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Four groups of seven dairy cows were given hay plus high-fibre concentrates based on sugar-beet feed 
(hay-concentrate, 40: 60 w/w) or high-starch concentrates based on flaked maize (hay-concentrate, 
20:80 w/w), with a crude protein (nitrogen x 6.25) content of either 160 or 220 g/kg dry matter, over 
weeks 4-18 of lactation. Performance during week 3 of lactation, when all cows were fed on a standard 
ration, was used as a covariate. For diets with a high-fibre content, higher protein concentrations led to 
increases in yields of milk and milk fat, with no effect on live-weight loss. For diets with a high-starch 
content, higher protein concentrations did not affect milk yield or composition but resulted in an increase 
in live weight rather than a decrease. Diets with a high-starch content led to increased proportions of 
propionic acid in the rumen and increased concentrations of insulin in the blood. It is concluded that the 
source of carbohydrate needs to be taken into account when predicting the response to protein supply by 
dairy cows. 

Dietary carbohydrate : Dietary protein: Rumen fermentation: Cow 

The proposals put forward by the Agricultural Research Council (1980, 1984) for 
estimating protein requirements in ruminants, suggest that microbial protein supply is 
insufficient for milk production in high-yielding dairy cows, and that there will be a 
response to an increase in total amino acid supply to the small intestine, achieved by the 
inclusion of protein sources which are relatively undegraded in the rumen. Furthermore, it 
has been suggested that the supply of amino acids to body tissues can influence the extent 
to which dairy cows mobilize body-fat reserves in support of milk production in early 
lactation (0rskov et al. 1981; Garnsworthy & Jones, 1987; Jones & Garnsworthy, 1988). 
However, in other reports, animals have shown increased milk yield and reduced weight 
loss with increasing protein intake (Oldham et al. 1979; Cowan et al. 1981). 

In trials in which responses in energy balance of dairy cows to increased protein intake 
have been measured, differences in energy intake have often been achieved by altering the 
basal diet, in particular the c0ncentrate:forage ratio. No account has been taken of how 
these changes influence the response in milk production although it is well established that 
the nature of the basal diet, especially its influence on the balance of volatile fatty acids in 
the rumen, has a major effect on the partitioning of nutrients between milk secretion and 
body tissue. The present paper describes a trial designed to measure the response of dairy 
cows to protein supplements given with iso-energetic diets formulated to maintain widely 
differing patterns of rumen fermentation. 

* For reprints. 
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Table 1. Composition of concentrates with a high-jibre ( F )  or high-starch ( S )  content and 
with a low ( L )  or high ( H )  concentration of protein (g /kg  msfed) 

-~ 

Concentrate 
Pre- 

treatment FL FH SL SH 

Barley 
Molassed sugar-beet feed 
Flaked maize 
Soya-bean meal 
Ground maize 
Fishmeal 
Wheatfeed 
Urea 
Minerals + vitamins 

413 
150 
230 
150 
- 

- 

I 
50 

352 
350 

- 

180 

50 
18 
50 

- 

245 
245 

240 
125 
60 
35 

50 

- 

- 

318 

402 

162 

50 
18 
50 

__ 

- 

- 

222 

280 
240 
113 
60 
35 

50 

- 

- 

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

Animals and management 
Immediately after autumn calving, twelve British Friesian cows and sixteen heifers were 
housed in a double-stall cowshed, bedded on straw. Straw consumption was not measured, 
but did not appear to be of any significance. The animals were milked twice daily at 06.00 
and 15.45 hours and offered concentrates and hay individually, with free access to water. 
The concentrates were offered in equal amounts at each milking and at 09.30 hours, and 
the hay at 09.30 hours and following the afternoon milking. 

Treatments 
After calving, all animals received 4 kg/d of a pretreatment concentrate (Table 1) and 4 kg 
hay/d (air-dry basis). These amounts were gradually increased so that by day 14 of 
lactation, cows and heifers were offered concentrates at the rate of 12.5 or 11.0 kg/d 
respectively, and hay at the rate of 6.5 or 6.0 kg/d respectively. In the fourth week of 
lactation, animals were assigned to four groups, each balanced as far as possible for 
lactation number (including parities within cows), live weight and performance in week 3. 
Each group was offered one of four experimental diets which were given during weeks 4-18 
of lactation and consisted of two concentrate types, based on either sugar-beet feed 
(fibrous ; F) or flaked maize (starchy ; S), arranged factorially with two concentrations of 
crude protein (nitrogenx6.25; CP): low (60g CP/kg dry matter (DM); L) or high 
(220 g CP/kg DM; H). The concentrate formulations, designated FL, FH, SL and SH, are 
given in Table 1. 

Cows or heifers respectively were offered (air-dry basis) 11.0 or 10.0 kg concentrates/d 
plus 7.5 or 7-0 kg hay/d in the FL and FH groups (hayxoncentrate, 40: 60 w/w), and 12.5 
or 11.5 kg concentrates/d plus 3.5 or 3.0 kg hay/d in the SL and SH groups 
(hay<oncentrate, 20: 80 w/w). These diets were designed to be iso-energetic (on an 
estimated metabolizable energy (ME) basis) within age-groups and to provide sufficient 
ME for 23 kg milk/d in cows or 20 kg milk/d in heifers. Protein degradability (DG) was 
calculated to be 0.80, 065, 0.75 and 061 for diets FL. FH, SL and SH respectively, using 
values for individual ingredients obtained from the Agricultural Research Council (1 980). 

Measurements and analysis 
Individual milk yields were recorded daily and the weekly mean yield calculated. Milk 
samples were collected from two consecutive milkings once weekly. Milk fat content was 
determined using a Milko-Tester Mk I1 (A/S N Foss Electric UK Ltd) and protein content 
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using a Pro-milk Mk I1 (A/S N Foss Electric UK Ltd). Live weights were recorded twice 
each week and the mean for each week used in analyses. Weekly food samples were bulked 
for each calendar month and analysed for N, organic matter and acid-detergent fibre. 

Blood samples were taken at hourly intervals over 24 h during week 11 of lactation from 
an indwelling jugular vein catheter and analysed for plasma insulin concentrations using a 
specific double-antibody radioimmunoassay (Beeby & Swan, 1983). 

Rumen-fluid samples were obtained by stomach tube from all animals at 09.00 and 14.00 
hours during weeks 9 and 16 of lactation. The samples were bulked by volume for 
individual animals on each day and their volatile fatty acid concentrations determined 
using gas-liquid chromatography. 

Digestibility determinations 
Two cows and two heifers from each treatment group were offered concentrates containing 
5 g chromic oxide/kg between weeks 13 and 19 of lactation in place of their normal 
concentrates. After a 7 d equilibration period, faecal samples were collected by grab 
sampling at 09.00 and 15.00 hours daily for 7 d and bulked for individual animals within 
days, after DM determination. Additional faecal samples were collected at three-hourly 
intervals for 48 h during the collection period and bulked for individual cows according to 
time of collection to allow correction of the daily samples for diurnal variation. All faecal 
samples were analysed for Cr,O, (Cheong & Salt, 1968), crude protein, organic matter and 
acid-detergent fibre contents. 

Degradability determination 
Four lactating cows, each fitted with a rumen fistula, were fed on the four treatment rations 
in a Latin-square design. They were fed and milked in a similar way to the cows on the 
production trial, except that the middle feed was given at 11.00 hours instead of 09.30 
hours. For each treatment ration, six polyester bags (pore size 43 pm; Sericol, London) 
containing 10 g of the appropriate concentrate which had been milled through a 1 mm 
screen, were inserted into the rumen of each cow. Bags were removed after 2 min, 3, 6 ,  12, 
24 and 36 h incubation, washed in cold, running water until the water ran clear and dried 
at 60". The DM and N losses from each bag were measured and fitted to the exponential 
model of 0rskov & Mcdonald (1 979) : 

p = a+b(l-e-"), 
where p is the amount of DM or N degraded at time t ,  a is the immediately soluble fraction, 
b is the potentially degradable fraction, and c is the fractional rate of degradation of 6.  The 
effective DG was then calculated from the estimates of a, b and c constants, assuming a 
fractional outflow rate of solid particles from the rumen (k)  of 0.08/h using the equation : 

bc 
c + k '  

DG = a+- 

Statistical analysis 
The values were analysed using a 2 x 2 x 2 factorial design (diet type, protein concentration, 
cows v. heifers) with performance in week 3 as a covariate for responses in the production 
trial. 

Although differences between cows and heifers were found in absolute means for intake 
(heifers 12.7 kg DM/d, cows 14.2 kg DM/d) and milk production (heifers 22.2 litres/d, 
cows 23.0 litres/d), there was no significant effect of parity on response to diet or protein 
treatments. Therefore, only the effects of diet and protein concentration are presented. The 
use of covariance was significant in all cases so means presented have been corrected for 
the covariate where applicable. 
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Table 2. Chemical composition of hay and treatment concentrates with a high-fibre ( F )  or 
high-starch ( S )  content and with a low (L )  or high ( H )  concentration of protein* 

~- ~ _ _ _ _ ~  ~- _ _ _ _ _ ~ ~  
~~ ~~~ ~~ ~- _ _ _ _  

Concenti ate 
~~ 

FL FH EL SH Hay 

Dry matter (g/kg) 8 60 865 856 86 1 835 
Crude protein (g/kg DM) 158 222 158 218 68 
Acid-detergent fibre (g/kg DM) 88 86 31 42 425 

~~ ~- ~- ~ ~~ 

- ~- ~ - _ _ _ _ _  

DM, dry matter. 
* For details of composition, see Table 1 

Table 3. Mean food intake, milk production and live-weight change over weeks 4-18 of 
lactation Jor each group of cows given diets* with u high-fibre ( F )  or high-starch ( S )  
content and a low (L)  or high ( H )  concentration of protein (corrected for perjormance in 
week 3) 

~~~ ~ - . - - ~ . _ _ _ _ _ _ _ ~ ~ .  - __ -____~__ 
Dietary treatment ... High-fibre High-starch 

~ _ _  
FL FH SL SH SED 

~ ..-___________-___ 

Intake 
Concentrates (kg DM/d) 8.8" 8.9" 9.4" 9.7' 0.13 

Total (kg DM/d) 14.4" 14.6" 12.0" 12.4' 0.1 5 

Milk (kg/d) 20.6" 23.3" 21.7"" 24.5 1.25 

Fat (g/d) 803" 953" 616" 654' 52.1 

Hay (kg DM/d) 5.6" 5.6" 2.6" 2.7" 0.1 1 

Yield 

Fat-corrected milk (kg/d) 20.3" 23.6" 17.9" 19.6" 0.99 

Protein (g/d) 604" 701" 642ab 737" 43.4 
Concentration 

Fat fg /kd  39.0" 40.9" 28-4" 26.7" 2.65 
Protein (g/kg) 29.3a 30.1 a 29.6" 301" 0.96 

weeks 3-18 (kg) 
Live-weight change, - 15"" - 18" - 22" + 5" 10.4 

_ ~ ~ _ _ _ .  _~ ~~ 

~~ -~ 

SED, standard error of difference; DM, dry matter. 

* For details, see Tables 1 and 2. 
Means in the same horizontal row with different superscript letters were significantly different ( P  < 0.05). 

R E S U L T S  

Food intake 
Chemical analysis of the concentrates and hay are shown in Table 2. Animals offered the 
high-protein concentrates refused less and, therefore, had higher DM intakes but this was 
only significant (P < 0.05) for the high-starch diets (Table 3). 

Milk yield and composition 
Treatment means for milk yield and composition are shown in Table 3. Higher dietary 
protein concentrations led to increased milk yields (P < O.Ol), but within-diet types the 
increase was only significant for the high-fibre diets (P < 0-05). Cows given the concentrates 
with a high-fibre content had higher milk fat contents ( P  < 0.001) and fat yields (P < 
0.001). The higher protein content of the FH diet led to a further increase (P < 0.05) in fat 
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Fig. 1. Live weight in relation to week of lactation, adjusted for covariance. Each point represents the mean for 
seven animals offered (a)  a high-fibre (A) or (b)  a high-starch (0) diet and high (----) or low (-) levels of crude 
protein (nitrogen x 6.25). The error bars represent the standard error of the difference for comparing means in 
different treatment groups. For details of diets see Tables 1 and 2. 

yield. Milk fat content decreased and yield increased with increasing protein concentration 
for the high-starch diets but the differences were not significant. Fat-corrected milk yield 
was greater ( P  < 0.01) for diet FH than for the other three diets. Higher dietary protein 
concentrations resulted in higher milk protein concentrations (not significant) and yields 
( P  < 0.05) for both diet types, but for protein yield only the difference between the high- 
fibre diets was significant. 

Live- weight change 
The pattern of live-weight change varied with diet type ( P  < 0.001) over the treatment 
period, due mainly to the difference in response to increased dietary protein concentration 
( P  < 0.05) between diet types (Fig. 1). Whereas animals offered diets FL, SL and FH lost 
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Fig. 2. Mean insulin concentrations in plasma samples collected hourly over a 24 h period from animals in week 
11 of lactation. Each point represents the mean for seven animals offered a high-fibre (A) or high-starch (0) diet 
with high (----) or low (-) levels of crude protein (nitrogen x 6.25). (-) Periods during which food was offered. 
The error bar represents the standard error of the difference for comparing means in different treatment groups. 
For details of diets see Tables 1 and 2. 

approximately 0.03 of their week 3 live weight by week 18, those on diet SH gained weight 
after week 9, so that by week 18 they were heavier than at week 3 (Table 3) .  On high-fibre 
diets, higher protein delayed the fall in live weight whereas on high-starch diets it hastened 
recovery. The responses to different diets were very similar in cows and heifers. No 
significant interaction was found between parity and diet type or protein level for live- 
weight change. For each diet, cows tended to lose 4-10 kg more than heifers between weeks 
3 and 18, but the difference was not significant. 

Blood composition 
The high-starch diets tended to promote higher (P < 0.05) concentrations of plasma insulin 
and greater postprandial peaks over the 24 h sampling period (Fig. 2). Animals on the high- 
protein diets showed greater postprandial peaks after the afternoon feed than those on the 
corresponding low-protein diets, the magnitude of the difference being similar for both 
carbohydrate sources. 
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Table 4. Mean apparent digestibility coeficients for  dry matter, crude protein 
(nitrogen x 6.251, acid-detergent fibre and organic matter of diets with a high-fibre ( F )  or 
high-starch ( S )  content and a tow (L )  or high ( H )  concentration of protein*. 

Dietary treatment.. . FL FH SL SH SED 

Digestibility of: 
Dry matter 0.59” 0.65’ 0.67” 064” 0.019 
Crude protein 0.56” 071” 0.71” 075” 0.024 
Acid-detergent fibre 0.38” 0.42” 0.16” 0.09’ 0.092 
Organic matter 061” 0.67’ 0.69” 0.67” 0,018 

SED, standard error of difference. 
a * D  Means in the same horizontal row with different superscript letters were significantly different ( P  < 0.051. 
* For details, see Tables 1 and 2. 

Table 5. Mean molar proportions of volatile fat ty  acids in samples of rumen fluid taken in 
weeks 9 and 16 of lactation for  each diet type? 

Week 9 Week 16 

Diet type.. , Fibre Starch SED Fibre Starch SED 

Acetate (A) 0.668 0.609 0.020** 0.648 0.602 0.025 
Propionate (P) 0177 0.257 0.016*** 0.186 0274 0.022*** 
Butyrate (B) 0.155 0.133 0.013 0.166 0.125 0.013** 

4.66 3.06 0.275*** 4.49 3.00 0.335*** A + B : P  

SED, standard error of difference. 
t For details, see Tables 1 and 2. 
**P<O.OI, * * * P < O . O O I .  

Digestibility coeficients 
The digestibility of acid-detergent fibre was very low for the high-starch diets but not so low 
for the high-fibre diets (P < 005). For the high-fibre diets, increasing the protein 
concentration led to higher (P < 0.05) digestibility coefficients for DM, CP and organic 
matter (Table 4). 

DG measurements 
The DG trial was designed as a 4 x 4 Latin square but values from one period were not 
available so it was analysed as an incomplete Latin square. 

The determined DG of protein were 0.62, 0.44, 0.62 and 0.46 for diets FL, FH. SL and 
SH respectively. The difference between low- and high-protein concentrates was significant 
(P < 0.01). 

Molar proportions of volatile fat ty  acids 
Molar proportions of volatile fatty acids were not affected by protein concentration. Diets 
with a high-fibre content produced higher proportions of acetate and butyrate but lower 
proportions of propionate at both stages of lactation (Table 5). This resulted in greater (P 
< 0.001) values for the acetate + butyrate : propionate ratio for high-fibre than for high- 
starch diets. 
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D I S C U S S I O N  

The achievement of distinctly different patterns of rumen fermentation with the two basal 
diets was crucial to the experimental design. This objective was achieved since the high-fibre 
diets resulted in higher proportions of acetate and butyrate whilst the high-starch diets 
promoted higher proportions of propionate. The differences in end-products of digestion 
were reflected in differences in insulin status between the two types of diet, higher 
concentrations of insulin being associated with the high-starch diets. High concentrations 
of plasma insulin have been reported from other experiments with low-fibre, high- 
concentrate rations (Trenkle, 1970; Bhattacharya & Alulu, 1975; Jenny & Polan, 1975; 
Sutton et al. 1988). The second objective was to supply more protein to the small intestine 
with the high-protein diets. Measured DG values, although consistently lower than 
predicted values, suggest that this was achieved. 

The main response to diet type was the high content and yield of milk fat with diets 
having a high-fibre content. These responses were not surprising since other workers have 
found reduced concentrations of milk fat with reduced forage : concentrate ratios (Sutton 
et al. 1980, 1987), and the effect is apparently enhanced when, as in the present experiment, 
fibrous carbohydrate sources are replaced by starchy ones (Davis et al. 1983). 

Milk yield increased in response to higher protein concentrations with both diet types 
and this was the main factor responsible for the effect of protein concentration on fat, 
protein and lactose yields. Although the diets were designed to be iso-energetic within cow 
groups or parities, calculated intakes of ME were 147, 151, 144 and 145 MJ/d for diets FL, 
FH, SL and SH respectively. Differences in the digestibility of organic matter of the four 
rations were found which probably account for the differences in intake of concentrates and 
hay. These could have resulted in further differences in true ME intake. Responses in milk 
production to protein supplementation have been attributed to effects of protein on ration 
digestibility and food intake (Cowan et al. 1981). This could account for part of the 
response with the high-fibre diets, but in the high-starch diets the main response to increased 
protein concentration was a decrease in weight loss. This suggests that different mechanisms 
were operating with the two different diet types. 

One theory to explain the effect of undegradable protein on fat mobilization is that the 
non-essential amino acids aspartate and glutamate, provided by the undegradable protein, 
contribute to the formation of oxaloacetate, an intermediate in both the tricarboxylic acid 
(TCA) cycle and gluconeogensis (MacRae, 1983), effectively improving the energy and 
glucose supply. It is possible that an increased oxaloacetate supply may promote fat 
mobilization to support the demands of the TCA cycle for acetyl-CoA, which would 
explain the increased weight loss reported in some experiments (0rskov et al. 1981; 
Garnsworthy & Jones, 1987; Jones & Garnsworthy, 1988). 

It appears that a similar response in fat mobilization to increased protein supply was not 
observed with the high-starch diets because of the overriding effect of protein concentration 
on insulin status in these animals, particularly the high postprandial peaks observed with 
diet SH. The response to level of protein supplementation would suggest that the increased 
concentrations of plasma insulin were due to greater absorption of amino acids from the 
small intestine. A correlation between protein absorption at the small intestine and plasma 
insulin concentrations has also been noted in sheep by Bassett et al. (197 1 j ,  and Berzins & 
Manns ( 1979) observed marked increases in pancreatic insulin secretion when amino acids 
were infused intravenously or into the duodenum. However, it is unlikely that the sudden 
postprandial rise in insulin concentration is a direct response to amino acid absorption as 
this would be a slower, continuous process. Moreover, plasma amino acids do not increase 
significantly after eating (Bassett, 1972). It appears more likely that the insulin response is 
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due to the absorption of some other nutrient or to the influence of some other hormone, 
as yet unidentified, produced by the gastrointestinal tract in the presence of amino acids. 
Whatever the cause, the elevated concentrations of plasma insulin following the SH diet 
were sufficient to move the partitioning of nutrients towards body tissues in this group. 

The results of the present experiment could help to explain why the response to protein 
supplementation varies with energy status of the cow. 0rskov et al. (1981) found that 
increasing the supply of undegradable protein induced further loss of live weight in cows 
with low-energy intakes but not in those with higher energy intakes. Differences in energy 
intake were achieved by varying the proportions of concentrates and forage. Similarly, 
Krohn & Anderson (1978) considered the response in milk production to three rates of 
protein Supplementation at  each of three rates of energy intake. Intake of energy was 
increased by supplying extra concentrates while maintaining forage intake. At the lowest 
energy intake, increased protein resulted in greater live-weight loss and increased fat- 
corrected milk (FCM) production. As energy intake was increased, the increase in FCM 
yield and live-weight loss with increased protein supply became smaller. Using the values 
of Krohn & Anderson (1978), Oldham & Smith (1982) found that adjustment of FCM yield 
to zero live-weight change resulted in a near linear response to FCM yield to increased CP 
intake. This suggests that with high-forage diets, response to protein concentration by 
increased FCM yield was exaggerated by enhanced live-weight loss but this did not occur 
with low-forage diets because of the changed hormonal status which favoured the 
partitioning of nutrients towards body tissues. 

In conclusion, the results of the present study suggest that different carbohydrate 
sources, in particular starch v. fibre, and the forage :concentrate ratio, can promote 
different patterns of fermentation in the rumen, thereby influencing the hormonal status of 
the animal and affecting the response in milk production and live-weight change to 
increased protein supply. It is clear that factors other than protein and energy 
concentrations per se need to be considered when predicting animal responses, such as the 
interrelationship between protein and energy sources. 
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