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A previously described mathematical model, that simulates the metabolic activities of rumen bacteria and 
protozoa, was used to examine the contribution of protozoa to neutral-detergent fibre (NDF) degradation 
in the rumen of cattle. Comparisons between predicted and experimentally observed NDF degradation 
showed general agreement. Further simulations were performed with diets containing variable 
proportions of concentrate (between 0 and 1 kg/kg diet DM) and at intake levels ranging between 5-3 
and 21.0 kg DM/d. The simulated protozoal contribution to NDF degradation was 17-21% at the 
lowest intake level. Except for the all-concentrate diets, raising the feed intake level reduced this 
contribution to 543% at the highest intake level. The changes in contribution of protozoa to NDF 
degradation were related to variations in the fibrolytic bacteria: protozoa value and the NDF-degrading 
activities of protozoa predicted by the model. In simulations where dietary NDF levels were reduced and 
starch and sugar levels were increased independently, protozoal contribution to NDF degradation 
generally increased. These differences were reflected also in the generally increased protozoal 
contribution to NDF degradation predicted in response to a decreased roughage:concentrate value. The 
contribution of protozoa also generally declined in response to added N. These changes in predicted 
protozoal contribution to NDF degradation resulting from dietary variations provided possible 
explanations for the differences in rumen NDF degradation observed when animals are defaunated. 

Computer simulation: Mathematical model: Protozoa: Rumen: Fibre digestion 

Forages, which generally contain large amounts of cell-wall carbohydrates, form the basis 
of a ruminant diet. The rumen is the major site of degradation of cell-wall carbohydrates 
(Van Soest, 1982). A mixed population of rumen micro-organisms, including bacteria, 
protozoa and fungi, are involved in fibre degradation. In contrast with the considerable 
knowledge on predominant rumen fibrolytic bacteria, the role of rumen protozoa in fibre 
degradation is still controversial (for reviews, see Williams, 1986; Jouany, 1989; Ushida et 
al. 1991), whereas the knowledge on rumen fungi is limited because of their relatively recent 
discovery (for review, see Trinci et al. 1994). The study of the contribution of protozoa to 
fibre degradation is severely hampered by the inability to cultivate protozoa routinely in 
vitro in the absence of growing bacteria. The use of defaunated animals could provide an 
alternative, but reported results are controversial (Ushida el al. 1991). The effect of 
defaunation of the rumen on in vivo or in vitro rumen fibre degradation varies between over 
50% inhibition and 15% stimulation (for review, see Demeyer, 1989). Results of 
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biochemical, cultural and microscopic studies indicate that the contribution of protozoa 
depends on the complex interactions between protozoa, bacteria and dietary characteristics 
(for review, see Jouany, 1989). Thus, attempts to explain the non-systematic modifications 
resulting from removal of protozoa should include these relationships. An increased 
understanding of interactions between several components of a biological system needs an 
integrative approach, which presently is only possible through mathematical representation 
of the processes involved (Thornley & Johnson, 1990). 

The aim of the present study was to examine the roles of the rumen protozoa in fibre 
degradation on a wide range of dietary inputs, using a mathematical model of rumen 
fermentation (Dijkstra, 1994). 

MATERIALS A N D  M E T H O D S  

General model description 
A full description of the model, including the assumptions on protozoal and bacterial 
metabolism, and derivation of variable values, has been presented previously (Dijkstra et 
al. 1992; Dijkstra, 1994). The model is driven by continuous inputs of nutrients, calculated 
from the amount of feed fed and the chemical composition of the diet, including estimates 
of solubility, degradability and digestion turnover times of feed components, and by 
fractional outflow rates of fluid and solid phases as well as m e n  fluid pH. The model 
comprises nineteen state variables. These state variables relate to the carbohydrate entities 
(rumen degradable and undegradable fibre, starch and mono- or disaccharides derived 
from hydrolysis of fibre, starch and sugars), N-containing entities (rumen degradable and 
undegradable protein and NH,), fatty acid-containing entities (lipid and volatile fatty 
acids) and microbial entities (amylolytic bacteria, fibrolytic bacteria and protozoa). The 
majority of the transaction kinetics were described using standard expressions from enzyme 
kinetics (Michaelis-Menten equations). The computer program was written in Advanced 
Continuous Simulation Language (Mitchell & Gauthier, 1981) and the model was solved by 
integration of nineteen state variables with a fourth-order Runge-Kutta method (France & 
Thornley, 1984). 

Representation of protozoal metabolism and fibre degradation 
A brief description of the representation of protozoal metabolism and fibre utilization by 
rumen bacteria and protozoa is given; full details can be found elsewhere (Dijkstra et al. 
1992; Dijkstra, 1994). In view of substrate preferences shown by many bacterial species, in 
the model the amylolytic bacteria and fibrolytic bacteria have been represented separately. 
The first group utilized hexose derived from starch and sugars, the latter utilized hexose 
derived from fibre. Protozoa utilized fibre as well as starch and sugars. Although the 
metabolism of protozoal genera can differ, in the model the genera were not represented 
separately. Ideally, the number of microbial compartments to be included in the model (i.e. 
number of microbial groups or genera) should be based on the distinct differences in 
metabolism between groups, but is dependent also on the objectives of the model in relation 
to the general hierarchy and level of aggregation (Gill et al. 1989). Since the specific model 
objective was to examine the role of rumen protozoa in fibre degradation, without 
examining the role of individual protozoal genera, it was decided not to distinguish genera 
separately; the lack of experimental data on individual genera would severely hamper such 
a detailed representation. 

The maximum rate of fibre utilization by protozoa was assumed to be lower than the 
maximum rate of starch or soluble sugar utilization, in view of the higher maximum 
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fractional growth rates reported for species characterized by low cellulase (EC 3 .2.1.4) 
and/or hemicellulase activities (for review, see Williams & Coleman, 1988). The protozoal 
maintenance requirement was set at a value in line with the protozoal endogenous 
carbohydrate utilization in the absence of a substrate (Prins & Van Hoven, 1977; Van 
Hoven & Prins, 1977). The actual maximum rates of substrate uptake were then calculated 
from the protozoal maximum growth rates and maintenance rate, using the Pirt double- 
reciprocal equation of growth yield v. dilution rate (Pirt, 1965). 

It was assumed that physical exclusion due to presence of starch within the protozoa 
reduced the uptake of insoluble material (fibre, starch, micro-organisms) (Coleman, 1975, 
1992). Starch and sugars are the main precursors of protozoal starch (Coleman, 1992). 
Starch uptake is rapid when protozoal starch content is low, but starch uptake is reduced 
to low levels when protozoa are completely filled with starch (Coleman, 1986~). Similarly, 
the protozoal starch content is not increased above a certain level even if the soluble sugar 
concentration in the surrounding fluid is increased further (Van Hoven & Prins, 1977). In 
comparison with the pattern of uptake of starch in relation to the degree of fill of protozoa, 
the bacteria are engulfed more slowly but progressively (Coleman, 1975). In view of these 
observations, a sigmoidal response function, giving a sharp switch-off characteristic at 
substrate levels supporting the maximal protozoal starch content, is appropriate for uptake 
of starch and sugars, whereas a weak sigmoidal response is required to represent the uptake 
of bacteria as influenced by the degree of starch fill of protozoa (Gill et ~ l .  1989). It was 
assumed that amylolytic and cellulolytic bacteria are engulfed by protozoa in the 
proportion in which the bacteria are present. This assumption was based on experimental 
observations, which indicated that although selective engulfment of bacteria by some 
protozoal species might occur, no consistent pattern between protozoal species could be 
found (for review, see Coleman, 1989). In the absence of further data on uptake of 
particulate material the variables related to uptake of fibre by protozoa, as influenced by 
protozoal starch content, were assumed to be equal to the variables for uptake of bacteria. 
In the model, inhibition of microbial fibre degradation by low rumen fluid pH values was 
represented as follows. Fibre degradation by the fibrolytic bacteria was assumed to be 
sigmoidally inhibited at pH values lower than 6-3 (for details, see Dijkstra et al. 1992). 
Inhibition of protozoal fibre degradation was related to the amount of starch within the 
protozoa and the protozoal death rate. Diets rich in easily degradable carbohydrates, which 
are generally accompanied by low rumen-fluid pH values (Van Soest, 1982), supported high 
protozoal starch levels and consequently reduced fibre uptake rates, as explained previously. 
Increased lysis of protozoa on diets rich in easily degradable carbohydrates has been 
reported frequently (for review, see Williams & Coleman, 1988) and this has been included 
in the model. The values for variables representing protozoal lysis were related to maximum 
protozoal growth rates and to observations that death rate is raised when availability of 
starch and sugars is increased (for review, see Williams & Coleman, 1988), again 
necessitating a weak sigmoidal response representation. 

Simulated diets 
The simulations were conducted for dairy cows and were designed to study the effects of 
different intake levels, variations in the proportions of concentrate in the diet, and changes 
in dietary levels of neutral-detergent fibre (NDF), starch, sugars and N on protozoal 
contribution to degradation of NDF in the rumen. The input values were based on the 
results of Robinson et al. (1986,1987). In this experiment, dairy cows (average body weight 
583 kg) were fed on diets of ryegrass hay-concentrate (1 : 2, w/w) containing different 
proportions of starch, at intake levels of 5.3,9-2, 13.1, 17.1 and 21.0 kg DM/d. Simulations 
were performed for the intermediate level of starch in the concentrate. The chemical 
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Table 1. Chemical composition (g /kg  D M )  of the hay and concentrate used in simulations 
(adopted from Robinson et al. 1986) 

Hay Concentrate 

Neutral-detergent fibre 520 355 
Soluble sugars 160 68 
Starch 0 197 
Crude fat 23 31 
Total N 21.7 28.9 

composition of the hay and the concentrate is given in Table 1. Estimates of soluble and 
undegradable fractions and digestion turnover times were calculated as described previously 
(Dijkstra et al. 1992). Fluid and solid passage rates, rumen volume and rumen fluid pH at 
the different intake levels were adopted from Robinson et al. (1986, 1987). 

The effect of the roughage :concentrate ratio at several intake levels was investigated 
using the same hay and concentrate (Table l), with proportions of concentrate in the diet 
set at 0, 333, 667 and 1000 g/kg. Changes in fluid and solid passage rates were estimated 
according to the relative changes calculated using the regression equations reported in the 
review of Owens & Goetsch (1986). For each intake level, pH values of the 0 and 333 g 
concentrate/kg diets were assumed to be 0.2 and 0 1  units higher respectively, and that of 
the 1000 g concentrate/kg diet to be 0.1 unit lower than the corresponding value for the 
667 g concentrate/kg diet reported by Robinson et al. (1987). Some justification for these 
assumptions on pH changes are the pH decrease (on average 0.2 to 0.3 units) on hay diets 
when the proportion of dietary concentrate increased from 0 to 800 g/kg (Latham et al. 
1971), and the values of mean and minimum pH reported by Bosch et al. (1992) on silage- 
based diets (mean and minimum pH decrease of 0.2 and 0.3 units respectively when dietary 
concentrate proportion increased from 60 to 360 g/kg, accompanied by an increase of DM 
intake from 13.3 to 17-3 kg/d). 

To assess the effect of the individual feed components, the amount of NDF, starch, 
sugars, and N was varied while keeping all other values constant. The variation range 
chosen was (g/kg DM): NDF 300-600, starch 0-300, sugars 0-300, N 17.5-32.5. Results 
are reported for four diets: a 0 g concentrate/kg diet at an intake level of 5 3  (diet RL) or 
17.1 (diet RH) kg DM/d, and a 667 g concentrate/kg diet at an intake level of 5-3 (diet CL) 
or 17.1 (diet CH) kg DM/d. Some of the dietary inputs (e.g. the all-concentrate diet fed at 
the highest intake level) are unlikely to be fed without problems. Such dietary inputs merely 
serve to illustrate the theoretical effect of changes in the diet. In the present paper the total 
fibrolytic microbial organic matter (OM) in the rumen is the sum of the predicted fibrolytic 
bacterial and protozoal OM. The simulated contribution of rumen protozoa to fibre 
degradation was calculated as the amount of NDF taken up and subsequently degraded 
within the protozoa, divided by the total amount of NDF degraded in the rumen. 

RESULTS 
Comparison between predicted and observed values 

In Table 2, observed variables (reported by Robinson et al. 1986, 1987) and variables 
predicted by the model are presented for five intake levels, as well as the error of predicted 
values relative to observed values (root mean square prediction error, MSPE; Bibby & 
Toutenburg, 1977). It should be noted that Robinson et al. (1987) calculated duodenal 
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Table 2. Comparison of experimentally observed variables (Obs) and variables predicted by 
the model (Pred), and error ofpredicted values relative to observed values (MSPE),  for cows 
fed on diets at diflerent intake levels* (Observations from Robinson et al. 1986, 1987) 

Intake level 
(kgDM/d) ... 

Duodenal flow 
of OM (g/d) 
NDF 

Total NAN 
Bacterial NAN 
Protozoal NAN 
Concentration 
of (rnM) 

NH, 
Total VFA 

Microbial N in 
mmen (8) 

Microbial OM 
(% of total) 
Fibrolytic 
bacterial 

Protozoal 
Protozoal NDF 
degradation 
(YO total 
degradation) 

5.3 9.2 13.1 17.1 21.0 

Obs Pred Obs Pred Obs Pred Obs Pred Obs Pred MSPE 

790 810 1450 1630 2180 2170 3420 3440 4240 4230 3.5 
125 - 226 - 323 - 437 - 521 - 
63 - 107 - 158 - 201 - 252 - 
6 -  11 - 13 - 16 - 16 - 

- 
- 

- 

6.9 8.8 5.3 8.5 6.7 104 6 4  8.3 5.0 12.0 66.1 
93 73 106 94 124 112 119 117 131 127 10.4 

87 91 128 121 157 169 168 173 183 226 10.4 

49.3 - 47.5 - 53.8 - 53.4 - 56.2 - 

24.8 - 260 - 23.7 - 23.6 - 21.0 - 
16.7 - 16.8 - 14.0 - 12.9 - 12.6 - 

- 

- 
- 

MSPE, mean square prediction error; NAN, non-NH,-N; NDF, neutral-detergent fibre; OM, organic matter; 
VFA, volatile fatty acids. 

NDF flow by dividing faecal NDF flow by 0.85, based on studies of Tamminga (1981). 
There was a close agreement for duodenal NDF flow between observed and simulated 
results, with a root MSPE of 3.5 YO. Both observed and simulated values indicated a decline 
in rumen NDF degradation as intake increased. As observed in the previous model (Neal 
et al. 1992), rumen NH, concentration was seen to be overpredicted with a MSPE of 66 %. 
Both observed and predicted values showed an increase in total volatile fatty acid 
concentration of rumen fluid as intake increased (MSPE 10.4 %). Rumen microbial N was 
observed and predicted to increase with each feed intake increment. Robinson et al. (1987) 
used diaminopimelic acid to estimate microbial N in the rumen, which is assumed to 
measure bacterial biomass only, whereas predictions of microbial N included protozoal N 
as well. This might explain the overprediction of microbial N. The lowest simulated 
proportion of fibrolytic bacterial OM and highest proportion of protozoal OM in the 
rumen occurred with an intake level of 9.2 kg DM/d, and at this level the simulated 
contribution of protozoa to NDF degradation was 17% and decreased to 13% at the 
highest intake level. 

Efect of the intake level and roughage : concentrate ratio 
The predicted amount of protozoal OM in the rumen, the proportion of rumen protozoal 
OM in the total amount of fibrolytic bacterial and protozoal OM, and the contribution of 
protozoa to fibre degradation in the rumen, with diets containing 0, 333, 667 or 1000 g 
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Fig. 1. Predicted effect on (a) protozoal organic matter (OM) in the nunen, (b) protozoal OM in total fibrolytic 
microbialOM in the rumen and(c)protozoalcontribution toneutral-detergent fibre (NDF) degradationin therumen 
of DM intake level of diets containing 0 (A), 333 (O), 667 (V) or 1000 (+) g concentrate/kg. For details of diets 
and procedures, see Table 1 and pp. 618-620. 

concentrate/kg and fed at five intake levels, are shown in Fig. l(a, b, c). Protozoal OM 
generally increased in response to increased feeding levels (Fig. 1 (a)). The predicted small 
elevation or even drop in protozoal OM when feed intake was raised from 13.1 to 
17.1 kg DM/d is the result of the relatively high solid passage rate at the 17.1 kg DM/d 
level, adopted from Robinson et al. (1987). Protozoal OM was always lowest with the all- 
roughage diet and generally increased when concentrate replaced roughage. However, with 
higher intake levels the increased availability of easily fermentable carbohydrates on the all- 
concentrate diets caused the fractional death rate of protozoa to increase rapidly (Dijkstra, 
1994). As a result, the predicted protozoal OM with the all-concentrate diet was lower than 
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that with the 667 g concentrate/kg diet for intake levels exceeding 12 kg DM/d. The 
proportion of protozoal OM in the total fibrolytic microbial OM in the rumen was 
generally predicted to decline with an increase in feed intake, but with the all-concentrate 
diet this proportion was increased (Fig. 1 (b)). Intake of the all-concentrate diet exceeding 
15 kg DM/d resulted in the predicted elimination of fibrolytic bacteria due to the 
relatively low amount of substrate available, the low pH of rumen fluid and the high 
fractional outflow rate of solids. Hence, the proportion of predicted protozoal OM relative 
to fibrolytic microbial OM was 1 .  Thus, high intake of the all-concentrate diet resulted in 
a low rumen NDF degradation (only 8% of intake), entirely related to the metabolic 
activity of rumen protozoa (Fig. 1 (c)). With lower inclusions of concentrate in the diet the 
highest protozoal contribution to NDF degradation at the low intake level was predicted 
to occur with the all-roughage diet (21,20 and 17% with 0, 333 and 667 g concentrate/kg 
diet respectively). By contrast, when feed intake level was increased up to 21 kg DM/d this 
contribution with the all-roughage diet declined to 5 %, while on the 667 g concentrate/kg 
diet the decline was much less pronounced (13 % with highest feed intake level). 

The effect of chemical composition of the feed 
The predicted responses of protozoal OM in the rumen, of the proportion of protozoal OM 
in the total fibrolytic microbial OM and of the contribution of protozoa to NDF 
degradation to variations in NDF content of the diet are shown in Fig. 2(a, b, c), for all- 
roughage (R) or 667 g concentrate/kg (C) diets fed at low (L; 5.3 kg DM/d) or high (H; 
17-1 kg DM/d) intake levels. Protozoal OM in the lumen was predicted to be unaffected 
by increases in the dietary NDF content (Fig. 2(a)), whereas there was an increase in 
fibrolytic bacterial OM because substrate availability was increased. Consequently, the 
proportion of protozoal OM in fibrolytic microbial OM decreased (Fig. 2(b)), as well as the 
contribution of protozoa to fibre degradation (Fig. 2(c)). These changes were most 
pronounced on diet RL, and particularly so with low NDF levels. 

In contrast with the predicted response of protozoal OM to variations in dietary NDF 
level, increases in dietary starch level resulted in elevated rumen protozoal OM. The 
relationship between starch content and protozoal OM in the rumen was almost linear, 
except for diet CH (Fig. 3 (a)). With this particular diet the fractional death rate of protozoa 
increased rapidly, due to a high availability of easily degradable substrates. Except for the 
initial decrease with diet CL the proportion of protozoal OM in fibrolytic microbial OM 
decreased (Fig. 3(b)). The predicted contribution of protozoa to NDF degradation (Fig. 
3(c)) tended towards a minimum value at about 100 g starch/kg DM. The model predicted 
that small additions of starch to a diet lacking starch increased the amount of storage 
polysaccharides within protozoa and, thus, reduced the amount of particulate material 
engulfed, including fibre and fibrolytic bacteria (Dijkstra, 1994). This resulted in a 
reduction in protozoal contribution to fibre degradation. Further additions of starch did 
increase the protozoal contribution to NDF degradation, because the decline in protozoal 
contribution to NDF degradation due to increased protozoal storage material was more 
than compensated for by an increase in protozoal OM. 

The effects of variations in dietary sugar content on protozoal OM depended on the 
roughage :concentrate ratio as well as feeding level (Fig. 4(u)). When the all-roughage diet, 
devoid of starch, was fed and the soluble sugar content set at 0 g/kg DM, protozoa were 
predicted to disappear completely and NDF degradation was related entirely to bacterial 
activity (Fig. 4(c)). The only substrate available (NDF) did not support sufficient protozoal 
growth to prevent disappearance through death and passage to the omasum. Incidentally, 
due to the absence of preferred substrate, amylolytic bacteria were eliminated as well. Small 
additions of sugars rapidly increased predicted protozoal OM, and the contribution of 
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Fig. 2. Predicted effect on (a) protozoal organic matter (OM) in the rumen, (b) protozoal OM in total fibrolytic 
microbial OM in the rumen and (c) protozoal contribution to neutral-detergent fibre (NDF) degradation in the 
rumen of dietary NDF level of all-roughage diets fed at 5.3 (diet RL; A) or 1 7 1  (diet RH; V) kg DM/d and of 
667 g concentrate/kg diets fed at 5.3 (diet CL; 0)  or 17.1 (diet CH; +) kg DM/d. For details of diets and 
procedures, see Table 1 and pp, 618-620. 

protozoa to NDF degradation when sugar content was set at 100 g/kg DM was raised to 
20 and 6 % with diets RL and RH respectively. Further sugar additions, however, caused 
the fractional death rate of protozoa to increase, and protozoal contribution to NDF 
degradation increased (diet RL) or decreased (diet RH) slightly. The decline in protozoal 
OM was most pronounced with diet CH (Fig. 4(u)). However, at high sugar availability the 
partitioning of utilization of sugars for protozoal growth or protozoal storage material 
formation was shifted in favour of the former (Dijkstra, 1994). This resulted in a decreased 
amount of storage material within the protozoa and a small increase in protozoal NDF 
degradation with diet CH (12 and 15 % with 0 and 300 g sugar/kg DM respectively). 
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Fig. 3. Predicted effect on (u) protozoal organic matter (OM) in the rumen, (b) protozoal OM in total fibrolytic 
microbial OM in the rumen and (c) protozoal contribution to neutral-detergent fibre (NDF) degradation in the 
rumen of dietary starch level of all-roughage diets fed at 5.3 (diet RL; A) or 17.1 (diet RH; V) kg DM/d and 
of 667 g concentrate/kg diets fed at 5 3  (diet CL; 0) or 17-1 (diet CH; +) kg DM/d. For details of diets and 
procedures, see Table 1 and pp. 618-620. 

Variations in the N content of the diet between 175 and 32.5 g/kg DM (i.e. crude protein 
(N x 625) levels between 11 and 20 YO) generally reduced the predicted amount of protozoal 
OM slightly (Fig. 5 (a)), whereas fibrolytic bacterial OM increased. Hence, a decreased 
proportion of protozoal OM in fibrolytic microbial OM was predicted in response to 
increases in dietary N level (Fig. 5 (b)). These changes in amounts of protozoal and bacterial 
OM are related to the assumptions made in the model, that an increased rumen N 
availability will increase bacterial growth efficiency, whereas protozoal growth efficiency is 
not affected because protozoa already engulf large amounts of microbial and feed protein 
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Fig. 4. Predicted effect on (a) protozoal organic matter (OM) in the rumen, (b) protozoal OM in total fibrolytic 
microbial OM in the rumen and (c) protozoal contribution to neutral-detergent fibre (NDF) degradation in the 
rumen of dietary sugar level of all-roughage diets fed at 5.3 (diet RL; A) or 17.1 (diet RH; V) kg DM/d and of 
667 g concentrate/kg diets fed at 5.3 (diet CL; 0 )  or 17.1 (diet CH; +) kg DM/d. For details of diets and 
procedures, see Table 1 and pp. 618-620. 

(Dijkstra, 1994). Consequently, except for diet RH, increments in dietary N level decreased 
the contribution of protozoa to NDF degradation (from 22, 23 and 15% with 
17.5 g N/kg DM and diets RL, CL and CH respectively to 20, 11 and 12% with 
325 g N/kg DM and diets RL, CL and CH respectively; Fig. 5(c)) .  The small rise in 
protozoal contribution with diet RH (5 and 6% with the lowest and highest N level 
respectively) can be explained by the involvement of amylolytic bacteria. At the lowest N 
level the predicted low availability of NH, and amino acids in rumen fluid reduced 
amylolytic bacterial growth to a large extent. This resulted in a high substrate availability 
(particularly sugars) for protozoal growth and in turn in a very high protozoal death rate, 
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Fig. 5 .  Predicted effect on (a) protozoal organic matter (OM) in the rumen, (b) protozoal OM in total fibrolytic 
microbial OM in the rumen and (c) protozoal contribution to neutral-detergent fibre (NDF) degradation in the 
rumen of dietary nitrogen level of all-roughage diets fed at 5.3 (diet RL; A) or 171 (diet RH; V) kg DM/d and 
of 667 g concentrate/kg diets fed at 5.3 (diet CL; 0 )  or 17.1 (diet CH; +) kg DM/d. For details of diets and 
procedures, see Table 1 and pp. 618-620. 

reducing protozoal OM as well. Increasing the N level increased bacterial growth and 
reduced substrate supply to protozoa and consequently protozoal growth. However, this 
reduction was more than compensated for by the reduction in protozoal fractional death 
rate, which finally resulted in increased protozoal OM. This increased the amount of 
fibrolytic bacteria engulfed. Hence, although fibrolytic bacterial growth with diet RH was 
more efficient with higher dietary N levels, the amount of fibrolytic bacterial OM declined. 
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DISCUSSION 

To our knowledge, there are no published in vivo data on the amounts of NDF degraded 
in the rumen by protozoa, relative to the amounts degraded by bacteria, when both 
protozoa and bacteria are present in the rumen. Estimates of in vitro DM disappearance 
of forages related to protozoal activity have been reported (Amos & Akin, 1978), as well 
as protozoal enzymic activity against cell wall components (Coleman, 1986b). In some 
studies the effect of defamation on fibre degradation in the rumen has been reported (for 
reviews, see Demeyer, 1989; Jouany, 1989; Ushida et al. 1991). These results will be 
discussed later in relation to the results of the simulations reported in the present paper. In 
the present study the role of protozoa and bacteria in fibre degradation was examined using 
a mathematical model of microbial metabolism in the rumen. The model provides a 
framework in which knowledge on protozoal-bacterial interrelationships is integrated and 
hypotheses formulated to represent key aspects of protozoal and bacterial metabolism. 
Although quantitatively limited, biological principles, including uptake of bacteria by 
protozoa, selective retention of protozoa in the rumen, and microbial substrate preferences, 
have been examined and a number of comprehensive reviews on protozoal metabolism 
have been published (e.g. Coleman, 1986a; Jouany et al. 1988; Williams & Coleman, 1988; 
Ushida et al. 1991). The way in which observations on principal aspects of protozoal 
metabolism were turned into mathematical representations has been described previously 
(see pp. 618-619). In the following sections the assumptions in the model with respect to 
NDF degradation and simulated patterns of protozoal and bacterial OM in response to 
dietary changes will be discussed. 

Comparisons between model predictions and experimental observations, using the 14C 
dilution technique in cattle and sheep, indicated reasonable agreement for protozoal 
biomass in the rumen (Dijkstra, 1994). Increasing the concentrate content of the diet 
increased the protozoal OM in the rumen at all intake levels, except for the all-concentrate 
diet fed at higher intake levels (Fig. 1 (a)), and resulted in a higher proportion of protozoa 
in total fibrolytic microbial OM in the rumen (Fig. 1 (b)). Predicted responses of protozoa 
and fibrolytic bacteria to changes in the chemical composition of the diet (Figs. 2-5) 
indicated that the effects of r0ughage:concentrate ratio were related mainly to the NDF 
and starch contents of the diet. These predictions were qualitatively in line with 
observations. Large protozoal populations are generally found with diets consisting of 
equal amounts of roughages and concentrates, whereas high feeding levels of high-grain 
diets reduced protozoal numbers or even eliminated protozoa (for review, see Jouany, 
1989). However, Towne et al. (1990) reported that protozoa constituted a significant 
proportion of the total rumen microbial population of beef cattle fed ad lib. on high-grain 
diets, resulting in low pH values of rumen fluid. The predicted disappearance of fibrolytic 
bacteria with all-concentrate diets at higher intake levels (Fig. 1 (b)), on which the pH of 
rumen fluid is expected to be low, is supported by the complete washout of fibrolytic 
bacterial species observed in vitro at low pH values (Russell & Dombrowski, 1980). It 
should be noted though that the concentrate on which the simulations were based 
contained a relatively large amount of fibrous by-products, and was characterized by a high 
NDF content (355 g/kg) and a rather low starch and sugars content (265 g/kg; Robinson 
et al. 1986). The predicted effects of the r0ughage:concentrate ratio would be more 
pronounced had the starch level of the concentrate been higher, as can be seen from the 
predicted increase in protozoal OM when dietary starch (Fig. 3(a)) was increased. The 
ability of rumen protozoa to utilize both dietary and microbial proteins influenced the value 
for protozoal. bacterial biomass in the rumen, in response to changes in dietary N levels 
(Fig. 5(a, b)). Predicted protozoal OM was often slightly reduced and fibrolytic bacterial 
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OM raised when dietary N level was increased. Indeed, in vivo, protozoal N in the rumen 
was lower on a diet supplemented with casein (1.4 g protozoal N;  Leng, 1982) compared 
with that on the unsupplemented diet (2.4 g protozoal N ;  Leng et al. 1984). Decreasing the 
N availability of soyabean meal by treatment with formaldehyde slightly increased 
(although not significantly) protozoal N pool size and decreased fluid-phase bacterial N 
pool size (Krebs et al. 1989). Overall, these simulations, in which dietary components and 
composition were varied, showed qualitative agreement with observations. 

Evaluation of a previous model, on which the present model was largely based, against 
a wide range of dietary inputs showed that the degradation of NDF in the rumen was 
predicted satisfactorily (Neal et al. 1992). Equally, the results presented in Table 2 showed 
that predicted NDF degradation matched corresponding values estimated from NDF 
faecal flow, reported by Robinson et al. (1987). In the model it was assumed that both 
protozoa and bacteria are involved in the degradation of NDF. This is a simplification of 
the rumen ecosystem, because fungi might have a significant role in degradation of fibre in 
the rumen (for review, see Trinci et al. 1994). However, quantitative data on growth and 
metabolism of rumen fungi are very scarce and, hence, the metabolic activity of this group 
was not included in the model. Furthermore, evaluation of the model used experimental 
results with a high-quality diet and under such dietary conditions fungi do not play an 
important role in the rumen ecosystem (Grenet et al. 1989). The NDF-degrading activities 
of rumen bacteria and protozoa were assumed to be directly proportional to (amongst 
others) the amounts of polysaccharide-free microbial matter present. Although such a 
representation is common to models of rumen fermentation, it should be noted that 
metabolic activity of micro-organisms varies within and between species, and amounts of 
micro-organisms alone are not necessarily the most vital measure to evaluate the metabolic 
significance of a group of organisms within an ecosystem (Brock, 1966). Differences in cell- 
wall-degrading activities between cellulolytic bacterial species (e.g. the lower cellulolytic 
activity of Ruminococcus flavefaciens compared with R.  albus; Van Gylswyck & 
Labuschagne, 1971) and protozoal species (e.g. general absence or low activity of cellulases 
and hemicellulases in Entodinium species and holotrich protozoa and higher activities in 
larger Entodiniomorphds; Coleman, 19863) were represented to a minor extent only, in 
view of the absence of adequate data and problems encountered previously in representing 
several species within an ecosystem (Dijkstra et al. 1990). It was assumed that uptake and 
subsequent degradation of NDF by protozoa was inhibited in the presence of storage 
polysaccharide material within the protozoa (Coleman, 1992). In simulations where dietary 
starch content was varied (Fig. 3), protozoal NDF degradation at zero starch levels was 
14.0, 14-6, 9-4 and 13.9mmol/g protozoal OM per d with diets RL, CL, RH and CH 
respectively, whereas increases in dietary starch content to 300 g/kg DM decreased these 
values to 6.6,7.3,6.0 and 7.6 mmol/g protozoal OM per d. This decline in NDF-degrading 
activity might reflect the relatively large increase in numbers of Entodinium spp., generally 
observed when diets rich in starch are fed compared with all-roughage diets (Jouany, 1989), 
and the low cellulolytic and hemicellulolytic activity of these species (Coleman, 1986b). 
Small additions of soluble sugars decreased protozoal NDF-degrading activity as well. 
However, particularly with high-concentrate diets, further increases in dietary soluble sugar 
content slightly increased protozoal NDF-degrading activity. Such an initial decrease in 
NDF-degrading activity might be related to the rapid proportional increase in holotrich 
protozoa generally observed when soluble sugars are added to a diet, and the relative 
inactivity of holotrichs against cellulose and hemicellulose (Jouany, 1989). Diets rich in 
sugars caused lysis of holotrich protozoa, related to the inability to regulate the uptake rate 
of soluble sugars (for review, see Williams, 1986) and, consequently, the remaining 
protozoal population might have a higher NDF-degrading activity. Thus, the model 
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simulates, at least qualitatively, differences in NDF-degrading activities of the entire rumen 
protozoal population in response to changes in dietary composition, in line with 
characteristics of individual protozoal species and their presence in the rumen with different 
diets. 

The simulated variations in NDF-degrading activities of rumen protozoa and variations 
in protozoa : fibrolytic bacteria caused marked differences in the contribution of protozoa 
to NDF degradation. Except with the all-concentrate diet, higher feed intake levels resulted 
in lower contributions of rumen protozoa to NDF degradation (Fig. 1 (c)). With the all- 
concentrate diet fibrolytic bacteria were predicted to disappear and at the highest intake 
level rumen NDF degradation was only 8 %. Low NDF degradation values with all- 
concentrate diets or high intake levels have been reported in the literature (for example, 
McCarthy et al. 1989). The model predicted an increased contribution of protozoa to NDF 
degradation in response to replacement of roughages by concentrates, except with low 
intake levels. However, simulations in which the dietary chemical composition was varied 
indicated that protozoal contribution at the low feed intake level might have been raised 
with an increase in concentrate level, had the concentrate contained less NDF and more 
starch (confirmed by simulations of which results are not shown). The contribution of 
protozoa to fibre degradation generally decreased in response to added N as well (Fig. 

It should be noted that model predictions of NDF degradation merely represented NDF 
engulfed by and degraded within protozoal cells, without indication of the origin (bacterial 
or protozoal) of enzymes involved. Williams & Coleman (1988) stated in their review that 
some authors have found indirect evidence that at least a proportion of these enzymes is 
of protozoal origin, but also stated that other authors have questioned these findings. In 
vitro the degradation of cellulose was improved when protozoa were added to a suspension 
of bacteria (Yoder et ul. 1966), while Hidayat et al. (1993) reported that the addition of 
protozoa to a bacterial suspension which was at the optimum concentration for 
fermentation did not further increase fermentation. Additions of autoclaved or frozen and 
thawed protozoa increased cellulose degradation as well, although to a smaller extent 
(Yoder et al. 1966), suggesting that factors or mechanisms other than the relevant protozoal 
enzymes were also involved. Thus, both the direct protozoal hemicellulolytic and 
cellulolytic enzyme activities, as well as other protozoal characteristics, including 
engulfment of bacteria, competition for substrates and stabilizing effects on rumen fluid 
characteristics are of importance in the relative contributions of protozoa and bacteria to 
degradation of cell wall material. The integrative nature of these processes and the inability 
to determine protozoal contribution directly in the faunated rumen have led to different 
opinions on the importance of protozoa in fibre degradation. Hungate (1975) stated that 
the amount of cellulose digested by rumen protozoa is small compared with that digested 
by bacteria, whereas Coleman (1988) reported the opposite. The results of the simulations 
indicate a contribution of 5-35 % in cattle fed on a variety of diets at intake levels below 
15 kg DM/d. With more extreme diets protozoal contributions of 0% (when diets are 
devoid of starch and soluble sugars) or 100 % (high-concentrate diets at high intake levels) 
have been simulated. Comparatively, fractionating studies in continuous artificial systems 
revealed that ciliates accounted for 19-28 % of total cellulase activity on a mixture of filter 
paper cellulose and ground lucerne (Medicago sutiva; Gijzen et al. 1988). Yoder et al. (1966) 
reported a cellulose digestion coefficient of 7 % with washed suspensions of protozoa in 
vitro and Amos & Akin (1978) reported that rumen protozoa degraded 6 1 1  YO of intact 
orchardgrass (Dactylis glomeruta) and bermudagrass (Cynodon dactylon) tissue. 

Demeyer (1981) calculated from data on the effects of defaunation on plant-cell-wall 
degradation in vitro or in sacco that protozoa were responsible for 3040% of total fibre 
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degradation, a value which has been quoted frequently by other authors (e.g. Jouany et al. 
1988; Williams & Coleman, 1988). However, this is not necessarily the direct quantitative 
contribution of protozoa to fibre degradation. Other effects of defaunation might 
contribute to the explanation of the effects of defaunation on fibre degradation. These 
include the reduced NH, levels and reduced pH of rumen fluid (for review, see Jouany et 
al. 1988), increased (Orpin & Letcher, 1984) or decreased (Kayouli et al. 1984; Ushida et 
ul. 1986) rumen fluid volume and fluid- and solid-phase retention times, and toxic effects 
on bacteria of chemical agents applied to remove protozoa (Jouany et al. 1988). 
Furthermore, in defaunated animals the population of fungi is often increased and an 
enhanced role of fungi in NDF degradation is likely (Jouany, 1989). Protozoa are less 
active in the turnover of fungal protein than bacterial protein, and increases in the fungal 
population on defaunation are usually smaller than increases seen in the bacterial 
population (Newbold & Hillman, 1990). Apart from these effects the simulations give some 
indication of the effects of defaunation on NDF degradation in the rumen. Defaunation 
invariably reduced in vivo NDF or acid-detergent fibre (ADF) degradation in the rumen 
(Veira et al. 1983; Kayouli et al. 1986; Punia et al. 1987; Ushida & Jouany, 1990; Ushida 
et al. 1990; Hsu et al. 1991), but the magnitude of the reduction differed widely. Studies on 
the effect of defaunation on in succo NDF or ADF disappearance yielded more variable 
results, however, and both increases and decreases have been reported (for reviews, see 
Demeyer, 1989; Jouany, 1989). Except for the experiment of Punia et ul. (1987), the in vivo 
experiments were performed with sheep at low intake levels (between 37 and 59 g DM/kg 
metabolic live weight). The simulations on dairy cattle at the lowest intake level 
(5.3 kg DM/d or 43 g DM/kg metabolic live weight) indicated a relatively high protozoal 
contribution to NDF degradation (17-21 %). Thus, unless fibrolytic bacterial number or 
fibrolytic bacterial activity is increased to compensate protozoal fibre degradation, at such 
low intake levels defaunation might decrease fibre degradation in the rumen. At higher 
intake levels the simulated protozoal contribution was lower and, consequently, 
defaunation might result in a less-changed fibre degradation. Defamation often resulted in 
an increase in the total number of bacteria (for review, see Jouany et al. 1988), because 
protozoa prey on bacteria and both groups compete for available substrates. Removal of 
protozoa allows more bacteria to colonize plant fibres, filling the niche previously occupied 
by protozoa (Newbold et al. 1989). However, defaunation was shown to cause a shift in 
bacterial species present in the rumen. Kurihara et al. (1978) and Williams &Withers (1991) 
observed an increase in amylolytic bacterial numbers and a decrease in fibrolytic bacterial 
numbers, and defaunation resulted in a partial substitution of Ruminococcus albus by R. 
flavefuciens. Upon defaunation the activities of the polysaccharide-degrading enzymes were 
decreased in microbial populations associated with the digesta solids (Newbold et al. 1989; 
Williams & Withers, 1991). Thus, an increase in fibrolytic bacterial activity due to removal 
of protozoa to compensate protozoal fibre degradation might not occur. In cattle fed on 
high-grain diets, protozoa can moderate the rumen fermentation rate and consequently 
rumen pH (Nagaraja et al. 1992). Particularly with diets low in fibre and rich in starch and 
sugars, defaunation will probably reduce fibrolytic bacterial activity because of the lower 
pH of rumen fluid at these diets, and the detrimental effect of low pH values on fibrolytic 
bacterial growth (Russell & Dombrowski, 1980). Consequently, the higher protozoal 
contribution to fibre degradation predicted when dietary starch and sugar levels were 
increased at the expense of dietary NDF levels (Figs. 2-4) will probably not be 
compensated for by an increased fibrolytic bacterial activity. With such diets defaunation 
would be expected to decrease fibre degradation in the rumen to a larger extent than with 
roughage diets. Indeed, Ushida & Jouany (1990) observed a larger decrease due to 
defaunation in NDF degradation with a 650 g lucerne hay and 300 g barley/kg diet (NDF 
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degradation reduced from 41 to 28 YO) than with a 670 g straw and 280 g concentrate (beet 
pulp, soyabean cake and groundnut meal)/kg diet (from 51 to 45 YO). Equally, Ushida et 
al. (1990) reported a much larger decrease in NDF degradation with a 750 g straw and 
190 g maize/kg diet than a 940 g straw/kg diet (reductions from 59 to 41 YO and from 64 
to 59% respectively). Hsu et al. (1991) fed sheep 630 g roughage and 370 g concentrate/kg 
diets and observed a significant increase in NDF degradation with defaunated animals fed 
on this diet supplemented with NaHCO,, resulting in a higher pH of rumen fluid compared 
with faunated animals fed on the unsupplemented diet (42 and 34 % respectively). Romulo 
et al. (1989) reported increases in the in sacco NDF digestibility on wheat-straw diets 
resulting from defaunation, and showed interactions between defaunation and protein 
supplementation on fibre degradation. Indeed, simulations showed a decreased protozoal 
contribution to NDF degradation when dietary N levels were raised, except with diet RH 
(Fig. 5(c)). Thus, in defaunated animals fed on low-N diets fibrolytic bacterial activity 
should be increased to a greater extent to compensate for the loss in protozoal fibre 
degradation when compared with high-N diets. A lack of fermentable N for the rumen 
bacteria may result in a lowered extent of fermentation and uncoupling of fermentation 
(Hume et al. 1970; Mehrez et al. 1977). The NH, concentration in rumen fluid is almost 
invariably lower in defaunated animals (for review, see Jouany et al. 1988). Hence, 
compensation for the loss in protozoal fibre degradation in defaunated animals fed on low- 
N diets might not occur. 

In conclusion, the model provided a mathematical representation of the metabolic 
activities of amylolytic and fibrolytic bacteria and of protozoa in the rumen. It provided an 
integration of the effects of dietary composition and feed intake level on the different 
microbial groups represented in the model and the interactions between these groups, to 
give a coherent view of the contribution of protozoa to degradation of NDF in the rumen. 
Comparisons between predictions from the model and experimentally observed protozoal 
OM in the rumen showed general agreement for a range of dietary inputs. It was shown 
that, in general, increases in intake level reduced protozoal contribution, and substitution 
of roughages by concentrates increased protozoal contribution to NDF degradation in the 
rumen. These effects were further assessed by simulated changes in the chemical 
composition of the diets. The predicted protozoal contribution, as influenced by the diet, 
provided possible explanations for the differences in rumen NDF degradation observed 
when animals are defaunated. 
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