C�h�e�m� 

�A�u�t�o�m�a�t�e�d� �A�n�a�l�y�z�e�r� �u�s�i�n�g� �Q�u�i�k�C�h�e�m� �M�e�t�h�o�d� �N�o�.� �1�2�-�1�0�7�-�0�4�-�1�-�B� �(�L�a�c�h�a�t� 

�I�n�s�t�r�u�m�e�n�t�s�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)�,� �a� �c�a�d�m�i�u�m� �r�e�d�u�c�t�i�o�n�/�G�r�i�e�s�s�-�l�l�o�s�v�a�y� �m�e�t�h�o�d� 

�(�K�e�e�n�e�y� �a�n�d� �N�e�l�s�o�n�,� �1�9�8�2�)�.� �A�m�m�o�n�i�u�m� �i�n� �t�h�e� �s�o�i�l� �e�x�t�r�a�c�t�s� �w�a�s� �a�l�s�o� �m�e�a�s�u�r�e�d� 

�c�o�l�o�r�i�m�e�t�r�i�c�a�l�l�y� �w�i�t�h� �t�h�e� �s�a�m�e� �i�n�s�t�r�u�m�e�n�t� �u�s�i�n�g� �Q�u�i�k�C�h�e�m� �M�e�t�h�o�d� �N�o�.� �1�2�-�1�0�7�-� 

�0�6�-�2�-�A�,� �a� �m�o�d�i�f�i�e�d� �i�n�d�o�p�h�e�n�o�l� �b�l�u�e� �m�e�t�h�o�d� �(�K�e�e�n�e�y� �a�n�d� �N�e�l�s�o�n�,� �1�9�8�2�)� �i�n� 

�w�h�i�c�h� �s�a�l�i�c�y�l�a�t�e� �i�s� �s�u�b�s�t�i�t�u�t�e�d� �f�o�r� �p�h�e�n�o�l�.� �R�e�s�u�l�t�s� �w�e�r�e� �c�o�n�v�e�r�t�e�d� �t�o� �k�g� �N� �h�a ��!� 

�a�s�s�u�m�i�n�g� �a� �b�u�l�k� �d�e�n�s�i�t�y� �o�f� �1�.�6� �g� �c�m�,� �t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �f�o�r� �t�w�e�n�t�y� 

�m�e�a�s�u�r�e�m�e�n�t�s� �(�a�t� �a� �v�a�r�i�e�t�y� �o�f� �d�e�p�t�h�s�)� �t�h�a�t� �w�e� �m�a�d�e� �o�n� �C�o�a�s�t�a�l� �P�l�a�i�n� �s�o�i�l�s� 

�c�r�o�p�p�e�d� �t�o� �w�i�n�t�e�r� �w�h�e�a�t�.� �W�h�e�n� �t�w�o� �d�u�p�l�i�c�a�t�e�s� �g�a�v�e� �e�s�t�i�m�a�t�e�s� �d�i�f�f�e�r�i�n�g� �b�y� �5� 

�k�g� �N� �h�a ��!� �o�r� �m�o�r�e�,� �t�h�a�t� �s�a�m�p�l�e� �w�a�s� �r�e�-�e�x�t�r�a�c�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d�.� �P�o�t�e�n�t�i�a�l�l�y� 
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�m�i�n�e�r�a�l�i�z�a�b�l�e� �N� �w�a�s� �m�e�a�s�u�r�e�d� �f�o�r� �t�h�e� �0� �t�o� �3�0� �c�m� �s�a�m�p�l�e�s� �f�r�o�m� �t�h�e� �1�9�8�9�-� 

�1�9�9�0�,� �1�9�9�0�-�1�9�9�1�,� �a�n�d� �1�9�9�1�-�1�9�9�2� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� 

�d�e�s�c�r�i�b�e�d� �b�y� �W�a�r�i�n�g� �a�n�d� �B�r�e�m�n�e�r� �(�1�9�6�4�)�,� �e�x�c�e�p�t� �t�h�a�t� �a�m�m�o�n�i�u�m� 

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �b�y� �a�u�t�o�m�a�t�e�d� �c�o�l�o�r�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e� �f�o�r� �s�o�i�l� �e�x�t�r�a�c�t�s�.� �S�o�i�l� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �u�p�p�e�r� �3�0� �c�m� �o�f� 

�s�o�i�l� �a�t� �a�l�l� �l�o�c�a�t�i�o�n�s� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �W�a�l�k�l�e�y� �a�n�d� �B�l�a�c�k� �(�1�9�3�4�)�.� 

�A�l�l� �t�i�l�l�e�r�s� �w�i�t�h� �t�h�r�e�e� �o�r� �m�o�r�e� �l�e�a�v�e�s� �w�e�r�e� �c�o�u�n�t�e�d� �f�r�o�m� �s�i�x� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �1� �m� 

�s�e�c�t�i�o�n�s� �o�f� �r�o�w� �p�e�r� �e�x�p�e�r�i�m�e�n�t� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �i�n� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� 

�c�o�n�d�u�c�t�e�d� �i�n� �1�9�8�9�-�1�9�9�0�,� �1�9�9�0�-�1�9�9�1�,� �a�n�d� �1�9�9�1�-�1�9�9�2�.� �W�i�d�t�h� �o�f� �t�h�i�r�t�y� 

�c�o�n�t�i�g�u�o�u�s� �r�o�w�s� �w�a�s� �m�e�a�s�u�r�e�d� �t�o� �g�e�t� �a� �r�e�l�i�a�b�l�e� �e�s�t�i�m�a�t�e� �o�f� �r�o�w� �w�i�d�t�h�,� �w�h�i�c�h� 

�w�a�s� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �a�v�e�r�a�g�e� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �f�r�o�m� �t�h�e� �t�i�l�l�e�r� �c�o�u�n�t�s�.� �T�i�l�l�e�r� �d�e�n�s�i�t�y� 

�w�a�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �w�a�y� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �3�0� �a�t� �l�o�c�a�t�i�o�n�s� �4� �a�n�d� �8� �i�n� 

�p�l�o�t�s� �r�e�c�e�i�v�i�n�g� �e�a�c�h� �o�f� �t�h�e� �f�o�u�r� �N� �r�a�t�e�s� �a�p�p�l�i�e�d� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5�.� 

�A�l�l� �a�b�o�v�e�-�g�r�o�u�n�d� �t�i�s�s�u�e� �w�a�s� �c�l�i�p�p�e�d� �f�r�o�m� �t�h�e� �s�e�c�t�i�o�n�s� �o�f� �r�o�w� �w�h�e�r�e� �t�i�l�l�e�r� 

�c�o�u�n�t�s� �w�e�r�e� �m�a�d�e�,� �c�o�m�p�o�s�i�t�e�d�,� �d�r�i�e�d�,� �a�n�d� �g�r�o�u�n�d� �t�o� �p�a�s�s� �a� �4�0�-�m�e�s�h� �s�c�r�e�e�n�.� 

�T�o�t�a�l� �K�j�e�l�d�a�h�l� �n�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �w�a�s� �m�e�a�s�u�r�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �I�l�l�.� 

�A�t� �p�h�y�s�i�o�l�o�g�i�c�a�l� �m�a�t�u�r�i�t�y�,� �p�l�o�t�s� �w�e�r�e� �r�a�t�e�d� �f�o�r� �l�o�d�g�i�n�g� �u�s�i�n�g� �t�h�e� �B�e�l�g�i�u�m� �s�c�a�l�e� 

�(�S�z�6�k�e� �e�t� �a�l�.�,� �1�9�7�9�)� �a�n�d� �t�h�e�n� �h�a�r�v�e�s�t�e�d� �w�i�t�h� �a� �H�e�g�e� �1�4�0� �p�l�o�t� �c�o�m�b�i�n�e�;� �y�i�e�l�d�s� 

�w�e�r�e� �c�o�r�r�e�c�t�e�d� �t�o� �1�3�5� �g� �k�g�!� �m�o�i�s�t�u�r�e�.� �P�r�o�f�i�t� �w�a�s� �e�s�t�i�m�a�t�e�d� �f�o�r� �e�a�c�h� �p�l�o�t� �a�s� 

�w�h�e�a�t� �v�a�l�u�e� �(�y�i�e�l�d� �x� �w�h�e�a�t� �p�r�i�c�e�)� �-� �N� �f�e�r�t�i�l�i�z�e�r� �c�o�s�t� �(�N� �r�a�t�e� �x� �N� �p�r�i�c�e�)� �-� 

�c�o�m�b�i�n�i�n�g� �c�o�s�t� �i�n�c�r�e�a�s�e� �d�u�e� �t�o� �l�o�d�g�i�n�g� �(�u�p� �t�o� �$�5�0� �h�a �� �f�o�r� �c�o�m�p�l�e�t�e�l�y� �l�o�d�g�e�d� 

�w�h�e�a�t�)� �-� �o�t�h�e�r� �p�r�o�d�u�c�t�i�o�n� �c�o�s�t�s� �(�e�s�t�i�m�a�t�e�d� �a�s� �$�4�0�0� �h�a�"� �f�o�r� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s�)�.� 

�T�h�e� �l�e�a�s�t�-�s�q�u�a�r�e�s� �q�u�a�d�r�a�t�i�c� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�s�t�i�m�a�t�e�d� 
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�p�r�o�f�i�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �N� �r�a�t�e� �a�t� �G�S� �2�5� �a�n�d� �N� �r�a�t�e� �a�t� �G�S� �3�0� �a�t� �e�a�c�h� �l�o�c�a�t�i�o�n�.� 

�T�h�e� �G�S� �2�5� �N� �r�a�t�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �h�i�g�h�e�s�t� �p�o�i�n�t� �o�n� �t�h�i�s� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�"� �w�a�s� �t�h�e� �e�c�o�n�o�m�i�c� �o�p�t�i�m�u�m� �G�S� �2�5� �N� �r�a�t�e� �i�n� �a� �s�p�l�i�t� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n�.� �T�h�e�s�e� 

�r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �m�a�k�e� �e�c�o�n�o�m�i�c� �c�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� 

�d�i�f�f�e�r�e�n�t� �p�r�o�p�o�s�e�d� �N� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s�.� 

�U�s�i�n�g� �y�i�e�l�d� �d�a�t�a� �o�n�l�y� �f�r�o�m� �p�l�o�t�s� �t�h�a�t� �d�i�d� �n�o�t� �r�e�c�e�i�v�e� �a�n�y� �N� �a�t� �G�S� �3�0�,� �e�c�o�n�o�m�i�c� 

�o�p�t�i�m�u�m� �N� �r�a�t�e� �f�o�r� �a� �s�i�n�g�l�e� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �2�5� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�t� �e�a�c�h� 

�l�o�c�a�t�i�o�n�.� �C�a�l�c�u�l�a�t�e�d� �o�p�t�i�m�a� �t�h�a�t� �w�e�r�e� �m�o�r�e� �t�h�a�n� �t�e�n� �p�e�r�c�e�n�t� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� 

�h�i�g�h�e�s�t� �N� �r�a�t�e� �a�c�t�u�a�l�l�y� �a�p�p�l�i�e�d� �w�e�r�e� �n�o�t� �u�s�e�d�.� �A�t� �s�u�c�h� �l�o�c�a�t�i�o�n�s�,� �w�h�e�n� �t�o�t�a�l� 

�s�p�r�i�n�g� �N� �e�x�p�l�a�i�n�e�d� �y�i�e�l�d� �v�a�r�i�a�t�i�o�n� �a�s� �w�e�l�l� �a�s� �t�h�e� �f�u�l�l� �q�u�a�d�r�a�t�i�c� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� 

�m�o�d�e�l� �(�R�?� �d�i�f�f�e�r�e�n�c�e� �o�f� �n�o� �m�o�r�e� �t�h�a�n� �0�.�0�2�)�,� �w�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� �n�o� 

�e�f�f�e�c�t� �o�f� �N� �t�i�m�i�n�g� �a�n�d� �u�s�e�d� �t�h�e� �o�p�t�i�m�u�m� �t�o�t�a�l� �s�p�r�i�n�g� �N� �r�a�t�e� �a�s� �a�n� �e�s�t�i�m�a�t�e� �o�f� 

�o�p�t�i�m�u�m� �N� �r�a�t�e� �f�o�r� �a� �s�i�n�g�l�e� �G�S� �2�5� �a�p�p�l�i�c�a�t�i�o�n�.� 

�O�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �i�n� �a� �s�p�l�i�t� �a�n�d� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �a�s� �a� �s�i�n�g�l�e� 

�a�p�p�l�i�c�a�t�i�o�n� �w�e�r�e� �e�a�c�h� �r�e�g�r�e�s�s�e�d� �a�g�a�i�n�s�t� �a� �v�a�r�i�e�t�y� �o�f� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s�,� 

�i�n�c�l�u�d�i�n�g� �s�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�i�s�s�u�e� �N� �c�o�n�t�e�n�t�,� �a�n�d� �t�i�l�l�e�r� �d�e�n�s�i�t�y�.� �A�l�l� 

�c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �l�e�a�s�t�-�s�q�u�a�r�e�s� �l�i�n�e�a�r� �a�n�d� �r�e�s�p�o�n�s�e�-�s�u�r�f�a�c�e� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� 

�w�e�r�e� �d�o�n�e� �u�s�i�n�g� �S�A�S� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �C�a�r�y�,� �N�C�)�.� 
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�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�R�e�s�p�o�n�s�e� �s�u�r�f�a�c�e�s� �d�e�s�c�r�i�b�i�n�g� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �N� �f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� 

�a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �a�n�d� �G�S� �3�0� �a�r�e� �s�h�o�w�n� �f�o�r� �t�w�o� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �i�n� 

�F�i�g�u�r�e�s� �5� �a�n�d� �6�.� �T�h�e� �h�i�g�h�e�s�t� �p�o�i�n�t� �o�n� �a� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� 

�o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �f�o�r� �t�h�a�t� �l�o�c�a�t�i�o�n�,� �g�i�v�e�n� �t�h�a�t� �a� �s�e�c�o�n�d� �s�p�r�i�n�g� �N� 

�f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �p�l�a�n�n�e�d� �f�o�r� �G�S� �3�0�.� �F�i�g�u�r�e� �6� �i�s� �a�n� �e�x�a�m�p�l�e� �o�f� �a� �l�o�c�a�t�i�o�n� 

�n�e�e�d�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �a�t� �G�S� �2�5�,� �w�i�t�h� �a�n� �o�p�t�i�m�u�m� �G�S� �2�5� �N� �r�a�t�e� �o�f� �6�0� �k�g� �h�a�"�,� 

�w�h�i�l�e� �F�i�g�u�r�e� �5� �i�s� �a�n� �e�x�a�m�p�l�e� �o�f� �a� �l�o�c�a�t�i�o�n� �n�o�t� �n�e�e�d�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �a�t� �G�S� �2�5� 

�(�o�p�t�i�m�u�m� �G�S� �2�5� �N� �r�a�t�e� �i�s� �z�e�r�o�}�.� 

�O�p�t�i�m�u�m� �G�S� �2�5� �N� �r�a�t�e�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�i�s� �w�a�y� �w�e�r�e� �r�e�g�r�e�s�s�e�d� �a�g�a�i�n�s�t� �a� �v�a�r�i�e�t�y� 

�o�f� �p�o�s�s�i�b�l�e� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �f�i�e�l�d�s�.� �O�u�r� �w�o�r�k�i�n�g� 

�h�y�p�o�t�h�e�s�i�s� �i�s� �t�h�a�t� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �a�r�e� �b�e�n�e�f�i�c�i�a�l� �a�t� �G�S� �2�5� �o�n�l�y� �i�f� �n�e�e�d�e�d� 

�t�o� �s�t�i�m�u�l�a�t�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �t�i�l�l�e�r�s�;� �t�h�i�s� �w�i�l�l� �o�c�c�u�r� �w�h�e�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� 

�i�s� �s�u�b�-�o�p�t�i�m�a�l� �a�n�d� �m�i�n�e�r�a�l� �N� �i�n� �t�h�e� �e�f�f�e�c�t�i�v�e� �r�o�o�t�i�n�g� �z�o�n�e� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �t�o� 

�s�t�i�m�u�l�a�t�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �t�i�l�l�e�r�s�.� �P�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �c�h�o�s�e�n� �f�o�r� 

�t�h�e�i�r� �p�o�t�e�n�t�i�a�l� �t�o� �i�d�e�n�t�i�f�y� �t�h�i�s� �s�i�t�u�a�t�i�o�n�.� �T�i�l�l�e�r� �d�e�n�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �m�a�d�e� �a�t� 

�G�S� �3�0� �i�n� �t�h�e� �t�w�o� �1�9�9�1�-�1�9�9�2� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �t�h�e� �l�o�w�e�s�t� �t�i�l�l�e�r� �d�e�n�s�i�t�i�e�s� �a�t� �G�S� 

�2�5� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �G�S� �2�5� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �d�o� �s�t�i�m�u�l�a�t�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� 

�t�i�l�l�e�r�s� �(�F�i�g�u�r�e� �7�)�.� �B�o�t�h� �o�f� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s� �r�e�q�u�i�r�e�d� �G�S� �2�5� �N� �a�p�p�l�i�c�a�t�i�o�n�s�,� �i�n� 

�a�d�d�i�t�i�o�n� �t�o� �t�h�e� �m�a�i�n� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �3�0�,� �t�o� �a�c�h�i�e�v�e� �o�p�t�i�m�u�m� �y�i�e�l�d�.� 

�G�r�o�w�t�h� �s�t�a�g�e� �2�5� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �w�a�s�,� �a�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �b�e�s�t� �s�i�n�g�l�e� �v�a�r�i�a�b�l�e� �f�o�r� 
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�p�r�e�d�i�c�t�i�n�g� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �G�S� �2�5� �i�n� �a� �s�p�l�i�t� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n� �(�T�a�b�l�e� �9�)�.� 

�T�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �G�S� �2�5� �w�a�s� �t�h�e� �o�n�l�y� �v�a�r�i�a�b�l�e� �t�h�a�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�m�p�r�o�v�e�d� �t�h�i�s� 

�r�e�g�r�e�s�s�i�o�n� �(�T�a�b�l�e� �9�)�,� �b�u�t� �e�c�o�n�o�m�i�c� �c�o�m�p�a�r�i�s�o�n�s� �i�n�d�i�c�a�t�e�d� �n�o� �b�e�n�e�f�i�t� �t�o� �u�s�i�n�g� 

�b�o�t�h� �v�a�r�i�a�b�l�e�s� �t�o� �m�a�k�e� �G�S� �2�5� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e� 

�l�e�a�s�t�-�s�q�u�a�r�e�s� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �r�e�l�a�t�i�n�g� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �t�o� �o�p�t�i�m�u�m� �G�S� �2�5� �N� �r�a�t�e� �i�n� 

�a� �s�p�l�i�t� �(�F�i�g�u�r�e� �8�)� �c�a�n� �b�e� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �o�p�t�i�m�u�m� �N� �r�a�t�e�s� �i�n� �f�a�r�m�e�r� �f�i�e�l�d�s�,� �a�n�d�,� 

�i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �t�i�s�s�u�e� �t�e�s�t� �m�e�t�h�o�d� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�l�l�,� �p�r�o�v�i�d�e�s� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �b�o�t�h� �h�a�l�v�e�s� �o�f� �a� �s�p�l�i�t� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n�.� �W�h�e�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�s� �h�i�g�h� �(�a�b�o�v�e� �1�0�0�0� �t�i�l�l�e�r�s� �m�)�,� �n�o� �b�e�n�e�f�i�t� �i�s� 

�e�x�p�e�c�t�e�d� �f�r�o�m� �a� �G�S� �2�5� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�n�d� �a�l�l� �N� �f�e�r�t�i�l�i�z�e�r� �c�a�n� �b�e� �a�p�p�l�i�e�d� �a�t� �G�S� 

�3�0� �a�t� �a� �r�a�t�e� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t� �r�e�s�u�l�t�s�.� 

�L�o�w� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �a�t� �G�S� �2�5� �c�a�n� �b�e� �c�a�u�s�e�d� �b�y� �N�-�l�i�m�i�t�e�d� �c�o�n�d�i�t�i�o�n�s�,� �b�u�t� �m�a�y� �a�l�s�o� 

�o�c�c�u�r� �i�n� �l�a�t�e�-�p�l�a�n�t�e�d� �f�i�e�l�d�s� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �s�o�i�l� �m�i�n�e�r�a�l� �N�.� �I�n� �t�h�i�s� �c�a�s�e�,� �i�t� �i�s� 

�p�o�s�s�i�b�l�e� �t�h�a�t� �n�o� �N� �f�e�r�t�i�l�i�z�e�r� �w�o�u�l�d� �b�e� �n�e�e�d�e�d� �a�t� �G�S� �2�5� �e�v�e�n� �t�h�o�u�g�h� �l�o�w� �t�i�l�l�e�r� 

�d�e�n�s�i�t�y� �w�o�u�l�d� �s�e�e�m� �t�o� �i�n�d�i�c�a�t�e� �a� �n�e�e�d�.� �N�o�n�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �r�e�p�o�r�t�e�d� �h�e�r�e� 

�w�e�r�e� �l�a�t�e�-�p�l�a�n�t�e�d�,� �s�o� �t�h�e�s�e� �r�e�s�u�l�t�s� �d�o� �n�o�t� �a�d�d�r�e�s�s� �t�h�i�s� �p�o�s�s�i�b�i�l�i�t�y�.� 

�V�a�r�i�a�b�l�e�s� �c�h�o�s�e�n� �t�o� �r�e�g�r�e�s�s� �a�g�a�i�n�s�t� �o�p�t�i�m�u�m� �s�i�n�g�l�e�-�a�p�p�l�i�c�a�t�i�o�n� �G�S� �2�5� �N� �r�a�t�e� 

�r�e�f�l�e�c�t� �t�h�e� �f�a�c�t� �t�h�a�t� �a� �s�i�n�g�l�e� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �t�h�i�s� �t�i�m�e� �m�u�s�t� �n�o�t� �o�n�l�y� �s�t�i�m�u�l�a�t�e� 

�t�i�l�l�e�r� �f�o�r�m�a�t�i�o�n� �w�h�e�n� �n�e�e�d�e�d�,� �b�u�t� �m�u�s�t� �s�u�p�p�l�y� �t�h�e� �m�a�i�n� �n�u�t�r�i�t�i�o�n�a�l� �n�e�e�d�s� �o�f� �t�h�e� 

�w�h�e�a�t� �c�r�o�p�.� �S�o�i�l� �m�i�n�e�r�a�l� �N� �a�t� �d�e�e�p�e�r� �l�e�v�e�l�s� �w�a�s� �t�h�e�r�e�f�o�r�e� �c�o�n�s�i�d�e�r�e�d�,� �d�u�e� �t�o� 

�i�t�s� �p�o�t�e�n�t�i�a�l� �t�o� �s�u�p�p�l�y� �N� �t�o� �t�h�e� �c�r�o�p� �a�t� �a� �p�o�i�n�t� �l�a�t�e�r� �i�n� �t�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�.� �S�o�i�l� 

�n�i�t�r�a�t�e� �t�o� �a� �9�0� �c�m� �d�e�p�t�h� �w�a�s� �t�h�e� �b�e�s�t� �p�r�e�d�i�c�t�o�r� �o�f� �o�p�t�i�m�u�m� �s�i�n�g�l�e�-�a�p�p�l�i�c�a�t�i�o�n� 

�N� �r�a�t�e� �a�t� �G�S� �2�5� �(�T�a�b�l�e� �1�0�)�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �i�m�p�r�o�v�e�m�e�n�t� �t�o� �t�h�i�s� �r�e�g�r�e�s�s�i�o�n� 

�c�o�u�l�d� �b�e� �m�a�d�e� �b�y� �a�d�d�i�n�g� �a� �s�e�c�o�n�d� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�.� �T�h�e� �l�e�a�s�t�-�s�q�u�a�r�e�s� 
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�o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �w�i�t�h� 

�s�p�l�i�t� �a�p�p�l�i�c�a�t�i�o�n� �m�a�n�a�g�e�m�e�n�t� �a�n�d� �s�o�m�e� 
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�t�i�l�l�e�r� �d�e�n�s�i�t�y� �a�t� �s�p�r�i�n�g� �g�r�e�e�n�u�p� 
�(�G�S� �2�5�)�,� �t�i�l�l�e�r�s� �p�e�r� �s�q�.� �m�e�t�e�r� 

�F�i�g�u�r�e� �8�.� �O�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �i�n� �a� �s�p�l�i�t�-�a�p�p�l�i�c�a�t�i�o�n� 

�m�a�n�a�g�e�m�e�n�t� �s�y�s�t�e�m� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5�.� �T�h�e� 

�r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �b�a�s�i�s� �f�o�r� �m�a�k�i�n�g� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �t�h�e� �f�i�r�s�t� �(�G�S� �2�5�)� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �w�i�t�h� �s�p�l�i�t�-�a�p�p�l�i�c�a�t�i�o�n� 

�m�a�n�a�g�e�m�e�n�t�.� 
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�T�a�b�l�e� �1�0�.� �R�e�g�r�e�s�s�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� 

�o�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �w�i�t�h� 

�s�i�n�g�l�e� �a�p�p�l�i�c�a�t�i�o�n� �m�a�n�a�g�e�m�e�n�t� �a�n�d� �s�o�m�e� 

�p�o�t�e�n�t�i�a�l� �p�r�e�d�i�c�t�o�r� �v�a�r�i�a�b�l�e�s�.� 
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�V�a�r�i�a�b�l�e� �R�?� 
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�n�i�t�r�a�t�e� �t�o� �6�0� �c�m� �.�4�6� 

�n�i�t�r�a�t�e� �t�o� �9�0� �c�m� �5�2� 

�n�i�t�r�a�t�e� �t�o� �1�2�0� �c�m� �3�7� 

�m�i�n�e�r�a�l� �N ��'� �t�o� �3�0� �c�m� �.�2�8� 
�m�i�n�e�r�a�l� �N� �t�o� �6�0� �c�m� �4�4� 

�m�i�n�e�r�a�l� �N� �t�o� �9�0� �c�m� �.�4�8� 

�m�i�n�e�r�a�l� �N� �t�o� �1�2�0� �c�m� �.�3�8� 

�p�o�t�e�n�t�i�a�l�l�y� �m�i�n�e�r�a�l�i�z�a�b�l�e� �N� �.�4�0� 

�o�r�g�.� �m�a�t�t�e�r� �i�n� �A� �h�o�r�i�z�o�n� �.�1�6� 

�t�i�s�s�u�e� �N� �c�o�n�t�e�n�t� �a�t� �G�S� �2�5� �.�2�2� 

�t�i�l�l�e�r� �d�e�n�s�i�t�y� �.�0�1� 
� � 

 ��m�i�n�e�r�a�l� �N� �=� �n�i�t�r�a�t�e� �+� �a�m�m�o�n�i�u�m
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�n�i�t�r�a�t�e ��N� �t�o� �9�0� �c�m� �i�n� 
�l�a�t�e� �J�a�n�/�e�a�r�l�y� �F�e�b� �(�k�g�/�h�a�)� 

�F�i�g�u�r�e� �9�.� �O�p�t�i�m�u�m� �N� �r�a�t�e� �a�t� �g�r�o�w�t�h� �s�t�a�g�e� �2�5� �i�n� �a� �s�i�n�g�l�e�-�a�p�p�l�i�c�a�t�i�o�n� 

�m�a�n�a�g�e�m�e�n�t� �s�y�s�t�e�m� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�o�i�l� �n�i�t�r�a�t�e� �t�o� �9�0� �c�m� �i�n� �l�a�t�e� �J�a�n�u�a�r�y� �o�r� 

�e�a�r�l�y� �F�e�b�r�u�a�r�y�.� �T�h�e� �r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �b�a�s�i�s� �f�o�r� �m�a�k�i�n�g� �f�i�e�l�d�-� 

�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �w�h�e�n� �a�l�l� �s�p�r�i�n�g� �N� �i�s� �t�o� �b�e� �a�p�p�l�i�e�d� �i�n� �a� �s�i�n�g�l�e� 

�e�a�r�l�y� �a�p�p�l�i�c�a�t�i�o�n�.� 
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�r�e�g�r�e�s�s�i�o�n� �l�i�n�e� �r�e�l�a�t�i�n�g� �t�h�e�s�e� �t�w�o� �v�a�r�i�a�b�l�e�s� �(�F�i�g�u�r�e� �9�)� �c�a�n� �b�e� �u�s�e�d� �a�s� �t�h�e� �b�a�s�i�s� 

�f�o�r� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �w�h�e�n� �a� �s�i�n�g�l�e� �a�p�p�l�i�c�a�t�i�o�n� �i�s� �t�o� �b�e� �m�a�d�e� 

�a�t� �G�S� �2�5�.� �T�h�i�s� �c�a�n� �b�e� �t�h�e� �c�a�s�e� �w�h�e�n� �l�o�w� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�n�d�i�c�a�t�e�s� �t�h�e� �n�e�e�d� �f�o�r� 

�a�n� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �2�5�,� �b�u�t� �t�h�e� �f�a�r�m�e�r� �i�s� �n�o�t� �w�i�l�l�i�n�g� �t�o� �s�p�l�i�t� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n�s� �o�n� �t�h�a�t� �f�i�e�l�d�.� 

�T�h�e� �d�a�t�a� �p�o�i�n�t�s� �i�n� �F�i�g�u�r�e� �9� �t�e�n�d� �t�o� �b�e� �c�o�n�c�e�n�t�r�a�t�e�d� �a�t� �b�o�t�h� �e�n�d�s� �o�f� �t�h�e� �l�i�n�e�,� 

�w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �f�e�w� �i�n�t�e�r�m�e�d�i�a�t�e� �p�o�i�n�t�s�;� �t�h�i�s� �m�i�g�h�t� �b�e� �c�a�u�s�e� �f�o�r� �s�o�m�e� �c�o�n�c�e�r�n� 

�a�b�o�u�t� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�x�t�r�e�m�e�l�y� �s�i�m�i�l�a�r� 

�r�e�l�a�t�i�o�n�s�h�i�p� �f�o�u�n�d� �b�y� �W�e�h�r�m�a�n�n� �a�n�d� �S�c�h�a�r�p�f� �(�1�9�7�9�)�,� �w�h�o� �a�l�s�o� �w�o�r�k�e�d� �i�n� �a� 

�h�u�m�i�d� �c�l�i�m�a�t�e�,� �p�r�o�v�i�d�e�s� �s�t�r�o�n�g� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�e� �d�a�t�a� �i�n� �F�i�g�u�r�e� �9� 

�a�n�d� �t�h�e� �c�o�n�c�l�u�s�i�o�n�s� �t�h�a�t� �w�e ��v�e� �d�r�a�w�n� �f�r�o�m� �t�h�e�m�.� �B�u�n�d�y� �e�t� �a�l�.� �(�1�9�9�2�)� �r�e�p�o�r�t� 

�a� �v�e�r�y� �s�i�m�i�l�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �(�b�u�t� �r�e�f�l�e�c�t�i�n�g� �h�i�g�h�e�r� �N� �n�e�e�d�s�)� �b�e�t�w�e�e�n� �s�o�i�l� �n�i�t�r�a�t�e� 

�l�e�v�e�l� �a�n�d� �o�p�t�i�m�u�m� �N� �r�a�t�e� �i�n� �a� �c�o�r�n� �c�r�o�p�p�i�n�g� �s�y�s�t�e�m�.� 

�C�h�a�p�t�e�r�s� �I�l�l� �a�n�d� �I�V� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �p�r�e�s�e�n�t� �t�h�r�e�e� �s�e�p�a�r�a�t�e� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s�,� �e�a�c�h� �o�f� �w�h�i�c�h� �p�r�o�v�i�d�e�s�,� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �s�i�t�u�a�t�i�o�n�,� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �s�p�r�i�n�g� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t�.� �T�h�e�s�e� �t�h�r�e�e� 

�s�y�s�t�e�m�s� �c�o�m�p�l�e�m�e�n�t� �e�a�c�h� �o�t�h�e�r� �t�o� �p�r�o�v�i�d�e� �t�e�s�t�-�b�a�s�e�d� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �a�l�l� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� �w�h�i�l�e� �l�e�a�v�i�n�g� �t�h�e� 

�f�a�r�m�e�r� �w�i�t�h� �m�a�n�a�g�e�m�e�n�t� �f�l�e�x�i�b�i�l�i�t�y� �o�n� �t�h�e� �q�u�e�s�t�i�o�n� �o�f� �w�h�e�t�h�e�r� �t�o� �s�p�l�i�t� �s�p�r�i�n�g� 

�N� �a�p�p�l�i�c�a�t�i�o�n�s� �(�F�i�g�u�r�e� �1�0�)�.� 

�L�o�c�a�t�i�o�n�s� �1� �t�o� �2�0� �w�e�r�e� �t�h�e� �o�n�l�y� �o�n�e�s� �f�o�r� �w�h�i�c�h� �w�e� �h�a�d� �a�l�l� �t�h�e� �d�a�t�a� �t�o� 

�d�e�t�e�r�m�i�n�e� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �a�l�l� �p�o�s�s�i�b�l�e� �N� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�i�s� �r�e�s�e�a�r�c�h�.� �E�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �f�o�r� �d�i�f�f�e�r�e�n�t� �p�o�s�s�i�b�l�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s� �w�a�s� �c�o�m�p�a�r�e�d� �f�o�r� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s� �(�T�a�b�l�e� �1�1�)�.� �T�h�e� 
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�a�p�p�l�i�c�a�t�i�o�n� 

�n�e�e�d�e�d�?� 

�N�O� 

� � 

� � � � � � 

� � 

� � � 
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� � � � 
�a�p�p�l�y� �a�s� 

�r�e�c�o�m�m�e�n�d�e�d� 
�a�t� �G�S� �2�5� 

�a�p�p�l�y� �a�s� 
�r�e�c�o�m�m�e�n�d�e�d� 

�a�t� �G�S� �3�0� 

�a�p�p�l�y� �a�s� 
�r�e�c�o�m�m�e�n�d�e�d� 

�a�t� �G�S� �2�5� 

� � 

�a�p�p�l�y� �a�s� 
�r�e�c�o�m�m�e�n�d�e�d� 

�a�t� �G�S� �3�0� 

� � 

�F�i�g�u�r�e� �1�0�.� �F�l�o�w� �c�h�a�r�t� �s�h�o�w�i�n�g� �h�o�w� �t�h�e� �t�h�r�e�e� �s�e�p�a�r�a�t�e� �c�o�m�p�o�n�e�n�t� 
�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s� �f�i�t� �t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� �a� �f�l�e�x�i�b�l�e�,� �i�n�t�e�g�r�a�t�e�d� �s�p�r�i�n�g� �N� 
�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t�.� �O�c�t�a�g�o�n�s� �r�e�p�r�e�s�e�n�t� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� 
�t�e�s�t�s�,� �d�i�a�m�o�n�d�s� �r�e�p�r�e�s�e�n�t� �d�e�c�i�s�i�o�n�s�,� �a�n�d� �s�q�u�a�r�e�s� �r�e�p�r�e�s�e�n�t� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
�W�i�t�h� �t�h�i�s� �s�y�s�t�e�m�,� �a�l�l� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e�s� �c�a�n� �b�e� �b�a�s�e�d� �o�n� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� 
�t�e�s�t�s� �r�e�g�a�r�d�l�e�s�s� �o�f� �m�a�n�a�g�e�m�e�n�t� �d�e�c�i�s�i�o�n�s� �a�b�o�u�t� �w�h�e�t�h�e�r� �t�o� �s�p�l�i�t� �s�p�r�i�n�g� �N�.� 
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�t�r�a�d�i�t�i�o�n�a�l� �p�r�a�c�t�i�c�e� �o�f� �a�p�p�l�y�i�n�g� �9�0� �k�g� �N� �h�a ��!� �a�t� �G�S� �2�5� �g�a�v�e� �a�n� �a�v�e�r�a�g�e� 

�e�s�t�i�m�a�t�e�d� �r�e�t�u�r�n� �o�f� �$�1�0�8� �h�a ��'�.� �S�p�l�i�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �w�i�t�h� �a� �f�i�x�e�d�-�r�a�t�e� 

�e�a�r�l�y� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �6�0� �k�g� �N� �h�a�"� �a�n�d� �a� �s�e�c�o�n�d� �a�p�p�l�i�c�a�t�i�o�n� �w�h�o�s�e� �r�a�t�e� �i�s� �b�a�s�e�d� 

�o�n� �t�i�s�s�u�e� �t�e�s�t� �r�e�s�u�l�t�s� �g�a�v�e� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �t�o� �$�1�5�3� �h�a ��.� 

�U�s�i�n�g� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �o�b�t�a�i�n� �a� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �r�a�t�e� �f�o�r� �t�h�e� 

�f�i�r�s�t�a�p�p�l�i�c�a�t�i�o�n� �i�n� �a� �s�p�l�i�t� �a�s� �w�e�l�l� �g�a�v�e� �a� �s�m�a�l�l� �b�u�t� �s�i�g�n�i�f�i�c�a�n�t� �a�d�d�i�t�i�o�n�a�l� �i�n�c�r�e�a�s�e� 

�i�n� �p�r�o�f�i�t� �t�o� �$�1�6�2� �h�a�"�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e�r�e� �i�s� �f�i�n�a�n�c�i�a�l� �i�n�c�e�n�t�i�v�e� �t�o� �f�i�n�e�-�t�u�n�e� �t�h�e� 

�r�a�t�e� �o�f� �t�h�e� �f�i�r�s�t� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �t�h�e� �s�p�l�i�t�.� �T�i�l�l�e�r� �d�e�n�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �c�a�n� �a�l�s�o� 

�b�e� �b�e�n�e�f�i�c�i�a�l� �b�y� �h�e�l�p�i�n�g� �f�a�r�m�e�r�s� �t�o� �p�r�i�o�r�i�t�i�z�e� �t�h�e�i�r� �G�S� �2�5� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�c�t�i�v�i�-� 

�t�i�e�s�-�-�f�i�e�l�d�s� �w�i�t�h� �l�o�w� �t�i�l�l�e�r� �d�e�n�s�i�t�i�e�s� �a�r�e� �m�o�s�t� �i�n� �n�e�e�d� �o�f� �a�n� �N� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �t�h�i�s� 

�t�i�m�e� �a�n�d� �s�h�o�u�l�d� �b�e� �f�e�r�t�i�l�i�z�e�d� �f�i�r�s�t� �i�f� �p�o�s�s�i�b�l�e�.� �T�o�t�a�l� �s�p�r�i�n�g� �N� �r�e�c�o�m�m�e�n�d�e�d� �w�a�s� 

�a�b�o�u�t� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e�s�e� �t�w�o� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s�,� �b�u�t� �a�b�o�u�t� �3�0� �k�g� �N� �h�a�'�'� 

�w�a�s� �s�h�i�f�t�e�d� �f�r�o�m� �G�S� �2�5� �t�o� �G�S� �3�0� �b�y� �u�s�i�n�g� �t�i�l�l�e�r� �d�e�n�s�i�t�y�-�b�a�s�e�d� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�t� �G�S� �2�5�.� �T�h�i�s� �i�s� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �d�e�s�i�r�a�b�l�e�,� �s�i�n�c�e� �l�e�a�c�h�i�n�g� 

�p�o�t�e�n�t�i�a�l� �i�s� �h�i�g�h�e�r� �a�t� �G�S� �2�5� �t�h�a�n� �a�t� �G�S� �3�0�.� 

�F�i�g�u�r�e� �8� �i�n�d�i�c�a�t�e�s� �t�h�a�t�,� �w�h�e�n� �N� �i�s� �a�l�s�o� �t�o� �b�e� �a�p�p�l�i�e�d� �a�t� �G�S� �3�0�,� �a� �G�S� �2�5� �N� 

�a�p�p�l�i�c�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �m�a�d�e� �w�h�e�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�s� �b�e�l�o�w� �a�b�o�u�t� �1�0�0�0� �m�~ ��.� �I�f�a� 

�f�a�r�m�e�r� �d�e�c�i�d�e�s� �t�o� �m�a�k�e� �a� �s�i�n�g�l�e� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�,� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �c�a�n� �b�e� �u�s�e�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �i�t� �i�s� �p�r�e�f�e�r�a�b�l�e� �t�o� �m�a�k�e� �a� �s�i�n�g�l�e� �a�p�p�l�i�c�a�t�i�o�n� �a�t� �G�S� �2�5� �(�r�a�t�e� 

�b�a�s�e�d� �o�n� �s�o�i�l� �n�i�t�r�a�t�e� �l�e�v�e�l�s�)� �o�r� �a�t� �G�S� �3�0� �(�r�a�t�e� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �N� �l�e�v�e�l�s�)�.� 

�E�c�o�n�o�m�i�c� �a�n�a�l�y�s�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a� �s�i�n�g�l�e� �G�S� �3�0� �a�p�p�l�i�c�a�t�i�o�n� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� 

�t�e�s�t� �r�e�s�u�l�t�s� �g�a�v�e� �h�i�g�h�e�r� �r�e�t�u�r�n�s� �t�h�a�n� �a� �s�i�n�g�l�e� �G�S� �2�5� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �a�l�l� 

�e�x�p�e�r�i�m�e�n�t�a�l� �f�i�e�l�d�s� �w�i�t�h� �m�o�r�e� �t�h�a�n� �8�0�0� �t�i�l�l�e�r�s� �m�?�.� �B�e�l�o�w� �8�0�0� �t�i�l�l�e�r�s� �m�7 ��,� �a� 

�s�i�n�g�l�e� �G�S� �2�5� �a�p�p�l�i�c�a�t�i�o�n� �g�a�v�e� �h�i�g�h�e�r� �r�e�t�u�r�n�s� �i�n� �m�o�s�t� �e�x�p�e�r�i�m�e�n�t�a�l� �f�i�e�l�d�s�.� 

�S�i�n�g�l�e�-�a�p�p�l�i�c�a�t�i�o�n� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �i�n� �w�h�i�c�h� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�6�8



�t�h�e� �t�i�m�i�n�g� �o�f� �t�h�e� �s�i�n�g�l�e� �a�p�p�l�i�c�a�t�i�o�n� �a�n�d� �t�h�e� �r�a�t�e� �i�s� �b�a�s�e�d� �o�n� �e�i�t�h�e�r� �s�o�i�l� �n�i�t�r�a�t�e� 

�(�f�o�r� �a� �G�S� �2�5� �a�p�p�l�i�c�a�t�i�o�n�)� �o�r� �t�i�s�s�u�e� �N� �(�f�o�r� �a� �G�S� �3�0� �a�p�p�l�i�c�a�t�i�o�n�)� �i�n�c�r�e�a�s�e�d� 

�e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �s�u�b�s�t�a�n�t�i�a�l�l�y� �r�e�l�a�t�i�v�e� �t�o� �a� �s�i�n�g�l�e� �f�i�x�e�d�-�r�a�t�e� �e�a�r�l�y� �s�p�r�i�n�g� 

�a�p�p�l�i�c�a�t�i�o�n�,� �b�u�t� �g�a�v�e� �c�o�n�s�i�d�e�r�a�b�l�y� �l�o�w�e�r� �r�e�t�u�r�n�s� �t�h�a�n� �s�p�l�i�t� �s�p�r�i�n�g� �a�p�p�l�i�c�a�t�i�o�n�s� 

�(�T�a�b�l�e� �1�1�)�.� 

�O�p�t�i�m�u�m� �N� �a�p�p�l�i�c�a�t�i�o�n� �s�t�r�a�t�e�g�y� �a�n�d� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �p�r�o�f�i�t� �e�s�t�i�m�a�t�e� �w�e�r�e� �d�e�r�i�v�e�d� 

�f�o�r� �e�a�c�h� �s�i�t�e�;� �t�h�i�s� �v�a�l�u�e� �p�r�o�v�i�d�e�s� �a� �m�e�a�s�u�r�e� �o�f� �h�o�w� �m�u�c�h� �r�o�o�m� �f�o�r� 

�i�m�p�r�o�v�e�m�e�n�t� �e�x�i�s�t�s�.� �A�b�o�u�t� �t�h�r�e�e�-�q�u�a�r�t�e�r�s� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �e�c�o�n�o�m�i�c� �g�a�i�n� �f�r�o�m� 

�i�m�p�r�o�v�i�n�g� �t�r�a�d�i�t�i�o�n�a�l� �N� �m�a�n�a�g�e�m�e�n�t� �a�t� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s� �(�$�1�8�1� �-� �$�1�0�8� �=� �$�7�3� 

�h�a ��'�)� �w�a�s� �r�e�a�l�i�z�e�d� �b�y� �u�s�i�n�g� �s�p�l�i�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �G�S� �2�5� 

�a�p�p�l�i�c�a�t�i�o�n� �b�a�s�e�d� �o�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �a�n�d� �t�h�e� �G�S� �3�0� �a�p�p�l�i�c�a�t�i�o�n� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �N� 

�c�o�n�t�e�n�t�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�d�a�m�s�,� �D�o�n�a�l�d�,� �S�t�a�n�l�e�y� �L�.� �C�h�a�p�m�a�n�,� �T�e�r�r�y� �C�.� �K�e�i�s�l�i�n�g�,� �a�n�d� �T�e�r�e�s�a� �L�.� �S�t�e�w�a�r�t�.� 

�1�9�8�5�.� �M�o�n�i�t�o�r�i�n�g� �w�h�e�a�t� �f�o�r� �p�l�a�n�t� �N�,� �P�,� �a�n�d� �K� �c�o�n�t�e�n�t� �a�n�d� �f�e�r�t�i�l�i�z�e�r� 

�m�a�n�a�g�e�m�e�n�t�.� �E�x�t�e�n�s�i�o�n� �C�o�m�p�u�t�e�r� �T�e�c�h�n�i�c�a�l� �B�u�l�l�e�t�i�n� �N�o�.� �3�.� �C�o�o�p�e�r�a�t�i�v�e� 

�E�x�t�e�n�s�i�o�n� �S�e�r�v�i�c�e�,� �U�n�i�v�.� �o�f� �A�r�k�a�n�s�a�s�,� �L�i�t�t�l�e� �R�o�c�k�,� �A�R�.� 

�A�l�l�e�y�,� �M�.�M�.�,� �A�.�L�.� �B�l�a�c�k�,� �a�n�d� �K�.�A�.� �K�e�l�l�i�n�g�.� �1�9�8�8�.� �P�l�a�n�t� �a�n�d� �s�o�i�l� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� 

�e�f�f�i�c�i�e�n�t� �u�s�e� �o�f� �f�e�r�t�i�l�i�z�e�r�s�.� �p�.� �1�0�2�-�1�2�8�.� �/�n� �A�.�D�.� �H�a�l�v�o�r�s�o�n� �(�e�d�.�)� �A�d�v�a�n�c�e�s� 

�i�n� �f�e�r�t�i�l�i�z�e�r� �t�e�c�h�n�o�l�o�g�y� �a�n�d� �u�s�e�,� �2�5�t�h� �A�n�n�i�v�e�r�s�a�r�y� �S�y�m�p�o�s�i�u�m� �D�i�v�i�s�i�o�n� �S�-�8�.� 

�S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�A�l�l�e�y�,� �M�.�M�.�,� �P�e�t�e�r� �S�c�h�a�r�f�,� �D�.�E�.� �B�r�a�n�n�,� �W�.�E�.� �B�a�e�t�h�g�e�n�,� �a�n�d� �S�.�J�.� �D�o�n�o�h�u�e�.� 

�1�9�8�9�.� �E�f�f�i�c�i�e�n�t� �N�_� �f�e�r�t�i�l�i�z�a�t�i�o�n� �o�f� �w�i�n�t�e�r� �w�h�e�a�t�:� �p�r�i�n�c�i�p�l�e�s� �a�n�d� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�.� �V�i�r�g�i�n�i�a� �C�o�o�p�e�r�a�t�i�v�e� �E�x�t�e�n�s�i�o�n� �P�u�b�l�i�c�a�t�i�o�n� �4�2�4�-�0�2�6�.� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�a�.� �O�p�t�i�m�i�z�i�n�g� �s�o�i�l� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �n�i�t�r�o�g�e�n� 

�u�s�e� �b�y� �i�n�t�e�n�s�i�v�e�l�y� �m�a�n�a�g�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �|�.� �C�r�o�p� �n�i�t�r�o�g�e�n� �u�p�t�a�k�e�.� �A�g�r�o�n�.� 

�J�.� �8�1�:�1�1�6�-�1�2�0�.� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�b�.� �O�p�t�i�m�i�z�i�n�g� �s�o�i�l� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �n�i�t�r�o�g�e�n� 

�u�s�e� �b�y� �i�n�t�e�n�s�i�v�e�l�y� �m�a�n�a�g�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �I�l�.� �C�r�i�t�i�c�a�l� �l�e�v�e�l�s� �a�n�d� �o�p�t�i�m�u�m� 

�r�a�t�e�s� �o�f� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r�.� �A�g�r�o�n�.� �J�.� �8�1�:�1�2�0�-�1�2�5�.� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.�,� �D�.�B�.� �T�a�y�l�o�r�,� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�.� �Q�u�a�d�r�a�t�i�c� �p�r�o�g�r�a�m�m�i�n�g� 

�m�e�t�h�o�d� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �o�p�t�i�m�u�m� �n�i�t�r�o�g�e�n� �r�a�t�e�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �d�u�r�i�n�g� 

�t�i�l�l�e�r�i�n�g�.� �A�g�r�o�n�.� �J�.� �8�1�:�5�5�7�-�5�5�9�.� 

�B�u�n�d�y�,� �L�.�G�.�,� �M�.�A�.� �S�c�h�m�i�t�t�,� �a�n�d� �G�.�W�.� �R�a�n�d�a�l�l�.� �1�9�9�2�.� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� 

�n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� �h�u�m�i�d� �r�e�g�i�o�n�s�:� �a�d�v�a�n�c�e�s� �i�n� �t�h�e� �U�p�p�e�r� �M�i�d�w�e�s�t�.� �p�.� �7�3�-�8�9�.� 

�I�n� �B�.�R�.� �B�o�c�k� �a�n�d� �K�.�R�.� �K�e�l�l�e�y� �(�e�d�.�)� �P�r�e�d�i�c�t�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �n�e�e�d�s� �f�o�r� �c�o�r�n� �i�n� 

�h�u�m�i�d� �r�e�g�i�o�n�s�.� �B�u�l�l�.� �Y�-�2�2�6�.� �N�a�t�i�o�n�a�l� �F�e�r�t�i�l�i�z�e�r� �a�n�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� 
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�C�e�n�t�e�r�,� �M�u�s�c�l�e� �S�h�o�a�l�s�,� �A�L�.� 

�K�e�e�n�e�y�,� �D�.�R�.� �a�n�d� �D�.�W�.� �N�e�l�s�o�n�.� �1�9�8�2�.� �N�i�t�r�o�g�e�n�-�-�i�n�o�r�g�a�n�i�c� �f�o�r�m�s�.� �/�n� �A�.�L�.� �P�a�g�e�,� 

�R�.�H�.� �M�i�l�l�e�r�,� �a�n�d� �D�.�R�.� �K�e�e�n�e�y� �(�e�d�.�)�,� �M�e�t�h�o�d�s� �o�f� �s�o�i�l� �a�n�a�l�y�s�i�s�,� �P�a�r�t� �2�.� �2�n�d� �e�d�.� 

�A�g�r�o�n�o�m�y� �9�:�6�4�3�-�6�9�8�.� 

�M�e�i�s�i�n�g�e�r�,� �J�.�J�.�,� �R�.�F�.� �M�u�l�f�o�r�d�,� �a�n�d� �J�.�S�.� �S�t�a�n�g�a�r�o�n�e�.� �1�9�8�7�.� �E�f�f�e�c�t�s� �o�f� �r�e�s�i�d�u�a�l� 

�N� �o�n� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �M�a�r�y�l�a�n�d�.� �p�.� �2�0�9�.� �/�n� �A�g�r�o�n�o�m�y� �A�b�s�t�r�a�c�t�s�.� �A�S�A�,� 

�M�a�d�i�s�o�n�,� �W�I�.� 

�M�i�l�l�e�r�,� �B�.�C�.�,� �J�.�E�.� �H�i�l�l�,� �a�n�d� �S�.�R�.� �R�o�b�e�r�t�s�.� �1�9�9�1�.� �P�l�a�n�t� �p�o�p�u�l�a�t�i�o�n� �e�f�f�e�c�t�s� �o�n� 

�g�r�o�w�t�h� �a�n�d� �y�i�e�l�d� �i�n� �w�a�t�e�r�-�s�e�e�d�e�d� �r�i�c�e�.� �A�g�r�o�n�.� �J�.� �8�3�:�2�9�1�-�2�9�7�.� 

�P�e�t�e�r�s�o�n�,� �G�.�A�.� �a�n�d� �R�e�g�i�s� �D�.� �V�o�s�s�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �W�e�s�t� 

�N�o�r�t�h� �C�e�n�t�r�a�l� �S�t�a�t�e�s�.� �p�.� �7�2�1�-�7�3�3�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� 

�p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�S�c�h�a�r�f�,� �P�e�t�e�r� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�8�.� �C�e�n�t�r�i�f�u�g�a�t�i�o�n�:� �a� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �p�r�o�b�l�e�m�s� 

�p�o�s�e�d� �b�y� �a�m�m�o�n�i�u�m� �a�n�d� �n�i�t�r�a�t�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �f�i�l�t�e�r�s� �i�n� �s�o�i�l� �e�x�t�r�a�c�t� 

�a�n�a�l�y�s�i�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�2�:�1�5�0�8�-�1�5�1�0�.� 

�S�z�6�o�k�e�,� �T�.�G�.�,� �J�.� �A�n�t�h�o�n�i�s�s�e�n�,� �a�n�d� �J�.� �V�e�r�g�r�a�c�h�t�.� �1�9�7�9�.� �N�e�w� �e�t�h�e�p�h�o�n� �b�a�s�e�d� 

�a�n�t�i�-�l�o�d�g�i�n�g� �p�r�o�d�u�c�t� �f�o�r� �b�a�r�l�e�y�.� �M�e�d�e�d�.� �F�a�c�.� �L�a�n�d�b�o�u�w�w�.� �R�i�j�k�s�u�n�i�v�.� 

�4�4�:�8�4�3�-�8�5�2�.� 

�V�a�u�g�h�a�n�,� �B�.�,� �D�.�G�.� �W�e�s�t�f�a�l�l�,� �K�.�A�.� �B�a�r�b�a�r�i�c�k�,� �a�n�d� �P�.�L�.� �C�h�a�p�m�a�n�.� �1�9�9�0�.� �T�i�s�s�u�e� 

�n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �f�o�r� �d�r�y�l�a�n�d� �h�a�r�d� �r�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �A�g�r�o�n�.� �J�.� �8�2�:�5�6�1�-�5�6�5�.� 

�W�a�l�k�l�e�y�,� �A�.� �a�n�d� �1�.�A�.� �B�l�a�c�k�.� �1�9�3�4�.� �A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �D�e�g�t�j�a�r�e�f�f� �m�e�t�h�o�d� �f�o�r� 

�d�e�t�e�r�m�i�n�i�n�g� �s�o�i�l� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �a�n�d� �a� �p�r�o�p�o�s�e�d� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �c�h�r�o�m�i�c� 

�a�c�i�d� �t�i�t�r�a�t�i�o�n� �m�e�t�h�o�d�.� �S�o�i�l� �S�c�i�.� �3�7�:�2�9�-�3�8�.� 

�W�a�r�i�n�g�,� �S�.�A�.� �a�n�d� �J�.�M�.� �B�r�e�m�n�e�r�.� �1�9�6�4�.� �A�m�m�o�n�i�u�m� �p�r�o�d�u�c�t�i�o�n� �i�n� �s�o�i�l� �u�n�d�e�r� 

�w�a�t�e�r�l�o�g�g�e�d� �c�o�n�d�i�t�i�o�n�s� �a�s� �a�n� �i�n�d�e�x� �o�f� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y�.� �N�a�t�u�r�e� 

�2�0�1�:�9�5�1�-�9�5�2�.� 
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�W�e�h�r�m�a�n�n�,� �J�.� �a�n�d� �H�.�C�.� �S�c�h�a�r�p�f�.� �1�9�7�9�.� �D�e�r� �m�i�n�e�r�a�l�s�t�i�c�k�s�t�o�f�f�g�e�h�a�l�t� �d�e�s� �b�o�d�e�n�s� 

�a�l�s� �m�a�s�t�a�b� �f�u�r� �d�e�n� �s�t�i�c�k�s�t�o�f�f�d�U�n�g�e�r�b�e�d�a�r�f� �(�N�,�,�,�,�-�m�e�t�h�o�d�e�)�.� �P�l�a�n�t� �S�o�i�l� 

�5�2�:�1�0�9�-�1�2�6�.� 

�W�e�s�t�f�a�l�l�,� �D�.�G�.� �1�9�8�4�.� �M�a�n�a�g�e�m�e�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �M�o�u�n�t�a�i�n� �S�t�a�t�e�s�.� �p�.� �7�5�1�-� 

�7�6�3�.� �/�n� �R�.�D�.� �H�a�u�c�k� �(�e�d�.�)� �N�i�t�r�o�g�e�n� �i�n� �c�r�o�p� �p�r�o�d�u�c�t�i�o�n�.� �A�S�A�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�Z�a�d�o�k�s�,� �J�.�C�.�,� �T�.�T�.� �C�h�a�n�g�,� �a�n�d� �C�.�F�.� �K�o�n�z�a�k�.� �1�9�7�4�.� �A� �d�e�c�i�m�a�l� �c�o�d�e� �f�o�r� �t�h�e� 

�g�r�o�w�t�h� �s�t�a�g�e�s� �o�f� �c�e�r�e�a�l�s�.� �W�e�e�d� �R�e�s�.� �1�4�:�4�1�5�-�4�2�1�.� 
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�C�h�a�p�t�e�r� �V� 

�A�c�c�o�u�n�t�i�n�g� �f�o�r� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �i�n� 

�f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �i�n�c�r�e�a�s�e�s� �s�t�a�t�i�s�t�i�c�a�l� �p�o�w�e�r� 

�A�B�S�T�R�A�C�T� 

�O�u�r� �o�b�j�e�c�t�i�v�e� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �u�t�i�l�i�t�y� �o�f� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� 

�a�n�a�l�y�s�i�s� �i�n� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �a� �s�e�t� �o�f� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s�.� �P�a�r�a�m�e�t�r�i�c� 

�s�t�a�t�i�s�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �e�v�a�l�u�a�t�e� �t�r�e�a�t�m�e�n�t� �s�i�g�n�i�f�i�c�a�n�c�e� �i�n� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �b�y� 

�c�o�m�p�a�r�i�n�g� �v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�r�e�a�t�m�e�n�t�s� �t�o� �v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �r�a�n�d�o�m� 

�e�r�r�o�r�.� �I�n� �m�a�n�y� �e�x�p�e�r�i�m�e�n�t�s�,� �a� �c�o�n�s�i�d�e�r�a�b�l�e� �a�m�o�u�n�t� �o�f� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �r�a�n�d�o�m� �e�r�r�o�r� �i�s� �a�c�t�u�a�l�l�y� �d�u�e� �t�o� �l�a�r�g�e�-�s�c�a�l�e� �s�o�i�l� �v�a�r�i�a�b�i�l�i�t�y� �t�h�a�t� �C�a�n�n�o�t� �b�e� 

�a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �b�l�o�c�k�i�n�g�.� �T�h�i�s� �v�a�r�i�a�b�i�l�i�t�y� �c�a�n�,� �i�n� �p�a�r�t�,� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �a� 

�t�e�c�h�n�i�q�u�e� �c�a�l�l�e�d� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s�,� �t�h�u�s� �r�e�d�u�c�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� 

�v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �r�a�n�d�o�m� �e�r�r�o�r�;� �v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�r�e�a�t�m�e�n�t�s� �i�s� �t�h�e�n� 

�l�a�r�g�e�r� �i�n� �c�o�m�p�a�r�i�s�o�n�,� �a�n�d� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �i�s� 

�i�n�c�r�e�a�s�e�d�.� �F�o�u�r� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �f�a�l�l� �N� �t�r�e�a�t�m�e�n�t�s� �o�n� �w�i�n�t�e�r� �w�h�e�a�t� �(�7�r�i�t�i�c�u�m� 

�a�e�s�t�i�v�u�m� �L�.�)� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)�.� �A�c�c�o�r�d�i�n�g� �t�o� 

�t�h�i�s� �a�n�a�l�y�s�i�s�,� �t�r�e�a�t�m�e�n�t� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �y�i�e�l�d� �i�n� �a�n�y� �o�f� �t�h�e� �f�o�u�r� 

�e�x�p�e�r�i�m�e�n�t�s�.� �A�f�t�e�r� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �w�a�s� �u�s�e�d� �t�o� �r�e�m�o�v�e� �s�p�a�t�i�a�l� �y�i�e�l�d� 

�v�a�r�i�a�b�i�l�i�t�y� �f�r�o�m� �t�h�e� �r�a�n�d�o�m� �e�r�r�o�r� �t�e�r�m�,� �A�N�O�V�A� �r�e�v�e�a�l�e�d� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� 

�t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �i�n� �t�w�o� �o�f� �t�h�e� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�s�.� �A�c�c�o�u�n�t�i�n�g� �f�o�r� �s�p�a�t�i�a�l� 

�v�a�r�i�a�b�i�l�i�t�y� �i�s� �a� �p�r�a�c�t�i�c�a�l� �w�a�y� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �p�o�w�e�r� �o�f� �A�N�O�V�A� �a�n�d� 

�a�c�c�o�m�p�a�n�y�i�n�g� �m�e�a�n� �s�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �w�h�e�n� �a�n�a�l�y�z�i�n�g� �d�a�t�a� �f�r�o�m� 

�r�e�p�l�i�c�a�t�e�d� �f�i�e�l�d� �p�l�o�t� �e�x�p�e�r�i�m�e�n�t�s�.� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

�I�t� �h�a�s� �b�e�e�n� �r�e�c�o�g�n�i�z�e�d� �f�o�r� �a� �l�o�n�g� �t�i�m�e� �t�h�a�t� �s�o�i�l� �s�p�a�t�i�a�l� �v�a�r�i�a�b�i�l�i�t�y� �h�a�s� �a� 

�c�o�n�f�o�u�n�d�i�n�g� �i�n�f�l�u�e�n�c�e� �o�n� �a�t�t�e�m�p�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �u�s�i�n�g� 

�r�e�p�l�i�c�a�t�e�d� �f�i�e�l�d� �t�r�i�a�l�s� �(�M�e�r�c�e�r� �a�n�d� �H�a�l�l�,� �1�9�1�1�)�.� �W�h�i�l�e� �r�e�p�l�i�c�a�t�i�o�n� �i�s� �i�n� �i�t�s�e�l�f� �a�n� 

�a�t�t�e�m�p�t� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �s�o�i�l� �s�p�a�t�i�a�l� �v�a�r�i�a�b�i�l�i�t�y�,� �i�t� �i�s� �a� �c�r�u�d�e� 

�t�e�c�h�n�i�q�u�e� �g�i�v�e�n� �t�h�e� �c�o�m�p�l�e�x� �p�a�t�t�e�r�n�s� �o�f� �s�p�a�t�i�a�l� �v�a�r�i�a�b�i�l�i�t�y� �t�h�a�t� �e�x�i�s�t� �(�c�f�.� �d�a�t�a� 

�f�r�o�m� �M�e�r�c�e�r� �a�n�d� �H�a�l�l� �(�1�9�1�1�)� �a�s� �p�r�e�s�e�n�t�e�d� �b�y� �R�i�p�l�e�y� �(�1�9�8�1�)�,� �p�.� �8�4�)�.� �U�n�i�f�o�r�m�i�t�y� 

�t�r�i�a�l�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �i�n� �m�a�n�y� �f�i�e�l�d�s� �t�h�e�r�e� �i�s� �n�o� �w�a�y� �t�o� �l�a�y� �o�u�t� �b�l�o�c�k�s� �t�h�a�t� �w�i�l�l� 

�s�u�c�c�e�s�s�f�u�l�l�y� �a�c�c�o�u�n�t� �f�o�r� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �(�M�e�n�d�e�z�,� �1�9�7�0�)�.� �M�a�n�y� 

�c�o�n�t�e�m�p�o�r�a�r�y� �a�g�r�i�c�u�l�t�u�r�a�l� �f�i�e�l�d� �t�r�i�a�l�s� �e�x�a�m�i�n�e� �t�r�e�a�t�m�e�n�t�s� �t�h�a�t� �a�r�e� �g�e�n�e�r�a�l�l�y� 

�e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �r�e�l�a�t�i�v�e�l�y� �m�o�d�e�s�t� �e�f�f�e�c�t�s� �o�n� �y�i�e�l�d�,� �e�.�g�.� �v�a�r�i�e�t�i�e�s�,� �t�i�l�l�a�g�e�,� 

�p�e�s�t�i�c�i�d�e�s�,� �g�r�o�w�t�h� �r�e�g�u�l�a�t�o�r�s�,� �n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n�h�i�b�i�t�o�r�s�,� �a�n�d� �r�o�w� �s�p�a�c�i�n�g�.� �S�p�a�t�i�a�l� 

�y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y�,� �i�f� �a�t�t�r�i�b�u�t�e�d� �t�o� �r�a�n�d�o�m� �e�r�r�o�r�,� �c�a�n� �m�a�s�k� �t�r�u�e� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s�.� 

�P�a�p�a�d�a�k�i�s� �(�1�9�3�7�)� �w�a�s� �t�h�e� �f�i�r�s�t� �t�o� �s�u�g�g�e�s�t� �a� �s�t�a�t�i�s�t�i�c�a�l� �a�p�p�r�o�a�c�h� �t�o� �t�h�i�s� 

�p�r�o�b�l�e�m�.� �H�e� �p�r�o�p�o�s�e�d� �t�o� �u�s�e� �y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �f�r�o�m� �n�e�i�g�h�b�o�r�i�n�g� �p�l�o�t�s� �a�s� 

�c�o�v�a�r�i�a�t�e�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t� �o�n� �y�i�e�l�d�;� �i�n� �e�f�f�e�c�t�,� �a� �c�l�u�s�t�e�r� �o�f� 

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h�-�y�i�e�l�d�i�n�g� �p�l�o�t�s� �i�s� �p�o�s�t�u�l�a�t�e�d� �t�o� �b�e� �t�h�e� �r�e�s�u�l�t� �o�f� �a� �r�e�g�i�o�n� �o�f� 

�r�e�l�a�t�i�v�e�l�y� �f�a�v�o�r�a�b�l�e� �s�o�i�l� �p�r�o�p�e�r�t�i�e�s�,� �a�n�d� �a� �c�l�u�s�t�e�r� �o�f� �l�o�w�-�y�i�e�l�d�i�n�g� �p�l�o�t�s� �t�h�e� �r�e�s�u�l�t� 

�o�f� �u�n�f�a�v�o�r�a�b�l�e� �s�o�i�l� �p�r�o�p�e�r�t�i�e�s�.� �T�h�i�s� �w�o�r�k� �s�u�b�s�t�a�n�t�i�a�l�l�y� �f�o�r�m�s� �t�h�e� �b�a�s�i�s� �o�f� �w�h�a�t� 

�i�s� �n�o�w� �t�e�r�m�e�d� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s�.� �T�h�e� �i�d�e�a� �w�a�s� �f�u�r�t�h�e�r� �d�i�s�c�u�s�s�e�d� �a�n�d� 

�d�e�v�e�l�o�p�e�d� �b�y� �B�a�r�t�l�e�t�t� �(�1�9�3�8�,� �1�9�7�8�)�.� �W�i�l�k�i�n�s�o�n� �e�t� �a�l�.� �(�1�9�8�3�)� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�p�r�o�c�e�d�u�r�e� �i�s� �s�t�a�t�i�s�t�i�c�a�l�l�y� �c�o�n�s�e�r�v�a�t�i�v�e� �e�x�c�e�p�t� �w�h�e�n� �a�p�p�l�i�e�d� �i�t�e�r�a�t�i�v�e�l�y� �(�a�s� �h�a�s� 

�b�e�e�n� �s�u�g�g�e�s�t�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s�)�.� �W�h�i�l�e� �t�h�e� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �p�r�o�c�e�d�u�r�e� �i�s� 

�r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e�,� �i�t� �a�p�p�e�a�r�s� �t�o� �h�a�v�e� �g�a�i�n�e�d� �l�i�t�t�l�e� �a�c�c�e�p�t�a�n�c�e� �o�r� �u�s�e� �b�y� 
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�a�g�r�i�c�u�l�t�u�r�a�l� �s�c�i�e�n�t�i�s�t�s� �i�n� �t�h�e� �U�.�S�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �p�a�p�e�r� �a�r�e�:� 

�1�)� �t�o� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �t�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �a� �s�e�t� �o�f� 

�f�o�u�r� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �w�i�n�t�e�r� �w�h�e�a�t�;� �a�n�d� 

�2�)� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �i�n� �t�h�e�s�e� 

�e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s�.� 
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�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�D�a�t�a� �u�s�e�d� �i�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n�s� �p�r�e�s�e�n�t�e�d� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �s�e�t� �o�f� �f�o�u�r� 

�e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �t�e�n� �f�a�l�l� �N� �t�r�e�a�t�m�e�n�t�s� �a�p�p�l�i�e�d� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �t�h�e� �C�o�a�s�t�a�l� 

�P�l�a�i�n� �o�f� �V�i�r�g�i�n�i�a�.� �A�u�g�e�r� �b�o�r�i�n�g�s� �w�e�r�e� �u�s�e�d� �t�o� �v�e�r�i�f�y� �a�p�p�a�r�e�n�t� �u�n�i�f�o�r�m�i�t�y� �o�f� �s�o�i�l� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�s� �p�a�r�t� �o�f� �t�h�e� �s�i�t�e�-�s�e�l�e�c�t�i�o�n� �p�r�o�c�e�s�s�.� �T�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�o�u�r�c�e�s� 

�a�n�d� �t�i�m�e�s� �o�f� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �f�a�l�l� �N�;� �a� �u�n�i�f�o�r�m� �r�a�t�e� �o�f� �u�r�e�a�-�a�m�m�o�n�i�u�m� �n�i�t�r�a�t�e� 

�s�o�l�u�t�i�o�n� �w�a�s� �t�o�p�-�d�r�e�s�s�e�d� �o�n� �a�l�l� �p�l�o�t�s� �i�n� �t�h�e� �s�p�r�i�n�g�.� �I�n�d�i�v�i�d�u�a�l� �p�l�o�t� �y�i�e�l�d�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �p�l�o�t� �c�o�m�b�i�n�e� �a�n�d� �c�o�r�r�e�c�t�e�d� �t�o� �s�t�a�n�d�a�r�d� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�.� 

�Y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �f�o�r� �e�a�c�h� �p�l�o�t� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�i�n�d�i�v�i�d�u�a�l� �p�l�o�t� �y�i�e�l�d� �a�n�d� �t�r�e�a�t�m�e�n�t� �m�e�a�n� �y�i�e�l�d� �f�o�r� �t�h�e� �t�r�e�a�t�m�e�n�t� �a�p�p�l�i�e�d� �t�o� �t�h�a�t� 

�p�l�o�t�.� �Y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �w�e�r�e� �m�a�r�k�e�d� �o�n� �e�a�c�h� �p�l�o�t� �i�n� �a� �m�a�p� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� �a�n�d� 

�t�h�e� �m�a�p� �w�a�s� �v�i�s�u�a�l�l�y� �e�x�a�m�i�n�e�d� �f�o�r� �c�l�u�s�t�e�r�s� �o�f� �l�a�r�g�e� �p�o�s�i�t�i�v�e� �o�r� �l�a�r�g�e� �n�e�g�a�t�i�v�e� 

�r�e�s�i�d�u�a�l�s�.� �A�n�y� �d�i�s�t�i�n�c�t�i�v�e� �p�a�t�t�e�r�n� �i�n� �t�h�e� �r�e�s�i�d�u�a�l�s� �w�a�s� �n�o�t�e�d�.� 

�T�h�e� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �v�a�l�u�e� �(�e�s�t�i�m�a�t�e� �o�f� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t�)� �f�o�r� �e�a�c�h� �p�l�o�t� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �a�s� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �o�f� �n�e�i�g�h�b�o�r�i�n�g� �p�l�o�t�s� �(�P�a�p�a�d�a�k�i�s�,� 

�1�9�3�7�)�.� �Y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �a�n�d� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �v�a�l�u�e�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� 

�s�i�m�u�l�t�a�n�e�o�u�s�l�y� �u�s�i�n�g� �a� �P�C�-�S�A�S� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �P�.�O�.� �B�o�x� �8�0�0�0�,� �C�a�r�y�,� �N�C� 

�2�7�5�1�1�)� �m�a�c�r�o� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �D�a�v�i�d� �M�a�r�x� �o�f� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�e�b�r�a�s�k�a�.� �A�l�l� 

�i�m�m�e�d�i�a�t�e�l�y� �a�d�j�a�c�e�n�t� �n�e�i�g�h�b�o�r�i�n�g� �p�l�o�t�s� �(�s�i�d�e�s� �a�n�d� �c�o�r�n�e�r�s�)� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� 

�c�a�l�c�u�l�a�t�i�o�n� �o�f� �o�n�e� �s�e�t� �o�f� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �v�a�l�u�e�s�;� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �w�h�e�r�e� �s�o�m�e� 

�d�i�s�t�i�n�c�t�i�v�e� �p�a�t�t�e�r�n� �h�a�d� �b�e�e�n� �n�o�t�e�d� �i�n� �t�h�e� �m�a�p� �o�f� �r�e�s�i�d�u�a�l�s�,� �r�e�s�t�r�i�c�t�e�d� �s�e�t�s� �o�f� 

�n�e�i�g�h�b�o�r�s� �s�u�g�g�e�s�t�e�d� �b�y� �t�h�i�s� �p�a�t�t�e�r�n� �w�e�r�e� �u�s�e�d� �i�n� �c�a�l�c�u�l�a�t�i�n�g� �a�l�t�e�r�n�a�t�e� �s�e�t�s� �o�f� 

�n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �v�a�l�u�e�s� �f�o�r� �t�h�a�t� �e�x�p�e�r�i�m�e�n�t�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�f� �l�a�r�g�e� �p�o�s�i�t�i�v�e� �a�n�d� 
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�l�a�r�g�e� �n�e�g�a�t�i�v�e� �r�e�s�i�d�u�a�l�s� �t�e�n�d�e�d� �t�o� �a�p�p�e�a�r� �i�n� �"�v�e�r�t�i�c�a�l�"� �(�a�s� �v�i�e�w�e�d� �o�n� �p�a�p�e�r�)� 

�s�t�r�e�a�k�s� �i�n� �t�h�e� �m�a�p� �o�f� �r�e�s�i�d�u�a�l�s�,� �t�h�e�n� �o�n�l�y� �"�v�e�r�t�i�c�a�l�l�y�"� �a�d�j�a�c�e�n�t� �p�l�o�t�s� �w�e�r�e� �u�s�e�d� 

�i�n� �c�a�l�c�u�l�a�t�i�n�g� �a� �s�e�t� �o�f� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �v�a�l�u�e�s�.� 

�Y�i�e�l�d� �d�a�t�a� �f�r�o�m� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d� �f�o�r� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t� �o�n� 

�y�i�e�l�d� �u�s�i�n�g� �b�o�t�h� �t�r�a�d�i�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� 

�c�o�v�a�r�i�a�n�c�e� �(�A�N�A�C�O�V�A�)� �w�i�t�h� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �e�s�t�i�m�a�t�e�s� �o�f� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t� �a�s� 

�t�h�e� �c�o�v�a�r�i�a�t�e�s�.� �W�h�e�n� �a� �s�e�t� �o�f� �c�o�v�a�r�i�a�t�e�s� �b�a�s�e�d� �o�n� �a� �r�e�s�t�r�i�c�t�e�d� �s�e�t� �o�f� �n�e�i�g�h�b�o�r�s� 

�w�a�s� �s�u�g�g�e�s�t�e�d� �b�y� �p�a�t�t�e�r�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �m�a�p� �o�f� �r�e�s�i�d�u�a�l�s�,� �A�N�A�C�O�V�A� �w�a�s� 

�r�u�n� �b�o�t�h� �w�i�t�h� �t�h�i�s� �s�e�t� �o�f� �c�o�v�a�r�i�a�t�e�s� �a�n�d� �w�i�t�h� �t�h�e� �s�e�t� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �a�l�l� �e�i�g�h�t� 

�i�m�m�e�d�i�a�t�e�l�y� �a�d�j�a�c�e�n�t� �n�e�i�g�h�b�o�r�s�;� �t�h�e� �s�e�t� �o�f� �c�o�v�a�r�i�a�t�e�s� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �F� �v�a�l�u�e� 

�w�a�s� �t�h�e�n� �a�d�o�p�t�e�d�.� �C�o�m�p�u�t�a�t�i�o�n�s� �f�o�r� �A�N�O�V�A� �a�n�d� �A�N�A�C�O�V�A� �w�e�r�e� �p�e�r�f�o�r�m�e�d� 

�o�n� �S�A�S� �u�s�i�n�g� �P�R�O�C� �A�N�O�V�A� �a�n�d� �P�R�O�C� �G�L�M�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �L�S�M�E�A�N�S� �f�r�o�m� 

�P�R�O�C� �G�L�M� �w�e�r�e� �u�s�e�d� �a�s� �A�N�A�C�O�V�A�-�c�o�r�r�e�c�t�e�d� �e�s�t�i�m�a�t�e�s� �o�f� �t�r�e�a�t�m�e�n�t� �m�e�a�n� 

�y�i�e�l�d� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)�.� 
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�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�Y�i�e�l�d� �r�e�s�i�d�u�a�l� �m�a�p�s� �f�o�r� �t�h�e� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�1�.� 

�C�l�u�s�t�e�r�s� �o�f� �l�a�r�g�e� �p�o�s�i�t�i�v�e� �a�n�d� �l�a�r�g�e� �n�e�g�a�t�i�v�e� �r�e�s�i�d�u�a�l�s� �o�c�c�u�r� �a�t� �a�l�l� �f�o�u�r� �l�o�c�a�t�i�o�n�s�,� 

�v�i�o�l�a�t�i�n�g� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �r�a�n�d�o�m�n�e�s�s� �o�f� �r�e�s�i�d�u�a�l�s� �m�a�d�e� �b�y� �A�N�O�V�A�.� �T�h�e�r�e� 

�a�r�e� �a�n� �i�m�m�e�n�s�e� �n�u�m�b�e�r� �o�f� �s�p�a�t�i�a�l�l�y� �v�a�r�i�a�b�l�e� �s�o�i�l� �p�r�o�p�e�r�t�i�e�s� �t�h�a�t� �m�i�g�h�t� �b�e� 

�c�a�u�s�i�n�g� �t�h�i�s� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y�.� �I�f�,� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e�r�e� �i�s� �a�n� 

�i�n�d�i�c�a�t�i�o�n� �o�f� �w�h�a�t� �t�h�e� �c�o�n�t�r�o�l�l�i�n�g� �s�o�i�l� �p�r�o�p�e�r�t�y� �m�i�g�h�t� �b�e�,� �t�h�e�n� �t�h�i�s� �p�r�o�p�e�r�t�y� 

�s�h�o�u�l�d� �b�e� �m�e�a�s�u�r�e�d� �i�n� �e�a�c�h� �p�l�o�t� �a�n�d� �u�s�e�d� �a�s� �a� �c�o�v�a�r�i�a�t�e� �d�i�r�e�c�t�l�y� �(�c�f�.� �S�a�m�r�a� �e�t� 

�a�l�.�,� �1�9�9�2�)�.� �T�h�i�s� �i�s� �t�h�e� �m�o�s�t� �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d� �w�a�y� �t�o� �d�e�a�l� �w�i�t�h� �s�p�a�t�i�a�l� �y�i�e�l�d� 

�v�a�r�i�a�b�i�l�i�t�y� �i�n� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s�.� �H�o�w�e�v�e�r�,� �i�n� �m�a�n�y� �c�a�s�e�s�,� �t�h�e�r�e� �i�s� �l�i�t�t�l�e� 

�i�n�d�i�c�a�t�i�o�n� �o�f� �w�h�i�c�h� �s�p�a�t�i�a�l�l�y� �v�a�r�i�a�b�l�e� �s�o�i�l� �p�r�o�p�e�r�t�i�e�s� �w�i�l�l� �s�u�b�s�t�a�n�t�i�a�l�l�y� �i�n�f�l�u�e�n�c�e� 

�y�i�e�l�d�.� 

�W�h�e�n� �y�i�e�l�d� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �t�r�a�d�i�t�i�o�n�a�l� �A�N�O�V�A�,� �t�r�e�a�t�m�e�n�t� �d�i�d� �n�o�t� 

�a�p�p�e�a�r� �t�o� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �y�i�e�l�d� �a�t� �a�n�y� �o�f� �t�h�e� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� 

�l�o�c�a�t�i�o�n�s� �(�T�a�b�l�e� �1�2�)�.� �B�l�o�c�k�i�n�g� �e�f�f�e�c�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �a�l�l� �f�o�u�r� �l�o�c�a�t�i�o�n�s� �a�n�d� 

�i�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e�s�e� �t�r�a�d�i�t�i�o�n�a�l� �A�N�O�V�A� �a�n�a�l�y�s�e�s�.� �I�n�c�o�r�p�o�r�a�t�i�n�g� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� 

�v�a�l�u�e�s� �a�s� �e�s�t�i�m�a�t�e�s� �o�f� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t� �s�u�b�s�t�a�n�t�i�a�l�l�y� �i�n�c�r�e�a�s�e�d� �m�o�d�e�l� �R�? ��,� 

�d�e�c�r�e�a�s�e�d� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n�,� �a�n�d� �d�e�c�r�e�a�s�e�d� �t�h�e� �p�-�v�a�l�u�e� �f�o�r� �t�r�e�a�t�m�e�n�t� 

�e�f�f�e�c�t� �a�t� �a�l�l� �f�o�u�r� �l�o�c�a�t�i�o�n�s� �(�T�a�b�l�e� �1�2�)�.� �D�e�c�r�e�a�s�e�d� �p�-�v�a�l�u�e�s� �i�n�d�i�c�a�t�e� �i�n�c�r�e�a�s�e�d� 

�s�t�a�t�i�s�t�i�c�a�l� �p�o�w�e�r� �d�u�e� �t�o� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �r�a�n�d�o�m� �e�r�r�o�r�.� �B�l�o�c�k� �e�f�f�e�c�t� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �a�n�y� �l�o�c�a�t�i�o�n� �w�h�e�n� �n�e�a�r�e�s�t� 

�n�e�i�g�h�b�o�r� �v�a�l�u�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d�.� �A�t� �l�o�c�a�t�i�o�n�s� �o�n�e� �a�n�d� �t�h�r�e�e�,� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� 

�o�n� �y�i�e�l�d� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �w�h�e�n� �w�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t�s� �u�s�i�n�g� �n�e�a�r�e�s�t� 

�n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s�.� �E�r�r�o�r� �t�e�r�m�s� �i�n�f�l�a�t�e�d� �b�y� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �m�a�s�k�e�d� �t�h�e�s�e� 
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�l�o�c�a�t�i�o�n� �1� �l�o�c�a�t�i�o�n� �2� 

�M�S�Y� �M�S�E� �U�M�A� 

�0�.�0� �Y�a� �a� �S�S�A�A� �G�M�E�,� �S�L�Y�,� �M�Y� 

�0�.�2� �0�.�2�|� �0�.�2�|� �-�0�.�2� �V�e� �-�0�.�2� �0�.�0� 
�Y�G� �C�e� 

� � 

� � 

� � 

� � 

� � � � � 
� � � � 

� � 

� � � � � � � � � � 
� � � � � 

� � � � � 

� � � � � � � � � � � � � � 

� � � 

� � � � 

� � � � � � 

�0�.�0�|� �-�0�.�1�|� �6�.�4�.� �L�Y�E�)� �-�0�.�2� �0�.�1� �-�0�.�2�|� �0�.�1� 
�0�.�2� �0�.�0�|� �0�.�1� �0�.�1�]� �0�.�1� �0�.�2�|� �0�.�1� 

�M�i�t�t� �t�i�s� �t�i� �t�h�s�e� �W�i� �L�L�L�,� �M�L� �h�b� 

� � 

� � 

� � � � �U�W� �Y�L�)� 

�0�.�1�|� �-�0�.�2�|� �0�.�0� �A�x�e� 
�T�L� �o�e� �L�G� �L�S�M� 

�B�A�Y� �B�/� �0�.�0� �|� �-�0�.�1� �L�E�D�)� �L�e�e� �a�E� 

�D�A�V� �O�G� 
�Y�e� 

�0�.�1�|� �0�.�1�|� �0�.�2�%� �a�d� �p�d� 

� � 

� � 

� � � � 
� � � � � � 

� � 

� � � � � � � � � � � � � � � � � � � � � � 

� � 

� � � � 

� � 

�l�o�c�a�t�i�o�n� �3� �l�o�c�a�t�i�o�n� �4� 

�C�U� �L�N� �Y�Y� �y�l�)� 

�Z�e�e� �Z�,� 

�W�Y�  ��g�y� �Y� �G�y� �W�y� 
�V�O�R�A� �i� �7�,� 

�|� �E�O�E�.� 
�0�.�1� �O�B�O� 
�0�.�0�/� �-�0�.�2�/�|� �-�0�.�2� 

� � � � 

� � � � � 

� � 

� � � � � � � 
� � � 

� � 

� � � 

� � � � � � � � � � 

�Y�O�)�,� �0�.�1�|� �0�.�2� 
�L�D�,� �0�.�1� �G�G� 

�0�.�2�7�0�4�,� �0�.�3�8�/�0�8� 

� � � � 

� � 

� � � 

� � 

� � � � � � 

� � 

� � � 

� � � � � � � � � � �M�L�L� �L�a�p� �Y�G�,� �0�.�0� 
� � 

� � � � � � �Y�,� �T�E�D�.� �u� �E�E� �P�I� � � � � 
�L�O�P�E� 

�0�.�0� 
� � � � 

� � 

� � � � � � � � � � � � � � � � � � 

�F�i�g�u�r�e� �1�1�.� �Y�i�e�l�d� �r�e�s�i�d�u�a�l�s� �(�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �p�l�o�t� �y�i�e�l�d� �a�n�d� �i�t�s� 

�t�r�e�a�t�m�e�n�t� �a�v�e�r�a�g�e� �i�n� �M�g� �h�a ��)� �p�l�o�t�t�e�d� �o�n� �f�i�e�l�d� �m�a�p�s� �f�o�r� �t�h�e� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� 

�l�o�c�a�t�i�o�n�s�.� �E�a�c�h� �r�e�c�t�a�n�g�l�e� �r�e�p�r�e�s�e�n�t�s� �a�n� �i�n�d�i�v�i�d�u�a�l� �p�l�o�t�.� �A� �r�e�p�l�i�c�a�t�i�o�n� �C�o�n�s�i�s�t�s� 

�o�f� �t�w�o� �r�o�w�s� �o�f� �p�l�o�t�s�.� �P�l�o�t�s� �w�i�t�h� �r�e�s�i�d�u�a�l�s� �g�r�e�a�t�e�r� �t�h�a�n� �0�.�3� �M�g� �h�a �� �a�r�e� �s�h�a�d�e�d�;� 

�p�l�o�t�s� �w�i�t�h� �r�e�s�i�d�u�a�l�s� �l�e�s�s� �t�h�a�n� �-�0�.�3� �M�g� �h�a�"� �a�r�e� �d�i�a�g�o�n�a�l�l�y� �s�t�r�i�p�e�d�.� 
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�T�a�b�l�e� �1�2�.� �S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �o�n� �w�h�e�a�t� �y�i�e�l�d� �w�i�t�h� �a�n�d� 

�w�i�t�h�o�u�t� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �t�o� �a�c�c�o�u�n�t� �f�o�r� �s�p�a�t�i�a�l� �y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y�.� 
� � 

�s�t�a�t�i�s�t�i�c�a�l� �p�r�o�c�e�d�u�r�e� 
� � 

�t�r�a�d�i�t�i�o�n�a�l� �A�N�O�V�A� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �A�N�A�C�O�V�A� 
� � � � 

�l�o�c�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �p� �f�o�r� �c�o�e�f�f�i�c�i�e�n�t� �p� �f�o�r� 

�R�?� �o�f� �v�a�r�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �R�?�_� �o�f� �v�a�r�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� 
� � 

�1� �0�.�4�6� �7�.�5� �0�.�3�5� �0�.�6�7� �5�.�7� �0�.�0�5� 

�2� �0�.�2�9� �1�0�.�3� �0�.�9�8� �0�.�5�8� �7�.�7� �0�.�3�9� 

�3� �0�.�3�5� �1�2�.�8� �0�.�7�8� �0�.�8�8� �5�.�4� �0�.�0�0�2� 

�4� �0�.�3�9� �1�3�.�8� �0�.�5�4� �0�.�5�1� �1�1�.�9� �0�.�2�4� 
� � 

�8�0



�t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �i�n� �n�o�r�m�a�l� �A�N�O�V�A�.� 

�N�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �w�a�s� �s�p�e�c�t�a�c�u�l�a�r�l�y� �s�u�c�c�e�s�s�f�u�l� �i�n� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �y�i�e�l�d� 

�v�a�r�i�a�b�i�l�i�t�y� �a�t� �l�o�c�a�t�i�o�n� �t�h�r�e�e�,� �w�h�e�r�e� �i�t� �i�n�c�r�e�a�s�e�d� �R�?� �f�r�o�m� �0�.�3�5� �t�o� �0�.�8�8�;� �t�h�i�s� �i�s� �d�u�e� 

�t�o� �t�h�e� �l�a�r�g�e�-�s�c�a�l�e� �s�p�a�t�i�a�l� �v�a�r�i�a�b�i�l�i�t�y� �i�m�p�l�i�e�d� �b�y� �t�h�e� �e�x�t�r�e�m�e� �s�e�g�r�e�g�a�t�i�o�n� �o�f� �y�i�e�l�d� 

�r�e�s�i�d�u�a�l�s� �o�b�s�e�r�v�e�d� �a�t� �t�h�a�t� �l�o�c�a�t�i�o�n� �(�F�i�g�u�r�e� �1�1�)�.� �A�t� �t�h�e� �o�t�h�e�r� �l�o�c�a�t�i�o�n�s�,� �w�h�e�r�e� 

�s�e�g�r�e�g�a�t�i�o�n� �p�a�t�t�e�r�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �r�e�s�i�d�u�a�l�s� �a�r�e� �s�m�a�l�l�e�r� �a�n�d� �m�o�r�e� �c�o�m�p�l�e�x�,� 

�y�i�e�l�d� �v�a�r�i�a�b�i�l�i�t�y� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �i�s� �m�o�r�e� �m�o�d�e�s�t�,� �b�u�t� 

�s�t�i�l�l� �s�u�b�s�t�a�n�t�i�a�l�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �b�l�o�c�k�i�n�g�.� 

�N�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �n�o�t� �o�n�l�y� �i�n�c�r�e�a�s�e�d� �A�N�O�V�A� �t�r�e�a�t�m�e�n�t� �s�i�g�n�i�f�i�c�a�n�c�e� �a�t� 

�l�o�c�a�t�i�o�n�s� �o�n�e� �a�n�d� �t�h�r�e�e�,� �i�t� �a�l�s�o� �c�o�n�s�i�d�e�r�a�b�l�y� �d�e�c�r�e�a�s�e�d� �t�h�e� �v�a�l�u�e�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� 

�F�i�s�h�e�r ��s� �l�e�a�s�t� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �a�t� �t�h�o�s�e� �l�o�c�a�t�i�o�n�s� �(�T�a�b�l�e� �1�3�)�.� �T�r�e�a�t�m�e�n�t� �9� 

�h�a�d� �t�h�e� �h�i�g�h�e�s�t� �e�s�t�i�m�a�t�e�d� �y�i�e�l�d� �a�n�d� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �y�i�e�l�d�i�n�g� �t�h�a�n� 

�t�r�e�a�t�m�e�n�t�s� �1�,� �2�,� �a�n�d� �8� �a�t� �b�o�t�h� �l�o�c�a�t�i�o�n�s�.� �A�t� �l�o�c�a�t�i�o�n� �t�h�r�e�e�,� �y�i�e�l�d� �f�o�r� �t�r�e�a�t�m�e�n�t� 

�9� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �f�o�r� �a�l�l� �o�t�h�e�r� �t�r�e�a�t�m�e�n�t�s�.� �T�r�e�a�t�m�e�n�t� �9� �a�p�p�a�r�e�n�t�l�y� 

�h�a�d� �a� �s�i�m�i�l�a�r� �b�e�n�e�f�i�c�i�a�l� �p�h�y�s�i�o�l�o�g�i�c�a�l� �e�f�f�e�c�t� �o�n� �t�h�e� �c�r�o�p� �a�t� �b�o�t�h� �l�o�c�a�t�i�o�n�s�.� �W�h�i�l�e� 

�t�h�e� �y�i�e�l�d�s� �o�b�s�e�r�v�e�d� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�r�e�a�t�m�e�n�t�s� �a�t� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �t�w�o� �a�n�d� 

�f�o�u�r� �w�e�r�e� �n�o�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �d�i�f�f�e�r�e�n�t�,� �n�e�i�t�h�e�r� �w�e�r�e� �t�h�e�y� �i�n�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� 

�c�o�n�c�l�u�s�i�o�n� �t�h�a�t� �t�r�e�a�t�m�e�n�t� �9� �m�a�y� �h�a�v�e� �h�a�d� �a� �b�e�n�e�f�i�c�i�a�l� �e�f�f�e�c�t� �o�n� �w�h�e�a�t� �y�i�e�l�d� �a�t� 

�t�h�o�s�e� �l�o�c�a�t�i�o�n�s�.� 
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�T�a�b�l�e� �1�3�.� �T�r�e�a�t�m�e�n�t� �m�e�a�n� �w�h�e�a�t� �y�i�e�l�d�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� 

�A�N�A�C�O�V�A�.� 
� � 

�m�e�a�n� �y�i�e�l�d� �a�t� �l�o�c�a�t�i�o�n�:� 

�m�e�a�n� �y�i�e�l�d� �w�i�t�h� �n�e�a�r�e�s�t� 

�n�e�i�g�h�b�o�r� �A�N�A�C�O�V�A� �a�t� �l�o�c�a�t�i�o�n�:� 
� � � � 

� � 

� � � � 

� � 

�t�r�e�a�t�m�e�n�t� �1� �2� �3� �4� �1� �2� �3� �4� 

�M�g� �_� �h�a �� 

�1� �4�.�5�6� �3�.�5�6� �3�.�9�8� �4�.�3�9� �4�.�6�9� �3�.�5�0� �4�.�1�5� �4�.�2�3� 

�2� �4�.�8�8� �3�.�7�4� �4�.�2�3� �4�.�7�5� �4�.�7�7� �3�.�5�9� �3�.�9�9� �4�.�9�9� 

�3� �5�.�2�0� �3�.�8�0� �4�.�0�4� �4�.�6�5� �5�.�1�7� �3�.�8�8� �4�.�1�0� �4�.�4�8� 

�4� �4�.�9�7� �3�.�8�7� �4�.�3�0� �4�.�9�1� �5�.�0�8� �3�.�9�8� �4�.�3�5� �4�.�7�3� 

�5� �5�.�1�0� �3�.�6�9� �4�.�3�5� �5�.�0�7� �5�.�2�9� �3�.�7�7� �4�.�1�8� �4�.�7�5� 

�6� �5�.�1�6� �3�.�7�6� �4�.�0�7� �4�.�2�9� �5�.�2�1� �3�.�8�2� �4�.�1�3� �4�.�4�5� 

�7� �5�.�1�0� �3�.�6�8� �4�.�3�0� �4�.�6�9� �5�.�0�0� �3�.�5�3� �4�.�2�6� �4�.�8�3� 

�8� �5�.�0�6� �3�.�7�6� �4�.�5�0� �5�.�2�7� �4�.�9�1� �3�.�7�7� �4�.�3�4� �5�.�2�1� 

�9� �5�.�2�7� �3�.�5�7� �4�.�6�7� �4�.�8�9� �5�.�3�2� �3�.�7�3� �4�.�8�5� �5�.�1�7� 

�1�0� �5�.�1�9� �3�.�7�4� �4�.�1�8� �5�.�1�3� �5�.�1�0� �3�.�6�0� �4�.�2�8� �5�.�2�1� 

�L�S�D� �0�.�1�'� �0�.�4�6� �0�.�4�6� �0�.�6�6� �0�.�8�0� �0�.�3�7� �0�.�3�5� �0�.�2�8� �0�.�7�0� 

�A�N�O�V�A� 
�s�i�g�n�i�f�i�c�a�n�c�e �� �N�S� �N�S� �N�S� �N�S� �*� �N�S� �*�*� �N�S� 
� � 

�"�F�i�s�h�e�r�'�s� �l�e�a�s�t� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �w�i�t�h� �a�l�p�h�a� �=�O�.� �1� 

�*�*�,� �*�*� �=� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �a�l�p�h�a�=�.�0�5� �a�n�d� �.�0�1�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �N�S� �=� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t� 
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�C�O�N�C�L�U�S�I�O�N�S� 

�C�o�n�s�i�d�e�r�a�b�l�e� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t� �o�n� �y�i�e�l�d� �o�c�c�u�r�r�e�d� �a�t� �a�l�l� �f�o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� 

�i�n� �t�h�i�s� �s�t�u�d�y�,� �j�u�d�g�i�n�g� �f�r�o�m� �t�h�e� �o�b�s�e�r�v�e�d� �p�a�t�t�e�r�n�s� �o�f� �y�i�e�l�d� �r�e�s�i�d�u�a�l�s�.� �T�h�i�s� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �s�u�c�h� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t�s� �a�r�e� �c�o�m�m�o�n�.� 

�N�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �w�a�s� �m�u�c�h� �s�u�p�e�r�i�o�r� �t�o� �b�l�o�c�k�i�n�g� �i�n� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �t�h�e� 

�o�b�s�e�r�v�e�d� �p�o�s�i�t�i�o�n� �e�f�f�e�c�t�s�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�t� 

�a�n�y� �o�f� �t�h�e� �f�o�u�r� �l�o�c�a�t�i�o�n�s� �u�s�i�n�g� �t�r�a�d�i�t�i�o�n�a�l� �A�N�O�V�A� �w�i�t�h� �b�l�o�c�k�i�n�g�;� �u�s�i�n�g� �n�e�a�r�e�s�t� 

�n�e�i�g�h�b�o�r� �a�n�a�l�y�s�i�s� �u�n�m�a�s�k�e�d� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t�s� �a�t� �t�w�o� �o�f� �t�h�e� �f�o�u�r� �l�o�c�a�t�i�o�n�s�.� 

�T�h�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�c�l�u�s�i�o�n�s� �f�r�o�m� �t�h�e�s�e� �t�w�o� �l�o�c�a�t�i�o�n�s� �l�e�n�d�s� 

�a�d�d�i�t�i�o�n�a�l� �s�u�p�p�o�r�t� �t�o� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�o�s�e� �c�o�n�c�l�u�s�i�o�n�s� �a�n�d� �t�h�u�s� �t�o� �t�h�e� �v�a�l�u�e� �o�f� 

�u�s�i�n�g� �t�h�e� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�r� �t�e�c�h�n�i�q�u�e�.� �S�t�a�t�i�s�t�i�c�a�l� �p�o�w�e�r� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �t�h�e� 

�u�s�e� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�B�a�r�t�l�e�t�t�,� �M�.�S�.� �1�9�3�8�.� �T�h�e� �a�p�p�r�o�x�i�m�a�t�e� �r�e�c�o�v�e�r�y� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �f�i�e�l�d� 

�e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �l�a�r�g�e� �b�l�o�c�k�s�.� �J�.� �A�g�r�i�c�.� �S�c�i�.� �2�8�:�4�1�8�-�4�2�7�.� 

�B�a�r�t�l�e�t�t�,� �M�.�S�.� �1�9�7�8�.� �N�e�a�r�e�s�t� �n�e�i�g�h�b�o�u�r� �m�o�d�e�l�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �f�i�e�l�d� 

�e�x�p�e�r�i�m�e�n�t�s�.� �J�.� �R�o�y�a�l� �S�t�a�t�.� �S�o�c�.� �B� �4�0�:�1�4�7�-�1�7�4�.� 

�M�e�n�d�e�z�,� �|�.� �1�9�7�0�.� �S�t�u�d�y� �o�f� �u�n�i�f�o�r�m�i�t�y� �t�r�i�a�l�s� �a�n�d� �s�i�x� �p�r�o�p�o�s�a�l�s� �a�s� �a�l�t�e�r�n�a�t�i�v�e�s� �t�o� 

�b�l�o�c�k�i�n�g� �f�o�r� �t�h�e� �d�e�s�i�g�n� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s�.� �I�n�s�t�i�t�u�t�e� �o�f� 

�S�t�a�t�i�s�t�i�c�s� �M�i�m�e�o� �S�e�r�i�e�s� �N�o�.� �6�9�6�,� �N�o�r�t�h� �C�a�r�o�l�i�n�a� �S�t�a�t�e� �U�n�i�v�.�,� �R�a�l�e�i�g�h�,� �N�C�.� 

�M�e�r�c�e�r�,� �W�.�B�.� �a�n�d� �A�.�D�.� �H�a�l�l�.� �1�9�1�1�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r� �o�f� �f�i�e�l�d� �t�r�i�a�l�s�.� �J�.� 

�A�g�r�i�c�.� �S�c�i�.� �4�:�1�0�7�-�1�3�2�.� 

�P�a�p�a�d�a�k�i�s�,� �J�.�S�.� �1�9�3�7�.� �M�e�t�h�o�d�e� �s�t�a�t�i�s�t�i�q�u�e� �p�o�u�r� �d�e�s� �e�x�p�e�r�i�e�n�c�e�s� �s�u�r� �c�h�a�m�p�.� 

�B�u�l�l�e�t�i�n� �d�e� �I ��I�n�s�t�i�t�u�t� �A�m�e�l�.� �P�l�a�n�t�e�s� �a� �S�a�l�o�n�i�q�u�e� �2�3�.� 

�R�i�p�l�e�y�,� �B�r�i�a�n� �D�.� �1�9�8�1�.� �S�p�a�t�i�a�l� �S�t�a�t�i�s�t�i�c�s�.� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�.� 

�S�a�m�r�a�,� �J�.�S�.�,� �R�.�K�.� �R�a�j�p�u�t�,� �a�n�d� �V�.� �K�a�t�y�a�l�.� �1�9�9�2�.� �S�t�r�u�c�t�u�r�e�d� �h�e�t�e�r�o�g�e�n�e�i�t�y� �o�f� �s�o�i�l� 

�p�H� �a�n�d� �g�r�a�i�n� �y�i�e�l�d� �o�f� �r�i�c�e� �a�n�d� �w�h�e�a�t� �g�r�o�w�n� �i�n� �a� �s�o�d�i�c� �s�o�i�l�.� �A�g�r�o�n�.� �J�.� �8�4�:�8�7�7�-� 

�8�8�1�.� 

�S�A�S� �I�n�s�t�i�t�u�t�e�.� �1�9�8�5�.� �S�A�S� �u�s�e�r ��s� �g�u�i�d�e�:� �s�t�a�t�i�s�t�i�c�s�.� �V�e�r�s�i�o�n� �5� �e�d�.� �S�A�S� �I�n�s�t�i�t�u�t�e�,� 

�C�a�r�y�,� �N�C�.� 

�W�i�l�k�i�n�s�o�n�,� �G�.�N�.�,� �S�.�R�.� �E�c�k�e�r�t�,� �T�.�W�.� �H�a�n�c�o�c�k�,� �a�n�d� �O�.� �M�a�y�o�.� �1�9�8�3�.� �N�e�a�r�e�s�t� 

�N�e�i�g�h�b�o�u�r� �(�N�N�)� �A�n�a�l�y�s�i�s� �o�f� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s�.� �J�.� �R�o�y�.� �S�t�a�t�.� �S�o�c�.� �B� �4�5�:�1�5�1�-� 

�2�1�1�.� 
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�C�h�a�p�t�e�r� �V�I� 

�S�u�m�m�a�r�y� �a�n�d� �c�o�n�c�l�u�s�i�o�n�s� 

�S�o�i�l� �m�i�n�e�r�a�l� �N� �m�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �f�r�o�m� �N�o�v�e�m�b�e�r� �t�h�r�o�u�g�h� �M�a�r�c�h� �i�n� �s�o�i�l�s� 

�c�r�o�p�p�e�d� �t�o� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �t�h�e� �C�o�a�s�t�a�l� �P�l�a�i�n� �o�f� �V�i�r�g�i�n�i�a� �r�e�v�e�a�l�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� 

�d�o�w�n�w�a�r�d� �m�o�v�e�m�e�n�t� �o�f� �s�o�i�l� �m�i�n�e�r�a�l� �N� �w�i�t�h�i�n� �t�h�e� �c�r�o�p� �r�o�o�t�i�n�g� �z�o�n�e� �(�c�o�n�s�i�d�e�r�e�d� 

�t�o� �b�e� �1�.�2� �m� �f�o�r� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �d�i�s�c�u�s�s�i�o�n�)� �a�n�d� �l�o�s�s� �o�f� �m�i�n�e�r�a�l� �N� �f�r�o�m� �t�h�e� 

�r�o�o�t�i�n�g� �z�o�n�e�.� �T�h�i�s� �f�i�n�d�i�n�g� �c�o�n�f�i�r�m�s� �t�h�a�t� �l�e�a�c�h�i�n�g� �o�f� �m�i�n�e�r�a�l� �N� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� 

�m�e�c�h�a�n�i�s�m� �f�o�r� �l�o�s�s� �o�f� �N� �f�r�o�m� �t�h�e� �c�r�o�p� �r�o�o�t�i�n�g� �z�o�n�e� �a�n�d�,� �p�r�e�s�u�m�a�b�l�y�,� �t�r�a�n�s�f�e�r� 

�o�f� �N� �f�r�o�m� �a�g�r�i�c�u�l�t�u�r�a�l� �r�o�w� �c�r�o�p�p�i�n�g� �s�y�s�t�e�m�s� �t�o� �g�r�o�u�n�d� �a�n�d� �s�u�r�f�a�c�e� �w�a�t�e�r�s�.� 

�A�g�r�i�c�u�l�t�u�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e�,� �i�n� �t�h�e� �p�a�s�t�,� �g�e�n�e�r�a�l�l�y� �a�s�s�u�m�e�d� �t�h�a�t� �r�e�s�i�d�u�a�l� �s�o�i�l� 

�N� �m�a�k�e�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �c�r�o�p� �N� �n�e�e�d�s� �i�n� �h�u�m�i�d� �c�l�i�m�a�t�e�s�.� �T�h�i�s� 

�a�s�s�u�m�p�t�i�o�n� �i�s� �i�m�p�l�i�c�i�t� �i�n� �t�h�e� �l�a�c�k� �o�f� �t�e�s�t�-�b�a�s�e�d� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �s�u�c�h� 

�a�s� �a�r�e� �u�n�i�v�e�r�s�a�l�l�y� �u�s�e�d� �f�o�r� �a�l�l� �o�t�h�e�r� �m�a�j�o�r� �c�r�o�p� �n�u�t�r�i�e�n�t�s�.� �W�e� �f�o�u�n�d� �a� �v�e�r�y� 

�b�r�o�a�d� �r�a�n�g�e� �o�f� �s�o�i�l� �m�i�n�e�r�a�l� �N� �l�e�v�e�l�s� �a�t� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� �i�n� �M�a�r�c�h� 

�(�w�h�e�n� �r�a�p�i�d� �N� �u�p�t�a�k�e� �b�y� �t�h�e� �w�i�n�t�e�r� �w�h�e�a�t� �c�r�o�p� �b�e�g�i�n�s� �i�n� �o�u�r� �c�l�i�m�a�t�e�)�,� �d�u�e� �b�o�t�h� 

�t�o� �v�a�r�i�a�b�l�e� �s�o�i�l� �m�i�n�e�r�a�l� �N� �a�t� �p�l�a�n�t�i�n�g� �i�n� �t�h�e� �f�a�l�l� �a�n�d� �v�a�r�i�a�b�l�e� �r�a�t�e�s� �o�f� �l�o�s�s� �t�h�r�o�u�g�h� 

�t�h�e� �w�i�n�t�e�r�.� �T�h�e� �m�i�n�e�r�a�l� �N� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�o�o�t�i�n�g� �z�o�n�e� �w�a�s� �s�t�r�o�n�g�l�y� �c�o�r�r�e�l�a�t�e�d� 

�w�i�t�h� �y�i�e�l�d� �g�a�i�n� �d�u�e� �t�o� �f�e�r�t�i�l�i�z�e�r� �N� �a�p�p�l�i�c�a�t�i�o�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �r�e�s�i�d�u�a�l� �m�i�n�e�r�a�l� �N� 

�c�a�n� �m�a�k�e� �a� �s�u�b�s�t�a�n�t�i�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �N� �n�e�e�d�s� �o�f� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �h�u�m�i�d� 

�c�l�i�m�a�t�e�s�.� �T�h�i�s� �f�i�n�d�i�n�g� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �r�e�s�e�a�r�c�h� �f�r�o�m� �h�u�m�i�d� �r�e�g�i�o�n�s� �o�f� 

�E�u�r�o�p�e�,� �a�n�d� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �p�r�e�s�s�i�n�g� �n�e�e�d� �f�o�r� �t�e�s�t�-�b�a�s�e�d� �N� �r�a�t�e� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �(�p�r�o�b�a�b�l�y� �f�o�r� �o�t�h�e�r� �c�r�o�p�s� �a�s� �w�e�l�l�)� �i�n� �h�u�m�i�d� 
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�r�e�g�i�o�n�s� �o�f� �t�h�e� �U�.�S�.� 

�T�h�e� �t�i�s�s�u�e� �t�e�s�t�-�b�a�s�e�d� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �d�e�v�e�l�o�p�e�d� �b�y� �B�a�e�t�h�g�e�n� 

�a�n�d� �A�l�l�e�y� �(�1�9�8�9�)� �i�s� �t�h�e� �m�o�s�t� �p�r�o�m�i�s�i�n�g� �a�p�p�r�o�a�c�h� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �f�o�r� �m�a�k�i�n�g� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �w�h�e�a�t�,� �b�u�t� �i�t� �h�a�d� �s�e�v�e�r�a�l� �w�e�a�k�n�e�s�s�e�s� 

�t�h�a�t� �h�a�v�e� �b�e�e�n� �a�d�d�r�e�s�s�e�d� �b�y� �t�h�e� �r�e�s�e�a�r�c�h� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�.� �T�h�e�i�r� 

�r�e�s�e�a�r�c�h� �u�t�i�l�i�z�e�d� �a� �s�i�n�g�l�e� �w�h�e�a�t� �v�a�r�i�e�t�y� �a�n�d� �a� �s�m�a�l�l� �n�u�m�b�e�r� �o�f� �s�o�i�l� �t�y�p�e�s� �i�n� �e�i�g�h�t� 

�e�x�p�e�r�i�m�e�n�t�s� �i�n� �w�h�i�c�h� �a�l�l� �c�u�l�t�u�r�a�l� �o�p�e�r�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �t�h�i�r�t�y�-�n�i�n�e� �e�x�p�e�r�i�m�e�n�t�s� �e�n�c�o�m�p�a�s�s�i�n�g� �a� �b�r�o�a�d� �a�n�d� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�r�a�n�g�e� �o�f� �w�h�e�a�t� �v�a�r�i�e�t�i�e�s� �a�n�d� �s�o�i�l� �t�y�p�e�s�,� �a�n�d� �i�n� �w�h�i�c�h� �a�l�l� �c�u�l�t�u�r�a�l� �p�r�a�c�t�i�c�e�s� �o�t�h�e�r� 

�t�h�a�n� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �b�y� �f�a�r�m�e�r�s�,� �s�o�l�i�d�l�y� �e�s�t�a�b�l�i�s�h� �t�h�a�t� 

�t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �t�h�a�t� �t�h�e�y� �p�r�o�p�o�s�e�d� �w�i�l�l� �w�o�r�k� �i�n� �f�a�r�m�e�r� �f�i�e�l�d�s�.� �T�h�i�s� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �w�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�o� �b�e� �b�o�t�h� �a�g�r�o�n�o�m�i�c�a�l�l�y� �a�n�d� 

�e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �b�e�n�e�f�i�c�i�a�l�,� �i�n�c�r�e�a�s�i�n�g� �e�s�t�i�m�a�t�e�d� �p�r�o�f�i�t� �a�s� �w�e�l�l� �a�s� �f�e�r�t�i�l�i�z�e�r� �u�s�e� 

�e�f�f�i�c�i�e�n�c�y�.� �I�t�s� �e�f�f�e�c�t�i�v�e�n�e�s�s� �w�h�e�n� �o�r�g�a�n�i�c� �N� �s�o�u�r�c�e�s� �h�a�v�e� �b�e�e�n� �u�t�i�l�i�z�e�d� �h�a�s� �n�o�t� 

�b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �a�n�d� �s�h�o�u�l�d� �b�e� �r�e�g�a�r�d�e�d� �a�s� �q�u�e�s�t�i�o�n�a�b�l�e�.� 

�A�n�o�t�h�e�r� �w�e�a�k�n�e�s�s� �o�f� �t�h�e� �t�i�s�s�u�e� �t�e�s�t�-�b�a�s�e�d� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �i�s� �t�h�a�t� �i�t� 

�r�e�q�u�i�r�e�s� �s�p�l�i�t�t�i�n�g� �o�f� �s�p�r�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s�,� �b�u�t� �p�r�o�v�i�d�e�s� �a� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� 

�r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �o�n�l�y� �f�o�r� �t�h�e� �s�e�c�o�n�d� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�.� �S�t�a�r�t�i�n�g� �f�r�o�m� 

�t�h�e� �h�y�p�o�t�h�e�s�i�s� �t�h�a�t� �t�h�e� �f�i�r�s�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �f�u�n�c�t�i�o�n�s� �t�o� �s�t�i�m�u�l�a�t�e� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�d�d�i�t�i�o�n�a�l� �t�i�l�l�e�r�s� �w�h�e�n� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �i�s� �s�u�b�-�o�p�t�i�m�a�l�,� �w�e� �m�e�a�s�u�r�e�d� 

�o�p�t�i�m�u�m� �r�a�t�e� �f�o�r� �t�h�e� �f�i�r�s�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �n�i�n�e�t�e�e�n� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� 

�s�h�o�w�e�d� �t�h�a�t� �i�t� �w�a�s� �s�t�r�o�n�g�l�y� �r�e�l�a�t�e�d� �t�o� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �f�i�e�l�d�.� 

�T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �c�a�n� �b�e� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �o�p�t�i�m�u�m� �N� �r�a�t�e� �f�o�r� �t�h�e� �f�i�r�s�t� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n�,� �a�n�d� �c�o�m�p�l�e�m�e�n�t�s� �t�h�e� �e�x�i�s�t�i�n�g� �t�i�s�s�u�e� �t�e�s�t� �s�y�s�t�e�m� �t�o� �p�r�o�v�i�d�e� �f�i�e�l�d�-� 
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�s�p�e�c�i�f�i�c� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �b�o�t�h� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s�.� �F�o�r� �r�e�a�s�o�n�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�V�,� �t�h�i�s� �s�y�s�t�e�m� �m�a�y� �o�v�e�r�e�s�t�i�m�a�t�e� �t�h�e� �n�e�e�d� �f�o�r� �e�a�r�l�y� �N� �i�n� 

�l�a�t�e�-�p�l�a�n�t�e�d� �w�h�e�a�t�.� 

�S�o�m�e� �f�a�r�m�e�r�s�,� �h�o�w�e�v�e�r�,� �a�r�e� �u�n�w�i�l�l�i�n�g� �t�o� �s�p�l�i�t� �s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n�s�,� �e�i�t�h�e�r� �o�n� 

�a�l�l� �o�r� �o�n� �p�a�r�t� �o�f� �t�h�e�i�r� �w�h�e�a�t� �c�r�o�p�;� �t�h�e�y� �c�a�n�n�o�t� �u�s�e� �t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�r�o�m� 

�t�h�e� �s�y�s�t�e�m� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �O�p�t�i�m�u�m� �N� �r�a�t�e� �f�o�r� �a� �s�i�n�g�l�e� �e�a�r�l�y�-�s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n� �w�a�s� �m�e�a�s�u�r�e�d� �a�n�d� �s�h�o�w�n� �t�o� �b�e� �c�o�r�r�e�l�a�t�e�d� �t�o� �s�o�i�l� �n�i�t�r�a�t�e� �t�o� �a� �0�.�9� 

�m�e�t�e�r� �d�e�p�t�h�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� 

�w�i�t�h� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �a� �s�i�n�g�l�e� �m�i�d�-�s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �b�a�s�e�d� �o�n� �t�i�s�s�u�e� �t�e�s�t� 

�r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t�,� �o�v�e�r�a�l�l�,� �t�h�e� �m�i�d�-�s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �w�a�s� �a�g�r�o�n�o�m�i�c�a�l�l�y� 

�s�u�p�e�r�i�o�r�.� �I�n� �f�i�e�l�d�s� �w�i�t�h� �l�o�w� �t�i�l�l�e�r� �d�e�n�s�i�t�i�e�s�,� �h�o�w�e�v�e�r�,� �a� �s�i�n�g�l�e� �e�a�r�l�y�-�s�p�r�i�n�g� 

�a�p�p�l�i�c�a�t�i�o�n� �b�a�s�e�d� �o�n� �a� �s�o�i�l� �n�i�t�r�a�t�e� �t�e�s�t� �w�a�s� �p�r�e�f�e�r�a�b�l�e�.� �W�h�e�n� �a� �s�i�n�g�l�e� �s�p�r�i�n�g� �N� 

�a�p�p�l�i�c�a�t�i�o�n� �i�s� �t�o� �b�e� �m�a�d�e�,� �t�i�l�l�e�r� �d�e�n�s�i�t�y� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �c�r�i�t�e�r�i�o�n� �t�o� �d�e�c�i�d�e� 

�w�h�e�t�h�e�r� �t�o� �a�p�p�l�y� �N� �i�n� �e�a�r�l�y� �o�r� �m�i�d�-�s�p�r�i�n�g�;� �e�a�r�l�y�-�s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e�s� �c�a�n� 

�b�e� �b�a�s�e�d� �o�n� �a� �s�o�i�l� �n�i�t�r�a�t�e� �t�e�s�t�,� �w�h�i�l�e� �m�i�d�-�s�p�r�i�n�g� �N� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e�s� �c�a�n� �b�e� 

�b�a�s�e�d� �o�n� �a� �t�i�s�s�u�e� �t�e�s�t�.� 

�T�h�e� �t�h�r�e�e� �f�i�e�l�d�-�s�p�e�c�i�f�i�c� �t�e�s�t�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �c�o�m�p�l�e�m�e�n�t� �e�a�c�h� �o�t�h�e�r� �t�o� �f�o�r�m� 

�a� �f�l�e�x�i�b�l�e� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m� �f�o�r� �w�i�n�t�e�r� �w�h�e�a�t� �i�n� �V�i�r�g�i�n�i�a�.� �T�h�e�s�e� 

�t�e�s�t�s� �a�r�e� �p�r�o�b�a�b�l�y� �f�a�i�r�l�y� �v�a�l�i�d� �f�o�r� �t�h�e� �m�i�d�-�A�t�l�a�n�t�i�c� �r�e�g�i�o�n� �a�s� �a� �w�h�o�l�e�.� �T�h�e� 

�c�o�n�c�e�p�t�s� �u�s�e�d� �i�n� �t�h�e�i�r� �d�e�v�e�l�o�p�m�e�n�t� �c�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �t�o� �a�d�a�p�t� �t�h�e�m� �t�o� �h�u�m�i�d� 

�o�r� �i�r�r�i�g�a�t�e�d� �r�e�g�i�o�n�s� �t�o� �w�h�i�c�h� �t�h�e�y� �d�o� �n�o�t� �t�r�a�n�s�f�e�r� �d�i�r�e�c�t�l�y�,� �a�n�d� �t�h�e� �p�o�w�e�r�f�u�l� 

�b�a�s�i�c� �c�o�n�c�e�p�t� �o�f� �m�e�a�s�u�r�i�n�g� �o�p�t�i�m�u�m� �N� �r�a�t�e� �a�n�d� �r�e�g�r�e�s�s�i�n�g� �i�t� �a�g�a�i�n�s�t� �p�r�e�d�i�c�t�o�r� 

�v�a�r�i�a�b�l�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �f�i�e�l�d� �c�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�f�i�e�l�d�-�s�p�e�c�i�f�i�c� �N� �r�a�t�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �o�t�h�e�r� �h�u�m�i�d�-�r�e�g�i�o�n� �c�r�o�p�s�.� �S�u�c�h� 
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�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �s�y�s�t�e�m�s� �a�r�e� �n�e�e�d�e�d� �t�o� �i�m�p�r�o�v�e� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �r�e�d�u�c�e� �t�h�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �i�m�p�a�c�t� �o�f� �c�r�o�p� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m�s�.� 

�R�E�F�E�R�E�N�C�E�S� 

�B�a�e�t�h�g�e�n�,� �W�.�E�.� �a�n�d� �M�.�M�.� �A�l�l�e�y�.� �1�9�8�9�.� �O�p�t�i�m�i�z�i�n�g� �s�o�i�l� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �n�i�t�r�o�g�e�n� 

�u�s�e� �b�y� �i�n�t�e�n�s�i�v�e�l�y� �m�a�n�a�g�e�d� �w�i�n�t�e�r� �w�h�e�a�t�.� �I�l�.� �C�r�i�t�i�c�a�l� �l�e�v�e�l�s� �a�n�d� �o�p�t�i�m�u�m� 

�r�a�t�e�s� �o�f� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r�.� �A�g�r�o�n�.� �J�.� �8�1�:�1�2�0�-�1�2�5�.� 
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�A�P�P�E�N�D�I�X� �A� 

�S�U�P�P�L�E�M�E�N�T�A�L� �I�N�F�O�R�M�A�T�I�O�N� �O�N� �E�X�P�E�R�I�M�E�N�T�A�L� �L�O�C�A�T�I�O�N�S� 
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�S�u�p�p�l�e�m�e�n�t�a�l� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �l�o�c�a�t�i�o�n�s� 

� � 

�L�o�c�a�t�i�o�n� �C�o�o�p�e�r�a�t�i�n�g� 
�n�u�m�b�e�r� �C�o�u�n�t�y� �f�a�r�m�e�r� �F�a�r�m� �n�a�m�e� 

�1� �P�r�i�n�c�e� �G�e�o�r�g�e� �C�o�u�r�t�n�e�y� �P�r�i�c�e� �B�r�a�n�d�o�n� �P�l�a�n�t�a�t�i�o�n� 
�2� �C�a�r�o�l�i�n�e� �J�o�h�n�n�y� �D�a�v�i�s� �C�a�m�d�e�n� �F�a�r�m�s� 
�3� �W�e�s�t�m�o�r�e�l�a�n�d� �F�e�r�d�i�f�a�x� �C�h�a�n�d�l�e�r� �C�h�a�n�d�l�e�r� �F�a�r�m� 
�4� �M�i�d�d�l�e�s�e�x� �R�o�n�n�i�e� �R�u�s�s�e�l�l� �C�o�r�b�i�n� �H�a�l�l� 
�5� �A�m�e�l�i�a� �J�u�a�n� �W�h�i�t�t�i�n�g�t�o�n� �F�e�a�t�h�e�r�s�t�o�n�e� �F�a�r�m� 
�6� �W�e�s�t�m�o�r�e�l�a�n�d� �B�r�u�c�e� �B�e�a�h�m� �L�i�b�e�r�t�y� �H�a�l�l� 
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