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(ABSTRACT) 

Winter-annual cover crops reduce soil erosion by providing ground cover, 

while producing energy-cheap N for a subsequent crop. Incorporated cover crops 

or those left as no-till mulch can enhance soil structure and water infiltration. A 

series of studies was designed to test agronomic advantages of growing mixtures 

of rye plus hairy vetch and hairy plus bigflower vetches. Plots were arranged in 

randomized complete blocks and the study conducted for two consecutive cover 

crop/corn sequences. I measured N yield of cover crops, their ground-covering 

ability, and their influence on soil structure and a subsequent corn crop. 

Nitrogen yields ranged from 53 to 187 kg/ha using either pure stands of 

hairy vetch or mixtures of hairy vetch plus bigflower vetch. Nitrogen yields for rye



plus hairy vetch mixtures ranged from 90 to 179 kg/ha. Rye growing in 

association with vetch had lower C:N ratios (47:1) than pure rye (59:1), 

apparently deriving additional N from vetch. Vetches were poor at covering the 

ground in the fall (< 15% cover) as compared to rye (> 41% cover) or mixtures 

of rye and vetch (25 to 45% cover). 

When compared to vetch pure stands, corn yields were suppressed 5 to 42% 

by including rye with vetch due to N immobilization from the rye component and 

reduced N yield from the vetch component. Corn yields from hairy vetch or 

hairy: bigflower vetch mixtures were 15.5 Mg/ha and 16.2 Mg/ha respectively and 

statistically similar to rye + 140 kg N/ha (16.7 Mg/ha). Corn following the two- 

vetch mixture took up 129 kg N/ha, while corn following hairy vetch took up 114 

kg N/ha. Using N fertilizer, corn N uptake was 183 kg N/ha following 140 kg 

N/ha fertilizer and 213 kg/ha following 210 kg/ha N fertilizer. Increased soil 

moisture seemed to be related to the presence of a surface mulch. 

I was unable to detect any changes in water-stable soil aggregates in the 

upper 15 cm after 2 years of cover cropping. During 1988, water infiltration in 

no-till plots was lower than in plots that had been disk incorporated, but a tillage 

effect was not seen in 1989.
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Introduction 

If agriculture is to continue to sustain mankind, mankind must continue to 

employ a sustainable agriculture. To be sustainable, in a historical time scale, 

agricultural systems must be economically sound, sociologically acceptable, 

environmentally benign, and resource efficient. Furthermore, sustainable 

agriculture must operate within the biological and ecological constraints of a given 

set of crops and a particular locale. This work is about such concerns: developing 

or improving cropping systems in the mid-Atlantic region, so agriculture can 

simultaneously be a servant to mankind and a friend to the environment. 

Specifically, the research involves using an old idea Gintercropping) to meet two 

conservation objectives (providing erosion-reducing ground cover and energy- 

cheap N for a subsequent crop). A number of grass-legume intercrops have been 

screened for their ability to meet these two objectives. Additionally, the effects of 

tillage on a following crop’s ability to utilize legume-supplied N was investigated. 

Finally, cover crop effects on soil structure and weed levels were ascertained. 

The projects reported here were designed and conducted to meet the 

following objectives: 

1. To examine seeding rates and cover-crop species combinations that 

might optimize ground cover, N production, and residual soil-N scavenging. 

2. Determine if annual-vetch mixtures increase N production over that of 

the legumes grown in pure stands. 

3. Observe corn yields following these cover crops (pure stand and 

intercrops) in the absence of N fertilizer.



4. Determine corn N-uptake characteristics when grown following cover 

crops or provided synthetic N under two tillage regimes (disk-incorporated 

vs. no-till). 

5. Examine the effects of cover crops and tillage on soil moisture content 

during corn production. 

6. Determine the effects of cover crops and tillage on soil aggregation and 

water infiltration. 

7. Determine the effects of cover crops and tillage on weed production in 

corn.



Review of the Literature 

Cover Crops for Reducing Non-point Source Pollution and Erosion 

Non-point source pollution from agriculture has emerged into the public 

consciousness as a major environmental problem. For example, Chesapeake Bay 

studies suggest that agriculture is the largest non-point contributor of nitrogen (N) 

in the Bay’s drainage area (Zinn and Blodgett, 1989). Nitrate contamination of 

groundwater supplies by agriculture is also of growing concern in the mid-Atlantic 

region and, indeed, globally. Blackmer et al. (1989) noted that farmers often 

apply more N fertilizer than is necessary or desirable economically or 

environmentally. They have proposed a new soil-N testing procedure to provide 

better estimates of N availability and help prevent excessive N applications. 

Several agricultural practices can reduce or eliminate the harmful side effects of 

excessive N applied for crop production. For example, having an N-scavenging 

cover crop, such as rye (Secale cereale), in place can help reduce nitrate leaching 

into groundwater during winter and early spring (Brinsfield, 1989; Groffman et 

al., 1987; Mitchell and Teel, 1977). When comparing spring oat (Avena sativa), 

barley (Hordeum vulgare), and rye for residual-N extraction following corn (Zea 

mays), Brinsfield (1989) found rye to be the most effective. Legume cover crops, 

while being able to fix their own N, can also scavenge residual N from the soil. 

Another environmental concern facing agriculture is soil erosion. Between 

2.7 and 3.1 billion tons of soil erode from U.S. cropland each year (USDA, 1986). 

Griffith et al. (1986) estimated 30% of total US cropland is losing soil faster than 

it is being reformed by natural processes. Yield reductions caused by soil erosion 

have largely been masked by commercial fertilizers; but before the advent of



commercial fertilizers, topsoil losses caused 50% reductions in crop yields 

compared to fields with little erosion (Anonymous, 1981; Schertz et al., 1989; 

Uhland, 1949). Commercial fertilizer applications in excess of a soil’s native 

productivity (prior to erosion) can also be added to true costs of erosion (Schertz 

et al., 1989). Off-site costs of soil erosion amount to two to eight fold the cost of 

erosion’s effects on a soil’s productivity (USDA, 1987). More than 50% of 

sediments in surface waters are from agricultural sources (USDA, 1987). 

Suspended soil degrades aquatic habitat all along the food chain, from depriving 

algae of sunlight to smothering eggs and fry of game fish (Robinson, 1989). 

Recent national legislation has sought to impose a soil-conserving ethic by 

removing erodible land from production. The Conservation Reserve Program, 

enacted in 1985, achieved three-quarters of its goal of retiring 16 million hectares 

to permanent conservation by 1990 (Postel, 1989). An estimated 800 million tons 

of soil per year have been saved as a result of the program (Postel, 1989). 

The Virginia Cooperative Extension Service lists cover/green-manure crops 

and mulching as Best Management Practices to reduce conditions that degrade 

ground and surface waters (Wheaton and Hale, 1980). According to Hoyt and 

Hargrove (1986), any legume cover crop will reduce the erosion potential of a 

soil, although which legume cover crop provides the best erosion control has not 

been determined. Frye et al. (1985) estimated soil loss under cover-crop 

treatments on a 5% slope to be 2 Mg/ha/year as compared to 18 Mg with 

continuous, conventionally-tilled corn (planted on the contour with only corn 

residue left on the surface during winter). Holderbaum et al. (1990) estimated a 

cover-crop dry matter yield of 2 Mg/ha provides acceptable levels of residues for 

erosion control.



A few estimates are available on the erosion-reduction provided by mulches 

and crop residues. Wischmeier (1975) reported a 50% surface coverage by crop 

residue reduced soil loss to 32% of that with no mulch and that 100% coverage 

virtually eliminated soil loss. Griffith et al. (1986) reported a 65% erosion 

reduction with a 30% ground cover from previous crop residues. Using wheat 

(Triticum aestivum) straw, Meyer et al. (1970) found soil loss reductions of 80% 

with 2.24 Mg of straw/ha and 95% with 4.48 Mg/ha on a soil with 17% slope and 

moderate to slow permeability. Mannering and Meyer (1963) reported 87% 

ground cover is provided by 2.24 Mg of wheat straw/ha and 98% by 4.48 Mg of 

wheat straw/ha. They reported zero soil loss from initial and three consecutive 

wet runs of a rainfall simulator on a soil with 5% slope when using 4.48 Mg of 

wheat straw/ha . Soil loss was less than 560 kg/ha after three wet runs using 

2.24 Mg/ha. 

Cover crops as a soil and water-conserving mulch in conservation tillage 

continue to increase in popularity. In 1984, one-third of all harvested cropland 

was managed with conservation tillage practices (Hargrove and Frye, 1987); not 

all included cover crops, however. The use of conservation tillage has been 

predicted to rise to perhaps more than 45% of the total US cropland by the year 

2000 (USDA, 1975). 

Legume Cover Crops as an N Source for Corn 

Legume cover crops are effective N-fertilizer substitutes for no-till corn (Ott 

and Hargrove, 1989). In most cases studied, corn grown following legume cover 

crops has produced optimal yields with minimal additional N fertilizer (Decker et 

al., 1987; Frye et al., 1985: Mitchell and Teel, 1977). Herbek et al. (1987) found



fertilizer-N-replacement values of 50 and 73 kg N/ha for hairy vetch (Vicia villosa) 

and bigflower vetch (Vicia grandiflora), respectively. Their highest corn yields 

were from cover crop plus N fertilizer. Tyler et al. (1987) and Neely et al. (1987) 

reported N equivalents of 84 to 112 kg/ha with killed vetch. A New Jersey study, 

comparing corn yields following rye plus 200 kg N/ha with unfertilized hairy 

vetch, reported corn silage yields of 54 Mg/ha following vetch and 57 Mg/ha 

following rye plus N (Tisdale et al., 1985). The vetch system gave the highest net 

return per hectare and the lowest production cost. 

The N benefits from legumes have been shown to extend beyond the first 

year following the transition to the non-legume crop. Using !5N-labeled alfalfa 

(Medicago sativa) residue, Harris and Hesterman (1987) reported corn plant 

recovery values of 17 to 25% during the first year following legume residue 

application. They concluded that incorporated alfalfa residue contributed little 

plant-available N during the first year of decomposition and that the main value 

was longer term. With repeated cycles of legume cover crops, plant-available N 

may accumulate. Fox and Piekielek (1988), using labeled legume N, estimated 

fertilizer N equivalences of 187 kg N/ha following 3 years of alfalfa and 147 kg 

N/ha following red clover (Trifolium pratense). They concluded that fertilizer 

rates for corn could be reduced by 134 kg/ha the first year following 3 years of 

alfalfa and by 101 kg/ha following 3 years of red clover. They recommended 

reductions of 34 kg/ha for the second year following either of these legumes. 

Other Benefits of Cover Crops 

As a part of a farm’s crop-rotation plan, cover crops can scavenge leachable 

N, provide soil organic matter, symbiotically fix N, assist in nutrient cycling, and



improve soil structure and water infiltration. Cover crops can provide several 

indirect benefits as they decompose into soil organic matter; one of the most 

important is to enhance the soil-aggregation process. Some of the desirable 

consequences of improved soil aggregation include increased water infiltration, 

decreased bulk density, increased water-holding capacity, and increased pore space 

(Boyle et al., 1989). 

Soil aggregates are formed chiefly by physical processes such as wetting 

and drying, freezing and thawing, cultivation, plant growth, and earthworm 

activity (Allison, 1968). Aggregates form in wet soils when fine soil particles are 

oriented, brought together, and then bound by various physical and chemical 

forces, which remain active when the soil dries (Allison, 1968). Sufficient binding 

exists, through ionic bonding of clay particles, to hold the dry aggregates together. 

An aggregate is stabilized through microbial processes involving organic matter 

and its breakdown products, chiefly polysaccharides and humic substances. These 

compounds serve as cementing agents to cause the primary soil particles to cohere 

(Burns and Davies, 1986). The aggregate is then strong enough to hold together 

upon wetting and is considered to be "water stable". 

Because the substances responsible for aggregate stability (the cementing 

agents) are susceptible to microbial degradation, organic matter must be 

replenished continually to maintain an aggregated status (Harris et al., 1966). 

The goal is not simply to add cementing agents to the soil, however. A given 

farming practice must promote aggregation (through physical processes) in order 

for organic-matter additions to bring about increases in water-stable aggregates 

(Allison, 1968).



Many of our better agricultural soils, with intrinsically high organic matter, 

have an abundant supply of aggregate-binding substances and therefore stand to 

benefit little structurally from added organic residues (Allison, 1968). However, 

Boyle et al. (1989) contend that, under most agroecosystems, the amount of fresh 

organic matter needed to maintain steady-state aggregation exceeds the supply of 

available plant residues. Low-organic-matter soils, which occur in many parts of 

the southeastern U.S., stand to benefit structurally and in other ways from plant 

residue and organic matter additions. 

The best-aggregated soils in the U.S. are those that have been in long-term 

grass production (Allison, 1968). This is due to the perennial activity both of 

aggregate-forming processes and aggregate-stabilizing humus. A grass sod extends 

a mass of fine roots throughout the topsoil, contributing to the physical processes 

that help form aggregates. For example, roots continually remove water from 

microsites, providing local wetting and drying effects that promote aggregation. 

Meanwhile, the roots are also producing food for the rhizosphere microorganisms, 

which generate the polysaccharides to bind the aggregates into water-stable units. 

Additionally, a perennial-grass sod provides protection from rain drops and erosion 

while these other processes are occurring. This combination of factors creates 

optimal conditions for establishment of a well-aggregated soil under a perennial 

cover. Conversely, cropping sequences that involve repeated annuals and 

extensive cultivation, provide less vegetative cover and organic matter and usually 

result in a rapid decline in soil aggregation (Harris et al., 1966). 

In a review of the literature on organic matter contributions to tilth, Boyle 

et al. (1989) explained that aggregate stability is determined to a large extent by 

the degree to which plant growth is uninterrupted. Annual green manuring



therefore rarely increases aggregates, but it often maintains aggregate status. 

Harris et al. (1966) reported a perennial grass-legume mixture to be best at 

maintaining soil aggregation, with cereals and root crops being least effective. 

Miller and Kemper (1962) incorporated 6.1 Mg of alfalfa per hectare as green 

manure for corn and noted an increase in aggregate stability, but the effect only 

lasted through the end of that crop season. 

Time must pass before improvement in aggregation by organic-matter 

additions can be seen. Russell (1967) reported 4 years passed before grass 

production on a clay soil, which was formerly under cultivation, improved crumb 

structure. On another clay soil, 13 years of grass production were required before 

differences were seen (Russell, 1967). McVay et al. (1989) tested water-stable 

aggregates on two coastal plain soils under cover crops in Georgia. On a sandy 

clay loam soil, having poor initial soil physical conditions, water-stable aggregates 

of the > 250 micron size increased in the top 2.5 cm after 3 years of cover crops. 

Using the same procedures on a limestone-derived gravely clay loam soil, which 

had better initial physical conditions, they found no differences in aggregate 

stability after 3 years. 

Cover crops can also play a role in weed suppression. Weed suppression 

can be by direct competition for growth requirements, or by toxins (i.e. 

allelopathy). Field trials by Putnam and DeFrank (1983) have shown that many 

annual weed species can be suppressed with residue from rye, corn, wheat, oat, 

barley, and sorghum (Sorghum bicolor). Lieble and Worsham (1983) identified 

phytotoxic compounds in wheat residue and concluded that proper selection and 

management of cover crops could possibly reduce the amount of herbicide used in 

no-till cropping systems.
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Intercropping 

Any agricultural practice must provide advantages over other available 

options in the eyes of the practitioner in order to gain acceptance. Such has 

certainly been the case with intercropping (growing two or more crops in 

association with one another, also called mixed cropping and polyculture). 

Intercropping has been important historically in this country and continues to be 

an extremely important practice in developing areas of the world. It still has 

potential in developed countries. Many of the impediments to adopting it and 

other appropriate strategies of diversification are sociological rather than 

technological (Risch et al., 1983). The trend away from mixed cropping in this 

country resulted from changes in land management, demands for standardized 

commodities from the food processing industry, and commercialization of farming 

(Francis, 1986). 

Intercropping combinations may take many forms. Intercropping itself is 

the space-dependent form of multiple cropping and means simply growing two or 

more crops simultaneously in the same field (Vandermeer, 1989). Of the 

intercropping patterns, two of the most common are mixed intercropping (two or 

more crops grown without distinct row arrangement) and row intercropping (two 

or more crops grown in distinct rows). 

As with most traditional systems, intercrop systems have evolved through 

many centuries of trial and error. To persist, intercropping had to have merit 

biologically, environmentally, economically, and sociologically. Intercropping is 

generally regarded by farmers as a technique that reduces risks in crop production. 

Some of the mechanisms by which polycultures reduce risk include yield 

compensation and pest reduction. Yield compensation occurs when one member
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of an intercrop fails and the other survives and compensates in yield to some 

extent, allowing the farmer an acceptable harvest. Pest levels are often lowered in 

polycultures, as the diversity of plants hampers movement of certain pest insects 

and pathogens and, in some cases, encourages beneficial insect populations 

(Altieri, 1983). 

The decision to intercrop usually depends upon a farmer’s particular needs. 

Norman (1971) conducted an economic survey of farmers in northern Nigeria. He 

identified the farmers’ main reasons for practicing mixed cropping as profit and 

security. Gliessman et al. (1981) found the main value of intercropping for 

farmers in lesser developed countries to be sustainable yields for the long term 

rather than profit maximization in the short term. 

Measuring Intercrop Performance 

A most important aspect of multiple cropping is production intensification 

per unit of land. A useful and convenient method for assessing intercrop 

performance, as compared to pure stands, is the Land Equivalency Ratio (LER). 

The LER is defined as the relative land area required as pure stands, to produce 

yields equal to intercropping (Mead and Willey, 1980). An LER value of 1.0 

indicates no difference in yields between intercrops and pure stands. Values above 

1.0 indicate an intercropping advantage, while those below 1.0 indicate a 

reduction in crop yield in mixed stands. The numbers to the right of the decimal 

point (when LERs are > 1.0) indicate the percent of extra land area required in 

pure stand to equal the yield achieved by the intercrop. For example, a value of 

1.25 can be interpreted as a 25% greater area requirement for pure stands or a 

25% higher intercropping yield. In either case, the figure indicates a 25% greater
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biological efficiency for intercropping. An LER for a two-crop intercrop can be 

expressed as: 

LER = LER crop A + LER crop B = (a/Pa) + (Ip/Py) 

where | = yield of individual crops in mixtures and P = yield of crops in pure 

stands (Mead and Willey, 1980; Vandermeer, 1989). 

A concept that incorporates the time dimension into evaluation of 

intercropping efficiency is the Area Time Equivalency Ratio (ATER) (Hiebsch and 

McCollum, 1987). The ATER was developed primarily for environments that do 

not have a distinct growing season. Under these circumstances, the ATER 

compensates for the difference in occupancy time between the intercrop and each 

component monocrop. The ATER is actually a weighted LER, since the area-time 

required to produce in monoculture the quantity of any crop produced in the 

intercrop is generated. The ATER is of little value in areas with a cold or dry 

season. Its best utility is in an iso-climatic environment, where plant growth can 

continue year round. 

Intercropping with Cover Crops 

Mixtures of annual vetches plus rye would seem to be most promising for 

accomplishing both agronomic and conservation objectives. Rye and some vetches 

are particularly cold tolerant. Vetches are among the highest N producers in the 

legume family. Mixtures of rye and vetch would likely provide a good erosion- 

retarding fall cover. While vetches produce little fall ground cover, rye is 

commonly grown for effective winter ground cover. Growing rye in association
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with vetch can also provide a rye trellis for the vining vetch to climb on (Henson 

and Schotch, 1968) and possibly produce more vetch as a result. Scott et al. 

(1987) found rye and mixtures of rye:vetch and rye:austrian winter pea (Pisum 

arvense) superior to pure stands of hairy vetch or austrian winter pea at 

establishing ground cover 45 days after planting. A yield and quality advantage 

has been firmly established for legume-grass mixtures grown for forages 

(Trenbath, 1974), further suggesting potential advantages for rye and vetch 

mixtures. 

Data on mixed intercropping of cover-crop species are not extensive. 

Mitchell and Teel (1977) included mixtures of rye plus hairy vetch, rye plus 

crimson clover (Trifolium incarnatum), and ryegrass (Lolium multiflorum) plus 

crimson clover in their study of cover crops for no-till corn. Henson and Schotch 

(1968) recommended seeding rates for mixtures of oat, wheat, barley, or rye 

grown in combination with hairy vetch. Holderbaum et al. (1990) studied 

mixtures of three annual vetches plus wheat. Droushiotis (1989) compared the 

advantages of cereals plus vetch or pea (Pisum sativum) with pure-stand 

performance of the mixture components. Additional studies of oat and pea or oat 

and vetch have been done by Hodgson (1956), Robinson (1960), Peters (1951), 

and Bledsoe and Hadden (1936). 

Optimum seeding rates are important for reducing production costs and 

producing high cover-crop yields. Hodgson (1956) tested various seeding rates of 

oat and pea for protein production. He concluded a total seeding rate greater than 

112 kg/ha was excessive. His highest N production was from 75 kg of pea plus 34 

kg of oat. This mixture would constitute a full planting rate for pea and 40% for 

oat according to Virginia recommendations (Donohue et al., 1984). Seeding rates
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recommended in the literature for rye plus vetch mixtures vary. Henson and 

Schotch (1968) recommended reducing small-grain rates by one-half and seeding 

vetch at 22 to 34 kg/ha. Mitchell and Teel (1977) used high rates of rye (126 

kg/ha) with 17 kg of hairy vetch seed in their cover-crop comparison for corn 

production in Delaware. Moschler et al. (1967) used 50 kg of rye plus 17.8 kg 

hairy vetch in a Virginia study. Droushiotis (1989) used what seem to be quite 

excessive rates of oat and common vetch (V. sativa) in a Cyprus study comparing 

mixtures and pure stands. Pure-stand rates were 185 kg/ha for oat (2.3 times the 

upper Virginia recommendations) and 126 kg/ha for common vetch (4.2 times the 

highest hairy vetch rate for Virginia). Unless seed germination rates in the 

Mediterranean area are commonly low, or the climate is detrimental to seedling 

survival, these rates bias the results of the Droushiotis experiment. No advantage 

for mixtures over pure stands was found. In my opinion, the excessive seeding 

rates affected mixtures more adversely than they did pure stands. 

The seeding rate ranges for rye and vetch recommended by Virginia 

Cooperative Extension Service are 22 to 34 kg/ha for a pure vetch stand and 67 to 

101 kg for a pure rye stand (Donohue et al., 1984). Recommendations for a 

mixture of the two range from 11 to 17 kg of vetch plus 31 to 63 kg of rye/ha 

(Donohue et al., 1984). No published data on which to base these seeding rates 

were cited. Published seeding rates ranged from a low of 31 kg rye plus 11 kg 

hairy vetch/ha (Donohue et al., 1984)) to a high of 126 kg rye plus 17 kg 

vetch/ha (Mitchell and Teel, 1977).
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Rye and Vetch Intercrops for Reducing Corn N 

Fertilizer Requirements and Providing 

Ground Cover 

In an era of increasing environmental awareness and health consciousness, 

the need for components of a sustainable agriculture become ever more important. 

Looming instability of N-fertilizer prices (tied to the price of fossil fuels) 

necessitates preparedness for a time when ecological N sources will predominate. 

As part of a farm’s rotation plan, cover crops can reduce soil erosion and produce 

energy-cheap N for subsequent crops. 

Mid-Atlantic farmers could rely on winter-annual cover crops to 

simultaneously reduce fertilizer N inputs and nitrate leaching, while providing soil- 

protecting ground cover. The region is has a shorter growing season than where 

much cover-crop success has been demonstrated (southeastern US). Crimson 

clover, a cover crop that provides both quick ground cover and abundant legume 

N, is risky to grow in much of the mid-Atlantic due to freeze damage. 

Alternatively, rye:vetch mixtures may achieve adequate ground cover while 

providing N-scavenging of residual (leachable) N by rye and legume-N production. 

In spite of these potential benefits, few farmers in the mid-Atlantic currently use 

winter-annual legumes in their production systems. Only limited research has 

examined winter-annual legumes under mid-Atlantic corn-production conditions 

(Holderbaum et al., 1990, in Maryland; Mitchell and Teel, 1977, in Delaware; 

Radke et al., 1987, in Pennsylvania; and Moschler et al., 1967, in Virginia). 

An experiment was conducted to examine seeding rates and cover-crop 

combinations that might optimize ground cover, N production, residual N 
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scavenging, and corn yield without additional fertilizer N. The study examines 

mixtures of rye plus hairy vetch and the mixing of hairy and bigflower vetches in 

an effort to increase N production over the two legumes grown in pure stands. 

Materials and Methods 

Replicated small-plot experiments were established at the Whitethorne 

Experiment Station, near Blacksburg, Virginia (37° N, 80° W, and 600-m 

elevation), on a Hayter cobbly loam (fine, loamy, mixed mesic, Ultic, Hapludalf) 

located on a terrace of the New River. Physical characteristics of this soil include a 

loamy surface texture, 2 to 7 % slope, and well drained. As of March 1987, the 

site was supporting a tall fescue (Festuca arundinacea) plus white clover (Trifolium 

repens) sod and was being grazed by cattle (Bos taurus). The site had been in 

pasture for the previous 3 years and then corn for at least the next previous 3 

years. Preliminary soil samples were taken in March 1987 to determine initial 

fertility levels. At that time, soil pH ranged from 4.9 to 5.5, and some residual N 

(15 to 34 kg NOs/ha), P (33 to 134 kg /ha), and K (123 to 352 kg/ha) were 

present in the top 15 cm of the soil profile. Soil test recommendations for the 

cover crops were N (17 to 22 kg/ha), P (0 to 67 kg/ha), and K (0 to 67 kg/ha). 

No fertilizer was applied to cover crops. It was deemed uneconomical for growers 

to apply fertilizer to cover crops. 

On 10 July 1987, the plots were disked repeatedly with an offset disk to kill 

and incorporate the pasture plants. Foxtail millet (Setaria italica) was planted on 

16 July using a grain drill and a 28 kg/ha seeding rate. The millet crop was



22 

intended to extract and immobilize, in plant tissue, residual N. Due to extreme 

drought conditions (no rain from 7 July to 6 September), the millet crop failed. 

The experimental area was treated with 4500 kg/ha dolomitic limestone on 

8 September 1987. The area was chisel plowed and disked, and a seedbed was 

produced by field harrowing on 10 September 1987. Treatments were arranged as 

randomized, complete blocks with four replications. Plots were laid off at 3.66 m 

wide (to accommodate four corn rows, 0.91 m apart) and 15.24 m long. The 

experiment was run for two complete cropping sequences (cover crop followed by 

corn). 

Fifteen seeding rates or combinations of three cover crops were grown as 

mixed intercrops or pure stands (Table 1.1). Cover-crop species included rye, 

hairy vetch, and bigflower vetch. Cover-crop species were selected for their 

known cold tolerance in the ridge and valley region of Virginia. Rye was included 

in this experiment for three reasons: (1) rye is a commonly grown, cold-tolerant, 

winter-annual cover crop in many parts of the US, (2) any small grain can serve as 

a trellis for a weak-stemmed climbing legume such as hairy vetch (Henson and 

Schotch, 1968) and possibly increase legume yield due to more sunlight exposure, 

and (3) biomass yield from the small grain can be used to estimate the residual 

soil N available. 

Seeding rates for the study were selected with the dual (perhaps 

conflicting) objectives of establishing rapid ground cover and high N production. 

The most rapid ground cover would likely be achieved with full seeding rates of 

rye, but some compromise must be achieved to permit vetch establishment for 

legume-N accumulation during the legumes’ typical spring burst of growth. Two 

legumes (hairy and bigflower vetches) were mixed in various ratios to test the
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Table 1.1 Cover crop seed percentages and rates and N fertilizer added to corn 
used for the study. 
  

Cover crop seeding rate 
  

  

Cover crop Hairy Bigflower 
treatment Rye vetch vetch N rate 

wanna n enna enna renee nen eee kg/ha-------------------------- 

100° Rye (R) 100 0 0 0 

100 Hairy vetch (H) 0 28 0 0 

100 Bigflower vetch (B) 0 0 28 0 

50H/S50B 0 14 14 O 

67H/33B 0 19 9 0 

33H/67B 0 9 19 0 

5OR/50H 50 14 O 0 

SOR/75H 50 21 0 0 

50R/100H 50 28 0 0 

75R/75H 75 21 0 0 

25R/S50H/25B 25 14 7 0 

25R/25H/50B 25 7 14 0 

33R/33H/33B 33 9 9 0 

50R/25H/25B 50 7 7 0 

100R + 140N + 100 0 0 140 
  

*The number preceding the cover crop represents the percent of the recommended 
seeding rate for a pure stand (Donohue et al., 1984) 

* Nitrogen fertilizer applied to corn as NH4 NO3 following cover-crop desiccation.
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�C�o�v�e�r� �c�r�o�p�s� �w�e�r�e� �p�l�a�n�t�e�d� �a�s� �p�u�r�e� �s�t�a�n�d�s� �o�r� �m�i�x�e�d� �i�n�t�e�r�c�r�o�p�s� �u�s�i�n�g� �a� �g�r�a�i�n� 

�d�r�i�l�l� �o�n� �1�0�-�c�m� �c�e�n�t�e�r�s� �o�n� �2�5� �S�e�p�t�e�m�b�e�r� �1�9�8�7�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �f�a�l�l�,� �r�o�w� �w�i�d�t�h� �w�a�s� 

�c�h�a�n�g�e�d� �t�o� �2�0�-�c�m� �c�e�n�t�e�r�s� �t�o� �p�r�e�v�e�n�t� �d�r�i�l�l� �c�l�o�g�g�i�n�g� �o�n� �c�o�r�n� �s�t�u�m�p�/�r�o�o�t� �m�a�s�s�e�s� 

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



�2�5� 

�8� �a�n�d� �9� �O�c�t�o�b�e�r� �1�9�8�8�.� �S�e�e�d�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �m�i�x�t�u�r�e�s� �w�e�r�e� �m�i�x�e�d� �a�n�d� �i�n�o�c�u�l�a�t�e�d� 

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

�O�n� �3�0� �M�a�r�c�h� �1�9�8�8�,� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �v�e�t�c�h�e�s� �r�e�v�e�a�l�e�d� �m�a�n�y� �p�l�a�n�t�s�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� �p�u�r�e� �s�t�a�n�d�s�,� �w�e�r�e� �n�o�t� �n�o�d�u�l�a�t�e�d�.� �I�n�o�c�u�l�a�n�t� �w�a�s� �r�e�-�a�p�p�l�i�e�d� 

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

�c�r�o�p�.� �R�a�i�n�f�a�l�l� �(�>�5� �c�m�)� �o�c�c�u�r�r�e�d� �w�i�t�h�i�n� �2�4� �h�,� �w�h�i�c�h� �p�r�e�s�u�m�a�b�l�y� �w�a�s�h�e�d� �t�h�e� 

�i�n�o�c�u�l�u�m� �i�n�t�o� �t�h�e� �s�o�i�l�.� �V�e�t�c�h� �p�l�a�n�t�s� �a�p�p�e�a�r�e�d� �t�o� �"�g�r�e�e�n� �u�p�"� �w�i�t�h�i�n� �1�0� �d�a�y�s� �a�n�d� 

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

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

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

�p�l�o�t�s�.� �S�o�m�e� �t�r�e�a�t�m�e�n�t�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s� �h�a�d� �a�d�e�q�u�a�t�e�l�y� �n�o�d�u�l�a�t�e�d� 

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

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

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

�i�n�o�c�u�l�a�t�i�o�n�.� 

�G�r�o�u�n�d� �c�o�v�e�r� �p�e�r�c�e�n�t�a�g�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �p�o�i�n�t� �f�r�a�m�e� �(�G�r�i�e�f�-�S�m�i�t�h�,� 

�1�9�6�4�;� �R�a�e�l�s�o�n� �a�n�d� �M�c�K�e�e�,� �1�9�8�2�)�.� �S�e�a�s�o�n�a�l� �p�r�o�g�r�e�s�s�i�o�n� �o�f� �g�r�o�u�n�d� �c�o�v�e�r� �w�a�s� 

�a�s�s�e�s�s�e�d� �b�y� �m�a�k�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� �a�t� �i�n�t�e�r�v�a�l�s�.� �D�u�r�i�n�g� �t�h�e� �1�9�8�7�-�8�8� �c�o�v�e�r� �c�r�o�p� 

�s�e�a�s�o�n�,� �p�o�i�n�t�-�f�r�a�m�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �s�t�a�r�t�i�n�g� �2�4� �N�o�v�e�m�b�e�r� �(�6�0� �d�a�y�s� 

�a�f�t�e�r� �p�l�a�n�t�i�n�g�)� �a�n�d� �c�o�n�t�i�n�u�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �w�i�n�t�e�r� �a�n�d� �s�p�r�i�n�g� �o�n� �2�0� �D�e�c�e�m�b�e�r� 

�(�8�6� �d�a�y�s�)�,� �2�0� �J�a�n�u�a�r�y� �(�1�2�1� �d�a�y�s�)�,� �2�6� �F�e�b�r�u�a�r�y� �(�1�5�4� �d�a�y�s�)�,� �3�0� �M�a�r�c�h� �(�1�8�6� �d�a�y�s�)�,� 

�a�n�d� �2�3� �A�p�r�i�l� �(�2�1�0� �d�a�y�s�)�.� �I�n� �t�h�e� �f�i�r�s�t� �y�e�a�r�,� �f�i�v�e� �p�o�i�n�t�-�f�r�a�m�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� 

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

�m�e�a�s�u�r�e�m�e�n�t�s� �p�e�r� �p�l�o�t� �w�e�r�e� �t�a�k�e�n�.� �I�n� �1�9�8�8�-�8�9�,� �s�a�m�p�l�i�n�g� �b�e�g�a�n� �1�6� �D�e�c�e�m�b�e�r� �(�6�8



�2�6� 

�d�a�y�s� �a�f�t�e�r� �p�l�a�n�t�i�n�g�)� �a�n�d� �c�o�n�t�i�n�u�e�d� �t�o� �2�5� �J�a�n�u�a�r�y� �(�1�0�8� �d�a�y�s�)�,� �2�7� �F�e�b�r�u�a�r�y� �(�1�4�1� 

�d�a�y�s�)�,� �2�8� �M�a�r�c�h� �(�1�7�0� �d�a�y�s�)�,� �a�n�d� �2�8� �A�p�r�i�l� �(�2�0�1� �d�a�y�s�)�.� 

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

�t�o� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e� �f�r�o�m� �f�o�u�r� �0�.�2�5�-�m�2� �q�u�a�d�r�a�t�s� �p�e�r� �p�l�o�t�.� �S�a�m�p�l�i�n�g� �o�c�c�u�r�r�e�d� �f�r�o�m� 

�1�3� �t�o� �1�7� �M�a�y� �1�9�8�8� �a�n�d� �2�1� �t�o� �2�2� �M�a�y� �1�9�8�9� �b�y� �b�l�o�c�k�.� �M�i�x�t�u�r�e�s� �o�f� �r�y�e� �a�n�d� �v�e�t�c�h� 

�w�e�r�e� �h�a�n�d�-�s�e�p�a�r�a�t�e�d� �i�n�t�o� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �s�p�e�c�i�e�s� �c�o�m�p�o�n�e�n�t�s�.� �B�e�c�a�u�s�e� �o�f� 

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

�v�e�t�c�h� �m�i�x�t�u�r�e�s� �w�a�s� �a�t�t�e�m�p�t�e�d�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �w�e�i�g�h�e�d�,� �d�r�i�e�d� �a�t� �5�5� �t�o� �6�0� �C� �f�o�r� 

�6�0� �h�,� �a�n�d� �r�e�w�e�i�g�h�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �y�i�e�l�d�.� �C�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �s�a�m�p�l�e�s� �w�e�r�e� �g�r�o�u�n�d� 

�i�n� �a� �W�i�l�e�y� �m�i�l�l� �t�o� �p�a�s�s� �a� �1�-�m�m� �m�e�s�h� �s�c�r�e�e�n�.� �P�l�a�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �t�o�t�a�l� 

�N� �u�s�i�n�g� �t�h�e� �K�j�e�l�d�a�h�l� �m�e�t�h�o�d� �(�B�r�e�m�n�e�r�,� �1�9�6�5�)�.� 

�S�o�i�l� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �P� �a�n�d� �K� �f�o�r� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n� �w�e�r�e� �N� �(�1�4�0� �t�o� 

�1�6�8� �k�g�/�h�a�)�,� �P� �(�0� �t�o� �5�6� �k�g�/�h�a�)�,� �a�n�d� �K� �(�0� �t�o� �5�6� �k�g�/�h�a�)�.� �P�h�o�s�p�h�o�r�u�s� �a�n�d� �K� �f�e�r�t�i�l�i�z�e�r� 

�w�a�s� �a�p�p�l�i�e�d� �f�o�r� �c�o�r�n� �a�t� �5�6� �k�g� �P� �(�P�2�0�s�)� �a�n�d� �5�6� �k�g� �K� �(�K�2�0�2�)� �p�e�r� �h�a� �o�v�e�r� �t�h�e� �t�o�p� �o�f� 

�c�o�v�e�r� �c�r�o�p�s� �o�n� �2�7� �A�p�r�i�l� �1�9�8�8� �a�n�d� �2�4� �M�a�y� �1�9�8�9�.� �T�h�e� �h�e�r�b�i�c�i�d�e�s� �p�a�r�a�q�u�a�t� �(�2�.�3�4� 

�L�/�h�a�)�,� �m�e�t�o�l�a�c�h�l�o�r� �(�1�.�7�5� �L�/�h�a�)�,� �a�n�d� �c�y�a�n�a�z�i�n�e�,� �(�3�.�5� �L�/�h�a�)� �w�e�r�e� �t�a�n�k�-�m�i�x�e�d� �a�n�d� 

�a�p�p�l�i�e�d� �1�7� �M�a�y� �1�9�8�8� �a�n�d� �2�3� �M�a�y� �1�9�8�9� �b�y� �s�p�r�a�y�e�r�.� �A�n� �i�n�t�e�n�s�i�v�e� �r�a�i�n� �s�h�o�w�e�r� 

�f�o�l�l�o�w�e�d� �t�h�e� �h�e�r�b�i�c�i�d�e� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �1�9�8�8�,� �r�e�s�u�l�t�i�n�g� �i�n� �m�i�n�i�m�a�l� �d�e�s�i�c�c�a�t�i�o�n� �o�f� �t�h�e� 

�c�o�v�e�r� �c�r�o�p�s� �b�y� �p�a�r�a�q�u�a�t�.� �A� �s�e�c�o�n�d� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �p�a�r�a�q�u�a�t� �a�t� �1�.�1�7� �L�/�h�a� �o�n� �2�2� 

�M�a�y� �1�9�8�8� �d�i�d� �d�e�s�i�c�c�a�t�e� �t�h�e� �c�o�v�e�r� �c�r�o�p�s� �c�o�m�p�l�e�t�e�l�y�.� 

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

�c�o�v�e�r� �c�r�o�p�s�.� �P�i�o�n�e�e�r� �3�2�3�3� �c�o�r�n� �w�a�s� �p�l�a�n�t�e�d� �o�n� �1�9� �M�a�y� �1�9�8�8� �a�n�d� �2�2� �M�a�y� �1�9�8�9� �a�t� 

�a� �t�a�r�g�e�t� �p�o�p�u�l�a�t�i�o�n� �o�f� �5�0�,�0�0�0� �p�l�a�n�t�s�/�h�a�.� �S�k�i�p�s� �w�e�r�e� �e�v�i�d�e�n�t� �2� �w�e�e�k�s� �a�f�t�e�r� 

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

�u�n�i�f�o�r�m� �s�t�a�n�d�.� �F�e�r�t�i�l�i�z�e�r� �N� �w�a�s� �a�p�p�l�i�e�d� �a�s� �N�H�4�N�O�;� �t�o� �t�h�e� �r�y�e� �p�l�u�s� �N�-�f�e�r�t�i�l�i�z�e�r



�2�7� 

�t�r�e�a�t�m�e�n�t� �a�t� �7�0� �k�g� �N�/�h�a� �o�n� �2�8� �M�a�y� �1�9�8�8� �a�n�d� �2�4� �M�a�y� �1�9�8�9�.� �A� �s�e�c�o�n�d� �7�0� �k�g� �N�/�h�a� 

�w�a�s� �a�p�p�l�i�e�d� �w�h�e�n� �c�o�r�n� �p�l�a�n�t�s� �w�e�r�e� �5�0� �c�m� �t�a�l�l�.� �A�b�u�n�d�a�n�t� �r�a�i�n�f�a�l�l� �o�c�c�u�r�r�e�d� 

�t�h�r�o�u�g�h�o�u�t� �b�o�t�h� �c�o�r�n� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s�.� �C�o�r�n� �w�a�s� �h�a�r�v�e�s�t�e�d� �a�s� �f�o�r� �s�i�l�a�g�e� �(�a�t� �3�5� �t�o� 

�4�2�%� �d�r�y� �m�a�t�t�e�r�)� �f�r�o�m� �t�h�e� �c�e�n�t�r�a�l� �1�2�.�2� �m� �o�f� �t�h�e� �m�i�d�d�l�e� �t�w�o� �r�o�w�s� �i�n� �e�a�c�h� �p�l�o�t� �o�n� 

�1�4� �t�o� �1�6� �S�e�p�t�e�m�b�e�r� �1�9�8�8� �a�n�d� �1�3� �t�o� �1�4� �S�e�p�t�e�m�b�e�r� �1�9�8�9�.� �C�o�r�n� �s�u�b�s�a�m�p�l�e�s� �w�e�r�e� 

�w�e�i�g�h�e�d�,� �d�r�i�e�d� �a�t� �5�5� �t�o� �6�0� �C� �f�o�r� �6�0� �h�,� �r�e�w�e�i�g�h�e�d�,� �a�n�d� �r�e�p�o�r�t�e�d� �o�n� �a�n� �o�v�e�n�-�d�r�y� 

�b�a�s�i�s�.� 

�D�a�t�a� �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� �p�r�o�c�e�d�u�r�e�s� �(�S�A�S�,� �1�9�8�2�)�.� 

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

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

�w�i�t�h� �a�n� �F�-�d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �t�h�e� �0�.�0�5� �p�r�o�b�a�b�i�l�i�t�y� �l�e�v�e�l�.� �M�e�a�n�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �F�-� 

�p�r�o�t�e�c�t�e�d� �L�S�D�.� �S�e�v�e�r�a�l� �o�t�h�e�r� �m�e�a�n� �s�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �e�x�a�m�i�n�e�d�;� �e�a�c�h� 

�h�a�s� �l�i�m�i�t�a�t�i�o�n�s�,� �a�n�d� �L�S�D� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �m�o�s�t� �a�p�p�r�o�p�r�i�a�t�e�.� �A� �p�r�e�f�e�r�e�n�c�e� �f�o�r� 

�t�y�p�e� �I� �e�r�r�o�r�s� �w�a�s� �t�h�e� �m�a�i�n� �r�e�a�s�o�n� �f�o�r� �u�s�i�n�g� �L�S�D�.� �W�i�t�h� �L�S�D�,� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �c�a�n� �b�e� 

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

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�C�o�v�e�r�-�C�r�o�p� �Y�i�e�l�d�s� �o�f� �B�i�o�m�a�s�s� �a�n�d� �N� 

�C�o�v�e�r�-�c�r�o�p� �y�i�e�l�d�s� �a�n�d� �r�a�n�k�i�n�g� �d�i�f�f�e�r�e�d� �f�r�o�m� �y�e�a�r� �t�o� �y�e�a�r� �(�T�a�b�l�e� �1�.�2�)�.� 

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

�c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�e� �d�e�c�l�i�n�e� �i�n� �b�i�o�m�a�s�s� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� 

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

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



�2�8� 

�T�a�b�l�e� �1�.�2�.� �C�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n� �(�o�v�e�n� �d�r�y�)� �a�n�d� �y�e�a�r� �e�f�f�e�c�t� �f�o�r� �1�9�8�8� �a�n�d� 

� � 

� � 

�1�9�8�9�.� 

�C�o�v�e�r� �c�r�o�p� �Y�e�a�r� 
�t�r�e�a�t�m�e�n�t� �1�9�8�8� �1�9�8�9� �e�f�f�e�c�t� 

�w�e� �n�n�n�e�n� �n�e�n� �n�e�-�-� �M�e�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�1�0�0� �R�y�e� �(�R�)� �7�.�8� �d�*� �5�.�2� �b�e�d� �y�e�s�t� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �(�H�)� �3�.�8� �¢� �4�.�8� �c�d� �n�o� 

�1�0�0� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �(�B�)� �3�.�5�¢� �4�.�1�d� �n�o� 

�5�0�H�/�5�0�B� �5�.�9� �e�f� �4�.�3�d� �y�e�s� 

�6�7�H�/�3�3�B� �5�.�7� �f� �4�.�3�d� �n�o� 

�3�3�H�/�6�7�B� �5�.�2� �f� �4�.�0�d� �n�o� 

�5�0�R�/�5�0�H� �1�0�.�2� �b�e� �6�.�3� �a�b� �y�e�s� 

�S�O�R�/�7�5�H� �1�0�.�9� �b� �6�.�7� �a� �y�e�s� 

�5�0�R�/�1�0�0�H� �1�0�.�3� �b�e� �7�.�0�a� �y�e�s� 

�7�5�R�/�7�5�H� �1�0�.�8� �b� �6�.�9�a� �y�e�s� 

�2�5�R�/�5�0�H�/�2�5�B� �1�0�.�3� �b�e� �5�.�9� �a�b�c� �y�e�s� 

�2�5�R�/�2�5�H�/�5�0�B� �1�2�.�3� �a� �6�.�4� �a�b� �y�e�s� 

�3�3�R�/�3�3�H�/�3�3�B� �9�.�1�¢� �5�.�8� �a�b�c� �y�e�s� 

�5�O�R�/�2�5�H�/�2�5�B� �1�0�.�8� �b� �7�.�0� �a� �y�e�s� 

�1�0�0� �R�y�e� �+� �1�4�0�N� �#� �7�.�0� �d�e� �4�.�8� �c�d� �y�e�s� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�*� �S�i�g�n�i�f�i�e�s� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�h�e� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �m�e�a�n�s� �f�o�r� �a� �t�r�e�a�t�m�e�n�t� �w�e�r�e� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� �u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�#� �N�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�e�d� �t�o� �c�o�r�n� �a�s� �N�H�,� �N�O�3� �f�o�l�l�o�w�i�n�g� �c�o�v�e�r�-�c�r�o�p� �d�e�s�i�c�c�a�t�i�o�n�.



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

�f�o�r� �t�h�e� �5�0�/�5�0� �m�i�x�t�u�r�e� �o�f� �h�a�i�r�y� �a�n�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h�e�s�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �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� �c�o�n�t�e�n�t�i�o�n� �t�h�a�t� �r�y�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �t�h�e� �m�a�j�o�r� �s�o�u�r�c�e� �f�o�r� 

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

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

�i�n� �1�9�8�9�.� 

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

�i�n� �r�y�e� �v�a�r�i�e�t�y� �a�n�d� �r�o�w� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �y�e�a�r�s� �(�T�a�b�l�e� �1�.�3�)�.� �T�h�e� �N� �y�i�e�l�d� �d�i�f�f�e�r�e�n�c�e�s� 

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

�t�o� �p�o�o�r� �n�o�d�u�l�a�t�i�o�n� �i�n� �s�o�m�e� �p�l�o�t�s� �d�u�r�i�n�g� �1�9�8�8�.� �N�i�t�r�o�g�e�n� �y�i�e�l�d�s� �i�n�d�i�c�a�t�e�d� �g�r�e�a�t� 

�e�l�a�s�t�i�c�i�t�y� �f�o�r� �t�h�a�t� �p�a�r�a�m�e�t�e�r� �a�c�r�o�s�s� �s�e�e�d�i�n�g� �r�a�t�e�s� �o�f� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�.� �I�n� �1�9�8�8�,� 

�s�u�p�e�r�i�o�r� �N� �y�i�e�l�d�e�r�s� �c�a�n� �b�e� �g�r�o�u�p�e�d� �b�y� �m�e�a�n�s� �f�o�l�l�o�w�e�d� �b�y� �a�n�  ��a �� �o�r�  ��b �� �(�T�a�b�l�e� �1�.�3�)�.� 

�T�h�e�s�e� �w�e�r�e� �a�l�l� �i�n�t�e�r�c�r�o�p�s�.� �I�n� �1�9�8�9�,� �m�a�n�y� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�i�m�i�l�a�r�.� �I�n� 

�g�e�n�e�r�a�l�,� �t�h�e� �r�y�e� �p�u�r�e� �s�t�a�n�d�s� �a�n�d� �t�h�e� �2�5�R�/�5�0�H�/�2�5�B� �m�i�x�t�u�r�e� �w�e�r�e� �t�h�e� �l�e�a�s�t� �N�-� 

�y�i�e�l�d�i�n�g� �c�o�v�e�r�-�c�r�o�p� �t�r�e�a�t�m�e�n�t�s�,� �w�i�t�h� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h� �b�e�i�n�g� �i�n�c�l�u�d�e�d� �i�n� �1�9�8�8�.� �T�h�e� 

�l�o�w� �p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �2�5�R�/�5�O�H�/�2�5�B� �m�i�x�t�u�r�e� �i�s� �l�i�k�e�l�y� �d�u�e� �t�o� �t�h�e� �c�o�m�p�e�t�i�t�i�v�e� 

�e�x�c�l�u�s�i�o�n� �p�r�i�n�c�i�p�l�e� �(�B�e�g�o�n� �a�n�d� �M�o�r�t�i�m�e�r�,� �1�9�8�6�;� �V�a�n�d�e�r�m�e�e�r�,� �1�9�8�9�)� �d�i�s�c�u�s�s�e�d� �i�n� 

�t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� 

�L�a�n�d� �E�q�u�i�v�a�l�e�n�c�y� �R�a�t�i�o�s� �f�o�r� �B�i�o�m�a�s�s� �a�n�d� �N� 

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

�s�e�v�e�r�a�l� �m�e�t�h�o�d�s� �o�f� �c�a�l�c�u�l�a�t�i�n�g� �L�E�R� �m�a�y� �b�e� �e�m�p�l�o�y�e�d� �(�O�y�e�j�o�l�a� �a�n�d� �M�e�a�d�,� �1�9�8�2�)�.� 

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

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

�c�o�n�s�e�r�v�a�t�i�v�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �L�E�R�s�.� �A�n�o�t�h�e�r� �m�e�t�h�o�d� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �L�E�R�s� �w�o�u�l�d� �b�e



�T�a�b�l�e� �1�.�3�.� �C�o�v�e�r�-�c�r�o�p� �N� �y�i�e�l�d�s� �a�n�d� �y�e�a�r� �e�f�f�e�c�t� �f�o�r� �1�9�8�8� �a�n�d� �1�9�8�9�.� 

�3�0� 

� � 

� � 

�C�o�v�e�r� �c�r�o�p� �Y�e�a�r� 
�t�r�e�a�t�m�e�n�t� �1�9�8�8� �1�9�8�9� �e�f�f�e�c�t� 

�1�0�0� �R�y�e� �(�R�)� �5�7�e�*� �3�7�e� �n�o�t� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �(�H�)� �8�9� �d� �1�8�7� �a� �y�e�s� 

�1�0�0� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �(�B�)� �5�3� �e� �1�4�8� �a�b�c�d� �y�e�s� 

�5�0�H�/�5�0�B� �1�3�9� �b�e� �1�7�8� �a�b� �y�e�s� 

�6�7�H�/�3�3�B� �1�6�4� �a�b� �1�6�9� �a�b�c� �n�o� 

�3�3�H�/�6�7�B� �1�3�9� �b�e� �1�4�9� �a�b�c�d� �n�o� 

�5�0�R�/�5�0�H� �1�2�7� �¢� �1�4�5� �a�b�c�d� �n�o� 

�5�O�R�/�7�5�H� �1�7�6�a� �1�4�9� �a�b�c�d� �n�o� 

�5�0�R�/�1�0�0�H� �1�6�2� �a�b� �1�6�8� �a�b�c� �n�o� 

�7�9�R�/�7�5�H� �1�5�9� �a�b� �1�5�7� �a�b�c�d� �n�o� 

�2�5�R�/�5�0�H�/�2�5�B� �9�0�d� �1�1�7�d� �n�o� 

�2�5�R�/�2�5�H�/�5�0�B� �1�6�9� �a� �1�3�9� �b�e�d� �n�o� 

�3�3�R�/�3�3�H�/�3�3�B� �1�6�1� �a�b� �1�3�5� �c�d� �n�o� 

�5�0�R�/�2�5�H�/�2�5�B� �1�3�2�¢� �1�1�8�d� �n�o� 

�1�0�0�R� �+� �1�4�0�N� �#� �4�8� �e� �3�7� �e� �n�o� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�+�S�i�g�n�i�f�i�e�s� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�h�e� �c�o�v�e�r�-�c�r�o�p� �N� �y�i�e�l�d�s� �f�o�r� �t�h�a�t� �r�o�w� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� �u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�#� �N�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�e�d� �t�o� �c�o�r�n� �a�s� �N�H�4� �N�O�3� �f�o�l�l�o�w�i�n�g� �c�o�v�e�r�-�c�r�o�p� �d�e�s�i�c�c�a�t�i�o�n�.



�3�1� 

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

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

�W�h�e�n� �t�h�e� �b�y�-�r�e�p� �L�E�R�s� �a�r�e� �a�v�e�r�a�g�e�d�,� �t�h�e�i�r� �m�e�a�n� �w�i�l�l� �c�o�n�s�i�s�t�e�n�t�l�y� �e�x�c�e�e�d� �t�h�a�t� �o�f� �a� 

�m�e�a�n� �c�a�l�c�u�l�a�t�i�o�n� �b�a�s�e�d� �o�n� �a� �s�i�n�g�l�e� �(�m�e�a�n�)� �p�u�r�e� �s�t�a�n�d� �y�i�e�l�d� �(�V�a�n�d�e�r�m�e�e�r�,� �1�9�8�9�)�.� 

�O�y�e�j�o�l�a� �a�n�d� �M�e�a�d� �(�1�9�8�2�)� �p�r�e�s�e�n�t�e�d� �a�r�g�u�m�e�n�t�s� �a�g�a�i�n�s�t� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �d�i�v�i�s�o�r�s� �i�n� 

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

�b�l�o�c�k�s�.� �L�E�R�s� �b�a�s�e�d� �o�n� �m�e�a�n�s� �c�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �m�o�r�e� �c�o�n�s�e�r�v�a�t�i�v�e� �o�f� �t�h�e� 

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

�a�n�d� �b�y� �a�v�e�r�a�g�i�n�g� �c�o�m�p�o�n�e�n�t� �y�i�e�l�d�s� �a�n�d� �g�e�n�e�r�a�t�i�n�g� �a� �s�i�n�g�l�e� �L�E�R�.� �R�a�t�i�o�s� �i�n� �T�a�b�l�e�s� 

�1�.�4� �t�o� �1�.�7� �r�e�p�r�e�s�e�n�t� �v�a�l�u�e�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �m�e�a�n�s� �o�f� �m�i�x�t�u�r�e� �c�o�m�p�o�n�e�n�t�s� �a�n�d� 

�m�e�a�n�s� �o�f� �p�u�r�e� �s�t�a�n�d�s�.� �N�o� �L�E�R�s� �f�o�r� �t�h�e� �t�h�r�e�e�-�w�a�y� �m�i�x�t�u�r�e�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d�,� 

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

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

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

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

�r�y�e�:�h�a�i�r�y� �v�e�t�c�h� �m�i�x�t�u�r�e�s�.� �H�i�g�h� �L�E�R�s� �f�o�r� �t�h�e� �1�9�8�8� �d�a�t�a� �w�e�r�e� �l�a�r�g�e�l�y� �a� �r�e�s�u�l�t� �o�f� �l�o�w� 

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

�c�o�m�p�a�r�a�t�i�v�e� �v�a�l�u�e� �o�f� �t�h�e� �L�E�R� �i�s� �q�u�i�t�e� �s�e�n�s�i�t�i�v�e� �t�o� �p�u�r�e�-�s�t�a�n�d� �y�i�e�l�d�s�.� �I�f� �p�u�r�e�-�s�t�a�n�d� 

�y�i�e�l�d�s� �a�r�e� �l�e�s�s� �t�h�a�n� �t�h�e�i�r� �r�e�a�l� �p�o�t�e�n�t�i�a�l�,� �a�n� �i�n�f�l�a�t�e�d� �a�n�d� �m�i�s�l�e�a�d�i�n�g� �L�E�R� �w�i�l�l� �b�e� 

�g�e�n�e�r�a�t�e�d�.� �P�u�r�e�-�s�t�a�n�d� �y�i�e�l�d�s� �f�o�r� �1�9�8�9� �w�e�r�e� �b�e�t�t�e�r�,� �a�n�d� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �L�E�R�s� 

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

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

�v�e�t�c�h� �d�u�r�i�n�g� �1�9�8�8� �f�o�r� �a�l�l� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �e�x�c�e�p�t� �2�5�R�/�5�0�H�/�2�5�B�.� �I�n� �t�h�i�s� �t�h�r�e�e�-�w�a�y� 

�m�i�x�t�u�r�e�,� �t�h�e� �c�o�m�p�e�t�i�t�i�v�e� �e�x�c�l�u�s�i�o�n� �p�r�i�n�c�i�p�l�e� �i�s� �l�i�k�e�l�y� �i�n� �a�c�t�i�o�n�.� �T�h�e� �c�o�m�p�e�t�i�t�i�v�e� 

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



�3�2� 

�T�a�b�l�e� �1�.�4�.� �T�o�t�a�l� �b�i�o�m�a�s�s� �(�o�v�e�n� �d�r�y�)�,� �c�o�m�p�o�n�e�n�t� �b�i�o�m�a�s�s� �c�o�n�t�r�i�b�u�t�i�o�n�s�,� �a�n�d� �l�a�n�d� 
�e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�s� �(�L�E�R�)� �f�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� �1�9�8�8�.� 
� � 

� � 

� � 

�B�i�o�m�a�s�s� 

�C�o�v�e�r� �c�r�o�p� 
�t�r�e�a�t�m�e�n�t� �T�o�t�a�l� �R�y�e� �V�e�t�c�h� �L�E�R� 

�w�a� �n�e�n�n�n�a�e�n�e�e� �n�n�n� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�5�0�R�/�5�0�H� �1�0�.�2� �7�.�4� �a�b�*� �2�.�9� �¢� �1�.�6�8� 

�5�S�O�R�/�7�5�H� �1�0�.�9� �6�.�5� �b� �4�.�4�a� �1�.�9�8� 

�5�0�R�/�1�0�0�H� �1�0�.�3� �6�.�0� �b�e� �4�.�2� �a�b� �1�.�8�7� 

�7�5�R�/�7�5�H� �1�0�.�8� �7�.�0� �a�b� �3�.�7� �a�b�c� �1�.�8�7� 

�2�5�R�/�5�0�H�/�2�5�B� �1�0�.�3� �8�.�8�a� �1�5�d� �N�A�t� 

�2�5�R�/�2�5�H�/�5�0�B� �1�2�.�3� �8�.�0� �a�b� �4�.�3� �a�b� �N�A� 

�3�3�R�/�3�3�H�/�3�3�B� �9�.�1� �4�.�4�¢� �4�.�7� �a� �N�A� 

�5�O�R�/�2�5�H�/�2�5�B� �1�0�.�8� �7�.�7� �a�b� �3�.�1� �b�e� �N�A� 

�1�0�0� �R�y�e� �-� �7�.�8� �a�b� �-� �N�A� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �-� �-� �3�.�8� �a�b�c� �N�A� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D� �a�l�p�h�a� �=� �0�.�0�5�.� 

�+�N�A� �=� �n�o�t� �a�p�p�l�i�c�a�b�l�e�.



�3�3� 

�T�a�b�l�e� �1�.�5�.� �T�o�t�a�l� �b�i�o�m�a�s�s� �(�o�v�e�n� �d�r�y�)�,� �c�o�m�p�o�n�e�n�t� �b�i�o�m�a�s�s� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�n�d� �l�a�n�d� 
�e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�s� �(�L�E�R�)� �f�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� �1�9�8�9�.� 
� � 

� � 

� � 

�B�i�o�m�a�s�s� 

�C�o�v�e�r� �c�r�o�p� 
�t�r�e�a�t�m�e�n�t� �T�o�t�a�l� �R�y�e� �V�e�t�c�h� �L�E�R� 

�w�a�n�e� �n�e�n� �e�n�n�a� �n�e�n�a� �n�n� �e�e�-� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�S�O�R�/�5�0�H� �6�.�3� �3�.�3� �c�d�*� �3�.�1� �b�e�d� �1�.�2�7� 

�S�O�R�/�7�5�H� �6�.�7� �3�.�8� �b�e� �3�.�0� �c�d� �1�.�3�5� 

�5�0�R�/�1�0�0�H� �7�.�0� �3�.�1� �c�d� �3�.�9� �a�b� �1�.�4�2� 

�7�5�R�/�7�5�H� �6�.�9� �3�.�1� �c�d� �3�.�8� �b�e� �1�.�3�9� 

�2�5�R�/�5�0�H�/�2�5�B� �5�.�9� �3�.�3� �c�d� �2�.�6�d� �N�A�T� 

�2�5�R�/�2�5�H�/�S�0�B� �6�.�4� �3�.�5� �b�e�d� �2�.�9� �c�d� �N�A� 

�3�3�R�/�3�3�H�/�3�3�B� �5�.�8� �2�.�7� �d� �3�.�1� �b�e�d� �N�A� 

�5�0�R�/�2�5�H�/�2�5�B� �7�.�0� �4�.�4� �a�b� �2�.�5�d� �N�A� 

�1�0�0� �R�y�e� �-� �5�.�2�a� �-� �N�A� 

�1�0�0� �V�e�t�c�h� �-� �-� �4�.�8�a� �N�A� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�+�N�A� �=� �n�o�t� �a�p�p�l�i�c�a�b�l�e�.



�3�4� 

�T�a�b�l�e� �1�.�6�.� �T�o�t�a�l� �N� �y�i�e�l�d�s�,� �c�o�m�p�o�n�e�n�t� �N� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�n�d� �l�a�n�d� �e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�s� 
�(�L�E�R�)� �f�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� �1�9�8�8�.� 
� � 

� � 

� � 

�N� �y�i�e�l�d� 

�C�o�v�e�r� �c�r�o�p� 
�t�r�e�a�t�m�e�n�t� �T�o�t�a�l� �R�y�e� �V�e�t�c�h� �L�E�R� 

�w�a� �e�c� �e�e� �e�n� �n�n� �e�e� �n�n� �e�n�n�n�e� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�S�O�R�/�5�0�H� �1�2�7� �6�0� �a�b�*� �6�8� �c� �1�.�8�6� 

�S�O�R�/�7�5�H� �1�7�6� �5�8� �a�b� �1�1�8� �a� �2�.�4�0� 

�S�O�R�/�1�0�0�H� �1�6�2� �5�1� �b�e� �1�1�1� �a�b� �2�.�1�3� 

�7�5�R�/�7�5�H� �1�5�9� �5�6� �a�b� �1�0�3� �a�b�c� �2�.�1�3� 

�2�5�R�/�5�0�H�/�2�5�B� �9�0� �7�0�a� �2�0� �d� �N�A�T� 

�2�5�R�/�2�5�H�/�5�0�B� �1�7�0� �6�6� �a�b� �1�0�3� �a�b�c� �N�A� 

�3�3�R�/�3�3�H�/�3�3�B� �1�6�1� �3�9� �c�¢� �1�2�2�a� �N�A� 

�5�0�R�/�2�5�H�/�2�5�B� �1�3�2� �5�5� �a�b� �7�6� �b�e� �N�A� 

�1�0�0� �R�y�e� �-� �5�7� �a�b� �-� �N�A� 

�1�0�0� �V�e�t�c�h� �-� �-� �8�9� �a�b�c� �N�A� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

�+�N�A� �=� �n�o�t� �a�p�p�l�i�c�a�b�l�e�.



�3�5� 

�T�a�b�l�e� �1�.�7�.� �T�o�t�a�l� �N� �y�i�e�l�d�s�,� �c�o�m�p�o�n�e�n�t� �N� �c�o�n�t�r�i�b�u�t�i�o�n�s�,� �a�n�d� �l�a�n�d� �e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�s� 
�(�L�E�R�)� �f�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� �1�9�8�9�.� 
� � 

� � 

� � 

�N� �y�i�e�l�d� 

�C�o�v�e�r� �c�r�o�p� 
�t�r�e�a�t�m�e�n�t� �T�o�t�a�l� �R�y�e� �V�e�t�c�h� �L�E�R� 

�e�e� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�5�0�R�/�5�0�H� �1�4�5�*� �2�9� �a�b�t� �1�1�6� �b�e�d� �1�.�4�0� 

�5�O�R�/�7�5�H� �1�4�8� �3�4� �a�b� �1�1�4� �b�e�d� �1�.�5�3� 

�5�0�R�/�1�0�0�H� �1�6�8� �3�0� �a�b� �1�3�8� �b� �1�.�5�5� 

�7�9�5�R�/�7�5�H� �1�5�7� �2�8� �a�b� �1�2�9� �b�e� �1�.�4�5� 

�2�5�R�/�5�0�H�/�2�5�B� �1�1�7� �2�6� �b� �9�1� �c�d� �N�A�T� 

�2�5�R�/�2�5�H�/�5�0�B� �1�3�9� �3�3� �a�b� �1�0�6� �b�e�d� �N�A� 

�3�3�R�/�3�3�H�/�3�3�B� �1�3�5� �2�4�b� �1�1�0� �b�e�d� �N�A� 

�S�O�R�/�2�5�H�/�2�5�B� �1�1�8� �3�4� �a�b� �8�5�d� �N�A� 

�1�0�0� �R�y�e� �-� �3�7�a� �-� �N�A� 

�1�0�0� �V�e�t�c�h� �-� �-� �1�8�6� �a� �N�A� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D� �a�l�p�h�a� �=� �0�.�0�5�.� 

�+�N�A� �=� �n�o�t� �a�p�p�l�i�c�a�b�l�e�.



�3�6� 

�(�i�n�t�e�r�s�p�e�c�i�f�i�c� �c�o�m�p�e�t�i�t�i�o�n�)� �i�s� �s�u�f�f�i�c�i�e�n�t�l�y� �s�t�r�o�n�g�,� �o�n�e� �s�p�e�c�i�e�s� �w�i�l�l� �d�r�i�v�e� �o�u�t� 

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

�c�o�-�e�x�i�s�t� �i�n� �a� �c�o�n�d�i�t�i�o�n� �V�a�n�d�e�r�m�e�e�r� �(�1�9�8�9�)� �c�a�l�l�s� �c�o�m�p�e�t�i�t�i�v�e� �p�r�o�d�u�c�t�i�o�n�.� �I�n� �t�h�e� 

�2�5�R�/�5�0�H�/�2�5�B� �m�i�x�t�u�r�e�,� �v�e�t�c�h� �y�i�e�l�d� �w�a�s� �l�o�w� �d�u�e� �t�o� �h�i�g�h� �c�o�m�p�e�t�i�t�i�o�n� �a�m�o�n�g� �t�h�e� 

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

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

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

�1�9�8�9�,� �v�e�t�c�h� �g�r�o�w�i�n�g� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �r�y�e� �h�a�d� �l�e�s�s� �N� �y�i�e�l�d� �t�h�a�n� �d�i�d� �p�u�r�e� �v�e�t�c�h� 

�(�T�a�b�l�e� �1�.�7�)�.� �R�y�e ��s� �a�b�i�l�i�t�y� �t�o� �s�c�a�v�e�n�g�e� �r�e�s�i�d�u�a�l� �s�o�i�l� �N� �c�o�n�t�i�n�u�e�d� �w�h�i�l�e� �g�r�o�w�i�n�g� �i�n� 

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

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

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �v�e�t�c�h� �w�a�s� �a�l�s�o� �s�c�a�v�e�n�g�i�n�g� �r�e�s�i�d�u�a�l� �s�o�i�l� �N�,� �t�h�o�u�g�h� �t�h�i�s� �s�t�u�d�y� �d�i�d� 

�n�o�t� �a�d�d�r�e�s�s� �N� �s�o�u�r�c�e�s� �i�n� �d�e�t�a�i�l�.� 

�J�u�d�g�i�n�g� �b�y� �L�E�R�s� �a�b�o�v�e� �1�.�0�,� �a�n� �i�n�t�e�r�c�r�o�p�p�i�n�g� �a�d�v�a�n�t�a�g�e� �w�a�s� �s�e�e�n�.� �T�h�e� 

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

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

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

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

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

�v�e�t�c�h�,� �a�n�d� �v�e�t�c�h� �p�r�o�v�i�d�i�n�g� �s�o�m�e� �N� �t�o� �r�y�e�)�.� �T�h�e� �L�E�R� �v�a�l�u�e�s� �s�u�b�s�t�a�n�t�i�a�t�e� �t�h�e� 

�a�s�s�e�r�t�i�o�n� �o�f� �T�r�e�n�b�a�t�h� �(�1�9�7�4�)� �t�h�a�t� �a� �y�i�e�l�d� �a�n�d� �q�u�a�l�i�t�y� �a�d�v�a�n�t�a�g�e� �h�a�s� �b�e�e�n� �f�i�r�m�l�y� 

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



�3�7� 

�G�r�o�u�n�d�-�C�o�v�e�r�i�n�g� �A�b�i�l�i�t�y� �o�f� �C�o�v�e�r� �C�r�o�p�s� 
� � 

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

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

�r�y�e� �a�c�h�i�e�v�e�d� �t�h�e� �h�i�g�h�e�s�t� �v�a�l�u�e� �d�u�r�i�n�g� �1�9�8�8�,� �w�i�t�h� �9�4�%� �g�r�o�u�n�d� �c�o�v�e�r� �6�0� �d�a�y�s� �a�f�t�e�r� 

�p�l�a�n�t�i�n�g� �(�T�a�b�l�e� �1�.�8�)�.� �T�h�r�e�e� �o�t�h�e�r� �m�i�x�t�u�r�e�s� �c�o�n�t�a�i�n�i�n�g� �o�n�e�-�h�a�l�f� �t�o� �t�h�r�e�e�-�q�u�a�r�t�e�r�s� 

�a�s� �m�u�c�h� �r�y�e� �h�a�d� �s�t�a�t�i�s�t�i�c�a�l�l�y� �e�q�u�i�v�a�l�e�n�t� �g�r�o�u�n�d� �c�o�v�e�r� �6�0� �d�a�y�s� �a�f�t�e�r� �p�l�a�n�t�i�n�g� �i�n� 
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�D�A�Y�S� �A�F�T�E�R� �P�L�A�N�T�I�N�G� 

�F�i�g�u�r�e� �1�.�3�.� �C�h�a�n�g�e� �w�i�t�h� �t�i�m�e� �i�n� �g�r�o�u�n�d� �c�o�v�e�r� �p�r�o�v�i�d�e�d� �b�y� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� 
�1�9�8�8�.
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�F�i�g�u�r�e� �1�.�4�.� �C�h�a�n�g�e� �w�i�t�h� �t�i�m�e� �i�n� �g�r�o�u�n�d� �c�o�v�e�r� �p�r�o�v�i�d�e�d� �b�y� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� 
�1�9�8�9�.



�4�4� 

�p�r�o�v�i�d�e� �a�d�e�q�u�a�t�e� �f�a�l�l� �c�o�v�e�r�a�g�e�.� �A�l�l� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h� �>� �8�7�%� �c�o�v�e�r�a�g�e� �s�h�o�u�l�d� 

�p�r�o�v�i�d�e� �a�d�e�q�u�a�t�e� �p�r�o�t�e�c�t�i�o�n� �t�o� �r�e�d�u�c�e� �e�r�o�s�i�o�n� �t�o� �l�e�s�s� �t�h�a�n� �6�7�2� �k�g�/�h�a� �f�o�r� �a�n�y� 

�r�a�i�n�f�a�l�l� �e�v�e�n�t� �o�n� �a� �5�%� �s�l�o�p�e� �(�M�a�n�n�e�r�i�n�g� �a�n�d� �M�e�y�e�r�,� �1�9�6�3�)�.� �M�y� �d�a�t�a� �s�u�g�g�e�s�t�,� �t�h�a�t� 

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

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

�C�o�r�n� �Y�i�e�l�d�s� 

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

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

�s�e�e�n� �(�P� �=� �0�.�8�2�)�.� �W�h�e�n� �y�e�a�r�s� �w�e�r�e� �p�o�o�l�e�d�,� �t�h�e� �h�i�g�h�e�s�t� �y�i�e�l�d�i�n�g� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�t�h�e� �t�w�o�-�v�e�t�c�h� �m�i�x�t�u�r�e�s�,� �p�u�r�e� �v�e�t�c�h�e�s�,� �t�h�e� �5�0�R�/�1�0�0�H�,� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� 

�(�R�y�e�+�1�4�0�N�)� �(�T�a�b�l�e� �1�.�1�0�)�.� �W�h�e�n� �s�e�p�a�r�a�t�e�d� �b�y� �y�e�a�r�,� �h�i�g�h�e�s�t� �y�i�e�l�d�s� �f�o�r� �1�9�8�8� �w�e�r�e� 

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

�t�r�e�a�t�m�e�n�t�.� �R�e�s�i�d�u�a�l� �s�o�i�l� �N� �c�o�n�t�r�i�b�u�t�e�d� �s�o�m�e� �t�o� �t�h�e� �1�9�8�8� �y�i�e�l�d�s�,� �g�i�v�i�n�g� �a� �n�e�e�d�e�d� 

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

�H�i�g�h�e�s�t� �c�o�r�n� �y�i�e�l�d�s� �i�n� �1�9�8�9� �w�e�r�e� �a�g�a�i�n� �p�r�e�d�o�m�i�n�a�n�t�l�y� �i�n� �v�e�t�c�h�-�o�n�l�y� 

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

�l�o�w�e�r� �p�r�o�d�u�c�e�r�s� �o�f� �c�o�r�n� �s�i�l�a�g�e� �d�u�r�i�n�g� �1�9�8�9�.� �R�e�d�u�c�t�i�o�n�s� �i�n� �c�o�r�n� �y�i�e�l�d� �f�o�l�l�o�w�i�n�g� 

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

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

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

�y�i�e�l�d�s� �w�o�u�l�d� �s�e�e�m� �t�o� �b�e� �i�n� �o�r�d�e�r�.� �M�i�t�c�h�e�l�l� �a�n�d� �T�e�e�l� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �c�o�r�n� �g�r�a�i�n� 

�y�i�e�l�d�s� �o�f� �5�2�0�6�,� �5�3�9�4�,� �a�n�d� �5�3�3�1� �k�g�/�h�a� �f�o�r� �a� �r�y�e�:�h�a�i�r�y� �v�e�t�c�h� �m�i�x�t�u�r�e� �p�l�u�s� �0�,� �5�6�,� �a�n�d� 

�1�1�2� �k�g� �N�/�h�a�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �o�n�e� �y�e�a�r� �o�f� �t�h�e�i�r� �s�t�u�d�y� �i�n� �D�e�l�a�w�a�r�e�.� �T�h�e� �f�o�l�l�o�w�i�n�g



�4�5� 

�T�a�b�l�e� �1�.�1�0�.� �A�b�o�v�e�-�g�r�o�u�n�d� �c�o�r�n� �b�i�o�m�a�s�s� �(�o�v�e�n� �d�r�y�)� �y�i�e�l�d�s� �f�o�l�l�o�w�i�n�g� �c�o�v�e�r� �c�r�o�p�s� 
�d�u�r�i�n�g� �1�9�8�8� �a�n�d� �1�9�8�9�.� 
� � 

� � 

�C�o�v�e�r� �C�r�o�p� 
�t�r�e�a�t�m�e�n�t� �1�9�8�8� �1�9�8�9� �a�v�g�.� 

�n�o�n�e� �n� �n�a�a�n� �n�e�e� �n�n�n� �e� �e�e� �n�e�n� �n�=� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�1�0�0� �R�y�e� �(�R�)� �1�1�.�6� �e�f�*� �8�.�6� �f� �1�0�.�0� �c�¢� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �(�H�)� �1�7�.�5� �a�b� �1�5�.�5� �a�b�c�d� �1�6�.�5�a� 

�1�0�0� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �(�B�)� �1�3�.�5� �d�e�f� �1�3�.�8� �a�b�c�d�e� �1�3�.�6� �a�b�c�d� 

�5�0�H�/�5�0�B� �1�7�.�1� �a�b�e� �1�6�.�0� �a�b�c� �1�6�.�6� �a� 

�6�7�H�/�3�3�B� �1�8�.�0�a� �1�6�.�2� �a�b� �1�7�.�l�a� 

�3�3�H�/�6�7�B� �1�5�.�7� �a�b�c�d� �1�5�.�5� �a�b�c�d� �1�5�.�6� �a�b� 

�S�O�R�/�S�5�0�H� �1�2�.�2� �e�f� �1�1�.�5� �e�f� �1�1�.�9�¢� 

�5�O�R�/�7�5�H� �1�2�.�6� �d�e�f� �1�1�.�7� �e�f� �1�2�.�1� �b�e� 

�S�O�R�/�1�0�0�H� �1�4�.�6� �b�e�d�e� �1�2�.�9� �b�e�d�e� �1�3�.�7� �a�b�e� 

�7�5�R�/�7�5�H� �1�3�.�6� �d�e� �1�2�.�2� �d�e� �1�2�.�9� �b�e� 

�2�5�R�/�5�0�H�/�2�5�B� �1�0�.�5� �f� �1�1�.�8� �e�f� �1�l�l�.�l�c� 

�2�5�R�/�2�5�H�/�5�0�B� �1�2�.�8� �d�e�f� �1�2�.�6� �c�d�e� �1�2�.�7� �b�e� 

�3�3�R�/�3�3�H�/�3�3�B� �1�4�.�0� �c�d�e� �1�1�.�6� �e�f� �1�2�.�8� �b�e� 

�5�O�R�/�2�5�H�/�2�5�B� �1�2�.�1� �e�f� �8�.�4� �f� �1�0�.�2� �¢� 

�R�y�e� �+� �1�4�0�N� �1�7�.�2� �a�b� �1�6�.�7� �a� �1�7�.�0�a� 
� � 

 ��M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.



�4�6�0� 

�y�e�a�r� �t�h�e�i�r� �g�r�a�i�n� �y�i�e�l�d�s� �w�e�r�e� �7�8�4�0�,� �8�9�0�6�,� �a�n�d� �9�1�5�7� �k�g�/�h�a� �f�o�r� �t�h�e� �s�a�m�e� �s�e�r�i�e�s� �o�f� �N� 

�f�e�r�t�i�l�i�z�e�r� �r�a�t�e�s�.� �I�n� �t�w�o� �s�e�p�a�r�a�t�e� �s�t�u�d�i�e�s�,� �H�o�l�d�e�r�b�a�u�m� �e�t� �a�l�.� �(�1�9�9�0�)� �p�r�o�d�u�c�e�d� �c�o�r�n� 

�g�r�a�i�n� �y�i�e�l�d�s� �o�f� �4�.�8� �a�n�d� �5�.�0� �M�g�/�h�a� �a�n�d� �7�.�5� �a�n�d� �9�.�1� �M�g�/�h�a� �u�s�i�n�g� �a� �w�h�e�a�t� �h�a�i�r�y� 

�v�e�t�c�h� �m�i�x�t�u�r�e� �p�l�u�s� �0� �a�n�d� �9�0� �k�g� �N�/�h�a�.� �O�t�t� �a�n�d� �H�a�r�g�r�o�v�e� �(�1�9�8�9�)� �r�e�c�o�m�m�e�n�d� �5�6� �k�g� 

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

�y�i�e�l�d�s�.� 

�C�o�n�c�l�u�s�i�o�n�s� 

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

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

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

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

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

�p�r�o�h�i�b�i�t�i�v�e�l�y� �h�i�g�h� �(�>� �$�6�.�6�0�/�k�g�)� �h�o�w�e�v�e�r�.� �I�n� �a�r�e�a�s� �w�h�e�r�e� �c�r�i�m�s�o�n� �c�l�o�v�e�r� �i�s� �r�i�s�k�y� 

�t�o� �g�r�o�w� �d�u�e� �t�o� �f�r�e�e�z�e� �d�a�m�a�g�e� �(�m�i�d�-�A�t�l�a�n�t�i�c�)�,� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s� �o�f�f�e�r� �s�o�m�e� 

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

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

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

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

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

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

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

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

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



�A�T� 

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

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



�4�8� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

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

�B�r�e�m�n�e�r�,� �J�.�M�.� �1�9�6�5�.� �T�o�t�a�l� �n�i�t�r�o�g�e�n�.� �p�.� �1�1�4�9�-�1�1�7�8� �I�n� �C�.�A�.� �B�l�a�c�k� �e�t� �a�l�.� �(�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�,� �A�m�e�r�.� �S�o�c�.� �o�f� �A�g�r�o�n�.�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�D�o�n�o�h�u�e�,� �S�.�J�.�,� �R�.�L�.� �H�a�r�r�i�s�o�n�,� �a�n�d� �H�.�E�.� �W�h�i�t�e�.� �1�9�8�4�.� �A� �H�a�n�d�b�o�o�k� �o�f� �A�g�r�o�n�o�m�y�.� 
�V�a�.� �C�o�o�p�.� �E�x�t�.� �S�e�r�v�.� �P�u�b�.� �n�o�.� �4�2�4�-�1�0�0�.� 

�G�r�i�e�f�-�S�m�i�t�h�,� �P�.� �1�9�6�4�.� �Q�u�a�n�t�i�t�a�t�i�v�e� �p�l�a�n�t� �e�c�o�l�o�g�y�.� �s�e�c�o�n�d� �e�d�i�t�i�o�n�,� �B�u�t�t�e�r�w�o�r�t�h� 
�P�u�b�l�i�s�h�e�r�s�,� �W�a�s�h�.� �D�.�C�.� �2�5�6� �p�p�.� 

�H�e�n�s�o�n�,� �P�.�R�.� �a�n�d� �H�.�A�.� �S�c�h�o�t�c�h�.� �1�9�6�8�.� �V�e�t�c�h� �c�u�l�t�u�r�e�s� �a�n�d� �u�s�e�s�.� �U�S�D�A� �F�a�r�m�e�r�s� 
�B�u�l�l�.� �n�o�.� �1�7�4�0�.� 

�H�o�l�d�e�r�b�a�u�m�,� �J�.�F�.�,� �A�.�M�.� �D�e�c�k�e�r�,� �J�.�J�.� �M�e�i�s�i�n�g�e�r�,� �F�.�R�.� �M�u�l�f�o�r�d�,� �a�n�d� �L�.�R�.� �V�o�u�g�h�.� 
�1�9�9�0�.� �F�a�l�l�-�s�e�e�d�e�d� �l�e�g�u�m�e� �c�o�v�e�r� �c�r�o�p�s� �f�o�r� �n�o�-�t�i�l�l�a�g�e� �c�o�r�n� �i�n� �t�h�e� �h�u�m�i�d� �e�a�s�t�.� 
�A�g�r�o�n�.� �J�.� �8�2�:� �1�1�7�-�1�2�4�.� 

�M�a�n�n�e�r�i�n�g�,� �J�.�V�.� �a�n�d� �L�.�D� �M�e�y�e�r�.� �1�9�6�3�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �r�a�t�e�s� �o�f� �s�u�r�f�a�c�e� 
�m�u�l�c�h� �o�f� �i�n�f�i�l�t�r�a�t�i�o�n� �a�n�d� �e�r�o�s�i�o�n�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �P�r�o�c�.� �2�7�:� �8�4�-�8�6�.� 

�M�i�t�c�h�e�l�l�,� �W�.�H�.� �a�n�d� �M�.�R�.� �T�e�e�l�.� �1�9�7�7�.� �W�i�n�t�e�r� �a�n�n�u�a�l� �c�o�v�e�r� �c�r�o�p�s� �f�o�r� �n�o�-�t�i�l�l�a�g�e� 
�c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� �A�g�r�o�n�.� �J�.� �6�9� �(�4�)�:� �5�6�9� �-� �5�7�3�.� 

�M�o�s�c�h�l�e�r�,� �W�.�W�.�,� �G�.�M�.� �S�h�e�a�r�,� �D�.�L�.� �H�a�l�l�o�c�k�,� �R�.�D�.� �S�e�a�r�s�,� �a�n�d� �G�.�D�.� �J�o�n�e�s�.� �1�9�6�7�.� 
�W�i�n�t�e�r� �c�o�v�e�r� �c�r�o�p�s� �f�o�r� �s�o�d�-�p�l�a�n�t�e�d� �c�o�r�n�:� �t�h�e�i�r� �s�e�l�e�c�t�i�o�n� �a�n�d� �m�a�n�a�g�e�m�e�n�t�.� 
�A�g�r�o�n�.� �J�.� �5�9�:� �5�4�7�-�5�5�1�.� 

�O�t�t�,� �S�.�L�.� �a�n�d� �W�.�L�.� �H�a�r�g�r�o�v�e�.� �1�9�8�9�.� �P�r�o�f�i�t�s� �a�n�d� �r�i�s�k�s� �o�f� �u�s�i�n�g� �c�r�i�m�s�o�n� �c�l�o�v�e�r� �a�n�d� 
�h�a�i�r�y� �v�e�t�c�h� �c�o�v�e�r� �c�r�o�p�s� �i�n� �n�o�-�t�i�l�l� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� �A�m�.� �J�.� �A�l�t�.� �A�g�.� �4�:� �6�5�-�7�0�.� 

�O�y�e�j�o�l�a�,� �B�.�A�.� �a�n�d� �R�.� �M�e�a�d� �1�9�8�2�.� �S�t�a�t�i�s�t�i�c�a�l� �a�s�s�e�s�s�m�e�n�t� �o�f� �d�i�f�f�e�r�e�n�t� �w�a�y�s� �o�f� 
�c�a�l�c�u�l�a�t�i�n�g� �l�a�n�d� �e�q�u�i�v�a�l�e�n�t� �r�a�t�i�o�s� �(�L�E�R�)�.� �E�x�p�l�.� �A�g�r�i�c�.� �1�8�:� �1�2�5�-�1�3�8�.� 

�R�a�d�k�e�,� �J�.�K�.�,� �W�.�C�.� �L�i�e�b�h�a�r�d�t�,� �R�.�R�.� �J�a�n�k�e�,� �a�n�d� �S�.�E�.� �P�e�t�e�r�s�.� �1�9�8�7�.� �L�e�g�u�m�e�s� �i�n� �c�r�o�p� 
�r�o�t�a�t�i�o�n�s� �a�s� �a�n� �i�n�t�e�r�n�a�l� �n�i�t�r�o�g�e�n� �s�o�u�r�c�e� �f�o�r� �c�o�r�n�.� �p�.� �5�6�.� �I�n� �J�.�F�.� �P�o�w�e�r� �(�e�d�)�,� 
�T�h�e� �r�o�l�e� �o�f� �l�e�g�u�m�e�s� �i�n� �c�o�n�s�e�r�v�a�t�i�o�n� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�.� �P�r�o�c�.� �N�a�t�l�.� �C�o�n�f�.�,� 
�A�t�h�e�n�s�,� �G�A�.� �2�7�-�2�9� �A�p�r�i�l� �1�9�8�7�.� �S�o�i�l� �C�o�n�s�.� �S�o�c�.� �A�m�.�,� �A�n�k�e�n�y�,� �I�A�.� 

�R�a�e�l�s�o�n�,� �J�.�V�.� �a�n�d� �G�.�W�.� �M�c�K�e�e�,� �1�9�8�2�.� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �p�l�a�n�t� �c�o�v�e�r� �t�o� �e�v�a�l�u�a�t�e� 
�r�e�v�e�g�e�t�a�t�i�o�n� �s�u�c�c�e�s�s�.� �A�g�r�o�n�o�m�y� �S�e�r�i�e�s�,� �6�7�.� �D�e�p�t�.� �o�f� �A�g�r�o�n�.� �T�h�e� �P�a�.� �S�t�a�t�e� 
�U�n�i�v�.�,� �U�n�i�v�.� �P�a�r�k�,� �P�A�.� 

�S�A�S�.� �1�9�8�2�.� �U�s�e�r ��s� �G�u�i�d�e�:� �S�t�a�t�i�s�t�i�c�s�.� �S�A�S� �I�n�s�t�i�t�u�t�e� �I�n�c�.� �C�a�r�y�,� �N�C�.



�4�9� 

�T�r�e�n�b�a�t�h�,� �B�.�R�.� �1�9�7�4�.� �B�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�v�i�t�y� �o�f� �m�i�x�t�u�r�e�s�.� �A�d�v�.� �i�n� �A�g�r�o�n�.� �2�6�:� �1�7�7�-� 
�2�1�0�.� 

�V�a�n�d�e�r�m�e�e�r�,� �J�.�H�.� �1�9�8�9�.� �T�h�e� �e�c�o�l�o�g�y� �o�f� �i�n�t�e�r�c�r�o�p�p�i�n�g�.� �C�a�m�b�r�i�d�g�e� �U�n�i�v�e�r�s�i�t�y� 
�P�r�e�s�s�,� �N�e�w� �Y�o�r�k�.



�C�o�v�e�r� �C�r�o�p� �C�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� 
�N� �S�u�p�p�l�y� �a�n�d� �W�a�t�e�r� �C�o�n�s�e�r�v�a�t�i�o�n� �i�n� �C�o�r�n� 

�P�r�o�d�u�c�t�i�o�n� 

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

�W�i�n�t�e�r�-�a�n�n�u�a�l� �l�e�g�u�m�e� �c�o�v�e�r� �c�r�o�p�s� �p�r�e�s�e�n�t� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �s�u�b�s�t�a�n�t�i�a�l�l�y� �r�e�d�u�c�e� 

�f�e�r�t�i�l�i�z�e�r� �N� �r�e�q�u�i�r�e�m�e�n�t�s� �a�n�d� �t�o� �c�o�n�s�e�r�v�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �f�o�r� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� �I�n� 

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

�y�i�e�l�d�s� �w�i�t�h� �m�i�n�i�m�a�l� �a�d�d�i�t�i�o�n�s� �o�f� �N� �f�e�r�t�i�l�i�z�e�r� �(�D�e�c�k�e�r�,� �1�9�8�7�;� �F�r�y�e� �e�t� �a�l�.�,� �1�9�8�5�;� 

�M�c�V�a�y� �e�t� �a�l�.�,� �1�9�8�9�;� �M�i�t�c�h�e�l�l� �a�n�d� �T�e�e�l�,� �1�9�7�7�)�.� �N�o�-�t�i�l�l� �c�o�r�n� �g�r�o�w�i�n�g� �i�n� �k�i�l�l�e�d� �c�o�v�e�r� 

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

�c�o�r�n� �(�B�l�e�v�i�n�s� �e�t� �a�l�.�,� �1�9�7�1�)�.� 

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

�l�e�g�u�m�e� �N�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �!�5�N�-�l�a�b�e�l�e�d� �l�e�g�u�m�e� �t�i�s�s�u�e� �a�p�p�l�i�e�d� �t�o� �s�o�i�l�,� �y�i�e�l�d� 

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

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

�m�e�t�h�o�d�s� �h�a�s� �u�s�e�d�.� 

�U�s�i�n�g� �N�-�u�p�t�a�k�e� �m�e�t�h�o�d�s�,� �M�i�t�c�h�e�l�l� �a�n�d� �T�e�e�l� �(�1�9�7�7�)� �e�s�t�i�m�a�t�e�d� �c�o�r�n� 

�r�e�c�o�v�e�r�e�d� �3�8�%� �o�f� �t�h�e� �N� �c�o�n�t�a�i�n�e�d� �i�n� �a� �c�o�v�e�r�-�c�r�o�p� �r�e�s�i�d�u�e�.� �H�u�n�t�i�n�g�t�o�n� �e�t� �a�l�.� 

�(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �2�9�%� �c�o�v�e�r�-�c�r�o�p�-�N� �r�e�c�o�v�e�r�y� �b�y� �c�o�r�n� �u�n�d�e�r� �n�o�-�t�i�l�l� �c�o�n�d�i�t�i�o�n�s�.� 

�H�e�r�b�e�k� �e�t� �a�l�.� �(�1�9�8�7�)� �f�o�u�n�d� �f�e�r�t�i�l�i�z�e�r�-�N� �r�e�p�l�a�c�e�m�e�n�t� �v�a�l�u�e�s� �o�f� �5�0� �a�n�d� �7�3� �k�g� �N�/�h�a� 

�f�o�r� �h�a�i�r�y� �v�e�t�c�h� �a�n�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�y�l�e�r� �e�t� �a�l�.� �(�1�9�8�7�)� �a�n�d� �N�e�e�l�y� �e�t� 

�a�l�.� �(�1�9�8�7�)� �r�e�p�o�r�t�e�d� �N� �e�q�u�i�v�a�l�e�n�t�s� �f�o�r� �c�o�r�n� �o�f� �8�4� �t�o� �1�1�2� �k�g�/�h�a� �f�r�o�m� �k�i�l�l�e�d� �v�e�t�c�h�.� �A� 

�N�e�w� �J�e�r�s�e�y� �s�t�u�d�y� �c�o�m�p�a�r�e�d� �c�o�r�n� �y�i�e�l�d�s� �f�o�l�l�o�w�i�n�g� �r�y�e� �p�l�u�s� �2�0�0� �k�g� �N�/�h�a� �w�i�t�h� 

�u�n�f�e�r�t�i�l�i�z�e�d� �h�a�i�r�y� �v�e�t�c�h� �(�T�i�s�d�a�l�e� �e�t� �a�l�.�,� �1�9�8�5�)�.� �C�o�r�n� �s�i�l�a�g�e� �y�i�e�l�d�s� �o�f� �5�4�.�4� �M�g�/�h�a� 

�5�0



�5�1� 

�f�o�l�l�o�w�i�n�g� �v�e�t�c�h� �a�n�d� �5�7�.�1� �M�g�/�h�a� �f�o�l�l�o�w�i�n�g� �r�y�e� �p�l�u�s� �N� �w�e�r�e� �r�e�p�o�r�t�e�d�.� �T�h�e� �v�e�t�c�h� 

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

�T�i�l�l�a�g�e� �c�a�n� �a�f�f�e�c�t� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �c�o�v�e�r�-�c�r�o�p� �N� �m�i�n�e�r�a�l�i�z�e�s�.� �V�a�r�c�o� �e�t� �a�l�.� 

�(�1�9�8�9�)�,� �u�s�i�n�g� �!�5�N� �p�r�o�c�e�d�u�r�e�s�,� �r�e�p�o�r�t�e�d� �5�7�%� �r�e�c�o�v�e�r�y� �o�f� �h�a�i�r�y� �v�e�t�c�h� �N� �b�y� �c�o�r�n� 

�u�n�d�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� �t�i�l�l�a�g�e� �a�n�d� �5�1�%� �w�i�t�h� �n�o�-�t�i�l�l�.� �W�i�l�s�o�n� �a�n�d� �H�a�r�g�r�o�v�e� �(�1�9�8�6�)� 

�f�o�u�n�d� �t�h�e� �N� �r�e�l�e�a�s�e� �f�r�o�m� �c�r�i�m�s�o�n� �c�l�o�v�e�r� �r�e�s�i�d�u�e� �4� �w�e�e�k�s� �a�f�t�e�r� �d�e�s�i�c�c�a�t�i�o�n� �t�o� �b�e� 

�4�0�%� �u�n�d�e�r� �n�o�-�t�i�l�l� �a�n�d� �6�3�%� �u�n�d�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� �t�i�l�l�a�g�e�.� �H�u�n�t�i�n�g�t�o�n� �e�t� �a�l�.� �(�1�9�8�5�)� 

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

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

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

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

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

�H�u�n�t�i�n�g�t�o�n� �e�t� �a�l�.� �(�1�9�8�5�)� �a�l�s�o� �m�e�n�t�i�o�n�e�d� �t�h�e� �p�o�s�s�i�b�l�e� �v�a�l�u�e� �o�f� �s�u�p�p�l�e�m�e�n�t�a�l� �N� �a�t� 

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

�U�t�o�m�o� �e�t� �a�l�.� �(�1�9�8�5�)� �f�o�u�n�d� �a�v�a�i�l�a�b�l�e� �s�o�i�l� �N� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �t�i�l�l�e�d� �p�l�o�t�s� �i�n�c�r�e�a�s�e�d� 

�9�9�%� �o�v�e�r� �t�h�e� �q�u�a�n�t�i�t�y� �o�r�i�g�i�n�a�l�l�y� �p�r�e�s�e�n�t�,� �w�h�i�l�e� �t�h�e� �i�n�c�r�e�a�s�e� �w�a�s� �o�n�l�y� �1�3�%� �i�n� �n�o�-� 

�t�i�l�l� �p�l�o�t�s�.� �C�o�r�n� �y�i�e�l�d�s� �w�e�r�e� �g�r�e�a�t�e�r� �w�i�t�h� �c�o�n�v�e�n�t�i�o�n�a�l� �t�i�l�l�a�g�e� �t�h�a�n� �w�i�t�h� �n�o�-�t�i�l�l�,� 

�p�r�e�s�u�m�a�b�l�y� �d�u�e� �t�o� �g�r�e�a�t�e�r� �N� �m�i�n�e�r�a�l�i�z�a�t�i�o�n�.� �U�s�i�n�g� �h�a�i�r�y� �v�e�t�c�h�,� �V�a�r�c�o� �e�t� �a�l�.� 

�(�1�9�8�9�)� �n�o�t�e�d� �t�h�a�t� �p�l�o�w�i�n�g� �p�l�u�s� �d�i�s�k�i�n�g� �a� �h�a�i�r�y� �v�e�t�c�h� �r�e�s�i�d�u�e� �r�e�s�u�l�t�e�d� �i�n� �g�r�e�a�t�e�r� �N� 

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

�P�r�o�p�e�r� �t�i�m�i�n�g� �o�f� �c�o�v�e�r� �c�r�o�p� �k�i�l�l� �o�f�f�e�r�s� �p�o�t�e�n�t�i�a�l� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �g�a�i�n� 

�a�d�d�i�t�i�o�n�a�l� �N� �r�e�l�e�a�s�e� �f�r�o�m� �h�e�r�b�i�c�i�d�e�-�k�i�l�l�e�d� �c�o�v�e�r�-�c�r�o�p� �r�e�s�i�d�u�e�s�.� �W�a�g�g�e�r� �(�1�9�8�9�)� 

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

�a�n� �e�a�r�l�y� �c�o�r�n� �p�l�a�n�t�i�n�g� �t�i�m�e� �c�o�m�p�a�r�e�d� �t�o� �b�e�i�n�g� �k�i�l�l�e�d� �2� �w�e�e�k�s� �l�a�t�e�r�.� �A�d�d�i�t�i�o�n�a�l� �N



�5�2� 

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

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

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

�W�h�e�n� �c�o�m�p�a�r�i�n�g� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �g�r�e�e�n� �m�a�n�u�r�e� �w�i�t�h� �p�l�a�n�t�i�n�g� �i�n�t�o� �a� �n�o�-�t�i�l�l� �m�u�l�c�h�,� 

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

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

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

�O� �o�r� �6�.�7� �M�g� �w�h�e�a�t� �s�t�r�a�w�/�h�a�,� �M�o�o�d�y� �e�t� �a�l�.� �(�1�9�6�3�)� �n�o�t�e�d� �a�v�a�i�l�a�b�l�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �t�o� 

�b�e� �2�8�%� �h�i�g�h�e�r� �i�n� �J�u�l�y� �a�n�d� �1�7�%� �h�i�g�h�e�r� �i�n� �A�u�g�u�s�t� �i�n� �t�h�e� �m�u�l�c�h�e�d� �p�l�o�t�s� �a�s� �c�o�m�p�a�r�e�d� 

�t�o� �u�n�m�u�l�c�h�e�d� �o�n�e�s�.� �M�u�l�c�h�e�d� �p�l�o�t�s� �y�i�e�l�d�e�d� �2�.�6� �M�g�/�h�a� �m�o�r�e� �c�o�r�n� �g�r�a�i�n� �t�h�a�n� �d�i�d� 

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

�i�n�f�i�l�t�r�a�t�i�o�n� �a�n�d� �r�e�d�u�c�e�d� �r�u�n�o�f�f� �a�n�d� �e�v�a�p�o�r�a�t�i�o�n�.� �B�l�e�v�i�n�s� �e�t� �a�l�.� �(�1�9�7�1�)� �s�h�o�w�e�d� 

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

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

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

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

�t�e�r�m� �d�r�o�u�g�h�t� �w�i�t�h�o�u�t� �s�e�v�e�r�e� �m�o�i�s�t�u�r�e� �s�t�r�e�s�s�.� 

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

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

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

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



�5�3� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�S�i�t�e� �P�r�e�p�a�r�a�t�i�o�n� 

�A� �r�e�p�l�i�c�a�t�e�d� �s�m�a�l�l�-�p�l�o�t� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �M�o�n�t�g�o�m�e�r�y� �C�o�u�n�t�y�,� 

�V�A� �a�t� �t�h�e� �W�h�i�t�e�t�h�o�r�n�e� �E�x�p�e�r�i�m�e�n�t� �S�t�a�t�i�o�n� �o�n� �a� �H�a�y�t�e�r� �c�o�b�b�l�y� �l�o�a�m� �(�f�i�n�e� �l�o�a�m�y�,� 

�m�i�x�e�d� �m�e�s�i�c�,� �U�l�t�i�c�,� �H�a�p�l�u�d�a�l�f�)� �i�n� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�8�7�.� �P�h�y�s�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�t�h�i�s� �s�o�i�l� �i�n�c�l�u�d�e� �l�o�a�m�y� �s�u�r�f�a�c�e� �t�e�x�t�u�r�e�,� �2� �t�o� �7� �%� �s�l�o�p�e�,� �a�n�d� �w�e�l�l� �d�r�a�i�n�e�d�.� �T�h�e� �s�i�t�e� 

�w�a�s� �l�o�c�a�t�e�d� �o�n� �a� �t�e�r�r�a�c�e� �o�f� �t�h�e� �N�e�w� �R�i�v�e�r�.� �A�s� �o�f� �M�a�r�c�h� �1�9�8�7�,� �t�h�e� �s�i�t�e� �w�a�s� 

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

�c�a�t�t�l�e�.� �T�h�e� �l�a�n�d� �w�a�s� �i�n� �p�a�s�t�u�r�e� �f�o�r� �t�h�e� �p�r�e�v�i�o�u�s� �3� �y�e�a�r�s� �a�n�d� �t�h�e�n� �c�o�r�n� �f�o�r� �a�t� �l�e�a�s�t� 

�t�h�e� �n�e�x�t� �p�r�e�v�i�o�u�s� �3� �y�e�a�r�s�.� �P�r�e�l�i�m�i�n�a�r�y� �s�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �i�n� �M�a�r�c�h� �1�9�8�7� �t�o� 

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

�r�a�n�g�e�d� �f�r�o�m� �4�.�9� �t�o� �5�.�5�,� �a�n�d� �s�o�m�e� �r�e�s�i�d�u�a�l� �N� �(�1�5� �t�o� �3�4� �k�g� �N�O�3�/�h�a�)�,� �P� �(�3�3� �t�o� �1�3�4� 

�k�g� �/�h�a�)�,� �a�n�d� �K� �(�1�2�3� �t�o� �3�5�2� �k�g�/�h�a�)� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �t�o�p� �1�5� �c�m� �o�f� �t�h�e� �s�o�i�l� 

�p�r�o�f�i�l�e�.� �S�o�i�l� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�v�e�r� �c�r�o�p�s� �w�e�r�e� �N� �(�1�7� �t�o� �2�2� �k�g�/�h�a�)�,� �P� 

�(�0� �t�o� �6�7� �k�g�/�h�a�)�,� �a�n�d� �K� �(�0� �t�o� �6�7� �k�g�/�h�a�)�.� �N�o� �f�e�r�t�i�l�i�z�e�r� �w�a�s� �a�p�p�l�i�e�d� �t�o� �c�o�v�e�r� �c�r�o�p�s�.� 

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

�O�n� �1�0� �J�u�l�y� �1�9�8�7�,� �t�h�e� �p�l�o�t�s� �w�e�r�e� �d�i�s�k�e�d� �r�e�p�e�a�t�e�d�l�y� �w�i�t�h� �a�n� �o�f�f�s�e�t� �d�i�s�k� �t�o� 

�i�n�c�o�r�p�o�r�a�t�e� �a�n�d� �k�i�l�l� �t�h�e� �p�a�s�t�u�r�e� �p�l�a�n�t�s�.� �F�o�x�t�a�i�l� �m�i�l�l�e�t� �w�a�s� �p�l�a�n�t�e�d� �a�t� �a� �2�8� �k�g�/�h�a� 

�s�e�e�d�i�n�g� �r�a�t�e� �o�n� �1�6� �J�u�l�y� �u�s�i�n�g� �a� �g�r�a�i�n� �d�r�i�l�l�.� �T�h�e� �m�i�l�l�e�t� �c�r�o�p� �w�a�s� �i�n�t�e�n�d�e�d� �t�o� �e�x�t�r�a�c�t� 

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

�b�y� �h�a�r�v�e�s�t�i�n�g�.� �D�u�e� �t�o� �e�x�t�r�e�m�e� �d�r�o�u�g�h�t� �c�o�n�d�i�t�i�o�n�s� �(�n�o� �r�a�i�n� �f�r�o�m� �7� �J�u�l�y� �t�o� �6� 

�S�e�p�t�e�m�b�e�r�)�,� �t�h�e� �m�i�l�l�e�t� �c�r�o�p� �f�a�i�l�e�d�.� �T�h�e� �p�l�o�t�s� �w�e�r�e� �l�i�m�e�d� �w�i�t�h� �4�5�0�0� �k�g�/�h�a� 

�d�o�l�o�m�i�t�i�c� �l�i�m�e�s�t�o�n�e� �o�n� �8� �S�e�p�t�e�m�b�e�r�.� �T�h�e�y� �w�e�r�e� �c�h�i�s�e�l� �p�l�o�w�e�d� �a�n�d� �d�i�s�k�e�d�,� �a�n�d� �a� 

�s�e�e�d�b�e�d� �w�a�s� �p�r�o�d�u�c�e�d� �b�y� �f�i�e�l�d� �h�a�r�r�o�w�i�n�g� �o�n� �1�0� �S�e�p�t�e�m�b�e�r�.



�5�4� 

�E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� 

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

�c�o�m�p�l�e�t�e� �b�l�o�c�k� �r�e�p�l�i�c�a�t�i�o�n�s� �(�T�a�b�l�e� �2�.�1�)�.� �T�w�o� �t�i�l�l�a�g�e� �t�r�e�a�t�m�e�n�t�s� �(�d�i�s�k� �a�n�d� �n�o�-�t�i�l�l�)� 

�a�n�d� �f�i�v�e� �c�o�v�e�r� �c�r�o�p� �t�r�e�a�t�m�e�n�t�s� �m�a�d�e� �u�p� �a� �2� �x� �5� �f�a�c�t�o�r�i�a�l� �a�r�r�a�n�g�e�m�e�n�t� �f�o�r� �t�h�e� 

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

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

�F�o�u�r� �N� �r�a�t�e�s� �(�0�,� �7�0�,� �1�4�0�,� �a�n�d� �2�1�0� �k�g� �N�/�h�a�)� �f�o�r� �c�o�r�n� �f�o�l�l�o�w�i�n�g� �f�a�l�l�o�w� �(�n�o� �c�o�v�e�r� 

�c�r�o�p�)� �w�e�r�e� �i�n�c�l�u�d�e�d� �u�n�d�e�r� �d�i�s�k� �t�i�l�l�a�g�e�.� �T�h�e� �1�4�0� �k�g� �N�/�h�a� �s�e�r�v�e�d� �a�s� �a� �"�s�t�a�n�d�a�r�d� 

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

�n�o�-�t�i�l�l� �p�r�a�c�t�i�c�e �� �o�f� �a� �r�y�e� �c�o�v�e�r� �c�r�o�p� �t�o� �w�h�i�c�h� �1�4�0� �k�g� �N�/�h�a� �w�a�s� �a�d�d�e�d� �t�o� �a� �n�o�-�t�i�l�l� 

�c�o�r�n� �c�r�o�p�.� �F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �s�t�u�d�y�i�n�g� �c�o�r�n� �y�i�e�l�d�s�,� �t�h�e� �r�y�e� �p�l�u�s� �1�4�0� �k�g� �N�/�h�a� �a�n�d� 

�t�h�e� �f�a�l�l�o�w� �p�l�u�s� �1�4�0� �k�g� �N�/�h�a� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �2� �x� �5� �f�a�c�t�o�r�i�a�l� �s�e�t� �o�f� �t�r�e�a�t�m�e�n�t�s�,� 

�r�e�s�u�l�t�i�n�g� �i�n� �a� �2� �x� �6� �f�a�c�t�o�r�i�a�l� �s�e�t�.� �T�h�e� �f�o�u�r� �N� �r�a�t�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y� �t�o� 

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

�o�f� �A�N�O�V�A� �(�S�A�S�,� �1�9�8�2�)� �f�o�l�l�o�w�e�d� �b�y� �m�e�a�n� �s�e�p�a�r�a�t�i�o�n� �u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D� �(�S�t�e�e�l� 

�a�n�d� �T�o�r�r�i�e�,� �1�9�8�0�)�.� �C�o�m�p�a�r�i�s�o�n�s� �f�o�r� �y�e�a�r� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �m�a�d�e� �b�y� �c�a�l�c�u�l�a�t�i�n�g� �a�n� 

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

�c�o�m�p�a�r�i�n�g� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �F� �w�i�t�h� �a�n� �F�-�d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �t�h�e� �9�5�%� �p�r�o�b�a�b�i�l�i�t�y� �l�e�v�e�l�.� 

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

�c�o�n�s�e�c�u�t�i�v�e� �y�e�a�r�s� �w�a�s� �n�o�t� �d�i�f�f�e�r�e�n�t� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �F�-�t�e�s�t�.� �P�l�o�t� �s�i�z�e� �w�a�s� �3�.�6�6� 

�m� �w�i�d�e� �(�f�o�u�r� �c�o�r�n� �r�o�w�s�,� �0�.�9�1� �m� �a�p�a�r�t�)� �a�n�d� �1�5�.�2�4� �m� �l�o�n�g�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� 

�r�u�n� �f�o�r� �t�w�o� �c�o�m�p�l�e�t�e� �c�r�o�p�p�i�n�g� �s�e�q�u�e�n�c�e�s� �(�c�o�v�e�r� �c�r�o�p� �f�o�l�l�o�w�e�d� �b�y� �c�o�r�n�)�.



�5�3�5� 

�T�a�b�l�e� �2�.�1�.� �T�r�e�a�t�m�e�n�t�s� �u�s�e�d� �i�n� �t�h�e� �2� �x� �5� �a�n�d� �2� �x� �6� �f�a�c�t�o�r�i�a�l� �a�r�r�a�n�g�e�m�e�n�t�s� �p�l�u�s� 

�a�d�d�i�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t�s�.� 
� � 

�C�o�v�e�r� �c�r�o�p� �S�e�e�d�i�n�g� �r�a�t�e� �F�e�r�t�i�l�i�z�e�r� �N�+� �T�i�l�l�a�g�e� �M�e�t�h�o�d� 
�t�r�e�a�t�m�e�n�t� �(�D�i�s�k�e�d� �o�r� �N�o�-�t�i�l�l�)� 
� � 

�2� �x� �5� �F�a�c�t�o�r�i�a�l� �s�t�u�d�y� 

�R�y�e� �(�R�)� �1�0�0� �0� �b�o�t�h� 

�H�a�i�r�y� �v�e�t�c�h� �(�H�)� �2�8� �0� �b�o�t�h� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �(�B�)� �2�8� �0� �b�o�t�h� 

�T�w�o�-�v�e�t�c�h� �1�9�H� �+� �9�B� �0� �b�o�t�h� 

�R�y�e�:�v�e�t�c�h� �5�0�R� �+� �1�9�H� �0� �b�o�t�h� 

�A�d�d�i�t�i�o�n�a�l� �T�r�e�a�t�m�e�n�t�s� 

�F�a�l�l�o�w� �-� �0� �d�i�s�k�e�d� 

�F�a�l�l�o�w� �-� �7�0� �d�i�s�k�e�d� 

�F�a�l�l�o�w�*� �-� �1�4�0� �d�i�s�k�e�d� 

�F�a�l�l�o�w� �-� �2�1�0� �d�i�s�k�e�d� 

�R�y�e�*� �1�0�0� �1�4�0� �n�o�-�t�i�l�l� 

� � 

�*�T�h�e�s�e� �t�w�o� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �2� �x� �5� �f�a�c�t�o�r�i�a�l� �a�s� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� 
�c�o�n�t�r�o�l�s�,� �f�o�r� �c�o�r�n� �y�i�e�l�d� �a�n�d� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�m�p�a�r�i�s�o�n�s� �i�n� �a� �2� �x� �6� �f�a�c�t�o�r�i�a�l�.� 

�+�N� �a�d�d�e�d� �t�o� �t�h�e� �c�o�r�n� �c�r�o�p� �a�s� �N�H�4�N�O�3� �f�o�l�l�o�w�i�n�g� �c�o�v�e�r�-�c�r�o�p� �d�e�s�i�c�c�a�t�i�o�n�.



�5�6� 

�C�r�o�p� �M�a�n�a�g�e�m�e�n�t� 

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

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

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

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

�f�o�r� �t�h�r�e�e� �r�e�a�s�o�n�s�:� �(�1�)� �r�y�e� �i�s� �a� �c�o�m�m�o�n�l�y� �g�r�o�w�n�,� �c�o�l�d� �t�o�l�e�r�a�n�t�,� �w�i�n�t�e�r�-�a�n�n�u�a�l� 

�c�o�v�e�r� �c�r�o�p� �i�n� �m�a�n�y� �p�a�r�t�s� �o�f� �t�h�e� �U�S�,� �(�2�)� �a�n�y� �s�m�a�l�l� �g�r�a�i�n� �m�a�y� �s�e�r�v�e� �a�s� �a� �t�r�e�l�l�i�s� �f�o�r� �a� 

�w�e�a�k�-�s�t�e�m�m�e�d�,� �c�l�i�m�b�i�n�g� �l�e�g�u�m�e� �s�u�c�h� �a�s� �h�a�i�r�y� �v�e�t�c�h� �(�H�e�n�s�o�n� �a�n�d� �S�c�h�o�t�c�h�,� �1�9�6�8�)� 

�a�n�d� �p�o�s�s�i�b�l�y� �i�n�c�r�e�a�s�e� �l�e�g�u�m�e� �y�i�e�l�d� �d�u�e� �t�o� �m�o�r�e� �s�u�n�l�i�g�h�t� �e�x�p�o�s�u�r�e�,� �a�n�d� �(�3�)� �b�i�o�m�a�s�s� 

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

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

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

�p�u�r�e� �s�t�a�n�d�s� �w�e�r�e� �1�0�0� �k�g�/�h�a� �f�o�r� �r�y�e� �a�n�d� �2�8� �f�o�r� �h�a�i�r�y� �a�n�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h�e�s� 

�(�D�o�n�o�h�u�e� �e�t� �a�l�.�,� �1�9�8�4�)�.� �T�h�e� �m�i�x�t�u�r�e� �o�f� �r�y�e� �p�l�u�s� �h�a�i�r�y� �v�e�t�c�h� �w�a�s� �m�a�d�e� �b�y� �s�e�e�d�i�n�g� 

�t�o�g�e�t�h�e�r� �5�0� �k�g�/�h�a� �o�f� �r�y�e� �w�i�t�h� �1�8�.�7�5� �k�g�/�h�a� �o�f� �h�a�i�r�y� �v�e�t�c�h�.� �T�h�e� �m�i�x�t�u�r�e� �o�f� �t�w�o� 

�v�e�t�c�h�e�s� �w�a�s� �m�a�d�e� �b�y� �c�o�m�b�i�n�i�n�g� �1�8�.�7�5� �k�g�/�h�a� �o�f� �h�a�i�r�y� �v�e�t�c�h� �w�i�t�h� �9�.�2�5� �k�g�/�h�a� �o�f� 

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

�m�i�x�t�u�r�e� �a�n�d� �t�h�e� �t�w�o�-�v�e�t�c�h� �m�i�x�t�u�r�e�.� 

�A� �N�o�r�t�h�r�u�p� �K�i�n�g� �s�h�o�r�t�-�g�r�o�w�i�n�g� �r�y�e� �v�a�r�i�e�t�y�  ��S�S�2 ��,�  ��c�o�m�m�o�n �� �h�a�i�r�y� �v�e�t�c�h�,� �a�n�d� 

 ��W�o�o�d�f�o�r�d �� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h� �w�e�r�e� �u�s�e�d� �i�n� �1�9�8�8�.� �T�h�e� �r�a�t�i�o�n�a�l�e� �f�o�r� �t�h�e� �s�h�o�r�t�-� 

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

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

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

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

�r�e�d�u�c�e� �c�a�r�b�o�n� �l�o�a�d�i�n�g� �t�o� �t�h�e� �s�o�i�l�.� �A�d�d�i�t�i�o�n�a�l�l�y� �a� �1�-�m� �h�i�g�h� �c�o�v�e�r� �c�r�o�p� �i�s� �l�e�s�s



�5�7� 

�m�a�n�a�g�e�a�b�l�e� �i�n� �t�e�r�m�s� �o�f� �s�o�i�l� �p�r�e�p�a�r�a�t�i�o�n� �a�n�d� �c�o�r�n� �p�l�a�n�t�i�n�g� �t�h�a�n� �i�s� �a� �0�.�5� �h�i�g�h� �o�n�e�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y� �(�a�n�d� �t�o� �m�y� �s�u�r�p�r�i�s�e�)�,� �t�h�e� �S�S�2� �r�y�e� �w�a�s� �l�e�s�s� �c�o�l�d� �t�o�l�e�r�a�n�t� �t�h�a�n� 

�n�e�c�e�s�s�a�r�y�.� �I�n� �1�9�8�9�,�  ��A�b�r�u�z�z�i �� �r�y�e� �w�a�s� �s�u�b�s�t�i�t�u�t�e�d�,� �b�e�c�a�u�s�e� �w�i�n�t�e�r� �f�r�e�e�z�e� �d�a�m�a�g�e� 

�t�o� �S�S�2� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�a�s�o�n�.� �C�o�v�e�r� �c�r�o�p�s� �w�e�r�e� �p�l�a�n�t�e�d� �a�s� �p�u�r�e� �s�t�a�n�d�s� 

�o�r� �m�i�x�t�u�r�e�s� �u�s�i�n�g� �a� �g�r�a�i�n� �d�r�i�l�l� �o�n� �1�0�-�c�m� �c�e�n�t�e�r�s� �o�n� �2�5� �S�e�p�t�e�m�b�e�r� �1�9�8�7�.� �T�h�e� 

�s�e�c�o�n�d� �y�e�a�r� �p�l�a�n�t�i�n�g� �r�o�w� �w�i�d�t�h� �w�a�s� �c�h�a�n�g�e�d� �t�o� �2�0� �c�m� �c�e�n�t�e�r�s� �t�o� �p�r�e�v�e�n�t� �d�r�i�l�l� 

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

�P�l�a�n�t�i�n�g� �w�a�s� �d�o�n�e� �o�n� �8� �a�n�d� �9� �O�c�t�o�b�e�r� �i�n� �1�9�8�8�.� �S�e�e�d�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �m�i�x�t�u�r�e�s� 

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

�t�h�e� �r�y�e� �c�r�o�p�s�.� 

�O�n� �3�0� �M�a�r�c�h� �1�9�8�8�,� �a� �r�o�o�t� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �v�e�t�c�h�e�s� �r�e�v�e�a�l�e�d� �m�a�n�y� �p�l�a�n�t�s�,� 

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

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

�t�h�e� �c�r�o�p�.� �R�a�i�n�f�a�l�l� �(�>�5� �c�m�)� �o�c�c�u�r�r�e�d� �w�i�t�h� �i�n� �2�4� �h� �a�n�d� �p�r�e�s�u�m�a�b�l�y� �w�a�s�h�e�d� �t�h�e� 

�i�n�o�c�u�l�u�m� �i�n�t�o� �t�h�e� �s�o�i�l�.� �V�e�t�c�h� �p�l�a�n�t�s� �a�p�p�e�a�r�e�d� �t�o� �"�g�r�e�e�n� �u�p�"� �w�i�t�h�i�n� �1�0� �d�a�y�s� �a�n�d� 

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

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

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

�S�o�m�e� �t�r�e�a�t�m�e�n�t�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s� �h�a�d� �a�d�e�q�u�a�t�e�l�y� �n�o�d�u�l�a�t�e�d� �v�e�t�c�h� 

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

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

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

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

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

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



�5�8� 

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

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�r� �b�y� �d�e�s�i�c�c�a�t�i�o�n� �w�i�t�h� �p�a�r�a�q�u�a�t�.� �D�i�s�k�i�n�g� �w�a�s� �d�o�n�e� �e�a�r�l�i�e�r� �(�2� �t�o� �3� 

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

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

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

�m�e�n�t�i�o�n�e�d� �b�y� �H�u�n�t�i�n�g�t�o�n� �e�t� �a�l�.� �(�1�9�8�5�)�.� �T�h�e� �l�a�t�e�r� �c�o�v�e�r�-�c�r�o�p� �k�i�l�l� �b�y� �p�a�r�a�q�u�a�t� �w�a�s� 

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

�i�n�c�o�r�p�o�r�a�t�e�d�,� �a�s� �w�e�l�l� �a�s� �p�l�o�t�s� �r�e�c�e�i�v�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r� �o�n�l�y�,� �w�e�r�e� �d�i�s�k�e�d� �o�n� �2�7� �A�p�n�i�l� 

�1�9�8�8� �a�n�d� �8� �M�a�y� �1�9�8�9�.� 

�S�o�i�l� �t�e�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �c�o�r�n� �w�e�r�e� �N� �(�1�4�0� �t�o� �1�6�8�)�,� �P� �(�0� �t�o� �5�6�)�,� �a�n�d� �K� 

�(�0� �t�o� �5�6�)�.� �T�h�e�s�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�s�s�u�m�e�d� �t�h�e� �P� �a�n�d� �K� �h�a�d� �b�e�e�n� �a�d�d�e�d� �t�o� �t�h�e� 

�c�o�v�e�r� �c�r�o�p�s�,� �w�h�i�c�h� �t�h�e�y� �h�a�d� �n�o�t� �b�e�e�n�.� �P�h�o�s�p�h�o�r�u�s� �a�n�d� �K� �f�e�r�t�i�l�i�z�e�r�s� �w�e�r�e� �a�p�p�l�i�e�d� 

�f�o�r� �t�h�e� �c�o�r�n� �c�r�o�p� �a�t� �5�6� �k�g� �P�2�O�s�/�h�a� �a�n�d� �5�6� �k�g� �K�2�O�2�/�h�a� �o�v�e�r� �t�h�e� �t�o�p� �o�f� �c�o�v�e�r� �c�r�o�p�s� 

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

�p�a�r�a�q�u�a�t� �a�t� �2�.�3�4� �L�/�h�a�,� �m�e�t�o�l�a�c�h�l�o�r� �a�t� �1�.�7�5� �L�/�h�a�,� �a�n�d� �c�y�a�n�a�z�i�n�e� �a�t� �3�.�5� �L�/�h�a� �w�e�r�e� 

�t�a�n�k� �m�i�x�e�d� �a�n�d� �a�p�p�l�i�e�d� �t�o� �a�l�l� �p�l�o�t�s� �1�7� �M�a�y� �1�9�8�8� �a�n�d� �2�2� �M�a�y� �1�9�8�9� �b�y� �t�r�a�c�t�o�r�-� 

�m�o�u�n�t�e�d� �s�p�r�a�y�e�r�.� �A�n� �i�n�t�e�n�s�e� �r�a�i�n� �s�h�o�w�e�r� �f�o�l�l�o�w�e�d� �t�h�e� �1�9�8�8� �h�e�r�b�i�c�i�d�e� �a�p�p�l�i�c�a�t�i�o�n�,� 

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

�p�a�r�a�q�u�a�t� �a�t� �1�.�1�7� �L�/�h�a� �w�a�s� �a�p�p�l�i�e�d� �2�2� �M�a�y� �1�9�8�8� �a�n�d� �d�i�d� �d�e�s�i�c�c�a�t�e� �t�h�e� �c�o�v�e�r� �c�r�o�p� 

�c�o�m�p�l�e�t�e�l�y�.� 

�P�i�o�n�e�e�r� �3�2�3�3� �c�o�r�n� �w�a�s� �p�l�a�n�t�e�d� �o�n� �1�9� �M�a�y� �1�9�8�8� �a�n�d� �2�2� �M�a�y� �1�9�8�9� �a�t� �a� 

�t�a�r�g�e�t� �p�o�p�u�l�a�t�i�o�n� �o�f� �5�0�,�0�0�0� �p�l�a�n�t�s�/�h�a�.� �N�o�n�-�u�n�i�f�o�r�m� �c�o�r�n� �s�t�a�n�d�s� �e�m�e�r�g�e�d� �i�n� �b�o�t�h� 

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

�o�n� �6� �m� �o�f� �r�o�w�.� �S�k�i�p�s� �w�e�r�e� �r�e�p�l�a�n�t�e�d� �i�m�m�e�d�i�a�t�e�l�y� �b�y� �h�a�n�d� �i�n� �o�r�d�e�r� �t�o� �a�c�h�i�e�v�e� �t�h�e



�5�9� 

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

�s�t�a�n�d�.� 

�F�e�r�t�i�l�i�z�e�r� �N� �w�a�s� �a�p�p�l�i�e�d� �a�s� �N�H�,�N�O�3� �t�o� �t�h�e� �N�-�f�a�l�l�o�w� �p�l�o�t�s� �a�t� �h�a�l�f� �t�h�e� �t�o�t�a�l� 

�a�m�o�u�n�t� �o�n� �M�a�y� �2�8� �1�9�8�8� �a�n�d� �2�4� �M�a�y� �1�9�8�9�.� �T�h�e� �s�e�c�o�n�d� �N� �h�a�l�f� �w�a�s� �a�p�p�l�i�e�d� �w�h�e�n� 

�c�o�r�n� �p�l�a�n�t�s� �w�e�r�e� �5�0� �c�m� �t�a�l�l�.� 

�P�l�a�n�t� �a�n�d� �S�o�i�l� �A�n�a�l�y�s�e�s� 

�B�i�o�m�a�s�s� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �c�o�v�e�r� �c�r�o�p�s� �w�a�s� �s�a�m�p�l�e�d� �f�r�o�m� �f�o�u�r�,� �0�.�2�5� �m�?� 

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

�c�o�v�e�r�-�c�r�o�p� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�a�m�p�l�e�d� �2�7� �A�p�r�i�l� �1�9�8�8� �a�n�d� �8� �M�a�y� �1�9�8�9�.� �T�h�e�y� �a�n�d� �t�h�e� 

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

�s�a�m�p�l�e�d� �f�o�r� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �j�u�s�t� �p�r�i�o�r� �t�o� �d�e�s�i�c�c�a�t�i�o�n� �a�n�d� �c�o�r�n� �p�l�a�n�t�i�n�g� �(�1�3� �t�o� 

�1�7� �M�a�y� �1�9�8�8� �a�n�d� �2�1� �t�o� �2�2� �M�a�y� �1�9�8�9�)�.� �T�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e� �w�a�s� �h�a�n�d�-�s�e�p�a�r�a�t�e�d� 

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

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

�T�h�e� �t�w�o�-�v�e�t�c�h� �m�i�x�t�u�r�e� �a�n�d� �p�u�r�e� �s�t�a�n�d�s� �w�e�r�e� �w�e�i�g�h�e�d�,� �d�r�i�e�d� �a�t� �5�5� �t�o� �6�0� �C� �f�o�r� �6�0�h� 

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

�1�-�m�m� �m�e�s�h� �s�c�r�e�e�n� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �b�o�t�h� �t�o�t�a�l� �N� �(�K�j�e�l�d�a�h�l� �m�e�t�h�o�d�:� �B�r�e�m�n�e�r�,� 

�1�9�6�5�)� �a�n�d� �t�o�t�a�l� �C� �(�P�r�a�g�e�l� �m�e�t�h�o�d�:� �M�a�,� �1�9�7�9�)�.� 

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

�r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �f�r�o�m� �e�a�c�h� �p�l�o�t� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�-�w�e�e�k� �i�n�t�e�r�v�a�l�s�.� �N�i�t�r�o�g�e�n�-� 

�u�p�t�a�k�e� �s�a�m�p�l�i�n�g� �i�n� �1�9�8�8� �o�c�c�u�r�r�e�d� �2�3� �J�u�n�e� �(�3�5� �d�a�y�s� �a�f�t�e�r� �c�o�r�n� �p�l�a�n�t�i�n�g�)�,� �1�8� �J�u�l�y� 

�(�6�0� �d�a�y�s�)�,� �6� �A�u�g�u�s�t� �(�7�8� �d�a�y�s�)�,� �a�n�d� �1� �S�e�p�t�e�m�b�e�r� �(�1�0�2� �d�a�y�s�)�.� �S�a�m�p�l�e�s� �f�o�r� �t�h�e� 

�1�9�8�9� �c�o�r�n� �s�e�a�s�o�n� �w�e�r�e� �t�a�k�e�n� �1�9� �J�u�n�e� �(�2�8� �d�a�y�s� �f�o�l�l�o�w�i�n�g� �c�o�r�n� �p�l�a�n�t�i�n�g�)�,� �1�0� �J�u�l�y



�6�0� 

�(�4�9� �d�a�y�s�)�,� �1� �A�u�g�u�s�t� �(�7�0� �d�a�y�s�)�,� �2�1� �A�u�g�u�s�t� �(�9�0� �d�a�y�s�)�,� �a�n�d� �1�5� �S�e�p�t�e�m�b�e�r� �(�1�1�5� 

�d�a�y�s�)�.� �P�l�a�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �d�r�i�e�d�,� �g�r�o�u�n�d�,� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �(�T�N�)� 

�u�s�i�n�g� �t�h�e� �K�j�e�l�d�a�h�l� �d�i�g�e�s�t�i�o�n� �p�r�o�c�e�d�u�r�e� �(�B�r�e�m�n�e�r�,� �1�9�6�5�)�.� �C�o�r�n� �w�a�s� �h�a�r�v�e�s�t�e�d� �a�s� 

�f�o�r� �s�i�l�a�g�e� �(�3�5� �t�o� �4�2�%� �d�r�y� �m�a�t�t�e�r�)� �o�n� �1�4� �t�o� �1�6� �S�e�p�t�e�m�b�e�r� �1�9�8�8� �a�n�d� �1�3� �t�o� �1�5� 

�S�e�p�t�e�m�b�e�r� �1�9�8�9� �b�y� �c�u�t�t�i�n�g� �a�t� �g�r�o�u�n�d� �l�e�v�e�l� �t�h�e� �c�e�n�t�r�a�l� �1�2�.�2� �m� �o�f� �t�h�e� �m�i�d�d�l�e� �t�w�o� 

�r�o�w�s� �o�f� �e�a�c�h� �p�l�o�t�.� �S�u�b�s�a�m�p�l�e�s� �w�e�r�e� �d�r�i�e�d� �a�t� �5�5� �t�o� �6�0� �C� �f�o�r� �6�0� �h� �w�i�t�h� �f�o�r�c�e�d� �a�i�r�,� 

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

�S�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �t�o� �a� �d�e�p�t�h� �o�f� �3�0� �c�m�,� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �1�5�-�c�m� 

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

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

�d�e�m�a�n�d� �w�a�s� �h�i�g�h� �o�n� �6� �A�u�g�u�s�t� �1�9�8�8�,� �a�n�d� �4� �A�u�g�u�s�t� �a�n�d� �1�0� �A�u�g�u�s�t� �i�n� �1�9�8�9�.� 

�S�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �c�h�i�l�l�e�d� �i�n� �t�h�e� �f�i�e�l�d�,� �a�n�a�l�y�z�e�d� �w�i�t�h�i�n� �a�n� �8�-�h� �p�e�r�i�o�d�,� �o�r� 

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

�S�a�m�p�l�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�s� �s�a�m�p�l�e�d�,� �d�r�i�e�d� �i�n� �a� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�t� �1�0�5� �C� �f�o�r� �2�4� �h�,� 

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

�{�(�w�e�t� �w�e�i�g�h�t� �-� �d�r�y� �w�e�i�g�h�t�)�/�d�r�y� �w�e�i�g�h�t�}� �x� �1�0�0�%�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�C�o�v�e�r� �C�r�o�p� �C�o�m�b�i�n�e�d� �R�e�s�u�l�t�s� 

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

�s�i�m�i�l�a�r� �(�P�<�0�.�0�5�)�.� �A� �y�e�a�r�-�b�y�-�c�o�v�e�r�-�c�r�o�p� �i�n�t�e�r�a�c�t�i�o�n� �f�o�r� �b�i�o�m�a�s�s� �a�n�d� �N� �y�i�e�l�d� �w�a�s� 

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

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

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



�6�1� 

�y�e�a�r� �t�o� �t�h�e� �n�e�x�t� �f�o�r� �b�i�o�m�a�s�s� �(�T�a�b�l�e� �2�.�2�)�.� �P�u�r�e�-�s�t�a�n�d� �v�e�t�c�h� �N� �y�i�e�l�d�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� 

�1�9�8�8� �t�o� �1�9�8�9�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �l�i�k�e�l�y� �d�u�e� �t�o� �p�o�o�r� �n�o�d�u�l�a�t�i�o�n� �i�n� �1�9�8�8�.� �F�o�r� �t�h�e� 

�t�w�o� �r�y�e�-�c�o�n�t�a�i�n�i�n�g� �t�r�e�a�t�m�e�n�t�s�,� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �T�N� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� �i�s� �o�f� 

�i�d�e�n�t�i�c�a�l� �m�a�g�n�i�t�u�d�e� �(�2�7� �k�g�/�h�a�)�;� �t�h�e�r�e�f�o�r�e� �I� �c�o�n�c�l�u�d�e� �t�h�e� �d�e�c�r�e�a�s�e� �w�a�s� �d�u�e� �t�o� �t�h�e� 

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

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

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

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

�1�9�8�8� �R�e�s�u�l�t�s� 

�A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �s�h�o�w�e�d� �s�i�g�n�i�f�i�c�a�n�t� �(�P�<�0�.�0�5�)� �c�o�v�e�r�-�c�r�o�p�-�b�y�-�t�i�l�l�a�g�e� 

�i�n�t�e�r�a�c�t�i�o�n�s� �f�o�r� �b�o�t�h� �b�i�o�m�a�s�s� �a�n�d� �N� �y�i�e�l�d�s� �i�n� �1�9�8�8�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

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

�s�u�b�s�e�q�u�e�n�t�l�y� �k�i�l�l�e�d� �f�o�r� �t�h�e�i�r� �N�;� �d�i�s�k� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �s�a�m�p�l�e�d� �2�0� �(�1�9�8�8�)� �a�n�d� �1�4� 

�d�a�y�s� �(�1�9�8�9�)� �e�a�r�l�i�e�r� �t�h�a�n� �n�o�-�t�i�l�l� �t�r�e�a�t�m�e�n�t�s�.� �U�n�d�e�r� �b�o�t�h� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�,� �t�h�e� 

�r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e� �y�i�e�l�d�e�d� �t�h�e� �m�o�s�t� �b�i�o�m�a�s�s� �i�n� �1�9�8�8�,� �w�i�t�h� �r�y�e� �b�e�i�n�g� �s�e�c�o�n�d� �(�T�a�b�l�e� 

�2�.�3�)�.� �W�h�e�n� �k�i�l�l�e�d� �e�a�r�l�y� �(�d�i�s�k�e�d�)�,� �b�i�o�m�a�s�s� �y�i�e�l�d�s� �o�f� �b�o�t�h� �v�e�t�c�h� �p�u�r�e� �s�t�a�n�d�s� �a�n�d� �t�h�e� 

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

�W�h�e�n� �h�e�r�b�i�c�i�d�e�-�k�i�l�l�e�d� �l�a�t�e�r� �(�n�o�-�t�i�l�l�)�,� �r�y�e�:�v�e�t�c�h� �a�n�d� �r�y�e� �w�e�r�e� �a�g�a�i�n� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� 

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

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

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

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

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



�6�2� 

�T�a�b�l�e� �2�.�2� �C�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �a�n�d� �t�o�t�a�l� �N� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s�.� 
� � 

� � 

� � 

�P�a�r�a�m�e�t�e�r� �H�a�i�r�y� �B�i�g�f�l�o�w�e�r� �T�w�o�-� �R�y�e�:� 
�Y�e�a�r� �R�y�e� �v�e�t�c�h� �v�e�t�c�h� �v�e�t�c�h� �v�e�t�c�h� 

�B�i�O�M�A�S�S� �( ��_�w�w�w�w�n�n�n�n�n�n� �n�n�n� �n�n� �n�n�n� �n�n�n� �e�n� �n�e�n� �e� �e�e�e� �n�e� �e�e�e� �M�¢�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�1�9�8�8� �7�.�0� �*� �3�.�6� �3�.�0� �4�.�5� �9�.�6� �*� 

�1�9�8�9� �4�.�7� �4�.�3� �3�.�6� �4�.�0� �5�.�8� 

�T�o�t�a�l� �N�N� � �w�w�w�n�n�n� �n�e�n�a� �n�e�n�a� �n�e�n� �n�e�n� �n�e�e� �n�e�e� �n�e�e� �n�e�n� �e�e� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�+�-�-�-�-�-�-� 

�1�9�8�8� �6�7� �*� �9�5� �5�0� �1�3�9� �1�4�9� �*� 

�1�9�8�9� �4�0� �1�6�5� �*� �1�2�6� �*� �1�4�9� �1�2�2� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �h�a�l�f� �c�o�l�u�m�n�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t�,� �b�y� �t�-�t�e�s�t� �u�s�i�n�g� �A�N�O�V�A� �r�o�o�t� �m�e�a�n� �s�q�u�a�r�e� �e�r�r�o�r�,� �a�l�p�h�a� �=� �0�.�0�5�.



�6�3� 

�T�a�b�l�e� �2�.�3�.� �E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �(�k�i�l�l� �d�a�t�e�)� �o�n� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n�,� �1�9�8�8�.� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� �D�i�s�k�e�d� �N�o�-�t�i�l�l� �T�i�l�/�D�a�t�e� 
�t�r�e�a�t�m�e�n�t� �(�2�7� �A�p�r�i�l�)� �(�1�7� �M�a�y�)� �e�f�f�e�c�t�*� 

�w�o�n�n�n�e�n�e�e�n�e�n�e�e�-� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�R�y�e� �6�.�2� �b�*� �7�.�8�b� �y�e�s� 

�H�a�i�r�y� �v�e�t�c�h� �3�.�4�¢� �3�.�8�d� �n�o� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �2�.�4�¢� �3�.�5�d� �y�e�s� 

�T�w�o�-�v�e�t�c�h� �3�.�4�¢� �5�.�7� �¢� �y�e�s� 

�R�y�e�:�v�e�t�c�h� �8�.�3� �a� �1�0�.�9� �a� �y�e�s� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �(�d�i�s�k�e�d� �o�r� �n�o�-�t�i�l�l�)� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�y� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

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



�6�4� 

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

�t�h�e� �3�-�w�e�e�k� �i�n�t�e�r�v�a�l� �b�e�t�w�e�e�n� �c�o�v�e�r�-�c�r�o�p� �k�i�l�l� �i�n� �t�h�e� �t�w�o� �m�a�n�a�g�e�m�e�n�t� �r�e�g�i�m�e�s� �(�d�i�s�k� 

�v�s� �n�o�-�t�i�l�l�)� �e�x�c�e�p�t� �f�o�r� �h�a�i�r�y� �v�e�t�c�h�.� �T�h�i�s� �r�e�s�p�o�n�s�e� �w�a�s� �a�t�y�p�i�c�a�l� �a�n�d� �l�i�k�e�l�y� �d�u�e� �t�o� 

�p�o�o�r� �n�o�d�u�l�a�t�i�o�n� �o�f� �h�a�i�r�y� �v�e�t�c�h� �i�n� �s�e�v�e�r�a�l� �p�l�o�t�s� �i�n� �1�9�8�8�.� 

�A�s� �w�i�t�h� �b�i�o�m�a�s�s�,� �k�i�l�l�i�n�g� �d�a�t�e� �(�t�i�l�l�a�g�e�)� �a�n�d� �c�o�v�e�r� �c�r�o�p� �i�n�t�e�r�a�c�t�e�d� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �N� �y�i�e�l�d� �i�n� �1�9�8�8�.� �T�h�e� �t�w�o�-�v�e�t�c�h� �a�n�d� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�s �� 

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

�c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�m�i�l�a�r� �a�t� �b�o�t�h� �k�i�l�l� �d�a�t�e�s� �(�T�a�b�l�e� �2�.�4�)�.� �W�h�e�n� �u�t�i�l�i�z�e�d� 

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

�h�a�i�r�y� �v�e�t�c�h� �a�n�d� �r�y�e� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�m�i�l�a�r� �(�T�a�b�l�e� �2�.�4�)�.� �H�a�i�r�y� �v�e�t�c�h� �a�n�d� �r�y�e� �p�u�r�e� 

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

�v�e�t�c�h�.� 

�1�9�8�9� �R�e�s�u�l�t�s� 

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

�w�e�r�e� �s�e�e�n� �i�n� �1�9�8�9�,� �b�u�t� �n�o� �i�n�t�e�r�a�c�t�i�o�n�s� �w�e�r�e� �d�e�t�e�c�t�e�d�.� �A�s� �i�n� �1�9�8�8�,� �t�h�e� �r�y�e�:�v�e�t�c�h� 

�m�i�x�t�u�r�e� �w�a�s� �c�l�e�a�r�l�y� �t�h�e� �g�r�e�a�t�e�s�t� �b�i�o�m�a�s�s� �p�r�o�d�u�c�e�r� �(�T�a�b�l�e� �2�.�5�)�.� �H�a�i�r�y� �v�e�t�c�h� �a�n�d� 

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

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

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

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

�c�o�n�t�e�n�t� �h�a�d� �a�c�c�r�u�e�d� �b�y� �t�h�e� �l�a�t�e�r� �k�i�l�l� �d�a�t�e�.� �B�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n� �w�e�n�t� �f�r�o�m� �4�.�0� 

�M�g�/�h�a� �f�o�r� �e�a�r�l�i�e�r� �k�i�l�l� �t�o� �5�.�0� �M�g�/�h�a� �f�o�r� �l�a�t�e�r�.� �N�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�0�3� 

�k�g�/�h�a� �t�o� �1�3�8� �k�g�/�h�a� �o�v�e�r� �t�h�e� �s�a�m�e� �p�e�r�i�o�d�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �w�e�r�e� �r�e�c�e�n�t�l�y� �r�e�p�o�r�t�e�d� 

�b�y� �W�a�g�g�e�r� �(�1�9�8�9�)�.



�6�5� 

�T�a�b�l�e� �2�.�4�.� �E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �(�k�i�l�l� �d�a�t�e�)� �o�n� �c�o�v�e�r�-�c�r�o�p� �t�o�t�a�l� �N� �p�r�o�d�u�c�t�i�o�n�,� �1�9�8�8�.� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� �D�i�s�k�e�d� �N�o�-�t�i�l�l� �T�i�l�l�/�D�a�t�e� 
�t�r�e�a�t�m�e�n�t� �(�2�7� �A�p�r�i�l�)� �(�1�7� �M�a�y�)� �e�f�f�e�c�t� 

�w�a�n�a� �n�n�n� �n�e�n�a� �e�e� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�R�y�e� �7�7� �b�e�*� �5�7� �¢� �n�o� 

�H�a�i�r�y� �v�e�t�c�h� �1�0�1� �a�b� �8�9� �b� �n�o� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �4�7�¢� �5�3�.�¢� �n�o� 

�T�w�o�-�v�e�t�c�h� �1�1�3� �a�b� �1�6�4� �a� �y�e�s� 

�R�y�e�:�v�e�t�c�h� �1�2�1�l�a� �1�7�6�a� �y�e�s� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �(�d�i�s�k�e�d� �o�r� �n�o�-�t�i�l�l�)� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�y� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.� 

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



�6�6� 

�T�a�b�l�e� �2�.�5�.� �C�o�v�e�r� �c�r�o�p� �b�i�o�m�a�s�s� �a�n�d� �t�o�t�a�l� �N� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�w�o� �c�o�v�e�r�-�c�r�o�p� �k�i�l�l� 
�d�a�t�e�s�,� �1�9�8�9�.� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� �B�i�o�m�a�s�s� �T�o�t�a�l� �N� 
�t�r�e�a�t�m�e�n�t� 

�M�g�/�h�a� �k�g�/�h�a� 

�R�y�e� �4�.�7� �b�*� �4�0�d� 

�H�a�i�r�y� �v�e�t�c�h� �4�.�3� �b�e� �1�6�5� �a� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �3�.�6�¢� �1�2�6� �b�e� 

�T�w�o�-�v�e�t�c�h� �4�.�0� �b�e� �1�4�9� �a�b� 

�R�y�e�:�v�e�t�c�h� �5�.�8� �a� �1�2�2�c� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.



�6�7� 

�C�a�r�b�o�n� �t�o� �N�i�t�r�o�g�e�n� �R�a�t�i�o�s� 

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

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

�s�i�g�n�i�f�i�c�a�n�t� �(�P� �>� �0�.�0�5�)� �d�i�f�f�e�r�e�n�c�e�s�.� �O�n�e� �o�f� �t�h�e� �m�o�r�e� �i�n�t�e�r�e�s�t�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�s� �w�a�s� 

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

�s�t�a�n�d� �c�o�m�p�a�r�e�d� �t�o� �g�r�o�w�i�n�g� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �v�e�t�c�h� �(�T�a�b�l�e� �2�.�6�)�.� �I�n� �b�o�t�h� �y�e�a�r�s�,� 

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

�r�a�t�i�o�s� �a�t� �e�a�r�l�y� �k�i�l�l�.� �B�o�t�h� �i�n�c�r�e�a�s�e�d� �i�n� �C�:�N� �r�a�t�i�o�s� �b�y� �t�h�e� �l�a�t�e�r� �k�i�l�l� �d�a�t�e�,� �b�u�t� �t�h�e� �r�y�e� 

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

�h�a�i�r�y� �v�e�t�c�h�.� �L�o�o�k�i�n�g� �a�t� �t�h�e� �C� �c�o�n�t�e�n�t�s� �(�T�a�b�l�e� �2�.�7�)� �f�o�r� �r�y�e� �a�n�d� �v�e�t�c�h�,� �w�e� �s�e�e� �t�h�a�t� 

�N�,� �n�o�t� �C�,� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �C�:�N� �r�a�t�i�o�s� �s�e�e�n� �i�n� �T�a�b�l�e� �2�.�6�.� �T�h�e� �r�e�d�u�c�e�d� �C�:�N� �r�a�t�i�o� �f�o�r� 

�t�h�e� �m�i�x�t�u�r�e� �r�y�e� �c�o�m�p�o�n�e�n�t� �w�a�s� �a� �r�e�s�u�l�t� �o�f� �i�t�s� �h�i�g�h�e�r� �T�N� �p�e�r�c�e�n�t�a�g�e� �(�T�a�b�l�e� �2�.�7�)�;� 

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

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

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

�r�e�d�u�c�e�d� �C�:�N� �r�a�t�i�o�s� �f�o�r� �t�h�e� �r�y�e� �g�r�o�w�i�n�g� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �h�a�i�r�y� �v�e�t�c�h� �a�r�e� �d�u�e� �t�o� 

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

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

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

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

�l�e�g�u�m�e�s� �g�r�o�w�i�n�g� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �t�h�e�m� �(�H�e�i�c�h�e�l�,� �1�9�8�7�)�.� �A�n� �i�n�c�r�e�a�s�e�d� �N� 

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

�b�l�u�e�g�r�a�s�s� �a�n�d� �p�e�r�e�n�n�i�a�l� �p�a�s�t�u�r�e� �l�e�g�u�m�e�s� �(�C�r�a�i�g� �e�t� �a�l�.�,� �1�9�8�1�;� �L�i�p�m�a�n�,� �1�9�1�2�;� 

�R�o�b�e�r�t�s� �a�n�d� �O�l�s�e�n�,� �1�9�4�2�)�,� �w�h�e�a�t� �a�n�d� �h�a�i�r�y� �v�e�t�c�h� �(�R�o�b�e�r�t�s� �e�t� �a�l�.�,� �1�9�8�9�)�,� �a�n�d� �o�a�t�s
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�T�a�b�l�e� �2�.�6�.� �E�f�f�e�c�t� �o�f� �c�o�v�e�r� �c�r�o�p� �k�i�l�l� �d�a�t�e� �o�n� �c�o�v�e�r�-�c�r�o�p� �C�:�N� �r�a�t�i�o�s�T� �b�y� �y�e�a�r�.� 
� � 

� � � � 

� � 

�1�9�8�8� �1�9�8�9� 

�C�o�v�e�r� �c�r�o�p�/� 
�c�o�m�p�o�n�e�n�t� �2�7� �A�p�r�i�l� �1�7� �M�a�y� �8� �M�a�y� �2�2� �M�a�y� 

�R�y�e� �i�n� 
�p�u�r�e� �s�t�a�n�d� �3�4�.�1� �a�*� �5�8�.�0� �a� �4�3�.�9� �a� �6�0�.�5� �a� 

�R�y�e� �f�r�o�m� 
�m�i�x�t�u�r�e� �3�4�.�4� �a� �4�6�.�6�b� �4�4�.�3� �a� �4�6�.�7� �b� 

�H�a�i�r�y� �v�e�t�c�h� 
�i�n� �p�u�r�e� �s�t�a�n�d� �1�3�.�7� �¢� �1�7�.�4�d� �1�0�.�9� �b� �1�0�.�8� �c� 

�H�a�i�r�y� �v�e�t�c�h� 
�f�r�o�m� �m�i�x�t�u�r�e� �1�5�.�6�c� �1�5�.�9� �d� �1�1�.�3� �b� �1�0�.�9� �¢� 

�B�i�g�f�l�o�w�e�r� 
�v�e�t�c�h� �1�9�.�3� �b� �2�6�.�5� �¢� �1�2�.�0� �b� �1�1�.�8�¢� 

�T�w�o�-�v�e�t�c�h� 
�m�i�x�t�u�r�e� �1�2�.�7� �¢� �1�4�.�2� �d� �1�1�.�6� �b� �1�0�.�7� �¢� 
� � 

�t� �A�l�l� �r�a�t�i�o�s� �a�r�e� �t�h�e� �n�u�m�b�e�r� �s�h�o�w�n�,� �t�o� �1�,� �e�.�g�.� �3�4�.�1�:�1�.� 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5



�6�9� 

�
 
�
 

�
 
�
 
�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�I�v� 
�C�Y� 

�9�8�°�C� 
�9�8� 

�e�p� 
�e�y� 

�T�Z�0� 
�c�6�0� 

�1�9�8�7� 

�O�r� 
�I�p� 

�O
�L�E

� 
�c�L� 

�e�y� 
�c�y� 

�8�6�0� 
�4�6�0� �=� �J�e�t�i�e�d� 

�6�8�6�1� 

�O�F� 
�c�P� 

�9�E�°�C� 
�S�9�~� 

�c�P� 
�c�P� 

�c�L�0� 
�0�6�°�0� 

�1�9�}�e�T� 

�I�p� 
�c�P� 

�8�6�°�C� 
�L�O

�C
� 

�C�Y� 
�C�P� 

�E�T�L� 
�c�o�t� �=� �F

�o
�r�e

� 

�8�8�6�I� 

�}�U
�9�d�1�9�g� 

�o�u�n�d� 
�X�T�U�l� 

�o�i�n�d� 
�x�T� 

�s�i�n�d� �=� �x�m
� 

�o�u�n�d� 
�X�T�U� 

�9�1�e�p� �[�T�Y� 
�[�e�a�x� 

�O� �W
�I�2�A� 

�N� �1�2�9�A�,� 
�N� �h�y� 

�
 
�
 

�"�9�I�N�}�X�T�U�L� 
�Y�O

�}�9�A�:�9�A�I� 
�O�Y�}� �p�u�v� �S�p�u�e�}�s� 

�o�n�d� �J�o� �s�}�u�s�u�o�d�u�W
�I�0�d� 

�(�D�d�)� �U
�O

�g�I�e�d� 
�p�u�e� �(�N�)� �U�d�s�o�O�I�N�T�U� 

�e�N
�p�I�A�I�p�U

�]� 
�°�*�/�£�°�7� �2�I�Q

�e�L�.



�7�0� 

�a�n�d� �f�i�e�l�d� �p�e�a�s� �(�L�y�o�n� �a�n�d� �B�i�z�z�e�l�,� �1�9�1�1�)�.� �I�n�c�r�e�a�s�e�d� �N� �f�i�x�a�t�i�o�n� �b�y� �l�e�g�u�m�e�s� �g�r�o�w�i�n�g� 

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

�(�B�r�o�p�h�y� �e�t� �a�l�.�,� �1�9�8�7�;� �C�r�a�i�g� �e�t� �a�l�.�,� �1�9�8�1�)�.� �T�h�e� �a�c�t�u�a�l� �N� �t�r�a�n�s�f�e�r� �m�e�c�h�a�n�i�s�m� �f�r�o�m� 

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

�t�i�s�s�u�e� �i�s� �t�h�e� �u�s�u�a�l� �e�x�p�l�a�n�a�t�i�o�n� �(�H�e�i�c�h�e�l�,� �1�9�8�7�)�.� 

�L�e�g�u�m�e� �C�:�N� �r�a�t�i�o�s� �i�n� �1�9�8�8� �s�h�o�w�e�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h� �t�o� �h�a�v�e� �a� �h�i�g�h�e�r� �C�:�N� 

�r�a�t�i�o� �t�h�a�n� �a�l�l� �o�t�h�e�r� �t�r�e�a�t�m�e�n�t�s� �a�t� �b�o�t�h� �k�i�l�l� �d�a�t�e�s� �(�T�a�b�l�e� �2�.�6�)�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �p�o�o�r� 

�n�o�d�u�l�a�t�i�o�n�.� �I�n� �1�9�8�9�,� �a�l�l� �l�e�g�u�m�e�s� �h�a�d� �s�i�m�i�l�a�r� �C�:�N� �r�a�t�i�o�s� �u�n�d�e�r� �b�o�t�h� �k�i�l�l� �d�a�t�e�s�,� �a�n�d� 

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

�s�i�m�i�l�a�r� �t�r�e�n�d�s� �w�e�r�e� �s�e�e�n� �a�s� �i�n� �t�h�e� �s�e�p�a�r�a�t�e� �y�e�a�r�s� �(�T�a�b�l�e� �2�.�8�)�.� 

�P�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �R�y�e�:�V�e�t�c�h� �M�i�x�t�u�r�e� 

�T�h�e� �i�n�c�r�e�a�s�e� �i�n� �b�i�o�m�a�s�s� �a�n�d� �N� �f�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e� �f�r�o�m� �e�a�r�l�i�e�r� �t�o� 

�l�a�t�e�r� �i�s� �d�u�e� �m�o�r�e� �t�o� �t�h�e� �v�e�t�c�h� �c�o�m�p�o�n�e�n�t� �t�h�a�n� �t�o� �r�y�e� �(�T�a�b�l�e� �2�.�9�)�.� �I�n� �b�o�t�h� �y�e�a�r�s�,� 

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

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

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

�r�y�e� �d�u�r�i�n�g� �t�h�e� �s�a�m�e� �p�e�r�i�o�d� �i�n� �1�9�8�8� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �a�t� �t�h�e� �l�a�t�e�r� �k�i�l�l� �d�a�t�e� 

�(�T�a�b�l�e� �2�.�3�)�.� �I�n� �1�9�8�9�,� �t�h�e� �b�i�o�m�a�s�s� �i�n�c�r�e�a�s�e� �i�n� �p�u�r�e�-�s�t�a�n�d� �r�y�e� �w�a�s� �a�l�s�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�g�r�e�a�t�e�r� �(�4�.�3� �M�g�/�h�a� �a�t� �e�a�r�l�i�e�r� �d�a�t�e� �t�o� �5�.�2� �M�g�/�h�a� �a�t� �t�h�e� �l�a�t�e�r� �d�a�t�e�)�.� 

�T�h�e� �l�a�n�d� �e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o� �(�L�E�R�)� �d�e�f�i�n�e�d� �b�y� �W�i�l�l�e�y� �a�n�d� �O�s�i�r�u� �(�1�9�7�2�)� �a�n�d� 

�e�x�p�a�n�d�e�d� �b�y� �R�i�l�e�y� �(�1�9�8�5�)� �a�n�d� �b�y� �H�i�e�b�s�c�h� �a�n�d� �M�c�C�o�l�l�u�m� �(�1�9�8�7�)� �i�s� �a� �c�o�n�v�e�n�i�e�n�t� 

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

�M�i�x�t�u�r�e�s� �w�i�t�h� �l�a�n�d� �e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�s� �l�a�r�g�e�r� �t�h�a�n� �1�.�0� �a�r�e� �s�a�i�d� �t�o� �b�e� �m�o�r�e� �e�f�f�i�c�i�e�n�t� 

�t�h�a�n� �g�r�o�w�i�n�g� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �i�n� �p�u�r�e� �s�t�a�n�d�s�,� �w�h�i�l�e� �v�a�l�u�e�s� �l�e�s�s� �t�h�a�n� �1�.�0� �s�h�o�w� �a�n



�7�1� 

�T�a�b�l�e� �2�.�8�.� �E�f�f�e�c�t� �o�f� �c�o�v�e�r� �c�r�o�p� �k�i�l�l� �d�a�t�e� �o�n� �c�o�v�e�r�-�c�r�o�p� �C�:�N� �r�a�t�i�o�s�*� 
�p�o�o�l�e�d� �a�c�r�o�s�s� �2� �y�e�a�r�s�.� 
� � 

� � 

� � 

�K�i�l�l� �d�a�t�e� 

�C�o�v�e�r� �C�r�o�p� �E�a�r�l�i�e�r� �L�a�t�e�r� 

�R�y�e� �i�n� �*� 
�p�u�r�e� �s�t�a�n�d� �3�9�.�3� �a� �5�9�.�7� �a� 

�R�y�e� �i�n� 
�m�i�x�t�u�r�e� �3�9�.�4� �a� �4�7�.�4�b� 

�H�a�i�r�y� �v�e�t�c�h� 
�i�n� �p�u�r�e� �s�t�a�n�d� �1�2�.�3� �b� �1�4�.�1� �d� 

�H�a�i�r�y� �v�e�t�c�h� 
�i�n� �m�i�x�t�u�r�e� �1�3�.�4� �b� �1�3�.�4� �d� 
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�i�n�e�f�f�i�c�i�e�n�c�y� �i�n� �g�r�o�w�i�n�g� �t�h�e� �t�w�o� �c�r�o�p�s� �i�n� �a� �m�i�x�t�u�r�e�.� �F�o�r� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�,� 

�L�E�R�s� �f�o�r� �b�i�o�m�a�s�s� �a�n�d� �T�N� �s�h�o�w� �d�e�f�i�n�i�t�e� �a�d�v�a�n�t�a�g�e� �f�o�r� �g�r�o�w�i�n�g� �t�h�e� �t�w�o� �c�r�o�p�s� 

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

�t�h�e� �l�a�t�e�r� �k�i�l�l�i�n�g� �d�a�t�e�s� �(�T�a�b�l�e� �2�.�9�)�.� 

�S�o�i�l� �M�o�i�s�t�u�r�e� 

�A�b�u�n�d�a�n�t� �r�a�i�n�f�a�l�l� �o�c�c�u�r�r�e�d� �i�n� �M�o�n�t�g�o�m�e�r�y� �C�o�u�n�t�y�,� �V�i�r�g�i�n�i�a�,� �t�h�r�o�u�g�h�o�u�t� 

�t�h�e� �1�9�8�8� �a�n�d� �1�9�8�9� �c�o�r�n�-�g�r�o�w�i�n�g� �s�e�a�s�o�n�s� �(�F�i�g�s�.� �2�.�1� �a�n�d� �2�.�2�)�,� �m�a�k�i�n�g� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� 

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

�w�a�s� �f�o�u�n�d� �i�n� �1�9�8�8�,� �a�n�d� �t�w�o� �i�n� �1�9�8�9�.� �S�o�i�l� �d�e�p�t�h� �w�a�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�e�s� �a�s� 

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

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

�s�i�g�n�i�f�i�c�a�n�c�e�,� �a�n�d� �t�h�e�i�r� �p�-�v�a�l�u�e�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�1�0�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� 

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

�m�e�a�n�s� �w�e�r�e� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �b�o�t�h� �t�h�e� �0� �t�o� �1�5� �a�n�d� �t�h�e� �1�5� �t�o� �3�0� �c�m� �s�a�m�p�l�i�n�g� 

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

�s�u�b�s�e�q�u�e�n�t�l�y� �t�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e� �r�y�e� �p�l�u�s� �1�4�0�N� �a�n�d� �t�h�e� �f�a�l�l�o�w� �p�l�u�s� 

�1�4�0�N� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �a�n�a�l�y�s�e�s� �a�n�d� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�.� 

�T�h�e�r�e� �w�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �c�o�v�e�r� �c�r�o�p� �a�n�d� �t�i�l�l�a�g�e� �a�t� �t�h�e� �6� 

�A�u�g�u�s�t� �1�9�8�8� �s�a�m�p�l�e� �d�a�t�e�.� �U�n�d�e�r� �d�i�s�k� �i�n�c�o�r�p�o�r�a�t�i�o�n�,� �t�h�e� �h�i�g�h�e�r� �b�i�o�m�a�s�s�-� 

�p�r�o�d�u�c�i�n�g� �c�o�v�e�r� �c�r�o�p�s� �(�r�y�e� �a�n�d� �r�y�e�:�v�e�t�c�h�)� �h�a�d� �h�i�g�h�e�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �(�T�a�b�l�e� �2�.�1�1�)�.� 

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

�t�h�e� �h�i�g�h�e�s�t� �r�e�t�a�i�n�e�r�s� �o�f� �s�o�i�l� �m�o�i�s�t�u�r�e�.� �A�s� �i�n�d�i�c�a�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�1�,� �a�l�l� �c�o�v�e�r�-�c�r�o�p� 

�t�r�e�a�t�m�e�n�t�s�,� �e�x�c�e�p�t� �r�y�e� �w�i�t�h�o�u�t� �N� �f�e�r�t�i�l�i�z�e�r�,� �h�a�d� �h�i�g�h�e�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �w�h�e�r�e� �a� �n�o�-�t�i�l�l
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�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �1�1�.�4� �b�e� �1�4�.�4� �¢� �y�e�s� 

�T�w�o�-�v�e�t�c�h� �1�1�.�3� �b�e� �1�4�.�8� �¢� �y�e�s� 

�R�y�e�:�v�e�t�c�h� �1�5�.�0� �a� �1�6�.�5� �a� �y�e�s� 

�S�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �1�1�.�0�¢� �1�5�.�3� �b�e� �y�e�s� 
�(�F�a�l�l�o�w� �+� �1�4�0�N�)� �(�R�y�e� �+� �1�4�0� �N�)� 
� � 

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

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.



�7�8� 

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

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

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

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

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

�t�r�e�a�t�m�e�n�t�s� �f�o�r� �t�h�e� �r�y�e� �p�l�u�s� �1�4�0�N� �a�n�d� �t�h�e� �s�a�m�e� �f�e�r�t�i�l�i�z�e�r� �N� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� 

�s�u�r�f�a�c�e� �m�u�l�c�h� �a�r�e� �m�u�c�h� �m�o�r�e� �r�e�v�e�a�l�i�n�g� �o�f� �t�h�e� �s�o�i�l�-�c�o�n�s�e�r�v�i�n�g� �"�m�u�l�c�h� �e�f�f�e�c�t�"�.� 

�M�o�i�s�t�u�r�e� �s�a�m�p�l�i�n�g� �d�a�t�e�s� �i�n� �1�9�8�9� �s�h�o�w�e�d� �s�i�g�n�i�f�i�c�a�n�t� �c�o�v�e�r�-�c�r�o�p� �e�f�f�e�c�t�s� �o�n� 

�s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �(�T�a�b�l�e� �2�.�1�2�)�.� �H�i�g�h�e�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �g�e�n�e�r�a�l�l�y� �w�a�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�i�g�h�e�r� �c�o�v�e�r� �c�r�o�p� �b�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n� �f�o�r� �t�h�e� �4� �A�u�g�u�s�t� �s�a�m�p�l�e� 

�d�a�t�e�.� �A�t� �t�h�e� �d�r�y�e�r� �1�0� �A�u�g�u�s�t� �s�a�m�p�l�e� �d�a�t�e�,� �c�o�r�n� �t�h�a�t� �f�o�l�l�o�w�e�d� �r�y�e� �w�i�t�h�o�u�t� �N� 

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

�w�a�t�e�r� �u�p�t�a�k�e� �f�r�o�m� �t�h�e� �s�m�a�l�l�e�r� �u�n�f�e�r�t�i�l�i�z�e�d� �c�o�r�n� �p�l�a�n�t�s�.� �O�n� �t�h�e� �4� �A�u�g�u�s�t� �d�a�t�e�,� �t�h�e� 

�n�o�-�t�i�l�l� �p�l�o�t�s� �h�a�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �m�e�a�n� �s�o�i�l� �m�o�i�s�t�u�r�e� �(�1�7�.�6�%�)� �a�s� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �d�i�s�k�e�d� �p�l�o�t�s� �(�1�6�.�4�%�)�.� �T�h�e� �h�i�g�h�e�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �s�e�e�m�e�d� �t�o� �b�e� �r�e�l�a�t�e�d� �t�o� �t�w�o� 

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

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

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

�s�i�g�n�i�f�i�c�a�n�t� �(�P� �<�0�.�0�5�)� �e�f�f�e�c�t� �o�f� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s� �o�n� �s�o�i�l� �m�o�i�s�t�u�r�e� �i�n� �2�5� �o�u�t� �o�f� �2�7� 

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

�(�T�a�b�l�e�s� �2�.�1�3� �t�o� �2�.�1�5�)�.� �A�l�l� �r�e�g�r�e�s�s�i�o�n�s� �i�n�d�i�c�a�t�e�d� �a� �p�o�s�i�t�i�v�e� �r�e�s�p�o�n�s�e� �o�f� �s�o�i�l� 

�m�o�i�s�t�u�r�e� �t�o� �i�n�c�r�e�a�s�i�n�g� �l�e�v�e�l�s� �o�f� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s�.� �P�o�o�r� �f�i�t� �(�l�o�w� �r�2�)� �w�a�s� �s�e�e�n� �f�o�r� 

�d�a�t�a� �f�i�t�t�e�d� �e�i�t�h�e�r� �t�o� �l�i�n�e�a�r� �o�r� �q�u�a�d�r�a�t�i�c� �f�u�n�c�t�i�o�n�s�.� �P�r�e�d�i�c�t�i�v�e� �v�a�l�u�e� �t�h�e�r�e�f�o�r�e� �w�a�s� 

�l�o�w�.



�7�9� 

�T�a�b�l�e� �2�.�1�2�.� �E�f�f�e�c�t� �o�f� �c�o�v�e�r� �c�r�o�p� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�i�l�l�a�g�e� �a�n�d� �s�a�m�p�l�e� �d�e�p�t�h� �o�n� �s�o�i�l� 
�m�o�i�s�t�u�r�e� �p�e�r�c�e�n�t�a�g�e�,� �1�9�8�9�.� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� �4� �A�u�g�u�s�t� �1�0� �A�u�g�u�s�t� 

�w�a�n�n�a� �e�e� �e�e�e�n�e�n�n� �a�n�n�e� �p�e�r�c�e�n�t�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�R�y�e� �1�8�.�2� �a�*� �1�5�.�3� �a� 

�H�a�i�r�y� �v�e�t�c�h� �1�7�.�0� �a�b� �1�2�.�7� �b�e� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �1�5�.�8� �b� �1�3�.�1� �b�e� 

�T�w�o�-�v�e�t�c�h� �1�7�.�3� �a�b� �1�2�.�7� �b�e� 

�R�y�e�:�v�e�t�c�h� �1�8�.�3� �a� �1�3�.�7�b� 

�S�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �1�5�.�3� �b� �1�2�.�1� �b�e� 
�(�F�a�l�l�o�w� �+� �1�4�0�N�)� �(�R�y�e� �+� �1�4�0� �N�)� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �u�s�i�n�g� 
�F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.



�8�0� 

�T�a�b�l�e� �2�.�1�3�.� �P�r�o�b�a�b�i�l�i�t�y� �e�s�t�i�m�a�t�e�s� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �a�s� 
�i�n�f�l�u�e�n�c�e�d� �b�y� �c�o�v�e�r�-�c�r�o�p� �b�i�o�m�a�s�s�,� �6� �A�u�g�.� �1�9�8�8�.� 
� � 

� � 

�T�i�l�l�a�g�e� �D�e�p�t�h� �P�>�F� �1�?� 

�-�-�c�m�-�-� 

�D�i�s�k� �0�-�1�5� �0�.�0�0�2� �0�.�3�5� 

�D�i�s�k� �1�6�-�3�0� �0�.�0�1�0� �0�.�2�6� 

�N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�0�2� �0�.�3�6� 

�N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�0�0�2� �0�.�3�7� 

�D�i�s�k� �0�-�3�0� �0�.�0�1�0� �0�.�3�3� 

�N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�0�1� �0�.�4�5� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�0�1� �0�.�4�0� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�0�0�1� �0�.�3�2� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�0�1� �0�.�3�5� 
� 



�8�1� 

�T�a�b�l�e� �2�.�1�4�.� �P�r�o�b�a�b�i�l�i�t�y� �e�s�t�i�m�a�t�e�s� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �a�s� 
�i�n�f�l�u�e�n�c�e�d� �b�y� �c�o�v�e�r� �c�r�o�p� �b�i�o�m�a�s�s�,� �4� �A�u�g�.� �1�9�8�9�.� 
� � 

� � 

�T�i�l�l�a�g�e� �D�e�p�t�h� �P�>�F� �r�?� 

�-�-�c�m�-�-� 

�D�i�s�k� �0�-�1�5� �0�.�0�1�0� �0�.�3�8� 

�D�i�s�k� �1�6�-�3�0� �0�.�0�1�0� �0�.�2�6� 

�N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�2�0� �0�.�2�2� 

�N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�2�1�0� �0�.�0�7� 

�D�i�s�k� �0�-�3�0� �0�.�0�0�1� �0�.�4�5� 

�N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�6�0� �0�.�1�5� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�0�1� �0�.�3�4� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�0�0�2� �0�.�2�0� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�0�1� �0�.�3�5� 
� 



�8�2� 

�T�a�b�l�e� �2�.�1�5�.� �P�r�o�b�a�b�i�l�i�t�y� �e�s�t�i�m�a�t�e�s� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �s�o�i�l� �m�o�i�s�t�u�r�e� �a�s� 
�i�n�f�l�u�e�n�c�e�d� �b�y� �c�o�v�e�r� �c�r�o�p� �b�i�o�m�a�s�s�,� �1�0� �A�u�g�.� �1�9�8�9�.� 
� � 

� � 

�T�i�l�l�a�g�e� �D�e�p�t�h� �P�>�F� �r�2� 

�-�-�c�m�-�-� 

�D�i�s�k� �0�-�1�5� �0�.�0�4�0� �0�.�1�8� 

�D�i�s�k� �1�6�-�3�0� �0�.�0�3�0� �0�.�2�0� 

�N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�2�0� �0�.�2�1� 

�N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�0�3�0�2� �0�.�2�1� 

�D�i�s�k� �0�-�3�0� �0�.�0�2�0� �0�.�2�2� 

�N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�1�0� �0�.�2�4� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�1�5� �0�.�0�0�7� �0�.�1�5� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �1�6�-�3�0� �0�.�0�0�1� �0�.�2�1� 

�D�i�s�k� �&� �N�o�-�t�i�l�l� �0�-�3�0� �0�.�0�0�1� �0�.�2�1� 
� 
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�T�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �r�a�t�e� �o�f� �t�h�e� �c�o�v�e�r� �c�r�o�p�s� �i�s� �u�n�k�n�o�w�n�.� �H�o�w�e�v�e�r�,� �w�i�t�h� 

�l�o�w�e�r� �C�:�N� �r�a�t�i�o�s� �(�T�a�b�l�e� �2�.�6�)� �a�n�d� �l�o�w�e�r� �i�n�i�t�i�a�l� �b�i�o�m�a�s�s�,� �t�h�e� �v�e�t�c�h�e�s� �w�o�u�l�d� �b�e� 

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

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

�N�i�t�r�o�g�e�n� �U�p�t�a�k�e� �b�y� �C�o�r�n� 

�N�i�t�r�o�g�e�n� �u�p�t�a�k�e� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �a�t� �e�a�c�h� �o�f� �f�o�u�r� �(�1�9�8�8�)� �o�r� �f�i�v�e� �(�1�9�8�9�)� 

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

�t�h�e� �1�9�8�8� �s�e�a�s�o�n�,� �t�i�l�l�a�g�e� �a�n�d� �c�o�v�e�r� �c�r�o�p�s� �i�n�t�e�r�a�c�t�e�d� �t�o� �a�f�f�e�c�t� �N� �u�p�t�a�k�e� �b�y� �c�o�r�n� �a�t� 

�t�h�e� �f�i�r�s�t� �t�w�o� �s�a�m�p�l�e� �d�a�t�e�s� �(�3�5� �a�n�d� �6�0� �d�a�y�s� �a�f�t�e�r� �p�l�a�n�t�i�n�g�)�.� 

�B�y� �t�h�e� �f�i�r�s�t� �s�a�m�p�l�e� �d�a�t�e� �(�3�5� �d�a�y�s�)�,� �c�o�r�n� �g�r�o�w�i�n�g� �i�n� �p�l�o�t�s� �w�h�e�r�e� �c�o�v�e�r� �c�r�o�p�s� 

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

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

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

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

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

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

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

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

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

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

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

�i�n�t�e�r�a�c�t�i�o�n� �a�t� �t�h�e� �7�8�-�d�a�y� �s�a�m�p�l�e� �d�a�t�e�,� �a�n�d� �o�n�l�y� �c�o�v�e�r� �c�r�o�p� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� 

�1�0�2�-�d�a�y� �s�a�m�p�l�e� �d�a�t�e�.� �A�t� �d�a�y� �7�8�,� �c�o�r�n� �g�r�o�w�i�n�g� �o�n� �p�l�o�t�s� �t�h�a�t� �w�e�r�e� �d�i�s�k� 

�i�n�c�o�r�p�o�r�a�t�e�d� �h�a�d� �t�a�k�e�n� �u�p� �s�i�g�n�i�f�i�c�a�n�t�l�y� �m�o�r�e� �N� �(�7�9� �k�g�/�h�a�)� �t�h�a�n� �t�h�o�s�e� �u�n�d�e�r� �n�o�-
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�t�i�l�l� �(�5�9� �k�g�/�h�a�)�.� �B�y� �t�h�i�s� �t�i�m�e�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�o�v�e�r�-�c�r�o�p� �e�f�f�e�c�t�s� �o�n� �N� �u�p�t�a�k�e� �w�e�r�e� 

�a�l�s�o� �a�p�p�a�r�e�n�t� �(�T�a�b�l�e� �2�.�1�6�)�.� �C�o�r�n� �f�o�l�l�o�w�i�n�g� �h�a�i�r�y� �v�e�t�c�h� �a�n�d� �t�h�e� �t�w�o�-�v�e�t�c�h� �m�i�x�t�u�r�e� 

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

�r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�.� �R�y�e� �w�a�s� �l�o�w�e�s�t� �a�n�d� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�.� 

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

�d�a�t�e� �(�1�0�2� �d�a�y�s�)�,� �b�u�t� �c�o�v�e�r� �t�r�e�a�t�m�e�n�t�s� �d�i�f�f�e�r�e�d� �(�T�a�b�l�e� �2�.�1�6�)�.� �A�s� �w�i�t�h� �t�h�e� �p�r�e�v�i�o�u�s� 

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

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

�r�a�i�n�f�a�l�l� �t�o�w�a�r�d�s� �t�h�e� �e�n�d� �o�f� �t�h�e� �1�9�8�8� �c�o�r�n�-�g�r�o�w�i�n�g� �s�e�a�s�o�n� �l�i�k�e�l�y� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �a� 

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

�p�r�e�s�e�n�t�.� �O�t�h�e�r�s� �(�U�t�o�m�o� �e�t� �a�l�.�,� �1�9�8�5�;� �V�a�r�c�o� �e�t� �a�l�.�,� �1�9�8�9�)� �h�a�v�e� �r�e�p�o�r�t�e�d� �i�n�c�r�e�a�s�e�d� 

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

�a�s� �m�u�l�c�h�.� 

�T�i�l�l�a�g�e� �d�i�d� �n�o�t� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �c�o�r�n ��s� �N� �u�p�t�a�k�e� �i�n� �1�9�8�9�,� �e�x�c�e�p�t� 

�o�n� �t�h�e� �f�i�r�s�t� �s�a�m�p�l�e� �d�a�t�e� �(�2�8� �d�a�y�s�)�,� �b�u�t� �N� �u�p�t�a�k�e� �f�o�r� �a�l�l� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �v�e�r�y� �l�o�w� �a�t� 

�t�h�i�s� �t�i�m�e�(�<� �7� �k�g�/�h�a�)�.� �A�t� �d�a�y� �4�9�,� �c�o�r�n� �g�r�o�w�i�n�g� �i�n� �p�l�o�t�s� �f�o�l�l�o�w�i�n�g� �e�i�t�h�e�r� �o�f� �t�h�e� 

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

�t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�,� �b�o�t�h� �o�f� �w�h�i�c�h� �w�e�r�e� �s�i�m�i�l�a�r� �(�T�a�b�l�e� �2�.�1�7�)�.� �B�y� �d�a�y� �7�0�,� �t�h�e� 

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

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

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

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

�a�n�d� �t�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x�t�u�r�e�.� �R�y�e� �w�a�s� �l�o�w�e�s�t�.� �B�y� �t�h�e� �f�i�n�a�l� �s�a�m�p�l�e� �d�a�t�e� �i�n� �1�9�8�9�,� 

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

�a�n�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h�e�s� �b�e�i�n�g� �a�l�i�k�e�.� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �w�a�s� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �t�h�e
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�T�a�b�l�e� �2�.�1�6�.� �E�f�f�e�c�t� �o�f� �c�o�v�e�r� �c�r�o�p� �o�n� �N� �r�e�c�o�v�e�r�e�d� �i�n� �c�o�r�n� �p�l�a�n�t�s� �a�t� �v�a�r�i�o�u�s� �t�i�m�e�s� 
�a�f�t�e�r� �p�l�a�n�t�i�n�g�,� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s�,� �1�9�8�8�.� 
� � 

�D�a�y�s� �a�f�t�e�r� �p�l�a�n�t�i�n�g� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� 
�t�r�e�a�t�m�e�n�t� �7�8� �1�0�2� 

�w�e� �n�e�n�n�n� �n�n�n� �n�n� �n�e� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 
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�1�9�8�8�.
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�9�3� 

� � 

� � 

� � � � 
� � 

�1�4�0� 
�F�  � �� �R�y�e� �1�9�8�9� �p�s� 

�g� �1�2�0� �F� �.� �;� 
�~� �|�  ��S� �H�a�i�r�y� �v�e�t�c�h� 

�i�k�]� 

�4� �1�0�0� �i�  ��&� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �O� 

�o�S� �g�o�b� �O� �A� �=� �n�a�n� �T�w�o�-�v�e�t�c�h� �S� 

�S� �6�6�0� �F� 
�>� �:� 
�Z� �4�0�-�7� 
�2� �:� 
�p�e� �2�O�F� 
�O�C� �:� 
�O� 

�O� �a�p� 
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�D�A�Y�S� �A�F�T�E�R� �P�L�A�N�T�I�N�G� 

�F�i�g�u�r�e� �2�.�7�.� �E�f�f�e�c�t� �o�f� �f�i�v�e� �c�o�v�e�r� �c�r�o�p�s� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s� �o�n� �c�o�r�n� 
�N� �u�p�t�a�k�e�,� �1�9�8�9�.
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�f�e�r�t�i�l�i�z�e�r� �b�e� �a�p�p�l�i�e�d� �s�e�v�e�r�a�l� �w�e�e�k�s� �a�f�t�e�r� �p�l�a�n�t�i�n�g� �t�o� �b�e�t�t�e�r� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� 

�a�p�p�a�r�e�n�t� �"�p�r�e�-�s�i�l�k�i�n�g�"� �N� �d�e�f�i�c�i�t�.� 

�C�o�r�n� �Y�i�e�l�d�s� 

�F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �m�a�k�i�n�g� �t�h�e�s�e� �f�i�n�d�i�n�g�s� �m�o�r�e� �i�m�m�e�d�i�a�t�e�l�y� �m�e�a�n�i�n�g�f�u�l� �t�o� 

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

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

�a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e�.� �C�o�r�n� �y�i�e�l�d�s� �d�e�c�l�i�n�e�d� �f�o�r� �t�h�e� �r�y�e� �t�r�e�a�t�m�e�n�t� �a�n�d� �t�h�e� �r�y�e�:�v�e�t�c�h� 

�m�i�x�t�u�r�e� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �d�e�p�l�e�t�i�o�n� �o�f� �r�e�s�i�d�u�a�l� �s�o�i�l� �N� �(�T�a�b�l�e� 

�2�.�1�9�)�.� �Y�i�e�l�d�s� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �c�o�n�t�r�o�l� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9� 

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

�1�9�8�8�.� �Y�i�e�l�d�s� �w�e�r�e� �s�i�m�i�l�a�r� �f�o�r� �a�l�l� �t�h�e� �l�e�g�u�m�e� �t�r�e�a�t�m�e�n�t�s� �f�r�o�m� �o�n�e� �y�e�a�r� �t�o� �t�h�e� �n�e�x�t�.� 

�A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �f�o�r� �1�9�8�8� �c�o�r�n� �y�i�e�l�d�s� �r�e�v�e�a�l�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �m�a�i�n� �e�f�f�e�c�t� 

�f�o�r� �c�o�v�e�r� �c�r�o�p� �(�P� �=� �0�.�0�2�)�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�i�s�c�e�r�n�e�d� �b�e�t�w�e�e�n� �t�i�l�l� �m�e�t�h�o�d�s�.� 

�T�h�e� �p�-�v�a�l�u�e� �f�o�r� �a�n� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �c�o�v�e�r� �c�r�o�p� �a�n�d� �t�i�l�l�a�g�e� �w�a�s� �0�.�0�7�.� �W�h�e�n� 

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

�t�h�e� �t�w�o�-�v�e�t�c�h� �m�i�x�t�u�r�e�,� �h�a�i�r�y� �v�e�t�c�h� �a�l�o�n�e�,� �o�r� �1�4�0� �k�g� �N�/�h�a� �(�T�a�b�l�e� �2�.�1�9�)�.� �T�h�e� �N� 

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

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

�a�n�d� �t�h�e� �l�o�w�-�N�-�p�r�o�d�u�c�i�n�g� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h� �d�u�r�i�n�g� �1�9�8�8�.� 

�F�o�r� �1�9�8�9�,� �o�n�l�y� �a� �c�o�v�e�r� �c�r�o�p� �m�a�i�n� �e�f�f�e�c�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�,� �w�i�t�h� �n�o� �i�n�t�e�r�a�c�t�i�o�n� 

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

�b�o�t�h� �s�t�a�n�d�a�r�d�-�p�r�a�c�t�i�c�e� �t�r�e�a�t�m�e�n�t�s� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�i�l�l�a�g�e� �(�T�a�b�l�e� �2�.�1�9�)�.� �C�o�r�n� 

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

�s�i�m�i�l�a�r� �t�o� �h�a�i�r�y� �v�e�t�c�h�.� �T�h�e� �r�y�e�:�v�e�t�c�h� �m�i�x� �w�a�s� �n�e�x�t� �t�o� �l�o�w�e�s�t� �a�n�d� �r�y�e� �w�a�s� �l�o�w�e�s�t�.
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�T�a�b�l�e� �2�.�1�9�.� �E�f�f�e�c�t� �o�f� �c�o�v�e�r� �c�r�o�p� �o�n� �c�o�r�n� �d�r�y� �m�a�t�t�e�r� �y�i�e�l�d�s�,� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�i�l�l�a�g�e�,� 
�1�9�8�8� �a�n�d� �1�9�8�9�.� 
� � 

� � 

�C�o�v�e�r� �c�r�o�p� �1�9�8�8� �1�9�8�9� �Y�e�a�r� �e�f�f�e�c�t� �t� 

�w�e�n� �e�e� �n�a�n�a�n� �a�n�n�e� �e�e� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�R�y�e� �1�2�.�8� �b�*� �8�.�8� �e� �y�e�s� 

�H�a�i�r�y� �v�e�t�c�h� �1�6�.�2�a� �1�5�.�3� �b�e� �n�o� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �1�3�.�3� �b� �1�3�.�9�¢� �n�o� 

�T�w�o�-�v�e�t�c�h� �1�6�.�4� �a� �1�6�.�4� �a�b� �n�o� 

�R�y�e�:�v�e�t�c�h� �1�3�.�6� �b� �1�1�.�7� �d� �y�e�s� 

�S�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �1�5�.�2� �a�b� �1�7�.�4�a� �y�e�s� 
�(�R�y�e� �p�l�u�s� �1�4�0�N�)� �o�r� �(�F�a�l�l�o�w� �p�l�u�s� �1�4�0�N�)� 
� � 

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

�*�M�e�a�n�s� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t�,� �u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� 
�L�S�D� �a�l�p�h�a� �=� �0�.�0�5�.
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�C�o�r�n� �y�i�e�l�d�s� �u�n�d�e�r� �a�l�l� �N� �r�a�t�e�s� �w�e�r�e� �s�i�m�i�l�a�r� �i�n� �1�9�8�8� �(�T�a�b�l�e� �2�.�2�0�)�.� �N�i�t�r�o�g�e�n� 

�f�e�r�t�i�l�i�z�e�r� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�m�o�n�g� �t�h�e� �h�i�g�h�e�s�t� �c�o�r�n� �p�r�o�d�u�c�e�r�s� �i�n� �1�9�8�9�.� �C�o�r�n� �y�i�e�l�d� 

�f�r�o�m� �t�h�e� �h�i�g�h�e�s�t� �N� �r�a�t�e� �w�a�s� �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� �f�r�o�m� �t�h�e� �1�4�0� �k�g� �r�a�t�e�,� �w�h�i�c�h� 

�w�a�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �2� �x� �6� �f�a�c�t�o�r�i�a�l� �c�o�m�p�a�r�i�s�o�n�.� �F�e�r�t�i�l�i�z�e�r� �r�a�t�e�s� �a�t� �o�r� �a�b�o�v�e� �7�0� 

�k�g�/�h�a� �w�e�r�e� �e�q�u�a�l� �a�n�d� �s�u�p�e�r�i�o�r� �t�o� �t�h�e� �z�e�r�o� �N� �t�r�e�a�t�m�e�n�t�.� 

�C�o�n�c�l�u�s�i�o�n�s� 

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

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

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

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

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

�C�a�r�b�o�n� �t�o� �N� �r�a�t�i�o�s� �w�e�r�e� �l�o�w�e�r� �f�o�r� �l�e�g�u�m�e�s� �t�h�a�n� �f�o�r� �r�y�e�.� �R�y�e� �g�r�o�w�i�n�g� �i�n� 

�a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �v�e�t�c�h� �h�a�d� �l�o�w�e�r� �C�:�N� �r�a�t�i�o�s� �t�h�a�n� �p�u�r�e� �r�y�e�,� �a�p�p�a�r�e�n�t�l�y� �d�e�r�i�v�i�n�g� 

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

�o�f� �h�a�i�r�y� �v�e�t�c�h�.� �U�s�i�n�g� �N� �f�e�r�t�i�l�i�z�e�r�,� �h�i�g�h�e�s�t� �c�o�r�n� �N� �u�p�t�a�k�e� �w�a�s� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �t�w�o� 

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

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

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

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

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



�9�7� 

�T�a�b�l�e� �2�.�2�0�.� �E�f�f�e�c�t� �o�f� �N� �f�e�r�t�i�l�i�z�e�r� �o�n� �c�o�r�n� �d�r�y� �m�a�t�t�e�r� �y�i�e�l�d�s�,� �1�9�8�8� �a�n�d� �1�9�8�9�.� 
� � 

� � 

� � 

�N� �r�a�t�e� �C�o�r�n� �Y�i�e�l�d� 

�1�9�8�8� �1�9�8�9� 

�k�g�/�h�a� �w�r�e�n�v�n�n�n�n�e�n� �n�e� �M�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�0� �1�3�.�5� �a�*� �1�0�.�6� �b� 

�7�0� �1�4�.�6�a� �1�6�.�4�a�~� 

�1�4�0� �1�3�.�3� �a� �1�8�.�0� �a� 

�2�1�0� �1�3�.�6� �a� �1�8�.�6�a� 
� � 

�*�M�e�a�n�s� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �u�s�i�n�g� �F�-� 
�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5�.



�9�8� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�B�l�e�v�i�n�s�,� �R�.�C�.�,� �D�.� �C�o�o�k�,� �S�.�H�.� �P�h�i�l�l�i�p�s�,� �a�n�d� �R�.�E�.� �P�h�i�l�l�i�p�s�.� �1�9�7�1�.� �I�n�f�l�u�e�n�c�e� �o�f� �n�o�-� 
�t�i�l�l�a�g�e� �o�n� �s�o�i�l� �m�o�i�s�t�u�r�e�.� �A�g�r�o�n�.� �J�.� �6�3�:� �5�9�3�-�5�9�6�.� 

�B�r�e�m�n�e�r�,� �C�.�A�.� �1�9�6�5�.� �T�o�t�a�l� �n�i�t�r�o�g�e�n�.� �I�n� �C�.�A�.� �B�l�a�c�k� �(�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�,� �A�g�r�o�n�o�m�y�.� �9�:� �1�1�4�9�-�1�1�8�7�.� �A�m�.� �S�o�c�.� �o�f� �A�g�r�o�n�.� �M�a�d�i�s�o�n� 
�W�I�.� 

�B�r�o�p�h�y�,� �L�.�S�.�,� �G�.�H�.� �H�e�i�c�h�e�l�,� �a�n�d� �M�.�P�.� �R�u�s�s�e�l�l�e�.� �1�9�8�7�.� �N�i�t�r�o�g�e�n� �t�r�a�n�s�f�e�r� �f�r�o�m� 
�f�o�r�a�g�e� �l�e�g�u�m�e�s� �t�o� �g�r�a�s�s� �i�n� �a� �s�y�s�t�e�m�a�t�i�c� �p�l�a�n�t�i�n�g� �d�e�s�i�g�n�.� �C�r�o�p� �S�c�i�.� �2�7�:� �7�5�3�-� 
�7�5�8�.� 

�C�r�a�i�g�,� �L�.�A�.�,� �W�.�J�.� �W�i�e�b�o�l�d�,� �a�n�d� �M�.�S�.� �M�c�I�n�t�o�s�h�.� �1�9�8�1�.� �N�i�t�r�o�g�e�n� �f�i�x�a�t�i�o�n� �r�a�t�e�s� �o�f� 
�a�l�f�a�l�f�a� �a�n�d� �r�e�d� �c�l�o�v�e�r� �g�r�o�w�n� �i�n� �m�i�x�t�u�r�e� �w�i�t�h� �g�r�a�s�s�e�s�.� �A�g�r�o�n�.� �J�.� �7�3�:�9�9�6�-� 
�9�9�8�.� 

�D�e�c�k�e�r�,� �A�.�M�.�,� �J�.�F�.� �H�o�l�d�e�r�b�a�u�m�,� �R�.�F�.� �M�u�l�f�o�r�d�,� �J�.�J�.� �M�e�i�s�i�n�g�e�r� �a�n�d� �L�.�R�.� �V�o�u�g�h�.� 
�1�9�8�7�.� �F�a�l�l�-�s�e�e�d�e�d� �l�e�g�u�m�e� �n�i�t�r�o�g�e�n� �c�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� �n�o�-�t�i�l�l� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� 
�p�.� �2�1�-�2�2�.� �I�n� �J�.�F�.� �P�o�w�e�r� �(�e�d�.�)�,� �T�h�e� �r�o�l�e� �o�f� �l�e�g�u�m�e�s� �i�n� �c�o�n�s�e�r�v�a�t�i�o�n� �t�i�l�l�a�g�e� 
�s�y�s�t�e�m�s�.� �P�r�o�c�.� �N�a�t�l�.� �C�o�n�f�.�,� �A�t�h�e�n�s�,� �G�A�.� �2�7�-�2�9� �A�p�r�i�l� �1�9�8�7�,� �S�o�i�l� �C�o�n�s�e�r�v�.� �S�o�c�.� 
�A�m�.�,� �A�n�k�e�n�y�,� �I�A�.� 

�D�o�n�o�h�u�e�,� �S�.�J�.�,� �R�.�L�.� �H�a�r�r�i�s�o�n�,� �a�n�d� �H�.�E�.� �W�h�i�t�e�.� �1�9�8�4�.� �A� �H�a�n�d�b�o�o�k� �o�f� �A�g�r�o�n�o�m�y�.� 
�V�a�.� �C�o�o�p�.� �E�x�t�.� �S�e�r�v�.� �p�u�b�.� �#�4�2�4�-�1�0�0�.� 

�F�r�y�e�,� �W�.�W�.�,� �W�.�G�.� �S�m�i�t�h�,� �a�n�d� �R�.�J�.� �W�i�l�l�i�a�m�s�.� �1�9�8�5�.� �E�c�o�n�o�m�i�c�s� �o�f� �w�i�n�t�e�r� �c�o�v�e�r� 
�c�r�o�p�s� �a�s� �a� �s�o�u�r�c�e� �o�f� �n�i�t�r�o�g�e�n� �f�o�r� �n�o�-�t�i�l�l� �c�o�r�n�.� �J�.� �S�o�i�l� �W�a�t�e�r� �C�o�n�s�e�r�v�.� �4�0�:� 
�2�4�6�-�2�4�9�.� 

�H�e�i�c�h�e�l�,� �G�.�H�.� �1�9�8�7�.� �L�e�g�u�m�e� �n�i�t�r�o�g�e�n�:� �s�y�m�b�i�o�t�i�c� �f�i�x�a�t�i�o�n� �a�n�d� �r�e�c�o�v�e�r�y� �b�y� 
�s�u�b�s�e�q�u�e�n�t� �c�r�o�p�s�.� �p� �6�3�-�8�0� �I�n� �A�.�R�.� �H�e�l�s�e�l� �(�e�d�.�)�,� �E�n�e�r�g�y� �i�n� �p�l�a�n�t� �n�u�t�r�i�t�i�o�n� 
�a�n�d� �p�e�s�t� �c�o�n�t�r�o�l�.� �C�h�a�p�t�e�r� �3�,� �E�l�s�e�v�i�e�r� �S�c�i�.� �P�u�b�s�.� �B�.�V�.� �A�m�s�t�e�r�d�a�m�,� �T�h�e� 
�N�e�t�h�e�r�l�a�n�d�s�.� 

�H�e�n�s�o�n�,� �P�.�R�.� �a�n�d� �H�.�A�.� �S�c�h�o�t�c�h�.� �1�9�6�8�.� �V�e�t�c�h� �c�u�l�t�u�r�e� �a�n�d� �u�s�e�s�.� �U�S�D�A� �F�a�r�m�e�r�s� 
�B�u�l�l�.�.� �#�1�7�4�0� �(�r�e�v�i�s�e�d�)�.� 

�H�e�r�b�e�k�,� �J�.�H�.�,� �W�.�W�.� �F�r�y�e�,� �a�n�d� �R�.�L�.� �B�l�e�v�i�n�s�.� �1�9�8�7�.� �N�i�t�r�o�g�e�n� �f�r�o�m� �l�e�g�u�m�e� �c�o�v�e�r� 
�c�r�o�p�s� �f�o�r� �n�o�-�t�i�l�l� �c�o�r�n� �a�n�d� �g�r�a�i�n� �s�o�r�g�h�u�m�.� �p�.� �5�1�-�5�2�.� �I�n� �J�.�F�.� �P�o�w�e�r� �(�e�d�.�)�,� �T�h�e� 
�r�o�l�e� �o�f� �l�e�g�u�m�e�s� �i�n� �c�o�n�s�e�r�v�a�t�i�o�n� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�.� �P�r�o�c�.� �N�a�t�l�.� �C�o�n�f�.�,� �A�t�h�e�n�s�,� 
�G�A�.� �2�7�-�2�9� �A�p�r�i�l� �1�9�8�7�,� �S�o�i�l� �C�o�n�s�e�r�v�.� �S�o�c�.� �A�m�.�,� �A�n�k�e�n�y�,� �I�A�.� 

�H�i�e�b�s�c�h�,� �C�.�K�.� �a�n�d� �R�.�E�.� �M�c�C�o�l�l�u�m�.� �1�9�8�7�.� �A�r�e�a� �x� �t�i�m�e� �e�q�u�i�v�a�l�e�n�c�y� �r�a�t�i�o�:� �a� �m�e�t�h�o�d� 
�f�o�r� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �p�r�o�d�u�c�t�i�v�i�t�y� �o�f� �i�n�t�e�r�c�r�o�p�s�.� �A�g�r�o�n�.� �J�.� �7�9�:� �1�5�-�2�2�.� 

�H�u�n�t�i�n�g�t�o�n�,� �T�.�G�.�,� �J�.�H�.� �G�r�o�v�e�,� �a�n�d� �W�.�W�.� �F�r�y�e�.� �1�9�8�5�.� �R�e�l�e�a�s�e� �a�n�d� �r�e�c�o�v�e�r�y� �o�f� 
�n�i�t�r�o�g�e�n� �f�r�o�m� �w�i�n�t�e�r� �a�n�n�u�a�l� �c�o�v�e�r� �c�r�o�p�s� �i�n� �n�o�-�t�i�l�l� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� 
�C�o�m�m�u�n�.� �S�o�i�l� �S�c�i�.� �5�7�:� �2�0�2�-�2�1�5�.
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�L�i�p�m�a�n�,� �J�.�G�.� �1�9�1�2�.� �T�h�e� �a�s�s�o�c�i�a�t�i�v�e� �g�r�o�w�t�h� �o�f� �l�e�g�u�m�e�s� �a�n�d� �n�o�n�l�e�g�u�m�e�s�.� �N�e�w� 
�J�e�r�s�e�y� �A�g�r�i�c�.� �E�x�p�.� �S�t�a�.� �B�u�l�l�.� �n�o�.� �2�5�3�.� 

�L�y�o�n�,� �T�.�L�.� �a�n�d� �J�.�H�.� �B�i�z�z�e�l�.� �1�9�1�1�.� �A� �h�e�r�e�t�o�f�o�r�e� �u�n�n�o�t�e�d� �b�e�n�e�f�i�t� �f�r�o�m� �t�h�e� �g�r�o�w�t�h� 
�o�f� �l�e�g�u�m�e�s�.� �C�o�r�n�e�l�l� �U�n�i�v�e�r�s�i�t�y� �A�g�.� �E�x�p�.� �S�t�a�.� �B�u�l�l�.� �n�o�.� �2�9�4�:� �3�6�5�-�3�7�4�.� 

�M�a�,� �T�.�S�.� �1�9�7�9�.� �M�o�d�e�r�n� �O�r�g�a�n�i�c� �E�l�e�m�e�n�t�a�l� �A�n�a�l�y�s�i�s�.� �M�a�r�c�e�l� �D�e�c�k�k�e�r� �I�n�c�.�,� �N�e�w� 
�Y�o�r�k�.� 

�M�c�V�a�y�,� �K�.�A�.�,� �D�.�E�.� �R�a�d�c�l�i�f�f�e�,� �a�n�d� �W�.�L�.� �H�a�r�g�r�o�v�e�.� �1�9�8�9�.� �W�i�n�t�e�r� �l�e�g�u�m�e� �e�f�f�e�c�t�s� �o�n� 
�s�o�i�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �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�.� �S�o�i�l� �S�c�i�.� �A�m�.� �J�.� �5�3�:� 
�1�8�5�6�-�1�8�6�2�.� 

�M�i�t�c�h�e�l�l�,� �W�.�H�.� �a�n�d� �M�.�R�.� �T�e�e�l�.� �1�9�7�7�.� �W�i�n�t�e�r� �a�n�n�u�a�l� �c�o�v�e�r� �c�r�o�p�s� �f�o�r� �n�o�-�t�i�l�l�a�g�e� 
�c�o�m� �p�r�o�d�u�c�t�i�o�n�.� �A�g�r�o�n� �J�.� �6�9�:� �5�6�9�-�5�7�3�.� 

�M�o�o�d�y�,� �J�.�E�.�,� �J�.�N�.� �J�o�n�e�s� �J�r�.�,� �a�n�d� �J�.�H�.� �L�i�l�l�a�r�d�.� �1�9�6�3�.� �I�n�f�l�u�e�n�c�e� �o�f� �s�t�r�a�w� �m�u�l�c�h� �o�n� 
�s�o�i�l� �m�o�i�s�t�u�r�e�,� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �g�r�o�w�t�h� �o�f� �c�o�r�n�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� 
�P�r�o�c�.� �2�7�:� �7�0�0�-�7�0�3�.� 

�N�e�e�l�y�,� �C�.�L�.�,� �K�.�A�.� �M�c�V�a�y�,� �a�n�d� �W�.�L�.� �H�a�r�g�r�o�v�e�.� �1�9�8�7�.� �N�i�t�r�o�g�e�n� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� 
�w�i�n�t�e�r� �l�e�g�u�m�e�s� �t�o� �n�o�-�t�i�l�l� �c�o�r�n� �a�n�d� �g�r�a�i�n� �s�o�r�g�h�u�m�.� �p�.� �4�8�-�4�9�.� �I�n� �J�.�F�.� �P�o�w�e�r� 
�(�e�d�.�)�,� �T�h�e� �r�o�l�e� �o�f� �l�e�g�u�m�e�s� �i�n� �c�o�n�s�e�r�v�a�t�i�o�n� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�.� �P�r�o�c�.� �N�a�t�l�.� �C�o�n�f�.�,� 
�A�t�h�e�n�s�,� �G�A�.� �2�7�-�2�9� �A�p�r�i�l� �1�9�8�7�,� �S�o�i�l� �C�o�n�s�e�r�v�.� �S�o�c�.� �A�m�.�,� �A�n�k�e�n�y�,� �I�A�.� 

�R�i�l�e�y�,� �J�.� �1�9�8�5�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�t�a�p�l�e� �a�n�d� �e�f�f�e�c�t�i�v�e� �l�a�n�d� �e�q�u�i�v�a�l�e�n�t� �r�a�t�i�o�s�.� 
�E�x�p�l�.� �A�g�r�i�c�.� �2�1�:� �3�6�9�-�3�7�6�.� 

�R�o�b�e�r�t�s�,� �C�.�A�.�,� �K�.�J�.� �M�o�o�r�e�,� �a�n�d� �K�.�D�.� �J�o�h�n�s�o�n�.� �1�9�8�9�.� �F�o�r�a�g�e� �q�u�a�l�i�t�y� �a�n�d� �y�i�e�l�d� �o�f� 
�w�h�e�a�t�-�v�e�t�c�h� �a�t� �d�i�f�f�e�r�e�n�t� �s�t�a�g�e�s� �o�f� �m�a�t�u�r�i�t�y� �a�n�d� �v�e�t�c�h� �s�e�e�d�i�n�g� �r�a�t�e�s�.� �A�g�r�o�n�.� 
�J�.� �8�1�:� �5�7�-�6�0�.� 

�R�o�b�e�r�t�s�,� �J�.� �L�.� �a�n�d� �F�.�R�.� �O�l�s�o�n�.� �1�9�4�2�.� �I�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �l�e�g�u�m�e�s� �a�n�d� �g�r�a�s�s�e�s� 
�g�r�o�w�n� �i�n� �a�s�s�o�c�i�a�t�i�o�n�.� �A�g�r�o�n�.� �J�.� �4�3�:� �6�9�5�-�7�0�1�.� 

�S�A�S�.� �1�9�8�2�.� �U�s�e�r ��s� �G�u�i�d�e�:� �S�t�a�t�i�s�t�i�c�s�.� �S�A�S� �I�n�s�t�i�t�u�t�e� �I�n�c�.� �C�a�r�y�,� �N�C�.� 

�S�t�e�e�l�,� �R�.�D�.�G�.� �a�n�d� �J�.�H�.� �T�o�r�r�i�e�.� �1�9�8�0�.� �P�r�i�n�c�i�p�l�e�s� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �o�f� �s�t�a�t�i�s�t�i�c�s�.� 
�M�c�G�r�a�w� �H�i�l�l�,� �N�e�w� �Y�o�r�k�.� 

�T�i�s�d�a�l�e�,� �S�.�L�.�,� �W�.�L�.� �N�e�l�s�o�n�,� �a�n�d� �J�.�D�.� �B�e�a�t�o�n�.� �1�9�8�5�.� �S�o�i�l� �F�e�r�t�i�l�i�t�y� �a�n�d� �F�e�r�t�i�l�i�z�e�r�s�.� 
�M�c�M�i�l�l�a�n�,� �N�e�w� �Y�o�r�k�.� 

�T�y�l�e�r�,� �D�.�D�.�,� �B�.�N�.� �D�u�c�k�,� �J�.�G�.� �G�r�a�v�e�e�l�,� �a�n�d� �J�.�F�.� �B�o�w�e�n�.� �1�9�8�7�.� �E�s�t�i�m�a�t�i�n�g� �r�e�s�p�o�n�s�e� 
�c�u�r�v�e�s� �o�f� �l�e�g�u�m�e� �n�i�t�r�o�g�e�n� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �n�o�-�t�i�l�l� �c�o�r�n�.� �p�.� �5�0�-�5�1�.� �I�n� �J�.�F�.� 
�P�o�w�e�r� �(�e�d�.�)�,� �T�h�e� �r�o�l�e� �o�f� �l�e�g�u�m�e�s� �i�n� �c�o�n�s�e�r�v�a�t�i�o�n� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�.� �P�r�o�c�.� �N�a�t�l�.� 
�C�o�n�f�.�,� �A�t�h�e�n�s�,� �G�A�.� �2�7�-�2�9� �A�p�r�i�l� �1�9�8�7�,� �S�o�i�l� �C�o�n�s�e�r�v�.� �S�o�c�.� �A�m�.�,� �A�n�k�e�n�y�,� �I�A�.� 

�U�t�o�m�o�,� �M�.�,� �W�.�W�.� �F�r�y�e�,� �a�n�d� �R�.�L�.� �B�l�e�v�i�n�s�.� �1�9�8�5�.� �F�u�n�c�t�i�o�n�s� �o�f� �l�e�g�u�m�e� �c�o�v�e�r� �c�r�o�p�s� 
�i�n� �n�o�-�t�i�l�l� �a�n�d� �c�o�n�v�e�n�t�i�o�n�a�l� �t�i�l�l� �c�o�r�n� �p�r�o�d�u�c�t�i�o�n�.� �p�.� �1�2�7�-�1�3�1� �I�n� �W�.�L�.



�1�0�0� 

�H�a�r�g�r�o�v�e�,� �F�.�C�.� �B�o�s�w�e�l�l�,� �a�n�d� �G�.� �W�.� �L�a�n�g�d�a�l�e� �(�e�d�s�.�)�,� �P�r�o�c�.� �1�9�8�5� �S�o�u�t�h�e�r�n� 
�N�o�-�t�i�l�l� �C�o�n�f�.�,� �1�6�-�1�7� �J�u�l�y� �1�9�8�5�,� �G�r�i�f�f�i�n�,� �G�A�.� 

�V�a�r�c�o�,� �J�.�J�.�,� �W�.�W�.� �F�r�y�,� �M�.�S�.� �S�m�i�t�h�,� �a�n�d� �C�.�T�.� �M�c�K�o�w�n�.� �1�9�8�9�.� �T�i�l�l�a�g�e� �e�f�f�e�c�t�s� �o�n� 
�n�i�t�r�o�g�e�n� �r�e�c�o�v�e�r�y� �b�y� �c�o�r�n� �f�r�o�m� �n�i�t�r�o�g�e�n�-�1�5� �l�a�b�e�l�e�d� �l�e�g�u�m�e� �c�o�v�e�r� �c�r�o�p�.� �S�o�i�l� 
�S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�3�:� �8�2�2�-�8�2�7�.� 

�W�a�g�g�e�r�,� �M�.�G�.� �1�9�8�9�.� �T�i�m�e� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �e�f�f�e�c�t�s� �o�n� �p�l�a�n�t� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� 
�s�u�b�s�e�q�u�e�n�t� �n�i�t�r�o�g�e�n� �r�e�l�e�a�s�e� �f�r�o�m� �s�e�v�e�r�a�l� �w�i�n�t�e�r� �a�n�n�u�a�l� �c�o�v�e�r� �c�r�o�p�s�.� �A�g�r�o�n�.� 
�J�.� �8�1�:� �2�3�6�-�2�4�1�.� 

�W�i�l�l�e�y�,� �R�.�W�.� �a�n�d� �O�s�i�r�u�,� �D�.�S�.�O�.� �1�9�7�2�.� �S�t�u�d�i�e�s� �o�f� �m�i�x�t�u�r�e�s� �o�f� �m�a�i�z�e� �a�n�d� �b�e�a�n�s� 
�w�i�t�h� �p�a�r�t�i�c�u�l�a�r� �r�e�f�e�r�e�n�c�e� �t�o� �p�l�a�n�t� �p�o�p�u�l�a�t�i�o�n�.� �J�.� �A�g�r�i�c�.� �S�c�i�.�,� �C�a�m�b�r�i�d�g�e� �7�9�:� 
�5�1�9�-�5�2�9�.� 

�W�i�l�s�o�n�,� �D�.�O�.� �a�n�d� �W�.�L�.� �H�a�r�g�r�o�v�e�.� �1�9�8�6�.� �R�e�l�e�a�s�e� �o�f� �n�i�t�r�o�g�e�n� �f�r�o�m� �c�r�i�m�s�o�n� �c�l�o�v�e�r� 
�r�e�s�i�d�u�e� �u�n�d�e�r� �t�w�o� �t�i�l�l�a�g�e� �s�y�s�t�e�m�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�0�:� �1�2�5�1�-�1�2�5�4�.



�E�f�f�e�c�t� �o�f� �T�i�l�l�a�g�e� �a�n�d� �C�o�v�e�r� �C�r�o�p� �o�n� 
�S�o�i�l� �A�g�g�r�e�g�a�t�e� �S�t�a�b�i�l�i�t�y� �a�n�d� �S�o�i�l� �W�a�t�e�r� 

�I�n�f�i�l�t�r�a�t�i�o�n� 

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

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

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

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

�c�a�p�a�c�i�t�y�,� �a�n�d� �i�n�c�r�e�a�s�e�d� �p�o�r�e� �s�p�a�c�e� �(�B�o�y�l�e� �e�t� �a�l�.�,� �1�9�8�9�)�.� �P�l�a�n�t� �r�o�o�t�s� �o�c�c�u�p�y� �a� 

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

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

�a�n�d� �s�o�i�l� �a�r�t�h�r�o�p�o�d�s� �c�a�n� �p�a�s�s� �m�o�r�e� �r�e�a�d�i�l�y� �t�h�r�o�u�g�h� �s�u�c�h� �a� �s�o�i�l� �(�P�i�p�e�l�,� �1�9�7�1�)�.� �P�l�a�n�t� 

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

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

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

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

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

�c�o�v�e�r� �c�r�o�p�s�)� �a�r�e� �m�a�n�y�,� �v�a�r�i�e�d�,� �a�n�d� �i�n�t�e�r�c�o�n�n�e�c�t�e�d�.� 

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

�s�u�r�f�a�c�e�.� �A�m�o�n�g� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� �f�a�c�t�o�r�s� �t�h�a�t� �i�n�f�l�u�e�n�c�e� �i�n�f�i�l�t�r�a�t�i�o�n� �a�r�e� �s�o�i�l� �o�r�g�a�n�i�c�-� 

�m�a�t�t�e�r� �c�o�n�t�e�n�t�,� �a�g�g�r�e�g�a�t�i�o�n�,� �s�u�r�f�a�c�e� �r�e�s�i�d�u�e�s�,� �a�n�d� �s�u�r�f�a�c�e� �c�r�u�s�t�i�n�g�.� �B�e�c�a�u�s�e� �o�f� �i�t�s� 

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

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �d�e�c�r�e�a�s�e� �i�n� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n�.� �P�a�r�k�e�r� �a�n�d� �J�e�n�n�y� �(�1�9�4�5�)� �s�h�o�w�e�d� 

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

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

�1�0�1



�1�0�2� 

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

�c�a�n� �i�n�c�r�e�a�s�e� �t�h�e� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e� �(�B�o�y�l�e� �e�t� �a�l�.�,� �1�9�8�9�)�.� �M�c�V�a�y� �e�t� �a�l�.� �(�1�9�8�9�)� 

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

�c�o�m�p�a�r�e�d� �t�o� �f�a�l�l�o�w� �p�l�o�t�s� �r�e�c�e�i�v�i�n�g� �o�n�l�y� �N� �f�e�r�t�i�l�i�z�e�r�.� �T�o�u�c�h�t�o�n�e� �e�t� �a�l�.� �(�1�9�8�4�)� 

�n�o�t�e�d� �i�n�c�r�e�a�s�e�d� �i�n�f�i�l�t�r�a�t�i�o�n� �f�o�l�l�o�w�i�n�g� �2� �y�e�a�r�s� �o�f� �h�a�i�r�y� �v�e�t�c�h� �o�r� �c�r�i�m�s�o�n� �c�l�o�v�e�r� 

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

�T�i�l�l�a�g�e� �c�a�n� �a�f�f�e�c�t� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �d�i�r�e�c�t�l�y� �o�r� �i�n�d�i�r�e�c�t�l�y�.� �R�a�d�c�l�i�f�f� �e�t� �a�l�.� 

�(�1�9�8�8�)� �f�o�u�n�d� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�s� �t�w�i�c�e� �a�s� �h�i�g�h� �w�i�t�h� �n�o�-�t�i�l�l� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� 

�c�o�n�v�e�n�t�i�o�n�a�l� �t�i�l�l� �(�3�7� �m�m�/�h� �v�s�.� �1�6� �m�m�/�h�)�.� �F�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �s�h�o�w�e�d� �t�h�e� 

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

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

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

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

�r�a�i�n�d�r�o�p� �i�m�p�a�c�t�.� 

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

�w�a�t�e�r�-�s�t�a�b�l�e� �a�g�g�r�e�g�a�t�e�s� �o�v�e�r� �a� �2�-�y�e�a�r� �c�o�u�r�s�e� �o�f� �c�o�v�e�r� �c�r�o�p�p�i�n�g� �a�n�d� �t�o� �e�s�t�i�m�a�t�e� 

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

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�A� �2� �x� �7� �f�a�c�t�o�r�i�a�l� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �u�s�e�d� �w�i�t�h� �t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s� �(�d�i�s�k� �a�n�d� 

�n�o�-�t�i�l�l�)� �b�y� �s�e�v�e�n� �c�o�v�e�r� �c�r�o�p�s� �f�o�r� �a� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �s�t�u�d�y�,� �a�n�d� �a� �2� �x� �3� �f�a�c�t�o�r�i�a�l� �f�o�r� 

�a�n� �a�g�g�r�e�g�a�t�e� �s�t�a�b�i�l�i�t�y� �s�t�u�d�y� �(�T�a�b�l�e� �3�.�1�)�.� �I�n� �a�c�t�u�a�l�i�t�y�,� �t�h�e� �c�o�v�e�r�-�c�r�o�p� �t�r�e�a�t�m�e�n�t�s� 

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



�1�0�3� 

�T�a�b�l�e� �3�.�1�.� �S�c�h�e�d�u�l�e� �o�f� �t�r�e�a�t�m�e�n�t�s� �(�c�o�v�e�r� �c�r�o�p�s�,� �N� �f�e�r�t�i�l�i�z�e�r�,� �a�n�d� �t�i�l�l�a�g�e�)� �f�o�r� �p�l�o�t�s� 

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

�+� 

� � 

�C�o�v�e�r� �c�r�o�p� �N� �r�a�t�e� �T�i�l�l�a�g�e� 
�t�r�e�a�t�m�e�n�t�*� 

�k�g�/�h�a� �(�D�i�s�k� �o�r� �N�o�-�t�i�l�l�)� 

�1�0�0� �R�y�e� �(�R�)� �0� �b�o�t�h� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �(�H�)� �0� �b�o�t�h� 

�1�0�0� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �(�B�)� �0� �b�o�t�h� 

�6�7�H�/�3�3�B� �0� �b�o�t�h� 

�3�3�H�/�6�7�B� �0� �b�o�t�h� 

�5�O�R�/�7�5�H� �0� �b�o�t�h� 

�1�0�0�R� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �1�4�0� �n�o�-�t�i�l�l� 

�F�a�l�l�o�w� �s�t�a�n�d�a�r�d� �p�r�a�c�t�i�c�e� �1�4�0� �d�i�s�k� 
� � 

�*�R�y�e� �s�e�e�d�e�d� �a�t� �1�0�0� �k�g�/�h�a� �i�n� �p�u�r�e� �s�t�a�n�d�s�.� �V�e�t�c�h�e�s� �s�e�e�d�e�d� �a�t� �2�8� �k�g�/�h�a� �i�n� �p�u�r�e� 
�s�t�a�n�d�s�.� 

�N�u�m�b�e�r�s� �i�n� �f�r�o�n�t� �o�f� �R�,�H�,�B� �=� �p�e�r�c�e�n�t� �o�f� �p�u�r�e�-�s�t�a�n�d� �s�e�e�d�i�n�g� �r�a�t�e�s� �u�s�e�d� �i�n� �e�a�c�h� 
�m�i�x�t�u�r�e�.� 

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



�1�0�4� 

�c�o�n�t�r�o�l�s�.� �O�n�e� �c�o�n�t�r�o�l� �w�a�s� �w�i�n�t�e�r� �r�y�e� �i�n�t�o� �w�h�i�c�h� �c�o�r�n� �w�a�s� �n�o�-�t�i�l�l� �p�l�a�n�t�e�d�.� �T�h�e� 

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

�t�h�e� �w�i�n�t�e�r� �a�n�d� �d�i�s�k�e�d� �p�r�i�o�r� �t�o� �c�o�r�n� �p�l�a�n�t�i�n�g�.� �B�o�t�h� �c�o�n�t�r�o�l� �t�r�e�a�t�m�e�n�t�s� �r�e�c�e�i�v�e�d� �1�4�0� 

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

�t�i�m�e�s�.� �S�e�e�d�i�n�g� �r�a�t�e�s� �a�r�e� �b�a�s�e�d� �o�n� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �b�y� �D�o�n�o�h�u�e� �e�t� �a�l�.� �(�1�9�8�4�)� 

�(�1�0�0� �k�g�/�h�a� �f�o�r� �r�y�e� �a�n�d� �2�8� �k�g�/�h�a� �f�o�r� �h�a�i�r�y� �a�n�d� �b�i�g�f�l�o�w�e�r� �v�e�t�c�h�e�s�)�.� �A�d�d�i�t�i�o�n�a�l� 

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

�p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�s�.� 

�S�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �t�o� �1�5� �c�m� �o�n� �2�6� �N�o�v�e�m�b�e�r� �1�9�8�7� �a�n�d� �a�g�a�i�n� �o�n� �6� 

�O�c�t�o�b�e�r� �1�9�8�9�,� �t�o� �p�r�o�v�i�d�e� �"�b�e�f�o�r�e�"� �a�n�d� �"�a�f�t�e�r�"� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �p�e�r�c�e�n�t� �w�a�t�e�r�-�s�t�a�b�l�e� 

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

�m�e�t�h�o�d� �o�f� �K�e�m�p�e�r� �(�1�9�6�5�)�.� �C�h�a�n�g�e� �i�n� �t�h�e� �p�e�r�c�e�n�t� �w�a�t�e�r�-�s�t�a�b�l�e� �a�g�g�r�e�g�a�t�e�s� �o�v�e�r� 

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

�s�a�m�p�l�i�n�g� �d�a�t�e� �f�r�o�m� �t�h�e� �v�a�l�u�e� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �t�h�e� �2�-�y� �p�e�r�i�o�d�.� 

�W�a�t�e�r�-�i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �a�s�s�e�s�s�e�d� �o�n� �4� �A�u�g�u�s�t� �1�9�8�8� �a�n�d� �1�0� �A�u�g�u�s�t� 

�1�9�8�9� �u�s�i�n�g� �r�i�n�g� �i�n�f�i�l�t�r�o�m�e�t�e�r�s� �1�5� �c�m� �i�n� �d�i�a�m�e�t�e�r� �a�n�d� �2�5� �c�m� �t�a�l�l�.� �F�o�u�r� 

�d�e�t�e�r�m�i�n�a�t�i�o�n�s� �p�e�r� �p�l�o�t� �w�e�r�e� �t�a�k�e�n�.� �R�i�n�g�s� �w�e�r�e� �d�r�i�v�e�n� �5� �c�m� �i�n�t�o� �t�h�e� �s�o�i�l�,� �a�n�d� 

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

�w�a�s� �t�i�m�e�d� �f�r�o�m� �t�h�e� �t�o�p� �m�a�r�k� �t�o� �a� �s�e�c�o�n�d� �m�a�r�k� �2�.�5�4� �c�m� �b�e�l�o�w� �(�B�o�u�w�e�r�,� �1�9�8�6�)�.� 

�D�a�t�a� �f�o�r� �e�a�c�h� �p�a�r�a�m�e�t�e�r� �m�e�a�s�u�r�e�d� �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� 

�p�r�o�c�e�d�u�r�e�s� �(�S�A�S�,� �1�9�8�2�)�,� �a�n�d� �m�e�a�n�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�.



�1�0�5� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�A�g�g�r�e�g�a�t�e� �S�t�a�b�i�l�i�t�y� 

�D�i�f�f�e�r�e�n�c�e�s� �i�n� �p�e�r�c�e�n�t� �w�a�t�e�r�-�s�t�a�b�l�e� �a�g�g�r�e�g�a�t�e�s� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e� �2�-�y�e�a�r� 

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

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

�3�.�2�)�.� �T�h�r�e�e� �c�o�v�e�r�-�c�r�o�p� �t�r�e�a�t�m�e�n�t�s� �(�S�O�R�/�7�5�H�,� �6�7�H�/�3�3�B�,� �a�n�d� �1�0�0�R�)�,� �f�o�r� �w�h�i�c�h� �I� 

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

�A� �h�i�g�h� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� �(�C�V�)� �(�2�9�7�%�)� �m�a�s�k�e�d� �a�n�y� �d�i�f�f�e�r�e�n�c�e�s�,� �i�f� �t�h�e�y� 

�e�x�i�s�t�e�d� �(�T�a�b�l�e�s� �3�.�3� �a�n�d� �3�.�4�)�.� �W�h�e�n� �t�h�e� �"�a�f�t�e�r� �2� �y�e�a�r�s� �c�o�v�e�r� �c�r�o�p�p�i�n�g�"� �p�e�r�c�e�n�t� 

�w�a�t�e�r�-�s�t�a�b�l�e�-�a�g�g�r�e�g�a�t�e� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y�,� �o�n�l�y� �a� �r�e�p� �e�f�f�e�c�t� �w�a�s� �s�e�e�n� 

�(�T�a�b�l�e� �3�.�2�)�.� 

�I� �w�a�s� �u�n�a�b�l�e� �t�o� �d�e�t�e�c�t� �a�n�y� �c�h�a�n�g�e�s� �i�n� �w�a�t�e�r�-�s�t�a�b�l�e� �a�g�g�r�e�g�a�t�e�s� �a�f�t�e�r� �2� �y�e�a�r�s� 

�o�f� �c�o�v�e�r� �c�r�o�p�p�i�n�g�.� �O�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �s�h�o�w�n� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �t�o�p� �2�.�5� �c�m� �o�f� 

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

�(�M�c�V�a�y� �e�t� �a�l�.�,� �1�9�8�9�)�.� �M�y� �s�o�i�l� �s�a�m�p�l�e�s� �i�n�c�l�u�d�e�d� �t�h�e� �t�o�p� �1�5� �c�m� �o�f� �s�o�i�l�.� �M�o�r�e� �y�e�a�r�s� 

�o�f� �o�r�g�a�n�i�c�-�m�a�t�t�e�r� �a�d�d�i�t�i�o�n� �w�o�u�l�d� �l�i�k�e�l�y� �b�e� �n�e�e�d�e�d� �t�o� �s�e�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �t�o�p� �1�5� �c�m�.� 

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

�w�e�r�e� �p�r�e�s�e�n�t� �a�t� �a�l�l�.� �A� �l�o�a�m� �s�o�i�l� �h�a�v�i�n�g� �1�5� �t�o� �2�0� �%� �c�l�a�y�,� �a�s� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� 

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

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

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

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

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

�t�r�e�a�t�m�e�n�t�s�,� �h�o�w�e�v�e�r�.� �H�a�d� �I� �k�n�o�w�n� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e
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�1�0�9� 

�m�o�s�t� �r�e�c�e�n�t� �l�i�t�e�r�a�t�u�r�e� �(�M�c�V�a�y� �e�t� �a�l�.�,� �1�9�8�9�;� �B�o�y�l�e� �e�t� �a�l�.�,� �1�9�8�9�)�,� �I� �w�o�u�l�d� �n�o�t� �h�a�v�e� 

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

�W�a�t�e�r� �I�n�f�i�l�t�r�a�t�i�o�n� 

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

�r�a�t�e�s� �i�n� �1�9�8�8�,� �w�i�t�h� �n�e�i�t�h�e�r� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�o�v�e�r�-�c�r�o�p� �e�f�f�e�c�t� �n�o�r� �a� �t�i�l�l�a�g�e� �b�y� �c�o�v�e�r� 

�c�r�o�p� �i�n�t�e�r�a�c�t�i�o�n�.� �I�n� �1�9�8�8�,� �n�o�-�t�i�l�l� �p�l�o�t�s� �h�a�d� �a� �l�o�w�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e� �t�h�a�n� �t�h�o�s�e� �t�h�a�t� 

�h�a�d� �b�e�e�n� �d�i�s�k� �i�n�c�o�r�p�o�r�a�t�e�d�,� �b�u�t� �n�o� �t�i�l�l�a�g�e� �e�f�f�e�c�t� �w�a�s� �s�e�e�n� �i�n� �1�9�8�9� �(�T�a�b�l�e� �3�.�5�)�.� 

�T�h�e� �r�e�s�u�l�t�s� �c�o�n�t�r�a�d�i�c�t� �t�h�o�s�e� �o�f� �R�a�d�c�l�i�f�f� �e�t� �a�l�.� �(�1�9�8�8�)� �w�h�o� �f�o�u�n�d� �i�n�c�r�e�a�s�e�d� 

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

�T�h�e� �1�9�8�8� �d�e�c�r�e�a�s�e� �i�n� �i�n�f�i�l�t�r�a�t�i�o�n� �u�n�d�e�r� �n�o�-�t�i�l�l� �s�e�e�m�s� �i�l�l�o�g�i�c�a�l� �a�n�d� �i�s� �l�i�k�e�l�y� �d�u�e� �t�o� 

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

�H�i�g�h� �C�V�s� �(�8�7�%�)� �w�e�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �1�9�8�9� �d�a�t�a� �s�e�t�.� �S�e�v�e�r�a�l� �f�a�c�t�o�r�s� 

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

�w�h�e�n� �t�h�e� �s�o�i�l� �w�a�s� �v�e�r�y� �w�e�t�.� �D�i�s�k�i�n�g� �i�n� �1�9�8�8� �w�a�s� �d�o�n�e� �u�n�d�e�r� �m�o�r�e� �s�u�i�t�a�b�l�e� �s�o�i�l� 

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

�v�a�r�i�a�b�i�l�i�t�y� �(�i�n� �b�o�t�h� �y�e�a�r�s�)� �m�a�y� �h�a�v�e� �b�e�e�n� �i�n�f�i�l�t�r�o�m�e�t�e�r� �s�i�z�e�.� �A�v�a�i�l�a�b�l�e� �i�n�f�i�l�t�r�a�t�i�o�n� 

�r�i�n�g�s� �w�e�r�e� �s�m�a�l�l�e�r� �t�h�a�n� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �B�o�u�w�e�r� �(�1�9�8�6�)�.� �I�n�c�r�e�a�s�e�d� �o�b�s�e�r�v�a�t�i�o�n�s� 

�w�i�t�h�i�n� �a� �p�l�o�t� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� �s�m�a�l�l�e�r� �r�i�n�g�s�.� �B�o�u�w�e�r� �(�1�9�8�6�)� 

�e�x�p�l�a�i�n�s� �a� �r�i�n�g� �s�i�z�e� �o�f� �1� �m� �p�r�o�v�i�d�e�s� �m�o�r�e� �a�c�c�u�r�a�t�e� �r�a�t�e�s� �o�f� �v�e�r�t�i�c�a�l� �i�n�f�i�l�t�r�a�t�i�o�n�,� �a�n�d� 

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

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

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

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



�1�1�0� 

�T�a�b�l�e� �3�.�5�.� �E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �o�n� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �i�n� �2� �y�e�a�r�s�.� 
� � 

� � 

�T�i�l�l�a�g�e� �m�e�t�h�o�d� �1�9�8�8� �1�9�8�9� 

�w�a� �n�-�-�-�-�-�-�-�-�-�-�-�-� �m�m� �H�2�0�/�h�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-� 

�D�i�s�k� �2�7� �a�*� �2�8�a� 

�N�o�-�t�i�l�l� �1�3� �b� �2�5�a� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 
�u�s�i�n�g� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D�,� �a�l�p�h�a� �=� �0�.�0�5



�l�i�l� 

�C�o�n�c�l�u�s�i�o�n�s� 

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

�s�h�o�w�n� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �s�o�i�l� �a�g�g�r�e�g�a�t�i�o�n� �a�f�t�e�r� �3� �y�e�a�r�s� �o�f� �c�o�v�e�r� �c�r�o�p�p�i�n�g�.� �S�o�i�l� 

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

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

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

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

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



�1�1�2� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�B�o�u�w�e�r�,� �H�.� �1�9�8�6�.� �I�n�t�a�k�e� �r�a�t�e�:� �C�y�l�i�n�d�e�r� �i�n�f�i�l�t�r�o�m�e�t�e�r�.� �p�.� �8�2�5�-�8�4�4� �I�n� �A�.� �K�l�u�t�e� 
�(�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� �1�,� �s�e�c�o�n�d� �e�d�i�t�i�o�n�,� �A�m�.� �S�o�c�.� �A�g�r�o�n�.� 

�B�o�y�l�e�,� �M�.�,� �W�.�T�.� �F�r�a�n�k�e�n�b�e�r�g�e�r�,� �J�r�.�,� �a�n�d� �L�.�H�.� �S�t�o�l�z�y�.� �1�9�8�9�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 
�o�r�g�a�n�i�c� �m�a�t�t�e�r� �o�n� �s�o�i�l� �a�g�g�r�e�g�a�t�i�o�n� �a�n�d� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n�.� �J�.� �P�r�o�d�.� �A�g�r�i�c�.� 
�2�:�2�9�0�-�2�9�9�.� 

�D�o�n�o�h�u�e�,� �S�.�J�.�,� �R�.�L�.� �H�a�r�r�i�s�o�n�,� �a�n�d� �H�.�E�.� �W�h�i�t�e�.� �1�9�8�4�.� �A� �H�a�n�d�b�o�o�k� �o�f� �A�g�r�o�n�o�m�y�.� 
�V�a�.� �C�o�o�p�.� �E�x�t�.� �S�e�r�v�.� �p�u�b�.� �n�o�.� �4�2�4�-�1�0�0�.� 

�K�e�m�p�e�r�,� �W�.�D�.� �1�9�6�5�.� �S�o�i�l� �a�g�g�r�e�g�a�t�i�o�n�.� �p�.� �5�1�1�-�5�1�9� �I�n� �C�.�A�.� �B�l�a�c�k� �(�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� �1�.�,� �2�n�d� �e�d�.� �A�m�.� �S�o�c�.� �A�g�r�o�n�.� 

�M�c�V�a�y�,� �K�.�A�.�,� �D�.�E�.� �R�a�d�c�l�i�f�f�,� �a�n�d� �W�.�L�.� �H�a�r�g�r�o�v�e�.� �1�9�8�9�.� �W�i�n�t�e�r� �l�e�g�u�m�e� �e�f�f�e�c�t�s� �o�n� 
�s�o�i�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �n�i�t�r�o�g�e�n� �r�e�q�u�i�r�e�m�e�n�t�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� 
�5�3�:� �1�8�5�6�-�1�8�6�2�.� 

�P�a�r�k�e�r�,� �E�.�R�.� �a�n�d� �H�.� �J�e�n�n�y�.� �1�9�4�5�.� �W�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �a�n�d� �r�e�l�a�t�e�d� �s�o�i�l� �p�r�o�p�e�r�t�i�e�s� �a�s� 
�a�f�f�e�c�t�e�d� �b�y� �c�u�l�t�i�v�a�t�i�o�n� �a�n�d� �o�r�g�a�n�i�c� �f�e�r�t�i�l�i�z�a�t�i�o�n�.� �S�o�i�l� �S�c�i�.� �6�0�:�3�5�3�-�3�7�6�.� 

�P�i�p�e�l�,� �N�.� �1�9�7�1�.� �C�r�u�m�b� �f�o�r�m�a�t�i�o�n�.� �E�n�d�e�a�v�o�r� �3�0�:�7�7�-�8�1�.� 

�R�a�d�c�l�i�f�f�e�,� �D�.�E�.�,� �E�.�W�.� �T�o�l�l�n�e�r�,� �W�.�L�.� �H�a�r�g�r�o�v�e�,� �R�.�L�.� �C�l�a�r�k�e�,� �a�n�d� �M�.�H�.� �G�o�l�a�b�i�.� �1�9�8�8�.� 
�E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �p�r�a�c�t�i�c�e�s� �o�n� �i�n�f�i�l�t�r�a�t�i�o�n� �a�n�d� �s�o�i�l� �s�t�r�e�n�g�t�h� �o�f� �a� �t�y�p�i�c� 
�H�a�p�l�u�d�u�l�t� �s�o�i�l� �a�f�t�e�r� �t�e�n� �y�e�a�r�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� �J�.� �5�2�:�7�9�8�-�8�0�4�.� 

�S�A�S�.� �1�9�8�2�.� �U�s�e�r�s� �G�u�i�d�e�:� �S�t�a�t�i�s�t�i�c�s�.� �S�A�S� �I�n�s�t�i�t�u�t�e� �I�n�c�.� �C�a�r�y�,� �N�C�.� 

�T�o�u�c�h�t�o�n�e�,� �J�.�T�.�,� �D�.�H�.� �R�i�c�k�e�r�l�,� �R�.�H�.� �W�a�l�k�e�r�,� �a�n�d� �C�.�E�.� �S�n�i�p�e�s�.� �1�9�8�4�.� �W�i�n�t�e�r� 
�l�e�g�u�m�e�s� �a�s� �a� �n�i�t�r�o�g�e�n� �s�o�u�r�c�e� �f�o�r� �n�o�-�t�i�l�l�a�g�e� �c�o�t�t�o�n�.� �S�o�i�l� �T�i�l�l�.� �R�e�s�.� �4�:�3�9�1�-� 
�4�0�1�.



�E�f�f�e�c�t� �o�f� �T�i�l�l�a�g�e� �a�n�d� �C�o�v�e�r� �C�r�o�p� 
�o�n� �W�e�e�d� �L�e�v�e�l�s� �i�n� �C�o�r�n� 

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

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

�r�e�l�a�t�i�o�n�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �c�o�v�e�r� �c�r�o�p�s� �c�a�n� �p�l�a�y� �a� �r�o�l�e� �i�n� �w�e�e�d� �s�u�p�p�r�e�s�s�i�o�n�.� �W�e�e�d� 

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

�(�.�e�.�,� �a�l�l�e�l�o�p�a�t�h�y�)�.� 

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

�e�s�t�a�b�l�i�s�h�e�d� �(�P�u�t�n�a�m� �a�n�d� �C�h�u�n�g�-�S�h�i�h�,� �1�9�8�6�;� �R�i�c�e�,� �1�9�8�4�;� �W�o�r�s�h�a�m�,� �1�9�8�4�)�.� �B�a�r�n�e�s� 

�a�n�d� �P�u�t�n�a�m� �(�1�9�8�3�)� �n�o�t�e�d� �7�3�%� �r�e�d�u�c�t�i�o�n� �i�n� �w�e�e�d� �b�i�o�m�a�s�s� �i�n� �a� �n�o�-�t�i�l�l� �p�e�a� �p�l�a�n�t�i�n�g� 

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

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

�r�e�d�u�c�i�n�g� �w�e�e�d� �b�i�o�m�a�s�s�.� �F�i�e�l�d� �t�r�i�a�l�s� �b�y� �P�u�t�n�a�m� �a�n�d� �D�e�F�r�a�n�k� �(�1�9�8�3�)� �h�a�v�e� �s�h�o�w�n� 

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

�w�h�e�a�t�,� �o�a�t�s�,� �b�a�r�l�e�y�,� �a�n�d� �s�o�r�g�h�u�m�.� �L�i�e�b�l�e� �a�n�d� �W�o�r�s�h�a�m� �(�1�9�8�3�)� �i�d�e�n�t�i�f�i�e�d� 

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

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

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

�g�l�o�r�y� �(�I�p�o�m�e�a� �h�e�d�e�r�a�c�e�a�)� �2�3�%�,� �p�r�i�c�k�l�y� �s�i�d�a� �(�S�i�d�a� �s�p�i�n�o�s�a�)� �8�5�%�,� �a�n�d� �l�a�r�g�e� 

�c�r�a�b�g�r�a�s�s� �(�D�i�g�i�t�a�r�i�a� �s�a�n�g�u�i�n�a�l�i�s�)� �1�0�0�%�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �p�r�o�p�e�r� �s�e�l�e�c�t�i�o�n� �a�n�d� 

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

�i�n� �n�o�-�t�i�l�l� �c�r�o�p�p�i�n�g� �s�y�s�t�e�m�s�.� 

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

�t�i�l�l�a�g�e� �(�T�r�i�p�l�e�t�t� �a�n�d� �L�y�t�l�e�,� �1�9�7�2�;� �W�r�u�c�k�e� �a�n�d� �A�r�n�o�l�d�,� �1�9�8�5�)�.� �R�e�d�u�c�e�d� �t�i�l�l�a�g�e� 

�1�1�3



�1�1�4� 

�g�e�n�e�r�a�l�l�y� �s�h�i�f�t�s� �w�e�e�d� �c�o�m�p�o�s�i�t�i�o�n� �t�o� �f�a�v�o�r� �p�e�r�e�n�n�i�a�l�s� �(�A�l�d�r�i�c�h�,� �1�9�8�4�)�.� �M�a�n�y� 

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

�d�o�m�i�n�a�n�t� �o�v�e�r� �a�n�n�u�a�l�s�.� �P�u�t�n�a�m� �e�t� �a�l�.� �(�1�9�8�3�)� �f�o�u�n�d� �t�h�a�t� �n�o�-�t�i�l�l� �c�a�u�s�e�s� �p�o�p�u�l�a�t�i�o�n� 

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

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

�D�e�F�r�a�n�k� �(�1�9�8�3�)� �s�h�o�w�e�d� �t�h�a�t� �s�m�a�l�l�-�s�e�e�d�e�d� �a�n�n�u�a�l� �w�e�e�d�s� �c�o�u�l�d� �b�e� �s�u�p�p�r�e�s�s�e�d� �b�y� 

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

�l�e�g�u�m�e�s�,� �g�r�e�w� �q�u�i�t�e� �w�e�l�l� �u�n�d�e�r� �n�o�-�t�i�l�l� �m�u�l�c�h�e�s�.� �I�n� �t�h�e�i�r� �s�t�u�d�y�,� �e�l�i�m�i�n�a�t�i�n�g� �t�i�l�l�a�g�e� 

�r�e�d�u�c�e�d� �w�e�e�d� �g�r�o�w�t�h� �b�y� �3�2�%�,� �w�h�i�l�e� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �b�a�r�l�e�y�,� �r�y�e�,� �o�r� �w�h�e�a�t� �r�e�s�i�d�u�e�s� 

�t�o� �n�o�-�t�i�l�l�e�d� �s�o�i�l� �r�e�d�u�c�e�d� �w�e�e�d� �g�r�o�w�t�h� �a�n� �a�d�d�i�t�i�o�n�a�l� �6�3�%�.� 

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

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

�s�y�s�t�e�m�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�A� �2� �x� �3� �f�a�c�t�o�r�i�a�l� �a�r�r�a�n�g�e�m�e�n�t� �(�t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s� �x� �t�h�r�e�e� �c�o�v�e�r� �c�r�o�p�s�)� �o�f� 

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

�o�n� �w�e�e�d� �g�r�o�w�t�h�.� �T�h�e� �t�w�o� �t�i�l�l�a�g�e� �m�e�t�h�o�d�s� �w�e�r�e� �d�i�s�k� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�r� �n�o�-�t�i�l�l� 

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

�s�t�a�n�d�s� �o�f� �r�y�e� �(�1�0�0� �k�g�/�h�a� �s�e�e�d�i�n�g� �r�a�t�e�)�,� �h�a�i�r�y� �v�e�t�c�h� �(�2�8� �k�g�/�h�a�)�,� �a�n�d� �b�i�g�f�l�o�w�e�r� 

�v�e�t�c�h� �(�2�8� �k�g�/�h�a�)� �(�D�o�n�o�h�u�e� �e�t� �a�l�.�,� �1�9�8�4�)�.� �A�l�l� �p�l�o�t�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �t�w�o� 

�h�e�r�b�i�c�i�d�e�s�:� �c�y�a�n�a�z�i�n�e� �a�t� �3�.�5� �L�/�h�a� �a�n�d� �m�e�t�o�l�a�c�h�l�o�r� �a�t� �1�.�7�5� �L�/�h�a�.� �C�r�o�p� 

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



�1�1�5� 

�W�e�e�d� �p�o�p�u�l�a�t�i�o�n�s� �w�e�r�e� �s�a�m�p�l�e�d� �o�n� �2�7� �J�u�l�y� �1�9�8�8� �i�n� �t�h�r�e�e�,� �0�.�5�-�m�2�,� 

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

�y�e�a�r�,� �w�e�e�d�s� �w�e�r�e� �s�a�m�p�l�e�d� �o�n� �2�0� �J�u�l�y� �1�9�8�9� �b�y� �r�e�m�o�v�i�n�g� �t�h�r�e�e�,� �0�.�9�3�-�m �� �a�r�e�a�s� �o�f� 

�w�e�e�d� �b�i�o�m�a�s�s� �f�r�o�m� �e�a�c�h� �p�l�o�t�.� �T�h�e� �s�a�m�p�l�e� �s�i�z�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �i�n� �1�9�8�9� �d�u�e� �t�o� �t�h�e� 

�h�i�g�h� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �v�a�r�i�a�t�i�o�n� �(�C�V�s�)� �e�x�p�e�r�i�e�n�c�e�d� �d�u�r�i�n�g� �1�9�8�8�.� �T�h�e� �w�e�e�d� �s�a�m�p�l�e�s� 

�w�e�r�e� �c�u�t� �a�t� �g�r�o�u�n�d� �l�e�v�e�l�,� �s�e�p�a�r�a�t�e�d� �b�y� �s�p�e�c�i�e�s� �o�r� �t�y�p�e�,� �d�r�i�e�d� �a�t� �5�5� �t�o� �6�0� �C� �f�o�r� �6�0� 

�h�,� �a�n�d� �w�e�i�g�h�e�d�.� �W�e�e�d�s� �w�e�r�e� �s�e�g�r�e�g�a�t�e�d� �i�n�t�o� �p�r�e�d�o�m�i�n�a�n�t� �s�p�e�c�i�e�s�/�c�a�t�e�g�o�r�i�e�s�:� 

�h�o�r�s�e�n�e�t�t�l�e� �(�S�o�l�a�n�u�m� �c�a�r�o�l�i�n�e�n�s�e�)�,� �n�u�t�s�e�d�g�e� �(�C�y�p�e�r�u�s� �s�p�p�.�)�,� �d�o�c�k� �(�R�u�m�e�x� �s�p�p�.�)�,� 

�d�a�n�d�e�l�i�o�n� �(�T�a�r�a�x�a�c�u�m� �o�f�f�i�c�i�n�a�l�e�)�,� �g�r�a�s�s�e�s� �(�P�o�a�c�e�a�e�)�,� �a�n�d� �o�t�h�e�r� �f�o�r�b�s�.� �R�e�a�l�i�z�i�n�g� 

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

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

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

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

�d�e�t�e�r�m�i�n�e�d� �1� �d�a�y� �p�r�i�o�r� �t�o� �b�i�o�m�a�s�s� �s�a�m�p�l�i�n�g� �o�n� �n�o�-�t�i�l�l� �c�o�v�e�r� �c�r�o�p� �p�l�o�t�s� �b�o�t�h� �y�e�a�r�s� 

�(�1�7� �M�a�y� �1�9�8�8� �a�n�d� �2�2� �M�a�y� �1�9�8�9�)�.� �R�e�a�d�i�n�g�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �1�2�:�0�0� �n�o�o�n� �t�o� �2�:�0�0� 

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

�s�u�r�f�a�c�e� �a�n�d� �t�h�e�n� �a�t� �g�r�o�u�n�d� �l�e�v�e�l�,� �u�n�d�e�r� �t�h�e� �c�a�n�o�p�y� �(�W�o�l�f� �e�t� �a�l�.�,� �1�9�7�2�)�.� 

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

�o�n� �t�o�t�a�l� �w�e�e�d� �b�i�o�m�a�s�s�.� �S�i�n�c�e� �C�V�s� �w�e�r�e� �h�i�g�h� �(�4�1� �t�o� �1�4�2�%�)� �a�n�d� �s�o�m�e� �o�b�s�e�r�v�a�t�i�o�n�s� 

�w�e�r�e� �z�e�r�o�,� �t�h�e� �d�a�t�a� �w�e�r�e� �t�r�a�n�s�f�o�r�m�e�d� �b�y� �t�a�k�i�n�g� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �+� �0�.�5� �o�f� �e�a�c�h� 

�o�b�s�e�r�v�a�t�i�o�n� �(�W�e�i�s�b�e�r�g�,� �1�9�8�5�)�.� �C�o�m�p�a�r�i�s�o�n�s� �f�o�r� �y�e�a�r� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �m�a�d�e� �b�y� 

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

�y�e�a�r�s� �a�n�d� �c�o�m�p�a�r�i�n�g� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �F� �w�i�t�h� �a�n� �F�-�d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �t�h�e� �9�5�%� �p�r�o�b�a�b�i�l�i�t�y� 

�l�e�v�e�l�.� �M�e�a�n� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �b�y� �F�-�p�r�o�t�e�c�t�e�d� �L�S�D� �(�S�t�e�e�l� �a�n�d� �T�o�r�r�i�e�,� �1�9�8�0�)�.



�1�1�6� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�A� �s�i�g�n�i�f�i�c�a�n�c�e� �l�e�v�e�l� �o�f� �0�.�0�5� �w�a�s� �n�o�t� �s�t�r�i�c�t�l�y� �a�d�h�e�r�e�d� �t�o�,� �s�i�n�c�e� �4�0�%� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� 

�e�f�f�e�c�t�s� �b�e�l�o�w� �0�.�1�0� �w�e�r�e� �b�e�t�w�e�e�n� �0�.�1�0� �a�n�d� �0�.�0�5�.� �H�i�g�h�e�r� �C�V�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� 

�m�a�s�k� �t�r�u�e� �d�i�f�f�e�r�e�n�c�e�s�,� �t�h�o�u�g�h� �s�q�u�a�r�e�-�r�o�o�t� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �d�i�d� �r�e�d�u�c�e� �C�V�s� �b�y� �3�0� �t�o� 

�6�0�%�.� �T�y�p�e� �I�I� �e�r�r�o�r� �r�a�t�e� �(�f�a�i�l�u�r�e� �t�o� �d�e�t�e�c�t� �r�e�a�l� �d�i�f�f�e�r�e�n�c�e�s�)� �i�n�c�r�e�a�s�e�s� �w�i�t�h� 

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

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

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

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

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

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

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

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

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

�b�i�o�m�a�s�s� �d�i�f�f�e�r�e�n�c�e�s� �h�a�v�e� �b�e�e�n� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e�s� �4�.�1� �a�n�d� �4�.�2�.� �A� �t�e�s�t� �f�o�r� �y�e�a�r� 

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

�y�e�a�r�s�;� �t�h�e�r�e�f�o�r�e� �t�h�e�s�e� �a�r�e� �d�i�s�c�u�s�s�e�d� �b�y� �s�e�p�a�r�a�t�e� �y�e�a�r�s�.� 

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

�4�.�3�)�.� �T�h�e� �c�o�v�e�r� �c�r�o�p� �x� �t�i�l�l�a�g�e� �i�n�t�e�r�a�c�t�i�o�n� �(�T�a�b�l�e� �4�.�1�)� �d�i�f�f�e�r�e�d� �f�r�o�m� �1�9�8�8� �t�o� �1�9�8�9�.� 

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

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

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

�m�a�k�i�n�g� �u�p� �8�7�%� �o�f� �t�h�e� �t�o�t�a�l� �w�e�e�d� �b�i�o�m�a�s�s� �i�n� �d�i�s�k�e�d� �p�l�o�t�s� �a�n�d� �5�4�%� �i�n� �n�o�-�t�i�l�l�.� �B�y



�1�1�7� 

�T�a�b�l�e� �4�.�1�.� �S�i�g�n�i�f�i�c�a�n�c�e� �t�e�s�t�s� �f�o�r� �w�e�e�d� �b�i�o�m�a�s�s� �b�y� �v�a�r�i�o�u�s� �s�p�e�c�i�e�s� �c�a�t�e�g�o�r�i�e�s�,� 
�p�o�o�l�e�d� �a�c�r�o�s�s� �y�e�a�r�s�.� 
� � 

� � 

�D�a�n�d�e�-� 
�N�e�t�t�l�e� �N�u�t�s�e�d�g�e� �l�i�o�n� �T�o�t�a�l� 

�w�a�n�n�e�e�n�e�n�e�e�e�e�e�e� �c�e�c�e� �e�d� �e�e� 

�Y�e�a�r� �<�.�0�5� �<�.�0�5� �>�.�0�5� �>�.�0�5� 

�C�o�v�e�r� �c�r�o�p� �0�.�3�5� �0�.�7�1� �0�.�6�4� �0�.�3�1� 

�T�i�l�l�a�g�e� �0�.�0�1� �0�.�2�4� �0�.�0�5� �0�.�2�2� 

�C�o�v�e�r� �x� �T�i�l�l�a�g�e� �0�.�1�0� �0�.�0�1� �0�.�8�8� �0�.�9�5� 

�Y�e�a�r� �X� �C�o�v�e�r� �X� �T�i�l�l�a�g�e� �0�.�0�2� �0�.�2�2� �0�.�9�6� �0�.�0�6� 
� 



�1�1�8� 

�T�a�b�l�e� �4�.�2�.� �S�i�g�n�i�f�i�c�a�n�c�e� �t�e�s�t�s� �f�o�r� �w�e�e�d� �b�i�o�m�a�s�s� �a�m�o�n�g� �v�a�r�i�o�u�s� �s�p�e�c�i�e�s� �c�a�t�e�g�o�r�i�e�s� 

� � 

� � 

�b�y� �y�e�a�r�.� 

�D�a�n�d�e�-� 
�N�e�t�t�l�e� �N�u�t�s�e�d�g�e� �l�i�o�n� �T�o�t�a�l� 

�a�n�n�n�e�e�e�e�e�e�n�e� �e�e�e� �e�e�e�e�e� �c�e�c�e� �e�e�e� �P� �>� �P�u�-�-�-�-�n�-�-�-�e�-�-�n�e�e�e� �e�e�e� �e�e�e� �e�e�e� 
�1�9�8�8� 

�C�o�v�e�r� �c�r�o�p� �0�.�6�3� �0�.�4�6� �0�.�8�0� �0�.�7�6� 

�T�i�l�l�a�g�e� �0�.�0�1� �0�.�4�5� �0�.�1�3� �0�.�0�1� 

�C�o�v�e�r� �x� �T�i�l�l�a�g�e� �0�.�4�2� �0�.�0�3� �0�.�9�0� �0�.�7�2� 

�1�9�8�9� 

�C�o�v�e�r� �c�r�o�p� �0�.�1�1� �0�.�4�3� �0�.�6�0� �0�.�3�5� 

�T�i�l�l�a�g�e� �0�.�2�1� �0�.�1�3� �0�.�2�2� �0�.�2�5� 

�C�o�v�e�r� �x� �T�i�l�l�a�g�e� �0�.�0�6� �0�.�0�8� �0�.�9�4� �0�.�6�4� 
� 



�1�1�9� 

�T�a�b�l�e� �4�.�3�.� �E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �a�n�d� �c�o�v�e�r� �c�r�o�p� �o�n� �h�o�r�s�e�n�e�t�t�l�e� �b�i�o�m�a�s�s� �i�n� �l�a�t�e� �J�u�l�y�.� 
� � 

�T�i�l�l�a�g�e� �m�e�t�h�o�d� 
� � 

� � 

�Y�e�a�r�/� �T�i�l�l�a�g�e� 
�C�o�v�e�r� �c�r�o�p� �D�i�s�k� �N�o�-�t�i�l�l� �e�f�f�e�c�t�+� 

�n�a� �n�n�n�n� �n�a�a�n� �-�-� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-� 

�1�9�8�8� 

�R�y�e� �1�5�5� �b�*� �7�5�a� �n�o� 

�H�a�i�r�y� �v�e�t�c�h� �2�3�3� �a� �3�7�b� �y�e�s� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �2�4�0� �a� �4�7� �b� �y�e�s� 

�1�9�8�9� 

�R�y�e� �5�b� �1�3�a� �y�e�s� 

�H�a�i�r�y� �v�e�t�c�h� �8� �b� �l�e� �y�e�s� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �3�0�a� �7�b� �y�e�s� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �h�a�l�f� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�u�s�i�n�g� �F�i�s�h�e�r�s� �L�S�D�,� �a�l�p�h�a� �=� �0�.�1�0� 

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



�1�2�0� 

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

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

�s�u�s�c�e�p�t�i�b�l�e� �t�o� �c�o�m�p�e�t�i�t�i�o�n� �f�r�o�m� �o�t�h�e�r� �s�p�e�c�i�e�s� �t�o� �i�n�c�l�u�d�e� �c�o�r�n�.� �S�o�l�o�m�o�n� �(�1�9�8�3�)� 

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

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

�h�o�r�s�e�n�e�t�t�l�e� �s�e�e�d�.� �W�h�e�n� �l�e�a�f� �l�i�t�t�e�r� �i�s� �n�o�t� �r�e�p�l�e�n�i�s�h�e�d� �(�i�n� �t�h�e� �e�v�e�n�t� �o�f� �d�e�a�t�h� �o�r� 

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

�t�h�i�s� �m�e�c�h�a�n�i�s�m�,� �h�o�r�s�e�n�e�t�t�l�e� �c�a�n� �m�a�i�n�t�a�i�n� �a� �v�i�a�b�l�e� �s�e�e�d� �b�a�n�k� �(�s�e�e�d�s� �m�a�y� �g�e�r�m�i�n�a�t�e� 

�a�f�t�e�r� �7� �y�e�a�r�s�)� �w�i�t�h�o�u�t� �c�o�m�p�e�t�i�t�i�o�n� �f�r�o�m� �y�o�u�n�g� �s�e�e�d�l�i�n�g�s�.� �M�e�a�n�w�h�i�l�e� �t�h�e� �s�e�e�d� 

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

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

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

�I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�d�e�q�u�a�t�e� �s�o�i�l� �N� �(�l�e�g�u�m�e� �t�r�e�a�t�m�e�n�t�s�)�,� �g�r�e�a�t�e�r� �h�o�r�s�e�n�e�t�t�l�e� 

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

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

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

�i�n�f�e�s�t�a�t�i�o�n� �(�F�u�r�r�e�r� �a�n�d� �F�e�r�t�i�g�,� �1�9�6�0�)�.� �R�o�o�t�s� �c�u�t� �i�n�t�o� �s�m�a�l�l� �s�e�g�m�e�n�t�s� �c�a�n� �p�r�o�d�u�c�e� 

�n�e�w� �s�h�o�o�t�s� �f�r�o�m� �g�r�e�a�t� �d�e�p�t�h�s�.� �S�m�i�t�h� �a�n�d� �C�a�l�v�e�r�t� �(�1�9�8�0�)� �p�r�o�d�u�c�e�d� �n�e�w� �s�h�o�o�t�s� 

�f�r�o�m� �5�8�%� �o�f� �s�e�c�t�i�o�n�s� �5� �m�m� �l�o�n�g� �f�r�o�m� �a� �d�e�p�t�h� �o�f� �2�0� �c�m� �i�n� �v�e�r�m�i�c�u�l�i�t�e�.� �F�u�r�r�e�r� �a�n�d� 

�F�e�r�t�i�g� �(�1�9�6�0�)� �o�b�t�a�i�n�e�d� �f�o�u�r� �p�l�a�n�t�s� �o�u�t� �o�f� �e�v�e�r�y� �s�i�x� �r�o�o�t� �s�e�g�m�e�n�t�s� �1�5� �c�m� �l�o�n�g� 

�w�h�e�n� �p�l�a�n�t�e�d� �a�t� �a� �d�e�p�t�h� �o�f� �4�5� �c�m�.� �D�i�s�k�i�n�g� �c�o�u�l�d� �h�a�v�e� �c�a�u�s�e�d� �h�i�g�h�e�r� �h�o�r�s�e�n�e�t�t�l�e� 

�n�u�m�b�e�r�s� �i�n� �1�9�8�8� �b�y� �c�u�t�t�i�n�g� �r�o�o�t�s� �i�n�t�o� �s�m�a�l�l�e�r� �p�i�e�c�e�s� �a�n�d� �d�i�s�t�r�i�b�u�t�i�n�g� �t�h�e�m� �i�n� �t�h�e� 

�s�o�i�l�.� �W�i�t�h�o�u�t� �a�d�e�q�u�a�t�e� �N� �(�r�y�e� �p�l�o�t�s�)�,� �n�o� �t�i�l�l�a�g�e� �e�f�f�e�c�t� �w�a�s� �a�p�p�a�r�e�n�t� �i�n� �1�9�8�8�;� �b�u�t� 

�i�n� �1�9�8�9�,� �n�o�-�t�i�l�l� �h�a�d� �s�l�i�g�h�t�l�y� �m�o�r�e� �h�o�r�s�e�n�e�t�t�l�e� �t�h�a�n� �d�i�d� �d�i�s�k�e�d� �p�l�o�t�s�.� �A�l�s�o� �u�n�d�e�r� �n�o�-� 

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



�1�2�1� 

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

�b�e�e�n� �g�r�e�a�t�e�r� �u�n�d�e�r� �t�h�e� �t�h�i�c�k�,� �e�n�t�a�n�g�l�e�d� �v�e�t�c�h� �m�a�t� �t�h�a�n� �i�n� �t�h�e� �e�r�e�c�t� �r�y�e�,� �w�h�i�c�h� 

�a�l�l�o�w�e�d� �m�o�r�e� �s�u�n�l�i�g�h�t� �t�o� �p�e�n�e�t�r�a�t�e� �i�t�s� �c�a�n�o�p�y� �(�T�a�b�l�e� �4�.�4�)�.� 

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

�b�o�t�h� �y�e�a�r�s� �(�T�a�b�l�e�s� �4�.�2� �a�n�d� �4�.�5�)�.� �I�n� �1�9�8�8�,� �s�i�m�i�l�a�r� �n�u�t�s�e�d�g�e� �l�e�v�e�l�s� �w�e�r�e� �s�e�e�n� �a�c�r�o�s�s� 

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

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

�4�.�5�)�.� �I�n� �1�9�8�9�,� �n�o�-�t�i�l�l� �r�y�e� �p�l�o�t�s� �a�g�a�i�n� �h�a�d� �l�e�s�s� �n�u�t�s�e�d�g�e� �t�h�a�n� �t�h�o�s�e� �t�h�a�t� �w�e�r�e� 

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

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

�a�d�e�q�u�a�t�e� �s�o�i�l� �N�,� �n�u�t�s�e�d�g�e� �p�l�a�n�t�s� �a�r�e� �e�n�c�o�u�r�a�g�e�d� �t�o� �p�r�o�d�u�c�e� �a�b�o�v�e� �g�r�o�u�n�d� �b�i�o�m�a�s�s� 

�t�o� �t�h�e� �d�e�t�r�i�m�e�n�t� �o�f� �t�u�b�e�r�s� �(�G�a�r�g� �e�t� �a�l�.�,� �1�9�6�7�)�.� �H�i�g�h�e�r� �N� �w�o�u�l�d� �o�c�c�u�r� �w�i�t�h� �t�h�e� 

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

�b�i�o�m�a�s�s� �i�n� �t�h�e� �r�y�e� �p�l�o�t�s� �u�n�d�e�r� �n�o�-�t�i�l�l� �f�o�r� �t�h�e� �2� �y�e�a�r�s�.� �U�n�d�e�r� �d�i�s�k� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n� 

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

�D�i�s�k�i�n�g� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �t�u�b�e�r� �s�p�r�o�u�t�i�n�g� �o�f� �n�u�t�s�e�d�g�e� �(�T�a�y�l�o�r�s�o�n�,� 

�1�9�6�7�)�.� �L�o�w� �N� �l�e�v�e�l�s� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �p�r�o�m�o�t�e� �i�n�c�r�e�a�s�e�d� 

�t�u�b�e�r�i�z�a�t�i�o�n� �(�G�a�r�g� �e�t� �a�l�.�,� �1�9�6�7�)� �T�h�e�s�e� �t�w�o� �f�a�c�t�o�r�s� �c�o�u�l�d� �e�x�p�l�a�i�n� �t�h�e� �o�b�s�e�r�v�e�d� 

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

�1�9�8�9�.� �N�u�t�s�e�d�g�e� �d�o�e�s� �n�o�t� �g�r�o�w� �w�e�l�l� �i�n� �r�e�d�u�c�e�d� �l�i�g�h�t� �(�W�i�l�l�s�,� �1�9�7�5�)�;� �t�h�e�r�e�f�o�r�e� �i�t� �i�s� 

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

�r�e�d�u�c�e� �n�u�t�s�e�d�g�e� �(�S�t�o�l�l�e�r�,� �1�9�7�5�)�.� �H�i�g�h� �s�u�n�l�i�g�h�t� �p�e�n�e�t�r�a�t�i�o�n� �w�a�s� �a�p�p�a�r�e�n�t� �i�n� �t�h�e� 

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

�i�n�t�o� �t�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�)�,� �w�h�i�c�h� �w�o�u�l�d� �s�e�e�m� �t�o� �c�o�n�t�r�a�d�i�c�t� �t�h�e� �r�e�s�u�l�t�s� �o�f� �i�n� �1�9�8�9� 

�(�T�a�b�l�e� �4�.�4�)�,� �w�h�e�r�e� �n�u�t�s�e�d�g�e� �i�n�c�r�e�a�s�e�d� �i�n� �v�e�t�c�h� �p�l�o�t�s� �(�T�a�b�l�e� �4�.�5�)�.� �H�i�g�h� �s�o�i�l� �N



�1�2�2� 

�T�a�b�l�e� �4�.�4�.� �P�e�r�c�e�n�t� �l�i�g�h�t� �i�n�t�e�r�c�e�p�t�i�o�n� �o�f� �c�o�v�e�r� �c�r�o�p�s� �,� �1�9�8�8� �a�n�d� �1�9�8�9�.� 

�C�o�v�e�r� �c�r�o�p� �1�9�8�8� �1�9�8�9� 

�%� �l�i�g�h�t� �i�n�t�e�r�c�e�p�t�i�o�n� 

�1�0�0� �R�y�e� �6�8�.�8� �a�*� �4�0�.�2� �¢� 

�1�0�0� �H�a�i�r�y� �v�e�t�c�h� �7�0�.�7� �a� �9�4�.�9� �a� 

�1�0�0� �B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �6�1�.�2� �a� �8�9�.�3� �b� 
� � 
�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� �u�s�i�n�g� 
�F�i�s�h�e�r�s� �L�S�D�,� �a�l�p�h�a� �=� �0�.�1�0



�1�2�3� 

�T�a�b�l�e� �4�.�5�.� �E�f�f�e�c�t� �o�f� �t�i�l�l�a�g�e� �a�n�d� �c�o�v�e�r� �c�r�o�p� �o�n� �n�u�t�s�e�d�g�e� �b�i�o�m�a�s�s� �i�n� �l�a�t�e� �J�u�l�y�.� 
� � 

�T�i�l�l�a�g�e� �m�e�t�h�o�d� 
� � 

� � 

�Y�e�a�r� 
�C�o�v�e�r� �c�r�o�p� �D�i�s�k� �N�o�-�t�i�l�l� �T�i�l�l�a�g�e� �e�f�f�e�c�t�+� 

�w�-�n�a�n�n�-�-�-�-�-�-�-� �k�g�/�h�a�-�-�-�-�-�-�-�-�-�-�-� 

�1�9�8�8� 

�R�y�e� �2�8� �a�*� �2�c� �y�e�s� 

�H�a�i�r�y� �v�e�t�c�h� �5�b� �1�2�a� �n�o� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �2�c� �9�b� �n�o� 

�1�9�8�9� 

�R�y�e� �5�2�a� �2�b� �y�e�s� 

�H�a�i�r�y� �v�e�t�c�h� �5�b� �1�0�2� �a� �y�e�s� 

�B�i�g�f�l�o�w�e�r� �v�e�t�c�h� �1�6� �b� �1�0�9� �a� �y�e�s� 
� � 

�*�M�e�a�n�s� �w�i�t�h�i�n� �a� �h�a�l�f� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �s�a�m�e� �l�e�t�t�e�r� �d�o� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� 
�u�s�i�n�g� �F�i�s�h�e�r�s� �L�S�D� �a�l�p�h�a� �=� �0�.�1�0� 

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



�1�2�4� 

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

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

�(�T�a�b�l�e� �4�.�3�)�.� 

�A�v�e�r�a�g�e�d� �a�c�r�o�s�s� �y�e�a�r�s� �a�n�d� �c�o�v�e�r� �c�r�o�p�s�,� �d�a�n�d�e�l�i�o�n� �b�i�o�m�a�s�s� �w�a�s� �l�o�w�e�r� �i�n� 

�d�i�s�k�e�d� �p�l�o�t�s� �t�h�a�n� �u�n�d�e�r� �n�o�-�t�i�l�l� �(�1�4� �k�g�/�h�a� �v�s�.� �4�3� �k�g�/�h�a�)�.� �S�e�e�d�s� �o�f� �d�a�n�d�e�l�i�o�n�,� �b�e�i�n�g� 

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

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

�i�t� �i�s� �c�o�m�m�o�n�l�y� �f�o�u�n�d�.� �B�y� �e�a�r�l�y� �M�a�y� �(�l�a�t�e�r� �c�o�v�e�r�-�c�r�o�p� �k�i�l�l� �d�a�t�e�)� �p�a�s�t�u�r�e�s� �i�n� �t�h�e� 

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

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

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

�4�.�1� �a�n�d� �4�.�6�)�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �s�e�e�n� �a�m�o�n�g� �c�o�v�e�r� �c�r�o�p�s� �u�n�d�e�r� �e�i�t�h�e�r� �t�i�l�l�a�g�e� 

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

�t�r�e�a�t�m�e�n�t�s� �d�u�r�i�n�g� �1�9�8�8�.� �I�n� �1�9�8�9�,� �m�o�r�e� �w�e�e�d�s� �w�e�r�e� �a�p�p�a�r�e�n�t� �u�n�d�e�r� �n�o�-�t�i�l�l� �w�h�e�r�e� 

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

�c�o�n�t�a�i�n�i�n�g� �r�y�e�.� �T�h�e� �1�9�8�8� �w�e�e�d� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �l�a�r�g�e�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�h�o�r�s�e�n�e�t�t�l�e�.� �C�o�m�p�a�r�i�n�g� �h�o�r�s�e�n�e�t�t�l�e� �b�i�o�m�a�s�s� �i�n� �T�a�b�l�e� �4�.�6� �w�i�t�h� �l�e�v�e�l�s� �i�n� �T�a�b�l�e� �4�.�3�,� 

�a� �s�t�r�i�k�i�n�g� �s�i�m�i�l�a�r�i�t�y� �w�i�t�h� �t�i�l�l�a�g�e� �d�i�f�f�e�r�e�n�c�e�s� �c�a�n� �b�e� �s�e�e�n�.� �I�n� �1�9�8�9�,� �n�u�t�s�e�d�g�e� �w�a�s� �a� 

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

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

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

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

�w�e�e�d� �b�i�o�m�a�s�s�.� �M�o�r�e� �w�e�e�d�s� �w�e�r�e� �s�e�e�n� �u�n�d�e�r� �d�i�s�k�-�i�n�c�o�r�p�o�r�a�t�e�d� �c�o�v�e�r�-�c�r�o�p� 

�t�r�e�a�t�m�e�n�t�s� �i�n� �1�9�8�8� �t�h�a�n� �1�9�8�9�.� �L�e�g�u�m�e� �n�o�-�t�i�l�l� �p�l�o�t�s� �h�a�d� �a� �n�e�t� �i�n�c�r�e�a�s�e� �i�n� �t�o�t�a�l� 

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


