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Summary 

A study was conducted to assess the ability of a 
continuous flow fermentation system tosimulate in 
vivo fermentation. Two dilution rates (D) were 
imposed on four fermenters during one of two periods 
in a crossover design. Effects of a slower D (Dl, 
4.l%/h) on rumen fermentation were compared with those 
of a higher D (D2, 5.7%/h). A medium concentrate pel- 
leted diet was provided to each fermenter twice daily. 
Each period consisted of a five-d.adaptation follor. 
ed by a five-d collection. Data from each fermenter . 
were averaged for the five-d.collection prior to 
statistical analysis, since preliminary analysis had 
detected only two significant day by treatment inter- 
actions, neither of which would interfere with inter- 
pretation of main effects. Fermenters with Dl exhib- 
ited reduced pH (P<.01), a marked depression in pro- 
tozoal numbers (P<.01) and greater bacterial numbers 
(P<.05) when compared with D2. Slower D also resulted 
in lower ammonia concentration (P<.01), decreased 
molar proportion of acetate (P<.01), increased pro- 
pionate (P<. 05), increased valerate (PC.05) and high- 
er total VFA concentration (P<.05) at four h postfeed- 
ing. No significant effect of D was observed for 
molar proportion of butyrate, isobutyrate or isovaler- 
ate. Organic matter digestibility (OMD) tended to be 
reduced at the faster D. A day effect (P<.05) was 
observed for pH and propionate, which indicates a 
longer adjustment period might have been desirable. 
Values and responses to D alteration were generally 
consistent with reported values, suggesting normal fer- 
mentation was achieved. However, pH and protozoal 
counts were abnormally low at the slow D, although the 

' protozoal population was effectively maintained with 
D2. 

Introduction 

Continuous flow fermentation systems have become a 
popular tool for the study of rumen fermentation and 
microbiology. Applications for such an in vitro 
system include study of diet quality, nutrient bypass, 
microbial populations and protein synthesis, etc., 
with less labor, facilities or expense than with animal 
trials. Furthermore, treatments and experimental con- 
ditions are quite easily controlled, and ruminal 
effects are readily isolated from those of the animal. 

This experiment was conducted to verify that a 
continuous flow system recently constructed at New 
-. 
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FIGURE 1. CONTINUOUS FERMENTATION APPARATUS. 

Mexico State University was able to maintain fermenta- 
tion patterns and microbial numbers comparable to 
those typically observed in ruminants. Secondly, 
dilution rate (D) was manipulated to substantiate that 
this system simulated characteristic in vivo changes 
when D was altered. 

Experimental Procedures 

Culture Apparatus. The continuous flow culture system 
(figure 1) consisted of a cylindrical plexiglass con- 
tainer (A; height 23 cm, id 22.2 cm) and cover (B). 
An overflow port (C; id 1.3 cm) was situated 8.2 cm 
from the base to establish a liquid and gas volume of 
2905 + 107.2 ml and 5447.5 + 105.3 ml, respectively. 
Buffer was stored in a 15 liter flask and infused at 
port D via flexible plastic tubing (id .5 cm). Flow 
rate was regulated by a variable speed liquid pump.2 
The outflow port was connected to a four liter efflu- 
ent flask by a plastic hose (id 1.5 cm) to collect 
fermenter contents displaced by buffer influx. Port E 
(id 2.3 cm) served as an access for addition of sub- 
strate and was sealed with a rubber stopper. A heavy 
duty stirring motor3 (F) was mounted above the fer- 
menter and the shaft (length 30.5 cm, od .9 cm) 
extended into the center of the container. A swivell- 
ed blade (G; length 7 cm) was located approximately 
2.5 cm from the fermenter base to prevent excessive 
sedimentation. A plexiglass blade (H; length 10.3 
cm) was attached to the shaft at the liquid surface to 
serve as a foam disrupter. A mercury thermoregulater4 
(I; length 38.6 cm, od .9 cm) and relay5 and an imner- 
sion heater (J; length 29.4 cm, od 1.6 cm) were 



mounted on t h e  f e r n ~ e n t e r  t o  r e g u l a t e  c u l t u r e  f o r  subsequent DM and ash de te rmina t ion .  Dai ly  
temperature .  A mercury thermometer ( K )  was a t t a c h e d  apparent  OMD (uncorrected f o r  mic rob ia l  c o n t r i b u t i o n )  
t o  monitor temperature .  A g l a s s  tube (L;  l eng th  29 was c a l c u l a t e d  f o r  each fermenter  du r ing  t h e  co l l ec -  
cm, i d  , 7  cm) was i n s e r t e d  t o  provide  a  sampling p o r t  t i o n  pe r iod  by t h e  d i f f e r e n c e  i n  o rgan ic  ma t t e r  (OM) 
f o r  f e rmen te r  c o n t e n t s .  A p l a s t i c  hose ( i d  . 5  cm) inpu t  and OM i n  t h e  e f f l u e n t .  
connected t h i s  t ube  t o  a  sampling s y r i n g e  and was 
clamped when no t  i n  use .  A 25 m l  sample of fermenter  c o n t e n t s  was withdrawn 

from each fermenter  d a i l y  a t  1100 h  throughout t h e  
Exper imenta l  P ro toco l .  A c rossove r  des ign  c o n s i s t i n g  e n t i r e  experiment.  An equ iva len t  amount of b u f f e r  was 
of f o u r  f e r m e n t e r s ,  two pe r iods  and two t r ea tmen t s  was backflustred through t h e  sampling tube  t o  r i n s e  t h e  
employed. The two t r ea tmen t s  imposed were two d i l u -  tube and t o  prevent  a  change i n  D .  A combination 
t i o n  r a t e s  (Dl = 4 .1  + .2%/h,  D2 = 5.7 + . 2 % / h ) .  Each e l e c t r o d e 6  was used t o  determine pH of t h e  fermenter  
pe r iod  c o n s i s t e d  of f i v e  d  t o  a t t a i n  s t e a d y - s t a t e  con ten t s .  One m i l l i l i t e r  of t h i s  sample was d i l u t e d  
c o n d i t i o n s  fo l lowed by f i v e  d  f o r  sampling. 10-fold and 1000-fold w i t h  a .85% s a l i n e  and 10% f o r -  
Between p e r i o d s ,  f e rmen te r s  were disassembled and mal in  s o l u t i o n  p r i o r  f o r  enumeration of protozoa and 
c leaned.  b a c t e r i a ,  r e s p e c t i v e l y .  Dai ly  b a c t e r i a l  and p ro tozoa l  

counts  were conducted i n  d u p l i c a t e  wi th  phase c o n t r a s t  
Three  mature,  rumen-cannulated donor s t e e r s  (Tt average microscopy.7 P ro tozoa l  c o n c e n t r a t i o n  was determined 
wt of 453.4 kg) were mainta ined on a  d i e t  of 40% a t  100 power i n  Sedgewick-Rafter chambers ( l m m  
ground mi lo  (IFN 4-04-444) and 60% a l f a l f a  hay (IFN depth)  whi le  b a c t e r i a l  counts  were obta ined a t  600 
1-00-063). Each s t e e r  r ece ived  8 . 1  kg (dry ma t t e r  power w i t h  Pet roff -Hausser  count ing chambers. The 
b a s i s )  of t h i s  d i e t  d a i l y  i n  two equal  p o r t i o n s  (0800 remainder of t h e  fermenter  c o n t e n t s  sample was a c i d i -  
h  and 1700 h) f o r  10 d  p r i o r  t o  c o l l e c t i n g  rumen f i e d  w i t h  .S m l  H2S04 and f r o z e n .  These samples were 
f l u i d  . subsequent ly  thawed and c e n t r i f u g e d  (10,000 x g) f o r  

10 min. Ammonia c o n c e n t r a t i o n  was determined on t h e  
On i n o c u l a t i o n  day, 2.5 l i t e r s  of rumen f l u i d  were supe rna tan t  (Broder ick  and Kang, 1980) .  Also, f i v e  m l  
ob ta ined  from each s t e e r  f o u r  h  pos t f eed ing  and s t r a i n -  of supe rna tan t  was combined w i t h  one m l  of 25% meta- 
ed through two l a y e r s  of cheesec lo th .  A 1 . 5  l i t e r  phosphoric a c i d  con ta in ing  2-ethyl b u t y r i c  a c i d  a s  an 
m i x t u r e  of t h e  t h r e e  sources  of f l u i d  was placed i n  i n t e r n a l  s t anda rd .  This  s o l u t i o n  was r e c e n t r i f u g e d  
each f e rmen te r .  Also ,  one l i t e r  of b u f f e r  (Weller a s  b e f o r e  and s u b ' e c t e d  t o  gas  chromatography f o r  VFA 
and P i l g r i m ,  1974; u r e a  omi t t ed )  was preheated t o  39 a n a l y s i s .  Columni temperature  was 135 C, i n l e t  and 
C and added t o  each f e rmen te r .  A rubber  gaske t  was d e t e c t o r  temperatures  were 170 C and f low r a t e s  were 
p l aced  between t h e  f e rmen te r  v e s s e l  and cover and 40, 400 and 25 ml7min f o r  H ,  a i r  and N ,  r e s p e c t i v e l y .  
o - r ings  were i n s e r t e d  around a l l  p o r t s  where v a r i o u s  A subsample of r a b b i t  chow was ground i n  a  Wiley m i l l  
a t t a c h m e n t s  e n t e r e d  t h e  fermenter  t o  prevent  0 2  seep- through a  2  mm sc reen .  Ana lys i s  of DM, a sh ,  CP, ADF 
a g e  i n t o  t h e  system. Fermenters  were then f looded and ADL were a s  desc r ibed  by A.O.A.C. (1980).  
w i t h  C02 t o  purge e x i s t i n g  O2 from t h e  gas  phase.  
T h i s  c u l t u r e  was then  allowed t o  b a t c h  ferment over- Ana lys i s  of v a r i a n c e  us ing  General L inea r  Models 
n i g h t .  The fo l lowing  morning (0700 h ) ,  p r e c a l i b r a t e d  Procedures  of S t a t i s t i c a l  Ana lys i s  System (Helwig and 
l i q u i d  pumps were swi tched on t o  p rov ide  cont inuous  Counci l ,  1979) was conducted f o r  each measured v a r i -  
i n f u s i o n  of b u f f e r  a t  two predetermined f low r a t e s .  a b l e .  I n i t i a l l y ,  a  model was used which included 
Buf fe r  was s t o r e d  i n  a  s e a l e d  g l a s s  f l a s k  a t  a  pH of e f f e c t s  f o r  f e rmen te r ,  p e r i o d ,  t r ea tmen t ,  day and a l l  
7 .2 ,  which was achieved by bubbl ing CO2 through t h e  p o s s i b l e  i n t e r a c t i o n s .  A day x  t r ea tmen t  i n t e r a c t i o n  
s o l u t i o n .  was d e t e c t e d  f o r  molar p r o p o r t i o n  of b u t y r a t e  and 

t o t a l  VFA concen t ra t ion ;  however, t h e  n a t u r e  of t h e  
Fermenter c o n t e n t s  d i s p l a c e d  by b u f f e r  i n f l u x  flowed i n t e r a c t i o n  d id  no t  p rec lude  examination of main 
i n t o  t h e  e f f l u e n t  f l a s k .  Each morning (0700 h) t h e  e f f e c t s .  The re fo re ,  v a l u e s  f o r  each v a r i a b l e  f o r  a 
e f f l u e n t  f l a s k  was removed and r ep laced  w i t h  a  c l e a n  given fermenter  were averaged f o r  each f i v e  d. col -  
f l a s k ,  which had been f looded wi th  C02 t o  ma in ta in  l e c t i o n  per iod and t h e s e  means were reanalyzed t o  
anae rob ic  cond i t ions .  Each f l a s k  conta ined 60 m l  (Dl) determine t r ea tmen t  d i f f e r e n c e s ,  u s ing  on ly  f e rmen te r ,  
o r  80 m l  ( ~ 2 )  of 2N H2S04 t o  i n h i b i t  m i c r o b i a l  growth. pe r iod  and t r ea tmen t  main e f f e c t s  i n  t h e  model. 
T o t a l  volume d i s p l a c e d  dur ing  each p rev ious  24 h  
pe r iod  was recorded and d i l u t i o n  r a t e  was c a l c u l a t e d  R e s u l t s  and Discuss ion 
a s  t h e  mean pe rcen tage  of l i q u i d  volume (co r rec t ed  
f o r  a c i d  con ten t )  d i s p l a c e d l h  f o r  t h e  e n t i r e  10 d  Ln g e n e r a l ,  v a l u e s  f o r  c r i t e r i a  measured ( t a b l e  2) 
pe r iod .  Throughout t h e  experiment,  f e w e n t e r s  were were w i t h i n  normally r e p o r t e d  ranges  (Hungate, 1966).  
mainta ined a t  39 C w i t h  a  s t i r  r a t e  of 150 rpm and Except ions  included pH and p ro tozoa l  numbers a t  t h e  
were covered w i t h  b l a c k  c l o t h  t o  p reven t  l i g h t  slow D. 
exposure.  

P ro tozoa l  numbers a t  f o u r  h pos t f eed ing  were 
Fermenta t ion s u b s t r a t e  was a  commercially p e l l e t e d  abnormally low f o r  Dl. S l y t e r  e t  a l .  (1966) observed 
(P p e l l e t  l e n g t h  . 8  cm, od .4 cm) r a b b i t  chow ( t a b l e  t h a t  protozoa popu la t ions  were diminished when pH 
1). A 47-g (dry  m a t t e r  b a s i s )  p o r t i o n  was placed i n  dec l ined  below 5.5.  The lower pH (P<.01) a t  D l  ( t a b l e  
each f e rmen te r  a t  1900 h  on t h e  d. of i n o c u l a t i o n ,  2) was expected i n  view of t h e  reduced b u f f e r  e n t r y  
and twice  d a i l y  (0700 h  and 1900 h) f o r  t h e  remainder and slower f low r a t e  of a c i d i c  end p roduc t s  from the  
of t h e  s tudy  p e r i o d .  During each f eed ing ,  t h e  p o r t  fermenter .  However, a t  D2, r easonab le  p ro tozoa l  con- 
was f looded  w i t h  C02 t o  p reven t  O2 contaminat ion.  c e n t r a t i o n s  suggest  t h a t  t h i s  system e x h i b i t s  a 

c a p a c i t y  t o  seques t e r  protozoa and prevent  washout. 
A n a l y t i c a l  Methods. During each c o l l e c t i o n  p e r i o d ,  Also, a day e f f e c t  (P<.05) 'was  observed f o r  pH, which 
d a i l y  200 m l  subsamples ( i n  d u p l i c a t e )  were f rozen  i n d i c a t e s  t h a t  t h e  pH had n o t  complete ly  s t a b i l i z e d  
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when i n i t i a l  sampling occurred .  p r o p o r t i o n s  i n  f auna ted  an ima l s .  

B a c t e r i a l  numbers ( t a b l e  2) were e l e v a t e d  a t  t h e  
s lower  D (P<.05) ,  probably  i n  r e sponse  t o  reduced 
p r o t o z o a l  l e v e l s .  B a c t e r i a  might be  expected  t o  pro- 
l i f e r a t e  i n  t h e  absence of p ro tozoa  due t o  reduced 
compe t i t i on  f o r  n u t r i e n t s ,  l a c k  of p r o t o z o a l  p r e d a t i o n  
o r  a n  i n c r e a s e  i n  growing space .  Also ,  t h e  slow f low 
r a t e  shou ld  enab le  b a c t e r i a l  c o n c e n t r a t i o n  t o  i n c r e a s e  
due t o  a  s lower  removal r a t e .  B a c t e r i a l  mass is  
i n v e r s e l y  r e l a t e d  t o  r a t e  of b a c t e r i a l  growth (Owens 
and I saacson ,  1977) ,  t hus  b a c t e r i a l  numbers should be 
lower a t  h ighe r  D .  

A g r e a t e r  VFA c o n c e n t r a t i o n  (P<.05) was noted  f o r  D l  
( t a b l e  2 ) .  As i n d i c a t e d  p r e v i o u s l y ,  a  day x  t r ea tmen t  
i n t e r a c t i o n  (P<.05) was d e t e c t e d  f o r  VFA concentra-  
t i o n ,  due t o  dep res sed  VFA l e v e l s  f o r  D l  on t h e  4 t h  
c o l l e c t i o n  d .  A lower VFA c o n c e n t r a t i o n  would be  
expected  w i t h  a  more r a p i d  f low r a t e  s i n c e  e x i s t i n g  
VFA would be d i l u t e d  f a s t e r .  Lower b a c t e r i a l  concen- 
t r a t i o n  w i t h  D2 might a l s o  cause  some dec rease  i n  VFA 
l e v e l s .  Also ,  appa ren t  OMD tended t o  be  depressed a t  
t h e  h ighe r  D ( t a b l e  2 ) .  Th i s  e f f e c t  might p a r t l y  be 
due t o  dec reased  OM r e s i d e n c e  t ime a t  t h e  f a s t e r  D ,  
a l t hough  i t  is  unknown whether t h e  d i f f e r e n c e  would 
occur  i f  OMD were c o r r e c t e d  f o r  m i c r o b i a l  c o n t e n t .  
Kennedy and M i l l i g a n  (1978) observed decreased rumi- 
n a l  CWC d i g e s t i b i l i t y  i n  v i v o  w i t h  a c c e l e r a t e d  D.  
Lower b a c t e r i a l  numbers and reduced r e s i d e n c e  t ime 
might  produce  some d e c l i n e  i n  OMD and VFA concentra-  
t i o n ,  a l t h o u g h  i n c r e a s e d  e f f i c i e n c y  of b a c t e r i a l  
growth a t  e l e v a t e d  D  (Owens and I saacson ,  1977) might 
c o u n t e r a c t  t h e s e  e f f e c t s  t o  some e x t e n t .  

I nc reased  D promoted an  i n c r e a s e d  (P<.01) p r o p o r t i o n  
of a c e t a t e  (Ac) and dec reased  (P<.05) p rop iona te  (P r )  
( t a b l e  2 ) .  These f e r m e n t a t i o n  s h i f t s  w i th  D a l t e r a -  
t i o n  a r e  s i m i l a r  t o  t h o s e  observed by Har r i son  e t  a l .  
(1975),  Hodgson and Thomas (1975) and Thomson e t  a l .  
(1978).  Fe rmen ta t ion  r e v e r t s  t o  a  more e f f i c i e n t  
a c e t a t e  f e r m e n t a t i o n  when D is  e l e v a t e d  (Owens and 
I saacson ,  1977) .  P rop iona te  p roduc t ion  i s  a l s o  h ighe r  
a t  depressed pH ( S l y t e r  e t  a l . ,  1966) which could  
p a r t i a l l y  e x p l a i n  h ighe r  P r  p r o p o r t i o n s  a t  s lower  D. 
A pH f l u c t u a t i o n  may i n i t i a t e  changes i n  b a c t e r i a l  
growth and s p e c i e s  ( R u s s e l l  et a l . ,  1979) which might 
account  f o r  changes i n  end product  r a t i o s  a t  d i f f e r i n g  
D. Fur thermore ,  Males and Pur se r  (1970) observed t h a t  
defaunated  animals  e x h i b i t e d  lower p r o p o r t i o n s  of Ac 
and b u t y r e t e  (Bu). Thus, lower protozoa  numbers w i t h  
D l  may have c o n t r i b u t e d  t o  t h e  reduced molar propor- 
t i o n  of Ac observed i n  t h i s  s tudy .  A day e f f e c t  was 
observed f o r  Pr  (P<.05) ,  i n d i c a t i n g  t h a t  a  l onge r  s t a -  
b i l i z a t i o n  pe r iod  might have been b e n e f i c i a l .  Examin- 
a t i o n  of d a i l y  measurements sugges ted  t h a t  t h e  d e c l i n e  
i n  Pr w i th  D2 and i n c r e a s e  w i t h  Dl was complete by t h e  
t h i r d  d  of sampling.  

B u t y r a t e  appeared t o  i n c r e a s e  s l i g h t l y  a t  e l e v a t e d  D 
( t a b l e  2 ) .  A s  mentioned p r e v i o u s l y ,  a  day x t r ea tmen t  
i n t e r a c t i o n  (PC.05) was d e t e c t e d  b u t  was ignored due 
t o  t h e  n a t u r e  of t h e  i n t e r a c t i o n .  Values f o r  b o t h  
t r e a t m e n t s  were s i m i l a r  u n t i l  t h e  f i n a l  two d . o f  
c o l l e c t i o n ,  a t  which t ime D2 e x h i b i t e d  g r e a t e r  Bu 
p r o p o r t i o n  t h a n  d i d  D l .  The t r e n d  f o r  i n c r e a s e d  Bu 
a t  f a s t e r  D i s  i n  c o n t r a s t  t o  i n  v i t r o  s t u d i e s  by 
I saacson  e t  a l .  (1975) and Crawford e t  a l .  (1980) ,  
who observed a  n e g a t i v e  r e l a t i o n s h i p  between Bu and 
D .  Ha r r i son  e t  a l .  (1975) sugges ted  t h a t  Bu should  
i n c r e a s e  a s  D i n c r e a s e d ,  assuming t h a t  Ac and Bu 
i n t e r c o n v e r s i o n  occu r s  i n  t h e  rurnen, s i n c e  g r e a t e r  Ac 
i s  c h a r a c t e r i s t i c  of f a s t e r  D .  A l t e r n a t i v e l y ,  t h e  
r e sponse  cou ld  be a t t r i b u t e d  t o  a  l a c k  of p ro tozoa  a t  
D l  s i n c e  Males and P u r s e r  (1970) observed g r e a t e r  Bu 

Decreased p r o p o r t i o n s  of v a l e r a t e  (PC.05) were 
observed f o r  D2 ( t a b l e  2 ) .  I n c r e a s e d  e f f i c i e n c y  a1 
h ighe r  D might d i v e r t  b a c t e r i a l  metabol ism t o  path-  
ways which do n o t  produce  v a l e r a t e ,  o r  cause  s h i f t :  
t o  s p e c i e s  which produce l e s s  v a l e r a t e .  No s i g n i f :  
c an t  d i f f e r e n c e s  i n  i s o b u t y r a t e  o r  i s o v a l e r a t e  
p r o p o r t i o n s  were observed a t  t h e  two d i l u t i o n  r a t e :  

Inc reased  NH3 c o n c e n t r a t i o n  (PC. 01) was no ted  (tab1 
2) f o r  t h e  f a s t e r  D ,  which a g r e e s  w i t h  a  r e p o r t e d  
i n v e r s e  r e l a t i o n s h i p  between rumina l  NH3 l e v e l s  anc 
Pr p r o p o r t i o n  when D was a l t e r e d  (Hodgson and Thomz 
1975).  More e f f i c i e n t  growth and reduced residence 
time would sugges t  a n  i n c r e a s e d  NH3 a s s i m i l a t i o n  ar 
decreased f e e d  deaminat ion  by b a c t e r i a  and consequc 
l y  decreased NH3 a t  f a s t e r  D. However, subop t ima l  
a t  Dl may have dec reased  deaminat ion ,  o r  more e f f i c  
e n t  deaminase sys tems may b e  p r e s e n t  i n  b a c t e r i a  at  
h ighe r  D .  Also ,  more rumina l  NH3 i s  p r e s e n t  i n  
f auna ted  sheep (Males and P u r s e r ,  1 9 7 0 ) ,  t h u s  l o s s  
protozoa  a t  D l  might have i n c r e a s e d  NH3 up take  due 
inc reased  b a c t e r i a l  numbers. 

This  s t u d y  s u g g e s t s  t h a t  t h e  New Mexico S t a t e  
U n i v e r s i t y  cont inuous  f e r m e n t a t i o n  sys tem produces  
f e rmen ta t ion  p a t t e r n s  s i m i l a r  t o  t hose  r e p o r t e d  i n  
v ivo .  Moreover, t h e  sys tem responded t o  a l t e r a t i o r  
i n  d i l u t i o n  r a t e  i n  a  manner c o n s i s t e n t  w i t h  pub l i :  
r e p o r t s .  F u r t h e r  i n v e s t i g a t i o n s  a r e  needed t o  eva: 
a t e  m i c r o b i a l  p r o t e i n  p roduc t ion  i n  t h i s  cont inuou:  
f e rmen ta t ion  system. 
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TABLE 1. CHMICAL COMPOSITION OF RABBIT CHOW 
USED AS A  FERMENTATION SUBSTRATE 

Dry m a t t e r  
~ s h ~  
Crude p r o t e i n a  
Acid d e t e r g e n t  f i b e r a  
Acid  d e t e r g e n t  l i g n i n a  

a ~ e r c e n t a g e  of  d r y  m a t t e r .  

TABLE 2. MEAN CULTURE CHARACTERISTICS AT TWO DILUTION 
RATES 

~ r e a t m e n t ~  
I t e m  D  1 D2 S M  

P r o t o z o a  (x 104/ml)  
B a c t e r i a  (x lolO/ml)  

pH 
A c e t a t e ,  mo1/100 rnol 
P r o p i o n a t e ,  mo1/100 rnol 
B u t y r a t e ,  mo1/100 rnol 
I s o b u t y r a t e ,  mo1/100 rnol 
V a l e r a t e ,  mo1/100 rnol 
I s o v a l e r a t e ,  mo1/100 rnol 
VFA, m m o l / l i t e r  
NH3, mg/100 m l  
Apparen t  OMD, % 

Each t r e a t m e n t  mean r e p r e s e n t s  a n  a v e r a g e  of  f o u r  
f e r m e n t e r s  o v e r  f i v e  d .  Dl = 4 . 1 % / h ,  D2 = 5.7%/h .  

b ' C ~ e a n s  w i t h  d i f f e r e n t  s u p e r s c r i p t s  d i f f e r  (PC. 0 1 ) .  

d y e ~ e a n s  w i t h  d i f f e r e n t  s u p e r s c r i p t s  d i f f e r  ( P < . 0 5 ) .  


