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A series of in vitro laboratory trials and in vivo

sheep digestion trials were used to evaluate aerobically

or anaerobically fermented perennial ryegrass straw.

The laboratory trials consisted of a silage study, where

mini-silos were used in a 9 X 2 factorial design with

nine levels of whey (0 to 20%) and two levels of sodium

hydroxide (0 and 4%). The laboratory trial also included

a study of products derived from a semisolid fermentation

of ryegrass straw, which involved the acid hydrolysis,

neutralization with ammonia and aerobic fermentation with

yeast (Candida utilis). In vivo digestion trials with

sheep were used to evaluate 0 and 4% sodium hydroxide

(NaOH) treated silages as well as the semisolid fermenta-

tion products.

Silage pH was higher (P<.01) for silages containing

4% NaOH than for controls. NaOH treated and untreated

silages were similar in crude protein, content, however,

NaOH treated silages were lower (P<.05) in total soluble

nitrogen and soluble nonprotein nitrogen. The concentra-

tion of acid detergent fiber (ADF), cell wall constitu-

ents (CWC), cellulose and hemicellulose were consistently



lower (P<.05) for the NaOH treated silages. Acetic,

propionic, and butyric acid concentrations were increased

(P<.01) in the 4% NaOH silages as well as the total or-

ganic acid concentration (P<,01). In vitro dry matter

digestibility (DMD) was also improved (P<.01) by NaOH

additions to the silages.

Increasing levels of dried whole whey added to both

NaOH treated and untreated silages decreased (P<.01) the

pH and increased (P<.01) the total organic acid produc-

tion. Crude protein levels of the silages increased

(P<.01) with higher levels of whey, but had no effect on

soluble nitrogen fractions. Structural components, ADF,

CWC, cellulose and hemicellulose, decreased (P<.01) with

increasing levels of whey, however, the NaOH treated si-

lages were lower in total percentages. In vitro DMD was

improved (P<.01) by increasing levels of whey.

The products derived from the semisolid fermentation

process (neutralized and fermented straw) were similar

(P<.05) with respect to crude protein and soluble nitro-

gen fractions. However, the soluble protein of the neu-

tralized products was higher (P<.05) than the fermented

product. The fermented product was higher (P<.05) in

ADF, CWC, and ADL than the neutralized material. The two

products were similar (P<.05) in cellulose and hemicellu-

lose content. In vitro DMD for the fermented and neutra-

lized products did not differ significantly.

In vivo evaluation of the whey and NaOH treated

ryegrass straw silages indicated no difference (P<.05)

in nitrogen retention. Apparent protein digestibility

was lower (P<.05) for the 4% NaOH treated silage than for

the untreated silage. However, the NaOH treated silage

had an increased (P<.05) dry matter, CWC, and ADF digest-

ibility over the untreated silage.



The diets for the digestion trials containing the

neutralized and fermented products from the semisolid

fermentation process were similar in chemical composition

to the grass hay control diet, except for being higher

(P<.05) in ADF. Nitrogen retention data showed a

reduced (P<.05) nitrogen utilization by sheep for the

neutralized and fermented product over that of the grass

hay diet. The apparent protein digestibility was higher

(P<.05) for the neutralized product than the fermented

product, however, both were lower (P<.05) than the grass

hay diet. Both semisolid fermentation products were

lower (P<.05) in dry matter, CWC and ADF digestibilities

than the grass hay control.
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THE EFFECTS OF AEROBIC AND ANAEROBIC FERMENTATION
ON THE NUTRITIVE VALUE OF RYEGRASS STRAW

INTRODUCTION

A great deal of attention has been given to the world

food shortage in the past several years. As the wealth and

power of underdeveloped countries increases, a greater de-

mand for food will be realized by larger food producing

countries. It will become ever increasingly difficult for

the food producing countries to justify the use of high

quality cereal grains as feed for domestic livestock. At

this point in time, the human demand for cereal grains of-

ten dictates the economic feasibility for the use of these

feedstuffs as animal feed. In compliance with this com-

petition and demand for agricultural products, the animal

industry is often forced to find alternate sources of feed

for livestock. The monogastric and ruminant animal both

suffer from the increase in demand for quality foodstuffs,

however, the ruminant animal is in less direct competition

with humans than the monogastric animal. The ability of a

ruminant to utilize cellulose and various sources of nit-

rogen reduces the problem of finding alternate sources of

food.

High fiber materials have been inherent in rations for

ruminants. These high fiber materials have ranged from

good quality forages to low quality by-products. By-pro-

duct feeds have become more interesting for livestock pro-

ducers due to the possible economic advantage of feeding

a by-product. Ryegrass straw is a particular waste pro-

duct that has been a potential source of feed for many

years. Hundreds of thousands of tons of ryegrass straw

are produced each year in the Willamette Valley of Oregon

by the ryegrass seed industry. Burning, in past years, has
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been the most common means of waste straw management.

Environmentalists, however, have made it increasingly dif-

ficult for seed producers to burn the waste straw. Conse-

quently, more interest has developed for using the straw as

animal feed. The difficulty with many high fiber by-pro-

ducts such as ryegrass straw has been the low quality of

the material and its poor utilization by the ruminant ani-

mal.

For many years researchers have investigated potential

treatments for high fiber materials in an attempt to im-

prove its quality for ruminants. The use of alkali treat-

ments in various forms, concentrations and methods of ap-

plication were widely publicized forms of straw treatment

(Beckmann, 1921; Guggolz et al., 1971; Fernandez, 1974; and

Jayasuriya and Owen, 1975). The beneficial effects of al-

kali treatments have been well documented. The use of high

fiber material and straw in silages has been a more recent

means of treatment. The ensiling process alone has not

been shown to improve the quality of high fiber materials.

However, when silage additives have been included, a bene-

ficial effect from ensiling often becomes apparent. Alkali

has been incorporated in high fiber silages and has been

shown to improve in vitro dry matter digestibility (Krause

et al., 1968). Koers (1970) found that sodium hydroxide

treated corn stover silage increased the total volatile

fatty acid content over that of controls. In addition to

chemical treatments, sources of carbohydrates such as whey

and molasses have been described as improving lactic acid

formation and decreasing the pH of the silage (Allen et al.,

1937; Shultz, 1974). The anaerobic fermentation pro-

cess involved in silage making has demonstrated a potential

for treating high fiber materials such as ryegrass straw.

Recent investigations into the aerobic fermentation

of ryegrass straw have provided a new potential feed mater-
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ial. Han and Anderson (1975) have developed a semisolid

fermentation process for growing single cell protein on

hydrolyzed ryegrass straw. In vitro studies have indicated

a definite improvement over plain straw when measured as

dry matter digestibility. This process, as well as those

mentioned previously, initiated interest in this investi-

gation.

The objectives of this study were:

1. Determine the effects of certain additives upon

the value of anaerobically fermented ryegrass

straw silage.

2. Evaluate in vitro and in vivo the products de-

rived from the aerobic semisolid fermentation of

ryegrass straw.
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LITERATURE REVIEW

Tremendous quantities of ryegrass straw are produced

in the Willamette Valley of Oregon. The ryegrass seed in-

dustry produces an estimated 700 thousand tons of straw by-

products each year. Straw removal and management has be-

come a severe problem in the recent past and has continued

to be of great concern. Field burning has been the most

popular means of straw waste management for over thirty

years. Burning served two purposes in that it removed

the waste straw and at the same time sanitized the ryegrass

fields against insects and disease. The polution caused by

field burning, however, has become a heated environmental

issue. The Oregon State Legislature, in 1971, voted to

ban open field burning with an effective date of January

1, 1975. Lobbying by the ryegrass seed industry has been

successful in postponing the total ban on burning, however

it has become evident that open field burning will eventu-

ally be eliminated.

One alternative to field burning as a means of waste

straw management has been its use in ruminant feeds. Rye-

grass straw is a low quality roughage with a high fiber

and lignin content (Anderson and Ralston, 1973). Several

studies have indicated the negative effects of high lignin

content on fiber and dry matter digestibility (Dehority

et al., 1962; Tomlin et al., 1965). The poor digestibility

of plain straw has limited its use in ruminant rations to

any great extent. The chemical and physical treatment of

ryegrass straw has been under investigation for some time

in an attempt to improve its quality. This review will

discuss a few of the methods that have been developed for

treating ryegrass straw as well as other high fiber plant

materials. It is beyond the scope of this review to dis-

cuss all of the treatments that exist and therefore,
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the discussion was limited to those topics that directly

relate to the research that was undertaken.

Silage Production

The production of silage from plant material is affect-

ed by many factors. Most important is the property of

the material to be fermented. In the case of high fiber,

high lignin materials such as ryegrass straw, there is

very little in the plant material that can support fer-

mentation. By including additives of various types, the

fermentation of straw can occur and produce a highly palat-

able product. The decision as to what additive to use is

based on the original plant material. Several factors in-

fluence this decision and also influence the extent of

fermentation that takes place. The moisture content of

the material affects the solubility of the plant components

and makes them more or less available for fermentation.

The moisture content also affects and helps maintain the

anaerobic conditions that must be present for the growth

of bacteria. Soluble carbohydrates and nitrogen are also

required for the fermentation process. Carbohydrates are

fermented by bacteria which produce organic acids as waste

products. Nitrogen in conjunction with carbohydrates is

used for the production of bacterial protein and the pro-

liferation of bacterial numbers. The production of organic

acids from the fermentation process will influence the si-

lage quality by retarding the growth of undersirable or-

ganisms. The buffering capacity of the plant material

could increase the production of acids and result in a high

quality silage. The consideration of moisture, carbohy-

drates, nitrogen and buffering capacity are important in

determining the appropriate additive to use with high

fiber materials.
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There are several additives that are available to sup-

plement straw or high fiber materials when used for silages.

These additives have been shown to improve the fermentation

process and therefore enhance the silage quality. Additives

that present a definite benefit in the fermentation of high

fiber silages have been discussed further in this review.

Hydroxide Additives

The hydroxide treatment of straw has long been known

to improve digestibility and intake (Beckmann, 1921). In

most treatments the straw was soaked in a dilute hydroxide

solution for several hours. The material was washed with

water to remove the hydroxide and then dried. The proce-

dure was expensive, time consuming and many of the soluble

portions of the straw were lost. Improvements have been

made in treating straw and low quality roughages with hy-

droxide. Studies have indicated that ruminants could tol-

erate moderate levels of 6% hydroxide and this helped to

alleviate the problem of washing the treated material (Wil-

son and Pigden, 1964; Chandra and Jackson, 1971). In

addition these findings indicated less water was required

for treatment of the straw. In further attempts to im-

prove the value of hydroxide treated high roughage mater-

ials, researchers have investigated the effects of particle

size, combinations of hydroxides at varying concentrations,

time of reaction and various acid neutralizing agents (Gug-

golz et al.,1971; Anderson and Ralston, 1973; Fernandez,

1974; Jayasuriya and Owen, 1975). Much of the research has

demonstrated that the hydroxide treatment of straw and high

fiber materials has improved their digestibility.

In recent research the effect of hydroxides have also

been investigated in silages. Sodium hydroxide (NaOH) was

used effectively in treating low quality roughages for si-
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lage. Various types of low quality roughages have been

studied and NaOH levels ranging from 0 to 6% of the dry mat-

ter have been used in treating roughages for silage. Treat-

ing whole corn plant with 4% NaOH prior to ensiling proved

to be beneficial in increasing in vitro dry matter digest-

ibility (IVDMD) over that of control rations (Krause et al.,

1968). In addition, Krause reported improved in vivo ener-

gy digestion of corn silage when treated with either 3 or

5% NaOH. Koers et al. (1969, 1970) treated corn cobs

and corn stover with 4% NaOH and observed improved organic

matter digestibility and increased nitrogen retention when

the silages were fed to sheep. Koers et al. (1972) also

found improved IVDMD when 4% NaOH was used to treat corn

cobs, grass hay, corn stalklage and milo tailings prior to

ensiling. Klopfenstein et al. (1972) treated corn stalks

with 5% NaOH prior to ensiling and when the silage was fed

with alfalfa stemshe observed a 20% increase in organic

matter digestibility over untreated corn stalks. Buchanan-

Smith et al. (1972) indicated that total acid production

in NaOH treated whole plant corn and corn stover silages

was equal to or greater than untreated silages. Further-

more, ammonia-nitrogen and soluble nitrogen were reduced

in the NaOH treated silages while total-nitrogen was re-

duced only in the NaOH treated corn stover silage. Simi-

lar results were reported by Pelletier and Mowat (1974)

with whole plant barley and corn stover treated with 3%

NaOH. It was determined that NaOH increased digestibili-

ties of organic matter, acid detergent fiber and cellulose

when ensiled.

Research at Oregon State University has involved the

utilization of a 50:50 mixture of NaOH and potassium hy-

droxide (KOH) as a treatment for improving the quality of

ryegrass straw silage. Work by Schultz et al. (1974)

indicated that the addition, prior to ensiling, of 4.5%
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NaOH:KOH had a definite beneficial effect on the value of

ryegrass straw silage when fed to sheep. The data indi-

cated significant improvements in the digestibilities of

dry matter, organic matter, acid detergent fiber, acid

detergent lignin, cell wall constituents and crude protein

when hydroxide was added prior to ensiling. Furthermore,

nitrogen retention and total rumen volatile fatty acids

were increased with the hydroxide treated silage. The

data represent a definite improvement in ryegrass straw

silage when treated with hydroxide (NaOH:KOH).

These studies have indicated that sodium and potassium

hydroxides are used as silage additives for medium and

poor quality roughages. Hydroxides added prior to ensiling

at levels up to 6% of the dry matter have made apparent

improvements in quality. The data demonstrate increased

digestibilities of major plant constituents and increased

total acid production during the ensiling process. These

basic improvements in silage quality have shown the bene-

ficial effects of adding hydroxides prior to ensiling.

Carbohydrate Additives

Many types of additives have been incorporated into

silages in an attempt to improve the feeding value of the

forage. One major difficulty in fermenting many low qual-

ity forages has been the lack of fermentable material.

Ryegrass straw has been estimated to have only 29.6% cell

soluble matter with an in vitro digestibility of 64.5%

(Han et al., 1975). The addition of soluble carbohydrates

could possibly improve the fermentability and preservation

of ryegrass straw silage.

Many forms of carbohydrates are used as silage addi-

tives. Cereal grains such as barley have often been in-

corporated into silages. Robertson et al. (1971) used
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barley to improve the fermentation of popular bark silage.

Forages limited in soluble carbohydrates have been im-

proved when ensiled by the addition of ground grains or

ground ear corn. The ground material has aided in reducing

the moisture content of fresh cut haylage and has supplied

sugars and starches which may be used to produce organic

acids (Olson et al., 1966). Dried beet pulp has been used

for similar reasons as a preservative for silages made

from grasses and legumes (Byers and Jones, 1951).

Molasses is another carbohydrate source that has been

studied. Barker and Levitt (1969) have indicated molasses

to be a high quality additive for grass silages. Research

has also been conducted using molasses as an additive for

ryegrass straw silage (Schultz et al., 1974; Schultz and

Ralston, 1974). Additions of molasses up to 20% of the

dry matter have made beneficial improvements in the fer-

mentation of ryegrass straw silage. Schultz (1974) re-

ported decreased pH when molasses was added which indicated

an increased production of organic acids.

Among the various other additives and preservatives

for silage making, whey has been demonstrated to be of

importance. As early as 1937, Allen et al. (1937) used

dried whey as an additive for the preservation of grass

silage. It was concluded that the addition of soluble

carbohydrates, supplied by dried whey at the time of en-

siling, encouraged the formation of lactic acid and thus

lowered the pH of the silage. This was considered to be

a substantial improvement in the long term preservation of

grass silage.

Schingoethe (1976) analyzed the nutrient content of

dried whole whey and indicated that it was a high quality

silage additive. It was determined that it contained 12.2%

crude protein, 71.5% lactose and 8.4% ash. The high pro-

portion of lactose in dried whole whey would have supplied
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sufficient readily available carbohydrates to improve the

fermentation of grass silage.

The most recent work with whey as an additive for si-

lage has taken place at South Dakota State University.

Dash and Voelker (1971) indicated that dried whey, when

added at levels up to 10% of the dry matter, decreased pH,

increased lactic and acetic acids as well as decreased

total weight losses in alfalfa-brome haylage. In addition,

whey increased the protein and sugar content of the hay-

lage while decreasing mold growth. Continued work by Dash

et al. (1974) demonstrated similar effects with recon-

stituted alfalfa hay. In this study, it was also deter-

mined that ADF, CWC and cellulose were lower in hay si-

lages treated with whey. In a digestion trial, apparent

digestibilities of dry matter, ether extract, energy,

cellulose, lignin and hemicellulose increased with whey

additions. Additional research has indicated similar re-

sults with alfalfa haylage (Dash et al., 1974a; Dash et

al., 1974b).

Further studies at South Dakota (Schingoethe et al.,

1974; Schingoethe and Beardsley, 1975) have investigated

whey additions to urea-treated corn silage. It was deter-

mined that dried whey reduced non-protein nitrogen and

ammonia nitrogen in urea-treated corn silage. A deter-

mination of total nitrogen indicated that whey additions

decreased the nitrogen loss of urea-treated corn silage

during the ensiling process. Further digestion studies

with steers also indicated improved digestibilities of

dry matter, nitrogen and energy with whey-urea treated

silage over urea-treated corn silage. Rumen samples dem-

onstrated higher propioniate and total VFA concentrations

for the steers fed the whey-urea treated corn silage.

It is apparent that the addition of whey pro-

ducts has had a beneficial effect on the improvement of
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grass, alfalfa and corn silages. The improvement has

apparently been derived from the addition of available

sugars, high quality protein and minerals. The research

described previously has indicated a synergistic effect

of whey and various forages. It could be assumed that

the utilization of whey products with the ensiling pro-

cess could improve the feeding value of many medium to

low quality forages.

Miscellaneous Additives

The crude protein content of silages has often been

a limiting factor in the use of silage as a complete feed.

This has been especially true with whole corn plant si-

lage. Corn silage contains from 8 to 10% crude protein

on a dry matter basis. Many studies have been done on

the use of various nitrogen sources as additives to in-

crease the crude protein content of silages. Urea has

been utilized most frequently as a silage additive.

Bentley et al, (1955) added 1% urea per ton of corn silage

and ran digestion trials with sheep. It was found that

nitrogen from the urea treated corn silage was digested

and utilized as well as nitrogen supplied by plain si-

lage supplemented with soybean oil meal. Shirley et al.

(1972) added up to .75% urea to chopped whole corn prior

to ensiling and found that the production of propionic,

butyric and lactic acids increased with the amounts of

urea added. In vitro trials by Shultz et al. (1974)

with ryegrass straw silage indicated that the addition

of urea improved the dry matter digestibility and the

crude protein content.

In these studies and others urea has been shown to

be an effective means of increasing the crude protein
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of various silages. In addition, the nitrogen from urea

has been shown to be well utilized when fed in this way.

In this respect, urea has been used as a beneficial si-

lage additive for low and high quality roughages.

The preservation of silage through fermentation re-

lies heavily on the production of organic acids. The

concentration of organic acids, especially acetic and

lactic, causes the characteristic low pH in silages

varying from 4 to 5. The low pH level and the organic

acid content of silages limits the fermentation that

continues. An increased concentration of organic acids

has been shown to be important in long term silage

preservation and it may be increased by buffering.

Many researchers have applied methods that have in-

creased the buffering capacity of silages in an attempt

to prolong the fermentation process. The most common

additive used for buffering silages has been calcium car-

bonate or limestone. Klosterman et al. (1963) included

1% high calcium limestone in corn silage and achieved

markedly increased acid production. The silage fed to

steers gave significantly higher rates of gain over un-

treated silage. Schmutz et al. (1969) also reported a

definite increase in organic acid production when .5%

limestone was added to corn silage. Additional studies

by researchers have indicated similar patterns in organic

acid production, but with slightly higher pH values

(Nicholson and Chunningham, 1964; McCullough et al., 1970).

Semisolid Fermentation

A different approach has recently been used to im-

prove the digestibility and feeding value of straw waste.

Cellulosic wastes, like cereal straws, were used for the
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production of single cell protein (SCP). Researchers

(Callihan et al.,1969; Han et al.,1971) used an alkali

pretreatment on several cellulosic materials. After pre-

treatment the materials were inoculated and aerobically

fermented with bacteria of the Cellulomonas genus (Han

and Srinivasan, 1968). Due to the highly active cellu-

lase enzymes produced by the bacteria, the cellulose

material was degraded and used to increase the number

of Cellulomonas bacteria. Later work by Han and Calli-

han (1974) demonstrated the use of several pretreatment

conditions prior to aerobic fermentation with Cellulomo-

nas. Rice straw and sugarcane bagasse were two sub-

strates which were pretreated with various acids, am-

monia or sodium hydroxide. Sodium hydroxide or ammonia

treatments of rice straw were determined to be the most

practical means of increasing Cellulomonas microbial

growth.

In a recent journal article (Han and Anderson, 1975)

and in the popular press (Han et al., 1976) co-workers

have reported developing an improved method of straw fer-

mentation. The method involved acid hydrolysis of rye-

grass straw under heat and pressure and then a semisolid

fermentation with yeast. More specifically, three parts

of 0.5 N sulfuric acid were added to one part chopped

straw and then hydrolyzed in a pressure cooker under .703

kg per square cm of steam for 30 minutes. The hydrolyzed

straw was neutralized with sufficient ammonium hydroxide

to raise the pH to 4.5. The hydrolysis procedure liber-

ated free sugars derived from hemicellulose and cellulose

in the straw. Neutralization of the hydrolyzed straw

supplied sufficient nitrogen for microbial growth. The

hydrolyzed and neutralized mixture was inoculated with a

suitable organism, such as Aureobasidium pullulans or

Candida utilis, and aerobically fermented for
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approximately 36 hr with a constant tumbling motion.

The fermented product was brown in color with a dis-
tinctive sweet odor. The dry matter content was between

25 and 30%, which resembled that of some silages. The

ammonification and microbial fermentation increased the

crude protein of the straw from 3.1% to 12.4%. Ammonia-
tion minus free ammonia nitrogen was believed to increase

the crude protein content to 7.1%. One-third of the am-

monium hydroxide was thought to be tightly absorbed to or

reacted with the straw to form nitrogenous compounds. It

was further reported that 5.3% of the protein increase

was due to microbial utilization of free ammonia trapped

in the straw. It was determined that most of the hemicell-

ulose was converted to free sugars and then used by micro-

organisms for protein synthesis. An increase in lignin

content indicated the inability of the microorganisms to

use this component of the straw. An increase in the fat

content of the fermented straw from .38% to 1.89% was

attributed to the storage of lipid material by the growing

organisms. In addition to the physical components of the

straw, in vitro digestibility was increased from 32.7% to
46.6%. The data represented a definite improvement in the

quality of ryegrass straw for livestock feed.

The advantage of this method appeared to be in the

aerobic, semisolid fermentation process which under com-

merical production would be much less expensive than

conventional submerged anaerobic fermentation of cellu-

losic wastes. The product, in itself, would appear to be

uniform in quality and with sufficient processing could

be a readily salable commodity.
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EXPERIMENTAL PROCEDURES

Laboratory Trials

A series of experiments were designed to evaluate the

aerobic and anaerobic fermentation of perennial ryegrass

(Lolium perenne L.) straw as a means of producing feed

for ruminants. The products were evaluated in the lab-

oratory and in digestion trials with sheep. All of the

ryegrass straw used in these experiments was supplied by

a common source and the chemical analysis is presented in

appendix table 1.

Anaerobic Fermentation

Wide mouth .95 1 glass jars with self sealing lids

were used as mini-silos to make reconstituted perennial

ryegrass straw silage. The straw was chopped through a

hammermill to approximate lengths of 6.4 mm. The additives

used in making the silages were made into solutions prior

to adding straw to the mini-silos. The straw was added to

the glass jars containing the solutions and firmly packed

by hand. The mini-silos were sealed and stored in a dark

incubation room at 24 C for 28 days.

The mini-silos trial consisted of a 9 X 2 factorial

arrangement of treatments where the straw was treated with

nine levels of whole dried whey (NRC4-01-182)andtwolevels

of sodium hydroxide (NaOH). Dried whey was added at in-

creasing levels of 2.5% of dry matter, from 0 to 20% (Table

1). Each level of whey silage was prepared containing

either no NaOH or 4% NaOH replacing the ryegrass straw.

Each silage treatment also included 1% urea and 1% lime-

stone on a dry matter basis. Sufficient water was used



TABLE I. STRAW AND ADDITIVES ENSILED IN THE LABORATORY TRIALa'b

Level of Whole Dried Whey (%)

Ingredients'
0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Na011 Treatment

Perennial rye-
grass straw 98 94 95.5 91.5 93 89 90,5 86.5 88 84 85.5 81,5 83 79 80.5 76.5 78 74

Whole dried
whey 0 0 2.5 2.5 5.0 5.0 7.5 7.5 10.0 10.0 12.5 12.5 15.0 15.0 17.5 17.5 20.0 20.0

Sodium hydrox-
ide (Na011) 0 4 0 4 0 4 0 4 0 4 0 4 0 4 0 4 0 4

Urea 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Limestone 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

a

bThree mini-silos/treatment.
Water was added at a level of 210 ml H 0/100 g of dry matter.c
Concentrations on a dry matter basis. 2
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in the silages to obtain a dry matter of approximately 28%.

At the end of the fermentation period, the mini-silos

were opened andrepresentative samples were used to deter-

mine moisture content by lyophilization. The dried sam-

ples were stored for further analysis. A 50 g sample of

fresh straw silage was placed in a glass jar and submerged

in 150 ml of distilled water. Approximately .5 g of thymol

was added to the jars, they were sealed and stored under

refrigeration for seven days. Five ml of the liquid frac-

tion was precipitated with one ml of 25% meta-phosphoric

acid and centrifuged at 22,000 X g for 15 min. The liquid

fraction was used for volatile fatty acid (VFA) and lactic

acid analysis by gas chromatography. VFA and lactic acid

chromatography was done according to the method of Carls-

son (1973). The lyophilized silage samples were used to

determine in vitro dry matter digestibility as decribed

by Kezar (1977). Fluid from the in vitro trial was per-

cipitated with meta-phosphoric acid, centrifuged and used

for VFA analysis as described previously. Acid detergent

fiber (ADF), acid detergent lignin (ADL), acid insoluble

ash (AIA) and cell wall constituents (CWC) were determined

on the dried silage samples using the micro-method des-

cribed by Waldren (1971). Values for cellulose and hemi-

cellulose were calculated from the information obtained

from the fiber analysis. Crude protein (CP) was deter-

mined by A.O.A.C. official methods of analysis (1970). The

dried samples were further analyzed for total soluble nit-

rogen (SN), soluble non-protein nitrogen (SNPN) and soluble

protein (SP). The procedure utilized Ohio in vitro fer-

mentation buffer (Johnson, 1969) and followed a modified

Wohlt precedure (Wohlt et al.,1973) as described by Prigge

et al. (1976).

Calculations were made for portions of the data in

order to limit the diluting effect of NaOH and added levels
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of whey when silage components were expressed on a percent

of dry matter basis. In vitro dry matter digestibility

for the 0 and 4% NaOH treated silages was adjusted to re-

flect a dried whey digestibility of 87% (Anderson, 1975).

The concentrations of ADF, ADL, CWC, cellulose and hemi-

cellulose were adjusted by subtracting the dry matter

weights of NaOH and whey and recalculating the concentra-

tions.

The data were statistically analyzed by use of a two-

factor analysis of variance as described by Steel and Tor-

rie (1960). Where the analysis of variance showed dif-

ferences among means for the whey treatments, orthogonal

polynomials were used to determine a response curve as

described by Snedecor and Cochran (1967) (Appendix Table 2).

Aerobic Fermentation

Perennial ryegrass straw was chopped in a hammermill

to pass through a 6.4 mm screen. One hundred kg of air

dry straw was placed in a steel jacketed pressure vessel

for processing. The straw was hydrolyzed by adding seven

parts of a .5 N sulfuric acid (H2SO4) solution to three

parts by weight of air dry straw. The straw was then

pressurized and heated by steam at 121 C for 30 min.

After the straw was hydrolyzed, it was cooled and the pH

was adjusted to 5 by adding ammonia gas. The straw at

this stage was in a semi-solid state consisting of approx-

imately 30% dry matter. The straw was inoculated with a

yeast culture (Candida utilis) and aerobically fermented

for 12 to 29 hr. The fermentation process was stopped

when the concentration of CO
2

in the fermentor reached its

maximum level and then began to decline. The fermented

product was dried to 90% dry matter by heating the pres-

sure vessel and blowing dry air through the tank.
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Two products from the straw treatment process were

used in these experiments. One was the final fermented

product (fermented straw) and the second product was the

dried product taken after the addition of ammonia (neu-

tralized straw). Both products were treated similarly

except the neutralized straw was not fermented with Candida

utilis.

Plain untreated straw, fermented straw and neutralized

straw were compared in laboratory experiments. Dry matter

digestibility and VFA concentrations were determined from

in vitro digestibility trials as described previously.

The straw materials in this trial were analyzed for the

same components as those in the straw silage trials dis-

cussed earlier.

All data were subjected to analysis of variance for

a completely randomized design experiment as outlined by

Steel and Torrie (1960). Differences between treatment

means were tested for significance by use of the Student-

Newman-Keul's multiple range test.

Sheep Digestion'Trials

-Twenty-one crossbred wethers averaging 34 kg were

used in three completely randomized digestibility trials.

Each trial consisted of three animals randomly placed on

each of seven treatments (Table 2). The experimental

treatments were: I) grass hay and neutralized straw

(GHNS), II) grass hay and fermented straw (GHFS) III)

grass hay control (GHC), IV) ryegrass straw plus pro-

tein control (SPC), V) ryegrass straw control (SC), VI)

plain ryegrass straw silage (PSS) and VII) NaOH treated

ryegrass straw silage (NSS). The GHNS and GHFS rations

contained the products derived from the aerobic semi-

solid fermentation process discussed earlier in the labor-

atory trials. These two rations plus the GHC ration



TABLE 2. RATION FORMULAS USED FOR DIGESTIBILITY TRIALS

Ingredients (%)a
Treatments c

I

GHNS
II

GHFS
III
GHC

IV
SPC

V
SC

VI
PSS

VIIVII
bNSS

Perennial ryegrass
straw 81.4 92.5 83 79

Grass hay 68 68 92.5

Neutralized straw 25

Fermented straw 25

Cottonseed meal 11.1

Whole dried whey 15 15

Molasses 7 7 7 7 7

Sodium hydroxide
(NaOH) 4

Urea .5 .5 .5 1 1

Limestone 1 1

aConcentrations on a dry matter basis.
Water added at 2.1 liters H 0/kg of dry matter.
c
GHNS-grass hay-neutralized straw; QHFS-grass hay-fermented straw; GHC-grass
hay control; SPC -straw protein control; SC-straw control; PSS-plain straw
silage; NSS-NaOH straw silage,
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were pelleted to prevent separation and for convenience.

The SPC and SC rations could not be pelleted with the

equipment available and had to be fed in their natural

state. The dry ingredients for the two silage rations

(PSS and NSS) were mixed and stored in wooden boxes of 300

kg capacity until needed. The silages were made by plac-

ing two 86 by 152 cm polyethylene bags inside a 122 1plas-

tic barrel. The dry silage ingredients were weighed into

the barrel and either water (PSS) or a NaOH solution (NSS)

was added. The silage was compressed with a 90 kg weight

and the bags were sealed. The bags were turned periodically

to prevent the liquid from settling. All silages used in

the digestion trials were fermented a minimum of 30 days.

Animals in the digestion trials were fed twice a day

and given water ad libitum. Every animal received the

same weight of dry matter each day, irrespective of ration.

The trials consisted of a 12 day preliminary period followed

by a 7 day collection period. Records were kept of daily

feed intake and fecal and urinary output. Daily feed,

feces and urine samples were composited at the end of each

trial. Moisture content was determined on the composited

feed and feces samples by lyophilization and stored for

chemical analysis after drying and grinding. Feed, fecal

and urine samples were analyzed for crude protein by A.O.A.C.

official methods of analysis (1970). Fecal and feces sam-

ples were analyzed for ADF, ADL, AIA and CWC using the

micro-method described by Waldern (1971). At the end of

each trial collection period, rumen samples were taken

via stomach tube from each sheep, approximately three

houi.s after feeding. The rumen samples were immediately

precipitated with a 25% solution of meta-phosphoric acid

and centrifuged at 22,000 X g for 15 min. The liquid

fraction was analyzed by gas chromatograph for VFA's using

the procedure described by Carlsson (1973).
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Data were subjected to analysis of variance for a

completely randomized design experiment as outlined by

Steel and Torrie (1960). Differences between treatment

means were listed for significance by use of the Student-

Newman-Keul's multiple range test.
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RESULTS AND DISCUSSION

Laboratory Trials

Anaerobic Fermentation

A visual appraisal of the straw silages showed a dif-

ference between the 0% level of sodium hydroxide (NaOH) and

the 4% level. The 4% NaOH silages had a characteristic

yellow color which was not similar to the untreated silage.

The 4% NaOH treated silage also had a slick, almost slimy

texture when handled. Both silages had similar pungent

odors.

The addition of NaOH to the silages caused the most

obvious effects on the silage composition as presented in

table 3. The overall pH of the 4% NaOH silages was higher

(P<.01) than the untreated silage. This was expected, and

similar observations with NaOH treated corn stover silage

were reported by Flipot et al. (1976). Total soluble nit-

rogen was reduced (P<.05) by the addition of 4% NaOH to the

whey silages. Pelletier et al. (1974) also observed a decrease

in soluble nitrogen in NaOH treated barley or corn silages.

The soluble nitrogen fraction was further fractionated

into soluble non-protein nitrogen and soluble protein.

The silages with no NaOH had a larger (P<.01) proportion of

its total nitrogen as soluble non-protein nitrogen than

the NaOH treated silages. The percent soluble protein in

the 4% NaOH silages was higher (P<.01) than the untreated

silages. Bergen (1971) has reported in studies with corn

silage that dry matter intake was negatively correlated

with water soluble non-protein nitrogen levels. In addition,

Annison et al. (1954) and el-Shazly (1958) have reported

that proteins of high solubility are utilized less



TABLE 3. DRY MATTER,
SILAGEa

pH AND NITROGEN CHARACTERISTICS OF RYEGRASS STRAW

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 Means

pH
b

0% NaOH 5.42 4.89 4.84 4.46 4.41 4.23 4.17 4.05 4.14 4.51
4% NaOH 6.36 5.95 5.63 5.46 5.33 5.27 5.38 4.77 4.86 5.45

Dry matter
0% NaOH 28.3 27.8 29.0 28.7 28.8 28.3 28.6 27.4 28.1 28.3
4% NaOH 28.2 29.1 28.4 28.0 28.0 28.0 28.1 28.2 28.2 28.2

% of Dry Matter

Crude protein
0% NaOH 6.1 6.4 6.7 7.0 7.6 8.8 8.6 9.5 9.3 7.8
4% NaOH 6.0 6.1 6.5 7.2 7.8 8.2 9.0 9.1 9.3 7.7

Soluble nitrogenc
0% NaOH 55.1 59.6 62.7 65.4 63.8 60.9 61.1 60.4 62.9 61.3
4% NaOH 57.1 63.2 56.5 58-.0 57.6 56.7 54.6 59.0 61.4 58.2

Soluble non-proteinb

0% NaOH 52.5 54.4 60.3 61.8 61.2 57.8 58.3 56.9 56.8 57.8
4% NaOH 52.1 53.1 50.9 52.6 52.2 52.1 48.1 51.7 55.8 52.1

Soluble protein
0% NaOH 2.6 5.2 2.5 3.6 2.6 3.1 2.8 3.5 6.1 3.6
4% NaOH 5.0 10.1 5.6 5.4 5.4 4.6 6.5 7.3 5.6 6.2

aMeans based on three mini-silos/treatment.
bCumulative means for the 0% or 4% silages differ (P<.01).
cCumulative means for the 0% or 4% silages differ (P<.05).
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efficiently by ruminants. With the large concentration of sol-

uble nitrogen present in these silages, nitrogen utilization

by ruminants might be of concern.

The concentrations of ADF, CWC, cellulose and hemicell-

ulose were consistantly lower (P<.01) for the 4% NaOH si-

lages (Table 4). This, in part, was due to the 4% dry

matter supplied by NaOH. In order to better identify the

effects of NaOH additions, the fiber fractions mentioned

previously were adjusted by weight for the amount of NaOH

and dried whole whey that were added (Table 5). When ex-

pressed in this way, the percent CWC and percent hemicellu-

lose were the only fractions that were lowered (P<.01) by

NaOH additions. The decrease in CWC was explained by the

decrease in hemicellulose when 4% NaOH was added to the

straw silages. The data indicated that the NaOH was effect-

ive in reducing the hemicellulose fraction of the straw

silages. The hemicellulose was solubilized or made more

available for bacterial fermentation by NaOH additions and

thus its concentration was reduced in the treated silages.

The extent of silage fermentation was determined by

the measurement of volatile fatty acids and lactic acid

as well as by pH (Table 6). The total acid production was

greater (P<.01) for the silages treated with 4% NaOH.

Acetic, propionic and butyric acids contributed to the

total acid content and were also in higher (P<.01) concen-

trations in silages treated with 4% NaOH. In contrast to

other reports, no differences (P<.05) could be determined

in lactic acid content between the NaOH treated or un-

treated silages. Research by Buchanan-Smith et al. (1972)

has indicated a substantial increase in lactate production

when 4% NaOH was included in corn stover silage. The in-

crease in lactic acid as affected by NaOH additions, was

not observed in this experiment.



TABLE 4. FIBER, LIGNIN AND ASH CHARACTERISTICS OF RYEGRASS STRAW SILAGEa

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 Means

% of Dry Matter

Cell wall constituents
0% NaOH 75.6 75.0 74.0 71.5 69.4 65.7 63.5 61.8 60.9 68.6
4% NaOH 65.6 63.6 62.7 62.9 62.4 60.3 57.3 57.5 54.6 58.7

Acid detergent fiberb

0% NaOH 45.4 44.5 45.0 42.3 42.8 39.5 38.3 37.0 36.4 41.3
4% NaOH 44.2 41.8 40.7 41.3 40.3 38.3 37.3 35.9 34.5 39.4

Celluloseb

0% NaOH 37.6 37.0 35.2 34.7 35.7 32.5 31.2 30.2 29.5 33.7
4% NaOH 36.7 33.2 31.5 34.4 32.4 31.3 30.3 30.0 28.2 32.0

Hemicelluloseb

0% NaOH 30.2 30.5 29.1 29.2 26.5 26.2 25.2 24.7 24.5 27.3
4% NaOH 21.3 21.8 22.0 21.6 22.1 22.0 20.0 21.6 20.1 21.4

Acid detergent lignin
0% NaOH 6.8 6.5 8.6 6.0 5.6 6.5 5.9 5.9 5.4 6.4
4% NaOH 6.4 7.7 8.9 5.5 6.7 6.4 5.7 5.0 5.2 6.4

Acid insolUble ash
0% NaOH .9 1.0 1.2 1.5 1,5 .6 1.2 1.4 1.4 1.2
4% NaOH 1.0 .9 .7 1.3 1.1 .6 1.3 1.0 1.1 1.0

aMeans based on three mini-silos/treatment.
b
Cumulative means for the 0% or 4% NaOH silages differ (P<.01).



TABLE 5. ADJUSTED FIBER CHARACTERISTICS OF RYEGRASS STRAW SILAGE
a

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 Means

% of Dry Matter

Cell-wall constituents b

0% NaOH 75.6 76.9 77.9 77.3 77.1 75.1 74.7 74.8 76.1 76.2
4% NaOH 68.3 68.0 68.9 71.0 72.6 72.3 70.7 73.3 71.8 70.8

Acid detergent fiber
0% NaOH 45.4 45.7 47.4 45.8 47.6 45.2 45.1 44.9 45.5 45.8
4% NaOH 46.0 44.7 44.7 46.6 46.8 45.9 46.0 45.7 45.4 45.8

Cellulose
0% NaOH 37.6 37.9 37.0 37.6 39.7 37.2 36.7 36.1 36.9 37.4
4% NaOH 38.2 35.5 34.6 38.9 37.7 37.5 37.4 38.2 37.1 37.2

Hemicellulose
b

0% NaOH 30.2 31.2 30.7 31.6 29.5 29.9 29.6 30.0 30.7 30.4
4% NaOH 22.2 23.4 24.2 24.4 25.7 26.4 24.7 27.5 26.5 25.0

bMeans based on three mini-silos/treatment.
Cumulative means for the 0% or 4% NaOH silages differ (P<.01).



TABLE 6. ORGANIC ACID CHARACTERISTICS OF RYEGRASS STRAW SILAGEa

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 Means

% of Dry Matter

Acetic acid
b

0% NaOH .9 .5 .6 ,8 ,9 1.2 .9 1.1 1.2 .9
4% NaOH 1.9 2.0 1.5 1,4 1,1 .9 .9 1.0 1.1 1.3

Propionic acidb

0% NaOH .4 .3 ,2 .1 .2 .2 .1 .1 .1 .2
4% NaOH .2 .2 .1 .1 .9 .4 .4 .4 .6 .3

Butyric acidb

0% NaOH 2.4 1,8 1.8 ,8 1.0 .1 .4 .1 .3 1.0
4% NaOH 1,2 1,3 1,9 1,9 2.3 1.8 3.2 1,8 1,5 2.0

Lactic acid
0% NaOH 1.0 4,8 6.9 8.4 8.0 9.8 7.3 9.2 8.7 7.1
4% NaOH 5.9 5.3 8.7 8,1 7.8 6.0 4.8 6.8 12.1 7.3

Total acid productionb
0% NaOH 4.7 7,4 9,5 10,2 10.2 11.5 8,7 10.4 10.2 9.2
4% NaOH 9.2 8.9 12,2 11.5 11.4 10.3 9.3 10.0 15.3 10.9

aMeans based on three mini-silos/treatment.
bCumulative means for the 0% or 4% silages differ (P<.01).
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Sodium hydroxide had a noticable effect on in vitro

dry matter digestibility (Table 7). The dry matter digest-

ibility (DMD) was greater (P<.01) for the 4% NaOH silages

as expected. Results with NaOH treated corn stover, rye-

grass straw and corn silage have also been reported to have

had improved in vitro DMD over untreated silages (Pelletier

and Mowat, 1974; Schultz et al., 1974; Krause et al., 1968).

When the in vitro DMD values in this experiment were adjusted

to reflect the digestibility of dried whey, the NaOH treated

silages remained more digestible (P<.01) than the untreated

silages. This indicated that the NaOH had apositive effect

on improving the digestibility of the straw portion of the

silage. Furthermore, it indicated that the increase in si-

lage digestibility was not due solely to the digestibility

of whey.

Values for the concentration of VFA from the in vitro

trial are also presented in table 8. There appeared to

be only subtle differences in the concentrations of acids.

The most meaningful difference was in total acid production.

The total VFA concentrations were higher (P<.01) for the

NaOH treated silages over that of the untreated silages.

This was a reflection of the increased DMD for the 4% NaOH

treated silages which was discussed previously.

The effects of whey additions were determined by use of

orthoganal polynomials. The polynomials were used to deter-

mine response curves for the data presented in tables 3

through 7 (see Appendix Tables 1-14).

As can be seen in appendix figure 1, the pH of the si-

lage decreased (P<.01) with increasing levels of whey. Sim-

ilar observations were made by Dash and Voelker (1971) when

increasing levels of whey were added to alfalfa-brome hay-

lage. The decrease in pH in this experiment was further

substantiated by observing the increase (P<.01) in total

acid production as the concentration of whey increased in



TABLE 7. IN VITRO DIGESTIBILITY AND VFA CHARACTERISTICS OF RYEGRASS STRAW SILAGEa

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15,0 17.5 20.0 Means

% of Dry Matter

In vitro dry matter
digestibilityb

0% NaOH 18.7 23,1 22,5 25,1 24.9 26.9 32.6 34,5 37,2 27.3
4% NaOH 34.7 37.2 35.5 36.0 36.2 35.1 39.3 41.6 49.1 38.3

Adjusted in vitrg dry

18.7 21,5 19,1 20.1 18.0 18.3 23.0 23.3 24,7 20.7

matter digestibility

0% NaOH
4% NaOH 34,7 35,9 32,8 31.8 30.6 27.8 30.8 31.9 39.6 32.9

a
Means are based on three observations/treatment.

bCumulative means for the 0% or 4% NaOH silages differ (P<.01).



TABLE 8. IN VITRO VOLATILE FATTY ACID CHARACTERISTICS OF RYEGRASS
STRAW SILAGEa

Added Whole Dried Whey, %
Characteristics 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 Means

molar %

Acetic acid
0% NaOH 60.1 60.2 60.0 58.8 57.9 58.6 57.1 58.1 57.5 58.7
4% NaOH 59.8 60.5 59.9 58.0 56.5 57.3 59.7 58.9 62.8 59.3

Propionic acid
0% NaOH 23,7 24.7 25.7 28.5 28.7 28.8 30.8 25.3 27.4 27.1
4% NaOH 26.1 26.8 25.2 26.3 26.0 25.5 21.9 24.3 19.1 24.6

Iso-butyric acid
0% NaOH .8 .8 .8 .9 .9 .6 .6 .6 .3 .7
4% NaOH .6 .6 .5 .7 .6 .4 .5 .2 .7 .5

Butyric acid
0% NaOH 13.3 12.2 11.6 9.5 10.3 9.5 9.1 11.8 11.1 10.9
4% NaOH 11.9 10.9 12.9 13,1 15.2 15.3 16.0 14.6 14.5 13.8

Iso-valeric acidb

0% NaOH 1.0 1.0 .8 .9 .9 .8 .9 1.1 .9 .9
4% NaOII .6 .5 .6 .6 .6 .4 .8 .4 1.1 .6

Valerie acid
b

0% NaOH 1.0 1.1 1.1 1.4 1.4 1.6 1.6 3.2 2.8 1.7
4% NaOH

amolesiml

1.0 .9 1.0 1.3 1.2 1.1 1.2 1.5 1.9 1.2

Total acid productionb

0% NaOH 58,2 60,5 61.1 60.8 63.0 64.9 56.6 55.6 55.7 59.6
4% NaOH 76,3 78.9 72,5 73.5 77.0 70.3 52.5 60.1 41.1 66.9

aMeans based on three observations/treatment.
b
Cumulative means for the 0% or 4% NaOH silages differ (P<.01).
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the silages (Appendix Figure 13).

The crude protein in the silages increased (P<.01)

linearly as the concentration of whey increased. This

was expected because of the added protein supplied by the

whey. The percentage of SN, SNPN and SP were not ef-

fected by increasing levels of whey. Thus, NaOH appeared

to have a greater influence on nitrogen solubility than

increasing levels of whey.

Reports by Dash et al. (1974a,1974b) indicated that

the concentrations of ADF, CWC, cellulose and hemicellu-

lose decreased with increasing levels of whey added to

alfalfa haylage. This decrease was in part caused by the

dilution factor of high whey additions. In addition, it

was assumed that hemicelluloses were reduced from silages

during fermentation and thus, also caused a decrease in

CWC (McDonald et al., 1962; De Man, 1958). The deter-

mination of CWC in the present experiment showed no af-

fect due to whey additions. The effects of whey and NaOH

treatments on ADF, cellulose and hemicellulose are pre-

sented in appendix figures 4, 6 and 8, respectively. In

each case, the NaOH treated silages were lower (P<.01)

than the untreated silage which partially explained the

interaction between whey and NaOH. Although the analysis

of variance indicated an interaction (P<.05) between whey

and NaOH treatments, both levels of NaOH treated silages

decreased, with respect to the components measured, as

levels of whey increased. This work agreed with the re-

sults presented by Dash et aL that were mentioned pre-

viously.

The response curves for adjusted CWC, ADF, cellulose

and hemicellulose are presented in appendix figures 3, 5,

7 and 9, respectively. These figures give a better indi-

cation of the fermentation patterns that took place with

the 0 and 4% NaOH treated silages as levels of whey
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increased. The response curve for ADF indicated a gradu-

al increase and then decreased as levels of whey in the

silages increased (Appendix Figure 5). The change in

percentage of adjusted ADF was closely associated with

variations in adjusted cellulose content of the silages

(Appendix Figure 7). The amount of cellulose in the 0%

NaOH treated silages decreased with increasing levels of

whey. This indicated that although whey was present for

utilization in the fermentation process, cellulose was al-

so being broken down. In contrast to the cellulose values

for the 0% NaOH silages, as the level of whey increased,

the percentage of cellulose in the 4% NaOH silages in-

creased. The concentration of adjusted cellulose was not

lower (P<.01) for the 4% NaOH treated silages. The

response curve, however, indicated that the percentage of

adjusted cellulose tended to be lower than the 0% NaOH

silages, initially, This indicated that NaOH increased

the utilization of cellulose at the 0% level of whey and

thus, the cellulose that remained was not well utilized

in anaerobic fermentation, With increasing levels of

whey, the fermentation process utilized larger quantities

of whey and less of cellulose. The response curves for
adjusted CWC also involved the utilization of cellulose

in silage fermentation (Appendix Figure 3).

The curve representing the 0% NaOH silages showed a

linear decrease in CWC content as levels of whey increased.

This was principally a result of the decreased concentra-

tion of cellulose that occurred in the 0% NaOH silages.

The other major component of CWC consists of hemicellu-

loses. The adjusted hemicellulose concentration of the

0% NaOH silage did not fit a response curve (P<.05), how-

ever the percentage of hemicellulose was fairly constant

at varying levels of whey and averaged 30.4%. This indi-

cated that hemicellulose was not a major factor affecting
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the decrease in CWC as the level of whey in the 0% NaOH

silages increased, The response curve representing the

adjusted CWC for the 4% NaOH silages increased with higher

levels of whey. These data again coincided with the re-

sponse curves presented for adjusted cellulose and hemi-

cellulose (Appendix Figures 7 and 9). It appeared that

the curves for adjusted cellulose and hemicellulose were

curvalinear and would have paralleled the response curve

for adjusted CWC, however the equation was not significant.

When expressed in adjusted values, NaOH had its greatest

effect on ADF, CWC, cellulose and hemicellulose at the

lower levels of whey, In most observations however, NaOH

treated silages were improved over untreated silages.

The response curves for the acid content of the si-

lages are presented in appendix figures 9-13. The re-

sponse curve for the total acid production (Appendix Fig-

ure 13) showed no interaction between NaOH and levels of

whey. As the percent of whey increased, the total acid

production also increased. An increase in total acid pro-

duction was also described by Dash et al. (1974a) and

Schingoethe and Beardsley (1975) as whey was added to al-

falfa haylage and corn silage. The response curve for

lactic acid (Appendix Figure 12) represented the greatest

influence on total acid production. Lactic acid was pro-

duced at an increasing rate as the level of whey increased.

There was no interaction due to NaOH addition which indi-

cated that the silage underwent a natural lactic acid type

fermentation. There appeared, however to be a difference

in the production of acetic and propionic acids (Appendix

Figures 10 and 11, respectively) with respect to NaOH

additions. The 0% NaOH silages went from a propionic-

lactic acid fermentation to an acetic-lactic acid type

fermentation as level of whey increased. The opposite ef-

fect was seen with the 4% NaOH silages. It changed from
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acetic-lactic fermentation to a propionic-lactic type fer-

mentation, The concentration of acetic and propionic

acids are quite small in silages. The change that was

demonstrated in acetic and propionic acid concentration

has been explained as a change in fermentation patterns of

the silage, resulting in increased levels of lactic or

butyric acids (Langston et al 1962a; Langston et a1,1962b).

The response curves for in vitro DMD and adjusted in

vitro DMD are presented in appendix figure 14. No inter-

action was observed (1).05) between whey and NaOH treat-

ments, resulting in a response curve for in vitro DMD that

showed a curvalinear increase. Whey had a beneficial ef-

fect on DMD, which was partially due to the digestibility

of the dried whey. The adjusted in vitro DMD response

curve indicated that there was an initial decrease in the

DMD at the lower levels of whey, At the higher levels of

whey, however, the adjusted DMD increased, It appeared

that the 87% digestible figure used for whey, overestimated

the actual value of whey when added to straw silages. The

effect would have been to underestimate the digestibility

of the straw and thus, decrease the response curve, init-

ially. The increase in the response curve associated with

the higher levels of whey indicated that either the whey

increased in digestibility or the whey improved the di-

gestibility of the straw in the silages.

Aerobic Fermentation

The products from the semisolid fermentation process

were analyzed for chemical components (Table 9) and also

compared against plain straw in an in vitro digestion

trial (Table 10), The crude protein content of the neu-

tralized and fermented straw was similar (P<.05). However,

the soluble fractions were different. The total soluble
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TABLE 9. COMPOSITION CHARACTERISTICS OF NEUTRALIZED
AND FERMENTED STRAW FROM THE SEMISOLID FER-
MENTATION PROCESSa

Characteristicb
Treatment

Plain
straw

Neutralized
straw

Fermented
straw

Dry matter

Crude protein

Soluble nitrogen
c

Soluble non-
protein nitrogen

c

Soluble protein
c

CWC

ADF

ADL

Cellulose

Hemicellulose

%
91.5

4.4a

31.3a

25.9
a

5.4
a

a
70.8

a42.3

6.9
a

34.6

28.6a

of Dry Matter
92.4

11.9
b

69.5
b

67.3
b

2.2
b

b
46.0

40.3a

6.6
a

32.7

5.7
b

93.0

13.1b

63.0b

62.5b

0.5
c

52.7c

46.6b

10.8
b

33.7

6.2
b

a
Means based on three observations/treatment.

b
cMeans with different superscripts differ (P<.05).,
70 of total nitrogen.



TABLE 10. IN VITRO DIGESTIBILITY AND VOLATILE FATTY ACID CHAR-
OF NEUTRALIZED AND FERMENTED STRAW FROM

FERMENTATION PROCESSa
ACTERISTICS
THE SEMISOLID

Characteristicsb
Treatment

Plain
straw

Neutralized
straw

Fermented
straw

In vitro dry matter
30.14 40.7b 44.1bdigestibility (%)

Molar %

Acetic acid
Propionic acid

65.54
22.04

67.7
a

18.2b
58.7

c29.6
Iso-butyric acid 0.7 0.8 0.6
Butyric acid 10.1 11.4 9.7
Iso-valeric acid 0.6 0.8 0.5
Valerie acid

pmoles/ml
1.1 1.2 1.0

Total acid production 44.6a 34.8b 54.4
c

a
Means based on three observations/treatment.

b
Means with different superscripts differ (P<.05).
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nitrogen was very high for both products indicating that

the added ammonia nitrogen remained highly soluble, even

though it may have changed forms. As with the soluble

nitrogen, the soluble nonprotein nitrogen fraction was

not different (P<.05) for the two products. The soluble

protein fraction, on the other hand, decreased (P<.05) for

the fermented straw. This indicated that the fermentation

of the neutralized straw by C. utilis decreased the amount

of soluble protein. The organisms appeared to have util-

ized the soluble protein in the neutralized straw or con-

verted it to nonprotein nitrogen. The overall nitrogen

data indicated that the nitrogen in the fermented straw

was not well utilized by the yeast organisms and further-

more, was not decreased in solubility any more than the

neutralized straw,

The cellulose content of the plain straw and the two

semisolid fermentation products were similar (P<.05). The

hydrolysis procedure did not appear to have decreased the

concentration of cellulose in the processed straw products.

Hemicellulose was the component broken down by the hydroly-

sis procedure. A definite decrease (P<.05) in the hemi-

cellulose content of the fermentation products was observed

over that of plain straw, The hydrolysis of the hemicel-

lulose produced soluble carbohydrates that were fermented

by the yeast (C. utilis) organisms (Han and Anderson, 1975).

During the fermentation process, an undetermined percent-

age of the soluble carbohydrates were lost to cell res-

piration. In effect, the decrease in soluble carbohy-

drates concentrated the remaining components of the fer-

mented straw. This was reflected in the increased (P<.05)

CWC, ADF and ADL concentrations from the neutralized straw

to the fermented straw.

In vitro dry matter digestibility (Table 10) indi-

cated that the neutralized and fermented straws were
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similar (P<.05). Both processed straws were higher

(P<.05) in dry matter digestibility than the plain straw

which demonstrated some increased value derived from the

processing.

The VFA data showed some variations (P<.05) in the

acetic to propionic acid ratio for the neutralzied and

fermented products. The neutralized straw had a ratio of

3.7 to 1, while the fermented straw had a ratio of 2 to 1.

This indicated a different type of microbial fermentation

was taking place. The total acid production also varied

within the trial. The fermented straw had a higher

(P<.05) concentration of total acids than the neutralized

straw or the plain straw. The neutralized straw had the

lowest total acid production of the three treatments.

The concentration of total acids has normally been assoc-

iated with the digestibility. The data presented here

did not follow this pattern.
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SHEEP DIGESTION TRIALS

Anaerobic Fermentation

The silages prepared for use in the sheep digestion

trials contained 15% whole dried whey on a dry matter basis.

This concentration of dried whey was calculated to be the

equivalent to reconstituting ryegrass straw with fresh

whole whey to a 30% dry matter silage. The use of fresh

whole whey appeared to be the most economical means of

using whey in silages. The silages were formulated to re-

flect this concentration of whey.

The plain ryegrass straw silage (PSS) and the NaOH

treated ryegrass straw (NSS) were compared with the straw

control (SC) and straw protein control (SPC) diets. This

comparison was considered to be appropriate for evaluating

the ensiling effects on the ryegrass straw.

The two silage treatments (PSS and NSS) were formu-

lated to be iso-nitrogenous, however, the analysis for

crude protein showed a lower (P<.05) value for the NSS

silage (Table 1:1). Buchanan-Smith et al.(1972) and Flipot

et al. (1976) reported that NaOH additions to ensiled for-__
ages had a tendency to reduce the total nitrogen content

of the silage. The loss was associated with an increase

in ammonia and a loss through evaporation. Although this

particular aspect of nitrogen was not analyzed, the crude

protein content of the straw silages prior to ensiling were

not appreciably different.

The NSS silage was the only diet lower (P<.05) in CWC.

As described in the laboratory trials, NaOH increased the

solubility of hemicellulose which was used in the fermen-

tation process. The subsequent reduction in CWC was a

result of reduced hemicellulose concentration. No differ-



TABLE 11. COMPOSITION AND DIGESTIBILITIES OF DIETS USED TO
EVALUATE RYEGRASS STRAW SILAGESa

Item
b

Treatments
PSS NSS SC SPC

% of Dry Matter

25.4
8.8a

74.7
a

45.1
7.8

1.6 a

56.2
a

50.8a
51.2

a

49.4
a

25.0a

25.9
b

65.6b

43.2
7.7

1.5a

42.4
b

b
63 7

b69 7
b

60.9
30.7

b

90 5
b

8.1
80.7

a

48.5
9.9

2.0a

49.8
c

52.3
a

'

c

571c.

53.6a
34.1

b

91.3
11.9
77.4 a

45.2
8.8

3.3
b

59.6
d

c53.7
c

57.9
a

51.7
23.3a

Dry matter
Crude protein
CWC
ADF
ADL

Nitrogen retention
(g N/day)

% of Dry Matter

Apparent protein
digestibility

Dry Matter
digestibility

CWC digestibility
ADF digestibility
ADL digestibility

aMeans based on nine observations/treatment.
bMeans with different superscripts differ (P<.05).
c
PSS-plain straw silage; NSS-NaOH straw silage; SC-straw
control; SPC-straw protein control.
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ences (P<.05) were observed with respect to ADF and ADL.

The nitrogen retention data indicated no differences

(P<.05) between treatments except for the SPC diet that

was initially higher (P<.05) in crude protein content.

The crude protein content of the PSS, NSS and SC diets

was well below the 11% crude protein requirement for fin-

ishing lambs (N.R.C., 1975). It was assumed that the nit-

rogen available to the animal was well utilized, which

would explain the similarity in nitrogen retention for the

three diets. The apparent protein digestibility data in-

dicated much lower (P<.05) digestibility for the NSS diet

when compared to the PSS diet. In comparison, the NSS diet

was even lower (P<.05) in apparent protein digestibility

than the SC diet. This would indicate the nitrogen in the

NSS silage was less available to the animal. In addition,

a major portion of the nitrogen may have been lost as am-

monia, however, this aspect was not measured.

The digestibilities of dry matter, CWC and ADF in-

crease (P<.05) with the addition of NaOH to the ryegrass

straw silage. As was determined from the in vitro trials

the NaOH increased the fermentability of the straw com-

ponents and, thus increased their digestibility by the an-

imal. Improved in vivo digestibilities of structural com-

ponents of low quality roughages when ensiled with NaOH

have been reported previously (Schultz, 1974 ; Koers et

al., 1969; Koers et al., 1970).

Rumen VFA concentrations are reported in table 12.

The ryegrass straw silages were similar in VFA concentra-

tions. Researchers have found higher concentrations of

total acids in animals fed NaOH treated silages (Koers et

al., 1970; Klopfenstein et al., 1972). The data from the

sheep digestion trials did not show significantly higher

levels of total rumen VFA for the NaOH treated silages.



TABLE 12. RUMEN VOLATILE FATTY ACID CHARACTERISTICS OF
DIETS USED TO EVALUATE RYEGRASS STRAW SILAGES

HEEP FED

Item Treatments
PSS NSS SC SPC

Molar %

Acetic acid 65.0a 67.6a'b 71.3
b

70.5b

Propionic acid 25.5a 22.4a'b 21.1a'b 20.2b

Iso-butyric acid 0,5a 0.3 a
0.6a 2.1b

Butyric acid 7.4 6.5 6.7 6.0

Iso-valeric acid 0.5a'b 0.2a 0.1a 0.6b

Valeric acid

pmoles/ml

1.3a b
0.5 b

0.2 b
0.4

Total acid production 49.5 57.2 47.4 52.6

a
Means based on six observations/treatment.

b
Means with different superscripts differ (P <.05).

c
PSS-plain straw silage; NSS-NaOH straw silage; SC-straw control;
SPC-straw protein control.
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Aerobic Fermentation

The products produced from the semisolid fermenta-

tion process were originally expected to be a complete

feed for ruminants. When the products were first offered

to sheep, moderate amounts were consumed for one to two

days and then totally refused. Subsequent attempts to

feed the material with 10% molasses and 35% chopped grass

hay resulted in less than adequate intake. Calculations

showed that the neutralized straw and the fermented

straw both contained approximately 8% sulfate on a dry

matter basis. Although nutrient levels of sulfate or

sulfur have not been accurately defined, some estimates

have indicated that 10 g of sulfur per kg of

dry feed would be detrimental to the ruminant animal

(Hafez and Dyer, 1969; Hennig et al., 1974). It was nec-

essary to increase the concentration of grass hay to 68%

in the experimental rations in order to limit the concen-

tration of sulfate and increase the animal intake.

The means presented in tables 13 and 14 were obtained

from five of the diets used in the digestion trials with sheep.

These five diets were best suited to evaluate the products

from the semisolid fermentation process. The grass hay

control (GHC) diet was used to calculate by difference

the digestibilities of the neutralized and fermented straw

products. The two plain ryegrass straw diets (SPC and SC)

were used as comparisons.

The composition of the diets represented in table 13

indicated the similarity between treatments. The two diets

containing the products produced from the fermentation

process (GHNS and GHFS) as well as the GHC and straw pro-

tein control (SPC) diets were formulated to be isonitro-

genous. Upon analysis the four diets were found to have



TABLE 13. COMPOSITION AND DIGESTIBILITIES OF DIETS USED TO EVALUATE
THE PRODUCTS FROM THE SEMISOLID FERMENTATION PROCESSa

Item Treatmentsb '

c

GHNS GHFS GHC SPC SC

% of Dry Matter
Dry matter 91.4 92.2 91.2 91.3 90.5a11.4Crude protein 11.Oa

807c
ADF 40.0a 38.9
CWC 64.6a 614.0a

11.9 a
8.1

b

63.4
a b

45.2c 48.5d

ADL 6.7a

77.4 .

6.9
a

5.0
36.4

a
8 9 98

b b
.

Nitrogen retention
b

8 3.3
b

.(g N/day) 2.4a 1.8a 3 2.0a
Apparent protein

b
5 62.0

c
59.6

d
.digestibility 56.9a 52 49.8e

Dry matter
a

52.2a
b a adigestibility 53.7

c
54 6

a b
59.3

c
52.3

cCWC digestibility 53.9 50. Ob 57.5
c

57.9
c

57.1
cADF digestibility 45.9a 51.7

d17.2
a

38.3
b

51.6
c

53.6
eADL digestibility 5.5 29.8 23.3 34.1

a
Means with different superscripts differ (P<.05).

b
Treatment means based on nine observations/treatment.

c
GHNS-grass hay-neutralized straw; GHFS-grass hay-fermented straw;
GHC-grass hay control; SPC-straw protein control; SC-straw control.
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similar (P<.05) crude protein values with the negative

straw control (SC) diet being lower (P<.05). The GHNS

and GHFS diets contained a larger (P<.05) percentage of

ADF than the GHC diet, indicating a larger proportion of

fiber contributed by the processed products. The per-

centage of CWC and ADL were similar (P<.05) for the GHNS,

GHFS and GHC diets. The two straw diets (SPC and SC) con-

tained higher (P<.05) percentages of ADF, CWC and ADL,in-

dicating higher fiber and lignin content than the diets

containing grass hay.

Observation of the nitrogen retention and digesti-

bility data presented in table 13 indicated several dif-

ferences in the utilization of the diets. Nitrogen re-

tention data demonstrated that the GHNS and GHFS diets

were similar (P<.05) to the SC diet in maintaining nitrogen

retention. By comparison all five diets were dif-

ferent (P<.05) from each other in apparent protein digest-

ibility. The GHNS and GHFS diets were higher (P<.05) in

apparent protein digestibility than the SC diet; however,

the GHNS diet was improved (P<.05) over the GHFS diet.

The data indicate that the final fermentation step

in the semisolid fermentation process did not improve the

availability of nitrogen to the animal. The utilization

of ammonia by the C. utilis organism did not appear to have

improved the nitrogen availability. However, according to

the nitrogen retention data, the uptake of nitrogen by

the animals did not appear to have been decreased.

The dry matter digestibility data indicated that the

GINS and GHFS diets wereutilized nomore efficiently (P<.05) than

the two plain straw diets. The addition of the neutralized

and fermented straw products to a predominantly grass hay

diet did not increase the amount of digestible dry matter.

The ADF and CWC digestibility data for the GHNS and GHFS

diets showed decreased (P<.05) values when compared to the
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GHC diet. The ADF and CWC portions of the neutralized

and the fermented straw products were digested poorly

and resulted in decreased digestibility of the diets. The

abnormally high ADL digestibility data can not be explained

by this researcher. The trends that developed were some-

what expected for the GHNS and GHFS diets; however, the

tremendously high values were far above any reported

values.

Rumen volatile fatty acid (VFA) data (Table 14) did

not show any variations (P<.05) in digestive patterns bet-

ween the diets. The total VFA concentration was

depressed (P<.05) for sheep fed the GHNS, GHFS and SC

diets. This may indicate either a dilution fac-

tor caused by an increased water consumption or a de-

crease in microbial fermentation due to the diets. In

reference to the latter, the moderately high concentration

of sulfur in the GHNS and GHFS diets might have decreased

the microbial activity in the rumen. This could have

partially explained the poor digestibility values of these

two diets.

Composition and calculated digestibility values for

the neutralized and fermented products are presented in

table 15. The fermented straw was shown to be higher in

CWC, ADF and ADL. In addition, the digestibility values

for the fermented straw were consistently lower for all

components measured. These data indicated no improvement

in the neutralized product was derived by its fermentation

by C. utilis yeast when used as a ruminant feed. Further-

more, the calculated digestibility values for the semisolid

fermentation products do not appear to compare favorably

with plain straw supplemented with cottonseed meal.



TABLE 14. RUMEN VOLATILE FATTY ACID CONCENTRATIONS FROM SHEEP FED DIETS
USED TO EVALUATE THE PRODUCTS FROM THE SEMISOLID FERMENTATION
PROCESSa

Item Treatments
b

GHNS GHFS GHC SPC SC

Molar %

Acetic acid
Propionic acid
Iso-butyric acid
Butyric acid
Iso-valeric acid
Valerie acid

71.6
18.3
0.7
8.8
0.1a
0.7a

pmoles/ml

Total VFA production 45.7a'c

70.2
19.5
0.7
8.8
0.2a
0.6a

70.0
20.7
0.4
8.1
o.la
0.84

70.5 71.3
20.2 21.1
2.1 0.6
6

b
6.7
0.60 6b0.4 0.2c

46.9
a

57.6
b

52.6b 44.7
c

a
Means with different superscripts differ (P<.05).
bGHNS-grass hay-neutralized straw; GHFS-grass hay-fermented straw; GHC-
grass hay control; SPC-straw protein control; SC-straw control.
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TABLE 15. COMPOSITION AND CALCULATED DIGEST-
IBILITY VALUES FOR SEMISOLID FER-
MENTATION PRODUCTS

Item Product
Neutralized

straw
Fermented

straw

Dry matter 92.4 93.0

Crude protein 11.9 13.0

CWC 46.0 52.7

ADF 40.3 46.6

ADL 7.0 10.8

Dry matter
digestibility 40.1 30.8

Apparent protein
digestibility 44.5 28.6

CWC digestibility 46.4 33.3

ADF digestibility 36.4 13.9

ADL digestibility 4.3 -19.1
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SUMMARY OF RESULTS

A series of in vitro and in vivo trials were used to

evaluate aerobically or anaerobically fermented ryegrass

straw. The anaerobic fermentation involved using sodium

hydroxide (NaOH) in ryegrass straw silages and dried whey

to supplement the straw. The aerobic fermentation of rye-

grass straw was a more complex process, involving hydrol-

ysis with acid, neutralization with ammonia and aerobic

fermentation with yeast.

Additions of NaOH to ryegrass straw silages had the

most obvious effects in the laboratory trials. Silage pH

was higher (P<,01) for silages containing 4% NaOH com-

pared to untreated silages, Crude protein concentrations

for the NaOH treated and untreated silages were similar

(P<.05) across increasing levels of whey. However, NaOH

treated silages were lower in total soluble nitrogen

(P <.05) and soluble non-protein nitrogen (P<,01). The

concentrations of ADF, CWC, cellulose and hemicellulose

were consistently lower (P<.05) for the NaOH treated si-

lages. When these values were adjusted to correct for

the decrease in concentration due to whey and NaOH ad-

ditions, the CWC and hemicellulose concentrations were

the only fractions decreased (P<.01) by NaOH additions,

The total organic acid concentration was higher (P<.01)

for the NaOH treated silages and acetic, propionic and

butyric acids also higher (P<,01) in concentration. In

vitro dry matter digestibility was also improved (1).01)

by the addition of NaOH to ryegrass straw silages.

Increasing levels of whey additions to the NaOH

treated or untreated silages consistently decreased (P<.01)

the pH of the silages. The decrease in pH corresponded

to an increased (P<.01) total acid production and was
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associated with the increased (P<.01) concentration of

lactic acid. Crude protein level increased (P<.01) as

levels of whey increased; however, the levels of whey had

no effect on the soluble nitrogen fractions. Concentra-

tion of structural components of the silages were affected

by whey additions as well as by NaOH additions. ADF,

cellulose and hemicellulose concentration decreased (P<.01)

with increasing levels of whey but in each case the NaOH

treated silages were lower in concentration than the un-

treated silages. Adjusting the concentration of structural

components for whey and NaOH additions resulted in an in-

crease in CWC, cellulose and hemicellulose for the 4% NaOH

treated silages. In vitro dry matter digestibility was

improved (P<,01) by increasing levels of whey across both

levels of NaOH silages.

The products derived from the semisolid fermentation

process (neutralized and fermented straw) were very simi-

lar (P<.05) with respect to crude protein and soluble

nitrogen fractions. However, the soluble protein content

of the neutralized material was higher (P<.05). The fer-

mented product had a higher (P<.05) concentration of

structural components (CWC, ADF, and ADL) than the neutra-

lized material. The two products were similar (P<.05) in

cellulose and hemicellulose concentrations. In vitro dry

matter digestibility data did not differ (P<.05) between

the two products.

The in vivo evaluation of the whey and NaOH treated

ryegrass straw silages indicated no differences in nitro-

gen retention. Apparent protein digestibility was lower

(P<.05) for the NaOH treated silage which was lower than

the untreated silages as well as the plain straw control

diet. The NaOH treated silage had increased (P<.05) dry

matter, CWC and ADF digestibilities as compared to the
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untreated silage,

Diets containing the neutralized and fermented pro-

ducts from the semisolid fermentation process were simi-

lar in chemical composition to the grass hay control, ex

cept for being higher (P <.05) in ADF. Nitrogen retention

data showed a definite decrease (P<.05) in nitrogen util-

ization compared to the grass hay control even though all

three diets were similar in crude protein content, The

apparent protein digestibility showed a decrease (P<.05)

in nitrogen availability for the fermented product when

compared to the neutralized product, However, both semi-

solid fermentation products were lower (P<,05) in nitro-

gen availability than the grass hay diet. Both products

were lower in dry matter, CWC and ADF digestibility

compared with the control, The neutralized product was

higher (P < ..05) in CWC and ADF digestibility than the

fermented product,
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APPENDIX TABLE 1. PERENNIAL RYEGRASS STRAW
USED IN LABORATORY AND
DIGESTIBILITY TRIALS

Dry matter 91.5

Crude protein 4.4

Cell wall constituents 70.8

Acid detergent fiber 42.3

Acid detergent lignin 6.9

Cellulose 34.6

Hemicellulose 28.6



APPENDIX TABLE 2. EQUATI2NS AND VALUES USED FOR ORTHOGONAL POLYNOMIAL RESPONSE
CURVES

Degree of

Y = Y + b1 Al + b2 A2

Number of levels
Polynomial Comparisons 1 2 3 4 5 6 7 8 9 Divisor

2 Linear (XI) -4 -3 -2 -1 0 1 2 3 4 60

Quadratic (A2) 28 7 -8 -17 -20 -17 -8 7 28 2772

Ot-,YX1)
2

(EYA1)SS
Linear

= b
1

(n) (60) (n) (60)

SSQuadratic
(EYa2)2

b
2

(EYA2)

(n) (2772) (n) (2772)

a
Snedecor and Cochran, 1967.
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Appendix Figure 1. Relationship between silage pH and
percent whey in straw silage. *(P<.01)
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Appendix Figure 2. Relationship between percent crude

protein and percent whey in straw
silage. *(P<.01)
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Appendix Figure 3. Relationship between percent ad-
justed cell wall constituents and
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Appendix Figure 4. Relationship between percent acid
detergent fiber and percent whey in
straw silage. *(P<.01)
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Appendix Figure 7. Relationship between percent adjusted
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Appendix Figure 8. Relationship between percent hemicellu-
lose and percent whey in straw silage,
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Appendix Figure 9. Relationship between percent adjusted
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Appendix Figure 10. Relationship between percent acetic
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