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Abstract

Eight multiparous Holstein±Friesian dairy cows in late

lactation were used to investigate the potential of using

perennial ryegrass with a high concentration of water-

soluble carbohydrate (WSC) to increase the ef®ciency

of milk production. After a pretreatment period on a

common pasture, the cows were each given ad libitum

access to one of two varieties of zero-grazed grass

continuously for 3 weeks. Treatments were: high sugar

(HS), an experimental perennial ryegrass variety bred

to contain high concentrations of WSC; or control, a

standard variety of perennial ryegrass (cv. AberElan)

containing typical concentrations of WSC. The two

grass varieties were matched in terms of heading date.

All animals also received 4 kg day±1 standard dairy

concentrate. Grass dry matter (DM) intake was not

signi®cantly different between treatments (11á6 vs.

10á7 kg DM day±1; s.e.d. 0á95 for HS and control diets

respectively), although DM digestibility was higher on

the HS diet (0á71 vs. 0á64 g g±1 DM; s.e.d. 0á23;

P < 0á01) leading to higher digestible DM intakes for

that diet. Milk yield from animals offered the HS diet

was higher (15á3 vs. 12á6 kg day±1; s.e.d. 0á87; P < 0á05)

and, although milk constituent concentrations were

unaffected by treatment, milk protein yields were

signi®cantly increased on the HS diet. The partitioning

of feed N was signi®cantly affected by diet, with more N

from the HS diet being used for milk production (0á30

vs. 0á23 g milk N g±1 feed N; s.e.d. 0á012; P < 0á01) and

less being excreted in urine (0á25 vs. 0á35; s.e.d. 0á020;

P < 0á01). In a separate experiment, using the same

grasses harvested earlier in the season, the fractional

rate of DM degradation, measured by in situ and gas

production techniques, was higher for the HS grass than

for the control. It is concluded that increased digestible

DM intakes of the HS grass led to increased milk yields,

whereas increased ef®ciency of utilization of the HS

grass in the rumen resulted in the more ef®cient use of

feed N for milk production and reduced N excretion.

Keywords: nitrogen balance, nitrogen use ef®ciency,

gas production, in situ degradation

Introduction

In the move towards more sustainable production

systems, levels of milk production are limited by a low

ef®ciency of utilization of grass nitrogen (N) for milk

production, largely as a result of poor conversion

ef®ciency of forage N to microbial N and consequential

losses of N from the rumen (Beever et al., 1986; Ulyatt

et al., 1988). A signi®cant proportion of dietary N can be

lost from the rumen as ammonia because of the rumen

microbial population's inability to capture the non-

protein nitrogen (NPN) released during the proteolysis

of plant proteins (Huntington, 1984; Beever et al., 1986;

Kingston-Smith and Theodorou, 2000). This is partly

because leaf proteins in grazed grass are highly soluble

and rapidly degraded by plant and microbial proteases

after ingestion (Wallace, 1995; Zhu et al., 1999). When

supplies of fermentable carbohydrates are readily avail-

able in the rumen, amino acids taken up by the

microorganisms can be incorporated into microbial

protein. However, if there is insuf®cient energy, in

the form of adenosine triphosphate (ATP), which is

derived mainly from carbohydrate fermentation, amino

acids are used as an energy source; this leads to
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ammonia accumulation in the rumen (for reviews,

see Nocek and Russell, 1988; Kingston-Smith and

Theodorou, 2000). Limited supplies of energy in the

rumen also mean that the ammonia that is produced is

not assimilated into microbial protein, but is absorbed

across the rumen wall and largely lost from the animal

after hepatic conversion into urea. When the availab-

ility of water-soluble carbohydrate (WSC) is relatively

low, structural components of the plant (cellulose and

hemicellulose) are used by rumen microorganisms for

the bulk of their energy supply and, as a result, both the

balance and the temporal release of N and energy-

yielding components can be out of phase (Nocek and

Russell, 1988). One of the reasons for the increased

nutritive value of spring grass compared with autumn

grass is the increase in amino acid absorption brought

about mainly because the WSC concentration in the dry

matter (DM) of the spring grass is twice that in the

autumn grass (MacRae et al., 1985).

The objective of this study was to test the hypothesis

that increased WSC concentrations in grass can lead to

increased ef®ciency of utilization of dietary protein for

milk production by dairy cows. The work was achieved

using a novel variety of perennial ryegrass that was

bred by conventional techniques at the Institute of

Grassland and Environmental Research (IGER) to

express increased concentrations of WSC.

Materials and methods

An experiment was carried out at the Trawscoed

Research Farm (52°25¢N, 4°05¢W) of IGER to test the

effect of grasses with normal and high WSC concentra-

tions on milk production from dairy cows. To investi-

gate potential differences in rumen function from the

two grasses, two further experiments were carried out:

an in situ degradation experiment and an in vitro gas

production experiment.

Animals and their management

Eight multiparous Holstein±Friesian dairy cows (628,

s.e. 9á4, kg live weight) in mid- to late lactation (176,

s.e. 3á6, days in milk) were used in a short-term

(3-week), zero-grazing experiment. Before the start of

the experiment, all animals grazed together on a

perennial ryegrass (Lolium perenne L.) pasture and,

during the week before the start of the experiment,

covariate measurements of milk yield (7 days) and

composition (from four consecutive milkings) were

taken. Animals were then assigned to treatment at

random, balanced for milk yield and housed in indi-

vidual stalls ®tted with neck yokes, where they

remained for the rest of the experiment. The ®rst

2 weeks of the 3-week experiment were used for

adaptation and the third week for measurements. All

animals had free access to fresh water and a mineral lick

(red Baby Rockies mineral blocks for cattle; Tithebarn,

Winsford, Cheshire, UK) at all times.

Diets

Two dietary treatments were imposed: high sugar (HS),

an experimental variety (Ba11353) of perennial rye-

grass that had been bred to express elevated concen-

trations of WSC (Humphreys, 1989); and control, a

commercially available ryegrass (cv. AberElan) with a

similar intermediate heading date (National Institute of

Agricultural Botany, 1997) and with concentrations of

WSC typical of perennial ryegrass varieties.

The two perennial ryegrass varieties were sown at the

Trawscoed Research Farm in the spring of 1997 as

monoculture plots of 1á5 ha each, separated by a guard

plot in the same ®eld of well-drained valley soil,

consisting of a silty loam over silurian shale. In early

1998, each plot was split into three subplots that were

subsequently managed to provide suf®cient fresh grass

to be offered zero grazed for each week of the

experiment. Primary growth of each variety was grazed

with sheep in February 1998. A compound fertilizer

(25:5:5, N:P:K) was applied to the plots at a rate of

62á5 kg N ha±1, 12á5 kg P2O5 ha±1 and 12á5 kg K2O ha±1

on 23 March 1998, and the plots were cut for a silage

crop on the 21 May 1998. Fertilizer was again applied to

the plots at the same rates on 28 May 1998. Grass was

harvested for in situ measurement of degradation in

mid-May 1998 and used fresh. Some of the grass cut

at this time was stored frozen ()15°C) for later use in

the gas production experiment. The milk production

experiment was carried out using a 6-week regrowth

harvested in July 1998.

During the production experiment, fresh grass was

harvested daily in the early afternoon using a Haldrup

1500 plot harvester (J. Haldrup, Lùgstùr, Denmark).

Forage was cut to a height of 5 cm above soil level with a

reciprocating ®nger bar and collected into a storage

compartment using a conveyor belt. The cut forage was

immediately transported from the ®eld and placed in

large weld-mesh containers (120 ´ 80 ´ 100 cm,

length ´ depth ´ height), which were transferred to a

blast freezer kept at )15°C for 2 h to chill the grass,

without freezing, and prevent depletion of WSC as a

result of continued plant respiration. A short piece of

perforated drainage tube (20 cm diameter ´ 80 cm

long) was placed in the middle of the grass in each

basket to allow cold air to circulate and reach the middle

of the material. After 2 h in the blast freezer, approxi-

mately half the forage was offered to the dairy cows, at

17.00 h, and the remainder of the fresh forage was

transferred to a cold room kept at 4°C, where it stayed
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until it was offered to the cows the following morning at

09.00 h. Forage refusals were removed and weighed

before fresh material was offered to the animals.

All animals received enough fresh forage for the

measurement of ad libitum intakes with refusals of at

least 0á1 of the forage offered. All animals also received

a standard concentrate offered at the rate of 4 kg day±1

in two equal portions, 2 kg at each milking at approxi-

mately 08.00 h and 16.00 h. The concentrate was a

commercial product containing wheat, soybean meal,

molasses, rapeseed meal, sugar beet pulp, maize gluten,

palm kernel meal, sun¯ower meal, vegetable oil and a

mineral and vitamin mix.

Herbage monitoring

To monitor seasonal changes in grass WSC concentra-

tions, snip samples were collected from the grass plots

weekly from the beginning of March until the end of

August. Several snip samples were cut at a height of

»5 cm above soil level from across each plot along a `W'

transect and immediately frozen in liquid nitrogen and

bulked to give a sample of 200±300 g of fresh material

from each plot. Bulked samples were stored frozen at

)15°C before being freeze dried, ground to pass through

a 1-mm dry mesh screen and analysed for WSC

concentration. On three consecutive days in August

1998, similar bulked snip samples were collected in the

same way from the plots every hour between 06.00 h

and 20.00 h to monitor diurnal changes in grass WSC

concentration.

To monitor changes in WSC concentration during

storage and feeding, representative samples of each

grass variety were collected from each of the feed

containers and bulked within each grass variety at ®ve

sampling times on four consecutive days during the

second adaptation week. Samples were taken: (i)

immediately after cutting/collection; (ii) at the after-

noon feeding time; (iii) when refusals were removed in

the morning; (iv) at the morning feeding time; and (v)

when refusals were collected in the afternoon. Samples

were immediately frozen before being freeze dried,

ground to pass through a 1-mm dry mesh screen and

analysed for WSC concentration.

Animal measurements

Milk yields were recorded daily, and milk samples were

collected throughout the last six days of the experiment

(during the N balance measurement period). Five

millilitres of milk kg±1 milk yield was collected from

each milking and bulked over the course of the

N balance measurement period. The samples were

preserved with a LacTab milk preservative tablet

(Thompson and Capper, Runcorn, Cheshire, UK).

Grass samples were collected from the feed containers

when offered to the cows both morning and afternoon

and were bulked during the N balance measurement

period. Samples were stored frozen before analysis.

Concentrate samples were taken similarly and bulked

during the measurement week.

Nitrogen balance was measured by collecting the total

production of urine and faeces from each animal, using

externally applied urine and faeces separators, for a

period of 6 days (Aston et al., 1998). Urine was pre-

served by acidi®cation (using 1á5 l of 2 mol l±1 sulphu-

ric acid for each day's collection), and subsamples were

collected daily, cooled to 4°C and bulked on a weight

basis (0á01 of each day's collection) with collections

from the previous days, before storage at )15°C at the

end of the collection week. Daily subsamples of faeces

were collected after thorough mixing and bulked on a

weight basis using 0á05 of the total daily collection over

the course of each period, during which it was stored at

4°C. After the collection week, the bulked faecal

samples were thoroughly mixed, and approximately

500 g was collected and frozen for later analysis.

Nitrogen balance was calculated as the mean quantity

of N consumed over the N balance measurement period

minus the mean of total N excreted in faeces and urine

and N secreted in milk over the same period. No

correction factors were imposed for losses of N through

skin and hair.

In situ degradation of grass DM in polyester
bags

Fresh grass was collected and bulked from the experi-

mental plots in mid-May 1998, cutting at 5 cm above

ground level from ®ve sites within each plot using a `W'

transect design. The grass was immediately placed in a

blast freezer kept at )15°C, where it was left to chill for

»5 min, without freezing, to reduce respiration. The

grass was then lightly bruised for 2 min to simulate

the effect of chewing using a Linhakker rotating

blade (model GH5232; Georg Hansen, Copenhagen,

Denmark) and then returned to the blast freezer to chill

for a further 5 min before being placed in polyester

incubation bags (pore size 40 lm). The bags of grass

were incubated in the rumens of two multiparous late-

lactation Holstein±Friesian dairy cows ®tted with estab-

lished rumen cannulae. Single bags containing »4 g of

DM of each grass variety were incubated in each cow

for 0, 1, 6, 12, 24, 48 or 72 h. During the incubation

period, the cows grazed on a mixed grass pasture

dominated by perennial ryegrass and were given

4 kg day±1 dairy concentrate in two equal portions at

milking. Initial DM solubility was determined by

washing the 0-h incubation samples in a domestic

washing machine on a 20-min cycle using cold water
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and without spinning. After removal from the rumen

after their designated incubation times, the remaining

polyester bags were rinsed under cold running tap

water for 2 min and then washed in a domestic washing

machine, as described for the 0-h incubation samples.

The residues were freeze dried to a constant weight to

measure the DM content. Degradability kinetics were

described by ®tting the model described by érskov and

McDonald (1979): y � a + b(1±e±c´t) using the FITNON-F ITNON-

LINLIN procedure from GENSTATGENSTAT 5 (Lawes Agricultural

Trust, 1998).

Gas production and DM degradation

A portion of the grass harvested for the in situ degra-

dation experiment was frozen immediately after collec-

tion and later freeze dried and ground to pass through a

1-mm dry mesh screen. Triplicate samples of »1 g DM

were accurately weighed into gas-tight culture bottles

with 75 ml of an anaerobic digestion medium (Lon-

gland et al., 1995) and inoculated with 10 ml of rumen

¯uid taken from a Holstein±Friesian dairy cow, ®tted

with a permanent rumen cannulae, that grazed grass.

The samples were incubated at 39°C, and the time

course of cumulative gas production was measured,

using the automated pressure evaluation system of

Davies et al. (2000). Apparent DM loss was estimated

after 72 h of incubation by ®ltering the residue

remaining in the culture bottles through sintered

crucibles (porosity 1).

All gas produced over the 72-h period was automat-

ically measured from each bottle. Cumulative gas

volume (y; ml) was obtained using the model of France

et al. (1993):

y � A 1ÿ e�ÿb�tÿT�ÿc� ��tp ÿ ���Tp ��n o
�1�

where A � predicted asymptotic value for gas pool size

(ml), b � rate constant (h±1), c � rate constant (0á5 h±1),

t � incubation time (h) and T � lag time (h).

Data were ®tted to the equation using the maximum

likelihood program (Ross, 1987). The fractional rate of

degradation (l) was calculated using the equation

(France et al., 1993):

l � b� �c=2� ��
t
p � �2�

The extent of rumen degradation was predicted,

assuming a rumen passage rate of 0á033 h±1, as des-

cribed by France et al. (1993).

Sample analyses

Bulked milk samples were analysed in duplicate for

concentrations of total N, non-casein N and non-

protein nitrogen (NPN) by the methods of Rowland

(1938). Samples from four consecutive milkings taken

during the pre-experimental grazing period and the N

balance measurement period were analysed for fat and

lactose by the National Milk Records laboratory (Yeovil,

Somerset, UK).

The analyses of feed and faeces samples were carried

out using freeze-dried material ground to pass through

a 1-mm dry mesh screen. Dry matter content was

determined by drying at 100°C for 24 h. Organic matter

(OM) was determined as DM minus ash by combustion

at 550 °C. Total N content was measured by combustion

using a Leco FP-428 analyser (Leco Corporation, St

Joseph, MI, USA); feed crude protein (CP) was calcu-

lated as N ´ 6á25, and milk crude protein was calculated

as N ´ 6á38. Neutral-detergent ®bre (NDF) and acid-

detergent ®bre (ADF) analyses were carried out

according to the methods of Van Soest et al. (1991).

Concentrations of WSC in the grass samples taken to

monitor seasonal and diurnal changes were estimated

using near infrared (NIR) spectroscopy (NIR Systems;

Perstorp Analytical, Berkshire, UK) as described by

Lister and Dhanoa (1998). Concentrations of WSC in

the feed samples taken at feeding were measured using

the anthrone technique (Thomas, 1977). Digestibilities

of DM, OM, CP, ADF and NDF in the diet were calculated

from the quantities in feed and faeces. The ME content of

the concentrate was predicted using the E3 equation

using the neutral cellulase gamanase digestibility and

acid hydrolysis ether extract content as described by

Thomas et al. (1988). The metabolizable energy content

of the diet was estimated from digestible OM kg±1 DM

(DOMD) (metabolizable energy � 0á016 ´ g of DOMD;

Agricultural and Food Research Council, 1993).

Statistical analysis

Milk production data were analysed statistically by

analysis of covariance, using individual animals as

blocks, grass variety as a treatment factor, and data

from the pre-experimental grazing period as covariates,

with the GENSTATGENSTAT 5 statistical software package (Lawes

Agricultural Trust, 1998). Feed intake, digestibility,

liveweight change and nitrogen partitioning data were

all subjected to analysis of variance in a similar way

but without covariate adjustment. Water-soluble car-

bohydrate concentrations in samples of grass taken

during storage and at feeding were subjected to

analysis of variance using day of collection as a

blocking factor and sample time, grass variety and

their interaction as factors. Gas production data were

subjected to analysis of variance using grass variety as

a factor and replicate (i.e. gas production bottle) as a

blocking factor.
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Results

Concentrations of WSC in the two grasses varied

considerably with both season (Figure 1) and time of

day (Figure 2). From the beginning of March, the WSC

concentrations of the HS grass were always higher than

those of the control grass and, by the beginning of May,

the concentrations of WSC in HS grass peaked at over

350 g kg±1 DM, whereas in the control grass, the WSC

concentrations peaked at about 240 g kg±1 DM. After

the plots were cut for silage at the end of May, there

was a period of »5 weeks before the difference in WSC

concentration again became substantial, although the

WSC concentrations were much lower in regrowth

material than in primary growth, with maximum

concentrations of about 220 and 140 g WSC kg±1 DM

in HS and control grasses respectively. After cutting the

plots for the production experiment in July, the

difference in WSC concentration between the two grass

varieties remained small until the end of August, when

sampling ceased. The WSC concentration increased in

both grass varieties as the day progressed. However, the

concentration of WSC in the HS grass was always

higher than that in the control grass.

The concentration of WSC in the fresh grasses offered

to the animals or used in the DM degradation experi-

ments differed considerably between the HS and control

ryegrass varieties (Table 1). Differences in nutritional

composition of the two grasses used in the degradation

experiment compared with the in vivo production

experiment are attributed to environmental effects

(i.e. season) and the different stages of grass growth.

In both experiments, WSC concentrations were

signi®cantly higher in the HS grass, and the concentra-

tions of CP, NDF and ADF were signi®cantly lower. The

nutritional composition of the concentrate feed is also

presented in Table 1. The WSC concentrations of the

grasses used in vivo, when measured at different stages

during cutting, storage and feeding, were found not to

be signi®cantly affected by storage, either when kept at

4 °C or when on offer to the animals at ambient

temperatures. There was no signi®cant effect on WSC

concentrations of time at which the samples were taken

during storage (as cut, at the afternoon feeding, at

morning collection of refusals, at morning feeding after

overnight storage or at afternoon collection of refusals;

s.e.d. 14á8 g kg±1 DM), although there was a signi®cant

effect of grass variety (grand means of 191 and

145 g kg±1 DM for HS and control grasses, respectively,

as sampled over the 4 days; s.e.d. 9á4; P < 0á001);

there was no interaction between variety and time of

sampling.

The intake of forage DM was not signi®cantly

different between the two treatments (Table 2). How-

ever, the DM digestibility of the HS grass-based diet was

signi®cantly greater than that of the control diet,

leading to signi®cantly increased intakes of digestible

DM. Digestibility of NDF and ADF was also signi®cantly

higher on the HS diet, but N digestibility was not

signi®cantly different. The estimated ME values of

the diets were signi®cantly different at 10á5 and

9á5 MJ kg±1 DM (s.e.d. 0á19; P < 0á01) for the HS and

control diets respectively.

Milk yields from animals offered the HS diet were

signi®cantly increased by »2á5 kg day±1 (Table 3) and,

although milk constituent concentrations were unaf-

fected by dietary treatment, the yields of milk crude

protein, true protein and casein all increased signi®-

cantly as milk yield increased. Treatment differences

between milk fat and lactose yields nearly reached

Figure 1 Mean water-soluble carbohydrate concentrations of

snip samples of high sugar (±¨±) and control (--n- -) grasses

from March to September 1998. Lines are broken after cutting

for silage in May and for the production experiment in July.

Figure 2 Mean water-soluble carbohydrate concentrations of

snip samples of high sugar (±¨±) and control (--n- -) grasses

(with s.e.m.) from 06.00 to 20.00 h over three consecutive days

in August 1998. The three days were overcast, sunny and

overcast, with a minimum temperature of 13°C and a

maximum temperature of 19°C.
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Table 1 Dry-matter content, concentration of chemical entities and metabolizable energy values of the high sugar (HS)

and control grasses (mean of seven samples) and concentrate (mean of three samples) fed to dairy cows during the production

experiment, and of the grasses used for the degradation studies (in vitro and in situ; one bulked sample).

Production experiment Degradation experiments

Grass variety HS s.e. Control s.e. Concentrate s.e. HS Control

Dry matter (g kg)1) 213 8á8 198 5á1 880 2á2 190 170

Organic matter 930 1á5 931 0á8 895 4á9 912 923

Water-soluble carbohydrate 165 16á8 126 10á0 57 2á5 351 189

Crude protein (N ´ 6á25) 92 1á5 106 2á8 193 2á0 108 122

Metabolizable energy (MJ kg)1 DM) ± ± ± ± 11á9 0á5 ± ±

Neutral-detergent ®bre 544 4á4 589 2á9 380 8á7 380 488

Acid-detergent ®bre 300 1á8 330 2á7 195 2á7 ± ±

Ether extract 20 0á5 18 0á4 ± ± ± ±

Acid hydrolysis ether extract ± ± ± ± 43 1á9 ± ±

Units: g kg)1 DM (unless stated otherwise).

Treatment

HS Control s.e.d. Signi®cance²

Grass DM intake (kg day)1) 11á6 10á7 0á95 NS

Total DM intake (kg day)1) 15á1 14á2 0á95 NS

Digestible DM intake (kg day)1) 10á7 9á1 0á58 *

Digestibility of:

Dry matter 0á71 0á64 0á014 **

Nitrogen 0á61 0á58 0á023 NS

Neutral-detergent ®bre 0á70 0á63 0á019 **

Acid-detergent ®bre 0á68 0á60 0á018 **

 NS, not signi®cant; *P < 0á05; **P < 0á01.

Table 2 Feed intake and digestibilities

of the diet of dairy cows offered zero-

grazed high sugar (HS) and control grass-

based diets.

Treatment

HS Control s.e.d. Signi®cance²

Milk yield (kg day)1) 15á3 12á6 0á87 *

Milk constituent concentrations (g kg)1)

Fat 48á2 48á2 4á00 NS

Crude protein 34á5 34á5 1á21 NS

True protein 33á5 33á1 1á12 NS

Casein 27á7 26á9 1á10 NS

Whey 5á86 6á18 0á253 NS

Non-protein nitrogen 0á16 0á22 0á033 NS

Lactose 44á8 43á6 0á73 NS

Milk constituent yields (g day)1)

Fat 737 606 51á5 +

Crude protein 526 437 20á2 **

True protein 510 420 20á4 **

Casein 421 341 18á5 **

Whey 88á8 78á9 4á06 NS

Non-protein nitrogen 2á47 2á68 0á362 NS

Lactose 692 546 57á1 +

 NS, not signi®cant; +P � 0á051; *P < 0á05; **P < 0á01.

Table 3 Milk yield and composition

data from dairy cows offered zero-grazed

high sugar (HS) and control grass-based

diets.
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statistical signi®cance (P � 0á051 for both variables),

with increased yields from animals offered the HS diet.

The ratio of milk yield to digestible DM intake was not

signi®cantly different between the two treatments (1á44

vs. 1á38 kg milk kg±1 digestible DM; s.e.d. 0á074).

Despite similar intakes of dietary N, there was a

marked reduction in the amount of N excreted in the

urine of cows offered the HS diet compared with

the control diet (Table 4). There was also an increase in

the amount of N secreted in milk by animals offered the

HS diet, but there was no effect of diet in the amount of

N excreted in the faeces nor on overall N balance.

In situ dry-matter degradation

The model of érskov and McDonald (1979) ®tted the

in situ DM disappearance data well (Figure 3). The data

in Table 5 indicate that there was little difference

between the grass varieties in the `truly' soluble (plus

escaped insoluble) fraction (a) nor in the potentially

degradable and less soluble fraction (b). The fractional

rate of degradation of b (c) and the potential degrada-

bility of the DM (a + b) tended to be higher for the HS

grass than for the control grass.

Gas production

There were no differences between the two grass

varieties in the lag time (0á93 and 0á93 h; s.e.d. 0á099,

for HS and control grass respectively), nor in the time

taken to produce 0á50 and 0á95 (T95: 26á2 and 30á6 h;

s.e.d. 2á57) of the total gas produced. Similarly, cumu-

lative gas production and the amount of gas produced

per gram of substrate DM apparently degraded was not

different between the two grasses at T50 or T95 (251

and 266 ml g±1 DM at T95; s.e.d. 41á2). However, the

fractional rates of degradation (l) were considerably

higher throughout the time course (Figure 4) with

mean rates of degradation of 0á0476 vs. 0á0217 h±1 for

HS and control respectively (s.e.d. 0á00507; P < 0á001).

Despite an increased fractional rate of degradation, the

predicted extent of rumen DM degradation was similar

for both grasses, with values of 0á52 vs. 0á50 g g±1 DM

(s.e.d. 0á016) for HS and control grasses respectively.

Discussion

Seasonal changes in the WSC concentrations of the two

varieties of grass used in the current study followed

similar trends to those observed previously by others

Table 4 Nitrogen intake and partitioning

in dairy cows offered zero-grazed high

sugar (HS) and control grass-based diets.

Treatment

HS Control s.e.d. Signi®cance²

Nitrogen intake (g day)1)

Grass 171 181 7á3 NS

Concentrate 109 109 ± ±

Total nitrogen intake (g day)1) 280 290 15á1 NS

Nitrogen output

Urine (g day)1) 71á3 100 5á0 ***

Proportion of N intake 0á25 0á35 0á020 **

Faeces (g day)1) 110 121 10á7 NS

Proportion of N intake 0á40 0á42 0á023 NS

Milk (g day)1) 83á3 67á5 4á12 **

Proportion of N intake 0á30 0á23 0á012 **

Total output (g day)1) 265 289 15á8 NS

Nitrogen balance (g day)1) 15á1 1á3 8á83 NS

Proportion of N intake 0á05 0á00 0á033 NS

 NS, not signi®cant; **P < 0á01; ***P < 0á001.

Figure 3 Mean in situ dry matter disappearance curves

(n � 2) for high sugar (±¨±) and control (--n- -) grasses

(with s.e.m.) incubated in the rumens of two late-lactation dairy

cows.
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(McGrath, 1988; Humphreys, 1989; Givens et al., 1993;

Radojevic et al., 1994). Concentrations increased from

the start of the main growing season, reached a peak in

late May as heading progressed and declined towards

the end of the growing season. After cutting for silage in

late May, and again after the cutting of the grasses for

the production experiment in July, WSC concentrations

decreased, and there was little difference in the sugar

content between the two grasses until after »5 weeks of

regrowth. This can be attributed to the use of WSC for

protein synthesis and plant growth, which is in¯uenced

in turn by the levels of N available to the plant. Thus,

concentrations of WSC are negatively correlated with N

fertilizer application (Peyraud and Astigarraga, 1998;

Keating and O'Kiely, 2000). The quantity of fertilizer

applied in the preparation of the plots for this study was

relatively low (Agricultural Development and Advisory

Service, 1983). This level of fertilizer application was

chosen to ensure that varietal differences in WSC were

not diminished by the effects of adding fertilizer N.

However, it is important to note that the milk yield

responses in the present study were obtained at a time

when WSC concentrations, despite being some 1á3
times greater in the HS grass than in the control grass,

were not as great as they had been earlier in the year

when harvested for the degradation experiment. Simi-

larly, later in the season, WSC concentrations were

hardly different between varieties. Speculation about

milk yield responses at different stages of lactation, and

at different times during the growth season, is beyond

the scope of this discussion and is a subject for further

research.

Diurnal changes in grass WSC concentration were

similar for the two varieties used, with the HS grass

containing higher WSC concentrations than the control

grass throughout the day. Greater variability in WSC

concentrations was found in the HS grass compared

with the control grass, and it is not known why this

occurred. However, it is possible that this is caused by

differences in the physiology of the HS grass variety

compared with the control, which make the plants

more sensitive to environmental light intensity (e.g.

changes in cloud cover).

Feed intake and milk production

In the grazing ruminant, DM intake is in¯uenced by

sward structural characteristics (Burlison et al., 1991;

Laca et al., 1992), sward availability (Dalley et al., 1999;

Vazquez and Smith, 2000) and grazing behaviour

(Gross et al., 1993). Furthermore, current methodo-

logies only allow the estimation of feed intake at

grazing, rather than its accurate measurement (Mayes

and Dove, 2000). Zero-grazing methodology was there-

fore used in the current study, thus eliminating the

effect of sward structural characteristics and allowing

the response in intake to the nutritional composition of

the grasses offered to be quanti®ed. However, it is

accepted that, because of the factors listed above, the

results from a zero-grazing experiment may not be

directly applicable to the grazing situation. Also, by

cutting before feeding, the nutritional composition of

the grasses was maintained constant throughout each

24-h period, despite the WSC concentration of the

uncut grasses changing over the course of each day. Orr

et al. (1998) found that dairy cows consumed the

greatest proportion of their total daily DM intake after

being moved to fresh pasture, and when fresh pasture

was offered after afternoon milking instead of after the

morning milking. Under the circumstances of that

study, the cows produced signi®cantly more milk at

the same level of DM intake, although the grass

consumed by the cows offered fresh pasture in the

afternoon contained more WSC than the pasture

offered in the morning. Milk yields were similarly

increased in the current study without a signi®cant

g g)1 DM h)1

a b a + b c s.e. observations r2

HS 0á150 0á771 0á927 0á124 0á0496 0á97

Control 0á115 0á715 0á831 0á058 0á0472 0á97

Table 5 In situ dry-matter degradability

characteristics (mean of two samples) of

high sugar (HS) and control grass varieties

derived from the model of érskov and

McDonald (1979).

Figure 4 Mean (n � 3 for each data point) fractional rates of

degradation produced using the in vitro gas production

technique for high sugar (±¨±) and control (± n ±) grasses (with

s.e.m.).
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increase in DM intake when cows were offered ryegrass

with a higher WSC concentration than the control.

Despite there being no signi®cant difference in DM

intake, there were signi®cant differences in digestibility

between the two diets, leading to an increase of

>1á5 kg day±1 digestible DM intake by HS cows. Diges-

tibilities of N and NDF were substantially lower than

those reported by van Vuuren et al. (19921 ) for perennial

ryegrass, although they reported that the digestibilities

were lower for grasses produced at lower rates of N

fertilizer application; the rates of N fertilizer applied by

these authors were, however, still higher than that used

in the present study. Peyraud and Astigarraga (1998)

reviewed the effects of altering the nutritional compo-

sition of herbage by altering the rate of N fertilizer

application and concluded that herbage intake is gen-

erally unaffected by the level of fertilizer application.

The CP concentrations of both grasses offered in the

current study were rather low, which was probably the

result of moderately low rates of fertilizer N applied,

and were similar to the values at the lower end of

fertilizer N application rates found by de Visser et al.

(19972 ) and Keating and O'Kiely (2000). Voluntary

intake of forages by ruminants is largely dependent on

feed retention time in the rumen (Thornton and

Minson, 1972), and this is principally affected by the

®bre components of the diet. Nandra et al. (1993) also

found that organic matter intake was affected by the

®brous components of the diet and not by readily

soluble fractions, such as WSC; given a choice, cattle

will select forage diets that maximize the digestible

organic matter intake (Lippke, 1986). In the current

study, offering the grass as zero-grazed material

severely restricted the selection opportunities of the

cows, and differences in the NDF concentration of the

diets were apparently not large enough to cause

signi®cant differences in DM intake. However, differ-

ences in the WSC concentrations of the diet, together

with differences in the digestibility of the ®bre fractions

of the diet, which is not necessarily indicative of the

degradation of ®bre in the rumen (Berzaghi et al.,

1996), led to the increased digestible DM intake by

animals offered the HS diet. The increased intake of

fresh grass in the present study contrasts with the work

of Rooke et al. (1987) with ensiled grass, who reported a

reduction in forage intake, caused by a reduction in

rumen ®bre fermentation, when exogenous sugars

were infused.

Milk yield and composition is largely controlled by

nutrient supply to the udder (Sutton and Morant, 1989;

DePeters and Cant, 1992), which in turn is in¯uenced

by digestible DM intake. The major effect of increased

digestible DM intake by animals offered the HS diet in

the present study was that of an increase in milk yield

without any effect on milk composition, and thus the

ratio of milk yield to digestible DM intake was the same

for animals on both treatments. Other work investi-

gating the effect of altering the CP:WSC ratio of grass by

different rates of N fertilizer application has shown that,

at high levels of application, the CP concentration of the

grass increases concomitantly with a decrease in the

WSC content. Under these circumstances, large quan-

tities of ammonia can be absorbed from the gut

(O'Mara et al., 1997), but the ¯ow of amino acids to

the duodenum can remain unaffected (van Vuuren

et al., 1992; O'Mara et al., 1997). We conclude that, in

the present study, when WSC concentrations in the

grass were increased with no difference in the concen-

tration of CP, the increase in milk yield was achieved

through an increase in the supply of nutrients to the

udder, without signi®cant differences in the relative

supplies of the various nutrients needed to produce the

constituents of milk. For this to have occurred, there

must have been a signi®cant improvement in the

ef®ciency of utilization of rumen-degradable nitrogen,

principally by the rumen microbial population,

although this can only be inferred as no direct meas-

urements were made. However, gross differences in the

partitioning of feed N towards milk and urine suggest

that this is the case, and further experimentation is

required to investigate this.

Nitrogen utilization

There was no difference in the intake of N by animals

offered the diets. However, the partitioning of digestible

dietary N was signi®cantly different, with more dietary

N being partitioned into milk and less into urine in

animals offered the HS diet. A 0á30 proportional

increase in dietary N in the milk of HS cows compared

with that in the control cows was balanced by the 0á26

proportional decrease in N excretion in urine. The gross

ef®ciency of use of dietary N for milk production by

animals offered the control diet (0á23) was similar to

values quoted in the literature (Astigarraga et al., 1993;

Kolver et al., 1998), although the value can be much

lower (Kolver and Muller, 1998). The differences in the

partitioning of digestible N between milk protein and N

excreted in urine suggest that the ef®ciency of utiliza-

tion of N within the rumen was increased. After the

rapid degradation of proteins in the rumen, a large

proportion of feed N may be absorbed from the gut as

ammonia and, in some cases, the quantities of ammonia

N can equal or even exceed the amount of non-

ammonia N that is absorbed by the animal (Huntington,

1984). Absorbed ammonia is extracted from the portal

vein by the liver, where it enters the urea (ornithine)

cycle. A substantial proportion of the resulting urea is

recycled back to the gut, either through the saliva or

directly across the gut walls (Nolan and Leng, 1972;
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Huntington, 1989), but the remainder is excreted in

urine and thus lost from the animal.

Increases in the partitioning of dietary N to milk

protein are also of practical importance because they

reduce the excretion of N into the environment. This is

becoming an increasingly important issue, particularly

in Europe (Smith and Frost, 2000), and the use of grass

varieties with high WSC concentrations may offer a

means of reducing urine-N excretion.

In vitro and in situ dry-matter degradation

Two different techniques were used to study the

fermentation of the two grasses in vivo and in vitro.

The disappearance of DM of the HS grass measured

from polyester bags was slightly higher than that of the

control grass, but no signi®cant differences in the extent

of degradation were observed between the two grasses

when the gas production technique was used. LoÂpez

et al. (19983 ) showed clearly that the gas production

technique was more suitable than gravimetric tech-

niques, including in situ methods, for assessing the

fermentation of the water-soluble pool. However, the

fractional rate of DM degradation was consistently

higher for the HS grass compared with the control

when measured in both gas production and in situ

degradation experiments.

Although the greater degradability of DM could be

attributable to the lower ®bre fraction within the HS

grass, the fact that this grass was degraded at a faster

rate suggests that the additional WSC induced a

microbial effect. This result is in agreement with

previous research in which the WSC concentration of

grasses has been shown to be highly correlated with the

rate of gas production and the rate of degradation

(Davies et al., 1994).

The WSC fraction of grass is released over a period of

6±8 h in the rumen (L. A. Miller, unpublished results)

and, therefore, increases in the ®bre digestibility of the

HS grass may have been a result of a shift in the

microbial population towards genera that are both

sugar and ®bre fermenters. This is in contrast to the

work of Rooke et al. (1987), who found that rumen

®bre degradation of ensiled grass was reduced when

additional sugars were infused into the rumen. Further

research is needed to elucidate the exact nature of the

mechanisms giving these results.

Increases in the utilization of rumen-degradable

protein have been observed when ensiled and dried

grasses have been supplemented with sugars (Rooke

et al., 1987; Heldt et al., 1999). In the present study,

additional sugars were provided as an integral part of

the HS diet, and increased rates of fermentation of the

energy-yielding components of the diet may have led to

improved balance or synchrony in the use of protein

and energy-yielding components of the diet, which

could in turn have led to reduced absorption of

ammonia from the gut (and thus reductions in urinary

N excretion) and increased microbial protein ¯ow to,

and absorption from, the duodenum (MacRae et al.,

1985).

In conclusion, an increase in the WSC concentration

of the diet led to an increase in the digestible DM

intake, which in turn led to increased milk yields.

Increased milk protein production was achieved at the

same time as a reduction in urine-N excretion, leading

to signi®cant overall increases in the ef®ciency of

utilization of dietary N for milk production. It is likely

that these responses resulted from increased rumen

utilization of the diets.

Acknowledgments

This work was funded by a LINK Sustainable Livestock

Production programme with funding from the UK

Ministry of Agriculture, Fisheries and Food, the Milk

Development Council, the Meat and Livestock Com-

mission and Germinal Holdings Ltd. L. A. Miller

gratefully acknowledges the provision of a Ph.D.

studentship from the University of Wales, Aberystwyth.

The authors are grateful to M. D. Fraser for advice on

experimental design, and for the technical assistance

of R. T. Evans and his staff in the care of animals, and

J. K. S. Tweed and J. E. Cockburn and their staff for the

analysis of samples.

References

AGRICULTURALGRICULTURAL DE VE LO PM EN TEV ELOPME NT and ADV ISORYDVISORY SERVI CEE RVICE

(1983) Lime and Fertiliser Recommendations, no. 5. Grass and

Forage Crops. Ministry of Agriculture, Fisheries and Food

Booklet 2430. Northumberland: MAFF.

AGRICULTURALGRICULTURAL and FOODOOD RESE AR CHE SEARCH COUNCI LOUNCIL (1993)

Energy and Protein Requirements of Ruminants. An Advisory

Manual prepared by the AFRC Technical Committee on

Responses to Nutrients. Alderman G. and Cottrill B.R. (eds).

Wallingford: CAB International.

ASTIGARR AGASTIGARRAGA L., PEY RAUDE YR AU D J.L. and LEE BARSARS M. (1993)

Effect of level of nitrogen fertilization and protein

supplementation on herbage utilization by grazing dairy

cows. II. Faecal and urine excretion. Annales de Zootechnie,

43, 292.

ASTONSTON K., FI SH E RISHE R W.J., MCCALLANLLAN A.B., DH A NO AHANOA M.S.

and DEWHURSTEWHURST R.J. (1998) Supplementation of grass

silage-based diets with small quantities of concentrates:

strategies for allocating concentrate crude protein.

Animal Science, 67, 17±26.

BEE VERE EVE R D.E., LOSADAOSADA H.R., CAMMELLAMME LL C.B., EVANSVANS R.T.

and HAINESA I NE S M.J. (1986) Effect of forage species and

season on nutrient digestion and supply in grazing cattle.

British Journal of Nutrition, 56, 209±255.

392 L. A. Miller et al.

Ó 2001 Blackwell Science Ltd, Grass and Forage Science, 56, 383±394



BERZAGHIERZAGHI P., HERB EINE RBE IN J.H. and POLANOLAN C.E. (1996) Intake,

site, and extent of nutrient digestion of lactating cows

grazing pasture. Journal of Dairy Science, 79, 1581±1589.

BURLISONURLI SO N A.J., HODGSONODGSON J. and ILL IUSLLIUS A.W. (1991)

Sward canopy structure and the bite dimensions and bite

weight of grazing sheep. Grass and Forage Science, 46,

29±38.

DALLEYALLEY D.E., ROCHEO CHE J.R., GRAINGERRAI NGE R C. and MOATEOATE P.J.

(1999) Dry matter intake, nutrient selection and milk

production of dairy cows grazing rainfed perennial pas-

tures at different herbage allowances in spring. Australian

Journal of Experimental Agriculture, 39, 923±931.

DAVIESAVIE S D.R., BROOKSROOKS A.E., THE ODOROUHEO DOR OU M.K., ME RRYER RY

R.J., FARRELLARRE LL M. and HUMPHREYSUM PHRE YS M.O. (1994) The

relationship between initial rate of fermentation and

water soluble carbohydrate content of different grasses.

Proceedings of the Nutrition Society, 3, 193A.

DAVIESAVIE S Z.S., MASONASON D., BROOKSROO KS A.E., GRI FFI THRIFF ITH G.W.,

ME RRYERRY R.J. and THEODORO UHE ODOROU M.K. (2000) An automa-

ted system for measuring gas production from forages

inoculated with rumen ¯uid and its use in determining

the effect of enzymes on grass silage. Animal Feed Science

and Technology, 83, 205±221.

DEDE VI SS E RISSER H., VALKALK H., KLOPLOP A., vANAN DERDE R MEULENEULEN J.,

BAKKERAKKER J.G.M. and HUNTINGDONUNTINGDON G.B. (1997) Nutrient

¯uxes in sphlanchnic tissue of dairy cows: in¯uence of

grass quality. Journal of Dairy Science, 80, 1666±1673.

DEEPETERSETE RS E.J. and CANTANT J.P. (1992) Nutritional factors

in¯uencing the nitrogen composition of bovine milk ±

a review. Journal of Dairy Science, 75, 2043±2070.

FRANCERANCE J., DH A NO AHANOA M.S., THEODORO UHE ODOROU M.K., LISTE RISTER S.J.,

DAVIE SAVIES D.R. and ISACSAC D. (1993) A model to interpret gas

accumulation pro®les associated with in vitro degrada-

tion of ruminant feeds. Journal of Theoretical Biology, 163,

99±111.

GI VENSIVE NS D.I., MOSSOSS A.R. and ADAMSONDAMSON A.H. (1993)

In¯uence of growth stage and season on the energy

value of fresh herbage. 1. Changes in the metabolizable

energy content. Grass and Forage Science, 48, 166±174.

GR OSSROSS J.E., SHI PLE YHIPLEY L.A., HOB BSOBBS N.T., SPALINGERPALINGER D.E.

and WUNDERUNDER B.A. (1993) Functional response of her-

bivores in food-concentrated patches: tests of a mech-

anistic model. Ecology, 74, 778±791.

HELDTELDT J.S., COCHRANO CHRA N R.C., MATHI SATHIS C.P., WO ODSOODS B.C.,

OLSO NLSON K.C., TITGEM EY ERITGE ME YE R E.C., NAGARAJAAGARAJA T.G.,

VANZANTANZANT E.S. and JOHNSONO HN SON D.E. (1999) Effects of level

and source of carbohydrate and level of degradable

intake protein on intake and digestion of low-quality

tallgrass-prairie hay by beef steers. Journal of Animal

Science, 77, 2846±2854.

HUMPHREYSUMPHREYS M.O. (1989) Water-soluble carbohydrates in

perennial ryegrass breeding. II. Cultivar and hybrid

progeny performance in cut plots. Grass and Forage

Science, 44, 237±244.

HUNTINGTONUNTINGTON G.B. (1984) Net absorption of glucose and

nitrogenous compounds by lactating Holstein cows.

Journal of Dairy Science, 67, 1919±1927.

HUNTINGTONUNTINGTON G.B. (1989) Hepatic urea synthesis and site

and rate of urea removal from blood of beef steers fed

alfalfa hay or a high concentrate diet. Canadian Journal of

Animal Science, 69, 215±223.

KEATINGEATING T. and O'KIELYIE LY P. (2000) Comparison of old

permanent grassland, Lolium perenne and Lolium multi¯o-

rum swards grown for silage. 3. Effects of varying fertiliser

nitrogen application rate. Irish Journal of Agricultural and

Food Research, 39, 35±53.

KINGSTO NINGSTON-SMITHMI TH A.H. and THE ODOROUHEO DOR OU M.K. (2000)

Post-ingestion metabolism of fresh forage. New

Phytologist, 148, 37±55.

KOLVE ROLVER E.S. and MULLERULLER L.D. (1998) Performance and

nutrient intake of high producing Holstein cows consu-

ming pasture or a total mixed ration. Journal of Dairy

Science, 81, 1403±1411.

KOLVE ROLVER E., MULLERULLER L.D., VARGAARGA G.A. and CASSI DYASS IDY T.J.

(1998) Synchronisation of ruminal degradation of sup-

plemental carbohydrate with pasture nitrogen in lacta-

ting dairy cows. Journal of Dairy Science, 81, 2017±2028.

LACAACA E.A., UNGARNGAR D., SEL IGMANE LI G MAN N.G., RAM EYAMEY M.R. and

DEMM ENTE MME NT M.W. (1992) An integrated methodology for

studying short-term grazing behaviour of cattle. Grass and

Forage Science, 47, 81±90.

LAWE SAWES AGRIC ULTURALGR ICULTURAL TRUSTRUST (1998) Genstat 5 for Windows,

Version 4.1. Oxford: Numerical Algorithms Group.

LIPPKEIPPKE H. (1986) Regulation of voluntary intake of

ryegrass and sorghum forages in cattle by indigestible

neutral detergent ®ber. Journal of Animal Science, 63,

1459±1468.

LISTERI ST E R S.J. and DH A NO AHANOA M.S. (1998) Comparison of

calibration models for the prediction of forage quality

traits using near infrared spectroscopy. Journal of Agri-

cultural Science, Cambridge, 131, 237±243.

LONGLANDONGLAND A.C., THEODORO UHE ODOROU M.K., SANDERSONANDERSON R.,

LI ST E RISTER S.J., POWELLOWE LL C.J. and MORRISORR IS P. (1995) Non-

starch polysaccharide composition and in vitro fer-

mentability of tropical forage legumes varying in

phenolic content. Animal Feed Science and Technology, 55,

161±177.

LoÂ PEZPE Z S., CARR OARRO M.D., GONZALEZONZAÂ LEZ J.S. and OV EJ EROVEJE RO F.J.

(1998) Comparison of different in vitro and in situ

methods to estimate the extent and rate of degradation of

hays in the rumen. Animal Feed Science and Technology, 73,

99±113.

MCCGRATHRATH D. (1988) Seasonal variation in the water-

soluble carbohydrates of perennial and Italian ryegrass

under cutting conditions. Irish Journal of Agricultural

Research, 27, 131±139.

MACACRAEAE J.C., SM ITHMITH J.S., DEWEYEWE Y P.J.S., BRE WERREWE R A.C.,

BRO WNROWN D.S. and WALKERALKER A. (1985) The ef®ciency of

utilization of metabolizable energy and apparent

absorption of amino-acids in sheep given spring-harves-

ted and autumn-harvested dried grass. British Journal of

Nutrition, 54, 197±209.

MAYESAY ES R.W. and DOVEOVE H. (2000) Measurement of dietary

nutrient intake in free-ranging mammalian herbivores.

Nutrition Research Reviews, 13, 107±138.

NANDRAANDRA K.S., HENDR YENDRY A. and DOBOSO BOS R.C. (1993) A study

of voluntary intake and digestibility of roughages in

relation to their degradation characteristics and retention

Milk production from high sugar grasses 393

Ó 2001 Blackwell Science Ltd, Grass and Forage Science, 56, 383±394



time in the rumen. Animal Feed Science and Technology, 43,

227±237.

NATIONALATI ONAL INSTI TUTENSTITUTE OFOF AGRICULTURALGRI CULTURAL BOTANYOTANY (1997)

Recommended Lists of Grasses and Herbage Legumes 1997/98.

Cambridge: National Institute of Agricultural Botany.

NOC EKOCE K J.E. and RUSSELLUSSELL J.B. (1988) Protein and energy as

an integrated system. Relationship of ruminal protein

and carbohydrate availability to microbial synthesis and

milk protein. Journal of Dairy Science, 70, 2070±2107.

NOLANOLAN J.V. and LENGENG R.A. (1972) Dynamic aspects of

ammonia and urea metabolism in sheep. British Journal

of Nutrition, 27, 177±194.

O'MARAARA F.P., STAKE LUMTAKELUM G.K., DILLONILLON P., MURPHYURPHY J.J.

and RATHATH M. (1997) Rumen fermentation and nutrient

¯ows for cows fed grass and grass supplemented with

molassed beet pulp pellets. Journal of Dairy Science, 80,

2466±2474.

ORRRR R.J., RUTTE RUTTER S.M., PENNINGENNING P.D., YARRO WARROW N.H.,

ATKINSONTKINSON L.D. and CHAMPI ONHAMPION R.A. (1998) Matching

grass supply to grazing patterns for dairy cows under

strip-grazing management. Proceedings of the Winter Meet-

ing of the British Society of Animal Science, Scarborough, UK,

23±25 March, 1998, p. 49.

éRSKOVRSKOV E.R. and MCCDO NA LDONALD I. (1979) The estimation of

protein degradability in the rumen from incubation

measurements weighed according to rate of passage.

Journal of Agricultural Science, Cambridge, 92, 499±503.

PEY RAUDE YR AU D J.L. and ASTIGARRAGASTIGARRAGA L. (1998) Review of the

effect of nitrogen fertilisation on the chemical composi-

tion, intake, digestion and nutritive value of fresh

herbage: consequences on animal nutrition and N

balance. Animal Feed Science and Technology, 72, 235±259.

RADOJEVICADOJEVIC I., SIM PSONIMPSON R.J.S.T., JOHNOHN J.A. and

HUMPHREYSUMPHREYS M.O. (1994) Chemical composition and

in vitro digestibility of lines of Lolium perenne selected for

high concentrations of water-soluble carbohydrate.

Australian Journal of Agricultural Research, 45, 901±912.

ROOKEO OKE J.A., LE EEE N.H. and ARMSTRONGRM STRO NG D.G. (1987) The

effects of intraruminal infusions of urea, casein, glucose

syrup and a mixture of casein and glucose syrup on

nitrogen digestion in the rumen of cattle receiving grass-

silage diets. British Journal of Nutrition, 57, 89±98.

ROSSO SS G.J.S. (1987) Maximum Likelihood Program, Version

3.08. Oxford: Numerical Algorithms Group.

ROWLANDO WL A N D S.J. (1938) The protein distribution in normal

and abnormal milk. Journal of Dairy Research, 9, 47±57.

SMI THM ITH K.A. and FROSTR OST J.P. (2000) Nitrogen excretion by

farm livestock with respect to land spreading require-

ments and controlling nitrogen losses to ground and

surface waters. Part 1: cattle and sheep. Bioresource

Technology, 71, 173±181.

SUTTONUTTO N J.D. and MORANTORANT S.V. (1989) A review of the

potential of nutrition to modify milk fat and protein.

Livestock Production Science, 23, 219±237.

THOM ASHOMAS P.C., RO BERTSONOBE RTSO N S., CHAMBER LAINHAMBE RLAIN D.G.,

LIV INGSTONEIVINGSTONE R.M., GARTHWAITEARTHWAITE P.H., DEWE YEWEY P.J.S.,

SMARTMART R. and WHYTEHY TE C. (1988) Predicting the meta-

bolisable energy (ME) content of compounded feeds for

ruminants. In: Haresign W. and Cole D.J.A. (eds) Recent

Advances in Animal Nutrition, pp. 127±146. London:

Butterworths.

THOM ASHOMAS T.A. (1977) An automated procedure for the

determination of soluble carbohydrates in herbage.

Journal of the Science of Food and Agriculture, 28,

639±642.

THOR NTONHORNTON R.F. and MINSONINSON D.J. (1972) The relationship

between voluntary intake and mean apparent retention

time in the rumen. Australian Journal of Agricultural

Research, 23, 871±877.

ULYATTLYATT M.J., THO MSONHOMSON D.J., BE EV EREE VE R D.E., EVANSVANS R.T.

and HAINESA I NE S M.J. (1988) The digestion of perennial

ryegrass (Lolium perenne cv. Melle) and white clover

(Trifolium repens cv. Blanca) by grazing cattle. British

Journal of Nutrition, 60, 137±149.

VANAN SOE STOEST P.J., ROBERTSONOBER TSON J.B. and LEWISEWIS B.A. (1991)

Methods for dietary ®ber, neutral detergent ®ber, and

nonstarch polysaccharides in relation to animal nutri-

tion. Journal of Dairy Science, 74, 3568±3597.

VANVAN VUURENUUREN A.M., KROLROL-KRAMERRAME R F., vANAN DE RDER LE EEE R.A.

and CORBIJNORB IJN H. (1992) Protein digestion and intestinal

amino acids in dairy cows fed fresh Lolium perenne with

different nitrogen contents. Journal of Dairy Science, 75,

2215±2225.

VAZQUE ZAZQUEZ O.P. and SMITHMI TH T.R. (2000) Factors affecting

pasture intake and total dry matter intake in grazing

dairy cows. Journal of Dairy Science, 83, 2301±2309.

WALLACEALLACE R.J. (1995) The proteolytic systems of ruminal

microorganisms. Rumen Microbiology Satellite Symposium of

the IVth International Symposium on the Nutrition of

Herbivores. September 16±17, Clermont-Ferrand, France, 1995,

pp. 20±29.

ZHUHU W.Y., KINGSTO NINGSTON-SMITHMI TH A.H., TRONCOSORONCOSO D., ME RRYERRY

R.J., DAVIE SAVIES D.R., PICHARDI CH ARD G., THOMASHO MAS H. and

TH EO DORO UHE ODOROU M.K. (1999) Evidence of a role for plant

proteases in the degradation of herbage proteins in the

rumen of grazing cattle. Journal of Dairy Science, 82,

2651±2658.

394 L. A. Miller et al.

Ó 2001 Blackwell Science Ltd, Grass and Forage Science, 56, 383±394


