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(ABSTRACT) 

Experiments were conducted to investigate the fermentation 

characteristics and nutritional value of mixtures containing different 

proportions of alfalfa (Medicago sativa L.) and wheat (Triticum aestivum 

L.) straw ensiled with and without molasses, microbial inoculant and 

molasses + microbial inoculant. In experiment 1, chopped alfalfa 

harvested at 1/10 bloom and chopped wheat straw were ensiled in the 

following proportions (DM basis): 0:100, 25:75, 50:50, 75:25, 100:0, 

0:100 (urea-treated), with O and 5% dry molasses, and 0 and .1% 

microbial inoculant (Lactobaci]lus plantarum and Streptococcus faecium) 

in a 6 x 2 x 2 completely randomized design with a _ factorial 

arrangement. Each mixture was ensiled in 3.8-liter cardboard containers 

double lined with polyethylene. The pH values for the ensiled mixtures 

of 0:100, 25:75, 50:50, 75:25 and 100:0 alfalfa:straw without additives 

were 4.70, 4.76, 4.65, 4.76 and 4.82, respectively. Urea treatment of 

the 0:100 mixture (wheat straw) increased (P < .01) pH to 8.84. Overall 

lower pH (P < .01) occurred when molasses was added, compared to



untreated and inoculated silages. Lactic acid concentration decreased 

(P < .01) linearly with decreased level of alfalfa, over all additives. 

Molasses increased (P < .01) lactic acid concentration. Overall, water 

soluble carbohydrates (WSC) in pre-ensiled mixtures increased (P < .01) 

linearly with increases in alfalfa. The WSC decreased (P < .01) after 

ensiling. Microbial inoculant did not affect pH or lactic acid content 

in the silages. In vitro dry matter digestibility (IVDMD) increased (P 

< .01) linearly with level of alfalfa, and molasses increased (P < .01) 

IVDMD. In experiment 2, chopped alfalfa (1/10 bloom, third cutting) and 

wheat straw were ensiled in the following respective proportions (DM 

basis): 0:100, 25:75, 50:50, 75:25, 100:0, 100:0 + 5% dry molasses, and 

0:100 (urea-treated) in 210-liter metal drums double lined with .08 mm 

polyethylene bags. Increased proportions of wheat straw to alfalfa 

increased (P < .01) DM content and lactic acid concentration, and 

decreased pH and total VFA content. The CP, Ca, P, Mg and K contents 

decreased (P < .01) with increases in wheat straw. Addition of molasses 

to alfalfa increased (P < .01) WSC and lactic acid, and decreased (P < 

.01) pH and total VFA. Urea treatment of wheat straw increased (P < 

.01) pH and acetic acid, and decreased (P < .01) lactic acid, compared 

to untreated wheat straw. The NDF (P < .05) and hemicellulose (P < .01) 

were decreased with urea treatment. Two metabolism trials were con- 

ducted, each with 21 crossbred wethers. The diets were alfalfa and 

wheat straw silages made in 210-liter metal drums described above. 

Wheat straw ensiled alone was supplemented with soybean meal because of 

insufficient consumption when the straw was fed alone. Linear increases



(P < .01) in DM, OM, and CP digestibilities were observed with increased 

level of alfalfa. Adding molasses increased (P < .05) DM digestibility. 

A linear increase (P < .01) in N retention was observed with increasing 

alfalfa level. Ruminal NH3-N and blood urea-N increased (P < .01) with 

increased proportion of alfalfa. Feeding urea-treated straw increased 

(P < .01) ruminal NH3-N and blood urea-N, compared to untreated wheat 

straw. A palatability trial was conducted with 42 sheep fed the same 

diets as in the metabolism trials. Daily DM intake increased linearly 

(P < .01) with increased proportion of alfalfa. It is concluded that 

ensiling cereal crop residues with leguminous forage has potential in 

improving fermentation characteristics and nutritional value of alfalfa 

silage and improving the nutritional value and utilization of cereal 

crop residues.
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CHAPTER I. 

INTRODUCTION 

Cereal crop residues represent a major potential feed source in 

the United States, Pakistan and other parts of the world. Wheat 

(Triticum aestivum L.) is the most commonly grown cereal crop for human 

consumption. For each ton of grain, a similar amount of residue is 

available. Wheat straw, like other crop residues, is low in CP, high in 

lignocellulosic compounds, and low in palatability and digestibility. 

Various chemical treatments, such as alkali, urea and ammonia have been 

used to improve the nutritional value of cereal straws. These chemical 

treatments are expensive and not readily available in developing 

countries. Development of a less expensive process than chemical 

treatments is a major concern, and ensiling of dry cereal crop residues 

with fresh green forages offers some possibilities (Singh et al., 1984). 

Jayasuriya and Perera (1982) reported that urea can be used as a 

source of ammonia in treating straw, and treatment improves voluntary 

intake and digestibility of the straw. Treating straw with NH3 released 

via the hydrolysis of urea is comparatively new. Urea is preferred over 

other chemicals, because it is easier to handle than anhydrous NH3, 

comparatively cheap and easily available. 

Leguminous green forages, such as alfalfa (Medicago sativa L.), 

also called lucerne, and berseem (Trifolium alexandrinum L.) are diffi- 

cult to ensile because of high moisture content, low level of water 

soluble carbohydrates (WSC) and high buffering capacity (McDonald and



Whittenbury, 1973). Additionally, they are high in protein and 

minerals, which raise their ability to resist pH change (Lassiter et 

al., 1982). 

Study of fermentation characteristics is very important, because 

proper preservation of crops depends upon production of sufficient 

quantities of acids, preferably lactic acid, which helps in lowering the 

pH of ensiled materials to inhibit undesirable microbial activity and 

catabolic processes. For silages of high-protein forages, it is 

important that the decrease in pH be rapid to prevent proteolysis 

(McDonald, 1981). The bacteria responsible for production of high 

quality silages are lactic acid producing. Addition of Lactobacillus 

sp. to fresh forage has been recommended to control the fermentation. 

The DM concentration in the fresh green forage is not sufficient 

to avoid seepage and effluent losses. The DM can be increased by 

wilting or by addition of dry roughages, such as straws. Wilting has 

limitations and is not always feasible under farm conditions. Direct 

cut forage choppers have advantages to reduce extra field operations. 

The present study was designed to study the possibility of making good 

quality silage from leguminous forage (alfalfa) in combination with crop 

residue (wheat straw) with and without molasses and microbial inoculant, 

and to study the nutritional value and utilization of the ensiled 

mixtures.



CHAPTER II. 

LITERATURE REVIEW 

Crop Residues 

Crop residues are portions of crops normally left in the field 

following harvesting (Ensminger et al., 1990). Crop residues from 

cereal grains are potential feed sources in the U.S. (Males, 1987). In 

U.S. cereal crop residues are the principal crop residues (Ensminger et 

al., 1990). Corn stover, wheat straw and soybean (Glycine max L.) 

residues account for more than 80% of the estimated 500 million tons of 

residues produced annually. Worldwide, more than 2.2 billion tons of 

crop residues are produced annually. Crop residues form the major part 

of livestock feed in southeast Asia and other developing countries 

(Jackson, 1977). Klopfenstein (1978) reported that for each kilogram of 

cereal grain produced an equal quantity of residue is obtained. 

Nutritive Value of Crop Residues. Cereal crop residues are low in 

nutritive value because they are low in CP (Wanapat, 1986; Males, 1987) 

and high in lignocellulose fractions (Wanapat, 1986; Males, 1987). The 

voluntary intake and digestibility of these forages are low (Anderson, 

1978; Klopfenstein, 1978; Males, 1987). It is known that diets with 

less than 7% CP are not readily consumed by ruminants (Trung, 1986). An 

inadequate supply of N retards microbial growth and thereby impedes 

degradation of cell wall components. The primary limitation to the 

intake of low quality roughage is rumen fill (Weston, 1983), high lignin



content, and the manner in which lignin is bound to the digestible 

cellulose and hemicellulose (Klopfenstein, 1978). 

Wheat straw is poor quality straw, barley straw is slightly 

better and oat straw appears to have higher nutritive value (Anderson, 

1978). 

Volun ary consumption of low-quality roughages can be increased by 

physical processing (Beardsley, 1964; Campling and Freer, 1966) or by 

chemical t eatments (Horton, 1978; Klopfenstein, 1978; Horton and 

Steacy, 197). 

Leso?ig et al. (1981b) reported that the relatively low available 

energy val.ie of wheat straw has restricted use of wheat straw for 

gestating beef cows and finishing cattle. Its use is minimal in the 

diet of growing calves because the calves cannot consume enough straw to 

meet their 2nergy needs. For wheat straw to be more fully utilized, its 

energy avai ability must be improved. 

Treatment of Crop Residues. Physical, chemical and biological 

treatments fave been developed to improve the nutritive value of crop 

residues (Klopfenstein, 1°78) Four chemicals are being routinely used 

in experimentation with animals, NaOH, NH4OH, Ca(OH)2 and _ KOH 

(Klopfenstein, 1978). The concept of chemical treatment is based mostly 

on the hydrolysis of lignocellulosic bonds and the oxidation of lignin 

compounds. 

Sodium hydroxide and anhydrous and aqueous NH3 treatments have 

been investigated and are effective in improving feed _ intake, 

digestibility and performance by ruminants (Klopfenstein, 1978).



Treatment with NaOH has been effective in improving digestibility 

of cereal grain straws (Ololade et al., 1970; Rexen and Thomson, 1976). 

Lesoing et al. (198la) reported that lambs fed NaOH and CaQH-treated 

wheat straw gained faster and more efficiently. Daily DM intake was 

more than for lambs fed untreated wheat straw. They also reported that 

chemical treatment of wheat straw increased DM, OM, cellulose and 

hemicellulose digestibilities in lambs. 

Verma and Jaiswal (1981) reported that NaOH spray treatment of 

wheat straw increased digestibility of crude fiber, water intake and 

urine volume in Sahiwal steers as compared with untreated wheat straw. 

Similar results were reported by Rehman (1985) with NaOH-treated rice 

(Oryza sativa L.) straw. 

Treatment with NaOH results in solubilization of cellulose and 

increased extent and rate of cellulose and hemicellulose digestion 

(Klopfenstein and Owen, 1981). Research data suggest that NaOH is the 

most effective alkali for straw treatment (Klopfenstein, 1978; Trung, 

1986). It improves DM digestibility by 12 to 25 percentage units and 

voluntary intake (Klopfenstein, 1978). However, the treatment may 

result in accumulation of Na and creates difficulties in processing and 

handling of treated straw. Straw treatment with NaOH has not gained 

acceptance mainly because of high cost, in addition to hazard of 

handling the chemical (Klopfenstein, 1978; Trung, 1986). 

Ammoniation of low quality roughages by anhydrous and aqueous NH3 

has been proposed by Sundstol et al. (1978), as it adds nonprotein 

nitrogen (NPN) to the ruminant diet. The most commonly used method is



the anhydrous NH3 procedure of Sundstol et al. (1978), however, the 

problems associated with its handling and high cost have limited its use 

(Sundstol and Coxworth, 1984). The other procedure is the wet method 

that involves addition of water to straw at the time of ammoniation with 

either anhydrous or aqueous ammonia (Males and Gaskins, 1982; Streeter 

and Horn, 1984). Recent research (Oji and Mowat, 1977; Jayasuriya and 

Perera, 1982; Hadjipanayiotou, 1982) has shown that urea can be used as 

a source of ammonia. 

Jackson (1978) recommended 3.5 kg NH3/100 kg straw and 8 wk of 

treatment time for winter and 4 wk in summer. He further observed that 

IVDMD was increased by 15 percentage units with 5 kg NH3/100 kg of 

barley straw. Sundstol et al. (1978) found that the energy value of 

cereal straws and stovers was increased by 70 to 80% and N content of 

material was increased by .8 to 1.0 percentage unit with ammoniation. 

Lawlor and O’Shea (1979) treated barley straw with 3.3% (w/w) 

anhydrous NH3 for 56 d. The CP content of the straw increased from 3.1 

to 7.6% and IVDMD increased by 15 percentage units. 

Kiangi et al. (1981) studied the effect of different sources of 

NH3 (anhydrous and aqueous NH3 and urea). They reported that anhydrous 

NH3 was most effective in improving the IVDMD of corn stover, anhydrous 

and aqueous NH3 had similar effects on rice straw and urea was least 

effective but promising. Highest response in IVDMD was observed with 

rice straw, then wheat straw, and lastly corn stover. 

Rehman (1985) fed four diets containing 25% untreated, 3.5% NH3- 

treated, 4% NaQH-treated, 4% NaOH + NH3-treated rice straw to 24 Sahiwal



male calves (9 to 12 mo) and observed that both NH3 and NaOH + NH3 

treatments improved the nutritive value of rice straw, as was reflected 

in increases in weight gain and improved feed efficiency. The digesti- 

bilities of DM, CP, EE and CF were increased by ammoniation, NaOH 

treatment and NaOH + NH3 treatment of rice straw. No toxic effect was 

observed on the health of the calves fed experimental diets. The lowest 

feed cost per unit of weight gain was for the ammoniation treatment. 

Wheat (Triticum aestivum) is the most commonly grown crop on a 

worldwide basis for human consumption. For each kilogram of grain, a 

similar amount of residue is available. As the demand for grain for 

human consumption increases, alternate energy sources, such as wheat 

straw, will be used in ruminant diets (Lesoing et al., 198la). 

Solaiman et al. (1979) reported an increased N content and IVDMD 

from treatment of wheat straw with 3.3% NH40OH. Ammonium hydroxide 

treatment decreased hemicellulose and NDF fractions and increased 

digestibility of NDF, ADF and cellulose. Herrera-Saldana et al. (1982) 

treated wheat straw under ambient conditions (mean temperature 6 C for 

44 d) with 5% NH3. Ammoniation increased the CP content of wheat straw 

from 3.6 to 8.1%. Voluntary intake of DM, OM, and gross energy (GE) in 

cattle was improved by NH3 treatment. Digestibility of DM and OM did 

not differ (P < .05) among diets, but apparent CP, ADF and GE 

digestibilities were increased (P < .05) by NH3 treatment. Plasma urea 

N and rumen NH3 concentrations were lower for cattle fed untreated wheat 

straw diet. They suggested that supplemental energy may be required to 

maximize the utilization of added N.



Birkelo et al. (1986) reported that 7% anhydrous NH3 treatment of 

wheat straw, DM basis, raised the N content from .49 to 1.59% and DM 

intake 1.0 to 1.3% of body weight in cattle. The higher net energy 

value of the ammoniated wheat straw diet (1.45 vs 1.26 Kcal/g, DM) was 

due mainly to decreased fecal loss and slight decline in urinary loss. 

Schneider and Flachowsky (1990) reported increased N content of wheat 

straw from ammoniation, depending on NH3 level, moisture and tempera- 

ture. A maximum N value of 2.9% was reached with 4.5% NH3, 45% moisture 

of the straw and temperature 20° C. 

Zorilla-Rios et al. (1985) reported increased CP (9.3 vs 4.6%) 

and IVDMD (47.6 vs 37.3%) from ammoniation of wheat straw (35 g/kg of DM 

of straw). Steers fed ammoniated straw tended to have higher concentra- 

tions of ruminal NH3-N, but no differences were found in ruminal pH. 

Ammoniation of low quality roughages can increase intake through 

chemical effects on the forage. Also, added NH3 serves to supplement 

the diet with N (Zorilla-Rios et al., 1991). 

The indirect method of ammoniation from hydrolysis of urea has 

been tested by Oji and Mowat (1977), Hadjipanayiotou (1982), and 

Jayasuriya and Perera (1982). This procedure is gaining popularity in 

developing countries (Saddullah, 1985). Urea is preferred over other 

chemicals, because it is easier to handle than anhydrous NH3, com- 

paratively cheap and farmers are familiar with it. Williams and Inness 

(1982) reported that the effectiveness of urea was related to the degree 

of urea hydrolysis and that NH3 from urea hydrolysis increased straw 

degradability significantly.



Oji and Mowat (1977) reported that urea rapidly hydrolyzed to 

ammonia. They observed that after 48 h of treatment, 70% of the added 

urea was broken down to NH3 and was completely decomposed by d 20. 

Henning et al. (1990) reported that 56 and 91% of the incorporated urea 

hyrolyzed by 4 and 14 d after baling of tall fescue (Festuca arundinacea 

schreb. ) hay, respectively. Williams et al. (1984a) reported that the 

degree of hydrolysis was significantly affected by the concentration of 

moisture in the straw. When urea was applied at 7.5% level, the degree 

of hydrolysis (in 6 wk) was 100 and 36.5% when the straw moisture was 55 

and 25%, respectively. 

Ground soybeans appeared to be satisfactory source of urease 

(Jayasuriya and Pearce, 1983). Tetlow (1983) reported that urea added 

to mature perennial ryegrass hydrolyzed rapidly to NH3 and there was no 

benefit from an additional supply of urease enzyme. Williams and Innes 

(1982) reported that urease has no significant effect on the rate of 

urea hydrolysis in barley straw. Williams et al. (1984b) compared the 

rate of hydrolysis of urea alone, urea + soybean meal, urea + soybean 

meal + 15 g/kg NaOH and urea + molasses and observed that rate of 

hydrolysis of urea was decreased by urea + soybean meal with NaOH 

treatment of barley straw, but increased by molasses addition, compared 

with straw treated with urea alone. The addition of soybean meal as 

source of urease had no effect. 

Cloete and Kritzinger (1984) reported that temperature, moisture 

level and treatment period significantly affected NH3 release from urea. 

The efficiency of ammoniation was accordingly affected. Ammoniation was



accelerated at higher temperatures, especially at higher moisture. 

Comparable IVOMD values were obtained at 2-wk treatment period at 35° C 

and 6-wk at 24° C. In the second phase of the same study, Cloete and 

Kritzinger (1985) reported physical form, moisture level and treatment 

period significantly affected NH3 release from urea. Ammonia release 

was slower in long wheat straw, compared to chopped straw. Ammoniation 

was accelerated at the two higher moisture levels (37.5 and 50%), com- 

pared to lower (25%) moisture level. The IVOMD of wheat straw increased 

substantially up to treatment period of 8 to 12 wk. 

Jayasuriya and Perera (1982) reported that use of urea as a source 

of NH3 in treating straw improved voluntary intake and digestibility of 

the straw. They treated rice straw with 0, 20, 40, 60, 80 or 100 g urea 

in 1 liter of water per kilogram of chopped straw, and ensiled it in 

polyethylene bags for periods varying from 1 to 6 wk. They found that 

IVDMD increased with increasing levels of urea, and ensiling beyond 3 to 

4 wk had no further effect. The optimum level was 4 g urea per 100 g 

straw DM with an ensiling period of 3 to 4 wk. 

Oji and Mowat (1977) treated corn stover with a 50% solution of 

urea (equal to 3% NH3) and reported that after 48 h of treatment, 70% of 

the added urea was broken down to the NH3 and was completely decomposed 

by d 20. Doulberg et al. (1981) reported increased intake, in vivo and 

in vitro DM digestibilities from urea treatment of wheat straw. They 

observed further that high moisture could enhance urea hydrolysis. 

Hadjipanayiotou (1982) reported that maximum IVDMD was reached in 

45 d post-treatment of barley straw with 4% urea. The overall increase 
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in digestibility was 11 percentage units. Voluntary intake and crude 

fiber and DM digestibilities of urea-treated straw were increased when 

urea-treated straw was fed to wethers. Feeding urea-treated straw 

resulted in an increase of ruminal NH3-N concentration without any 

change of ruminal pH. They observed that ammoniation using urea 

requires more time than direct ammoniation for maximum effect on 

digestibility. 

Mbatya (1983) studied the effect of ensiling straw treated with 

urea. Barley straw was fed to two groups of lambs, either freshly 

prepared or after ensiling for 30 d. Ensiling the straw increased the 

DM intake and DM digestibility. 

Ibbotson (1983) studied the effectiveness of urea as an NH3 

source. They observed that improvement in OM digestibility of barley 

straw was consistently higher at 40 g/kg urea, compared to 20 g/kg urea, 

and increased with increasing moisture. At 37° C, maximum improvement 

occurred at all moisture levels (20, 30 and 40%), at 4 wk post treat- 

ment. Wanapat (1986) reported that treatment with 5% urea (w/w) has 

great potential. By treating the rice straw with a solution containing 

urea at 1:1 to 1:1.2 and ensiling for 2 to 3 wk, the CP and DM digesti- 

bility increased by 5 to 7 and 10 to 12%, respectively. 

Yadav and Yadav (1986) fed untreated or 4% urea-treated wheat 

straw with different amounts of concentrates to crossbred calves (1 yr 

old). They reported increased apparent digestibility of OM, DM, hemi- 

cellulose crude fiber, NDF, ADF, lignin and cellulose. Similar responses 
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were reported with urea-treated tall fescue (Festuca arundinacea) hay by 

Henning et al. (1990). 

Naseer (1990) reported that urea and NH40OH treatment increased CP 

and decreased NDF and hemicellulose content of barley straw, compared to 

the untreated straw. The ash content of the treated and untreated 

barley straw was similar. Gupta et al. (1985) found that treatment with 

5% urea and storage for 4 wk is an effective way of increasing the 

nutritive value of rice straw. 

Ibrahim et al. (1986) treated rice straw with 4% urea (w/w) dis- 

solved in water, resulting in straw to water ratios of 1:1, 1:0.3 and 

1:0.1. They reported that use of a straw to water ratio of 1:0.3 was as 

effective as 1:1 ratio in enhancing N content and IVOMD. Increased 

IVOMD and N content were also reported by Jayasuriya and Pearce (1983) 

with urea treatment of the straw. 

Dias-Da-Silva and Sundstol (1986) studied the effect of urea 

treatment on nutritive value of wheat straw. Treating straw by ensiling 

with urea raised OM digestibility and digestible OM intake, compared to 

untreated straw. Digestibility of cell wall constituents was enhanced 

by urea treatment. Urea treatment of stacked straw was less effective 

than urea treatment of ensiled straw. Feeding anhydrous NH3 and urea 

treated straw by ensiling resulted in similar levels of DOM intake. It 

was concluded that urea can be an effective source of NH3 for straw 

treatment by ensiling. 

Yadav and Yadav (1988) conducted an experiment with untreated or 

urea-treated wheat or paddy straws in the diet. They reported increased 
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concentration of total ammonial protein and NPN of strained ruminal 

liquor in animals fed ammoniated straws, as compared to controls. There 

were also significant increases in serum protein and serum-urea N and 

NH3-N. They concluded that feeding of ammoniated straws increased 

nitrogenous constituents in rumen and blood metabolites. 

Orskov et al. (1981) studied the utilization of NH3 and urea- 

treated barley straw as the only feed for dairy heifers. Barley straw 

was treated with anhydrous NH3 and urea at 3.5% NH3 and was fed to 

Friesian heifers. The DM intake, OM digestibility and weight gain were 

lower for animals fed urea-treated straw than straw treated with NH3. 

They concluded that nutritive value of straw was not improved by treat- 

ment with urea. Benahmed and Dulphy (1985) reported that urea gave 

lower NH3 content in forages than NH3 treatment. 

Alfalfa (Medicago sativa L.) Forage 

Alfalfa (Medicago sativa L.) originated in an area bounded by Asia 

Minor, Transcancasia, Iran and Turkmenistan (Bolton, 1962). In principal 

areas where it is now cultivated, the plant is known either as "alfalfa" 

or "lucerne" (Marble, 1989). Alfalfa is the most important cultivated 

forage crop in the world. It is well known as high quality forage and 

serves as a soil-improving crop and N source for other rotation crops. 

Alfalfa is a basic forage for maximizing milk production and 

provides an important source of nutrients for dairy and beef cattle 

(Conrad and Klopfenstein, 1988). It is a superior pasture legume for 

many classes of livestock, because of its high yield, forage quality and 

wide climatic and soil adaptation. Alfalfa is an economical protein 
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source for grazing animals, because it is independent of soil N (Van 

Keuren and Matches, 1988). It is an excellent source of Ca, Mg, P, and 

pro-vitamin A (carotene). Intake of alfalfa is usually greater than 

that of grasses of equal digestibility. Cattle and sheep consuming 

legumes grow more rapidly than ruminants consuming grass of equal energy 

digestibility (Rattary and Joyce, 1969; Waldo and Jorgensen, 1981). 

Antiquality Factors in Alfalfa. Bloat is an acute, digestive 

disorder of ruminants, associated with the consumption of lush green 

leguminous green forage such as alfalfa (Howart, 1988). Lignin content 

in alfalfa herbage ranges from 5 to 14% with 3 to 8% in leaves and 6 to 

15% in stems (Harkin, 1973). Nitrate at prebud stage ranges from .18 to 

.32% and decreases to .12 to .17% at green pod stage (Howarth, 1988). 

Forage nitrate concentration of more than .2% is considered as a risk of 

causing nitrate toxicity in ruminants. 

Ensiling 

Ensiling is a preservation method involving anaerobic fermentation 

and is characterized by the production of heat, lactic and acetic acid, 

followed by a stable phase during which lactic acid concentration 

remains stable and the pH of the fermented mass becomes constant 

(Barnett, 1954).  Ensiling is the process of making silage and the 

container is called a "silo". Ensiling is governed by the interaction 

of three factors: 1) chemical composition of the plant material; 2) the 

amount of air entrapped or allowed to enter the silage mass and 3) the 

activity of the bacterial population (McCullough, 1978). Ensiling for 

adequate preservation depends upon production of sufficient acid to 
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decrease the pH of the ensiled mass to the value that inhibits undesir- 

able microbial activity and catabolic processes (McDonald, 1981). For 

silage of high protein, it is important that the decrease in pH be rapid 

enough to prevent proteolysis (McDonald, 1981). 

Silage is produced by controlled fermentation of forages of high 

moisture content (McDonald et al., 1988) and is a product resulting from 

preserving high moisture, usually green forages, by fermentation 

(Lassiter and Edward, 1982). Fermentation can be controlled either by 

encouraging growth of lactic acid-producing bacteria present on the 

fresh green forage or by restricting fermentation by pre-wilting the 

crop or by use of chemical additives (McDonald et al., 1988). 

There are advantages in ensiling over haymaking, including reduced 

field losses (20% of those with haymaking) (Waldo, 1977; McCullogh, 

1978), less delay at harvest due to bad weather which increases the time 

for regrowth, adaptation to mechanization, and an extended period of 

utilization with minimum loss of nutrients after stability of silage is 

reached (Noller and Thomas, 1985). Good quality silage is a very 

palatable product, which is well utilized (Hawkin et al., 1970) and 

excellent results may be obtained with high producing animals such as 

lactating dairy cows (Church, 1977). The fermentation that occurs 

during ensiling usually reduces the nitrate content, if present, and 

other toxic materials such as prussic acid. With legume silage, bloat 

is less of a problem than with pasture or green chop (Church, 1977; 

Howarth, 1988). 
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�C�h�e�m�i�c�a�l� �C�h�a�n�g�e�s� �D�u�r�i�n�g� �F�e�r�m�e�n�t�a�t�i�o�n�.� �W�h�e�n� �t�h�e� �c�r�o�p� �i�s� �e�n�s�i�l�e�d�,� 

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

�n�u�m�b�e�r� �(�M�c�D�o�n�a�l�d�,� �1�9�8�1�)�.� �T�h�e� �p�l�a�n�t� �c�a�r�b�o�h�y�d�r�a�t�e�s� �a�r�e� �c�o�n�v�e�r�t�e�d� �t�h�r�o�u�g�h� 

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

�a�n�d� �p�r�e�s�e�r�v�e� �t�h�e� �f�o�r�a�g�e�.� �L�a�c�t�i�c� �a�c�i�d�-�p�r�o�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �a�c�t� �o�n� �t�h�e� 

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

�s�o�m�e� �a�c�e�t�i�c�,� �p�r�o�p�i�o�n�i�c�,� �f�o�r�m�i�c� �a�n�d� �s�u�c�c�i�n�i�c� �a�c�i�d�s�.� �L�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� 

�c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �g�r�o�u�p�s�:� �1�)� �h�o�m�o�f�e�r�m�e�n�t�a�t�i�v�e�,� �a�n�d� �2�)� �h�e�t�e�r�o�-� 

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

�h�o�m�o�f�e�r�m�e�n�t�a�t�i�v�e� �o�r� �h�e�t�e�r�o�f�e�r�m�e�n�t�a�t�i�v�e� �p�a�t�h�w�a�y� �(�S�e�a�l�e�,� �1�9�8�7�)�.� �F�a�i�l�u�r�e� 

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

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

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

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

�d�u�r�i�n�g� �f�e�r�m�e�n�t�a�t�i�o�n�.� 

�F�r�e�s�h� �f�o�r�a�g�e� �c�o�n�t�a�i�n�s� �1�5� �t�o� �2�5�%� �o�f� �t�o�t�a�l� �N� �a�s� �N�P�N� �(�N�o�l�l�e�r� �a�n�d� 

�T�h�o�m�a�s�,� �1�9�8�5�)�.� �D�u�r�i�n�g� �e�n�s�i�l�i�n�g�,� �p�r�o�t�e�i�n� �i�s� �c�o�n�v�e�r�t�e�d� �t�o� �v�a�r�i�o�u�s� �N�P�N� 

�c�o�m�p�o�u�n�d�s�,� �h�e�n�c�e�,� �4�0� �t�o� �7�0�%� �o�f� �t�h�e� �t�o�t�a�l� �N� �i�n� �t�h�e� �f�o�r�a�g�e� �m�a�s�s� �m�a�y� �b�e� 

�p�r�e�s�e�n�t� �a�s� �N�P�N� �(�N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�)�.� �E�n�s�i�l�i�n�g� �r�e�s�u�l�t�s� �i�n� 

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

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

�T�h�o�m�a�s�,� �1�9�8�5�)�.� �M�u�c�k� �(�1�9�8�7�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �p�r�o�t�e�o�l�y�s�i�s� �w�a�s� �n�e�g�a�t�i�v�e�l�y� �a�n�d� 

�l�i�n�e�a�r�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �D�M� �c�o�n�t�e�n�t� �o�f� �t�h�e� �h�e�r�b�a�g�e� �a�n�d� �t�h�a�t� �l�i�t�t�l�e� 

�p�r�o�t�e�o�l�y�s�i�s� �o�c�c�u�r�s� �a�t� �7�5�%� �D�M�.� �P�r�o�t�e�o�l�y�t�i�c� �a�c�t�i�v�i�t�y� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �t�i�m�e� 
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�d�u�r�i�n�g� �f�e�r�m�e�n�t�a�t�i�o�n� �i�n� �t�h�e� �s�i�l�o�,� �w�i�t�h� �l�i�t�t�l�e� �p�r�o�t�e�o�l�y�s�i�s� �a�c�t�i�v�i�t�y� �a�f�t�e�r� 

�5� �d� �o�f� �f�e�r�m�e�n�t�a�t�i�o�n�.� 

�F�a�c�t�o�r�s� �A�f�f�e�c�t�i�n�g� �S�i�l�a�g�e� �F�e�r�m�e�n�t�a�t�i�o�n�.� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �s�i�l�a�g�e� 

�f�e�r�m�e�n�t�a�t�i�o�n� �a�r�e�:� �1�)� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�r�o�p�;� �2�)� �b�u�f�f�e�r�i�n�g� 

�c�a�p�a�c�i�t�y� �o�f� �t�h�e� �c�r�o�p�;� �3�)� �W�S�C� �a�v�a�i�l�a�b�i�l�i�t�y�;� �a�n�d� �4�)� �t�y�p�e� �o�f� �b�a�c�t�e�r�i�a� 

�p�r�e�s�e�n�t� �a�n�d� �s�p�e�e�d� �o�f� �f�e�r�m�e�n�t�a�t�i�o�n� �(�M�c�C�u�l�l�o�u�g�h�,� �1�9�7�7�)�.� �I�d�e�a�l� �s�i�l�a�g�e� 

�f�e�r�m�e�n�t�a�t�i�o�n� �s�h�o�u�l�d� �o�c�c�u�r� �w�h�e�n� �f�o�r�a�g�e� �h�a�s� �2�8� �t�o� �3�4�%� �D�M�,� �6� �t�o� �8�%� �W�S�C�,� 

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

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

�i�m�m�e�d�i�a�t�e� �b�a�c�t�e�r�i�a� �p�o�p�u�l�a�t�i�o�n� �i�n�c�r�e�a�s�e� �(�M�c�C�u�l�l�o�u�g�h�,� �1�9�7�7�)�.� �D�r�o�p�p�i�n�g� �p�H� 

�b�y� �f�e�r�m�e�n�t�a�t�i�o�n� �r�e�q�u�i�r�e�s� �a�n�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t�,� �a�d�e�q�u�a�t�e� �s�u�b�s�t�r�a�t�e� �a�n�d� �a� 

�s�u�f�f�i�c�i�e�n�t� �n�u�m�b�e�r� �o�f� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� �(�M�u�c�k�,� �1�9�8�8�)�.� �F�o�r� �e�f�f�i�c�i�e�n�t� 

�p�r�e�s�e�r�v�a�t�i�o�n� �o�f� �c�r�o�p� �q�u�a�l�i�t�y�,� �D�M� �a�n�d� �e�n�e�r�g�y� �i�n� �t�h�e� �s�i�l�o�,� �i�t� �i�s� �r�e�q�u�i�r�e�d� 

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

�b�e� �l�i�m�i�t�e�d� �(�M�u�c�k�,� �1�9�8�8�)�.� 

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

�o�x�y�g�e�n� �a�n�d� �s�u�g�a�r�s� �a�n�d� �p�r�o�d�u�c�i�n�g� �C�0�9�,� �H�2�0� �a�n�d� �h�e�a�t� �(�M�u�c�k�,� �1�9�8�8�)�.� �T�h�i�s� 

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

�a�n�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t� �(�M�u�c�k�,� �1�9�8�8�)�.� �M�c�D�o�n�a�l�d� �(�1�9�8�1�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a� 

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

�r�e�s�u�l�t� �i�n� �e�x�c�e�s�s�i�v�e� �r�e�s�p�i�r�a�t�i�o�n�,� �w�h�i�c�h� �m�a�y� �r�e�s�u�l�t� �i�n� �l�o�s�s� �o�f� �D�M� �a�n�d� �W�S�C�,� 

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

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

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

�p�r�o�d�u�c�e�s� �b�u�t�y�r�i�c� �a�c�i�d�,� �N�H�3� �a�n�d� �a�m�i�n�e�s� �(�N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�)�.� 
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�T�h�e�r�e� �a�r�e� �t�w�o� �m�a�i�n� �g�r�o�u�p�s� �o�f� �c�l�o�s�t�r�i�d�i�a�:� �1�)� �t�h�e� �s�a�c�c�h�a�r�o�l�y�t�i�c�,� 

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

�C�O� �a�n�d� �h�y�d�r�o�g�e�n�;� �a�n�d� �2�)� �p�r�o�t�e�o�l�y�t�i�c� �c�l�o�s�t�r�i�d�i�a�,� �w�h�i�c�h� �f�e�r�m�e�n�t� �a�m�i�n�o� 

�a�c�i�d�s� �t�o� �o�r�g�a�n�i�c� �a�c�i�d�s�,� �C�0�9�,� �N�H�3� �a�n�d� �a�m�i�n�e�s� �(�M�c�D�o�n�a�l�d�,� �1�9�8�1�)�.� 

�A�c�t�i�v�i�t�y� �o�f� �p�l�a�n�t� �p�r�o�t�e�a�s�e�s� �i�s� �a�f�f�e�c�t�e�d� �b�y�,� �p�H�,� �t�i�m�e�,� �D�M� �o�f� �t�h�e� 

�h�e�r�b�a�g�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �(�M�u�c�k�,� �1�9�8�8�)�.� �P�l�a�n�t� �p�r�o�t�e�o�l�y�t�i�c� �a�c�t�i�v�i�t�y� �i�n� 

�l�e�g�u�m�e�s� �(�w�h�i�t�e� �c�l�o�v�e�r� �[�T�r�i�f�o�l�i�u�m� �r�e�p�e�n�s�]�,� �r�e�d� �c�l�o�v�e�r �� �[�T�r�i�f�o�l�i�u�m� 

�p�r�a�t�e�n�s�e�]�,� �a�l�f�a�l�f�a� �[�M�e�d�i�c�a�g�o� �s�a�t�i�v�a�]�,� �a�n�d� �b�i�r�d�s�f�o�o�t� �t�r�e�f�o�i�l� �[�L�o�t�u�s� 

�c�o�r�n�i�c�u�l�a�t�u�s�]�)� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �b�e� �o�p�t�i�m�u�m� �a�t� �a� �p�H� �o�f� �6�.�0�,� �w�i�t�h� 

�a�c�t�i�v�i�t�y� �d�e�c�l�i�n�i�n�g� �b�e�t�w�e�e�n� �p�H� �4� �a�n�d� �6� �(�B�r�a�d�y�,� �1�9�6�1�;� �F�i�n�e�l�y� �e�t� �a�l�.�,� �1�9�8�0�;� 

�M�c�K�e�r�s�i�e�,� �1�9�8�5�)�.� 

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

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

�s�a�t�i�v�a�)� �a�n�d� �b�e�r�s�e�e�m� �(�T�r�i�f�o�l�i�u�m� �a�l�e�x�a�n�d�r�i�u�m�)� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �e�n�s�i�l�e� 

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

�h�i�g�h� �b�u�f�f�e�r�i�n�g� �c�a�p�a�c�i�t�y� �(�M�c�D�o�n�a�l�d� �a�n�d� �W�h�i�t�t�e�n�b�u�r�y�,� �1�9�7�3�;� �W�e�i�s�s�b�a�c�h� �e�t� 

�a�l�.�,� �1�9�7�4�;� �W�i�l�k�i�n�s�o�n�,� �1�9�8�3�a�)�.� 

�W�i�l�k�i�n�s�o�n� �(�1�9�8�3�a�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�r�o�p�i�c�a�l� �g�r�a�s�s�e�s� �a�n�d� �l�e�g�u�m�e�s� �h�a�v�e� 

�l�o�w�e�r� �l�e�v�e�l�s� �o�f� �W�S�C� �t�h�a�n� �t�e�m�p�e�r�a�t�e� �c�r�o�p�s�.� �H�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�r�o�p�s� 

�h�a�r�v�e�s�t�e�d� �w�i�t�h� �l�o�w� �D�M� �a�n�d� �W�S�C� �a�r�e� �a�t� �r�i�s�k� �w�i�t�h� �r�e�g�a�r�d� �t�o� �s�e�c�o�n�d�a�r�y� 

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

�W�e�i�s�s�b�a�c�h� �e�t� �a�l�.� �(�1�9�7�4�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �W�S�C� �t�o� 

�b�u�f�f�e�r�i�n�g� �c�a�p�a�c�i�t�y� �d�e�c�r�e�a�s�e�d�,� �t�h�e� �m�i�n�i�m�u�m� �D�M� �r�e�q�u�i�r�e�d� �t�o� �a�c�h�i�e�v�e� 

�s�a�t�i�s�f�a�c�t�o�r�y� �f�e�r�m�e�n�t�a�t�i�o�n� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �h�i�g�h�e�r� �r�a�t�i�o� �w�a�s� �f�o�u�n�d� �f�o�r� 
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�m�a�i�z�e� �(�Z�e�a� �m�a�y�s�)� �f�o�r�a�g�e� �a�n�d� �l�o�w�e�s�t� �f�o�r� �l�e�g�u�m�e� �c�r�o�p�,� �p�a�r�t�i�c�u�l�a�r�l�y� 

�a�l�f�a�l�f�a�.� 

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

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

�t�e�n�d� �t�o� �r�e�s�t�r�i�c�t� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �p�H�.� �C�o�r�n� �(�Z�e�a� �m�a�y�s�)� �f�o�r�a�g�e� �w�i�t�h� �l�o�w� 

�m�i�n�e�r�a�l� �c�o�n�t�e�n�t� �i�s� �e�a�s�y� �t�o� �e�n�s�i�l�e� �(�N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�)�.� 

�T�h�e� �D�M� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �f�r�e�s�h� �g�r�e�e�n� �l�e�g�u�m�i�n�o�u�s� �f�o�r�a�g�e�s� �i�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �a�v�o�i�d� �s�e�e�p�a�g�e� �a�n�d� �e�f�f�l�u�e�n�t� �l�o�s�s�e�s� �(�M�i�l�l�e�r� �a�n�d� �C�l�i�f�t�o�n�,� 

�1�9�6�5�)�.� �T�h�e� �p�r�o�t�e�o�l�y�s�i�s� �d�u�r�i�n�g� �e�n�s�i�l�i�n�g� �w�a�s� �n�e�g�a�t�i�v�e�l�y� �a�n�d� �l�i�n�e�a�r�l�y� 

�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �D�M� �c�o�n�t�e�n�t� �o�f� �a�l�f�a�l�f�a� �(�M�u�c�k�,� �1�9�8�7�)�.� �T�h�e� �D�M� �c�a�n� �b�e� 

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

�(�C�a�t�c�h�p�o�o�l�e� �a�n�d� �H�e�n�z�e�l�l�,� �1�9�7�1�)�.� 

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

�f�i�e�l�d� �d�r�y�i�n�g� �m�a�y� �h�a�v�e� �m�o�r�e� �t�h�a�n� �7�0�%� �m�o�i�s�t�u�r�e� �(�N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�)�.� 

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

�w�i�t�h� �t�h�e� �f�o�r�a�g�e� �h�a�r�v�e�s�t�e�r� �(�W�i�l�k�i�n�s�o�n�,� �1�9�8�3�b�)�.� �P�a�r�t�i�a�l� �r�e�m�o�v�a�l� �o�f� �H�9�0� 

�h�a�s� �t�h�e� �e�f�f�e�c�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �W�S�C� �c�o�n�t�e�n�t� �i�n� �t�h�e� �c�r�o�p�,� �r�e�s�t�r�i�c�t�i�n�g� 

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

�f�e�r�m�e�n�t�a�t�i�o�n� �(�W�i�l�k�i�n�s�o�n�,� �1�9�8�3�b�)�.� �R�e�d�u�c�i�n�g� �t�h�e� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �o�f� �t�h�e� 

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

�a�n�d� �t�o� �l�e�s�s�e�r� �e�x�t�e�n�t�,� �h�e�t�e�r�o�f�e�r�m�e�n�t�i�v�e� �o�r�g�a�n�i�s�m�s� �(�T�h�o�m�a�s� �a�n�d� �T�h�o�m�a�s�,� 

�1�9�8�5�)�.� 

�C�a�t�c�h�p�o�o�l�e� �a�n�d� �H�e�n�z�e�l�l� �(�1�9�7�1�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�r�o�p�i�c�a�l� �c�r�o�p�s� 

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

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �c�o�n�t�e�n�t� �o�f� �a�c�e�t�i�c� �a�c�i�d�,� �u�n�l�e�s�s� �a�d�d�i�t�i�o�n�a�l� �f�e�r�m�e�n�t�a�b�l�e� 
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�c�a�r�b�o�h�y�d�r�a�t�e�,� �s�u�c�h� �a�s� �m�o�l�a�s�s�e�s�,� �i�s� �a�d�d�e�d�.� �M�c�C�o�r�m�i�c�k� �e�t� �a�l�.� �(�1�9�8�8�)� 

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

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

�r�e�p�o�r�t�e�d� �t�h�a�t� �w�i�l�t�i�n�g� �i�n�t�e�r�v�a�l� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �e�n�s�i�l�i�n�g� �p�H� �(�m�e�a�n� �4�.�3�0�)� 

�b�u�t� �i�n�c�r�e�a�s�i�n�g� �w�i�l�t�i�n�g� �t�i�m�e� �r�e�d�u�c�e�d� �(�P� �<� �.�0�5�)� �s�i�l�a�g�e� �s�o�l�u�b�l�e� �c�a�r�b�o�-� 

�h�y�d�r�a�t�e� �a�n�d� �i�n�c�r�e�a�s�e�d� �N�D�F� �c�o�n�t�e�n�t�.� 

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

�(�M�e�r�c�h�e�n� �a�n�d� �S�a�t�t�e�r�,� �1�9�8�3�)� �a�n�d� �t�h�e� �u�s�e� �o�f� �a�c�i�d� �a�d�d�i�t�i�v�e�s� �(�M�c�D�o�n�a�l�d� �e�t� 

�a�l�.�,� �1�9�8�3�)�.� �W�i�t�h� �t�h�e� �a�d�v�e�n�t� �o�f� �t�h�e� �d�i�r�e�c�t� �c�u�t� �f�o�r�a�g�e� �c�h�o�p�p�e�r�,� �t�h�e� 

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

�i�n�v�o�l�v�e�d� �i�n� �h�a�r�v�e�s�t�i�n�g� �w�i�l�t�e�d� �s�i�l�a�g�e� �(�N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�)�.� �P�e�o�p�l�e�s� 

�a�n�d� �G�o�r�d�o�n� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �w�i�l�t�e�d� �s�i�l�a�g�e� �h�a�d� �a� �h�i�g�h�e�r� �d�i�g�e�s�t�i�b�i�l�i�t�y� 

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

�.�1�8� �k�g� �m�o�r�e� �s�i�l�a�g�e� �D�M�/�d�a�y� �a�n�d� �p�r�o�d�u�c�e�d� �1�.�6� �M�J�/�d�a�y� �m�o�r�e� �m�i�l�k� �e�n�e�r�g�y� 

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

�c�o�n�s�u�m�e�d� �1�3�.�5� �M�J� �m�o�r�e� �m�e�t�a�b�o�l�i�z�a�b�l�e� �e�n�e�r�g�y� �(�M�E�)� �p�e�r� �d�a�y� �t�h�a�n� �t�h�o�s�e� 

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

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

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

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

�a�s� �a� �s�o�u�r�c�e� �o�f� �e�n�e�r�g�y� �w�h�i�c�h� �l�e�a�d�s� �t�o� �a� �l�o�w�-�q�u�a�l�i�t�y� �p�r�o�d�u�c�t� �(�L�u�s�k�,� �1�9�7�8�)�.� 

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

�d�a�m�a�g�e�d� �s�i�l�a�g�e� �a�n�d� �l�o�w� �p�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �a�d�d�e�d� �f�i�e�l�d� 

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

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

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

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

�e�n�s�i�l�i�n�g� �i�s� �r�e�c�o�m�m�e�n�d�e�d�.� 

�G�o�r�d�o�n� �(�1�9�8�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �w�i�l�t�i�n�g� �i�n�c�r�e�a�s�e�d� �t�h�e� �p�H� �o�f� �g�r�a�s�s� 

�s�i�l�a�g�e� �f�r�o�m� �3�.�9� �t�o� �4�.�6� �a�n�d� �d�e�p�r�e�s�s�e�d� �m�i�l�k� �y�i�e�l�d� �(�2�4�.�8� �v�s� �2�2�.�7� �k�g�/�d�a�y� �f�o�r� 

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

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

�h�e�r�b�a�g�e� �(�r�y�e�g�r�a�s�s�)� �p�r�i�o�r� �t�o� �e�n�s�i�l�i�n�g� �i�n�c�r�e�a�s�e�d� �D�M� �i�n�t�a�k�e� �b�y� �B�r�i�t�i�s�h� 

�F�r�i�e�s�i�a�n� �c�o�w�s�.� 

�F�l�y�n�n� �(�1�9�8�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �r�e�a�s�o�n� �f�o�r� �r�e�d�u�c�t�i�o�n� �i�n� �o�u�t�p�u�t� �o�f� 

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

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

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

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

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

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

�e�f�f�i�c�i�e�n�c�y� �o�f� �w�i�l�t�e�d� �s�i�l�a�g�e�s�.� 

�S�i�n�g�h� �a�n�d� �R�e�k�i�b� �(�1�9�8�6�)� �e�n�s�i�l�e�d� �b�e�r�s�e�e�m� �f�o�r� �6�0� �d� �a�f�t�e�r� �0�,� �2�,� �4� �a�n�d� 

�5� �h� �o�f� �w�i�l�t�i�n�g� �a�n�d� �o�a�t� �a�f�t�e�r� �0�,� �2� �a�n�d� �3� �h� �o�f� �w�i�l�t�i�n�g�,� �a�l�o�n�e� �a�n�d� �i�n� �m�i�x�-� 

�t�u�r�e�s� �a�t� �2�:�1�,� �1�:�1� �a�n�d� �1�:�2� �r�a�t�i�o�s�.� �T�h�e�y� �f�o�u�n�d� �a� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �D�M� �c�o�n�t�e�n�t� �o�f� �t�h�e� �f�o�r�a�g�e� �a�n�d� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�i�l�a�g�e�s�.� 

�N�e�g�a�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �D�M� �o�f� �t�h�e� �f�o�r�a�g�e� �a�n�d� �p�H�,� �N�H�3�-�N� �(�%� �o�f� �t�o�t�a�l� 

�N�)� �a�n�d� �V�F�A� �c�o�n�t�e�n�t� �w�e�r�e� �o�b�s�e�r�v�e�d�.� 
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�E�n�s�i�l�i�n�g� �L�e�q�u�m�i�n�o�u�s� �G�r�e�e�n� �F�o�r�a�g�e� �i�n� �C�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �C�r�o�p� 

�R�e�s�i�d�u�e�s�.� �T�h�e� �D�M� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �f�r�e�s�h� �g�r�e�e�n� �f�o�r�a�g�e� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t� 

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

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

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

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

�f�o�r� �m�a�k�i�n�g� �s�i�l�a�g�e�,� �e�s�p�e�c�i�a�l�l�y� �l�e�g�u�m�i�n�o�u�s� �g�r�e�e�n� �f�o�r�a�g�e�s� �(�L�a�l� �a�n�d� �M�u�d�g�a�l�,� 

�1�9�6�7�)�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�m�b�i�n�e�d� �e�n�s�i�l�i�n�g� �o�f� �c�e�r�e�a�l� �s�t�r�a�w�s� �w�i�t�h� 

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

�s�t�r�a�w�s�.� �T�h�e�y� �o�b�s�e�r�v�e�d� �a�n� �i�n�c�r�e�a�s�e� �o�f� �1�0� �t�o� �1�2� �p�e�r�c�e�n�t�a�g�e� �u�n�i�t�s� �i�n� �c�r�u�d�e� 

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

�c�o�m�p�a�r�e�d� �t�o� �p�a�d�d�y� �s�t�r�a�w� �a�l�o�n�e�.� �N�a�r�a�n�g� �a�n�d� �P�r�a�d�h�a�n� �(�1�9�7�3�)� �o�b�s�e�r�v�e�d� �a�n� 

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

�u�n�g�u�i�c�u�l�a�t�a�)�.� 

�S�o�l�i�m�a�n� �e�t� �a�l�.� �(�1�9�7�8�)� �f�o�u�n�d� �t�h�a�t� �b�e�r�s�e�e�m� �p�r�e�s�e�r�v�e�d� �p�o�o�r�l�y� �w�h�e�n� 

�e�n�s�i�l�e�d� �a�l�o�n�e�,� �b�u�t� �p�r�e�s�e�r�v�e�d� �w�e�l�l� �w�h�e�n� �e�n�s�i�l�e�d� �i�n� �a� �m�i�x�t�u�r�e� �(�7�0�:�3�0�)� �w�i�t�h� 

�r�y�e�g�r�a�s�s� �(�L�o�l�i�u�m� �p�e�r�e�n�n�e�)�,� �b�a�r�l�e�y� �(�H�o�r�d�e�u�m� �v�u�l�g�a�r�e�)� �o�r� �m�a�i�z�e� �w�i�t�h� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �2�0� �k�g� �m�o�l�a�s�s�e�s� �p�e�r� �t�o�n�.� �K�a�m�r�a� �e�t� �a�l�.� �(�1�9�8�3�)� �s�t�u�d�i�e�d� �t�h�e� 

�p�r�o�c�e�s�s� �o�f� �e�n�s�i�l�i�n�g� �f�r�e�s�h� �m�a�i�z�e� �(�1�5�%� �D�M�)�,� �w�i�l�t�e�d� �m�a�i�z�e� �(�1�8� �a�n�d� �2�4�%� �D�M�)� 

�a�n�d� �m�a�i�z�e� �m�i�x�e�d� �w�i�t�h� �5� �t�o� �2�0�%� �w�h�e�a�t� �s�t�r�a�w� �(�1�8�,� �2�5�,� �a�n�d� �2�9�%� �D�M�)� �a�n�d� 

�o�b�s�e�r�v�e�d� �t�h�a�t� �s�i�l�a�g�e�s� �w�i�t�h� �2�4�%� �D�M� �w�e�r�e� �p�r�e�s�e�r�v�e�d� �b�e�t�t�e�r� �t�h�a�n� �t�h�o�s�e� �w�i�t�h� 

�l�o�w�e�r� �D�M�.� �T�h�e�r�e� �w�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�l�i�n�e� �i�n� �V�F�A� �a�n�d� �N�H�3� �p�r�o�d�u�c�t�i�o�n� �a�n�d� 

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

�A� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �i�n� �V�F�A� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �N�H�3�-�N� �a�n�d� �a� �s�i�g�n�i�f�i�c�a�n�t� 

�i�n�c�r�e�a�s�e� �i�n� �p�H� �w�e�r�e� �f�o�u�n�d� �i�n� �s�i�l�a�g�e� �o�f� �m�a�i�z�e� �m�i�x�e�d� �w�i�t�h� �w�h�e�a�t� �s�t�r�a�w�.� �I�n� 
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�t�h�e� �s�e�c�o�n�d� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �u�r�e�a� �a�n�d� �m�o�l�a�s�s�e�s� �o�n� �w�h�e�a�t� �s�t�r�a�w� �+� 

�m�a�i�z�e� �(�1�5�:�8�5�)� �s�i�l�a�g�e� �w�i�t�h� �i�n�i�t�i�a�l� �D�M� �o�f� �3�1� �t�o� �3�4�%� �w�e�r�e� �s�t�u�d�i�e�d�.� �T�h�r�e�e� 

�l�e�v�e�l�s� �o�f� �m�o�l�a�s�s�e�s� �(�0�,� �3� �a�n�d� �6�%� �o�f� �f�r�e�s�h� �w�e�i�g�h�t�)� �a�n�d� �t�w�o� �l�e�v�e�l�s� �o�f� �u�r�e�a� 

�(�0� �a�n�d� �.�5�%� �o�f� �f�r�e�s�h� �w�e�i�g�h�t�)� �w�e�r�e� �u�s�e�d�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �3�%� �m�o�l�a�s�s�e�s� 

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

�G�u�p�t�a� �a�n�d� �P�r�a�d�h�a�n� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �g�o�o�d� �q�u�a�l�i�t�y� �s�i�l�a�g�e� �c�a�n� �b�e� 

�p�r�e�p�a�r�e�d� �f�r�o�m� �w�h�e�a�t� �s�t�r�a�w� �w�h�e�n� �e�n�s�i�l�e�d� �f�o�r� �6�0� �d� �w�i�t�h� �e�i�t�h�e�r� �g�r�e�e�n� 

�a�l�f�a�l�f�a� �o�r� �u�r�e�a�-�m�o�l�a�s�s�e�s�.� �S�i�n�g�h� �e�t� �a�l�.� �(�1�9�8�4�)� �s�t�u�d�i�e�d� �e�n�s�i�l�i�n�g� �o�f� 

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

�s�i�l�o�s�.� �T�h�e� �e�f�f�e�c�t� �o�f� �a�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �a�t� �d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �(�0�,� �5�,� 

�1�0�%�,� �f�r�e�s�h� �b�a�s�i�s�)� �w�a�s� �a�l�s�o� �s�t�u�d�i�e�d� �o�n� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �g�r�e�e�n� �b�e�r�s�e�e�m� �a�n�d� 

�w�h�e�a�t� �s�t�r�a�w� �(�8�0�:�2�0�,� �f�r�e�s�h� �b�a�s�i�s�)�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e�s� 

�i�n� �p�H�,� �N�H�3�-�N�,� �t�o�t�a�l� �V�F�A�,� �D�M� �d�i�s�a�p�p�e�a�r�a�n�c�e� �a�n�d� �n�u�m�b�e�r� �o�f� �c�o�l�i�f�o�r�m� 

�b�a�c�t�e�r�i�a�,� �a�n�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�i�t�r�a�t�a�b�l�e� �a�c�i�d�i�t�y� �a�n�d� �l�a�c�t�i�c� 

�a�c�i�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �5�%� �m�o�l�a�s�s�e�s�.� �T�h�e�r�e� �w�a�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �q�u�a�l�i�t�y� �o�f� �s�i�l�a�g�e� �a�t� �t�h�e� �5� �a�n�d� �1�0�%� �l�e�v�e�l�s� �o�f� �m�o�l�a�s�s�e�s� 

�o�r� �a�f�t�e�r� �4�0� �o�r� �8�0� �d� �o�f� �f�e�r�m�e�n�t�a�t�i�o�n�.� 

�S�i�n�g�h� �a�n�d� �P�a�n�d�i�t�a� �(�1�9�8�5�)� �e�n�s�i�l�e�d� �c�h�o�p�p�e�d� �b�e�r�s�e�e�m� �w�i�l�t�e�d� �t�o� �a�b�o�u�t� 

�3�0�%� �D�M� �a�n�d� �u�n�w�i�l�t�e�d�,� �m�i�x�e�d� �w�i�t�h� �w�h�e�a�t� �s�t�r�a�w� �o�r� �p�a�d�d�y� �s�t�r�a�w� �i�n� �t�h�e� �p�r�o�-� 

�p�o�r�t�i�o�n� �o�f� �4�:�1�,� �o�n� �f�r�e�s�h� �w�e�i�g�h�t� �b�a�s�i�s�,� �a�l�l� �c�o�m�b�i�n�a�t�i�o�n�s� �w�i�t�h� �0� �a�n�d� �1�%� 

�m�o�l�a�s�s�e�s�,� �i�n� �5�0�0� �m�l� �f�l�a�s�k�s�.� �W�a�t�e�r� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �i�n� �w�i�l�t�e�d� 

�b�e�r�s�e�e�m�,� �f�r�e�s�h� �b�e�r�s�e�e�m� �+� �w�h�e�a�t� �s�t�r�a�w�,� �a�n�d� �f�r�e�s�h� �b�e�r�s�e�e�m� �+� �p�a�d�d�y� �s�t�r�a�w� 

�m�i�x�t�u�r�e� �w�e�r�e� �5�.�2�,� �3�.�8� �a�n�d� �4�.�9�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�i�g�h�e�r� �p�H� �v�a�l�u�e�s� �a�n�d� 

�a�c�e�t�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �r�e�c�o�r�d�e�d� �f�o�r� �w�i�l�t�e�d� �s�i�l�a�g�e�.� �L�a�c�t�i�c� �a�c�i�d� 

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

�c�o�m�p�a�r�a�t�i�v�e�l�y� �h�i�g�h�e�r� �W�S�C� �p�r�o�d�u�c�e�d� �m�o�r�e� �l�a�c�t�i�c� �a�c�i�d�.� 

�G�a�m�p�a�w�a�r� �a�n�d� �K�a�k�d�e� �(�1�9�8�6�)� �e�n�s�i�l�e�d� �w�h�e�a�t� �s�t�r�a�w� �a�n�d� �b�e�r�s�e�e�m� �i�n� �2�:�5� 

�p�r�o�p�o�r�t�i�o�n� �(�w�/�w�)� �w�i�t�h� �t�w�o� �l�e�v�e�l�s� �o�f� �m�o�l�a�s�s�e�s� �(�4� �a�n�d� �6�%�)� �a�n�d� �t�w�o� �l�e�v�e�l�s� 

�o�f� �f�o�r�m�i�c� �a�c�i�d� �(�.�2� �a�n�d� �.�3�%�)�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �e�n�s�i�l�i�n�g� �o�f� �w�h�e�a�t� �s�t�r�a�w� 

�w�i�t�h� �b�e�r�s�e�e�m� �i�n� �2�:�5� �p�r�o�p�o�r�t�i�o�n� �(�w�/�w�)� �a�f�t�e�r� �e�n�r�i�c�h�i�n�g� �w�i�t�h� �4�%� �m�o�l�a�s�s�e�s� �i�n� 

�c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �.�2�%� �f�o�r�m�i�c� �a�c�i�d� �i�m�p�r�o�v�e�d� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �w�h�e�a�t� �s�t�r�a�w� 

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

�b�e�r�s�e�e�m� �2�:�5� �(�w�/�w�)�.� �V�o�l�u�n�t�a�r�y� �f�e�e�d� �c�o�n�s�u�m�p�t�i�o�n� �a�n�d� �w�e�i�g�h�t� �g�a�i�n�s� �w�e�r�e� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r�.� 

�M�o�s�i� �a�n�d� �B�u�t�t�e�r�w�o�r�t�h� �(�1�9�8�5�)� �s�t�u�d�i�e�d� �v�o�l�u�n�t�a�r�y� �i�n�t�a�k�e� �a�n�d� �d�i�g�e�s�t�i�-� 

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

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

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

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

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

�m�i�x�e�d� �f�a�r�m�s� �i�n� �A�f�r�i�c�a�.� 

�K�a�m�r�a� �e�t� �a�l�.� �(�1�9�8�9�)� �f�e�r�m�e�n�t�e�d� �c�a�t�t�l�e� �w�a�s�t�e� �u�s�i�n�g� �f�o�u�r� �d�i�f�f�e�r�e�n�t� 

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

�c�a�t�t�l�e� �d�u�n�g�,� �b�e�r�s�e�e�m� �a�n�d� �s�u�g�a�r� �c�a�n�e� �m�o�l�a�s�s�e�s� �i�n� �t�h�e� �r�a�t�i�o�s� �o�f� �2�0�:�0�:�7�5�:�5�,� 

�2�0�:�2�5�:�5�0�:�5�,� �2�0�:�5�0�:�2�5�:�5� �a�n�d� �2�0�:�7�5�:�0�:�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �D�M� �i�n� �t�h�e� 

�p�r�e�m�i�x� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �3�2� �a�n�d� �3�4�%�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �a� �d�e�c�l�i�n�e� �i�n� �s�o�l�u�b�l�e� 

�s�u�g�a�r�,� �l�a�c�t�i�c� �a�c�i�d� �a�n�d� �V�F�A� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �l�e�v�e�l� �o�f� �w�a�s�t�e� �i�n� �t�h�e� 

�p�r�e�m�i�x�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�a�t�i�o� �o�f� �l�a�c�t�i�c� �a�c�i�d� �t�o� �V�F�A� �i�n�c�r�e�a�s�e�d�.� �T�h�e�y� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �c�a�t�t�l�e� �w�a�s�t�e� �c�a�n� �b�e� �i�n�c�l�u�d�e�d� �i�n� �b�e�r�s�e�e�m� �s�i�l�a�g�e� �a�t� �l�e�v�e�l�s� 
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�o�f� �1�3� �t�o� �2�6�%� �o�f� �t�h�e� �t�o�t�a�l� �D�M� �w�i�t�h�o�u�t� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t�i�n�g� �s�i�l�a�g�e� �c�h�a�r�a�c�-� 

�t�e�r�i�s�t�i�c�s�.� 

�C�h�a�u�h�a�n� �e�t� �a�l�.� �(�1�9�8�7�)� �s�t�u�d�i�e�d� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �b�e�r�s�e�e�m� �a�n�d� �w�h�e�a�t� 

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

�f�o�r� �2�4� �h� �i�n� �t�h�e� �f�i�e�l�d� �a�n�d� �t�h�e�n� �b�e�r�s�e�e�m� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �w�e�r�e� �c�h�o�p�p�e�d� �a�n�d� 

�m�i�x�e�d� �i�n� �t�h�e� �r�a�t�i�o�s� �7�:�1� �a�n�d� �5�:�1�.� �T�h�e� �m�i�x�t�u�r�e�s� �w�e�r�e� �s�p�r�a�y�e�d� �w�i�t�h� �1�.�5�%� 

�m�o�l�a�s�s�e�s� �(�w�e�t� �b�a�s�i�s�)� �a�n�d� �e�n�s�i�l�e�d� �f�o�r� �3� �m�o�.� �F�i�f�t�e�e�n� �b�u�f�f�a�l�o� �c�a�l�v�e�s� �(�1� 

�y�e�a�r� �o�l�d�)� �w�e�r�e� �f�e�d� �t�h�r�e�e� �d�i�e�t�s�.� �A�n�i�m�a�l�s� �i�n� �c�o�n�t�r�o�l� �g�r�o�u�p� �w�e�r�e� �f�e�d� �1�.�5� 

�k�g� �c�o�n�c�e�n�t�r�a�t�e� �m�i�x�t�u�r�e�,� �a�d� �l�i�b� �w�h�e�a�t� �s�t�r�a�w� �a�n�d� �.�5� �t�o� �1�.�0� �k�g� �g�r�e�e�n� 

�b�e�r�s�e�e�m�.� �F�o�r� �t�h�e� �o�t�h�e�r� �t�w�o� �d�i�e�t�s� �b�e�r�s�e�e�m� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �s�i�l�a�g�e�s� �(�7�:�1� 

�a�n�d� �5�:�1�)� �w�e�r�e� �f�e�d� �a�d� �l�i�b�i�t�u�m�.� �T�h�e� �a�p�p�a�r�e�n�t� �d�i�g�e�s�t�i�b�i�l�i�t�y� �o�f� �D�M�,� �C�P�,� �E�E� 

�a�n�d� �N�F�E� �o�f� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t� �(�c�o�n�c�e�n�t�r�a�t�e� �+� �w�h�e�a�t� �s�t�r�a�w� �+� �.�5� �t�o� �1� �k�g� 

�b�e�r�s�e�e�m� �f�e�d�)� �w�a�s� �h�i�g�h�e�r� �(�P� �<� �.�0�5�)� �t�h�a�n� �f�o�r� �b�e�r�s�e�e�m�-�w�h�e�a�t� �s�t�r�a�w� �(�5�:�1�)� 

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

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

�w�h�e�a�t� �s�t�r�a�w� �c�a�n� �b�e� �p�r�e�p�a�r�e�d� �i�n� �5�:�1�]� �o�r� �7�:�1� �r�a�t�i�o�s� �b�y� �s�p�r�a�y�i�n�g� �1�.�5�%� 

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

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

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

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

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

�a�l�.�,� �1�9�6�0�)�.� �D�a�i�l�y� �D�M� �i�n�t�a�k�e� �i�s� �p�o�s�i�t�i�v�e�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �s�i�l�a�g�e� �D�M�,� 

�o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �s�i�l�a�g�e� �D�M� �(�G�o�r�d�o�n� �e�t� �a�l�.�,� �1�9�6�1�,� �1�9�6�5�)�.� �C�a�t�t�l�e� �a�n�d� 

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

�n�o�t� �g�r�e�a�t�e�r� �w�i�t�h� �h�a�y� �(�T�h�o�m�a�s� �e�t� �a�l�.�,� �1�9�6�9�)�.� �D�r�y� �m�a�t�t�e�r� �f�r�o�m� �s�i�l�a�g�e� 
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�c�o�n�t�a�i�n�e�d� �m�o�r�e� �e�n�e�r�g�y�,� �e�t�h�e�r� �e�x�t�r�a�c�t� �a�n�d� �l�e�s�s� �h�e�m�i�c�e�l�l�u�l�o�s�e� �t�h�a�n� �D�M� �f�o�r� 

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

�d�i�g�e�s�t�i�b�l�e� �e�n�e�r�g�y� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �D�M� �b�a�s�i�s�,� �f�o�r� �s�i�l�a�g�e�s� �w�a�s� �1�.�2�4� �t�i�m�e�s� 

�t�h�a�t� �o�f� �h�a�y�.� �T�h�e� �D�M� �i�n�t�a�k�e� �w�a�s� �p�o�s�i�t�i�v�e�l�y� �a�n�d� �l�i�n�e�a�r�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�D�M� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�i�l�a�g�e� �(�H�a�w�k�i�n�s� �e�t� �a�l�.�,� �1�9�7�0�)�.� �W�h�e�n� �c�r�o�p�s� �a�r�e� �e�n�s�i�l�e�d� 

�i�n� �w�e�l�l� �s�e�a�l�e�d� �s�i�l�o�s�,� �t�h�e� �d�i�g�e�s�t�i�b�i�l�i�t�y� �o�f� �D�M� �a�n�d� �O�M� �i�n� �t�h�e� �e�n�s�i�l�a�g�e� �i�s� 

�s�i�m�i�l�a�r� �t�o� �t�h�e� �c�r�o�p� �b�e�f�o�r�e� �e�n�s�i�l�i�n�g� �(�H�a�r�r�i�s� �a�n�d� �R�a�y�m�o�n�d�,� �1�9�6�3�)�.� �W�i�l�k�i�n�s� 

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

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

�W�i�l�k�i�n�s� �e�t� �a�l�.� �(�1�9�7�1�)� �s�t�u�d�i�e�d� �t�h�e� �v�o�l�u�n�t�a�r�y� �i�n�t�a�k�e� �b�y� �s�h�e�e�p� �o�f� �7�0� 

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

�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �D�M�,� �N� �a�n�d� �l�a�c�t�i�c� �a�c�i�d� �a�s� �p�e�r�c�e�n�t� �o�f� �t�h�e� �t�o�t�a�l� �a�c�i�d�.� 

�S�i�l�a�g�e� �A�d�d�i�t�i�v�e�s� 

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

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

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

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

�b�a�c�t�e�r�i�a� �(�W�i�l�k�i�s�o�n�,� �1�9�8�7�)�.� �T�h�e� �s�e�c�o�n�d�a�r�y� �f�e�r�m�e�n�t�a�t�i�o�n� �c�a�n� �b�e� �c�h�e�c�k�e�d� �b�y� 

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

�S�i�l�a�g�e� �a�d�d�i�t�i�v�e�s� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �m�a�i�n� �t�y�p�e�s�:� �s�t�i�m�-� 

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

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

�(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� 

�I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �a� �n�u�m�b�e�r� �o�f� �c�o�m�m�e�r�c�i�a�l� �i�n�o�c�u�l�a�n�t�s� �c�o�n�t�a�i�n�i�n�g� 

�f�r�e�e�z�e�-�d�r�i�e�d� �c�u�l�t�u�r�e�s� �o�f� �h�o�m�o�f�e�r�m�e�n�t�a�t�i�v�e� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� �h�a�v�e� 
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�b�e�c�o�m�e� �a�v�a�i�l�a�b�l�e�.� �M�o�s�t�l�y�,� �t�h�e�y� �c�o�n�t�a�i�n� �L�a�c�t�o�b�a�c�i�]�l�u�s� �p�l�a�n�t�a�r�u�m� �a�n�d� 

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

�t�h�e�s�e� �i�n�o�c�u�l�a�n�t�s� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �i�n�o�c�u�l�a�t�i�o�n� �r�a�t�e�,� �w�h�i�c�h� �s�h�o�u�l�d� �b�e� �1�0�6� 

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

�r�e�a�d�i�l�y� �f�e�r�m�e�n�t�a�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� 

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

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

�M�o�l�a�s�s�e�s� �h�a�s� �a� �W�S�C� �c�o�n�t�e�n�t� �o�f� �a�b�o�u�t� �7�0�0� �g�/�k�g� �D�M� �a�n�d� �t�h�e� �a�d�d�i�t�i�v�e� �h�a�s� 

�b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �D�M� �a�n�d� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t�s�,� �a�n�d� �r�e�d�u�c�e� �t�h�e� 

�p�H� �a�n�d� �N�H�3� �i�n� �t�r�e�a�t�e�d� �s�i�l�a�g�e� �(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� 

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

�f�e�r�m�e�n�t�a�t�i�o�n� �i�n�h�i�b�i�t�o�r�s�.� �T�h�e�y� �i�n�c�l�u�d�e� �m�i�n�e�r�a�l� �a�c�i�d�s�,� �H�C�l� �a�n�d� �H�9�S�0�4� 

�(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� �I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �f�o�r�m�i�c� �a�c�i�d� �h�a�s� �l�a�r�g�e�l�y� 

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

�h�a�s� �b�e�e�n� �a�c�c�e�p�t�e�d� �a�s� �a�n� �a�d�d�i�t�i�v�e� �(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� �T�h�e� �r�e�c�o�m�-� 

�m�e�n�d�e�d� �r�a�t�e� �i�s� �2�.�7� �k�g�/�t�o�n� �f�r�e�s�h� �c�r�o�p�.� �T�h�e� �b�e�n�e�f�i�c�i�a�l� �e�f�f�e�c�t� �o�f� �f�o�r�m�i�c� 

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

�l�o�w� �W�S�C� �h�a�s� �b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d�.� �F�o�r�m�a�l�i�n�,� �a� �4�0�%� �s�o�l�u�t�i�o�n� �o�f� �f�o�r�m�a�l�d�e�h�y�d�e� 

�i�n� �w�a�t�e�r� �i�s� �a�l�s�o� �u�s�e�d� �a�s� �a�n� �a�d�d�i�t�i�v�e� �(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� �A�c�i�d�s� 

�(�m�a�i�n�l�y� �f�o�r�m�i�c� �a�n�d� �s�u�l�f�u�r�i�c�)� �a�n�d� �s�a�l�t�s� �(�m�a�i�n�l�y� �c�a�l�c�i�u�m� �f�o�r�m�a�t�e� �a�n�d� 

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

�t�h�e� �r�i�s�k� �o�f� �s�e�c�o�n�d�a�r�y� �f�e�r�m�e�n�t�a�t�i�o�n� �(�W�i�l�k�i�n�s�o�n�,� �1�9�8�7�)�.� �A�c�i�d� �a�d�d�i�t�i�v�e�s� 

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

�1�9�8�3�)�.� 
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�M�o�l�a�s�s�e�s�.� �M�o�l�a�s�s�e�s� �i�s� �e�x�t�r�e�m�e�l�y� �p�a�l�a�t�a�b�l�e� �a�n�d� �a�n� �e�x�c�e�l�l�e�n�t� �s�o�u�r�c�e� 

�o�f� �e�n�e�r�g�y� �(�E�n�s�m�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�)�.� �T�h�e� �e�n�e�r�g�y� �v�a�l�u�e� �o�f� �m�o�l�a�s�s�e�s� �i�s� �7�5� 

�t�o� �1�0�0�%� �h�a�t� �o�f� �c�o�r�n� �g�r�a�i�n� �(�N�R�C�,� �1�9�8�4�)�.� �T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �s�o�u�r�c�e�s� �o�f� 

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

�p�r�o�c�e�s�s�i�n�g� �o�f� �s�u�g�a�r� �c�a�n�e� �(�S�a�c�c�h�a�r�u�m� �o�f�f�i�c�i�n�a�r�u�m�)�.� �T�h�e�r�e� �a�r�e� �a�l�s�o� �c�o�n�-� 

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

�d�i�e�t�s� �(�H�u�b�e�r�,� �1�9�8�1�)�.� 
�M�o�l�a�s�s�e�s� �c�o�n�t�a�i�n�s� �m�o�r�e� �t�h�a�n� �5�0�%� �s�u�c�r�o�s�e� �a�n�d� �i�s� �c�o�m�m�o�n�l�y� �u�s�e�d� �a�s� �a�n� 

�a�d�d�i�t�i�v�e� �(�T�h�o�m�a�s�,� �1�9�7�8�)�.� �A�d�d�i�t�i�o�n� �o�f� �s�u�g�a�r� �i�n� �t�h�e� �f�o�r�m� �o�f� �m�o�l�a�s�s�e�s� 

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

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

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

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

�p�r�o�d�u�c�t�i�o�n� �o�f� �d�e�a�m�i�n�a�t�i�n�g� �e�n�z�y�m�e�s� �(�T�h�o�m�a�s�,� �1�9�7�8�)�.� 

�L�a�n�i�g�a�n� �(�1�9�6�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �e�n�s�i�l�i�n�g� �o�f� �a�l�f�a�l�f�a� �i�n� �l�a�b�o�r�a�t�o�r�y� 

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

�l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �a�n�d� �d�e�c�r�e�a�s�e� �i�n� �D�M� �l�o�s�s�.� �R�e�e�d� �a�n�d� �F�i�t�c�h� �(�1�9�7�1�)� 

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

�q�u�a�n�t�i�t�i�e�s� �b�y� �s�t�e�e�r�s� �t�h�a�n� �a�l�f�a�l�f�a� �t�r�e�a�t�e�d� �w�i�t�h� �w�h�e�a�t� �s�t�r�a�w�.� �A�n�d�r�i�g�h�e�t�t�o� 

�e�t� �a�l�.� �(�1�9�8�7�)� �r�e�p�o�r�t�e�d� �f�o�r�m�a�t�i�o�n� �o�f� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �v�o�l�a�t�i�l�e� �c�o�m�-� 

�p�o�u�n�d�s�,� �w�i�t�h� �s�i�g�n�i�f�i�c�a�n�t� �l�o�s�s� �i�n� �O�M� �w�h�e�n� �m�o�l�a�s�s�e�s� �w�a�s� �u�s�e�d� �a�t� �4�%� �i�n� 

�e�n�s�i�l�e�d� �L�o�l�i�u�m� �m�u�l�t�i�f�o�r�u�m�.� 

�M�i�c�r�o�b�i�a�l� �I�n�o�c�u�l�a�n�t�.� �T�h�e� �b�a�c�t�e�r�i�a� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �p�r�o�d�u�c�t�i�o�n� �o�f� 

�h�i�g�h� �q�u�a�l�i�t�y� �s�i�l�a�g�e� �a�r�e� �l�a�c�t�i�c� �a�c�i�d�-�p�r�o�d�u�c�i�n�g� �(�M�c�D�o�n�a�l�d�,� �1�9�8�1�)�.� �A�d�d�i�-� 

�t�i�o�n� �o�f� �L�a�c�t�o�b�a�c�i�l�l�u�s� �s�p�.� �t�o� �f�r�e�s�h� �f�o�r�a�g�e� �h�a�s� �b�e�e�n� �r�e�c�o�m�m�e�n�d�e�d� �t�o� 
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�c�o�n�t�r�o�l� �f�e�r�m�e�n�t�a�t�i�o�n� �(�S�e�a�l�e�,� �1�9�8�6�)�.� �I�n� �t�h�e� �p�a�s�t� �f�e�w� �y�e�a�r�s�,� �d�u�e� �t�o� 

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

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

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

�t�i�o�n� �o�f� �e�n�s�i�l�e�d� �f�o�r�a�g�e� �(�O�h�y�a�m�a� �e�t� �a�l�.�,� �1�9�7�5�)�.� 

�I�n�t�e�a�z� �A�l�l�i� �a�n�d� �B�a�k�e�r� �(�1�9�8�2�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �a�d�d�i�t�i�v�e�s� �o�n� 

�l�a�c�t�i�c� �a�c�i�d� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �W�S�C� �i�n� �c�h�o�p�p�e�d� �c�o�r�n� �a�n�d� �a�l�f�a�l�f�a�.� �T�h�e�y� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �d�u�r�i�n�g� �a� �4�8� �h� �f�e�r�m�e�n�t�a�t�i�o�n�,� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �L�a�c�t�o�b�a�c�i�/�]�l�u�s� 

�p�l�a�n�t�a�r�u�m� �c�u�l�t�u�r�e� �i�n�c�r�e�a�s�e�d� �r�a�t�e� �o�f� �l�a�c�t�i�c� �a�c�i�d� �p�r�o�d�u�c�t�i�o�n� �b�y� �7�0�%�,� �a�s� 

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

�W�a�l�d�o� �a�n�d� �G�o�e�r�i�n�g� �(�1�9�7�6�)� �r�e�p�o�r�t�e�d� �a�v�e�r�a�g�e� �D�M� �d�i�g�e�s�t�i�b�i�l�i�t�i�e�s� �f�o�r� 

�u�n�t�r�e�a�t�e�d� �a�n�d� �i�n�o�c�u�l�a�n�t� �t�r�e�a�t�e�d� �s�i�l�a�g�e�s� �w�e�r�e� �4�8�.�2� �a�n�d� �5�9�.�2�%� �f�o�r� �a�l�f�a�l�f�a�,� 

�5�3�.�7� �a�n�d� �5�5�.�2� �f�o�r� �o�r�c�h�a�r�d�g�r�a�s�s� �(�D�a�c�t�y�l�i�s� �g�l�o�m�e�r�a�t�a�)� �a�n�d� �6�8�.�5� �a�n�d� �6�9�.�2�%� 

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

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

�(�1�9�8�1�)� �r�e�p�o�r�t�e�d� �l�o�w�e�r� �p�H�,� �h�i�g�h�e�r� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �g�r�e�a�t�e�r� 

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

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

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

�W�i�t�t�e�n�b�e�r�g� �e�t� �a�l�.� �(�1�9�8�3�)� �r�e�p�o�r�t�e�d� �n�o� �i�m�p�r�o�v�e�m�e�n�t� �i�n�_� �t�h�e� 

�p�r�e�s�e�r�v�a�t�i�o�n� �o�f� �D�M�,� �C�P�,� �A�D�F� �a�n�d� �g�r�o�s�s� �e�n�e�r�g�y� �w�h�e�n� �c�o�r�n� �s�i�l�a�g�e� �w�a�s� 

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

�s�i�m�i�l�a�r� �f�o�r� �t�h�e� �c�o�n�t�r�o�l� �a�n�d� �i�n�o�c�u�l�a�t�e�d� �s�i�l�a�g�e�s�.� �H�i�n�d�s� �e�t� �a�l�.� �(�1�9�8�5�)� 

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

�o�n� �s�i�l�a�g�e� �q�u�a�l�i�t�y�,� �D�M� �r�e�c�o�v�e�r�y� �a�n�d� �f�e�e�d�i�n�g� �v�a�l�u�e� �f�o�r� �c�a�t�t�l�e�.� �T�h�e�y� 

�2�9



�r�e�p�o�r�t�e�d� �t�h�a�t� �t�r�e�a�t�e�d� �s�i�l�a�g�e� �h�a�d� �h�i�g�h�e�r� �p�H�,� �t�o�t�a�l� �N�,� �N�H�3�-�N� �a�n�d� �D�M� �l�o�s�s� 

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

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

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

�C�h�o� �e�t� �a�l�.� �(�1�9�8�9�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� 

�(�L�a�c�t�o�b�a�c�i�l�l�u�s� �p�l�a�n�t�a�r�u�m�)� �i�n�o�c�u�l�a�t�i�o�n� �a�n�d� �s�u�p�p�l�e�m�e�n�t�a�r�y� �m�o�l�a�s�s�e�s� �o�n� 

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

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

�r�a�t�i�o� �o�f� �5�0�:�3�0�:�2�0� �o�n� �D�M� �b�a�s�i�s�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� 

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

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

�m�o�l�a�s�s�e�s�.� 

�E�l�y� �e�t� �a�l�.� �(�1�9�8�2�)� �u�s�e�d� �L�a�c�t�o�b�a�c�i�l�l�u�s� �a�c�i�d�o�p�h�i�l�l�u�s� �a�n�d� �C�a�n�d�i�d�a� �s�p�.� 

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

�s�i�l�a�g�e�s� �w�e�r�e� �f�e�d� �t�o� �s�h�e�e�p� �a�t� �2�%� �o�f� �b�o�d�y� �w�e�i�g�h�t�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t�s� 

�w�e�r�e� �f�o�u�n�d� �f�r�o�m� �a�d�d�i�n�g� �t�h�e� �i�n�o�c�u�l�a�n�t�s�.� �O�h�y�a�m�a� �e�t� �a�l�.� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� 

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

�L�u�t�h�e�r� �(�1�9�8�6�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �i�n� �m�o�s�t� �l�a�r�g�e� �s�i�l�o� �e�n�s�i�l�i�n�g� �p�r�o�c�e�s�s�e�s�,� �t�h�e� 

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

�f�e�r�m�e�n�t�a�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �L�e�s�i�n�s� �a�n�d� �S�c�h�u�l�t�z� �(�1�9�6�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

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

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

�D�e�l�l�a�g�l�i�o� �a�n�d� �T�o�r�r�i�a�n�i� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�d�d�i�n�g� �a� �s�u�s�p�e�n�s�i�o�n� �o�f� 

�l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� �c�o�n�t�a�i�n�i�n�g� �1�5�%� �L�a�c�t�o�b�a�c�i�l�l�u�s� �p�l�a�n�t�a�r�u�m� �a�n�d� �8�5�%� 

�P�e�d�i�o�c�o�c�c�u�s� �a�c�i�d�i�l�a�c�t�i� �a�c�c�e�l�e�r�a�t�e�d� �t�h�e� �d�r�o�p� �i�n� �p�H� �a�f�t�e�r� �o�n�l�y� �4� �d� �o�f� 
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�e�n�s�i�l�i�n�g� �a�n�d� �r�e�s�u�l�t�e�d� �i�n� �t�w�o� �t�o� �f�i�v�e� �t�i�m�e�s� �h�i�g�h�e�r� �c�o�u�n�t�s� �o�f� �l�a�c�t�i�c� �a�c�i�d� 

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

�S�e�a�l�e� �(�1�9�8�6�)� �r�e�v�i�e�w�e�d� �u�s�e� �o�f� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t�s� �a�s�_� �s�i�l�a�g�e� 

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

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

�n�a�t�u�r�a�l� �f�e�r�m�e�n�t�a�t�i�o�n�.� 

�M�u�c�k� �e�t� �a�l�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �n�u�m�b�e�r� �o�f� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� 

�r�e�q�u�i�r�e�d� �f�o�r� �a�n� �i�m�m�e�d�i�a�t�e� �d�e�c�r�e�a�s�e� �i�n� �p�H� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�8� �p�e�r� �g�r�a�m� 

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

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

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

�d�e�p�e�n�d�s� �o�n� �a�d�e�q�u�a�t�e� �s�u�b�s�t�r�a�t�e� �a�n�d� �i�t�s� �p�o�p�u�l�a�t�i�o�n� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �n�a�t�u�r�a�l� 

�o�n�e�.� 

�K�e�n�t� �e�t� �a�l�.� �(�1�9�8�8�)� �h�a�r�v�e�s�t�e�d� �l�u�c�e�r�n�e� �(�a�l�f�a�l�f�a�)� �a�t� �b�u�d� �s�t�a�g�e�,� 

�w�i�l�t�e�d� �t�o� �4�5�%� �D�M�,� �c�h�o�p�p�e�d� �t�o� �.�9�5� �c�m� �a�n�d� �e�n�s�i�l�e�d� �u�n�d�e�r� �p�r�e�s�s�u�r�e� �i�n� �s�e�a�l�e�d� 

�p�o�l�y�e�t�h�y�l�e�n�e� �b�a�g�s�,� �u�n�t�r�e�a�t�e�d� �o�r� �a�f�t�e�r� �a�d�d�i�n�g� �a�n� �_� �i�n�o�c�u�l�a�n�t�'� �o�f� 

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

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

�i�n� �t�r�e�a�t�e�d� �s�i�l�a�g�e�.� �I�n� �v�i�t�r�o� �D�M� �d�i�s�a�p�p�e�a�r�a�n�c�e� �t�e�n�d�e�d� �t�o� �b�e� �h�i�g�h�e�r� �a�n�d� 

�N�H�3�-�N� �c�o�n�t�e�n�t� �w�a�s� �l�o�w�e�r� �i�n� �t�r�e�a�t�e�d� �s�i�l�a�g�e�s�,� �b�u�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� 

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

�D�a�i�l�y� �D�M� �i�n�t�a�k�e� �a�n�d� �m�i�l�k� �y�i�e�l�d� �w�e�r�e� �s�i�m�i�l�a�r�.� 

�M�c�C�o�r�m�i�c�k� �e�t� �a�l�.� �(�1�9�8�8�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �w�i�l�t�i�n�g� �i�n�t�e�r�v�a�l� �a�n�d� 

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

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

�3�1



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

�h�y�d�r�a�t�e�s� �a�n�d� �i�n�c�r�e�a�s�e�d� �N�D�F� �c�o�n�t�e�n�t�.� �I�n�o�c�u�l�a�t�i�o�n� �r�e�d�u�c�e�d� �(�P� �<� �.�0�5�)� �t�h�e� 

�p�H�.� �F�i�s�h� �e�t� �a�l�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �s�i�l�a�g�e� �i�n�o�c�u�l�a�t�i�o�n� �c�a�u�s�e�d� �a� �r�a�p�i�d� 

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

�b�y�p�a�s�s� �p�r�o�t�e�i�n�.� 

�R�u�s�t� �e�t� �a�l�.� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�r�n� �s�i�l�a�g�e� �t�r�e�a�t�e�d� �w�i�t�h� �m�i�c�r�o�-� 

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

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

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

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

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

�t�o� �a�i�r� �e�x�p�o�s�u�r�e�.� 

�S�t�e�e�n� �e�t� �a�l�.� �(�1�9�8�9�)� �t�e�s�t�e�d� �a� �b�a�c�t�e�r�i�a�l� �i�n�o�c�u�l�a�n�t� �c�o�n�t�a�i�n�i�n�g� 

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

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

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

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

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

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

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

�G�o�r�d�o�n� �(�1�9�8�9�)� �m�a�d�e� �s�i�l�a�g�e� �f�r�o�m� �p�e�r�e�n�n�i�a�l� �r�y�e�g�r�a�s�s� �(�L�o�l�i�u�m� 

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

�a�d�d�i�t�i�v�e� �(�c�o�n�t�r�o�l�)�.� �H�e� �f�o�u�n�d� �t�h�a�t� �b�a�c�t�e�r�i�a�l� �i�n�o�c�u�l�a�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� 

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

�S�i�l�a�g�e�s�.� 
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�M�o�o�n� �e�t� �a�l�.� �(�1�9�8�0�)� �e�n�s�i�l�e�d� �w�h�e�a�t� �(�e�a�r�l�y� �b�l�o�o�m�)�,� �a�l�f�a�l�f�a� �(�4�0�%� 

�b�l�o�o�m�)� �a�n�d� �c�o�r�n� �f�o�r�a�g�e�s� �(�e�a�r�l�y� �d�e�n�t�)� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �5� �g�/�k�g� �o�f� �a� 

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

�C�a�n�d�i�d�a� �s�p�.� �I�n� �c�o�r�n� �s�i�l�a�g�e�,� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� �p�o�p�u�l�a�t�i�o�n� �a�n�d� �p�H� �w�e�r�e� 

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

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

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

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

�S�h�o�c�k�e�y� �e�t� �a�l�.� �(�1�9�8�5�)� �e�n�s�i�l�e�d� �a�l�f�a�l�f�a� �w�i�l�t�e�d� �t�o� �4�5�%� �D�M� �a�n�d� �w�h�o�l�e� 

�p�l�a�n�t� �c�o�r�n� �(�4�0�%� �D�M�)� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �i�n� �2�0�0� �l�i�t�e�r� 

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

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

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

�i�n� �a�l�f�a�l�f�a� �t�h�a�n� �c�o�r�n�.� �P�r�o�t�e�i�n� �d�e�g�r�a�d�a�t�i�o�n�,� �m�e�a�s�u�r�e�d� �b�y� �N�H�3� �a�n�d� �N�P�N� 

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

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

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

�K�u�n�g� �e�t� �a�l�.� �(�1�9�8�7�)� �e�n�s�i�l�e�d� �f�i�e�l�d�-�w�i�l�t�e�d� �a�l�f�a�l�f�a� �(�5�3� �a�n�d� �5�7�%� �D�M�)� 

�u�n�t�r�e�a�t�e�d� �a�n�d� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �t�r�e�a�t�e�d� �i�n� �e�a�c�h� �o�f� �2� �y�r�.� �I�n� �b�o�t�h� 

�y�e�a�r�s� �t�r�e�a�t�e�d� �s�i�l�a�g�e� �h�a�d� �l�o�w�e�r� �p�H� �a�n�d� �r�e�s�i�d�u�a�l� �W�S�C� �a�n�d� �g�r�e�a�t�e�r� �l�a�c�t�i�c� 

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

�6�0�%� �o�f� �t�h�e� �d�i�e�t� �D�M� �f�o�r� �1�0� �w�k�.� �I�n� �t�r�i�a�l� �1� �m�o�r�e� �m�i�l�k� �w�a�s� �p�r�o�d�u�c�e�d� �b�y� �c�o�w�s� 

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

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

�w�e�r�e� �f�o�u�n�d�.� �S�h�o�c�k�e�y� �e�t� �a�l�.� �(�1�9�8�8�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�i�c�r�o�b�i�a�l� 
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�i�n�o�c�u�l�a�n�t� �o�n� �f�e�r�m�e�n�t�a�t�i�o�n� �o�f� �p�o�o�r�-�q�u�a�l�i�t�y� �a�l�f�a�l�f�a�.� �I�n�o�c�u�l�a�n�t� �c�o�n�s�i�s�t�e�d� 

�p�r�i�m�a�r�i�l�y� �o�f� �l�L�a�c�t�o�b�a�c�i�]�]�u�s� �p�l�a�n�t�a�r�u�m�,� �L�.� �b�r�e�v�i�s� �a�n�d� �P�e�d�i�o�c�o�c�c�u�s� 

�a�c�i�d�i�l�a�c�t�i�c�7�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n�o�c�u�l�a�t�i�o�n� �d�i�d� �n�o�t� �a�f�f�e�c�t� �c�h�a�n�g�e�s� �i�n� 

�p�H�,� �l�a�c�t�i�c� �a�c�i�d�,� �a�c�e�t�i�c� �a�c�i�d�,� �N�P�N� �o�r� �N�H�3�-�N�.� 

�H�o�o�p�e�r� �e�t� �a�l�.� �(�1�9�8�8�)� �s�t�u�d�i�e�d� �t�h�e� �f�e�e�d�i�n�g� �v�a�l�u�e� �o�f� �r�y�e�g�r�a�s�s� �s�i�l�a�g�e� 

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

�(�P�i�o�n�e�e�r� �B�r�a�n�d� �1�1�7�7�)�.� �S�i�l�a�g�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �t�w�o� �i�d�e�n�t�i�c�a�l� �1�0�0�-�t�o�n� 

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

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

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

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

�o�f� �i�n�o�c�u�l�a�t�e�d� �s�i�l�a�g�e�.� �T�h�e� �d�i�g�e�s�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �D�M�,� �O�M� �a�n�d� �N� �w�e�r�e� 

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

�P�e�t�i�t� �a�n�d� �F�i�l�p�o�t� �(�1�9�9�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �r�u�m�e�n� �v�o�l�u�m�e� �a�n�d� �D�M� �c�o�n�t�e�n�t� 

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

�t�i�m�o�t�h�y� �s�i�l�a�g�e�s�.� �T�h�e� �p�H� �a�n�d� �N�H�3�-�N� �o�f� �t�h�e� �r�u�m�e�n� �a�n�d� �r�u�m�i�n�a�l� �d�i�l�u�t�i�o�n� 

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

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

�d�u�o�d�e�n�a�l� �f�l�o�w� �o�f� �N� �a�n�d� �p�r�o�d�u�c�t�i�o�n� �o�f� �r�u�m�e�n� �V�F�A�,� �w�h�i�c�h� �m�i�g�h�t� �a�l�t�e�r� 

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

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

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

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

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

�C�a�l�c�i�u�m�.� �H�a�n�s�a�r�d� �e�t� �a�l�.� �(�1�9�5�7�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� 

�C�a� �f�r�o�m� �c�o�m�m�o�n� �s�u�p�p�l�e�m�e�n�t�a�l� �s�o�u�r�c�e�s� �r�a�n�g�e�d� �f�r�o�m� �3�7� �t�o� �3�5�%� �i�n� �a�d�u�l�t� 

�c�a�t�t�l�e�.� �T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �C�a� �f�r�o�m� �a�l�f�a�l�f�a� �w�a�s� �3�1�%�.� �W�a�r�d� �e�t� �a�l�.� 

�(�1�9�7�2�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �C�a� �i�n� �a�l�f�a�l�f�a� �r�a�n�g�e�d� �f�r�o�m� �3�1� �t�o� 

�4�1�%�,� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �2�0� �t�o� �3�0�%� �o�f� �C�a� �i�n� �a�l�f�a�l�f�a� �i�s� �b�o�u�n�d� �i�n� �o�x�a�l�a�t�e� 

�c�r�y�s�t�a�l�s�,� �t�h�u�s� �u�n�a�v�a�i�l�a�b�l�e�.� 

�F�r�e�d�e�e�n� �(�1�9�8�9�)� �c�o�m�p�a�r�e�d� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �C�a� �i�n� �a�l�f�a�l�f�a� �h�a�y� 

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

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

�e�x�c�e�e�d�e�d� �5�0�%� �o�f� �t�h�e� �i�n�t�a�k�e�.� �M�a�t�u�r�i�t�y� �o�f� �a�l�f�a�l�f�a� �d�i�d� �n�o�t� �a�f�f�e�c�t� �C�a� 

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

�a�l�t�e�r� �C�a� �a�v�a�i�l�a�b�i�l�i�t�y�.� 

�W�a�r�d� �e�t� �a�l�.� �(�1�9�7�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �C�a� �i�n� �a�l�f�a�l�f�a� �i�s� �o�n�l�y� �5�0� �t�o� �7�5�%� 

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

�t�h�a�t� �2�5� �t�o� �5�0�%� �o�f� �C�a� �i�n� �a�l�f�a�l�f�a� �b�e� �d�i�s�c�o�u�n�t�e�d� �f�o�r� �d�i�e�t� �f�o�r�m�u�l�a�t�i�o�n�.� 

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

�n�o�t� �a�v�a�i�l�a�b�l�e� �t�o� �n�o�n�r�u�m�i�n�a�n�t�s�.� �I�t� �i�s� �a�v�a�i�l�a�b�l�e� �t�o� �r�u�m�i�n�a�n�t�s� �b�e�c�a�u�s�e� 

�r�u�m�e�n� �m�i�c�r�o�b�e�s� �p�r�o�d�u�c�e� �t�h�e� �e�n�z�y�m�e� �p�h�y�t�a�s�e� �(�E�n�s�m�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�)�.� 

�L�o�f�g�r�e�e�n� �a�n�d� �K�l�e�i�b�e�r� �(�1�9�5�3�,� �1�9�5�4�)� �f�o�u�n�d� �t�h�a�t� �t�r�u�e� �d�i�g�e�s�t�i�b�i�l�i�t�y� �o�f� �P� �i�n� 

�a�l�f�a�l�f�a� �h�a�y� �b�y� �w�e�t�h�e�r� �l�a�m�b�s� �w�a�s� �a�b�o�u�t� �9�0�%�.� �D�u�t�t�o�n� �a�n�d� �F�o�n�t�e�n�o�t� �(�1�9�6�7�)� 

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

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

�a�b�s�o�r�p�t�i�o�n� �a�n�d� �r�e�t�e�n�t�i�o�n� �o�f� �M�g�,� �C�a� �n�o�r� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �o�f� �P�.� �H�o�w�e�v�e�r�,� 

�3�5



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

�p�h�o�s�p�h�o�r�u�s�.� 

�M�a�q�n�e�s�i�u�m�.� �G�e�n�e�r�a�l�l�y�,� �t�h�e� �M�g� �i�n� �g�r�a�i�n�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e�s� �i�s� �m�o�r�e� 

�a�v�a�i�l�a�b�l�e� �t�h�a�n� �i�n� �f�o�r�a�g�e� �(�P�e�e�l�e�r�,� �1�9�7�2�)�.� �M�a�g�n�e�s�i�u�m� �i�n� �p�r�e�s�e�r�v�e�d� �f�o�r�a�g�e� 

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

�s�u�c�c�u�l�e�n�t� �p�a�s�t�u�r�e�s� �a�n�d� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �m�a�t�u�r�i�t�y� �(�N�R�C�,� �1�9�8�5�)�.� �P�e�e�l�e�r� 

�(�1�9�7�2�)� �r�e�p�o�r�t�e�d� �h�i�g�h�e�r� �M�g� �a�b�s�o�r�p�t�i�o�n� �i�n� �y�o�u�n�g� �m�i�l�k�-�f�e�d� �c�a�l�v�e�s� �t�h�a�n� �i�n� 

�o�l�d�e�r� �c�a�l�v�e�s�.� 
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�C�H�A�P�T�E�R� �I�I�I�.� 

�E�N�S�I�L�I�N�G� �C�H�A�R�A�C�T�E�R�I�S�T�I�C�S� �A�N�D� �I�N� �V�I�T�R�O� �D�I�G�E�S�T�I�B�I�L�I�T�Y� �O�F� �A�L�F�A�L�F�A� �A�N�D� 
�W�H�E�A�T� �S�T�R�A�W� �E�N�S�I�L�E�D� �A�L�O�N�E� �A�N�D� �I�N� �D�I�F�F�E�R�E�N�T� �P�R�O�P�O�R�T�I�O�N�S� 

�W�I�T�H� �A�N�D� �W�I�T�H�O�U�T� �D�I�F�F�E�R�E�N�T� �A�D�D�I�T�I�V�E�S� 

�A�B�S�T�R�A�C�T� 

�A�l�f�a�l�f�a� �(�M�e�d�i�c�a�g�o� �s�a�t�i�v�a� �L�.�)� �i�s� �a� �c�h�o�i�c�e� �f�o�r�a�g�e� �f�o�r� �m�a�x�i�m�i�z�i�n�g� 

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

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

�s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �(�W�S�C�)� �c�o�n�t�e�n�t� �a�n�d� �h�i�g�h� �b�u�f�f�e�r�i�n�g� �c�a�p�a�c�i�t�y�.� �T�h�i�s� 

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

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

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

�i�n�o�c�u�l�a�n�t�.� �A�l�f�a�l�f�a� �h�a�r�v�e�s�t�e�d� �a�t� �1�/�1�0� �b�l�o�o�m� �a�n�d� �c�h�o�p�p�e�d� �w�h�e�a�t� �s�t�r�a�w� �w�e�r�e� 

�e�n�s�i�l�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �p�r�o�p�o�r�t�i�o�n�s�,� �D�M� �b�a�s�i�s�:� �0�:�1�0�0�,� �2�5�:�7�5�,� �5�0�:�5�0�,� �7�5�:�2�5�,� 

�1�0�0�:�0�,� �a�n�d� �0�:�1�0�0� �(�u�r�e�a� �t�r�e�a�t�e�d�)� �w�i�t�h� �0� �a�n�d� �5�%� �d�r�y� �m�o�l�a�s�s�e�s� �a�n�d� �O� �a�n�d� �.�1�%� 

�m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �(�L�a�c�t�o�b�a�c�i�]�l�u�s� �p�l�a�n�t�a�r�u�m� �a�n�d� �S�t�r�e�p�t�o�c�o�c�c�u�s� �f�a�e�c�i�u�m�)� 

�i�n�a� �6�x� �2� �x� �2� �f�a�c�t�o�r�i�a�l� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n�.� 

�E�a�c�h� �m�i�x�t�u�r�e� �w�a�s� �e�n�s�i�l�e�d� �i�n� �3�.�8� �l�i�t�e�r� �c�a�r�d�b�o�a�r�d� �c�o�n�t�a�i�n�e�r�s� �d�o�u�b�l�e� �l�i�n�e�d� 

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

�p�r�o�p�o�r�t�i�o�n�s� �w�i�t�h�o�u�t� �a�d�d�i�t�i�v�e�s� �w�e�r�e� �4�.�7�0�,� �4�.�7�6�,� �4�.�6�5�,� �4�.�7�6�,� �4�.�8�2� �a�n�d� 

�8�.�8�4�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�i�g�h�e�r� �p�H� �(�P� �<� �.�0�1�)� �v�a�l�u�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �w�i�t�h� �u�r�e�a�-� 

�t�r�e�a�t�e�d� �s�t�r�a�w�.� �L�o�w�e�r� �p�H� �(�P� �<� �.�0�1�)� �w�a�s� �o�b�s�e�r�v�e�d� �w�h�e�n� �m�o�l�a�s�s�e�s� �w�a�s� �u�s�e�d� 

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

�d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �l�e�v�e�l� �o�f� �a�l�f�a�l�f�a�.� 

�T�o�t�a�l� �V�F�A� �c�o�n�t�e�n�t� �o�f� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� 

�i�n�c�r�e�a�s�e�s� �i�n� �p�r�o�p�o�r�t�i�o�n� �o�f� �w�h�e�a�t� �s�t�r�a�w� �i�n� �t�h�e� �m�i�x�t�u�r�e�s�.� �W�a�t�e�r� �s�o�l�u�b�l�e� 
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�c�a�r�b�o�h�y�d�r�a�t�e� �i�n� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� 

�t�h�e� �i�n�c�r�e�a�s�e� �i�n� �a�l�f�a�l�f�a�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �W�S�C� �i�n� �t�h�e� 

�i�n�i�t�i�a�l� �m�i�x�t�u�r�e�s�.� �T�h�e� �W�S�C� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �d�u�r�i�n�g� �e�n�s�i�l�i�n�g�.� �A�d�d�i�t�i�o�n� 

�o�f� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �V�F�A� �c�o�n�t�e�n�t� �i�n� �t�h�e� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�.� 

�A�c�e�t�i�c� �a�c�i�d� �w�a�s� �t�h�e� �m�a�j�o�r� �V�F�A� �i�n� �t�h�e� �s�i�l�a�g�e�s�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� 

�w�h�e�a�t� �s�t�r�a�w� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�a�c�t�i�c� �a�c�i�d�,� �b�u�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� 

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

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

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

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

�i�n�o�c�u�l�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�,� �P� �<� �.�0�1�)�.� �T�h�e� �D�O�M�,� �N�D�F�,� �A�D�F�,� �c�e�l�l�u�l�o�s�e�,� �a�n�d� 

�h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� 

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

�s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �C�P� �c�o�n�t�e�n�t�,� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �h�e�m�i�-� 

�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �a�n�d� �i�m�p�r�o�v�e�d� �t�h�e� �I�V�D�M�D� �b�y� �1�1� �p�e�r�c�e�n�t�a�g�e� �u�n�i�t�s�.� �I�n� 

�v�i�t�r�o� �d�r�y� �m�a�t�t�e�r� �d�i�g�e�s�t�i�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �l�e�v�e�l� 

�o�f� �a�l�f�a�l�f�a�,� �a�n�d� �w�a�s� �e�n�h�a�n�c�e�d� �b�y� �m�o�l�a�s�s�e�s� �(�P� �<� �.�0�1�)�.� �T�h�e� �I�V�D�M�D� �o�f� 

�a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �e�n�s�i�l�e�d� �i�n� �7�5�:�2�5� �p�r�o�p�o�r�t�i�o�n� �w�i�t�h�o�u�t� �a�d�d�i�t�i�v�e� �w�a�s� 

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

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

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

�(�K�e�y� �W�o�r�d�s�:� �E�n�s�i�l�i�n�g� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �I�n� �V�i�t�r�o� �D�i�g�e�s�t�i�b�i�l�i�t�y�,� �A�l�f�a�l�f�a�,� 

�W�h�e�a�t� �S�t�r�a�w�,� �P�r�o�p�o�r�t�i�o�n�s�,� �A�d�d�i�t�i�v�e�.�)� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

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

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

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

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

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

�c�o�u�n�t�r�i�e�s�,� �s�u�c�h� �a�s� �P�a�k�i�s�t�a�n�.� �J�a�y�a�s�u�r�i�y�a� �a�n�d� �P�e�r�e�r�a� �(�1�9�8�2�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

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

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

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

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

�c�i�a�l� �l�i�v�e�s�t�o�c�k� �p�r�o�d�u�c�e�r�s�.� �E�n�s�i�l�i�n�g� �o�f� �l�e�g�u�m�i�n�o�u�s� �g�r�e�e�n� �f�o�r�a�g�e�s� �i�n� 

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

�t�h�e� �n�u�t�r�i�t�i�o�n�a�l� �v�a�l�u�e� �a�n�d� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �l�o�w� �q�u�a�l�i�t�y� �r�o�u�g�h�a�g�e� �(�S�i�n�g�h� �e�t� 

�a�l�.�,� �1�9�8�4�;� �C�h�a�u�h�a�n� �e�t� �a�l�.�,� �1�9�8�7�)�.� 

�L�e�g�u�m�i�n�o�u�s� �g�r�e�e�n� �f�o�r�a�g�e�s�,� �s�u�c�h� �a�s� �a�l�f�a�l�f�a� �(�M�e�d�i�c�a�g�o� �s�a�t�i�v�a� �L�.�)� �a�n�d� 

�b�e�r�s�e�e�m� �(�T�r�i�f�o�l�i�u�m� �a�l�e�x�a�n�d�r�i�n�u�m� �L�.�)�,� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �e�n�s�i�l�e� �b�e�c�a�u�s�e� �o�f� 

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

�(�M�c�D�o�n�a�l�d� �a�n�d� �W�h�i�t�t�e�n�b�u�r�y�,� �1�9�7�3�;� �S�o�l�i�m�a�n� �e�t� �a�l�.�,� �1�9�7�8�)�.� �V�a�r�i�o�u�s� �s�i�l�a�g�e� 

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

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

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

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

�(�M�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� �F�o�r�m�a�t�i�o�n� �o�f� �l�a�c�t�i�c� �a�c�i�d� �i�s� �a� �b�a�s�i�c� �p�r�o�c�e�s�s� �i�n� 

�p�r�e�s�e�r�v�a�t�i�o�n� �o�f� �e�n�s�i�l�e�d� �f�o�r�a�g�e� �(�O�h�y�a�m�a� �e�t� �a�l�.�,� �1�9�7�5�)�.� �A�d�d�i�t�i�o�n� �o�f� 
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�L�a�c�t�o�b�a�c�i�l�l�u�s� �s�p�.� �t�o� �f�r�e�s�h� �f�o�r�a�g�e�s� �h�a�s� �b�e�e�n� �r�e�c�o�m�m�e�n�d�e�d� �(�S�e�a�l�e�,� �1�9�8�6�;� 

�F�i�s�h� �e�t� �a�l�.�,� �1�9�8�8�)�.� �T�h�e� �D�M� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �f�r�e�s�h� �f�o�r�a�g�e�s� �i�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �a�v�o�i�d� �s�e�e�p�a�g�e� �a�n�d� �e�f�f�l�u�e�n�t� �l�o�s�s�e�s� �(�M�i�l�l�e�r� �a�n�d� �C�l�i�f�t�o�n�,� 

�1�9�6�5�)� �a�n�d� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� �e�i�t�h�e�r� �b�y� �w�i�l�t�i�n�g� �o�r� �a�d�d�i�t�i�o�n� �o�f� �c�r�o�p� 

�r�e�s�i�d�u�e�s�.� 

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

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

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

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

�E�X�P�E�R�I�M�E�N�T�A�L� �P�R�O�C�E�D�U�R�E� 

�A�l�f�a�l�f�a� �(�4�t�h� �c�u�t�t�i�n�g�)� �w�a�s� �h�a�r�v�e�s�t�e�d� �w�i�t�h� �s�m�a�l�l� �f�o�r�a�g�e� �h�a�r�v�e�s�t�o�r� �a�t� 

�1�/�1�0� �b�l�o�o�m� �s�t�a�g�e� �i�n� �S�e�p�t�e�m�b�e�r�,� �1�9�8�8�.� �A�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �w�e�r�e� 

�c�h�o�p�p�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�5� �c�m� �i�n� �l�e�n�g�t�h� �a�n�d� �w�e�r�e� �m�i�x�e�d� �i�n� �a� �s�m�a�l�l� 

�h�o�r�i�z�o�n�t�a�l� �m�i�x�e�r� �i�n� �p�r�o�p�o�r�t�i�o�n�s� �(�D�M� �b�a�s�i�s�)� �a�n�d� �a�d�d�i�t�i�v�e�s� �a�s� �f�o�l�l�o�w�s�:� 

�0�:�1�0�0�,� �2�5�:�7�5�,� �5�0�:�5�0�,� �7�5�:�2�5�,� �1�0�0�:�0�,� �0�:�1�0�0� �+� �u�r�e�a� �w�i�t�h� �O� �a�n�d� �5�%� �d�r�y� 

�m�o�l�a�s�s�e�s�,� �a�n�d� �0� �a�n�d� �.�1�%� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t�.� �T�h�u�s�,� �2�4� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m� 

�t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �i�n� �a� �6� �x� �2� �x� �2� �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� �u�r�e�a� �t�r�e�a�t�m�e�n�t�,� �5�0� �g� �o�f� �u�r�e�a� �d�i�s�s�o�l�v�e�d� �i�n� �.�4� �l�i�t�e�r� �o�f� �w�a�t�e�r� �p�e�r� 

�k�i�l�o�g�r�a�m� �o�f� �w�h�e�a�t� �s�t�r�a�w� �D�M� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �s�t�r�a�w� �i�n�s�i�d�e� �t�h�e� �m�i�x�e�r�.� 

�S�u�f�f�i�c�i�e�n�t� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �w�h�e�a�t� �s�t�r�a�w� �f�o�r� �t�h�e� �0�:�1�0�0� �t�r�e�a�t�m�e�n�t� �t�o� 

�a�t�t�a�i�n� �a� �m�o�i�s�t�u�r�e� �l�e�v�e�l� �o�f� �a�b�o�u�t� �4�0�%�.� �T�h�e� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t�!� 

�c�o�n�t�a�i�n�e�d� �L�a�c�t�o�b�a�c�i�]�l�u�s� �p�l�a�n�t�a�r�u�m� �a�n�d� �S�t�r�e�p�t�o�c�o�c�c�u�s� �f�a�e�c�i�u�m�.� 

�A�f�t�e�r� �t�h�o�r�o�u�g�h� �m�i�x�i�n�g�,� �s�i�x� �l�a�b�o�r�a�t�o�r�y� �s�i�l�o�s� �p�e�r �� �t�r�e�a�t�m�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �m�a�n�u�a�l� �p�a�c�k�i�n�g� �o�f� �e�a�c�h� �m�i�x�t�u�r�e� �i�n�t�o� �3�.�8� 
� � 

�1�T�n�o�c�u�l�a�n�t� �1�1�7�7�,� �P�i�o�n�e�e�r� �M�i�c�r�o�b�i�a�l� �G�e�n�e�t�i�c�s�,� �W�e�s�t� �D�e�s� �M�o�i�n�e�s�,� �I�A�.� 

�4�0



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

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

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

�k�e�p�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �m�i�n�i�m�u�m� �o�f� �6�0� �d�.� 

�A�f�t�e�r� �6�0� �d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �s�i�l�o�s� �w�e�r�e� �w�e�i�g�h�e�d�,� �o�p�e�n�e�d�,� �a�n�d� 

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

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

�a�n�y�,� �w�e�r�e� �r�e�c�o�r�d�e�d�.� 

�I�n� �V�i�t�r�o� �D�i�g�e�s�t�i�b�i�l�i�t�y�.� �O�n�e� �r�u�m�i�n�a�l�l�y� �c�a�n�n�u�l�a�t�e�d� �s�t�e�e�r� �w�a�s� �f�e�d� 

�w�h�e�a�t� �s�t�r�a�w� �a�n�d� �a�l�f�a�l�f�a� �h�a�y� �(�5�0�:�5�0�)� �a�d� �l�i�b�i�t�u�m� �f�o�r� �7� �d� �b�e�f�o�r�e� �t�h�e� 

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

�f�o�r� �2� �h� �p�r�i�o�r� �t�o� �c�o�l�l�e�c�t�i�o�n� �o�f� �r�u�m�i�n�a�l� �i�n�g�e�s�t�a�.� �T�h�e� �i�n�g�e�s�t�a� �w�a�s� �c�o�l�-� 

�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �c�a�n�n�u�l�a� �f�r�o�m� �t�h�e� �s�t�e�e�r� �2� �h� �a�f�t�e�r� �f�e�e�d�i�n�g� �a�n�d� �w�a�s� 

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

�b�o�t�t�l�e� �a�n�d� �w�a�s� �t�r�a�n�s�p�o�r�t�e�d� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �i�m�m�e�d�i�a�t�e�l�y� �f�o�r� �I�V�D�M�D� �u�s�i�n�g� 

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

�T�e�r�r�y�,� �1�9�6�3�;� �a�s� �m�o�d�i�f�i�e�d� �b�y� �B�a�r�n�e�s�,� �1�9�6�9�)�.� 

�T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �g�r�o�u�n�d� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �a� �1� �m�m� �s�i�e�v�e�.� �D�u�p�l�i�c�a�t�e� 

�a�i�r� �d�r�i�e�d� �s�a�m�p�l�e�s�,� �.�3�5� �g� �e�a�c�h�,� �w�e�r�e� �w�e�i�g�h�e�d� �i�n�t�o� �l�a�b�e�l�e�d� �5�0� �m�l� �t�u�b�e�s� 

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

�a�n�d� �T�e�r�r�y� �(�1�9�6�3�)�.� �A�f�t�e�r� �r�u�m�e�n� �f�l�u�i�d� �r�e�a�c�h�e�d� �t�h�e� �l�a�b�o�r�a�t�o�r�y�,� �i�t� �w�a�s� 

�a�d�d�e�d� �t�o� �t�h�e� �f�r�e�s�h�l�y� �p�r�e�p�a�r�e�d� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n� �(�1�:�4�)� �i�n� �a� �g�l�a�s�s� �b�o�t�t�l�e� 

�f�i�t�t�e�d� �w�i�t�h� �a� �s�t�o�p�p�e�r� �w�i�t�h� �t�w�o� �o�p�e�n�i�n�g�s� �(�o�n�e� �f�o�r� �p�a�s�s�i�n�g� �o�f� �C�0�2� �t�u�b�e� �a�n�d� 

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

�r�u�m�e�n� �f�l�u�i�d�-�b�u�f�f�e�r� �m�i�x�t�u�r�e� �t�o� �a�d�j�u�s�t� �t�h�e� �p�H� �t�o� �7�.�0�.� �T�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� 

�4�1



�m�i�x�t�u�r�e� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �3�8� �t�o� �3�9�°� �C�,� �3�5� �m�l� �o�f� �t�h�e� �r�u�m�e�n� �f�l�u�i�d�-�b�u�f�f�e�r� 

�m�i�x�t�u�r�e� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e�,� �a�n�d� �C�0�9� �w�a�s� �d�i�r�e�c�t�e�d� �i�n� �e�a�c�h� �t�u�b�e� �f�o�r� �1�5� 

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

�e�q�u�i�p�p�e�d� �w�i�t�h� �B�u�n�s�e�n� �v�a�l�v�e�s� �a�n�d� �w�e�r�e� �k�e�p�t� �i�n� �a� �w�a�t�e�r� �b�a�t�h� �a�t� �c�o�n�s�t�a�n�t� 

�t�e�m�p�e�r�a�t�u�r�e� �(�3�8� �t�o� �3�9�°� �C�)�.� �T�u�b�e�s� �w�e�r�e� �s�w�i�r�l�e�d� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� 

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

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

�r�u�m�e�n� �f�l�u�i�d� �a�n�d� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n�.� �A�f�t�e�r� �4�8� �h� �o�f� �i�n�c�u�b�a�t�i�o�n�,� �t�u�b�e�s� �w�e�r�e� 

�c�e�n�t�r�i�f�u�g�e�d� �a�t� �2�5�0�0� �r�p�m� �f�o�r� �1�5� �m�i�n� �a�n�d� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �p�o�u�r�e�d� �o�f�f�.� 

�T�w�e�n�t�y�-�f�i�v�e� �m�i�l�l�i�l�i�t�e�r�s� �a�c�i�d�-�p�e�p�s�i�n� �s�o�l�u�t�i�o�n� �(�c�o�n�t�a�i�n�i�n�g� �2� �g� �p�e�p�s�i�n� �+� 

�8�3�.�3� �m�l� �o�f� �H�C�L� �p�e�r� �l�i�t�e�r� �o�f� �s�o�l�u�t�i�o�n�)� �w�e�r�e� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e� �a�n�d� �t�h�e� 

�t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �w�a�t�e�r� �b�a�t�h� �f�o�r� �a�n�o�t�h�e�r� �4�8� �h�.� �T�u�b�e�s� �w�e�r�e� �s�w�i�r�l�e�d� 

�2�,� �4�,� �2�0� �a�n�d� �2�8� �h� �a�f�t�e�r� �b�e�g�i�n�n�i�n�g� �o�f� �p�e�p�s�i�n� �i�n�c�u�b�a�t�i�o�n�.� �A�t� �t�h�e� �e�n�d� �o�f� 

�t�h�e� �4�8� �h� �p�e�p�s�i�n� �i�n�c�u�b�a�t�i�o�n� �p�e�r�i�o�d�,� �t�u�b�e�s� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �2�5�0�0� �r�p�m� 

�f�o�r� �1�5� �m�i�n�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �p�o�u�r�e�d� �o�f�f� �a�n�d� �t�u�b�e�s� �w�i�t�h� �r�e�s�i�d�u�e� �w�e�r�e� 

�d�r�i�e�d� �f�o�r� �2�4� �h� �a�t� �1�0�0�°� �C�.� �A�f�t�e�r� �d�r�y�i�n�g�,� �t�u�b�e�s� �w�i�t�h� �r�e�s�i�d�u�e� �w�e�r�e� �w�e�i�g�h�e�d� 

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

�t�u�b�e�s� �w�e�r�e� �t�h�o�r�o�u�g�h�l�y� �w�a�s�h�e�d�,� �d�r�i�e�d�,� �w�e�i�g�h�e�d� �a�n�d� �I�V�D�M�D� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� 

�C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s�.� �W�a�t�e�r� �e�x�t�r�a�c�t�s� �o�f� �t�h�e� �i�n�i�t�i�a�l� �a�n�d� �e�n�s�i�l�e�d� 

�(�f�e�r�m�e�n�t�e�d�)� �m�i�x�t�u�r�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �h�o�m�o�g�e�n�i�z�i�n�g� �2�5� �g� �s�a�m�p�l�e�s� �w�i�t�h� �2�2�5� 

�m�l� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �i�n� �a� �.�5� �l�i�t�e�r� �j�a�r� �i�n� �a� �W�a�r�i�n�g� �b�l�e�n�d�e�r� �a�t� �f�u�l�l� 

�s�p�e�e�d� �f�o�r� �2� �m�i�n�.� �T�h�e� �h�o�m�o�g�e�n�a�t�e�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �f�o�u�r� �l�a�y�e�r�s� �o�f� 

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

�m�e�t�r�i�c�a�l�l�y�)� �V�F�A� �(�V�a�r�i�a�n� �6�0�0�0� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�,� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �1�0�%� 

�S�P�-�1�2�0�0�/�1�%� �H�3�P�0�q�4� �o�n� �8�0�/�1�0�0� �c�h�r�o�m�a�s�o�r�b� �W�A�W�)�,� �l�a�c�t�i�c� �a�c�i�d� �(�B�a�r�k�e�r� �a�n�d� 
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�S�u�m�m�e�r�s�o�n�,� �1�9�4�1� �a�s� �m�o�d�i�f�i�e�d� �b�y� �P�e�n�n�i�n�g�t�o�n� �a�n�d� �S�u�t�h�e�r�l�a�n�d�,� �1�9�5�6�)� �a�n�d� �W�S�C� 

�(�D�u�b�o�i�s� �e�t� �a�l�.�,� �1�9�5�6� �a�s� �a�d�a�p�t�e�d� �t�o� �c�o�r�n� �p�l�a�n�t�s� �b�y� �J�o�h�n�s�o�n� �e�t� �a�l�.�,� �1�9�6�6�)�.� 

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

�m�i�x�t�u�r�e�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �K�j�e�l�d�a�h�l� �p�r�o�c�e�d�u�r�e� �(�A�O�A�C�,� �1�9�8�4�)�.� �D�r�y� 

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

�o�f� �s�a�m�p�l�e�s� �i�n� �a� �f�o�r�c�e�d� �d�r�a�f�t� �o�v�e�n� �a�t� �6�0�°� �f�o�r� �4�8� �h�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

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

�e�n�s�i�l�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �g�r�o�u�n�d� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �1�-�m�m� �s�i�e�v�e� �a�n�d� �w�e�r�e� �a�n�a�l�y�z�e�d� 

�f�o�r� �D�M�,� �a�s�h� �(�A�O�A�C�,� �1�9�8�4�)�,� �N�D�F� �(�V�a�n� �S�o�e�s�t� �a�n�d� �W�i�n�e�,� �1�9�6�7�)�,� �A�D�F� �(�V�a�n� 

�S�o�e�s�t�,� �1�9�6�3�;� �G�o�e�r�i�n�g� �a�n�d� �V�a�n� �S�o�e�s�t�,� �1�9�7�0�)�,� �l�i�g�n�i�n� �a�n�d� �c�e�l�l�u�l�o�s�e� �(�V�a�n� 

�S�o�e�s�t� �a�n�d� �W�i�n�e�,� �1�9�6�8�)�.� �T�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �g�r�o�u�n�d� �s�a�m�p�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� 

�s�a�m�p�l�e� �j�a�r�s� �a�n�d� �w�e�r�e� �u�s�e�d� �f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �I�V�D�M�D� �(�T�i�l�l�e�y� �a�n�d� �T�e�r�r�y�,� 

�1�9�6�3�,� �a�s� �m�o�d�i�f�i�e�d� �b�y� �B�a�r�n�e�s�,� �1�9�6�9�)�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s�.� �D�a�t�a� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �a�n�a�l�y�z�e�d� �b�y� �t�h�e� 

�G�e�n�e�r�a�l� �L�i�n�e�a�r� �M�o�d�e�l� �(�G�L�M�)� �p�r�o�c�e�d�u�r�e� �(�S�A�S�,� �1�9�8�5�)�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

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

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

�t�r�e�a�t�m�e�n�t�s�,� �m�o�l�a�s�s�e�s�,� �i�n�o�c�u�l�a�n�t�,� �t�r�e�a�t�m�e�n�t� �x� �m�o�l�a�s�s�e�s�,� �t�r�e�a�t�m�e�n�t� �x� 

�i�n�o�c�u�l�a�n�t�,� �m�o�l�a�s�s�e�s� �x� �i�n�o�c�u�l�a�n�t�,� �a�n�d� �t�r�e�a�t�m�e�n�t� �x� �m�o�l�a�s�s�e�s� �x� �i�n�o�c�u�l�a�n�t�.� 

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

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

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

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

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

�e�x�c�e�p�t� �t�h�e� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�,� �w�h�i�c�h� �h�a�d� �a�n� �a�m�m�o�n�i�a�c�a�l� �s�m�e�l�l�.� 
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�D�i�a�s�-�D�a�-�S�i�l�v�a� �a�n�d� �S�u�n�d�s�t�o�l� �(�1�9�8�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �u�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �e�i�t�h�e�r� 

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

�c�o�n�t�a�i�n�e�r�s� �w�e�r�e� �o�p�e�n�e�d�.� �T�w�o� �s�i�l�a�g�e�s�,� �1�0�0�%� �a�l�f�a�l�f�a� �a�n�d� �1�0�0�%� �a�l�f�a�l�f�a� �w�i�t�h� 

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

�d�e�t�e�c�t�e�d� �i�n� �u�n�t�r�e�a�t�e�d� �a�n�d� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� �U�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� 

�s�t�r�a�w� �h�a�d� �a� �g�o�l�d�e�n� �c�o�l�o�r�.� 

�C�o�m�p�o�s�i�t�i�o�n� �o�f� �A�l�f�a�l�f�a� �a�n�d� �W�h�e�a�t� �S�t�r�a�w�.� �T�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� 

�o�f� �t�h�e� �t�w�o� �f�o�r�a�g�e�s�,� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w�,� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.� 

�A�v�e�r�a�g�e� �D�M� �c�o�n�t�e�n�t� �w�a�s� �2�1�.�2�%� �f�o�r� �a�l�f�a�l�f�a�,� �a�n�d� �9�1�.�6�%� �f�o�r� �w�h�e�a�t� �s�t�r�a�w�.� 

�H�i�g�h�e�r� �(�P� �<� �.�0�1�)� �C�P� �c�o�n�t�e�n�t� �f�o�r� �a�l�f�a�l�f�a� �t�h�a�n� �f�o�r� �w�h�e�a�t� �s�t�r�a�w� �(�2�2�.�2�1� �v�s� 

�2�.�3�1�%�,� �D�M� �b�a�s�i�s�)� �w�a�s� �r�e�c�o�r�d�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�o�s�e� 

�o�f� �W�e�i�s�s�b�a�c�h� �e�t� �a�l�.� �(�1�9�7�4�)� �a�n�d� �N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s� �(�1�9�8�5�)� �t�h�a�t� �l�e�g�u�m�e�s� �a�r�e� 

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

�c�e�r�e�a�l� �c�r�o�p� �r�e�s�i�d�u�e�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�A�n�d�e�r�s�o�n�,� �1�9�7�8�;� �W�a�n�a�p�a�t�,� �1�9�8�6�;� 

�M�a�l�e�s�,� �1�9�8�7�)�.� �A�s� �s�h�o�w�n� �i�n� �t�h�e� �t�a�b�l�e�,� �w�h�e�a�t� �s�t�r�a�w� �w�a�s� �h�i�g�h�e�r� �i�n� �N�D�F�,� 

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

�w�h�e�a�t� �s�t�r�a�w�.� �H�a�r�k�i�n� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �l�i�g�n�i�n� �c�o�n�t�e�n�t� �i�n� �a�l�f�a�l�f�a� 

�r�a�n�g�e�s� �f�r�o�m� �5� �t�o� �1�4�%�.� �H�i�g�h� �f�i�b�e�r� �c�o�n�t�e�n�t� �i�n� �c�r�o�p� �r�e�s�i�d�u�e� �(�A�n�d�e�r�s�o�n�,� 

�1�9�7�8�;� �M�a�l�e�s�,� �1�9�8�7�)� �a�n�d� �h�i�g�h� �l�i�g�n�i�n� �c�o�n�t�e�n�t� �(�K�l�o�p�f�e�n�s�t�e�i�n�,� �1�9�7�8�)� �h�a�v�e� 

�b�e�e�n� �r�e�p�o�r�t�e�d�.� �T�h�e� �a�s�h� �c�o�n�t�e�n�t� �(�1�0�.�3�4� �v�s� �3�.�2�3�)� �w�a�s� �m�u�c�h� �h�i�g�h�e�r� �i�n� 

�a�l�f�a�l�f�a� �t�h�a�n� �w�h�e�a�t� �s�t�r�a�w�.� 

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

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

�(�m�o�l�a�s�s�e�s� �x� �i�n�o�c�u�l�a�n�t�,� �P� �<� �.�0�5�)�.� �M�o�l�a�s�s�e�s� �w�a�s� �e�f�f�e�c�t�i�v�e� �i�n� �l�o�w�e�r�i�n�g� �t�h�e� 

�p�H� �o�f� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �e�n�s�i�l�e�d� �a�l�o�n�e� �a�n�d� �i�n� �d�i�f�f�e�r�e�n�t� �p�r�o�-� 

�p�o�r�t�i�o�n�s�.� �A�v�e�r�a�g�e� �r�e�d�u�c�t�i�o�n� �w�a�s� �.�3�4� �u�n�i�t�.� �A� �s�i�m�i�l�a�r� �r�e�d�u�c�t�i�o�n� �i�n� �p�H� �b�y� 

�a�d�d�i�t�i�o�n� �o�f� �5� �t�o� �1�9�%� �m�o�l�a�s�s�e�s� �i�n� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �b�e�r�s�e�e�m� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� 

�w�a�s� �r�e�p�o�r�t�e�d� �b�y� �S�i�n�g�h� �e�t� �a�l�.� �(�1�9�8�4�)�.� �L�a�n�i�g�a�n� �(�1�9�6�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

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

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

�M�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �r�e�s�u�l�t�e�d� �i�n� �a�n� �i�n�c�r�e�a�s�e� �(�P� �<� �.�0�1�)� �i�n� �p�H� �o�f� 

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

�g�r�e�a�t�e�r� �e�f�f�e�c�t� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �m�o�l�a�s�s�e�s� �(�i�n�o�c�u�l�a�n�t� �x� �m�o�l�a�s�s�e�s�,� �P� �<� 

�.�0�5�)�.� �S�h�o�c�k�e�y� �e�t� �a�l�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �n�o� �c�h�a�n�g�e�s� �i�n� �p�H� �a�n�d� �l�a�c�t�i�c� �a�c�i�d� 

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

�f�o�r� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w� �w�e�r�e� �m�u�c�h� �h�i�g�h�e�r� �(�P� �<� �.�0�1�)� �t�h�a�n� �u�n�t�r�e�a�t�e�d� 

�w�h�e�a�t� �s�t�r�a�w�.� �T�h�e� �v�a�l�u�e�s� �f�o�r� �u�r�e�a�-�t�r�e�a�t�e�d� �s�t�r�a�w� �a�v�e�r�a�g�e�d� �8�.�5�9�,� �c�o�m�p�a�r�e�d� 

�t�o� �4�.�8�8� �f�o�r� �u�n�t�r�e�a�t�e�d� �s�t�r�a�w�.� �H�i�n�d�s� �e�t� �a�l�.� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �N�P�N� 

�s�i�l�a�g�e� �(�s�o�r�g�h�u�m�-�u�r�e�a�-�m�o�l�a�s�s�e�s� �s�i�l�a�g�e�)� �h�a�d� �h�i�g�h�e�r� �p�H� �t�h�a�n� �s�o�r�g�h�u�m� �s�i�l�a�g�e� 

�(�n�o� �a�d�d�i�t�i�v�e�)�.� �R�a�y�m�o�n�d� �e�t� �a�l�.� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n� �m�a�n�y� �c�a�s�e�s� �t�h�e� 

�f�i�n�a�l� �p�H� �o�f� �t�h�e� �s�i�l�a�g�e� �w�i�t�h� �a�d�d�i�t�i�v�e�s� �w�a�s� �n�o� �l�o�w�e�r� �t�h�a�n� �w�o�u�l�d� �h�a�v�e� 
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�m�o�l�a�s�s�e�s� �a�s� �a�n� �a�d�d�i�t�i�v�e� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �l�a�c�t�i�c� �a�c�i�d� �p�r�o�d�u�c�t�i�o�n� 

�(�F�i�g�u�r�e� �1�)�.� �T�h�e� �e�f�f�e�c�t� �d�e�c�r�e�a�s�e�d� �a�s� �p�r�o�p�o�r�t�i�o�n� �o�f� �a�l�f�a�l�f�a� �d�e�c�r�e�a�s�e�d� 

�(�f�o�r�a�g�e� �x� �m�o�l�a�s�s�e�s�,� �P� �<� �.�0�1�)�.� �T�h�e� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �a�l�o�n�e� �c�o�n�t�a�i�n�i�n�g� 

�L�a�c�t�o�b�a�c�i�l�l�u�s� �p�l�a�n�t�a�r�u�m� �a�n�d� �S�t�r�e�p�t�o�c�o�c�c�u�s� �f�a�e�c�i�u�m� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� 

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

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

�.�0�1�)�.� �E�l�y� �e�t� �a�l�.� �(�1�9�8�1�)� �a�n�d� �H�i�n�d�s� �e�t� �a�l�.� �(�1�9�8�5�)� �f�o�u�n�d� �t�h�a�t� �i�n�o�c�u�l�a�t�e�d� 

�S�s�i�l�a�g�e�s� �h�a�d� �l�o�w�e�r� �p�H� �a�n�d� �h�i�g�h�e�r� �l�a�c�t�i�c� �a�c�i�d�.� �O�h�y�a�m�a� �e�t� �a�l�.� �(�1�9�7�3�)� 

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

�q�u�a�l�i�t�y�.� �L�u�t�h�e�r� �(�1�9�8�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �u�s�e� �o�f� �i�n�o�c�u�l�a�n�t� �d�i�d� �n�o�t� �s�h�o�w� 

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

�p�l�a�n�t� �s�i�l�a�g�e�.� �S�t�e�e�n� �e�t� �a�l�.� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �s�i�l�a�g�e� �f�e�r�m�e�n�t�a�t�i�o�n� �w�a�s� 

�s�i�m�i�l�a�r� �b�e�t�w�e�e�n� �u�n�t�r�e�a�t�e�d� �a�n�d� �i�n�o�c�u�l�a�n�t� �(�L�.� �P�l�a�n�t�a�r�u�m�)� �t�r�e�a�t�e�d� �g�r�a�s�s� 

�s�i�l�a�g�e�s�.� �S�h�o�c�k�e�y� �e�t� �a�l�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n�o�c�u�l�a�t�i�o�n� �d�i�d� �n�o�t� �a�f�f�e�c�t� 

�c�h�a�n�g�e�s� �i�n� �p�H� �o�r� �l�a�c�t�i�c� �a�c�i�d� �o�f� �e�n�s�i�l�e�d� �p�o�o�r� �q�u�a�l�i�t�y� �a�l�f�a�l�f�a�.� �M�u�c�k� �e�t� 

�a�l�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �n�u�m�b�e�r� �o�f� �l�a�c�t�i�c� �a�c�i�d� �b�a�c�t�e�r�i�a� �r�e�q�u�i�r�e�d� �f�o�r� �a�n� 

�i�m�m�e�d�i�a�t�e� �d�r�o�p� �i�n� �p�H� �j�i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�8�/�g� �o�f� �t�h�e� �f�o�r�a�g�e�.� �T�h�i�s� 

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

�i�n�o�c�u�l�a�n�t� �s�u�c�c�e�s�s� �d�e�p�e�n�d�s� �u�p�o�n� �a�d�e�q�u�a�t�e� �s�u�b�s�t�r�a�t�e�.� �S�i�n�g�h� �e�t� �a�l�.� �(�1�9�8�4�)� 

�r�e�p�o�r�t�e�d� �i�n�c�r�e�a�s�e�d� �l�a�c�t�i�c� �a�c�i�d� �f�r�o�m� �a�d�d�i�t�i�o�n� �o�f� �5�%� �m�o�l�a�s�s�e�s� �t�o� �b�e�r�s�e�e�m� 

�a�n�d� �w�h�e�a�t� �s�t�r�a�w� �(�8�0�:�2�0�,� �f�r�e�s�h� �b�a�s�i�s�)�.� �L�a�n�i�g�a�n� �(�1�9�6�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

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

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

�(�P�<� �.�0�1�)� �l�a�c�t�i�c� �a�c�i�d�.� �O�j�i� �e�t� �a�l�.� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �n�e�g�l�i�g�i�b�l�e� �a�m�o�u�n�t� �o�f� 

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

�i�n� �i�n�i�t�i�a�l� �(�p�r�e�-�e�n�s�i�l�e�d�)� �m�i�x�t�u�r�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �a�l�f�a�l�f�a� �l�e�v�e�l� �(�T�a�b�l�e� �5�)�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �i�n�c�r�e�a�s�e�d� �(�P� 

�<� �.�0�1�)� �t�h�e� �W�S�C� �c�o�n�t�e�n�t� �i�n� �i�n�i�t�i�a�l� �m�i�x�t�u�r�e�s�.� �T�h�e� �v�a�l�u�e�s� �w�e�r�e� �w�i�t�h�i�n� �t�h�e� 

�r�a�n�g�e� �o�f� �5�.�7� �t�o� �2�1�.�3�1� �a�n�d� �w�e�r�e� �b�e�t�t�e�r� �t�h�a�n� �t�h�e� �r�a�n�g�e� �o�f� �6� �t�o� �8�%� �r�e�p�o�r�t�e�d� 

�f�o�r� �a�d�e�q�u�a�t�e� �p�r�e�s�e�r�v�a�t�i�o�n� �(�M�c�C�u�l�l�o�u�g�h�,� �1�9�7�7�)�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �w�h�e�n� 

�m�o�l�a�s�s�e�s� �w�a�s� �a�d�d�e�d� �a�l�o�n�e� �t�h�e� �W�S�C� �a�g�r�e�e�d� �c�l�o�s�e�l�y� �t�o� �t�h�e� �c�a�l�c�u�l�a�t�e�d� 

�v�a�l�u�e�s�.� �W�h�e�n� �m�o�l�a�s�s�e�s� �w�a�s� �a�d�d�e�d� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �i�n�o�c�u�l�u�m�,� �t�h�e� �W�S�C� 
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�A�c�e�t�i�c� �a�c�i�d� �w�a�s� �t�h�e� �m�a�j�o�r� �V�F�A� �f�o�r� �a�l�l� �s�i�l�a�g�e�s� �(�T�a�b�l�e� �8�)�.� �A�s� �s�h�o�w�n� 

�i�n� �t�a�b�l�e� �8�,� �a�c�e�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� 

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

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

�l�e�v�e�l�s� �w�e�r�e� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �b�y� �a�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s�,� �a�n�d� �i�n�o�c�u�l�a�n�t� 

�h�a�d� �n�o� �m�a�r�k�e�d� �e�f�f�e�c�t�.� �T�h�i�s� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �C�a�t�c�h�p�o�o�l�e� �a�n�d� �H�e�n�z�e�l�]� 

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

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

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

�i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �a�c�e�t�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� 

�m�o�l�a�s�s�e�s� �w�a�s� �a�d�d�e�d� �(�F�i�g�u�r�e� �2�)�.� �S�i�m�i�l�a�r� �f�i�n�d�i�n�g�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �O�j�i� �e�t� 

�a�l�.� �(�1�9�7�7�)� �t�h�a�t� �N�H�3� �t�r�e�a�t�m�e�n�t� �o�f� �c�o�r�n� �s�t�o�v�e�r� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �t�h�e� 

�a�c�e�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t�.� 

�P�r�o�p�i�o�n�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �l�o�w� �f�o�r� �a�l�l� �s�i�l�a�g�e�s� �(�T�a�b�l�e� �9�)�.� 

�T�h�e� �l�e�v�e�l� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �p�r�o�p�o�r�t�i�o�n� 

�o�f� �s�t�r�a�w�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �a�s� �a�n� �a�d�d�i�t�i�v�e� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� 

�p�r�o�p�i�o�n�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �I�n�t�e�r�a�c�t�i�o�n�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �f�o�r� �f�o�r�a�g�e�s� �x� 

�m�o�l�a�s�s�e�s� �(�P� �<� �.�0�1�)� �a�n�d� �f�o�r�a�g�e�s� �x� �i�n�o�c�u�l�a�n�t� �(�P� �<� �.�0�1�)�.� 

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

�t�r�a�t�i�o�n� �(�T�a�b�l�e� �1�0�)�.� �T�h�e�r�e� �w�a�s� �a� �q�u�a�d�r�a�t�i�c� �(�P� �<� �.�0�5�)� �e�f�f�e�c�t� �o�f� �f�o�r�a�g�e�s� 

�o�n� �b�u�t�y�r�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�T�a�b�l�e� �1�1�)� �a�n�d� �a� �l�i�n�e�a�r� �(�P� �<� �.�0�1�)� �e�f�f�e�c�t� 

�o�f� �f�o�r�a�g�e�s� �o�n� �i�s�o�v�a�l�e�r�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�i�l�a�g�e�s� �(�T�a�b�l�e� �1�2�)�.� 

�D�r�y� �M�a�t�t�e�r� �R�e�c�o�v�e�r�y�.� �T�h�e� �D�M� �r�e�c�o�v�e�r�y� �t�e�n�d�e�d� �t�o� �i�n�c�r�e�a�s�e� �l�i�n�e�a�r�l�y� 

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

�w�e�r�e� �s�m�a�l�l� �(�T�a�b�l�e� �1�3�)�.� �A�v�e�r�a�g�e� �r�e�c�o�v�e�r�y� �e�x�c�e�e�d�e�d� �9�4�%�.� �A�d�d�i�t�i�o�n� �o�f� 
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�a�l�f�a�l�f�a� �s�i�l�a�g�e�s� �w�e�r�e� �8�5�.�8� �a�n�d� �8�5�.�6�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �a�l�f�a�l�f�a�,� �9�7�.�4� �a�n�d� 

�9�7�.�1�%� �f�o�r� �o�r�c�h�a�r�d�g�r�a�s�s� �a�n�d� �9�8�.�2� �a�n�d� �9�9�.�5�%� �f�o�r� �c�o�r�n�.� �T�h�e� �D�M� �r�e�c�o�v�e�r�i�e�s� 

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

�i�n� �o�u�r� �s�t�u�d�y� �t�h�a�n� �i�n� �t�h�a�t� �o�f� �W�a�l�d�o� �a�n�d� �G�o�e�r�i�n�g� �(�1�9�7�6�)� �w�h�o� �r�e�p�o�r�t�e�d� �D�M� 

�r�e�c�o�v�e�r�i�e�s� �o�f� �8�5�.�8� �a�n�d� �8�5�.�6�%� �f�o�r� �u�n�t�r�e�a�t�e�d� �a�n�d� �L�a�c�t�o�b�a�c�i�l�l�u�s� �c�u�l�t�u�r�e�-� 

�t�r�e�a�t�e�d� �a�l�f�a�l�f�a� �s�i�l�a�g�e�.� �I�n� �o�u�r� �s�t�u�d�y� �u�r�e�a� �t�r�e�a�t�m�e�n�t� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� 

�t�h�e� �D�M� �r�e�c�o�v�e�r�y� �(�9�4�.�6� �v�s� �9�3�.�2�%�)�.� 

�C�h�e�m�i�c�a�l� �C�o�m�p�o�s�i�t�i�o�n� 

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

�T�a�b�l�e� �1�4� �a�n�d� �f�o�r� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�n� �T�a�b�l�e� �1�5�.� �O�v�e�r�a�l�l�,� �t�h�e�r�e� �w�e�r�e� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �(�P� �<� �.�0�5�)� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �D�M� �c�o�n�t�e�n�t� �o�f� �p�r�e�-�e�n�s�i�l�e�d� 

�a�n�d� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�.� �T�h�e� �D�M� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� 

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

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

�d�r�y� �m�o�l�a�s�s�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �D�M� �c�o�n�t�e�n�t� �i�n� �t�h�e� �s�i�l�a�g�e�s�,� �a� 

�r�e�f�l�e�c�t�i�o�n� �o�f� �h�i�g�h�e�r� �D�M� �f�o�r� �m�o�l�a�s�s�e�s� �t�h�a�n� �t�h�e� �m�i�x�t�u�r�e�s�.� �T�h�e� �f�o�r�a�g�e� �x� 

�m�o�l�a�s�s�e�s� �i�n�t�e�r�a�c�t�i�o�n� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t� �(�P� �<� �.�0�1�)�.� �A�d�d�i�t�i�o�n� �o�f� �i�n�o�c�u�l�a�n�t� 

�h�a�d� �n�o� �e�f�f�e�c�t�.� 
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�C�r�u�d�e� �P�r�o�t�e�i�n�.� �T�h�e� �C�P� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �(�P� �<� �.�0�1�)� �w�i�t�h� 

�t�h�e� �i�n�c�r�e�a�s�e� �i�n� �p�r�o�p�o�r�t�i�o�n� �o�f� �a�l�f�a�l�f�a� �i�n� �p�r�e�-�e�n�s�i�l�e�d� �(�T�a�b�l�e� �1�6�)� �a�n�d� 

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

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

�m�o�l�a�s�s�e�s� �t�o� �s�i�l�a�g�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �t�h�e� �C�P� �c�o�n�t�e�n�t� �i�n� �t�h�e� �s�i�l�a�g�e�s�,� 

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

�i�n�o�c�u�l�a�n�t� �d�i�d� �n�o�t� �a�f�f�e�c�t� �C�P� �o�f� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�,� �b�u�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� 

�.�0�5�)� �t�h�e� �C�P� �o�f� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �w�h�e�a�t� �s�t�r�a�w� 

�i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �C�P� �c�o�n�t�e�n�t� �(�1�4�.�3�5� �v�s� �2�.�8�7�%�,� �D�M� �b�a�s�i�s�)�.� 

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

�(�I�b�r�a�h�i�m� �e�t� �a�l�.�,� �1�9�8�6�;� �J�a�y�a�s�u�r�i�y�a� �a�n�d� �P�e�a�r�c�e�,� �1�9�8�3�)� �a�n�d� �u�r�e�a�-�t�r�e�a�t�e�d� 

�w�h�e�a�t� �s�t�r�a�w� �(�D�i�a�s�-�D�a�-�S�i�l�v�a� �a�n�d� �S�u�n�d�s�t�o�l�,� �1�9�8�6�)�.� �S�o�l�a�i�m�a�n� �e�t� �a�l�.� �(�1�9�7�9�)� 
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�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �a�n�d� �t�h�e�r�e� �w�a�s� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �f�o�r�a�g�e�s� �a�n�d� �i�n�o�c�u�l�a�n�t� 

�(�P� �<� �.�0�5�)�.� 

�N�e�u�t�r�a�l� �D�e�t�e�r�g�e�n�t� �F�i�b�e�r�.� �T�h�e� �N�D�F� �c�o�n�t�e�n�t� �o�f� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� 

�(�T�a�b�l�e� �2�0�)� �a�n�d� �s�i�l�a�g�e�s� �(�T�a�b�l�e� �2�1�)� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� 

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

�a�l�f�a�l�f�a� �(�T�a�b�l�e� �1�)�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �N�D�F� �c�o�n�t�e�n�t� 

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

�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �N�D�F� 

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

�a�m�m�o�n�i�a�t�i�o�n� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �w�h�e�a�t� �s�t�r�a�w� �(�S�o�l�a�i�m�a�n� �e�t� �a�l�.�,� �1�9�7�9�)� 

�a�n�d� �b�a�r�l�e�y� �s�t�r�a�w� �(�N�a�s�e�e�r�,� �1�9�9�0�)�.� 

�A�c�i�d� �D�e�t�e�r�g�e�n�t� �F�i�b�e�r�.� �T�h�e� �A�D�F� �c�o�n�t�e�n�t� �f�o�r� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�s� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �2�2� �a�n�d� �f�o�r� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�n� �T�a�b�l�e� �2�3�.� �T�h�e� �A�D�F� �c�o�n�t�e�n�t� 

�i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e�d� �w�h�e�a�t� �s�t�r�a�w� �i�n� �t�h�e� 

�m�i�x�t�u�r�e�s�,� �r�e�f�l�e�c�t�i�n�g� �t�h�e� �h�i�g�h�e�r� �A�D�F� �i�n� �w�h�e�a�t� �s�t�r�a�w� �t�h�a�n� �a�l�f�a�l�f�a�.� �U�r�e�a� 

�t�r�e�a�t�m�e�n�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �A�D�F� �c�o�n�t�e�n�t� �i�n� �t�h�e� �e�n�s�i�l�e�d� �s�t�r�a�w�.� 

�M�o�l�a�s�s�e�s� �t�r�e�a�t�m�e�n�t� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �A�D�F� �c�o�n�t�e�n�t� �a�n�d� �t�h�e�r�e� �w�a�s� �a� 

�f�o�r�a�g�e�s� �x� �m�o�l�a�s�s�e�s� �i�n�t�e�r�a�c�t�i�o�n� �(�P� �<� �.�0�1�)�.� �I�n�c�r�e�a�s�e�d� �A�D�F� �c�o�n�t�e�n�t� �b�y� �u�r�e�a� 

�t�r�e�a�t�m�e�n�t� �d�o�e�s� �n�o�t� �a�g�r�e�e� �w�i�t�h� �r�e�s�u�l�t�s� �o�f� �Z�o�r�i�l�l�a�-�R�i�o�s� �e�t� �a�l�.� �(�1�9�8�5�)� �w�h�o� 

�r�e�p�o�r�t�e�d� �s�l�i�g�h�t�l�y� �d�e�c�r�e�a�s�e�d� �(�3�8�.�6� �v�s� �3�7�.�7�%�)� �A�D�F� �c�o�n�t�e�n�t� �f�o�r� �u�n�t�r�e�a�t�e�d� 

�a�n�d� �N�H�3�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� �H�o�w�e�v�e�r�,� �o�u�r� �f�i�n�d�i�n�g� �a�g�r�e�e�s� �w�i�t�h� �S�o�l�a�i�m�a�n� 

�e�t� �a�l�.� �(�1�9�7�9�)� �a�n�d� �C�l�o�e�t�e� �a�n�d� �K�r�i�t�z�e�n�g�e�r� �(�1�9�8�4�b�)�.� �C�l�o�e�t�e� �a�n�d� �K�r�i�t�z�i�n�g�e�r� 

�(�1�9�8�4�b�)� �r�e�p�o�r�t�e�d� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �A�D�F� �b�y� �u�r�e�a�-�a�m�m�o�n�i�a�t�i�o�n�.� �S�o�l�a�i�m�a�n� 

�e�t� �a�l�.� �(�1�9�7�9�)� �r�e�l�a�t�e�d� �t�h�e� �i�n�c�r�e�a�s�e� �o�f� �A�D�F� �i�n� �a�m�m�o�n�i�a�t�e�d� �r�o�u�g�h�a�g�e�s� �t�o� �a� 
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�d�i�l�u�t�i�o�n� �e�f�f�e�c�t� �c�a�u�s�e�d� �b�y� �s�o�l�u�b�i�l�i�z�a�t�i�o�n� �o�f� �h�e�m�i�c�e�l�l�u�l�o�s�e �� �f�r�o�m� 
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�L�i�g�n�i�n�.� �T�h�e� �l�i�g�n�i�n� �c�o�n�t�e�n�t� �o�f� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�s� �g�i�v�e�n� �i�n� 

�T�a�b�l�e� �2�4� �a�n�d� �s�i�l�a�g�e�s� �i�n� �T�a�b�l�e� �2�5�.� �T�h�e� �l�i�g�n�i�n� �c�o�n�t�e�n�t� �d�i�d� �n�o�t� �s�h�o�w� 

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

�l�e�v�e�l� �d�e�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �(�P� �<� �.�0�1�)� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �w�h�e�a�t� �s�t�r�a�w�.� 

�A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �l�i�g�n�i�n� �c�o�n�t�e�n�t� �i�n� �p�r�e�-� 

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

�C�e�l�l�u�l�o�s�e�.� �T�h�e� �c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �i�n� �t�h�e� �m�i�x�t�u�r�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� 

�.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �l�e�v�e�l� �o�f� �w�h�e�a�t� �s�t�r�a�w� �i�n� �t�h�e� 
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�A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �i�n� �b�o�t�h� 

�c�a�s�e�s�.� 

�H�e�m�i�c�e�l�l�u�l�o�s�e�.� �T�h�e� �h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �f�o�r� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� 

�(�T�a�b�l�e� �2�8�)� �a�n�d� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �(�T�a�b�l�e� �2�9�)� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �(�P� �<� �.�0�1�)� 

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

�a�n�d� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �t�h�e� �h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �i�n� �p�r�e�-� 

�e�n�s�i�l�e�d� �a�n�d� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �d�i�l�u�t�i�o�n�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� 

�o�f� �w�h�e�a�t� �s�t�r�a�w� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �o�f� �e�n�s�i�l�e�d� 

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

�C�l�o�e�t�e� �a�n�d� �K�r�i�t�z�i�n�g�e�r� �(�1�9�8�4�b�)� �w�h�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� 
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�r�e�p�o�r�t�e�d� �t�h�a�t� �e�n�s�i�l�i�n�g� �b�a�r�l�e�y� �s�t�r�a�w� �t�r�e�a�t�e�d� �w�i�t�h� �u�r�e�a� �i�n�c�r�e�a�s�e�d� �D�M� 

�d�i�g�e�s�t�i�b�i�l�i�t�y�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �I�V�D�M�D� �o�f� �u�r�e�a�-�t�r�e�a�t�e�d� �s�t�r�a�w� �w�a�s� 

�s�i�m�i�l�a�r� �t�o� �t�h�e� �I�V�D�M�D� �o�f� �e�n�s�i�l�e�d� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �(�7�5�:�2�5�,� �D�M� 

�b�a�s�i�s�)�.� �T�h�e� �I�V�D�M�D� �o�f� �e�n�s�i�l�e�d� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �5�0�:�5�0� �a�n�d� �7�5�:�2�5� 

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

�h�i�g�h�e�r� �t�h�a�n� �t�h�e� �I�V�D�M�D� �o�f� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� 

�T�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �(�P� �<� �.�0�5�)� �b�e�t�w�e�e�n� �I�V�D�M�D� �o�f� �u�n�t�r�e�a�t�e�d� �a�n�d� 

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

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

�e�t� �a�l�.� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� �L�.� �p�l�a�n�t�a�r�u�m� �d�i�d� �n�o�t� �a�f�f�e�c�t� 

�s�i�l�a�g�e� �q�u�a�l�i�t�y�.� �O�u�r� �r�e�s�u�l�t�s� �w�e�r�e� �n�o�t� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �W�a�l�d�o� �a�n�d� 

�G�o�e�r�i�n�g� �(�1�9�7�6�)� �w�h�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�v�e�r�a�g�e� �d�i�g�e�s�t�i�b�i�l�i�t�i�e�s� �o�f� �D�M� �f�o�r� 

�u�n�t�r�e�a�t�e�d� �a�n�d� �i�n�o�c�u�l�a�n�t�-�t�r�e�a�t�e�d� �s�i�l�a�g�e�s� �w�e�r�e� �4�8�.�2� �a�n�d� �5�9�.�2�%� �f�o�r� �a�l�f�a�l�f�a�.� 

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

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

�a�l�f�a�l�f�a� �s�i�l�a�g�e�.� �I�n� �v�i�t�r�o� �d�r�y� �m�a�t�t�e�r� �d�i�g�e�s�t�i�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� 

�l�i�n�e�a�r�l�y� �w�i�t�h� �l�e�v�e�l� �o�f� �a�l�f�a�l�f�a� �a�n�d� �w�a�s� �e�n�h�a�n�c�e�d� �b�y� �m�o�l�a�s�s�e�s� �(�P� �<� �.�0�1�)�.� 

�E�n�s�i�l�i�n�g� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �C�P� �c�o�n�t�e�n�t�,� 

�d�e�c�r�e�a�s�e�d� �t�h�e� �h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t� �a�n�d� �i�m�p�r�o�v�e�d� �t�h�e� �I�V�D�M�D� �b�y� �1�1� �p�e�r�-� 

�c�e�n�t�a�g�e� �u�n�i�t�s�.� �T�h�e� �I�V�D�M�D� �o�f� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �e�n�s�i�l�e�d� �i�n� �7�5�:�2�5� 

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

�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�.�0�.�A�.�C�.� �1�9�8�4�.� �O�f�f�i�c�i�a�l� �M�e�t�h�o�d�s� �o�f� �A�n�a�l�y�s�i�s� �(�1�4�t�h� �E�d�.�)�.� �A�s�s�o�c�.� �O�f�f�.� 

�A�n�a�l�.� �C�h�e�m�.�,� �W�a�s�h�i�n�g�t�o�n�,� �D�.�C�.� 

�A�n�d�e�r�s�o�n�,� �D�.� �C�.� �1�9�7�8�.� �U�s�e� �o�f� �c�e�r�e�a�l� �c�r�o�p� �r�e�s�i�d�u�e�s� �i�n� �b�e�e�f� �c�a�t�t�l�e� 

�p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m�s�.� �J�.� �A�n�i�m�.� �S�c�i�.� �4�6�:�8�4�9�.� 

�B�a�r�k�e�r�,� �S�.� �B�.� �a�n�d� �W�.� �H�.� �S�u�m�m�e�r�s�o�n�.� �1�9�4�1�.� �T�h�e� �c�o�l�o�r�i�m�e�t�r�i�c� �d�e�t�e�r�-� 

�m�i�n�a�t�i�o�n� �o�f� �l�a�c�t�i�c� �a�c�i�d� �i�n� �b�i�o�l�o�g�i�c�a�l� �m�a�t�e�r�i�a�l�s�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� 

�1�3�8�:�5�3�5�.� 

�B�a�r�n�e�s�,� �R�.� �F�.� �1�9�6�9�.� �T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �i�n� �v�i�t�r�o� �r�u�m�e�n� 

�f�e�r�m�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� �I�n�:� �A�.� �G�.� �G�.� �H�i�l�l�,� �V�.� �U�.� �M�u�s�t�o�n�e�n�,� �S�.� 

�P�u�l�l�i� �a�n�d� �M�.� �L�a�t�v�a�l�a� �(�E�d�.�)� �P�r�o�c�.� �o�f� �t�h�e� �1�0�t�h� �I�n�t�.� �G�r�a�s�s�l�a�n�d�s� �C�o�n�g�.� 

�p�p� �4�3�4�.� �V�a�l�t�i�n�e�u�v�o�s�t�o�n� �K�i�r�j�a�p�a�i�n�o�,� �H�e�l�s�i�n�k�i�.� 

�B�i�r�k�e�l�o�,� �C�.� �P�.�,� �D�.� �E�.� �J�o�h�n�s�o�n� �a�n�d� �G�.� �M�.� �W�a�r�d�.� �1�9�8�6�.� �N�e�t� �e�n�e�r�g�y� �v�a�l�u�e� 

�o�f� �a�m�m�o�n�i�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�3�:�2�0�4�4�.� 

�C�a�t�c�h�p�o�o�l�e�,� �V�.� �R�.� �a�n�d� �E�.� �F�.� �H�e�n�z�e�l�l�.� �1�9�7�1�.� �S�i�l�a�g�e� �a�n�d� �s�i�l�a�g�e� �m�a�k�i�n�g� 

�f�r�o�m� �t�r�o�p�i�c�a�l� �h�e�r�b�a�g�e� �s�p�e�c�i�e�s�.� �H�e�r�b�a�g�e� �A�b�s�t�r�.� �4�1�:�2�1�3�.� 

�C�h�a�u�h�a�n�,� �T�.� �R�.�,� �K�.� �S�.� �N�a�n�d�r�a� �a�n�d� �M�.� �S�.� �T�i�w�a�n�a�.� �1�9�8�7�.� �U�t�i�l�i�z�a�t�i�o�n� �o�f� 

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

�A�n�i�m�.� �S�c�i�.� �5�7�:�2�1�7�.� 

�C�l�o�e�t�e�,� �S�.� �W�.� �P�.� �a�n�d� �N�.� �M�.� �K�r�i�t�z�i�n�g�e�r�.� �1�9�8�4�b�.� �U�r�e�a� �a�m�m�o�n�i�a�t�i�o�n� 

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

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

�S�c�i�.� �1�4�:�5�9�.� 
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�D�i�a�s�-�D�a�-�S�i�l�v�a�,� �A�.� �A�.� �a�n�d� �F�.� �S�u�n�d�s�t�o�l�.� �1�9�8�6�.� �U�r�e�a� �a�s� �a� �s�o�u�r�c�e� �o�f� 

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

�F�e�e�d� �S�c�i�.� �T�e�c�h�n�o�l�.� �1�4�:�6�7�.� 

�D�o�u�l�b�e�r�g�,� �F�.�,� �M�.� �S�a�a�d�u�l�l�a�h�,� �M�.� �H�a�g�u�e� �a�n�d� �R�.� �A�h�m�a�d�.� �1�9�8�1�.� �S�t�o�r�a�g�e� �o�f� 

�u�r�e�a� �t�r�e�a�t�e�d� �s�t�r�a�w� �u�s�i�n�g� �i�n�a�d�e�q�u�a�t�e� �m�a�t�e�r�i�a�l�.� �W�o�r�l�d� �A�n�i�m�.� �R�e�v�.� 

�3�7�:�3�7�.� 

�D�u�b�o�i�s�,� �M�.�,� �K�.� �A�.� �G�i�l�e�s�,� �J�.� �K�.� �H�a�m�i�l�t�o�n�,� �P�.� �A�.� �R�e�b�e�r�s� �a�n�d� �F�.� �S�m�i�t�h�.� 

�1�9�5�6�.� �C�o�l�o�r�i�m�e�t�r�i�c� �m�e�t�h�o�d� �f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�u�g�a�r�s� �a�n�d� �r�e�l�a�t�e�d� 

�s�u�b�s�t�a�n�c�e�s�.� �A�n�a�l�.� �C�h�e�m�.� �2�8�:�3�5�0�.� 

�E�l�y�,� �L�.� �O�.�,� �M�.� �S�u�d�w�e�e�k�s� �a�n�d� �N�.� �J�.� �M�o�o�n�.� �1�9�8�1�.� �I�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� 

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

�S�i�l�a�g�e�.� �J�.� �D�a�i�r�y� �S�c�i�.� �6�4�:�2�3�7�8�.� 

�F�i�s�h�,� �S�.� �L�.�,� �S�.� �R�.� �R�u�s�e�,� �R�.� �S�.� �E�m�e�r�y�,� �M�.� �T�.� �Y�o�k�o�y�a�m�a� �a�n�d� �J�.� �W�.� �T�h�o�m�a�s�.� 

�1�9�8�8�.� �E�f�f�e�c�t� �o�f� �m�i�c�r�o�b�i�a�l� �i�n�o�c�u�l�a�n�t� �o�n� �n�u�t�r�i�t�i�v�e� �v�a�l�u�e� �o�f� �e�n�s�i�l�e�d� 
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�A�n�d�e�r�s�o�n� �a�n�d� �0�D�.� �J�.� �K�i�l�p�a�t�r�i�c�.� �1�9�8�9�.� �E�v�a�l�u�a�t�i�o�n� �s�t�u�d�i�e�s� �i�n� �t�h�e� 

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

�S�i�l�a�g�e�.� �3�.� �R�e�s�p�o�n�s�e�s� �i�n� �g�r�o�w�i�n�g� �c�a�t�t�l�e� �a�n�d� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� 

�p�r�o�t�e�i�n� �s�u�p�p�l�e�m�e�n�t�a�t�i�o�n�.� �G�r�a�s�s� �a�n�d� �F�o�r�a�g�e� �S�c�i�.� �4�4�:�3�8�1�.� 

�T�i�l�l�e�y�,� �J�.� �M�.� �A�.� �a�n�d� �R�.� �A�.� �T�e�r�r�y�.� �1�9�6�3�.� �A� �t�w�o�-�s�t�a�g�e� �t�e�c�h�n�i�q�u�e� �f�o�r� �t�h�e� 

�i�n� �v�i�t�r�o� �d�i�g�e�s�t�i�o�n� �o�f� �f�o�r�a�g�e� �c�r�o�p�s�.� �J�.� �B�r�i�t�.� �G�r�a�s�s�]�.� �S�o�c�.� �1�8�:�1�0�4�.� 

�V�a�n� �S�o�e�s�t�,� �P�.� �J�.� �1�9�6�3�.� �T�h�e� �u�s�e� �o�f� �d�e�t�e�r�g�e�n�t�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� 

�f�i�b�r�o�u�s� �f�e�e�d�:� �I�I�.� �A� �r�a�p�i�d� �m�e�t�h�o�d� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �f�i�b�e�r� 

�a�n�d� �l�i�g�n�i�n�.� �J�.� �A�s�s�o�c�.� �O�f�f�.� �A�g�r�.� �C�h�e�m�.� �4�6�:�8�2�9�.� 

�V�a�n� �S�o�e�s�t�,� �P�.� �J�.� �a�n�d� �R�.� �H�.� �W�i�n�e�.� �1�9�6�7�.� �U�s�e� �o�f� �d�e�t�e�r�g�e�n�t�s� �i�n� �t�h�e� 

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

�w�a�l�l� �c�o�n�s�t�i�t�u�e�n�t�s�.� �J�.� �A�s�s�o�c�.� �O�f�f�.� �A�n�a�l�.� �C�h�e�m�.� �5�0�:�5�0�.� 

�9�3



�V�a�n� �S�o�e�s�t�,� �P�.� �J�.� �a�n�d� �R�.� �H�.� �W�i�n�e�.� �1�9�6�8�.� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �l�i�g�n�i�n� �a�n�d� 

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

�O�f�f�.� �A�n�a�l�.� �C�h�e�m�.� �5�1�:�7�8�0�.� 

�W�a�l�d�o�,� �D�.� �R�.� �a�n�d� �H�.� �K�.� �G�o�e�r�i�n�g�.� �1�9�7�6�.� �A�l�f�a�l�f�a�,� �o�r�c�h�a�r�d�g�r�a�s�s� �a�n�d� �c�o�r�n� 

�e�n�s�i�l�e�d� �w�i�t�h� �a�d�d�i�t�i�v�e�s�.� �J�.� �A�n�i�m�.� �S�c�i�.� �4�2�:�1�5�8�2� �(�A�b�s�t�r�.�)�.� 

�W�a�n�a�p�a�t�,� �M�.� �1�9�8�6�.� �A�p�p�r�o�a�c�h�e�s� �i�n� �i�m�p�r�o�v�i�n�g� �t�h�e� �n�u�t�r�i�t�i�v�e� �v�a�l�u�e� �o�f� �r�i�c�e� 

�S�t�r�a�w� �u�t�i�l�i�z�a�t�i�o�n� �a�t� �v�i�l�l�a�g�e� �l�e�v�e�l�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�3�(�S�u�p�p�l�.� 

�1�)�:�3�1�1� �(�A�b�s�t�r�.�)�.� 

�W�e�i�s�s�b�a�c�h�,� �H�.� �F�.�,� �L�.� �S�c�h�m�i�d�t� �a�n�d� �E�.� �H�e�i�n�.� �1�9�7�4�.� �M�e�t�h�o�d� �o�f� �a�n�t�i�c�i�p�a�t�i�o�n� 

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

�c�o�m�p�o�s�i�t�i�o�n� �o�f� �g�r�e�e�n� �f�o�d�d�e�r�.� �P�r�o�c�.� �1�2�t�h� �I�n�t�.� �G�r�a�s�s�l�a�n�d� �C�o�n�g�.�,� 

�M�o�s�c�o�w�.� �p�.� �6�6�3�.� 

�W�h�i�t�e�,� �T�.� �W�.�,� �W�.� �L�.� �R�e�y�n�o�l�d�s� �a�n�d� �F�.� �G�.� �H�e�m�b�r�y�.� �1�9�7�3�.� �I�n�f�l�u�e�n�c�e� �o�f� �u�r�e�a� 

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

�s�t�e�e�r�s�.� �J�.� �A�n�i�m�.� �S�c�i�.� �3�7�:�1�4�2�8�.� 

�Z�o�r�r�i�l�l�a�-�R�i�o�s�,� �J�.�,� �F�.� �N�.� �O�w�e�n�,� �G�.� �W�.� �H�o�r�n� �a�n�d� �R�.� �W�.� �M�c�N�e�w�.� �1�9�8�5�.� 

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

�k�i�n�e�t�i�c�s� �i�n� �c�a�t�t�l�e�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�0�:�8�1�4�.� 
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�C�H�A�P�T�E�R� �I�V�.� 

�E�N�S�I�L�I�N�G� �C�H�A�R�A�C�T�E�R�I�S�T�I�C�S�,� �C�H�E�M�I�C�A�L� �C�O�M�P�O�S�I�T�I�O�N� �A�N�D� �M�I�N�E�R�A�L� �C�O�N�T�E�N�T� �O�F� 
�D�I�F�F�E�R�E�N�T� �P�R�O�P�O�R�T�I�O�N�S� �O�F� �A�L�F�A�L�F�A� �A�N�D� �W�H�E�A�T� �S�T�R�A�W�,� �A�L�F�A�L�F�A� 

�W�I�T�H� �M�O�L�A�S�S�E�S� �A�N�D� �U�R�E�A�-�T�R�E�A�T�E�D� �W�H�E�A�T� �S�T�R�A�W� �S�I�L�A�G�E�S� 

�A�B�S�T�R�A�C�T� 

�L�e�g�u�m�i�n�o�u�s� �f�o�r�a�g�e�s� �a�r�e� �h�i�g�h� �i�n� �m�o�i�s�t�u�r�e�,� �C�P� �a�n�d� �m�i�n�e�r�a�l� �c�o�n�t�e�n�t�.� 

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

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

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

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

�w�h�e�a�t� �s�t�r�a�w�,� �a�l�f�a�l�f�a� �w�i�t�h� �5�%� �m�o�l�a�s�s�e�s� �a�n�d� �5�%� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�,� 

�u�s�i�n�g� �l�a�r�g�e� �s�i�l�o�s�.� �A�l�f�a�l�f�a� �w�a�s� �h�a�r�v�e�s�t�e�d� �a�t� �1�/�1�0� �b�l�o�o�m� �(�t�h�i�r�d� �c�u�t�)� �w�i�t�h� 

�a� �d�i�r�e�c�t� �c�u�t� �f�o�r�a�g�e� �c�h�o�p�p�e�r�.� �W�h�e�a�t� �s�t�r�a�w� �w�a�s� �c�h�o�p�p�e�d� �t�o� �a�b�o�u�t� �1�.�5� �c�m� 

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

�i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�p�o�r�t�i�o�n�s� �(�D�M� �b�a�s�i�s�)�:� �0�:�1�0�0�,� �2�5�:�7�5�,� �5�0�:�5�0�,� �7�5�:�2�5�,� 

�1�0�0�:�0�,� �1�0�0�:�0� �+� �m�o�l�a�s�s�e�s�,� �a�n�d� �0�:�1�0�0� �(�u�r�e�a�-�t�r�e�a�t�e�d�)�.� �S�u�f�f�i�c�i�e�n�t� �w�a�t�e�r� �w�a�s� 

�a�d�d�e�d� �t�o� �a�t�t�a�i�n� �a� �D�M� �c�o�n�t�e�n�t� �o�f� �6�0�%� �i�n� �w�h�e�a�t� �s�t�r�a�w� �(�0�:�1�0�0�)�.� �W�h�e�a�t� �s�t�r�a�w� 

�w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� �5�0� �g� �o�f� �u�r�e�a� �d�i�s�s�o�l�v�e�d� �i�n� �.�4�0� �l�i�t�e�r� �o�f� �w�a�t�e�r� �p�e�r� 

�k�i�l�o�g�r�a�m� �o�f� �w�h�e�a�t� �s�t�r�a�w�,� �D�M� �b�a�s�i�s�.� �A�f�t�e�r� �m�i�x�i�n�g� �i�n� �a� �h�o�r�i�z�o�n�t�a�l� �m�i�x�e�r�,� 

�t�h�e� �m�i�x�t�u�r�e�s� �w�e�r�e� �f�i�r�m�l�y� �p�a�c�k�e�d� �b�y� �t�r�a�m�p�l�i�n�g� �i�n�t�o� �2�1�0�-�l�i�t�e�r� �m�e�t�a�l� �d�r�u�m�s� 

�d�o�u�b�l�e�-�l�i�n�e�d� �w�i�t�h� �.�0�8� �m�m� �p�o�l�y�e�t�h�y�l�e�n�e� �b�a�g�s�.� �T�h�e� �b�a�g�s� �w�e�r�e� �s�e�a�l�e�d� �a�f�t�e�r� 

�e�x�p�u�l�s�i�o�n� �o�f� �a�i�r�,� �a�n�d� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �e�n�s�i�l�e� �f�o�r� �3� �m�o�.� 

�A�d�d�i�t�i�o�n� �o�f� �w�h�e�a�t� �s�t�r�a�w� �t�o� �a�l�f�a�l�f�a� �a�t� �d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� 

�.�0�1�)� �D�M� �c�o�n�t�e�n�t� �a�n�d� �l�a�c�t�i�c� �a�c�i�d� �(�P� �<� �.�0�1�)�,� �a�n�d� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �p�H� 

�a�n�d� �t�o�t�a�l� �V�F�A� �c�o�n�t�e�n�t�.� �T�h�e� �C�P�,� �C�a�,� �P�,� �M�g� �a�n�d� �K� �c�o�n�t�e�n�t�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� 
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�.�0�1�)� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e�s� �i�n� �w�h�e�a�t� �s�t�r�a�w� �l�e�v�e�l� �i�n� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s�,� 

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

�s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �p�H�,� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �l�a�c�t�i�c� �a�c�i�d� �a�n�d� 

�i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �t�o�t�a�l� �V�F�A�,� �c�o�m�p�a�r�e�d� �t�o� �u�n�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� �C�r�u�d�e� 

�p�r�o�t�e�i�n� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)�,� �a�n�d� �N�D�F� �a�n�d� �h�e�m�i�c�e�l�l�u�l�o�s�e� �d�e�c�r�e�a�s�e�d� 

�(�P�<� �.�0�5�)� �w�i�t�h� �u�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �w�h�e�a�t� �s�t�r�a�w�.� �C�o�m�p�o�s�i�t�i�o�n� �o�f� �e�n�s�i�l�e�d� 

�a�l�f�a�l�f�a�:�w�h�e�a�t� �s�t�r�a�w� �p�r�o�p�o�r�t�i�o�n�s� �5�0�:�5�0� �a�n�d� �7�5�:�2�5� �w�a�s� �c�o�m�p�a�r�a�b�l�e� �w�i�t�h� �t�h�a�t� 

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

�(�P� �<� �.�0�1�)� �w�a�t�e�r� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �(�W�S�C�)�,� �l�a�c�t�i�c� �a�c�i�d� �a�n�d� �N�a� �c�o�n�t�e�n�t�,� 

�a�n�d� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �p�H� �a�n�d� �C�a� �c�o�n�t�e�n�t�,� �c�o�m�p�a�r�e�d� �t�o� �a�l�f�a�l�f�a� �e�n�s�i�l�e�d� 

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

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

�b�u�f�f�e�r�i�n�g� �c�a�p�a�c�i�t�y�.� 

�(�K�e�y� �W�o�r�d�s�:� �L�e�g�u�m�i�n�o�u�s� �F�o�r�a�g�e�s�,� �W�h�e�a�t� �S�t�r�a�w�,� �E�n�s�i�l�i�n�g� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� 

�C�h�e�m�i�c�a�l� �C�o�m�p�o�s�i�t�i�o�n�,� �M�i�n�e�r�a�l� �C�o�n�t�e�n�t�,� �U�r�e�a�-�t�r�e�a�t�e�d� �W�h�e�a�t� �S�t�r�a�w�.�)� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�A�l�f�a�l�f�a� �(�M�e�d�i�c�a�g�o� �s�a�t�i�v�a� �L�.�)� �i�s� �a� �b�a�s�i�c� �f�o�r�a�g�e� �f�o�r� �m�a�x�i�m�i�z�i�n�g� �m�i�l�k� 

�a�n�d� �b�e�e�f� �p�r�o�d�u�c�t�i�o�n� �(�C�o�n�a�r�d� �a�n�d� �K�l�o�p�f�e�n�s�t�e�i�n�,� �1�9�8�8�)�.� �A�l�f�a�l�f�a� �i�s� �h�i�g�h� �i�n� 

�C�P�,� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �i�n� �f�i�b�e�r� �a�n�d� �i�s� �a�n� �e�x�c�e�l�l�e�n�t� �s�o�u�r�c�e� �o�f� �C�a�,� �M�g�,� �P�,� 

�c�a�r�o�t�e�n�e� �a�n�d� �v�i�t�a�m�i�n� �D� �(�V�a�n� �K�e�u�r�e�n� �a�n�d� �M�a�t�c�h�e�s�,� �1�9�8�8�)�.� �A�l�f�a�l�f�a�,� �l�i�k�e� 

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

�W�h�i�t�t�e�n�b�u�r�y�,� �1�9�7�3�)�,� �b�e�c�a�u�s�e� �o�f� �h�i�g�h� �m�o�i�s�t�u�r�e�,� �l�o�w� �l�e�v�e�l� �o�f� �W�S�C�,� �h�i�g�h� �C�P� 

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

�i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �t�o� �a�v�o�i�d� �s�e�e�p�a�g�e� �a�n�d� �e�f�f�l�u�e�n�t� �l�o�s�s�e�s� �(�M�i�l�l�e�r� �a�n�d� 
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�C�l�i�f�t�o�n�,� �1�9�6�5�)�.� �T�h�e� �D�M� �c�a�n� �b�e� �a�d�d�e�d� �e�i�t�h�e�r� �b�y� �w�i�l�t�i�n�g� �o�r� �b�y� �a�d�d�i�t�i�o�n� �o�f� 

�c�e�r�e�a�l� �c�r�o�p� �r�e�s�i�d�u�e�s�.� 

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

�l�i�g�n�o�c�e�l�l�u�l�o�s�i�c� �f�r�a�c�t�i�o�n�,� �l�o�w� �i�n� �P� �a�n�d� �m�a�r�g�i�n�a�l� �i�n� �C�a� �(�A�n�d�e�r�s�o�n�,� �1�9�7�8�)�.� 

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

�c�a�n� �b�e� �u�s�e�d� �f�o�r� �m�a�k�i�n�g� �s�i�l�a�g�e� �w�i�t�h� �g�r�e�e�n� �f�o�r�a�g�e�s� �(�L�a�l� �a�n�d� �M�u�d�g�a�l�,� �1�9�6�7�)�.� 

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

�p�o�t�e�n�t�i�a�l� �i�n� �o�p�i�m�i�z�i�n�g� �n�u�t�r�i�t�i�o�n�a�l� �v�a�l�u�e� �a�n�d� �u�t�i�l�i�z�a�t�i�o�n� �(�S�i�n�g�h� �e�t� �a�l�.�,� 

�1�9�8�4�;� �C�h�a�u�h�a�n� �e�t� �a�l�.�,� �1�9�8�7�)�.� 

�T�h�e� �C�a�/�P� �r�a�t�i�o� �i�n� �a�l�f�a�l�f�a� �(�6�:�1� �t�o� �1�3�:�1�)� �i�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �r�e�c�o�m�-� 

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

�p�r�o�d�u�c�e� �C�a�/�P� �i�m�b�a�l�a�n�c�e� �(�H�o�w�a�r�t�h�,� �1�9�8�8�)�.� �G�r�a�s�s�-�l�e�g�u�m�e� �s�i�l�a�g�e�s� �a�r�e� �m�o�r�e� 

�d�i�f�i�c�u�l�t� �t�o� �e�n�s�i�l�e� �(�L�a�s�s�i�t�e�r� �a�n�d� �E�d�w�a�r�d�,� �1�9�8�2�)�,� �n�o�t� �o�n�l�y� �b�e�c�a�u�s�e� �o�f� 

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

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

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

�s�a�t�i�s�f�a�c�t�o�r�y� �s�i�l�a�g�e� �(�L�a�s�s�i�t�e�r� �a�n�d� �E�d�w�a�r�d�,� �1�9�8�2�;� �N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s�,� 

�1�9�8�5�)�.� �I�n� �t�h�e� �f�i�r�s�t� �s�t�u�d�y� �(�C�h�a�p�t�e�r� �I�I�I�)�,� �i�n� �w�h�i�c�h� �d�i�f�f�e�r�e�n�t� �p�r�o�p�o�r�t�i�o�n�s� 

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

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

�s�h�o�w�e�d� �p�o�t�e�n�t�i�a�l�.� 

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

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

�a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w�,� �a�l�f�a�l�f�a� �w�i�t�h� �5�%� �d�r�y� �m�o�l�a�s�s�e�s� �a�n�d� �5�%� �u�r�e�a�-� 

�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w� �u�s�i�n�g� �l�a�r�g�e�r� �s�i�l�o�s�.� 
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�E�X�P�E�R�I�M�E�N�T�A�L� �P�R�O�C�E�D�U�R�E� 

�A�l�f�a�l�f�a� �w�a�s� �h�a�r�v�e�s�t�e�d� �a�t� �1�/�1�0� �b�l�o�o�m� �(�t�h�i�r�d� �c�u�t�)� �w�i�t�h� �a� �d�i�r�e�c�t� �c�u�t� 

�f�o�r�a�g�e� �c�h�o�p�p�e�r�.� �W�h�e�a�t� �s�t�r�a�w� �w�a�s� �c�h�o�p�p�e�d� �t�o� �1�.�5� �c�m� �l�e�n�g�t�h� �w�i�t�h� �a� �t�u�b� 

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

�p�r�o�p�o�r�t�i�o�n�s� �(�D�M� �b�a�s�i�s�)�:� �0�:�1�0�0�,� �2�5�:�7�5�,� �5�0�:�5�0�,� �7�5�:�2�5�,� �1�0�0�:�0�,� �1�0�0�:�0� �+� 

�m�o�l�a�s�s�e�s�,� �a�n�d� �0�:�1�0�0� �(�u�r�e�a�-�t�r�e�a�t�e�d�)�.� �D�r�y� �m�o�l�a�s�s�e�s� �w�a�s� �a�d�d�e�d� �t�o� �a�l�f�a�l�f�a� 

�(�1�0�0�:�0�)� �a�t� �5�%� �l�e�v�e�l�.� �S�u�f�f�i�c�i�e�n�t� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �a�c�h�i�e�v�e� �a� �D�M� �c�o�n�t�e�n�t� 

�o�f� �6�0�%� �i�n� �w�h�e�a�t� �s�t�r�a�w� �e�n�s�i�l�e�d� �a�l�o�n�e�.� �W�h�e�a�t� �s�t�r�a�w� �w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� �5�0� �g� 

�u�r�e�a� �d�i�s�s�o�l�v�e�d� �i�n� �.�4� �l�i�t�e�r� �o�f� �w�a�t�e�r� �p�e�r� �k�i�l�o�g�r�a�m� �w�h�e�a�t� �s�t�r�a�w�.� �A�f�t�e�r� 

�t�h�o�r�o�u�g�h� �m�i�x�i�n�g� �i�n� �a� �h�o�r�i�z�o�n�t�a�l� �m�i�x�t�u�r�e� �f�o�r� �3�0� �m�i�n�,� �t�h�e� �m�i�x�t�u�r�e�s� �w�e�r�e� 

�f�i�r�m�l�y� �p�a�c�k�e�d� �b�y� �t�r�a�m�p�l�i�n�g� �i�n�t�o� �2�1�0�-�l�i�t�e�r� �m�e�t�a�l� �d�r�u�m�s� �d�o�u�b�l�e�-�l�i�n�e�d� �w�i�t�h� 

�.�0�8� �m�m� �p�o�l�y�e�t�h�y�l�e�n�e� �b�a�g�s�.� �T�h�e� �b�a�g�s� �w�e�r�e� �i�n�d�i�v�i�d�u�a�l�l�y� �s�e�a�l�e�d� �a�n�d� �t�h�e� 

�m�a�t�e�r�i�a�l�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �e�n�s�i�l�e� �f�o�r� �3� �m�o�.� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� �i�n�i�t�i�a�l� 

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

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

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

�s�e�v�e�r�a�l� �a�r�e�a�s� �o�f� �e�a�c�h� �s�i�l�o�.� 

�C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s�.� �W�a�t�e�r� �e�x�t�r�a�c�t�s� �o�f� �i�n�i�t�i�a�l� �a�n�d� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� 

�w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �h�o�m�o�g�e�n�i�z�i�n�g� �2�5� �g� �s�a�m�p�l�e�s� �w�i�t�h� �2�2�5� �m�l� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

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

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

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

�S�u�m�m�e�r�s�o�n�,� �1�9�4�1�,� �a�s� �m�o�d�i�f�i�e�d� �b�y� �P�e�n�n�i�n�g�t�o�n� �a�n�d� �S�u�t�h�e�r�l�a�n�d�,� �1�9�5�6�)�,� �W�S�C� 

�(�D�u�b�o�i�s� �e�t� �a�l�.�,� �1�9�5�6�,� �a�s� �a�d�a�p�t�e�d� �t�o� �c�o�r�n� �p�l�a�n�t�s� �b�y� �J�o�h�n�s�o�n� �e�t� �a�l�.�,� �1�9�6�6�)� 

�a�n�d� �V�F�A� �b�y� �g�a�s�-�l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�V�a�r�i�a�n� �6�0�0�0� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�,� 
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�c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �1�0�%� �S�P�-�1�2�0�0�/�1�%� �H�3�P�0�q�4� �o�n� �8�0�/�1�0�0� �c�h�r�o�m�a�s�o�r�b� �W�A�W�)�.� 

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

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �K�j�e�l�d�a�h�l� �p�r�o�c�e�d�u�r�e� �(�A�O�A�C�,� �1�9�8�4�)�.� �D�r�y� �m�a�t�t�e�r� �w�a�s� 

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

�o�v�e�n� �a�t� �a� �m�a�x�i�m�u�m� �o�f� �6�0�°� �f�o�r� �4�8� �h�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �a�i�r� 

�e�q�u�i�l�i�b�r�a�t�e� �a�n�d� �d�r�y� �w�e�i�g�h�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d�.� �A�l�]� �i�n�i�t�i�a�l� �a�n�d� �e�n�s�i�l�e�d� 

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

�(�A�O�A�C�,� �1�9�8�4�)�,� �N�D�F� �(�V�a�n� �S�o�e�s�t� �a�n�d� �W�i�n�e�,� �1�9�6�7�)�,� �A�D�F� �(�V�a�n� �S�o�e�s�t�,� �1�9�6�3�;� 

�G�o�e�r�i�n�g� �a�n�d� �V�a�n� �S�o�e�s�t�,� �1�9�7�0�)�,� �l�i�g�n�i�n�,� �c�e�l�l�u�l�o�s�e� �a�n�d� �h�e�m�i�c�e�l�l�u�l�o�s�e� �(�V�a�n� 

�S�o�e�s�t� �a�n�d� �W�i�n�e�,� �1�9�6�8�)�.� 

�M�i�n�e�r�a�l� �D�e�t�e�r�m�i�n�a�t�i�o�n�.� �A�l�l� �i�n�i�t�i�a�l� �a�n�d� �e�n�s�i�l�e�d� �s�a�m�p�l�e�s� �w�e�r�e� 

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

�i�n� �n�i�t�r�i�c� �a�n�d� �p�e�r�c�h�l�o�r�i�c� �a�c�i�d�s� �(�H�e�r�n�,� �1�9�7�9�)�.� �S�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� 

�C�a�,� �M�g�,� �K� �a�n�d� �N�a� �b�y� �a�t�o�m�i�c� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�y� �u�s�i�n�g� �a� �P�e�r�k�i�n�-� 

�E�l�m�e�r� �Z�e�e�m�a�n� �5�0�0� �P�C�.� �S�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�i�t�h� �l�a�n�t�h�a�n�u�m� �o�x�i�d�e� �(�L�a�2�0�3�)� 

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

�F�o�r� �N�a� �a�n�d� �K�,� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�i�t�h� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r�.� �P�h�o�s�p�h�o�r�u�s� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �c�o�l�o�r�i�m�e�t�r�i�c� �p�r�o�c�e�d�u�r�e� �o�f� �F�i�s�k� �a�n�d� �S�u�b�b�a�r�o�w� �(�1�9�2�5�)�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s�.� �D�a�t�a� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �t�h�e� 

�G�e�n�e�r�a�l� �L�i�n�e�a�r� �M�o�d�e�l� �(�G�L�M�)� �P�r�o�c�e�d�u�r�e� �o�f� �t�h�e� �S�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� �S�y�s�t�e�m� 

�(�S�A�S�,� �1�9�8�5�)� �f�o�r� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n�.� �T�h�e� �m�o�d�e�l� �i�n�c�l�u�d�e�d� �t�h�e� 

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

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

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

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

�a�d�d�i�t�i�o�n�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�P�h�y�s�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e� �s�i�l�a�g�e�s� �h�a�d� �p�l�e�a�s�a�n�t� �a�r�o�m�a�s�,� �e�x�c�e�p�t� 

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

�g�r�o�w�t�h� �w�a�s� �r�e�c�o�r�d�e�d� �a�f�t�e�r� �r�e�m�o�v�a�l� �o�f� �t�h�e� �t�o�p� �5�-�c�m� �l�a�y�e�r� �f�r�o�m� �a�l�l� 

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

�D�i�a�s�-�D�a�-�S�i�l�v�a� �a�n�d� �S�u�n�d�s�t�o�l� �(�1�9�8�6�)� �a�n�d� �w�i�t�h� �o�u�r� �f�i�r�s�t� �s�t�u�d�y� �u�s�i�n�g� �t�h�e� 

�s�m�a�l�l� �s�i�l�o�s� �(�C�h�a�p�t�e�r� �I�I�I�)�.� 

�C�o�m�p�o�s�i�t�i�o�n� �o�f� �F�o�r�a�g�e�s�.� �A�l�f�a�l�f�a� �w�a�s� �l�o�w�e�r� �(�P� �<� �.�0�1�)� �i�n� �D�M�,� �h�i�g�h�e�r� 

�i�n� �C�P� �a�n�d� �a�s�h� �c�o�n�t�e�n�t�,� �a�n�d� �l�o�w�e�r� �i�n� �N�D�F�,� �A�D�F�,� �c�e�l�l�u�l�o�s�e� �a�n�d� 

�h�e�m�i�c�e�l�l�u�l�o�s�e� �c�o�n�t�e�n�t�,� �c�o�m�p�a�r�e�d� �t�o� �w�h�e�a�t� �s�t�r�a�w� �(�T�a�b�l�e� �3�1�)�.� �T�h�e�s�e� 

�f�i�n�d�i�n�g�s� �w�e�r�e� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �M�i�l�l�e�r� �a�n�d� �C�l�i�f�t�o�n� �(�1�9�6�5�)�,� �A�n�d�e�r�s�o�n� 

�(�1�9�7�8�)�,� �N�o�l�l�e�r� �a�n�d� �T�h�o�m�a�s� �(�1�9�8�5�)� �a�n�d� �M�a�l�e�s� �(�1�9�8�7�)�.� 

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

�3�2�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �t�o� �a�l�f�a�l�f�a� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �a�n�d� �u�r�e�a� �t�r�e�a�t�-� 

�m�e�n�t� �o�f� �w�h�e�a�t� �s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �p�H�.� �T�h�e�r�e� �w�e�r�e� �l�i�n�e�a�r� �a�n�d� 

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

�(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �a� �p�o�s�i�t�i�v�e� �r�e�l�a�t�i�o�n�s�h�i�p� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �t�h�e� �i�n�i�t�i�a�l� 

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

�T�h�e� �W�S�C� �c�o�n�t�e�n�t� �o�f� �m�i�x�t�u�r�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� 

�l�e�v�e�l� �o�f� �a�l�f�a�l�f�a� �(�T�a�b�l�e� �3�2�)�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �w�h�e�a�t� �s�t�r�a�w� 

�d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �a�n�d� �a�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �t�o� �a�l�f�a�l�f�a� �i�n�c�r�e�a�s�e�d� �(�P� �<� 

�.�0�1�)� �t�h�e� �i�n�i�t�i�a�l� �W�S�C� �c�o�n�t�e�n�t�.� �T�h�i�s� �w�a�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �M�o�r�r�i�s�o�n� 
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�(�1�9�5�9�)� �t�h�a�t� �m�o�l�a�s�s�e�s� �i�n�c�r�e�a�s�e�s� �t�h�e� �s�u�g�a�r� �c�o�n�t�e�n�t� �s�o� �t�h�a�t� �e�n�o�u�g�h� �a�c�i�d� �i�s� 

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

�T�h�e� �p�H� �o�f� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �l�e�v�e�l� 

�o�f� �a�l�f�a�l�f�a� �i�n� �t�h�e� �m�i�x�t�u�r�e�s� �(�T�a�b�l�e� �3�2�)�,� �h�o�w�e�v�e�r�,� �t�h�e�r�e� �w�a�s� �a�l�s�o� �q�u�a�d�r�a�t�i�c� 

�(�P� �<� �.�0�1�)� �e�f�f�e�c�t�.� �U�r�e�a� �t�r�e�a�t�m�e�n�t� �o�f� �w�h�e�a�t� �s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� 

�p�H� �v�a�l�u�e� �(�4�.�6�3� �v�s� �8�.�6�9�)�,� �c�o�m�p�a�r�e�d� �t�o� �u�n�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w�.� �T�h�i�s� �i�s� �i�n� 

�a�g�r�e�e�m�e�n�t� �w�i�t�h� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �b�y� �H�i�n�d�s� �e�t� �a�l�.� �(�1�9�8�5�)�,� �w�h�o� �r�e�p�o�r�t�e�d� 

�h�i�g�h�e�r� �p�H� �w�i�t�h� �N�P�N� �(�m�o�l�a�s�s�e�s�-�u�r�e�a�-�m�i�n�e�r�a�l� �m�i�x�t�u�r�e�)�-�t�r�e�a�t�e�d� �s�o�r�g�h�u�m� 

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

�m�o�l�a�s�s�e�s� �t�o� �a�l�f�a�l�f�a� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �p�H� �(�4�.�9�3� �v�s� �4�.�4�0�)�,� �c�o�m�p�a�r�e�d� 

�t�o� �a�l�f�a�l�f�a� �a�l�o�n�e�.� �L�a�n�i�g�a�n� �(�1�9�6�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �e�n�s�i�l�i�n�g� �o�f� �a�l�f�a�l�f�a� �w�i�t�h� 

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

�r�e�p�o�r�t�e�d� �b�y� �S�i�n�g�h� �e�t� �a�l�.� �(�1�9�8�4�)� �f�r�o�m� �a�d�d�i�t�i�o�n� �o�f� �5� �t�o� �1�9�%� �m�o�l�a�s�s�e�s� �i�n� 

�c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �b�e�r�s�e�e�m� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� �(�8�0�:�2�0�,� �f�r�e�s�h� �b�a�s�i�s�)�.� 

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

�w�a�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �C�h�a�u�h�a�n� �e�t� �a�l�.� �(�1�9�8�7�)� �w�h�o� �r�e�p�o�r�t�e�d� �p�H� �v�a�l�u�e�s� �4�.�6�0� 

�a�n�d� �4�.�8�0� �i�n� �b�e�r�s�e�e�m� �w�h�e�a�t� �s�t�r�a�w� �p�r�o�p�o�r�t�i�o�n�s� �5�:�1� �a�n�d� �7�:�1� �(�f�r�e�s�h� �b�a�s�i�s�)�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �M�c�K�e�r�s�i�e� �(�1�9�8�5�)� �s�t�u�d�i�e�d� �t�h�e� �r�e�l�a�t�i�v�e� �e�x�t�e�n�t� �o�f� 

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

�p�r�o�t�e�o�l�y�s�i�s� �w�a�s� �6�.�0�0� �f�o�r� �a�l�f�a�l�f�a� �b�u�t� �6�.�5� �f�o�r� �r�e�d� �c�l�o�v�e�r� �(�T�r�i�f�o�l�i�u�m� 

�p�r�a�t�e�n�s�e�)� �a�n�d� �b�i�r�d�s�f�o�o�t� �t�r�e�f�o�i�l� �(�L�o�t�u�s� �c�o�r�n�i�c�u�l�a�t�u�s�)�.� �M�u�c�k� �e�t� �a�l�.� 

�(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �o�p�t�i�m�u�m� �p�H� �a�r�o�u�n�d� �6�,� �w�i�t�h� �p�r�o�t�e�o�l�y�t�i�c� �a�c�t�i�v�i�t�y� �d�e�c�l�i�n�i�n�g� 

�l�i�n�e�a�r�l�y� �f�r�o�m� �6�.�0� �t�o� �4�.�0�.� 

�T�h�e�r�e� �w�a�s� �a� �c�u�b�i�c� �e�f�f�e�c�t� �(�P� �<� �.�0�5�)� �o�f� �a�l�f�a�l�f�a� �a�n�d� �w�h�e�a�t� �s�t�r�a�w� 

�p�r�o�p�o�r�t�i�o�n�s� �o�n� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�T�a�b�l�e� �3�2�)�.� �A�d�d�i�t�i�o�n� �o�f� 
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�m�o�l�a�s�s�e�s� �t�o� �a�l�f�a�l�f�a� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t�.� 

�M�c�D�o�n�a�l�d� �a�n�d� �P�u�r�v�e�s� �(�1�9�5�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �s�t�i�m�u�l�a�t�e�d� 

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

�d�o�m�i�n�a�n�t�l�y� �p�e�r�e�n�n�i�a�l� �r�y�e�g�r�a�s�s�,� �a�n�d� �c�l�o�v�e�r�)�.� �L�a�n�i�g�a�n� �(�1�9�6�1�)� �r�e�p�o�r�t�e�d� 

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

�i�n�c�r�e�a�s�e�d� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t�.� �S�i�n�g�h� �e�t� �a�l�.� �(�1�9�8�4�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�d�d�i�-� 

�t�i�o�n� �o�f� �5�%� �m�o�l�a�s�s�e�s� �t�o� �b�e�r�s�e�e�m�:�w�h�e�a�t� �s�t�r�a�w� �(�8�0�:�2�0�,� �f�r�e�s�h� �b�a�s�i�s�)� �m�i�x�t�u�r�e� 

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

�d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �l�a�c�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t�,� �c�o�m�p�a�r�e�d� �t�o� �u�n�t�r�e�a�t�e�d� �w�h�e�a�t� 

�s�t�r�a�w�.� �T�h�i�s� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �O�j�i� �e�t� �a�l�.� �(�1�9�7�7�b�)� �t�h�a�t� �n�e�g�l�i�g�i�b�l�e� 

�a�m�o�u�n�t�s� �o�f� �l�a�c�t�i�c� �a�c�i�d� �w�e�r�e� �c�o�n�t�a�i�n�e�d� �i�n� �N�H�3�-�t�r�e�a�t�e�d� �c�o�r�n� �s�t�o�v�e�r�.� 

�H�i�g�h�e�s�t� �W�S�C� �v�a�l�u�e� �w�a�s� �r�e�c�o�r�d�e�d� �i�n� �u�r�e�a�-�t�r�e�a�t�e�d� �w�h�e�a�t� �s�t�r�a�w� �s�i�l�a�g�e�.� 

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

�O�v�e�r�a�l�l�,� �t�h�e� �W�S�C� �i�n� �p�r�e�-�e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �e�n�s�i�l�e�d� 

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

�i�n� �W�S�C� �v�a�l�u�e�s� �f�o�r� �p�r�o�p�o�r�t�i�o�n�s� �7�5�:�2�5�,� �1�0�0�:�0�,� �1�0�0�:�0� �+� �d�r�y� �m�o�l�a�s�s�e�s� �w�a�s� �o�f� 

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

�d�i�f�f�e�r�e�n�c�e�s� �(�P� �>� �.�0�5�)� �i�n� �W�S�C� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�i�l�a�g�e�s�.� 

�V�o�l�a�t�i�l�e� �F�a�t�t�y� �A�c�i�d�.� �T�o�t�a�l� �V�F�A� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �(�P� �<� 

�.�0�1�)� �w�i�t�h� �t�h�e� �l�e�v�e�l� �o�f� �a�l�f�a�l�f�a� �i�n� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �(�T�a�b�l�e� �3�3�)�.� �K�a�m�r�a� �e�t� 

�a�l�.� �(�1�9�8�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �p�r�o�d�u�c�t�i�o�n� �o�f� �V�F�A� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �w�i�t�h� �t�h�e� 

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

�o�r� �m�i�x�i�n�g� �w�i�t�h� �w�h�e�a�t� �s�t�r�a�w�.� �S�i�n�g�h� �a�n�d� �R�e�k�i�b� �(�1�9�8�6�)� �r�e�p�o�r�t�e�d� �a� �n�e�g�a�t�i�v�e� 

�c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �D�M� �c�o�n�t�e�n�t� �o�f� �t�h�e� �f�o�r�a�g�e� �a�n�d� �t�o�t�a�l� �V�F�A� �c�o�n�t�e�n�t�.� 
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�A�c�e�t�i�c� �a�c�i�d� �w�a�s� �t�h�e� �m�a�j�o�r� �V�F�A� �i�n� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �(�T�a�b�l�e� �3�3�)�.� �T�h�e� 

�h�i�g�h�e�s�t� �a�c�e�t�a�t�e� �v�a�l�u�e� �w�a�s� �r�e�c�o�r�d�e�d� �w�i�t�h� �7�5�:�2�5� �p�r�o�p�o�r�t�i�o�n�s� �(�l�i�n�e�a�r� 

�e�f�f�e�c�t�,� �P� �<� �.�0�1�)�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �t�h�e� �a�c�e�t�i�c� 

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

�t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �w�h�e�a�t� �s�t�r�a�w� �i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �a�c�e�t�i�c� �a�c�i�d�,� 

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

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

�i�n�c�r�e�a�s�e�d� �(�P� �<� �.�0�5�)� �a�c�e�t�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �i�n� �a�m�m�o�n�i�a�-�t�r�e�a�t�e�d� �c�o�r�n� �s�t�o�v�e�r�,� 

�c�o�m�p�a�r�e�d� �t�o� �u�n�t�r�e�a�t�e�d� �c�o�r�n� �s�t�o�v�e�r�.� 

�C�h�e�m�i�c�a�l� �C�o�m�p�o�s�i�t�i�o�n�.� �T�h�e� �D�M� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �(�P� �<� 

�.�0�1�)� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �l�e�v�e�l� �o�f� �w�h�e�a�t� �s�t�r�a�w� �i�n� �i�n�i�t�i�a�l� �m�i�x�t�u�r�e�s� 

�(�T�a�b�l�e� �3�4�)�.� �I�n�i�t�i�a�l� �D�M� �c�o�n�t�e�n�t� �o�f� �f�o�r�a�g�e� �h�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �r�o�l�e� �i�n� 

�e�n�s�i�l�i�n�g� �p�r�o�c�e�s�s� �(�C�a�t�c�h�p�o�o�l�e� �a�n�d� �H�e�n�z�e�l�l�,� �1�9�7�1�)�.� �T�h�e� �p�H� �a�t� �w�h�i�c�h� 

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

�(�W�i�e�r�i�n�g�a�,� �1�9�5�7�)�.� �T�h�e� �D�M� �c�o�n�t�e�n�t� �a�f�f�e�c�t�s� �t�h�e� �a�m�o�u�n�t� �o�f� �s�u�b�s�t�r�a�t�e� 

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

�(�M�u�c�k�,� �1�9�8�8�)�.� �T�h�e� �s�u�b�s�t�r�a�t�e� �r�e�q�u�i�r�e�d� �f�o�r� �c�o�m�p�l�e�t�e� �f�e�r�m�e�n�t�a�t�i�o�n� �i�s� 

�n�e�g�a�t�i�v�e�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �D�M� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�r�o�p� �(�M�u�c�k�,� �1�9�8�8�)�.� 

�M�c�K�e�r�s�i�e� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �p�r�o�t�e�o�l�y�s�i�s� �d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� �D�M� �c�o�n�t�e�n�t� �i�n� 

�t�h�e� �f�o�r�a�g�e� �i�n�c�r�e�a�s�e�s�.� �T�h�e� �D�M� �c�o�n�t�e�n�t� �o�f� �e�n�s�i�l�e�d� �m�i�x�t�u�r�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� 

�.�0�1�)� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �l�e�v�e�l� �o�f� �a�l�f�a�l�f�a� �(�T�a�b�l�e� �3�5�)�.� �S�i�n�g�h� �a�n�d� �P�a�n�d�i�t�a� 

�(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �D�M� �c�o�n�t�e�n�t� �o�f� �b�e�r�s�e�e�m� �i�n�c�r�e�a�s�e�d� �t�h�r�o�u�g�h� �w�i�l�t�i�n�g� �o�r� 

�b�y� �a�d�d�i�t�i�o�n� �o�f� �w�h�e�a�t� �o�r� �p�a�d�d�y� �s�t�r�a�w�.� �T�h�e� �C�P� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� 

�(�P� �<� �.�0�1�)� �w�i�t�h� �l�e�v�e�l� �o�f� �a�l�f�a�l�f�a� �i�n� �i�n�i�t�i�a�l� �(�T�a�b�l�e� �3�4�)� �a�n�d� �e�n�s�i�l�e�d� 

�m�i�x�t�u�r�e�s� �(�T�a�b�l�e� �3�5�)�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�a�s�s�e�s� �d�e�c�r�e�a�s�e�d� �(�P� �<� �.�0�1�)� �t�h�e� �C�P� 
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