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ABSTRACT

Cecal functions in w ild  and ca p tiv e  rock, Lagopus m utus, and willow 

ptarm igan, Lagopus lagopus, were s tu d ie d . The flow r a t e s ,  routes o f  

passage, d ig estio n  and absorp tion  o f  l iq u id  and drv m atter (DM) in  the 

i n te s t in e  and cecum were estim ated  using ra d io iso to p ic  m arkers. Dry 

m atter not e n te rin g  the  cecum passed the length o f  the gut in 2 h r , 

whereas p a r t ic le s  e n te rin g  the cecum were re ta in e d  an a d d itio n al 6 to

8 h r. An estim ated  18% o f  the DM en te rin g  the hindgut was d iv erted  

in to  the  cecum where 19% o f  th is  DM was digested and absorbed. Cecal 

f i l l i n g  was continuous between defecations with f lu id  d ig esta  ( l iq u id  

and fin e  suspended p a r t i c l e s )  and i t  was hypothesized th a t  the  f lu id  

d ig esta  was forced through the small cecal valve by h y d ro sta tic  pressure  

generated from the c o n tra c tio n  o f  the small and larg e  i n te s tin e s  a t  the  

ile o -c e c a l- c o lic  ju n c tio n . Cecal defecations occurred a t  approxim ately

9 hr in te r v a ls  and voided a mean of 56% o f the c o n ten ts. E ig h ty -s ix  per 

cent o f th e  w ater en te rin g  the hindgut from the small in te s t in e  was 

d iv erted  in to  the cecum and 98% o f the w ater absorption in  the hindgut 

occurred in the cecum.

Foods se le c te d  during summer by rock ptarmigan were o f  h igher 

q u a lity  than foods s e le c te d  during o th er  seasons. The le n g th , weight 

and content of the cecum were g r e a te s t  during w in te r , declined to  i t s  

sm allest s iz e  during summer and increased  during f a l l .  Total v o la t i le  

f a t ty  acid  (VFA) produced/day in  the cecum o f the rock ptram igan did 

not vary s ig n if ic a n tly  among seasons in s p ite  o f  changing food q u a lity  

and cecum s iz e . M etabolizable energy (ME) a v a ila b le  from VFA averaged

i i i
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7.1 kcal/day f o r  rock ptarm igan and 5 .7  kcal/day fo r  willow ptarm igan. 

These ME values could supply an estim ated  18% and 11% o f  standard  

metabolism f o r  rock and willow ptarm igan, re s p e c tiv e ly .

iv
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INTRODUCTION

Rock ptarm igan, Lagopus m utus, and willow ptarm igan, L_. lagopus, 

are found in the a r c t ic  and s u b a rc tic  o f  North America and E urasia .

Ptarmigan g e n e ra lly  feed on buds, tw ig s, c atk in s and b e rr ie s  o f  woody 

p lan ts  during w in ter and on le a v e s , seeds and b e rr ie s  o f many p lan t 

species during o th e r  seasons (Watson, 1964; West & Meng, 1966; Moss,

1968; Weeden, 1969; Gardarsson & Moss, 1 9 7 0 ). In ptarm igan and o th er 

avian species which have s im ila r  herbivorous food h a b its , th e  cecum 

is  well developed. The cecum c o n s is ts  o f  a p a ir  o f  b lin d  tu b u la r  sacs 

which jo in  the gut a t  the  ju n c tio n  o f the small and larg e  i n te s t i n e .

The cecun is  a r e la t iv e ly  la rg e  organ compared to  the  o th er  po rtio n s o f  

the gut ranging from about 80% o f  the length  o f  the small in te s t in e  in 

rock ptarmigan to  140% in red grouse, Lagopus lagopus s c o tic u s  (M odafferi, 

p e rs . comm.; Moss, 1 9 7 2 ).  The cecum "houses" a la rg e  m icrobial population 

which e x is ts  in a commensal r e la tio n s h ip  with the avian h o st (Annison e t  

al_., 1968; McBee & West, 1 9 6 9 ). The microbes d ig e s t  and m etabolize 

so luble  and complex carbohydrate molecules including  c e llu lo s e  which 

cannot be degraded by avian enzymes. Pro tein  and nonprotein nitrogen  

are  m etabolized by the microbes fo r  energy and are synthesized  to  

m icrobial p ro te in . These s u b s tr a te s , in addition  to  supplying energy 

and build ing  m ateria l fo r  m icrobes, are m etabolized to  products useful 

to  the  avian host by m icrobial ferm entation . V o la tile  f a t t y  acids (VFA) 

are the major end product o f  ferm entation and t h e i r  major s i t e  o f  production 

in the fowl i s  the cecum (Annison e t^a l_ ., 1 9 6 8 ). Ferm entation products 

a re  a s ig n if ic a n t  source o f  energy to  avian herbivores and provided 11
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2

to 18% o f  th e  r e s tin g  energy requirem ents and 4 to  Tl o f  fre e  l iv in g  

energy requirem ents fo r  ptarmigan in the  p re s e n t s tu d ie s . In a d d itio n  

to the absorp tion  o f  VFA and possib ly  amino a c id s , the  cecum is  a m ajor 

s i t e  f o r  w ater and e le c t ro ly te  recovery in  the  hindgut (cecum and larg e  

i n te s t i n e ) .  One o f  the l e a s t  understood cecal functions is  m icrobial 

vitamin sy n th esis  and a b so rp tio n . The presence o f  abundant B vitam ins 

in the cecum has long been known, however the  s i t e  o f  a b so rp tio n , i f  

they a re  absorbed, has y e t to  be defined (Jayne-W illiam s & F u lle r , 1 9 7 1 ).

In a recen t review , McNab (1 9 7 3) concluded vitam ins synthesized  in  the 

ceca a re  u n lik e ly  to  b e n e fit  the host unless coprophagy is  p ra c tic e d .

This is  an in te r e s t in g  observation  s in c e  th e re  is  no evidence fo r  coprophagy 

in ptarm igan (G. West, L. I rv in g , R. Moss, R. Modafferi & R. Weeden, p e rs . 

comm.). Thus a ready source o f vitam ins may be unavailab le  to  ptarm igan.

Considering the larg e  s iz e  o f  th e  cecum in  comparison to  the i n te s t in e

of w ild grouse and ptarm igan, the cecum is  l ik e ly  to  provide s ig n if ic a n t  

survival value from the n u tr i tio n a l  s ta n d p o in t. M etabolizable energy 

a v a ila b le  from cecal d ig estio n  may be most im portant during conditions 

of r e s t r i c te d  food in tak e  o r  d ec lin in g  food q u a li ty . These conditions 

may e x is t  lo c a lly  during l a t e  w in ter follow ing heavy browsing by ptarm igan 

and during w in ter  storms when feeding a c t i v i t y  may be r e s t r i c te d .  Birds 

feeding on high q u a lity  d i e t s ,  as during summer, probably have le s s  

requirem ent f o r  the increased  d ig e s tiv e  e ff ic ie n c y  a sso c ia te d  with cecal 

ferm entation as long as food q u a n tity  i s  no t l im ite d .

Recent reviews on avian n u tr i tio n  p o in t to  the dearth  o f  knowledge

on cecal fu nction  (F arn e r, 1960; S tu rk ie , 1965; Coates & Javne-W illiam s,
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1966; H i l l ,  1971a, 1971b; Hudson e t  al_., 1971; Jayne-W illiam s & F u lle r ,

1971; Z isw iler & F a rn er, 1972; McNab, 1 9 7 3 ). T h e refo re , a study 

of the d ig e stiv e  aspects  o f  cecal function  was i n i t i a t e d .  Ptarmigan 

were s e le c te d  as the  experim ental b ird  because o f  the e x ten siv e  l i f e  

h isto ry  and n u tr i tio n a l  background inform ation a v a ila b le  and because 

ptarmigan possess a highly  developed cecum. Four fa c e ts  o f  the d ig e s tiv e  

functions o f the cecum were in v e s tig a te d , each o f  which is  p resented  as 

a chapter in  th is  t h e s i s .  F i r s t ,  i t  was f e l t  th a t  a b a s ic  understanding 

was req u ired  o f the r a t e  o f  passage o f n u trie n ts  through the  d ig e s tiv e  

t r a c t ,  the time m ateria l spent in  the cecum, the amount o f  m ateria l 

en tering  the cecum and th e  proportion  of cecal content emptied per 

cecal d e fe c a tio n . Second, the  physical nature o f  m ateria l en te rin g  

the cecum and i t s  mode o f  en try  were in v e s tig a te d . The p ro portion  o f 

food consumed t h a t  e n te re d  the cecum and the f ra c tio n  d ig este d  were 

estim ated along with w ater en try  and absorp tion  in  the la rg e  i n te s t in e  

and cecum o f captive  b i rd s . T hird , the q u a n ti ta t iv e  a sp ec ts  o f  cecal 

ferm entation in  w ild rock ptarmigan were in v e s tig a te d  during f iv e  seasons 

to determ ine the re la tio n s h ip  between cecum s iz e ,  forage  q u a li ty  and 

m etabolizable energy (ME) a v a ila b le  from m icrobial VFA production .

And f o u rth , an i n te r s p e c i f i c  comparison o f  cecal ferm entation  was 

conducted with willow ptarm igan.

The chapters o f  t h is  th e s is  have been w ritte n  follow ing the  in s tru c tio n s  

fo r  p rep a ra tio n  o f  m anuscripts o f  The Condor (C hapters I and I I )  and 

Comparative Biochemistry and Physiology (Chapters I I I  and IV) where 

they w ill be subm itted; some d u p lic a tio n  w ill be found in  t h e i r  resp e c tiv e
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in tro d u cto ry  se ctio n s and b ib lio g ra p h ie s .
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INTRODUCTION

The ro le  o f the cecum in d ig estio n  o f  fo o d stu ffs  and production o f  

vitam ins is  not well known fo r  ptarm igan and grouse s p e c ie s . Presumably 

the function  o f the  avian cecum is  to  d ig e s t and ferm ent complex 

carbohydrate m olecules, p ro te in s and o th e r  n u tr ie n ts  which escape 

in te s tin a l  a b so rp tio n . The e x te n t o f  ferm entation  in  th e  cecum is  a 

product o f  forage q u a li ty ,  cecum s iz e  and mean residence  tim e, th e re fo re  

mechanisms c o n tro llin g  f i l l i n g  and emptying o f  the cecum determ ine the 

k in e tics  and degree o f  d ig e s tio n . Thus estim ates o f  cecum s iz e  and 

residence time o f  food p a r t ic le s  are  necessary  in  ev a lu a tin g  the  ro le  

of the ceciffn in  the ptarm igan.

Although th e re  have been many s tu d ie s  using d ig es ta  markers in 

mammals, few have d e a lt  with avian s p e c ie s . Early s tu d ie s  by Browne 

(1 9 2 2) showed t h a t  so lu b le  dyes, th a t  move with the a lim entry  liq u id

component, passed through the gut o f  the fowl f a s t e r  than food p a r t i c l e s .

51
In the ring-necked p h e asa n t, Phasianus c o lc h ic u s , CrCl3 , a so luble  

m arker, passed ra p id ly  through the  small i n te s t in e  and colon with a 

minimum passage time o f  1 to  2 hours, however the  po rtio n  en terin g  the 

cecum took an average o f 35 hours fo r  passage (Duke e t  a l .  1 9 6 8 ). The 

movement o f  food p a r t ic le s  has been stu d ied  using in so lu b le  markers which 

move a t  the  same r a te  as the food p a r t ic le s  (Browne 1 9 2 2 ). Studies using 

a barium paste  meal in d ic a te d  t h a t  p a r t ic u la te  m atter  mey reach the 

duodenum o f th e  fowl w ith in  minutes o f  in g e stio n  and may be c a rr ie d  

along the  duodenum and jejunem by rap id  p e r i s t a l t i c  movements (Vonk and
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Postma 1 9 4 9 ).

Evidence f o r  the mode o f  en try  of l iq u id  and p a r t ic u la te  m atter 

in to  the  cecum is  equivocal. For example, A kester e t  a l .  (1 9 6 7 ) and 

Nechay e t  a l . (1 9 6 8 ) showed th a t  a radiopaque l iq u id  marker moved 

from the  u r e te r  to  the colon and en tered  the cecum o f  the fowl by 

r e tro g ra d e  flow , i . e . ,  the movement o f  m ateria l a n te r io r ly  in th e  gut 

by rev erse  p e r i s t a l s i s .  H ill (1 9 7 1 ) suggested re tro g rad e  flow functioned 

as a mechanism fo r  w ater and e le c t r o ly te  en try  in to  the cecum where 

absorp tion  could take  p lace . However Moss (1 9 7 2 ) found no evidence 

f o r  the en try  o f  urine in to  the cecum, which suggested the absence o f 

re tro g rad e  flow to the cecum in  red grouse, Lagopus lagopus s c o tic u s .

There i s  l i t t l e  inform ation on the  p e r io d ic i ty  o f  cecal f i l l i n g  and 

emptying and a ls o  on the r a t io  o f  l iq u id  and p a r t ic u la te  m atter which 

e n te rs  o r  bypasses the cecum. Judging from the uniform ity  in c o n c en tratio n  

of ferm entation  products H ill (1 9 7 1 ) suggested th a t  the cecum probably 

f i l l e d  a t  reg u la r  i n te r v a ls . The amount o f  d ig es ta  en te rin g  the  cecum 

may be dependent on the d i e t ,  s in c e  R oseler (1 9 2 9) observed th e  r a t io  

of cecal to normal droppings in  th e  fowl was 1 to  7 a f t e r  feeding barley  

and 1 to  11 a f t e r  feeding wheat. Factors resp o n sib le  f o r  provoking cecal 

discharges are  not understood, however, H ill (1 9 7 1) suggested t h a t  these  

fa c to rs  may be r e la te d  to  the q u a n tity  o f  dead b a c te r ia  and u n d ig es tib le  

m ateria l accumulated in  th e  ceca during ferm en tatio n , req u irin g  p e rio d ic a l 

removal. Hydrogen ion o r  e le c t ro ly te  concentration  o f  cecal contents  may 

a lso  in flu en ce  cecal c o n trac tio n s  (H ill  1 9 7 1 ).

Except fo r  the rep o rts  o f  McBee and West (1 9 6 9 ) th e  r a te  o f  cecal

I I
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function  in  ptarm igan has not been documented. Thus, a s tudy o f ra te s  

of passage o f  dry m atter and w ater through the i n te s t i n e  and cecum o f  

ptarm igan, Lagopus m utus, was undertaken to  gain  in s ig h t  in to  the  

reg u la tio n  o f  cecal f i l l i n g  and emptying.

MATERIALS AND METHODS

133
The e ig h t rock ptarm igan used in  BaSO^ t r i a l s  were ra is e d  to  

one y e a r  o f age in  c a p tiv ity  from eggs c o lle c te d  during 1969 near 

Eagle Summit, Alaska (6 5 ° 3 0 ‘ N, 1 45 °2 5 ‘ W). These b ird s  were i n i t i a l l y  

ra ise d  indoors but were acclim atized  to  lo ca l co n d itio n s preceeding the 

experim ents. Five days p r io r  to  the  experim ent the b ird s  were placed 

in in div idual w ire mesh (1 .3  x 2 .5  cm) cages and brought in doors. Room 

tem perature was m aintained a t  18°C w ith an 18 hour photoperiod. Purina 

game b ird  chow and w ater were given ad l ib itu m .

The 3 b ird s  used in  th e  ^Cr-EDTA and Ce-144 t r i a l s  were 1 .5  

year o ld  rock ptarm igan, ra is e d  from chicks captured in  th e  summer o f  

1970 a t  Eagle Summit, A laska. They were m aintained indoors a t  18°C and 

a d a ily  photoperiod o f  18 hours. Birds were placed in  in d iv id u a l cages 

s im ila r  to  th o se  described  above and were fed Purina f l i g h t  c o n d itio n er 

ad lib itu m .

Seventy w ild  rock ptarm igan were shot in conjunction with o th er 

cecum stu d ie s  during various seasons o f  the  y e a r  from September 1970 

to April 1972 a t  Eagle Summit and in  the  Fairbanks a re a . Observation
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on cecal f i l l  and the type o f  m ateria l en te rin g  were made and reported

on in  the d isc u ssio n .

Captive b ird s were given a s in g le  dose o f marker with a syringe

a tta c h ed  to a 1/8" polyethylene tube. During dosing the tube was

in s e r te d  in to  the esophagus near the c ro p -p ro v e n tric u la r  a rea . Birds

rece iv in g  BaSO^ were dosed with 1 yCi Ba-133 (1 ml s lu r r y ) .  Those 

51
b ird s receiv in g  both Cr-EDTA and Ce-144 were dosed with 1 2 .5  yCi

Cr-51 and 4 yCi Ce-144 (0 .6  m l).

Excreta was c o lle c te d  on wax p ap er, sep arated  in to  cecal and

i n te s t i n a l  o r ig in , a i r  d r ie d , and s to re d  in  14 dram p l a s t ic  v ia ls

f o r  rad io a ssay . Excreta was c o lle c te d  a t  p erio d ica l in te r v a ls  fo r

133
a du ratio n  o f  2 .5  to  3 .5  days follow ing dosing with BaSO  ̂ and fo r

5 7 .5  hours follow ing dosing w ith 5^Cr-EDTA and Ce-144.

Wild ptarm igan were sh o t and observations were made on co n sis ten c y ,

te x tu re  and v isc o s ity  o f  cecal c o n te n ts . The colon was opened and

observations were made on the  te x tu re  o f  the contents and on the

presence o f  cecal m a te ria l.

Passage ra te s  o f  w ater and dry m atter (DM) were determ ined from 

51
accum ulative marker e x cre tio n  curves fo r  Cr-EDTA and C e-144, re s p e c tiv e ly . 

Accumulation o f 5 , 50 and 95% o f  the marker were used to  compare flow ra te s  

through the in te s t i n e ,  cecum and e n ti r e  gut.

The amount of w ater and DM e n te rin g  the cecum, expressed as 

p roportions o f w ater and DM en te rin g  the h indgut, was c a lc u late d  

from the resp e c tiv e  reco v eries  o f Cr-51 and Ce-144 in  cecal droppings 

compared with to ta l  droppings.
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The p roportion  o f  cecal contents emptied per cecal de fec a tio n  was 

c a lcu late d  by assuming th a t  the cecum was dosed by the marker and 

subsequently uniform ly d is tr ib u te d  with cecal c o n te n ts . The to ta l  

dose o f marker en terin g  the cecum was obtained by summing the a c t i v i t ie s  

o f in d iv id u a l cecal droppings over the 5 7 .5  hour c o lle c tio n  period 

follow ing the i n i t i a l  dosing . The percentage o f  cecal f i l l  expelled  

in each dropping was c a lc u la te d  from the amount o f  marker leaving the 

cecum in  each su c ce ssiv e  cecal dropping, expressed as a f ra c tio n  o f 

the marker rem aining in  the cecum. The form ula f o r  c a lc u la tio n s  were 

as follow s: (eq . 1 )

-  inn v  (nCi marker in  f i r s t  dropping)_______
dropping -  (Sum o f  nCi marker excreted  in cecal fe c e s )

n i l __i .... _ inn .. (nCi marker in  2nd o r  succeedinq droppinqs)
'  100 x (Sum 'o f  nEf  'mi HTe-r  5 x c V 5 W  Tn ce'cal 'feces j -

9 droppings (nCi in  1 s t  o r  sum o f  proceeding droppings)

Barium-133 hydroxide (New England N uclear, I n c . )  was converted

133
in to  BaCl2 by mixing with concentrated  HC1 and then rea c ted  with

1 33
concentrated  to  form the in so lu b le  BaSO  ̂ p r e c ip ita te .  The 

p r e c ip ita te  was washed with w ater and suspended in  a BaSO^ s lu r r y  (1 

yCi 133Ba/ml) .

P rep aratio n  of Cr-EDTA was as described by Downes and McDonald 

(1 9 6 4 ). Cerium was in the form o f  14^CeC13 . A s o lu tio n  o f  20.1 yCi 

51Cr-EDTA and 6 .7  yCi Ce-144 (E ll is  and Huston 1 96 8 ) per ml w ater was 

prepared fo r  dosing b ird s .

Cecal and i n te s t in a l  droppings were radioassayed f o r  Ba-133, Cr-51
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and Ce-144 using a R1DL pulse h eight analyzer (N uclear Chicago) coupled 

to  a Nal(TL) d e tec tio n  system . Gamma-ray spectrum s tr ip p in g  techniques 

were used fo r  q u a n tita tin g  marker con cen tratio n s in  m u ltip le  iso to p e  

experim ents.

RESULTS

Cecal Defecation Rate

The average r a te  o f fecal DM lo ss  from the  cecum was 0 .0 4 2  g /h r  and 

the  average dropping weighed 0 .3 6  g DM (ta b le  1 ) .  Mean time between 

successive  cecal defecations was 8 .6  hours o r  a mean cecal de fec a tio n  

ra te  o f 2 .8  droppings per day. Cecal defecations ranged from 2 to  4 

per day.

51Cr-EDTA and Ce-144 Excretion P a tte rn

Only two birds were used fo r  an a ly sis  o f  marker passage p a tte rn s  

and e x c re tio n  ra te s  because b ird  number 1 became very e x c ite d  a t  the 

time o f  dosing and passed a la rg e  p o rtio n  o f  the 51Cr-EDTA in in te s t in a l  

droppings s h o rtly  a f t e r  dosing. Only 52% o f  the 51Cr-EDTA en te red  the 

cecum o f  th is  b i rd , in c o n tra s t  to  an e n tre e  o f  95 and 97% o f ^Cr-EDTA 

in to  the  cecum of birds 2 and 3 , re s p e c tiv e ly  (ta b le  1 ) .  Thus f o r  b irds 

2 and 3 only 4% o f the to ta l  Cr-51 was recovered in in te s t in a l  droppings, 

whereas 87% o f Ce-144 was recovered in in te s tin a l  dropping (ta b le  1 ) .

Both markers were e xcreted  uniform ly in  the in te s tin a l  (n o n -ce ca l)
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TABLE 1 . The w eight and frequency o f  cecal droppings and the proportion 
of l iq u id  (51Cr-EDTA) and dry m atter (C e-144) markers recovered in cecal 
excreta compared w ith to ta l  recovered marker in 3 rock ptarm igan.

Bi rd i denti f i  c a ti  on 
1 2 3 mean

weight o f average 
cecal dropping 
(g dry m atte r )

0 .4 1 (0 .1 5  ) a 0 .2 9 (0 .1 3 ) 0 .4 1 (0 .0 6 ) 0 .3 6 (0 .1 3 )

average cecal 
d efecations/day

2 .5 3 .3 2 .5 2 .8

% Cr-51 recovered 
in cecal ex creta

52 95 97 81

% Ce-144 recovered 
in cecal ex c re ta

13 15 10 13

aMean (sta n d ard  d e v ia t io n ).
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droppings whereas a stepw ise p a tte rn  o f  marker ex c re tio n  was noted in

the to ta l  (cecal plus i n t e s t i n a l )  d roppings. An example o f  th e  p a tte rn

of marker ex cretio n  is  shown in  fig u re  1 . The p a tte rn  o f  e x c re tio n  o f

^Cr-EDTA in to ta l  feces r e f l e c t s  the  stepw ise p a tte rn  o f  p e rio d ic  cecal

d e fec a tio n , whereas the e x c re tio n  o f  Ce-144 in to ta l  droppings r e f le c ts

excretion  p a tte rn  f o r  in te s t in a l  feces s in ce  cecal e x c re tio n  o f  Cr-51

only rep re sen ts  13% o f the pathway.

The time required  f o r  5% accum ulative e x c re tio n  was used as index

of t r a n s i t  time (T T). T ra n sit  tim e has been defined as the tim e from

dosing to  f i r s t  appearance o f  th e  marker in  feces (Grovum and P h ill ip s

1 9 7 3 ). The TT o f 51Cr-EDTA in  in te s t in a l  droppings (0 .9  h r ) was le s s

than fo r  Ce-1442 (1 .4  h r ) ( ta b le  2 ) .  TT o f  ^Cr-EDTA in to ta l  droppings

was g re a te r  than fo r  i n te s t i n a l  droppings (ta b le  2 ) r e f le c t in g  the

delay of marker in the cecum.

The time required  f o r  50% accum ulative e x cre tio n  o f  m arker in

51
in te s tin a l  droppings was 3.1 hours and 1 .9  hours fo r  Cr-EDTA and Ce-1442>

resp e c tiv e ly  (ta b le  2 ) .  This d is p a r ity  was even more marked in  the

comparison of times req u ired  f o r  95% accum ulative e x c re tio n , namely 18

hours f o r  51Cr-EDTA and 3 hours fo r  Ce-1442 . Although the TT f o r  51Cr-EDTA

51
is  le s s  than Ce-1442 th ere  is  an apparent delay o f  Cr-EDTA passage in

the in te s tin e ;  th is  may be due to  ab so rp tio n  o f  Cr-51 from th e  gut followed

by r e -e n try  in  u rin e . The time required  fo r  95% accum ulative ex c re tio n  o f

5^Cr-EDTA in to ta l  droppings was approxim ately 26 hours ( ta b le  2 ) and

51
mainly re f le c te d  the turnover o f  cecal contents sin c e  96% o f  th e  Cr-EDTA 

entered th e  cecum. Hence 26 hours was required  fo r 3 cecal em ptyings,
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FIGURE 1. The accum ulative per cent o f  markers 51Cr-EDTA and Ce-144 

recovered in  i n te s t i n a l  and to ta l  e x c re ta  o f  rock ptarm igan number 2 

are  shown. Cecal de fec a tio n  during a c o lle c tio n  period is  in d ic a ted  

by a "C" on the to ta l  e x creta  curves.
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TABLE 2. Mean tim e required  to  e lim in a te  an o ral dose o f 
marker v ia  in te s t in a l  droppings and to ta l  droppings from 
2 rock ptarm igan. Values were estim ated from cum ulative 
excretion  curves ( f i g .  1 ) .

Time (h r )

Marker I n te s tin a l  droppings Total droppings
excreted

% 51Cr-EDTA Ce-144 51Cr-EDTA Ce-144

5 0 .9 1 .4 4 .8 1 .3

25 1 .6 1 .7 9.1 1 .6

50 3.1 1 .9 9 .9 1 .9

75 5.1 2 .2 1 3 .6 2 .5

95 1 8 .0 3 .0 2 5 .9 10 .3
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assuming a cecal d e fec a tio n  r a te  was 2 .8  per day, and 26 hours would 

allow fo r  95% replacem ent o f  the  marker plus the d ig esta  e n te rin g  th e  

cecum with the  m arker. In to ta l  droppings Ce-1442 passed through the  

gut in considerably  le s s  tim e than 51Cr-EDTA since  i t  was le s s  dependent 

than ^Cr-EDTA on cecal d ischarges fo r  i t s  e x c re tio n .

Dynamics o f Cecal Emptying

The proportion o f  t o ta l  contents e lim inated  with each cecal d efecatio n  

was determined using 3 rad io iso to p ic  m arkers. The percentage o f cecal 

contents voided during each cecal defe ca tio n  averaged 55% in  e ig h t 

ptarmigan dosed with ^ 33BaS04 ( ta b le  3 ) .  Mean per cent Ce-144 and 5^Cr-EDTA 

emptied per dropping was 54 and 59, resp e c tiv e ly  (ta b le  4 );  a c o n s is ta n t 

p a tte rn  o f h igher per cent Cr-51 emptied than Ce-144 was shown in  a l l  th ree  

b ird s . Mean ra te s  o f emptying estim ated from Cr-51 and Ce-144 d iffe re d  

by 3% in  b ird s number 2 and 3 w hile in b ird  number 1 e stim a te s were 8% 

a p a rt. Estim ates o f  the  pro p o rtio n  o f cecal contents emptied may d i f f e r  

as much as 15% fo r  an in d iv id u a l dropping using sim ultaneous Cr-51 and 

Ce-144 m arkers, but g en e ra lly  they were w ith in  6% (ta b le  4 ) .

Weights o f cecal contents  a t  the tim e o f  emptying were estim ated  

from th e  proportion emptied and the weight o f  the dropping ( ta b le  4 ) .

C urrent evidence suggests t h a t  the cecum was not f i l l e d  to  a co n stan t 

weight before emptying. Maximum cecal f i l l  averaged 0 .6 6  g a t  th e  time 

of emptying fo r  a to ta l  o f  14 f i l l  cycles (ta b le  4 ) .  Average cecal 

f i l l i n g  followed a d efec a tio n  (minimum cecal f i l l )  equalled  0 .3 0  g DM 

and was c a lc u la te d  as average maximum f i l l  minus average cecal droppings.
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TABLE 3 . Per cent o f cecal contents emptied per cecal d efecatio n  in rock 
ptarmigan as determ ined by 133BaS04 recovery in cecal droppings (e q . 1 ) .

Cecal 
d efecatio n  1 2

Bird i d e n t i f ic a t io n  
3 4 5 6 7 8

1 64 78 60 65 42 22 80 82

2 47 47 30 70 37 94 72 80

3 44 46 66 23 46 48 82 42

4 44 33 55 85 52 38

5 61 56 32 57

6 57 47

mean 5 2 (1 0 ) a 5 1 (1 9 ) 5 4 (1 2 ) 5 4 (2 4 ) 4 7 (8 ) 5 5 (3 6 ) 6 8 (2 0 ) 6 8 (2 3 )

mean o f 
means

5 5 (1 8 )

aMean (s ta n d ard  d e v ia t io n ).
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TABLE 4 . The weight o f cecal droppings, cecal f i l l  and per cent o f  cecal 
contents emptied per cecal d efecation  fo r  rock ptarm igan as determ ined by 
Cr-51 and Ce-144 recovery in  cecal droppings (e q . 1 ) .

Cr-51 Ce-144

cecal f i l l cecal f i l l
w eight o f a t  tim e o f contents a t  time contents

Bird D efecation cecal dropping emptying emptied o f  emptying emptied
no. no. (g DM) (g DM) ( * ) (g DM) (%)

1 1 0 .2 0 0.51 39 0 .5 7 35
2 0 .4 9 0 .8 2 60 0 .8 2 60
3 0 .3 5 0 .6 2 56 0.71 49
4 0 .5 8 0 .8 9 65 1 .1 4 51
5 0.31 0 .7 9 39 1.2 9 24

mean 0 .3 9  a 0 .7 3 52 0.91 44
(0 .1 5 ) (0 .1 6 ) 0 2 ) (0 .3 0 ) (1 4 )

2 1 0 .3 2 0 .6 2 52 0 .5 9 54
2 0 .2 3 0 .4 9 47 0.51 45
3 0 .3 5 0 .5 8 60 0 .5 9 59
4 0 .4 2 0 .6 6 64 0 .7 6 55
5 0 .1 2 0 .3 6 33 0.41 29

mean 0 .2 0 0 .5 4 51 0 .5 7 48
(0 .1 2 ) (0 .1 2 ) (1 2 ) (0 .1 3 ) (1 2 )

3 1 0 .5 4 0 .6 5 83 0 .6 2 87
2 0 .3 5 0.51 68 0 .4 9 71
3 0 .3 9 0.51 76 0 .5 4 72
4 0.41 0 .6 4 64 0 .8 3 49

mean 0 .4 2 0 .5 8 73 0 .6 2 70
(0 .0 8 ) (0 .0 8 ) ( 8 ) (0 .1 5 ) 0 6 )

mean o f means 0 .3 6 0 .6 2 59 0 .7 0 54
(0 .1 3 ) (0 .1 4 ) 0 4 ) (0 .2 5 ) (1 7 )

aMean (sta n d ard  d e v ia t io n ).
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Figure 3 summarizes the mean f i l l i n g  and emptying cycle o f  rock 

ptarmigan in  the p rese n t study. The r a te  o f  cecum f i l l  was c a lc u la te d  

as the  r a te  o f cecal feces output plus th a t  proportion  o f food d igested  

in the cecum. A minimum d i g e s t ib i l i t y  o f  food m ate ria l in the cecum o f  

rock ptarm igan has been estim ated a t  19% (Gasaway e t  a l .  1 9 7 5 ). Therefore 

the f i l l  r a te  o f the cecum was 0 .0 4 2  x 1 .1 9  o r  0 .0 5  g DM/hr.

Turnover of Cecal Contents

A comparison o f s p e c if ic  a c t i v i t ie s  versus time curves fo r Cr-51 

and Ce-144 in  cecal droppings are shown in  f ig u re  2 . The b io lo g ic al 

h a lf  time ( t - ^ )  these  l in e s ,  the time required  f o r  the s p e c if ic  

a c t iv i ty  (yC i/g DM) to  decrease by 50%, was in v a ria b ly  le s s  fo r Cr-51 

than Ce-144, i . e .  5 .7  and 6 .2  hours, r e s p e c tiv e ly . Since the  average 

time between cecal defecations was 8 .6  h o urs, from th ese  b io lo g ic al 

h a lf  times i t  can be c a lc u lated  th a t  62% o f  the Ce-144 marker would 

have l e f t  th e  cecum. During the  same tim e 65% o f  the Cr-51 would have 

passed through the  cecum. Thus an average o f  between 62 and 65% o f  th e  

cecal contents would have emptied during an 8 .6  hour p erio d . Both 

estim ates a re  h ig h er than estim ated by equation 1 fo r  the markers 

Ce-144, Ba-133 and C r-51 , re s p e c tiv e ly .

Figure 4 shows th a t  the  t ^ 2 fo r Ce-144 and Cr-51 in the  cecum 

declined l in e a r ly  with the mean f ra c tio n  o f  cecum emptied per d e fe c a tio n .
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FIGURE 2. The e lim in a tio n  o f  liq u id  ( 51Cr-EDTA) and dry m atter (C e-144) 

markers from the cecum o f rock ptarm igan.
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FIGURE 3. Mean cecum f i l l i n g  and emptying cycle in  3 rock ptarm igan. 

The f i l l  r a te  was c a lc u la te d  from the DM ex c re tio n  r a te  ad ju ste d  fo r  

d i g e s t ib i l i t y  (1 9 %, see t e x t )  o f  cecal co n ten ts .
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FIGURE 4. The r e la tio n s h ip  between markers h a lf- tim e  ( o s 51Cr-EDTA and 

A , Ce-144) in  the  cecum and the per cent o f cecum contents emptied per 

cecal d efecation  f o r  the rock ptarm igan.
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DISCUSSION

In the p resen t s tu d ie s  i t  was assumed th a t  51Cr-EDTA is  a w ater 

or liq u id  marker as has been demonstrated in sheep (Downes and McDonald 

1964) and since  Ce3+ binds to  organic m a tte r , th a t  ^ C e C l g  can be used 

as a marker of p a r t ic u la te  m atter (E l l i s  and Huston 1 9 6 8 ). Thus the 

i n i t i a l  ex cretio n  o f  5% of the s e p ara te  markers in  i n te s t i n a l  and 

to ta l  droppings can be used to  deduce the TT o f  dry m atter  and liq u id  

phases o f d ig esta  through the d ire c t  i n te s t in a l  route  and the combined 

i n te s tin a l  and cecal r o u te s . Some sep ara tio n  o f  l iq u id  and s o lid  

markers was noted in i n te s t i n a l  droppings since  the TT f o r  l iq u id  was 

less  than 1 hour w hile the TT fo r  p a r t ic u la te  m atter was approxim ately 

1 .4  h r (ta b le  2 ) .  R etention o f  l iq u id  m ateria l in  the cecum delayed 

the TT f o r  droppings to  almost 5 hours (ta b le  2 ) .  The TT o f l iq u id  

and p a r t ic u la te  phases of 1 -1 .5  hr is  in  good agreement with e stim ates 

o f 1-3  h r f o r  TT in  pheasants using 51CrCl3 (Duke e t  a l .  1 9 6 8 ). Recent 

stu d ie s  by Inman and Ringer (1 9 7 3) in d ic a te  th a t  ^ C r C l3 behaves more 

as a l iq u id  m arker, whereas in  the above mentioned s tu d ie s  o f  Duke e t  

a l .  (1 9 6 8 ) in te r p re ta t io n s  were based on the assumption t h a t  5^CrCl3 

was a p a r t ic le  marker.

51
Care should be p rac tic e d  in in te r p re t in g  data using Cr-EDTA as

Downes and McDonald (1 9 6 4 ) have shown th a t  up to  4.7% o f  in g ested  Cr-51

51
may be absorbed from th e  alim entary  t r a c t  o f the sheep. Since no Cr-EDTA 

diffu ses  from the blood stream  to  the alim entary  t r a c t ,  a l l  absorbed ^Cr-EDTA 

is  assumed to  be e x creted  in  urine  which in b ird s i s  added to  th e  in te s tin a l
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droppings. In the ptarmigan the most l ik e ly  s i t e  o f  ^Cr-EDTA abso rp tio n

would be from the cecum where most o f  the iso tope dose was re ta in e d

fo r  an extended period o f  tim e. A bsorption from th e  cecum followed

by ex cre tio n  o f  only 1 to  31 o f  the to ta l  dose o f  ^Cr-EDTA in u rine

could account fo r  as much marker as t h a t  po rtio n  o f  the dose which

moves d ir e c t ly  through the in te s t in e  and does not e n te r  the cecum.

Hence, en try  o f ^Cr-EDTA from the u rin e  could account fo r the apparent

slow and prolonged recovery o f  51Cr-EDTA in  in te s t in a l  droppings ( ta b le

2 ) .  In s p i te  o f the problems in  using 51Cr-EDTA f o r  tra c in g  liq u id

51
through the i n te s t i n e s ,  the f i r s t  appearance o f Ce-EDTA in  droppings

(ta b le  2 ) may be accurate  as an in d ic a to r  o f  minimum passage time o f

w ater s o lu b le  m ateria l through the i n te s t in e  as has been shown fo r  sheep

(Grovum and P h ill ip s  1 9 7 3 ).

Recovery o f 51Cr-EDTA in to ta l  droppings occurred more rap id ly

than the  Ce-144 suggesting a d i f f e r e n t ia l  movement o f  the dry m atter

and w ater so lu b le  m ateria l in the g u t. For example, ptarmigan number

1 , which became very ex c ited  when dosed, passed 40% o f  the ^Cr-EDTA

w ithin  1 .5  hours, whereas very l i t t l e  Ce-144 was recovered during t h is

51
p erio d . A pparently the  w ater in which the Cr-EDTA was d isso lv ed  was 

not in te rsp e rs e d  with o th er d ig esta  in  the gut and passed r e la t iv e ly  

unmixed through the  i n te s t in e .  This observation  confirms the findings 

of Browne (1 9 2 2 ) th a t  the liq u id  phase o f  d ig e s ta  o f  the fowl passes 

more rap id ly  through the gut than p a r t ic u la te  m a tte r .

From th e  low cum ulative e x c re tio n  o f Ce-144 in  cecal droppings 

(ta b le  1 ) ,  i t  was concluded th a t  only a small p o rtio n  o f p a r t ic u la te

I
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m atter which reaches the  i le o -c e c a l- c o lic  (I-C -C ) ju n c tio n  a c tu a lly  

e n te rs  the cecum in  c ap tiv e  rock ptarm igan. These data suggest t h a t ,  

provided Ce-144 i s  uniform ly bound to  the  p a r t ic u la te  m a tte r , 10-15% 

of the  p a r t ic u la te  m atter reaching the  I-C-C ju n c tio n  a c tu a lly  e n ters  

the cecum (ta b le  1 ) .  However, th is  technique may underestim ate  dry 

m atter e n try  in to  th e  cecum fo r  a s in g le  dose o f  Ce-144 passes th e  I-C-C 

ju n ctio n  in  approxim ately 3 hours. A more accu rate  es tim a te  f o r  en try  

of cecal dry m atter may be obtained follow ing continuous dosing of Ce-144 

and when th is  was done in  a se p ara te  study on cap tiv e  rock ptarm igan, 

the average en try  o f  p a r t ic u la te  m atter was s l i g h tl y  h igher (18%) than 

the p rese n t es tim ate  o f  13% (Gasaway e t  a l . 1 9 7 5 ). E x trap o latio n  from 

these d ata to  the f ie l d  must be done with caution  as the pro p o rtio n  o f  

p a r t ic u la te  m atter e n te rin g  the ceca o f  wild rock ptarm igan may be g re a te r  

than th a t  measured in  c a p tiv e  rock ptarm igan since  w ild b ird s  have la r g e r  

ceca and a g re a te r  cecal f i l l  (Gasaway 1 9 7 5 a ). On the o th e r  hand, to ta l  

dry m atter consumption o f  w ild b ird s  i s  g re a te r  than  c ap tiv e  b i r d s ,  thus 

n e c e s s ita tin g  a la r g e r  cecum even i f  th e re  was no change in  th e  proportion  

of DM e n te rin g  the cecum. The sm aller cecum s iz e  f o r  c a p tiv e  than w ild 

ptarmigan is  c o n s is te n t  w ith fin d in g s by Moss (1 9 7 2) f o r  the  red  grouse.

A decreased requirem ent f o r  cecal fu n ctio n  seems p o ssib le  f o r  captive  

b irds which a re  fed high q u a lity  d ie ts  s ince  a sm alle r p roportion  o f  

the highly d ig e s t ib le  food w ill reach the h indgut, and th is  could account 

fo r th e  apparent atrophy o f  the cecum.

From th e  high reco v e rie s  (95-97% ) o f  5^Cr-EDTA in  cecal droppings 

of undisturbed b ird s  ( ta b le  1 ) ,  i t  i s  concluded t h a t  a high proportion

t
b
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of l iq u id  and suspended m ateria l which reaches the I-C-C region i s  d iv e rted  

in to  th e  cecum. M orphological s tu d ie s  in d ic a te  th a t  the opening in to  the  

cecim is  very small and combined with p resen t observations o f  low e n try  

of p a r t ic u la te  m atter in to  the cecum, i t  is  in fe rre d  th a t  the cecal 

valve allows only very f in e  suspended p a r t ic le s  and so lu b le  m ateria l 

to e n te r . Again, estim ates from s in g le  dose experiments may be in  

e rro r  due to  s h o rt  term changes in  f i l l i n g  r a t e s .  However, the  e rr o r s  

are  a pparently  sm a ll, fo r  in  a subsequent experim ent (Gasaway e t  a l .

1975) i t  has been found th a t  86% o f  th e  l iq u id  f ra c tio n  en te rs  the

cecum when Cr-EDTA is  adm inistered continuously  over a 3 day p e rio d .

A small proportion  o f ^ C rC l^  e n ters  th e  cecum o f  pheasants (Duke e t  a l .  

1968) compared with c u rre n t estim ates o f  51Cr-EDTA in  the  ptarm igan.

This d iffe re n c e  could be due to  a number o f f a c to r s ,  the most l ik e ly  

being the r e la t iv e ly  la r g e r  ceca in  rock ptarm igan compared with the  

ceca in  the pheasant.

A model o f the cecal f i l l i n g  and emptying process is  shown in  

f ig u re  3. In th is  model i t  i s  hypothesized th a t  cecal f i l l i n g  is  

continuous between evacuations in  rock ptarm igan. Evidence supporting  

t h is  model was deduced from (a )  the r e l a t i v e ly  c o n sta n t Cr-EDTA 

output in the  i n te s tin a l  droppings in  ptarm igan fed a 51Cr-EDTA la b e le d  

food, and (b ) observations o f  gut contents in  the I-C-C region and th e  

stage  o f  f i l l i n g  o f  the cecum observed in  f re s h ly  k i lle d  b ird s .

( a )  Ptarmigan fed 51Cr-EDTA continuously  as lab e le d  food dem onstrated

a r e la t iv e ly  co n stan t level o f  r a d io a c tiv ity  per ml H20 output in  the  

feces (Gasaway e t  a l .  1975) and the c o n c en tra tio n  o f Cr-51 in cecal
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droppings was very high compared to  i n te s tin a l  d roppings. Hence, i f  

cecal contents were leaked to  the colon and were recovered in  i n te s tin a l  

droppings o r i f  m ate ria l t h a t  p o te n tia l ly  would have e n te red  the cecum 

was d iv erted  down the  colon, a p erio d ic  la rg e  in cre ase  in  Cr-51 c oncentration  

would be expected in in te s t in a l  droppings. This l a t t e r  phenomenon was 

not noted, hence, the  data suggest th a t  cecal f i l l i n g  is  a continuous 

one way flow followed by p e rio d ic  emptying to  form a cecal dropping.

(b ) I t  has been observed th a t  in  w ild ptarm igan which had rec e n tly  

emptied t h e i r  c eca , the  proximal tw o -th ird s o f the cecum is  u su ally  

empty, and an a p p reciab le  amount o f m ateria l bearing a c lo se  resemblance 

to cecal droppings i s  to  be found in  the d is ta l  t h i r d .  Where contents 

were noted in  the proximal end o f  the  cecum, t h e i r  te x tu r e ,  c o lo r  and 

m oisture content were s im ila r  to  th a t  o f  the  d is ta l  small i n te s t i n e ,  

suggesting t h e i r  re c e n t en try  in to  the cecum. However, in  w ild ptarmigan 

in which the cecum was near maximum f i l l ,  the e n ti r e  cecum was f i l l e d  

with a viscous m ateria l c h a r a c te r is t ic  o f  cecal droppings. Thus the 

cecum apparently  f i l l e d  alm ost continuously with m ateria l from th e  small 

in te s tin e s  and the  cecal m ateria l was then discharged p e rio d ic a l ly .

Retrograde flow o f  d ig e sta  and u rine  from th e  colon in to  th e  cecum 

has been observed in dom estic fowl by A skester e t  a l .  (1 9 6 7 ) and Skadhauge 

(1 9 6 8) and is  the r e s u l t  o f  a n t i p e r i s t a l t i c  movements. A skester e t  a l .

(19 6 7) and H ill (1 9 7 1 ) suggest re tro g rad e  flow may provide more e f f i c i e n t  

recovery o f e le c t r o l y te s ,  w ater and n u tr ie n ts  and provide a n itrogen  source 

fo r  cecal m icrobes. Fenna and Boag (1 9 7 4 ) observed a n tip e r s to l ic  waves 

in the la rg e  in te s t in e  which continued in to  the cecum o f  Japanese q u a il ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

Coturnix c o tu rn ix , however they did not observe m ateria l moving 

a n te r io r ly  in th e  larg e  in te s t in e  and e n terin g  the  cecum. Moss and 

Parkinson (1 9 7 2 ) f a i le d  to  fin d  u ric  o r  o r n ith u ric  acid  in cecal 

droppings o f red grouse upon q u a n ti ta t iv e  chemical a n a ly sis  which 

in d ic a te s  th a t  u rine  did not e n te r  the cecum. Thus, re tro g rad e  flow 

of u rine  in  red grouse probably does not occur and no evidence has 

been found by us fo r  re tro g ra d e  flow in the rock o r willow ptarm igan.

The p re fe re n tia l  d iv ers io n  o f  the  so lu b le  and suspended fra c tio n s  

of d ig esta  to the cecum (ta b le  1 , f i g .  1 )  may e ff e c t  maximal cecal 

ferm entation s in ce  very f in e  p a r t ic le s  a re  more e a s i ly  degraded by 

m icrobial enzymes than la rg e  p a r t ic le s  because o f  t h e i r  la r g e r  su rfa ce  

to volume r a t i o .  The mean re te n tio n  time o f  m aterial en te rin g  the 

cecum and hence the mean time d ig esta  was exposed to  b a c te r ia l  d ig estio n  

and ferm entation was approxim ately 6 hours ( f i g .  2 ) .  However, a small 

amount of d ig esta  remains in the cecum fo r  up to  24 hours. The du ratio n  

p a r t ic le s  remained in  the  cecum v a rie s  between ind iv idual b ird s  and the 

re te n tio n  tim e decreased as th e  mean percentage emptied per defe c a tio n  

increased  ( f i g .  4 ) .  Whereas, no c o rr e la t io n  was found between the  r e te n tio n  

time o f  markers in  the cecum and the frequency o f  d e fe c a tio n s .

S e lec tio n  in  browsing b ird s  is  d ire c te d  towards a highly e f f i c i e n t  

and l ig h t  weight ceca. The im portant component in m aintaining a minimal 

sized  ceca which allows fo r  optimum ferm entation  may involve e f f i c i e n t  

sep ara tio n  o f d ig esta  in to  so lu b le  and in so lu b le  components and the 

shunting of highly  ferm entable s u b s tra te s  in to  the  cecum. Birds have 

developed more e f f i c i e n t  ceca than mammals (Gasaway 1975b) as a r e s u l t
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of the s e le c tiv e  s e p ara tio n  o f  d ig esta  in  the I-C-C reg io n . Cecal 

emptying apparently  occurs as a ra p id , s trong  p e r i s t a l t i c  motion 

beginning a t  th e  d is ta l  end o f  the cecum and passing along the neck 

and body o f the cecum and subsequently down the  colon (H ill 1 9 7 1 ).

Both cecal pouches in  rock ptarm igan appear to  empty in  rap id  succession 

based on the ob serv atio n  t h a t  w ild b ird s  had n early  equal volumes o f 

contents in  both ceca suggesting f i l l i n g  and emptying were c a rrie d  out 

in phase. A lso, c a p tiv e  ptarm igan produced two cecal droppings o f 

about equal volume each time the cecum was emptied; presumably each 

is  from a sep ara te  pouch.

Three markers used to  estim ate  the per c e n t cecal contents emptied 

per dropping in d ic a te d  th a t  between 54% and 59% o f  the  to ta l  contents 

were voided per cecal d efe ca tio n  (ta b le  3 and 4 ) .  The rem aining contents 

reta in ed  in  the cecum (f i g .  3 ) presumably provided a ready r e s e r v o ir o f  

innoculum fo r  new m ate ria l thus minimizing the lag  time w hile b a c te r ia l  

numbers in creased .

A comparison o f  minimum and maximum f i l l  o f  shot w ild rock ptarmigan 

(Gasaway 1975a) observed in  a day was used as an approxim ation to  the 

proportion of cecal contents evacuated in a s in g le  dropping. These 

measurements in d ic a te d  th a t  approxim ately 70% o f  the contents were 

discharged in  each cecal dropping. This value would be a maximal 

estim ate as the minimum and maximum f i l l s  were s e le c te d . Hence, the 

average cecal emptying per evacuation cycle may be s im ila r  to  the  p rese n t 

estim ate f o r  c a p tiv e  b ird s .

Cecal f i l l  a t  th e  i n i t i a t i o n  o f  emptying was h ighly  v a ria b le  in
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ptarmigan ( ta b le  4 ) suggesting the lev el o f  f i l l  was not the c r i t i c a l  

fa c to r  i n i t ia t in g  cecal d e fe c a tio n . E stim ates o f  maximum cecal f i l l  

ranged from 0 .3 6  to  1 .2 9  mean o f  0.66g  DM ( f i g .  3 ) .  I f  e i th e r  the 

av a ila b le  space w ith in  the cecum o r  d is te n tio n  o f  the cecal wall were 

c o n tro llin g  the lev el o f  f i l l ,  and hence the emptying schedule , a 

reasonably co n sta n t f i l l  between su ccessiv e  droppings would be expected.

H ill (1 9 7 1 ) suggests cecal d is te n tio n  o r hydrogen ion co n cen tratio n  or 

e le c tro ly te  co n cen tratio n  o f cecal contents  may in flu en ce  emptying s in ce  

a ll  these fa c to rs  a f f e c t  cecal c o n tra c tio n s  in  v i t r o . Also the  frequency 

of cecal emptying in  chickens is  a ffe c te d  by the type o f  d ie t  (H ill 1 9 7 1 ). 

Captive ptarm igan held outdoors averaged approxim ately 2 cecal droppings 

per day when fed Purina game b ird  chow and seeds (Gasaway, unpublished 

o b se rv a tio n s ), while ptarm igan ra ise d  indoors produced 2 .8  (ta b le  1 ) 

and 3 .2  (Gasaway e t  a l .  1975) cecal droppings per day, r e s p e c tiv e ly . 

Apparently a v a rie ty  o f  fa c to rs  in flu en ce  the frequency o f  cecal d ischarge  

and the fa c to rs  and mechanism resp o n sib le  fo r  i n i t ia t in g  cecal discharge 

are not understood.

SUMMARY

The flow o f  l iq u id  and dry m atter (DM) d ig e s ta  through th e  i n te s t in e  

and cecum o f c ap tiv e  rock ptarm igan was s tu d ie d  using a s in g le  dose o f 3 

ra d io iso to p ic  m arkers, ^ 33BaS04 , Cr-EDTA and ^ C e C lg  and from o bservations 

on sh o t w ild  b ird s .
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A d if f e r e n t ia l  r a te  o f  liq u id  ( 5^Cr-EDTA) and dry m atter (C e-144) 

flow occurred in  the  in te s t i n e .  The liq u id  phase moved f a s t e r  than dry 

m atter. Liquid d ig e s ta  en te rin g  the i le o -c e c a l- c o lic  ju n c tio n  was alm ost 

e n tir e ly  d iv e rte d  in to  the cecum (96%) whereas only 13% o f  the DM marker 

entered the  cecum.

The mean p a r t i c l e  re te n tio n  time in the in te s t in e  was 2 hours w hile 

95% of the  dry m atter marker not e n te rin g  the cecum was ex creted  in  3 

hours. Mean re te n tio n  tim e o f  cecal dry m atter was 6 -8  hours and 95% 

of the DM was replaced in  26 hours. The percentage o f cecal contents 

emptied per cecal d e fec a tio n  averaged 56% and time between cecal defecations 

averaged 8 .6  hours. Cecal f i l l  a t  tim e o f emptying was highly  v a ria b le  

in d ic a tin g  cecal f i l l  was a minor f a c to r  in  i n i t i a t i n g  cecal d isch arg e.

I t  was hypothesized th a t  the cecum f i l l s  continuously  between cecal 

defecations and t h a t  no evidence fo r cecal f i l l i n g  from retro g ra d e  flow 

was found fo r  rock ptarm igan. Contents re ta in e d  in  the  cecum a f t e r  

defecation presumably provided a re s e rv o ir  o f  innoculum thus minimizing 

the lag  time w hile cecal b a c te r ia  numbers in c re a se d . P re fe re n tia l  

diversion  o f the  so lu b le  and suspended f ra c tio n s  o f  d ig esta  to  the 

cecum may be resp o n sib le  f o r  the more e f f i c i e n t  and l ig h t e r  weight 

ceca of ptarm igan than has been found in  mammals.

i
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CHAPTER II.

DRY MATTER DIGESTION AND WATER ABSOPRTION IN THE INTESTINE 

AND CECUM OF ROCK PTARMIGAN
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INTRODUCTION

D espite the  many in v e s tig a tio n s  o f  hindgut functions in avian species 

(S tu rk ie  1965; H ill 1971; Hudson e t  a l .  1971; Jayne-W illiam s and F u lle r  

1971; Z isw ile r and Farner 1 9 7 2 ),  incom plete inform ation o f  d ig e s tiv e  

function s t i l l  e x is t s .  Primary hindgut functions appear to  be m icrobial 

d ig estio n  o f carbohydrate and p ro te in , absorp tion  o f  end products o f  

hindgut ferm en tatio n , w a te r, some m in e rals , and m icrobial sy n th esis  o f 

vitam ins. The cecum o f  a ll  herb ivores is  the main ferm entation  organ 

of the  hindgut and in avian sp ecies  a tta in s  i t s  g r e a te s t  s iz e  in  the 

family Tetraonidae (grouse and ptarm igan ). The avian cecum is  analogous 

in function  to  ceca o f  herbivorous mammals and has many fu n ctio n al 

s im ila r i t ie s  to  the rumen. Well developed ceca in cre a se  th e  d ig e s tiv e  

e ff ic ie n c y  of p la n t fo ra g e , including  p lan t f ib e r  in the fowl (R adeff 

1928; Henning 1929; Suomalainen and Arhimo 1945; Hainan 1949; Thornburn 

and Wilcox 1965a, 1965b) and c e llu lo s e  in  the red grouse, Lagopus lagopus 

sc o tic u s  (Moss and Parkinson 1 9 7 2 ),  in  the ruffed  gro u se, Bonasa um bel!us, 

chukar, A le c to ris  g rae c a , and bobwhite q u a il ,  Col in is  v irg in ia n u s  (Inman 

1973; Inman and Ringer 1 973 ) and in  rock ptarm igan, Lagopus mutus (Gasaway 

unpub.). Dry m atter (DM) ab so rp tio n  in  the  ceca o f  ru ffe d  gro u se, chukar 

and bobwhite q u a il was estim ated  and compared to  in te s t in a l  a bsorp tion  by 

Inman (1 9 7 3 ). B a c terial d ig e s tio n  and ferm entation o f  carbohydrates and 

pro tein s in  the  cecum y ie ld  v o l a t i le  f a t t y  acids (VFA) in dom estic fowl 

(Annison e t  a l .  1 9 6 8 ),  in  ptarm igan (McBee and West 1969; Gasaway 197 5 a , 

1975b) and in  red  grouse (Moss and Parkinson 1 9 7 2 ). The t r a n s f e r  o f
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ferm entation products and g lucose, in  v i tr o  and in v iv o , through the 

wall o f  the  cecum in dom estic fowl was rep o rted  by Parhon and Barza 

(1 9 6 7 ). Since carbon-14 labeled  c e llu lo s e  fed  to  rock ptarmigan can 

be recovered in  exhaled C02 , i t  is  c le a r  t h a t  energy is  derived from 

d ie ta ry  c e llu lo s e  (Gasaway unpub.).

Other f u n c tio n s , including  w ater and e le c t r o ly te  absorption may 

also  occur in  the  larg e  in te s tin e  and cloaca o f the fowl (Schm idt-Neilsen 

e t  a l .  1963; Nechay and L utherer 1968; Skadhauge 1 967 , 1968) and a lso  

possib ly  from the  cecum (Parhon and Barza 1967; Z isw ile r and Farner 

1 97 2 ).

In o rd er to  gain in s ig h t in to  the function  o f  the cecum in w ild 

rock ptarm igan, flow routes o f  w ater, w ater so lu b le  m ate ria ls  and 

p a r t ic u la te  dry m atter components o f  d ig esta  through the hindgut 

were determ ined and the absorption o f  DM and w ater was estim ated .

MATERIALS AND METHODS

The 4 b ird s  used in  the 51Cr-EDTA and Ce-144 t r i a l s  were 1 .5  

year o ld  rock ptarm igan ra is e d  from chicks captured in the summer of 

1970 a t  Eagle Summit, Alaska (6 5 °30 ' N, 145°25' W). The b irds were 

m aintained indoors a t  18°C and a d a ily  photoperiod o f 18 hours. Five 

days p r io r  to  th e  experiment the b ird s were placed in indiv idual wire 

mesh (1 .3  x 2 .5  cm) cages. Purina f l i g h t  c o n d itio n er  and water were 

given ad l ib itu m .

40
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Three w ild a d u lt  rock ptarm igan were shot A p ril, 1 972, a t  Eagle 

Summit, Alaska f o r  determ ination  o f w ater absorption in  the  larg e  

in te s tin e .

Labeled ( 51Cr-EDTA and Ce-144) food was s u b s ti tu te d  f o r  unlabeled 

food 24 hours p r io r  to  the experim ental period in  o rder to  allow  fo r  

the e q u ilib ra tio n  of the marker in the g u t. Excreta was c o lle c te d  on 

wax paper a t  several hour in te r v a ls  fo r  the 3 day experim ental period 

and separated  in to  cecal and in te s t in a l  droppings. Samples were dried  

a t  80°C fo r  24 hours in  p l a s t ic  v ia ls  and weighed to  determ ine ex cre ta  

output. Samples were rad io  assayed and marker co n cen tratio n  was 

c a lc u la te d .

Food consumption was determined d a ily  fo r  3 consecutive days by 

measuring weight lo ss  from ta re d  food tra y s  and co rre c tin g  fo r  s p il la g e .

Water lo ss  v ia  ex c re ta  was estim ated from the w ater content o f 

p e rio d ic a lly  c o lle c te d  fre sh  dropping. Cecal and i n te s t in a l  excreta  

were dried  a t  80°C f o r  24 hours to  determ ine m oisture c o n ten t.

The amount o f  w ater and DM e n te rin g  the cecum expressed as a 

proportion o f w ater and DM e n terin g  the hindgut, was c a lc u la te d  from

the  resp e c tiv e  recoveries  o f  5^Cr-EDTA and Ce-144 in cecal droppings

compared with to ta l  droppings.

D ig e s tib il ity  o f  the d i e t ,  over a 3 day p e rio d , was determ ined 

by the to ta l  c o lle c tio n  method (K leib er 1961 ) as follows:

*  D ig e s tib il i ty  -  [1 - x 100 (e g . 1 )

D ig e s tib il ity  o f the uniform ly lab eled  food and food en te rin g  the
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cecum was determ ined using the r a t io  method (S ibbald  e t  a l .  1960; Duke 

e t a l .  1 968) as follow s:

*  D ig e s t ib i l i ty  -  [1 -  x 100 (e g . 2 )

The to ta l  w ater excreted  in  cecal and i n te s t in a l  feces was c a lc u late d  

by applying th e  r a t i o  o f w ater to  DM in  ex c re ta  samples to  th e  to ta l  DM 

excreted o f  th e  re s p e c tiv e  type o f  dropping.

E stim ates o f w ater absorp tion  in the  la rg e  in te s t in e  were made by 

determ ining the d iffe re n c e  in the  proportion  o f  w ater in proximal and 

d is ta l  larg e  i n te s t in a l  contents (Grovum and Williams 1 9 7 3 a ). Contents 

from the proximal and d is ta l  colon were c o lle c te d  and placed in tare d  

g lass v ia ls  and the m oisture content was determ ined by drying a t  80° 

fo r  24 hours. I t  was assumed th a t  no dry m atter was absorbed in  the 

colon, thus the  reduction  in g w ater/g DM between the  proximal and the  

d is ta l  end of the colon was equal to  the w ater absorbed. Small amounts 

o f e le c tro ly e s  a re  absorbed in the  la rg e  i n te s t i n e ,  however the e rr o r  

induced was considered in s ig n if ic a n t .

P reparation  of ^Cr-EDTA was as described by Downes and McDonald 

(1 9 6 4 ). Cerium was in  the  form o f 144CeCl3 . Food was lab e led  with 

markers by spraying Purina f l i g h t  c o n d itio n er  w ith an aqueous so lu tio n  

containing approxim ately 4 yCi Cr-51 and 4 yCi Ce-144 per ml. The 

labeled  food was oven d rie d  and re p re s e n ta tiv e  samples were taken fo r  

rad ioassay .

Food, cecal and i n te s t in a l  droppings were radioassayed f o r  Cr-51 

and Ce-144 as described by Gasaway e t  a l .  (1 9 7 5 ).
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RESULTS

D ig e s tib il i ty  o f  the D iet

Food consumption and e x c re ta  output averaged 2 6 .9  and 1 1 .2  g DM

per day, resp e c tiv e ly  ( ta b le  1 ) .  Cecal droppings averaged 15% o f  to ta l

excreta  DM lo ss  (ta b le  1 ) .

Estim ates o f d i g e s t ib i l i t y  o f  the  food using the to ta l  c o lle c tio n

method (eq . 1 ) and the 51Cr-EDTA and Ce-144 r a t i o  methods (e q . 2 ) were

5 8 .3 , 5 5 .4  and 60.4% , re s p e c tiv e ly  (ta b le  1 ) .  The d i g e s t ib i l i t y  estim ates

from the  r a t io  methods were s ig n if ic a n tly  d if f e re n t  (P < 0 .0 5 ), but n e ith e r

d iffe re d  s ig n if ic a n tly  from the estim ates based on th e  to ta l  c o lle c tio n .

144
Estim ates f o r  s h o rt  tim e in te r v a ls  using the  CeCl2 r a t io  method 

followed a d a ily  c y c lic  p a tte rn  in  which d i g e s t ib i l i t y  reached a peak 

near 1600 hours and d eclin ed  throughout the  n ight u n til  mid-morning 

(f ig . 1 ) .  High d i g e s t ib i l i t y  coincided with periods o f h ig h est ra te s  

of in te s t in a l  ex cre ta  o u tp u t.

Digestion in the  Cecum

The average s p e c i f ic  a c t i v i t i e s  o f  the DM marker (C e-144) in  

in te s tin a l  (186 yCi/g DM) and cecal (229 uCi/g DM) droppings were 

determined and used ( f i g .  2 ) to  es tim ate  a d i g e s t ib i l i t y  o f  19% f o r  

food m ateria l e n te rin g  th e  cecum (eq . 2 ) .

Pattern  o f Marker E xcretion in  I n te s tin a l  and Cecal E xcreta

Ce-144 s p e c if ic  a c t i v i t y  in  in te s t in a l  droppings showed d iurnal
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TABLE 1 ,  Food c o n s u m p tio n ,  d i g e s t i b i l i t y  d a ta  and th e  p r o p o r t io n  o f  l i q u i d  ( 5 1 Cr-EDTA) 

and dry  m a t te r  (C e - 1 4 4 )  m a rk e rs  r e c o v e r e d  in  c e c a l  e x c r e t a  com pared w ith  t o t a l  m a rk e r  

re c o v e r e d  a r e  p r e s e n te d  f o r  r o c k  p ta rm ig a n  f e d  a d i e t  u n if o r m ly  l a b e l e d  w ith  5 1 Cr-EDTA 

and C e -1 4 4 . '

1

B i rd  i d e n t i f i c a t i o n  

2 3 4 Mean

L iv e  w e ig h t ( g ) 4 5 3 435- 42 2 384 4 2 4 ( 2 9 )9
Food c o n su m p tio n  (gD M /day) ' 2 8 . 4 2 7 . 7  . 2 5 . 3 2 6 .0 26 ..9 ( M )

E x c r e ta  o u tp u t  (g C ti/d a y ) 

I n t e s t i n a l  

Cecal

1 0 . 0

1 . 7
1 0 . 3

1 . 8

8 . 8

1 . 8

8 . 7
1 . 4

9 . 6

1 . 7 8:!i
% c e c a l e x c r e ta  o f  t o t a l  e x c r e t e d  DM 1 4 . 5 1 4 . 8 1 7 . 0 1 3 . 9 1 5 .1 ( 1 . 4 )

Food m e ta b o l iz e d  (gO M /day) 1 6 . 7 1 5 . 6 1 4 . 7 1 5 .0 1 5 . 8 ( 0 . 3 )

C o n c e n t ra t io n  m a rk e r  in  t o t a l  e x c r e ta  (y C i/g fiM )/  

c o n c e n t r a t io n  m a rk e r  in  fo o d  (pCi/gL'M )

C e -1 44  2 . 5 9  
C r-51 2 . 3 2

2 . 2 5

2 . 1 0

2 , 5 0

2 . 4 0

2 . 6 8

2 . 1 8

2 .5 1

2 .2 S

i a p p a r e n t  d i g e s t i b i l i t y  o f  fo o d  by m ethod 

T o ta l c o l l e c t i o n  ( e q .  1 )

C e -1 4 4  r a t i o  ( e q .  2 )

C r-51 r a t i o  {e q . 2 )

58.. 8  

6 1 . 5  

5 6 . 9

5 5 . 4

5 7 . 5  

5 2 . 3

5 7 . 9

GO.O
5 8 . 3

6 1 . 5

6 2 .6  

5 4 .1

5 8 . 3

6 0 . 4

5 5 . 4 S I
'I o f  t o t a l  m a rk e r  r e c o v e r e d  in  c e c a l d ro p p i 

C o -14 4  

Cr-51

nos

2 0 . 3
8 7 . 0

1 3 .1

8 6 .1

1 6 .1

8 7 . 2
2 0 . 2
8 5 . 4

1 7 . 6

8 5 , 4

sMean (s t a n d a r d  d e v i a t i o n ) .

L
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FIGURE 1 . Mean r a te  o f  fecal DM output and DM d i g e s t ib i l i t y  as 

determined by the n o n d ig estib le  marker Ce-144.
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FIGURE 2. The concentration  o f  markers in dry m atter and w ater o f  cecal 

and in te s t in a l  droppings from 4 rock Dtarmigan fed a d ie t  lab eled  with 

Ce-144 and 51Cr-EDTA.
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o s c il la t io n s  and averaged 2 .5  tim es g re a te r  than s p e c if ic  a c t iv i ty  o f  

the food ( f i g .  2 ) .  S p e c if ic  a c t iv i ty  o f  Ce-144 in  cecal ex c re ta  

averaged 1 .2  tim es g re a te r  than i n te s t in a l  ex c re ta  and showed no 

diurnal p a tte rn  ( f i g .  2 ) .  Ce-144 s p e c if ic  a c t iv i ty  o f  cecal droppings 

fo r  ptarm igan numbers 2 and 3 were c o n s is te n tly  lower than fo r  b ird s 

1 and 4 and in  some in sta n c es  were lower than in te s t in a l  droppings 

fo r  the same p erio d . Cecal droppings contained an average o f  17.6% 

of the DM m arker, Ce-144, e x creted  in to ta l  droppings ( ta b le  1 ) .  The 

two b ird s w ith low est Ce-144 SD ecific a c tiv ity  in  cecal e x c re ta  a lso  

shunted the lowest p roportion  o f  the DM (C e-144) in to  the cecum (ta b le  

1) .

Mean 51Cr-EDTA co n cen tratio n  in  DM o f  in te s t in a l  droppings was

only 0 .3 3  tim es the c o n c en tratio n  in  the food ( f i g .  2 ) ,  w hile the

concentration o f 51Cr-EDTA in  cecal droppings was 39 tim es t h a t  o f 

in te s tin a l  droppings ( f i g .  2 ) .  Unlike the ex cre tio n  p a tte rn  o f 

Ce-144 no d iurnal e x c re tio n  p a tte rn  o f  51Cr-EDTA was observed in 

in te s tin a l  droppings. 51Cr-EDTA was p rim arily  d iv erted  to  th e  cecum 

with so lu b le  components o f  d ig es ta ;  86.4% o f  recovered Cr-51 was 

accounted fo r  in cecal droppings ( ta b le  1 ) .  This d iv ers io n  to  the 

cecum accounted fo r  the  low Cr-51 concentration  in  i n te s t i n a l  droppings.

Thus, 51Cr-EDTA could not be used to  estim ate  DM d ig estio n ;  i t  is

s t r i c t l y  a l iq u id  r a th e r  than a DM m arker.

Hater A bsorption, Loss and ^Cr-EDTA Excretion P a tte rn  in  Fecal Water

Water lo ss  in  in te s t in a l  and cecal droppings o f  c ap tiv e  ptarm igan
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was estim ated  a t  2 3 .3  and 5 .9  m l/day, res p e c tiv e ly  ( ta b le  2 ) .  The 

5^Cr-EDTA co n centration  in  w ater from i n te s t i n a l  droppings was r e la t iv e ly  

uniform during the th re e  day c o lle c tio n  p eriod  ( f i g .  2 ) .  However, mean 

5^Cr-EDTA s p e c if ic  a c tiv ity  of w ater from cecal droppings was 2 5 .5  times 

higher than th a t  o f  in te s t in a l  droppings ( ta b le  2 ) ,  r e f le c t in g  the larg e  

p roportion o f  w ater absorbed from the cecum compared with the larg e  

in te s t in e .

Water absorbed from contents o f  the larg e  in te s t in e  of w ild rock 

ptarmigan was estim ated to  be 12% (ta b le  3 ) o f  the w ater en te rin g  the 

large i n te s t i n e .

DISCUSSION

Total d i g e s t ib i l i t y  estim ates o f  the Purina f l i g h t  c o n d itio n er 

using 51Cr-EDTA and Ce-144 as n o n d ig estib le  markers gave good approxim ation 

o f th e  to ta l  c o lle c tio n  method ( i . e .  3% under and 2% o v er, re s p e c tiv e ly ) 

in d ic a tin g  th a t  both markers were s u ita b le  fo r  d i g e s t ib i l i t y  s tu d ie s  in 

ptarm igan. This r e s u l t  is  in c o n tra s t  to  fin d in g s by Duke e t  a l .  (1 9 6 8 ) 

and Inman e t  a l . (1 9 6 9 ) who used 51 CrCl3 as a marker in ring-necked 

pheasants. In th is  l a t t e r  method the d i g e s t ib i l i t y  was underestim ated 

by 5-7% compared with the to ta l  c o lle c tio n  technique.

Since 86% o f  the ^Cr-EDTA is  e x creted  in  only 2 to  4 cecal 

droppings ( i . e .  in only 15% o f the e x c re ta ) per day, i t  is  im portant to 

use a s u f f ic ie n tly  long sample period  to  in su re  a re p re s e n ta tiv e  sampling
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TABLE 2. Fecal w ater lo ss  and 51Cr-EDTA co n cen tratio n  in  w ater excreted 
by rock ptarm igan fed  a d i e t  uniform ly marked with Slcr-EDTA.

Average w ater e x c re tio n  (m l/day) R elativ e  Cr-51 concentration
---------------------------------------------------  p er ml fec a l w ater

Cecal I n te s tin a l  ---------------------------------------------
Bird no. dropping dropping C ecal:in te s tin a l

1 6 .0 2 4 .7 27.1:1

2 6 .3 2 5 .4 26.1:1

3 6 .4 2 1 .7 23.0:1

4 5 .0 2 1 .4 25.3:1

5 . 9 ( 0 . 6 ) a 2 3 .3 (2 .0 ) 25.5:1

aMean (stan d ard  d e v ia t io n ).

t
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TABLE 3. Water absorbed w hile passing through the  larg e  in te s t in e  
of wild rock ptarm igan.

ml w ater e n te rin g  larg e  in te s t in e  
per ml w ater excreted % w ater absorbed

1 .0 9 8

1.16 14

1 .1 8 15

1 .1 4 (0 .0 5 )a 1 2 (4 )

aMean (sta n d ard  d e v ia t io n ).

L
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o f each feces ty p e , otherw ise s ig n if ic a n t  e rro rs  w ill r e s u l t .  On the 

o ther hand, Ce-144 s p e c i f ic  a c t i v i t y  is  only s lig h tly  h igher in cecal 

than in te s tin a l  droppings and hence an incom plete d a ily  recovery o f 

one feces type should have less  b ias  on the f in a l es tim ate  o f  d i g e s t ib i l i t y .  

The p resen t d iurnal p a tte rn s  o f Ce-144 ex c re tio n  in  ptarm igan are s im ila r  

to previous fin d in g s by Duke e t  a l .  (1 9 6 8 ) fo r  the ex c re tio n  o f  the 

so luble  marker ^ C rC lg .

A model o f  d a ily  food flow , s i t e s  o f  d ig estio n  and DM absorption  

was constructed  from data c o lle c te d  in th is  experim ent and is  summarized 

in fig u re  3 . C onstruction o f  the model is  based on feces c o lle c tio n s ;  

in te s tin a l  droppings amounted to  9 .6  g/day and cecal droppings averaged 

1 .7  g/day o r 15% o f  the to ta l  output (ta b le  1 ) .  D ig e s t ib i l i ty  o f  DM in 

the cecum was 19% as c a lc u la te d  from the  concentration  o f Ce-144 in dry 

in te s tin a l  and cecal droppings. Flow o f DM in to  the  cecum was th e re fo re  

1 .7 / (1 - 0 .1 9 )  or 2.1 g o f  which 0 .4  g was d igested  and absorbed. Absorption 

of DM in  the la rg e  in te s t in e  was assumed to  be n e g lig ib le , th e re fo re  flow 

in to  th is  p o rtio n  o f  the  gut equalled  the in te s tin a l  dropping output o f 

9 .6  g DM/day. Dry weight o f  u rine  output was unknown, but probably does 

not exceed 0 .4  g/day f o r  a b ird  the s iz e  o f  a ptarm igan (Sykes 1971) 

and i f  neglected would co n trib u te  only a small e rr o r  t o  the estim ate  

of fecal o u tp u t. DM reaching the i le o -c e c a l- c o lic  (I-C -C ) ju n ctio n  

equalled  the  amount en te rin g  the  cecum (2 .1  g/day) p lus the weight 

of i n te s t in a l  droppings (9 .6  g/day) giving a to ta l  flow o f  1 1 .7  g 

DM/day. Food in ta k e  was 2 6 .9  g DM/day, th ere fo re  the d iffe re n c e ,

2 6 .9 -1 1 .7  o r 1 5 .2  g DM/day, was absorbed in  the upper d ig e s tiv e  t r a c t .
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FIGURE 3. Model o f d a ily  alim entary  dry m atter passage and absorp tion  

in rock ptarm igan. Values are in  g/day; ( ) ,  per cent o f dry m atter

en te rin g  the d igested  organ; [  ] ,  r e la t iv e  co n cen tratio n  o f  Ce-144 in 

dry m a tte r .
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The cecum appeared to  play only a minor ro le  in DM d ig estio n  in th ese  

hand re a re d , captive  rock ptarm igan.

Estim ates o f DM disappearance based on changes in marker co n cen tratio n s 

may be in  e r r o r  i f  the marker does not bind with DM uniform ly. Nonuniform 

lab e lin g  of the  DM with Ce-144 was suggested by a lower co n cen tratio n  o f  

Ce-144 in cecal droppings compared with in te s t in a l  droppings during some 

c o lle c tio n  periods in  b ird s  number 2 and 3 ( f i g .  2 ) .  In these  in s ta n c e s , 

e n try  o f Ce-144 in to  the cecum was the low est and the DM output from the 

cecum was the  h ig h est recorded in  the  study . I t  i s  suggested t h a t  Ce-144 

demonstrated a h igher a f f in i ty  fo r  larg e  ra th e r  than small p a r t ic le s  and 

since  DM en te rin g  the cecum o f ptarm igan was composed of very f in e  

p a r t ic u la te  m atter (Gasaway e t  a l .  1 9 7 5 ),  the h igher proportion  o f  f in e  

p a r t ic le s  in  the cecum re s u lte d  in a sp u rio u sly  lower Ce-144 s p e c i f ic  

a c t i v i t y .  In ptarm igan numbers 1 and 4 , the Ce-144 co ncentration  in 

cecal droppings was g re a te r  than th a t  o f  the i n te s t in a l  droppings and 

cecal d i g e s t ib i l i t y  was estim ated a t  33%. Hence, the d i g e s t ib i l i t y  

estim ate  o f  19% in  the cecum and 18% en try  in to  the cecum fo r DM 

reaching the hindgut may be minimum values and the d ig es tiv e  ro le  o f  

the cecum may be s ig n if ic a n tly  g re a te r  than th e  p resen t data  su g g ests .

The p rese n t study showed t h a t  caution  must be used in in te r p re t in g  

cecal d i g e s t ib i l i t y  inform ation obtained  from w ater so luble  m arkers.

The c oncentration  o f  51Cr-EDTA in  cecal DM has l i t t l e  r e la tio n s h ip  

to  the d ig estio n  o f DM occurring in the  cecum. In the p rese n t stu d y ,

DM d i g e s t ib i l i t y  estim ates fo r  the cecum using 51Cr-EDTA would be about 

97% and t h is  e r r o r  h ig h lig h ts  the importance o f  choosing markers when
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determining DM d ig estio n  in s p e c if ic  organs.

Based on the p res e n t evidence fo r  se p ara tio n  o f  l iq u id  and dry 

m atter, a model of o p eration  is  proposed f o r  the e n try  of m ateria l 

in to  the cecum. I t  is  hypothesized th a t  h y d ro sta tic  pressu re  is  

produced a t  th e  I-C-C ju n ctio n  through the c o n trac tio n  o f the  m uscular 

wall o f the larg e  i n te s t i n e  o f  the d is ta l  small i n te s t i n e .  By m aintaining 

a small co n tro lle d  o r if ic e  in to  the  cecum, f lu id  can be forced in to  the 

cecum under h y d ro sta tic  p ressu re . In te rm itte n t remixing o f the contents 

in the I-C-C area and cleaning  o f  the cecal neck o r if ic e  would a lso  be 

necessary to  accomplish the high degree o f  se p ara tio n  seen in the  ptarm igan. 

I t  has been shown th a t  the cecal f i l l i n g  process is  continuous (Gasaway 

et a l .  1 9 7 5 ), and i t  i s  now necessary to  invoke a reasonably constant 

h y d ro sta tic  p ressu re  f i l te r in g  p ro cess. The rem aining coarse m aterial 

is  then assumed to  be p ropelled  down the larg e  i n te s t i n e  by p e r i s t a l t i c  

waves. The watery suspension e n te rin g  the cecum f i r s t  passes through 

a 5 -8  cm long cecal neck, a heavy wall m uscular tube with a small bore 

re la tiv e  to  th e  cecum body. Upon en terin g  the cecum i t  is  suggested 

th a t  contents are moved d i s ta l ly  possib ly  by p e r i s ta l s is  (H ill 1971) 

toward the b lin d  end o f the cecum. Fenna and Boag (1 9 7 4 ) observed 

p e r i s t a l t i c  and a n ti p e r is ta l  t i c  waves in th e  small and larg e  i n te s t i n e s ,  

re s p e c tiv e ly , o f Japanese q u a il ,  Coturnix c o tu rn ix , which converged a t  

the I-C-C ju n c tio n . They concluded these co n tra c tio n s  forced liq u id s  

in to  the cecum. Frequent a lte rn a tio n  o f p e r i s t a l t i c  and a n ti p e r is ta l  t i c  

waves in the larg e  in te s tin e  would be required  to  accomplish a more o r 

le s s  continuous cecal f i l l  and the general movement o f  in te s t in a l  contents
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down the g u t.

P re se n t fin d in g s fo r  cecal DM d ig es tio n  cannot be d ir e c t ly  

ex tra p o la te d  to  w ild b ird s . Cecal f i l l  (g ) o f  w ild rock ptarmigan 

is  between 2 and 3 times g re a te r  than in hand reared ca p tiv e  ptarm igan 

o f the p rese n t study (Gasaway 1975a; Gasaway e t  a l .  1975) and confirm s 

fin d in g s by Moss (1 9 7 2) f o r  red  grouse. The sm aller ceca o f  cap tiv e  

rock ptarm igan appeared to  d ig e s t  p ro p o rtio n a te ly  le s s  m ateria l than 

ceca o f w ild  ptarm igan. C aptive b ird s  d ig este d  2.5% o f  the d igested  

DM in  the  cecum, w hereas, the  energy a v a ila b le  from cecal ferm entation 

in w ild  b ird s  was 7% o f  the f re e  liv in g  energy requirem ents (Gasaway 

1975a) or about 3 times the energy ca p tiv e  b ird s  derived from the cecum.

A high p roportion  o f  the  food is  d ig este d  and absorbed in  the  small 

i n te s tin e  of c a p tiv e  ptarm igan when fed high q u a lity  d i e t ,  hence, a lower 

p roportion o f DM consumed reaches the  hindgut than in b ird s  feeding on 

poor q u a lity  d i e t s .  T herefore , f o r  b ird s  on a high plane o f  n u tr i tio n  

i t  may be expected th a t  th e re  i s  p o te n tia l ly  le s s  DM possessing proper 

physical and chemical q u a li t ie s  necessary  to  in su re  a high p r o b a b ility  

o f  being d iv erted  in to  the  cecum. Wild rock ptarm igan consuming high 

q u a lity  foods during summer have shortened l ig h t  weight ceca l ik e  

c ap tiv e  b ird s . However the cecal ferm entation  r a te  was s u f f ic ie n tly  

high during summer to  provide as much ME as was measured during o th e r  

seasons o f th e  y e a r  when the cecum was up to  tw ice as la r g e . From 

th is  we conclude atrophy o f  the  cecum in  ptarm igan feeding on high 

q u a lity  foods may be an accommodation to  a sim ple reduction  in  cecal 

DM in p u t as well as a p o ssib le  decrease in  food in tak e  and e n e rg e tic
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requirem ents.

In s p ite  o f  the  reduced DM f i l l  in  ceca o f  c a p tiv e  b i r d s ,  the 

cecum re ta in s  a high e ff ic ie n c y  fo r  w ater ab so rp tio n . The o u tput o f  

water in  cecal droppings is  only o n e-s ix th  o f th e  to ta l  w ater lo ss  in  

e x c re ta , y e t  an estim ated  86% o f w ater passing the I-C-C ju n c tio n  is  

div erted  in to  the  cecum. Therefore the cecum o f  rock ptarm igan functions 

as the m ajor s i t e  o f  w ater a bsorp tion  in  the hindgut.

A model o f  w ater flow and absorp tion  was co n stru c ted  from data 

c o llec te d  in th is  experim ent and is  summarized in  f ig u re  4 . The average 

water lo ss  from i n te s t in a l  droppings was 2 3 .3  m l/day. Assuming a w ater 

absorption in  the la rg e  i n te s t i n e  o f  12% fo r  w ild b ird s  during w in te r ,

3 .3  ml w ater would be absorbed o f  the 2 6 .6  ml o f  w ater e n te re d  from 

the small in te s t i n e .  I f  2 6 .6  ml w ater c a rrie d  13.6% o f  th e  5^Cr-EDTA 

in to  the  la rg e  i n te s t i n e ,  i t  follow s th a t  a s im ila r  5^Cr-EDTA c o n centration  

would e x is t  in  w ater en te rin g  the cecum and t h a t  86.4% o f  the  ^Cr-EDTA 

which en tered  th e  cecum would have been tra n sp o rte d  by 169 ml w ater.

The assumption was made t h a t  passage o f  cecal droppings was more rap id  

than in te s t in a l  droppings through the larg e  i n te s t in e  and th a t  e s s e n t ia l ly  

no w ater was absorbed w hile in  passage. Since d a ily  e x cre tio n  o f  w ater 

in cecal droppings was 5 .9  ml, 1 64 .4  ml o f  w ater per day was absorbed 

and 98% o f a l l  w ater ab so rp tio n  in  the hindgut occurred in  the  cecum.

The flow and ab so rp tio n  values in  f ig u re  4 may a lso  be c a lc u la te d  

using the r e la t iv e  51Cr-EDTA c o n c en tratio n  in feca l w ater. The r a t i o  

of the 5^Cr-EDTA co n cen tratio n  in  w ater from i n te s t i n a l  e x c re ta  to  

the  5^Cr-EDTA co n cen tratio n  in  w ater from cecal e x cre ta  was 10:255.
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FIGURE 4 . Model o f  d a ily  a lim entary  w ater flow and absorp tion  of w ater 

from the hindgut o f  rock ptarm igan. Values a re  in  ml/day; ( ) ,  per cent

51Cr-EDTA e n te r  organ; [  ] ,  r e l a t i v e  concentration  o f  51Cr-EDTA in

w ater.
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Assuming 12% o f the  w ater was absorbed w hile passing along the  larg e

51
in te s t i n e ,  the  concentration  value o f  Cr-EDTA in  the d is ta l  small 

in te s t in e  would be 8 .8  yCi/ml w ater. I f  the concentration  o f  Cr-EDTA 

in  the  cecum is  255 u n its  a t  the tim e o f  emptying and 5 .9  ml o f  w ater 

were l o s t  per day, 1505 yCi Cr-51 would have en tered  the  cecum per day. 

Concentration of ^Cr-EDTA in  w ater e n te rin g  the cecum was assumed to  

be 8 .8 ,  th e re fo re  171 ml o f w ater would have en tered  th e  cecum.

Both methods o f c a lc u la tio n  provide s im ila r  en try  and absorption r a te s  

fo r w ater in the cecum and in d ic a te  the  cecum is  the m ajor s i t e  f o r  

alim entary  w ater recovery in  the rock ptarm igan.

G enerally , one o f  the m ajor fu n ctio n s o f  the  larg e  in te s t in e  is  

water recovery or conservation  (H ill 1971; Z isw ile r and Farner 1 9 7 2 ), 

but in rock ptarmigan th is  function  may be confined to  the cecum. These

presen t data  support the observation  o f  Duke e t  a l .  (1 9 6 8 ) who showed

th a t 51CrCl3 co n cen tratio n  in  cecal droppings was about 2 times g re a te r  

than th a t  o f i n te s t in a l  droppings in  ph easan ts. Also Inman and Ringer 

(1 9 7 3) rep o rted  33% and 19-29% o f  ^ C rC l^  is  recovered in  cecal droppings 

from chukars and bobwhite q u a il ,  re s p e c tiv e ly . A pparently, th e  r e la t iv e  

e ffe c tiv e n e ss  and importance o f cecal w ater absorption in  th ese  b ird  

species i s  le s s  than in rock ptarm igan and the larg e  in te s t in e  plays 

an in crea sin g  r o le . T herefore , these  data  a ls o  in f e r  th a t  the  hindgut

o f ph easan t, bobwhite and chukars probably does not d ig e s t  and ferm ent

DM as e f f i c i e n tl y  as th a t  o f  the rock ptarm igan s in ce  a g r e a te r  p roportion  

of th e  highly  ferm entable w ater so lu b le  and f in e  suspended DM are d iv erted  

in to  th e  la rg e  in te s t in e  in which l i t t l e  ferm entation occurs (Z is w ile r  and
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Farner 1972; Moss 1972; Gasaway, u n p u b l.).

SUMMARY

The flow routes o f water and DM through the hindgut were determined

and th e  ab so rp tio n  o f  DM and w ater were estim ated in c a p tiv e  rock ptarmigan

51 144
using rad io iso to p ic  markers Cr-EDTA and CeClg.

At the I-C-C ju n c tio n  so lu b le  and very f in e  p a r t ic u la te  DM was 

d iv erted  in to  th e  cecum while coarse m ateria l was passed down th e  larg e  

in te s t in e .  Approximately 18% o f  the DM, marked by Ce-144 which en tered  

the h in d g u t, was d ire c te d  in to  the cecum and 15% o f  th e  to ta l  excreted 

DM was of cecal o r ig in .

D ig e s tib il i ty  o f  the food using the to ta l  c o lle c tio n  method and 

the ^Cr-EDTA and Ce-144 r a t io  methods were 5 8 .3 , 5 5 .4  and 60.4%, 

re sp e c tiv e ly . D ig e s t ib i l i ty  o f  m ate ria l e n te rin g  the cecum was estim ated 

to be a minimum of 19% o r  2.4% o f  the  to ta l  d ig ested  DM. Thus the  cecum 

appears to play a minor r o le  in DM d ig e s tio n  in c ap tiv e  rock ptarmigan 

fed highly  d ig e s t ib le  foods.

The cecum o f  the  rock ptarmigan functions as the  m ajor s i t e  o f 

w ater absorp tion  in the hindgut. Of w ater en te rin g  th e  hindgut 86% 

was d iv erted  in to  the cecum. I t  was estim ated th a t  12% and 96% o f  

the w ater en te rin g  the  la rg e  in te s t in e  and cecum, r e s p e c tiv e ly , was 

absorbed and t h a t  98% o f  a l l  w ater absorp tion  from th e  hindgut occurred 

from the cecum.
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I t  was hypothesized th a t  l iq u id  and suspended DM en tered  th e  cecum 

under h y d ro sta tic  pressure  generated by the c o n tra c tio n  o f  the  small 

and la rg e  in te s t in e  in  the  i le o - c e c a l- c o lic  reg io n . Maintenance o f 

a small c o n tro lle d  o r i f ic e  in th e  cecal valve allowed only th e  f lu id  

f ra c tio n  to  e n te r  the cecum. Following the p ressu re  f i l t e r i n g  process 

the coarse m ateria l was pro p elled  down the  la rg e  in te s t in e  by p e r i s t a l t i c  

waves.

k
&
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CHAPTER I I I .

SEASONAL VARIATION IN DIET, VOLATILE FATTY ACID PRODUCTION 

AND SIZE OF THE CECUM OF ROCK PTARMIGAN
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INTRODUCTION

Rock ptarm igan, Lagopus mutus, l iv e  throughout the y ear in  the 

a rc t ic  and s u b a rc tic  o f North America and E u ra sia . They consume a 

fibrous d ie t  y e a r  round which is  composed o f  le a v e s , seeds and b e rrie s  

during spring  through autumn and buds and c a tk in s  during w in ter (Weeden, 

196 9 ). Rock ptarm igan, as o th er members o f  the fam ily T etrao n id ae, have 

m orphologically and p h y sio lo g ic a lly  adapted to  th ese  r e l a t i v e ly  low 

q u a lity  foods through the  development o f  larg e  ceca which in crea se  

d ig estiv e  e ff ic ie n c y . In ptarm igan, the  ceca a re  long , paired  s a c - l ik e  

extensions o f the  gut which o r ig in a te  between th e  la rg e  and small i n te s t i n e .  

Digesta is  sep arated  in to  two fra c tio n s  a t  the  i le o - c e c a l- c o lic  (I-C -C ) 

ju n c tio n . The f lu i d  phase, co n sis tin g  o f l iq u id  and suspended fin e  

p a r t i c l e s ,  is  d iv e rte d  in to  the ceca where i t  is  exposed to  b a c te r ia l  

ferm entation. The c o a rs e , woody phase is  passed along the r e la tiv e ly  

sh o rt colon and is  e x c re ted  as dry fiberous droppings (Leopold, 1953;

Moss & Parkinson, 1972; Gasaway e t  al_., 1 97 5 b ). The cecum functions 

as a "ferm entation vat" where complex carbohydrate molecules and o th er 

n u trie n ts  which escape ab so rp tio n  in the  small i n te s t in e  may be d ig es te d , 

fermented and absorbed. B acterial numbers as high as 1 0 ^ / 9  cecal 

contents were found in willow ptarm igan, Lagopus lagopus (McBee & West, 

1 9 6 9 ), and end products o f  t h e i r  ferm entive processes which can be used 

as energy sources by the avian host are p rim arily  a c e ta te , p ro p io n ate, 

bu ty ra te  and ethanol (Annison e t  al_., 1968; McBee & West, 1969; Moss & 

Parkinson, 1972; Gasaway, 1 9 7 5 ). These ferm entation  products provide
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an average o f 11% o f  the  stan d ard  m etabolic r a te  and about 4% o f  the  

estim ated f re e  l iv in g  energy needs f o r  willow ptarmigan during w in ter 

(Gasaway, 1 9 7 5 ).

I t  was hypothesized th a t  cecal d ig estio n  and ferm entation may piety 

a more im portant n u tr i tio n a l  ro le  during w in ter when food q u a lity  was 

lowest and cecal s iz e  was g r e a t e s t ,  and a study was i n i t i a t e d  which 

would e v alu ate  cecal ferm entation  during f iv e  periods o f  the y e a r.

; MATERIALS AND METHODS

Protocol

Seventy rock ptarm igan in  t o ta l  were shot during A p ril, J u ly ,

: August, September and October on Eagle Summit, Alaska (6 5 °30 ' N l a t . ;

j 14 5 ° 2 5 ' W lo n g .) and E ster Dome (15 m iles northw est of F airbanks, 64°

53' N l a t . ;  148°4' W lo n g .) during November and December between 

1970 and 1972.

Birds shot during September through April were imm ediately 

taken to  a warm truck  where cecal content sampling was c a rr ie d  o u t.

During Ju ly  and August, v o l a t i le  f a t t y  acids (VFA) sampling equipment 

was c a rr ie d  in a backpack allow ing fo r  immediate processing o f  the 

b ird . Body weight was recorded and the cecum removed from the b ird ,

[ weighed with contents and the length  measured. The cecum was then

opened and contents t ra n s fe r r e d  to  a glass v i a l ,  in cu b ated , p e rio d ic a lly  

sampled and specimens p reserv ed . Cecal t is s u e  was weighed a f t e r  contents

| .
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were removed. Preserved cecal contents were l a t e r  analyzed fo r  

concentrations and composition o f VFA. Cecal contents o f  these  

b irds by th e  sum o f  a ll  sample w eights. Age and sex o f b ird s  were 

determined (Weeden, 1 96 1 ) and crop contents were removed and saved 

fo r  chemical and taxonomic a n a ly s is . The to ta l  tim e required  to  

complete the  sampling o f  1 b ird  was approxim ately 30 m inutes.

T hirty-tw o o f  the  ptarm igan were shot to  provide a la r g e r  sample 

f o r  physical measurements o f  cecum s iz e  and crop c o n te n ts.

Chemical methods

D ietary n u t r i e n ts ; Crude p ro te in  in  food was determined by the 

Kjeldahl method (Hawk e t  a ^ . , 1 9 5 4 ). Neutral d e te rg en t f ib e r  (NDF), 

acid d e te rg en t f ib e r  (ADF), l ig n in  and c e llu lo s e  were determined in 

crop contents by th e  Van Soest forage f ib e r  analyses methods (Goering 

& Van S o est, 1 9 7 0 ). L ipid content o f  dry food was determ ined by 

e x tra c tio n  using petroleum  e th e r  (30-60°C  b o ilin g  p o in t) in  a Soxhlet 

e x tr a c to r .

In v i tr o  incubation  and sampling o f  cecum c o n te n ts : Cecum contents 

were removed from both ceca and put in  a 20 cc screw cap g lass  vial 

f i l l e d  w ith C02 . Contents were mixed and the f i r s t  subsample (approxim ately 

1 g ) was taken 6-1 2  minutes a f t e r  death . The v ia l  was flushed with C02 , 

t ig h t ly  capped and incubated in  a w ater bath m aintained between 38 and 

40°C. Four subsamples were taken a t  approxim ately 5 minute in te rv a ls  

and the v ial flushed  with C02 follow ing each subsam ple. The 1 g subsamples 

o f fre sh  contents were t ra n s fe r r e d  to  preweighed v ia ls  (20 ml c a p ac ity )
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containing 5 ml of 1 N HP03 to  stop  a l l  b a c te r ia l  ferm entive a c tio n . The 

v ia ls  were s to re d  frozen u n til  analyzed fo r VFA. Weight o f  th e  subsample 

was determined by d iffe re n c e  a f t e r  reweighing the v i a l .

Q u a n tita tiv e  an a ly sis  o f  VFA: The weighed samples o f  cecal conten ts 

in m eta-phosphoric and were r in s e d  in to  a ce n trifu g e  tube and th e  volume 

brought up to  15 ml w ith  d i s t i l l e d  w ater. Sediment was spun down and 

su p ern atan t l iq u id  decanted f o r  VFA a n a ly s is . Total VFA was estim ated  

by steam d i s t i l l a t i o n  as d e scrib ed  by Gray & Stevens (1 9 6 6 ) using a 

Markhan type s t i l l .  Four 50 ml d i s t i l l a t e  samples were t r i t r a t e d  with 

0.01 N NaOH to  a brom-thymol blue endpoint (pH 7 - 7 .6 )  in a C02 f re e  

atmosphere. VFA c o n cen tratio n  was c o rre c ted  fo r 90% recovery in  

d i s t i l l a t i o n .  Potassium  s a l t s  o f  VFA were obtained by adding excess 

K0H (pH>9) and evaporating to  dry n ess. Samples o f  the s a l t s  were 

analyzed f o r  molar proportions o f  VFA by in  a Hew lett-Packard Model 

402 gas chrom atograph. The s a l t s  were re d isso lv ed  in  0 .1 - 0 .3  ml w ater 

and 0 .5 -1 0  yl were in je c te d  in to  the column under one o f the  follow ing 

two s e ts  of con d itio n s:  e i t h e r  a 6 fo o t, s ta in le s s  s te e l  column (0 .2 5  

inch I .D . ) packed with 10% FFAP-Chromosorb W was used with helium as 

c a r r ie r  gas and the flame io n iz a tio n  d e te c to r  in je c tio n  p o r t  and oven 

tem peratures a t  250 , 250 and 200°C, re s p e c tiv e ly ;  o r ,  a 6 f o o t ,  s ta in le s s  

s te e l  column (0 .1 2 5  inch I .D . ) packed with SP-1200 Chromosorb W was used 

with helium as c a r r ie r  gas and tem peratures fo r the oven, flame io n iz a tio n  

d e te c to r  and in je c tio n  p o rt a t  130 , 200 , 180°C, re s p e c tiv e ly .

C a lc u la tio n  o f VFA production r a te s  and m etabolizable energy in  

VFA: VFA production was determ ined by the "zero time" method from the

70
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slope of th e  l e a s t  squares l in e a r  reg re ss io n  l in e  o f  in d iv id u al VFA 

concentration  (yM/g fre sh  c o n te n ts ) versus tim e in  m inutes a f t e r  death 

(C arol1 & Hungate, 1 9 5 4 ). Production o f  a c e t i c ,  propionic and b u ty ric  

acids were c a lc u la te d  f o r  each b ird . Total VFA production (yM/g fre sh  

contents*m in) was determ ined as above using t o ta l  VFA co n c en tratio n . 

I n i t ia l  co n cen tratio n  o f VFA (yM/g fre sh  c o n te n ts ) in cecal contents 

a t  tim e of death was estim ated from the y in te r c e p t  of the to ta l  VFA 

production reg ressio n  l in e .

The production o f  VFA/bird (mM/min) was c a lc u la te d  by m ultip ly in g  

the mM/g*min tim es cecal c o n ten ts . VFA production fo r  a 24 hour period 

(mM/day) was estim ated  by m ultip ly ing  mM/min times m inutes/day.

M etabolizable energy o f  each VFA was c a lc u la te d  from the c a lo r ic  

value o f i t s  h eat o f combustion. Heats o f  combustion o f  a c e ta te , 

propionate and b u ty ra te  were taken as 2 0 9 .4 , 3 67 .2  and 5 24 .3  kcal/m ole, 

re s p e c tiv e ly  (Hodgman e t  al_., 1 9 5 8 ). T h erefo re , the  ME o f VFA produced 

in th e  cecum per day was equal to  moles o f  each VFA produced tim es i t s  

resp ec tiv e  c a lo r ic  value.

S t a t i s t i c a l  an a ly sis  followed procedures given in  S teel & T o rrie  

(1 9 6 0 ) f o r  a n a ly sis  of variance and Duncan's new m u ltip le  range t e s t .

RESULTS

A nalysis o f  crop contents c o lle c te d  from l a t e  September through 

December and April in d ic a te  ptarm igan were feeding predom inately on
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buds and c a tk in s o f  dwarf b irc h , Betula nana (Table 1 ) .  B erries were 

consumed during th is  period  when p lan ts  were free  o f  snow cover 

(September-October and A p r il ) .  Few willow buds, S a lix , were found 

in crops during f a l l  and w in ter w hile aspen buds, Populus tre m u lo id e s , 

were consumed in a r e la t iv e ly  high p ro p o rtio n , 26% during November 

and December by b ird s on E ster Dome.

The g r e a te s t  v a rie ty  o f  p la n t  p a rts  and species were found in 

the crop during J u ly . Seed pods o f  P e d icu la ris  and b u lb ils  o f  Polygonum 

viviparum represented  about 64% o f  the crop contents w hile the remaining 

portion  was made up of a wide v a rie ty  o f  se ed s , b e rr ie s  and leaves 

(Table 1 ) .  During August leaves o f  O xytropis, 51%, Dryas, 17% and 

S a lix , 12%, were consumed in  g r e a te s t  abundance while seed s , le a v e s , 

buds, catk in s and b e rrie s  o f  many o th er  species were a ls o  s e le c te d  

(Table 1 ) .

Mean crop f i l l  was low est in  b ird s shot during J u ly , 0 .7  g dry 

m atter (DM), when i t  was l ig h t  24 hours/day whereas during the November- 

December c o lle c tio n  p eriod  when d a y lig h t lim ited  the  feeding p e rio d , 

crop f i l l  was h ig h e s t , 6 .3  g DM. Crop f i l l  between 1 .7  and 3 .0  g DM 

was found during the o th e r  seasons. These data  support the previous 

stu d ie s  by Irving e t  al_. (1 9 6 7 ) which showed the weight o f  crop contents 

in willow ptarm igan in cre ase  as the d a y lig h t decreases from Ju ly  to  

December and crop contents decrease as the d a y lig h t in cre ase s from 

January to June.

The seasonal p a tte rn  o f  n u tr ie n t  composition in  crop contents 

in d ic a te s  food was most n u tr i tio u s  during the period May through
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TABLE 1. Percentage of food items in  crops from 47 rock ptarmigan c o lle c te d  
in  i n te r io r  Alaska

Food item Apri 1 Ju ly Aug. S ept.-O ct. Nov.-Dec.

U nidentified  Moss (c a p s u le ) 0 2 .8 0 0 0

Polystrichum spp. (c a p su le ) 0 3 .9 0 0 0

Carex spp. (seed pod) 0 .3 0 .2 0 .2 0 .8 0

Luzula m ulti f lo r a  (seed head) 0 1 .4 1 .7 0 0

Populus trem uloides (bud) 0 0 0 0 25.6

Salix  spp. (bud) 6 .8 0 .1 0 .2 2 .9 0

Salix spp. (tw ig ) 0.1 0 0 0 0 .6

Salix spp. ( l e a f ) 0 1.1 11.6 0 0

Betula spp. (bud) 3 9 .8 2.1 8 .4 1 2 .8 4 2 .8

Betula spp. (tw ig ) 3 .3 0 0 0 .2 9 .4

Betula spp. ( l e a f ) 0 0 0 .2 0 0

Betula spp. (c a tk in ) 6 .2 3 .9 0 .5 69.1 21.6

Polygonum viviparum  (b u lb i l ) 0 3 9 .4 0 0 0

M inuartia a rc t ic a  (seed head) 0 0 .7 0 .5 0 0

Anemone n a rc is s i  f lo r a  (seed pod) 0 0 .4 0 1.1 0

Papaver macounii ( l e a f ) 0 0 2 .7 0 0

Dryas o c to p e ta la  ( l e a f ) 3 .8 1 .8 1 6 .6 0 0

Oxytropis spp. ( l e a f ) 0 3 .3 5 0 .8 0 0

Empetrum nigrum (b e r ry ) 35.2 8 .7 1 .2 0 0

Cassiope te tra g o n a  (seed capsule ) 0 0.1 0 0 0

Vaccinium uliginosum  ( l e a f ) 0 2.1 0 0 0

Vaccinium uliginosum  (b e rry ) 1 .7 0 2 .7 9 .3 0

Vaccinium v i t i s - i d a e a  (b e rry ) 2 .6 1 .5 1 .7 0 0

P ed icu la ris  spp. (seed pod) 0 24.5 1 .0 0 0

U nidentified  (se e d ) 0 2.1 0 0 0

U nidentified  ( l e a f ) 0 2.1 0 0 0

g DM/crop 1 .7 0 .7 2 .0 3 .0 6 .3

Number o f  crops 10 12 9 9 7
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August and le a s t  n u tr i t io u s  the rem ainder of th e  y e a r. Crude p ro te in  

(N X 6 .2 5 )  was high in growing p la n ts  s e le c te d  during summer and e a rly  

f a l l ,  23 and 18%, r e s p e c tiv e ly , and low in foods consumed from l a t e  

; f a ll  through w in te r , 10-14% (F ig . 1 ) .  The c e ll  wall component,

f neutral d eterg en t f ib e r  (NDF), in  food v aried  only a few per cent

I throughout the y e a r, however the p roportions of h em ice llu lo se , c e llu lo s e

| and lig n in  which make up NDF v a ried  s ig n if ic a n tly  between c o lle c tio n

i  p e rio d s. H em icellulose (NDF-ADF) and c e llu lo s e  were high during July

I and August, declined in  September and remained low throughout the

! w in ter, whereas lig n in  v aried  in v erse ly  to  c e llu lo s e  (F ig . 1 ) .

j L ig n if ic a tio n  of the  c e ll  wall was g r e a te s t  during l a t e  f a l l  and

w inter when the d ie t  was composed c h ie fly  o f  mature p la n t p o r tio n s , 

buds and catk ins (F ig . 1 ) .

In s u f f ic ie n t  q u a n ti t ie s  o f  most p la n t species were p rese n t in  

crops of ptarm igan to provide adequate samples fo r n u tr ie n t  a n a ly s is , 

hence only the composition o f  s e le c te d  food items from crops are 

shown in  Table 2 . Birch buds and catk in s which a re  th e  main w in ter 

food o f  rock ptarm igan were 13-15% crude p ro te in  and contained highly  

l ig n if ie d  c e ll  w a lls . Buds o f b irch  and aspen contained 19 to  20% 

e th e r  so lu b le  m ateria l whereas a ll  o th e r  p lan ts  analyzed were from 

| 2 to  8%. Empetrum and Vaccinium b e rr ie s  contained th e  l e a s t  p ro te in

| of foods analyzed, however they provide a good source o f  so lu b le  ce ll

! c o n ten ts.

| Mean body weight varied  se aso n ally  between 385 g during August

i to 435 g in September-October and November-December c o lle c tio n  p e rio d s .

|

I
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FIG. 1 . Seasonal v a ria tio n  in n u tr ie n t  composition o f crop contents 

c o lle c te d  from rock ptarmigan in i n t e r i o r  A laska. NDF is  

n u tr ie n t  d e te rg en t f ib e r  and ADF is  acid  d e te rg en t f ib e r .
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TABLE 2 . Com position (p e r  c e n t dry w e ig h t) o f  some m ajor food item s from th e  crops o f  
rock ptarm igan in  i n t e r i o r  Alaska

C o lle c tio n
p e rio d Food item

C rude*
p r o te in Li pi d

N eutral 
d e te rg e n t  

f i b e r  (NDF)

Acid 
d e te rg e n t 

f i b e r  (ADF) Li gni n C e llu lo s e

April B etula (b u d ) 1 3 .3 1 8 .6 2 4 .9 2 1 .6 1 4 .6 7 .0

Empetrum nigrum (b e r r y ) 5.1 5 .5 3 7 .0 3 0 .8 1 5 .7 1 5 .2

Ju ly Polygonum viviparum  (b u l b i l s ) 25.1 2 .3 2 4 .0 1 6 .6 5 .3 1 1 .3

S e p t.-O c t. B etu la  (c a t k in ) 15.1 5 .9 2 5 .0 2 8 .7 1 9 .3 9 .4

B etula (bud ) 1 3 .0 1 8 .6 2 1 .9 2 2 .3 2 0 .8 7 .4

Vaccinium ulig inosum  (b e r r y ) 8 .5 — + 1 5 .6 1 4 .6 5 .7 8 .9

Nov.-Dec. B etu la  (c a t k in ) 1 3.1 8 .2 2 3 .9 2 8 .8 2 0 .4 8 .4

B etu la  (tw ig ) 9 .6 - 3 7 .0 3 3 .5 2 6 .9 6 .6

Populus trem u lo id es  (b u d ) 1 2 .2 2 0 .2 2 1 .4 2 2 .3 1 3 .3 8 .9

*Crude p r o te in  = % n itro g e n  x 6 .2 5 .

+Not a n a ly ze d . <*»



pr

The August c o lle c tio n  contained several ju v e n ile  b ird s  which were 

s l ig h tly  lower in  weight than a d u lts  thus reducing the o v e ra ll average. 

Males and females were pooled s in ce  inadequate samples o f females were 

obtained during some seasons. Combining males and fem ales did not 

appear to  a l t e r  s ig n if ic a n tly  the p a tte rn s  o f  seasonal changes in 

cecum s iz e  and f i l l  which are rep o rted .

The combined le n g th , weight o f contents and t is s u e  weight o f 

the cecum were g r e a te s t  during w in ter c o lle c tio n s , declined  to  the 

s h o rte s t  and l ig h t e s t  s ta t e  during summer and e a rly  f a l l  and again 

increased  as w in ter approached (F ig . 2 ) .  Cecum contents and to ta l  

cecum weight expressed as a per cent o f body weight f lu c tu a te d  

seasonally  in  a p a tte rn  s im ila r  to  the cecum jter se s in ce  body weight 

remained r e la t iv e ly  s ta b le  compared with the magnitude o f change noted 

in th e  cecum (F ig . 2 ) .

Molar percentages o f  a c e ta te , propionate and b u ty ra te  in the 

f i r s t  sample o f  cecal contents varied  s ig n if ic a n tly  (P < 0 .0 5 ) among 

seasons (Table 3 ) .  However no c o n s is tan t p a tte rn  o f  VFA proportions 

th a t  could be re la te d  to  the chemical composition o f the food was 

e v id en t. T h erefo re , a ll  seasons were pooled and the o v era ll mean 

m olar percentage o f a c e ta te ,  p ropionate and b u ty ra te  was found to  be

7 0 .4 , 2 1.5  and 8.0%. Isobut.yrate, v a le ra te  and is o v a le ra te  were found 

; only in  tra c e  amounts and th e re fo re  are not included in  the re p o rt.

I Production ra te s  o f  a c e ta te ,  propionate and b u ty ra te  in  whole

j cecal contents (yM/g*min) are  shown in  Table 4 . A cetate was produced

i in th e  g r e a te s t  q u a n ti t ie s  followed by propionate and b u ty ra te  during

'  77
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FIG. 2 . Seasonal v a ria tio n  in body w eig h ts, f i l l  and s iz e  o f  the 

cecum in  rock ptarmigan c o lle c te d  in in te r io r  A laska. 

V ertic a l l in e s  in d ic a te  1 stan d ard  d e v ia tio n , numbers in  

pa ren th e sis  are sample s iz e s .
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TABLE 3. Mean m olar percentages o f  VFA in the f i r s t  sample taken 
from the  ceca o f  rock ptarm igan in  i n te r io r  Alaska

Month
Sample

siz e

M olar percentage o f  VFA

A cetate Propionate B utyrate

Apri 1 8 7 1 . 0 (9 .4 ) * 2 0 . 2 ( 8 . 0 ) 2,3+ 8 . 4 ( 1 . 9 ) 2

July 5 7 3 .8 (3 .6 ) 1 9 . 9 (1 .6 ) 2 ,3 6 . 2 ( 2 . 9 ) 2 ,

August 9 6 9 . 4 (2 .6 ) 2 6 . 6 (3 .0 ) 1 4 . 5 ( 1 , 4 ) 3

S e p t.-O c t. 6 6 5 . 7 (3 .9 ) 2 3 . 6 (4 .2 ) 1 ’2 1 0 . 7 (1 .6 ) 1

Nov.-Dec. 7 7 2 .6 (2 .9 ) 1 6 . 6 (2 .8 ) 3 1 0 . 8 (2 .0 ) 1

Overall Mean 7 0 .4 (5 .7 ) 2 1 . 5 (5 .7 ) 8 .0 (3 .2 )

*Mean (s ta n d a rd  d e v ia t io n ).

+Within th e  same column, values with the same s u p e rs c r ip t are  
not s ig n if ic a n tly  d if f e re n t  (P > 0 .0 5 );  values with d if f e re n t  
s u p e rs c r ip ts  a re  s ig n if ic a n tly  d i f f e r e n t  (P < 0„05). Columns 
w ithout s u p e rs c r ip ts  have no s ig n if ic a n tly  d if f e re n t  values.
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TABLE 4 .  P r o d u c t i o n  r a t e  o f  VFA i n  c e c a  o f  r o c k  p t a r m i g a n  c o l l e c t e d  i n  i n t e r i o r  A l a s k a

P r o d u c t i o n  r a t e  (uM/g w et  c o n t e n t s n n i n )  

[7, o f  t o t a l ] i n i t i a l

(S?s5Month s i z e  A c e t a t e P r o p i o n a t e B u t y r a t e T o t a l

A p r i l 1 1 . 0 0 ( 0 . 4 3 ) *  
[ 6 2 ]

0 . 3 8 g . , 7 , ’ . * 0 . 2 0 ( 0 . 1 0 )
. [ 1 3 ]

1 . 5 9 ( 0 . 4 2 ) ' 2 4 . 3 ( 1 0 . 9 )

d u ly 3 2 . 3 ( 0 . 8 6 )  
[ 6 4 ]

0 . 33 ( 0 . 3; ) ’ 0 . 3 3 ( 0 . 0 3 ) 3 . 5 8 ( 1  . 0 9 ) * 4 2 . 3 ( 2 2 , 9 )

August 3 '1Sf» 0 . 6 5 ( 0 . 3 4 ) ' ^ 0 . 2 2 ( 0 , 0 9 )
D O]

2 . 1 5 ( 0 . S 5 ) 1 2 0 . 6 ( 1 5 . 9 )

S e p t . - O c t . 6
13

0 .4 ,1 0 .3 0 ) ’ . ’ 0 . 2 4 ( 0 . 1 9 )
[ 1 3 ]

1 . 3 3 ( 0 , 5 0 ) 1 2 5 . 5 ( 1 5 . 4 )

N o v. -D ec . 6 L3(gf! 0 .4 3 (0 .2 0 ,’ . ’ 0 , 3 5 ( 0 . 0 9 )  
[ 1 6 ]  '

2 . 1 2 ( 0 . 8 8 ) ! 2 7 , 4 ( 1 8 . 0 )

M-'ean ( s t a n d a r d  deviation). 
[ 2  o f  t o t a l ]

■ W i t h i n  t h e  same c o l u m n ,  v a l u e s  v;rcfc t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

( P > 0 . 0 5 h  v a l u e s  vmth di r 'f era nt  s u p e r s c r i p t s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  (P -0.,05). 
Columns w i t h o u t  s u n e r s c r i n t s  h a v e no s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s .
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a ll  seasons sampled and the o v era ll mean production was 1 .3 ,  0 .5 3  and

0 .2 5  yM/g»min, re s p e c tiv e ly . The h ig h est ra te s  o f VFA production were 

found during J u ly , 3 .6  yM/g«min (P < 0 .0 5 ), whereas production in a ll  

o th er seasons was not s ig n if ic a n tly  d i f f e r e n t ,  1 .6  to 2 .2  yM/g*min. 

Production o f ind iv id u al VFA as a p er cent o f  the to ta l  production 

(Table 4 ) shows the  g re a te s t  p roportion  o f  propionate compared to  

a c e ta te  was produced by b ird s  feeding on green vegetation  during 

summer and e a rly  f a l l .  B utyrate during th is  period was a t  i t s  lowest 

p roportional production. Thus the p a tte rn  o f  VFA production suggests 

m aterial e n te rin g  the  cecum during summer probably contained the 

h ig h est p roportion  o f  so lu b le  carbohydrates.

A cetate  production as a per cent o f  to ta l  production (Table 4 ) 

was le s s  than the  proportion  occurring  in the f i r s t  cecal sample (Table 

3 ) during a ll  c o lle c tio n  periods while the per cent o f propionate and 

bu ty ra te  produced were g re a te r  than the molar per cent in the f i r s t  

sample o f cecal c o n te n ts. T herefore , d i f f e r e n t ia l  absorp tion  ra te s  o f  

VFA from the  cecum ex is te d  and these d ata  in d ic a te  r e la tiv e  absorp tion  

r a te s  were the  follow ing: buty rate> p ro p io n ate> acetate .

Mean d a ily  production o f VFA, c a lc u la te d  from cecal f i l l  and 

production r a te s  (Table 4 ) is  shown in Table 5 fo r  a ll  c o lle c tio n  

p e rio d s . For purposes o f  c a lc u la tio n  o n ly , the assumption was made 

th a t  in d iv id u a l b ird s m aintained both cecal f i l l  and VFA production 

a t  a c o n sta n t level fo r  24 hours. Total average VFA production was 

high during November-December and J u ly , 34 and 30 mM/day, re s p e c tiv e ly , 

although not s ig n if ic a n tly  d i f f e re n t  from o th er  p e rio d s. The general
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p a tte rn  o f VFA production and ME o f  VFA shows aceta te> propionate> butyrate  

f o r  a ll  seasons. The average ME o f  VFA during a l l  c o lle c tio n  periods 

was 7.1 kcal/day and seasonal estim ates ranged from 5 .7  during April 

to  1 0 .0  during November-December but were not s ig n if ic a n tly  d i f f e r e n t .

The larg e  stan d ard  d e v ia tio n s o f  these values in d ic a te s  the wide 

v a r ia b il i ty  found among b ird s  (Table 5 ) .  The c a lo r ic  value o f  VFA 

produced as a f ra c tio n  o f the standard  m etabolic r a te  did not vary 

s ig n if ic a n tly  among seasons and averaged 17.5% fo r  a ll  seasons combined.

DISCUSSION

Food s e le c te d  v a ried  in  species composition w ith season but 

gen erally  followed the  p a tte rn  described by Weeden (1 9 6 9 ).  I f  these 

ptarmigan s e le c te d  the h ig h est q u a lity  food which a re  se aso n a lly  

a v a ila b le , as found by Moss (1 9 6 7 , 1968) and Gardarsson & Moss (1 9 7 0 ),  

summer foods were o f h igher n u tri tio n a l  q u a li ty  than w in ter foods when 

based on the  chemical an a ly sis  used in the p resen t stu d y . Summer and 

e a rly  f a l l  foods co n sis ted  o f  seed and leaves high in  p ro te in  and c e ll  

w alls with a low p ro portion  o f  lig n in  which suggests they are more 

d ig e s tib le  than th e  buds and catk in s consumed from September through 

April which contained low crude p ro te in  and highly l ig n i f i e d  c e ll  w alls 

(F ig . 1 , Table 1 ) .  Higher d i g e s t ib i l i t y  o f foods during summer and 

e a rly  f a l l  should r e s u l t  in  decreased DM e n terin g  the  hindgut and 

probably the  cecum. This may account f o r  the low values o f cecal
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!ABLE 5 .  Mean d a i l y  p r o d u c t i o n  o f  VFA a n d t h e i r  e q u i v a l e n t  m e t a b o l i z a b l e  e n e r g y  i n  c e c a  o f  r o c k  

p t a r m i g a n  c o l l e c t e d  i n  i n t e r i o r  A l a s k a

D a i l y  p r o d u c t i o n

% o f
A c e t a t e  P r o p i o n a t e  B u t y r a t e  T o t a l  s t a n d a r d

M onth
oaiHUie

s i z e  # ’ k c a l mM k c a l nM k c a l nil* k c a l r a ta +

A p ri l 7 1 2 . 5 ( 4 . 4 ) ° 2 . 5 ( 0 . 9 ) 4 . 9 ( 2 . 5 ) 1 . 8 ( 0 . 9 ) 2 . 5 ( 1 . 0 ) ' *  l . S f O . S ) 1 2 0 . 0 ( 2 . 7 ) 5 . 7 ( 0 . 8 ) 1 4 . 7 ( 2 . 4 )

d u ly 3 1 9 . 1 ( 5 . 3 ) 4 . 0 ( 1 . ! . ) 8 . 3 0 . 3 ) 3 . 0 ( 0 . 5 ) 2 . 5 ( 0 . 8 ) 1 1 . 3 C 0 . 4 ) 1 3 0 . 2 ( 4 . 6 ) 0 , 4 0 . 1 ) 1 9 . 5 ( 2 . 5 )

A u g u s t 9 1 3 . 1 ( 5 . 9 ) 2 . 8 ( 1 . 2 ) 6 . 5 ( 1 . 7 ) 2 . 4 ( 0 . 6 ) 2 . 2 ( 0 . 8 ) '  1 . 2 ( 0 . 4 0 2 1 . 7 ( 7 . 1 ) 6 . 3 0 . 9 ) 1 5 . 9 ( 4 . 6 )

S e p t . - O c t . 6 1 3 . 8 ( 1 . 9 )  

13

2 . 9 ( 0 . 4 ) 4 . 9 ( 3 . 0 ) 1 . 3 ( 1 . ] ) 2 . 7 ( 1 . 8 ) 1 1 . 4 ( 1 .  G )1

2 3 . 0 ( 8 . 3 )

6 . 7 ( 2 . 7 )

1 6 . 7 ( 5 . 9 )

N o v . -D e c . 6 2 2 . 1 ( 1 4 . 3 ) 4 . 6 ( 3 . 0 ) 6 . 9 ( 4 . 2 ) 2 , 5 0 . 5 ) 5 . 4 ( 1 . 9 ) ^  2 . 8 ( 1 . 0 ) ^ 3 6 . 0 ( 1 9 , 1 ) 1 0 . 0 ( 5 . 1 ) 2 3 , 5 ( 1 2 . 1 )

O v e r a l l  Mean 1 5 . 4 ( 8 . 0 ) 3 . 2 0 . 7 ) 6 . 1 ( 2 . 8 ) 2 . 2 ( 1 . 0 ) 3 . 0 0 - 7 )  1 . 6 ( 0 . 9 ) 2 4 . 5 ( 1 0 . 4 ) 7 . 1 ( 3 . 0 ) 1 7 . 5 ( 6 . 8 )

* 7 c t a l  niM was c a l c u l a t e d  f r o m t h e s l o p e  o f  t o t a l  c o n c e n t r a t i o n  v s . t i m e  r a t h e r  t h a n  t h e sum o f  i n d i v i d u a l  a c i d p r o d u c t i o n .

- ' - St a nda rd m e t a b o l i s m  c a l c u l a t e d  a s  d e s c r i b e d  hv L as l ew s fc i  a n d Dawson (1967), Log M = Log 78 .3  + 0 .723  Log W w h e r e  M -  
k c a l / b i r d / d a y  a nd  W = b od y  w e i g h t  i n  k g ,

' Mean ( s t a n d a r d  d e v i a t i o n ) .

W i t h i n  t h e  sa me  c ol umn  v a l u e s  w i t h  t h e  s a me  s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( P . - 0 . 0 5 ) ; v a l u e 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  a r e  s i g n i f i c a n t l y  d i f f e r e n t  ( P < 0 . 0 5 ) .  Col umns w i t h o u t  s u p e r s c r i p t s  h a v e  no s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s .



f i l l  observed during t h is  period and in  captive  ptarm igan which were 

m aintained on a high plane o f  n u tr i tio n  (Moss 1972; Gasaway e t  a L , 

197 5 a ). The cecum may compensate f o r  th is  reduction  in DM in p u t by 

decreasing le n g th , diam eter and t is s u e  weight during sp rin g  and summer 

while during f a l l  and w in ter gradually  in cre asin g  in s iz e  in response 

to g re a te r  DM flow (F ig . 2 ) .  The c e l lu la r  changes a sso c ia te d  with the 

cecum's annual tw o-fold  weight f lu c tu a tio n  and 15 cm length  change are 

unstudied.

The food with a high p ro b a b ility  o f  e n te rin g  the cecum is  so lu b le  

or suspended f in e  p a r t ic le s  which have escaped d ig e s tio n  and absorp tion  

in the upper gut (Gasaway e £  a K s 1975a, 1 97 5 b ). The n u tr i tio n a l  

q u a lity  o f th is  DM e n te rin g  the  cecum may be in d ic a te d  seaso n ally  by 

the r a te  a t  which i t  is  ferm ented in  the cecum. Thus the s ig n if ic a n tly  

high ferm entation r a te  during Ju ly  suggests DM o f  g re a te r  q u a lity  was 

e n terin g  the cecum durinq th is  period than o th e r  seasons o f  the y e a r. 

The low r a t i o  o f a c e ta te /p ro p io n a te  production during summer a lso  

supports th is  concept s in ce  high q u a lity  s u b s tra te s  g e n e ra lly  r e s u l t  

in lower a ceta te /p ro p io n a te  r a t io s  when ferm ented by rumen b a c te r ia  

(Hungate, 1966) and possib ly  in cecal ferm entation  systems a ls o .

Food consumed during August was o f as high q u a li ty  as in J u ly , 

however the  only d a ta  th a t  suggested DM e n te rin g  the cecum during 

August was of h igher q u a lity  than th a t  e n te rin g  during w in ter was the 

low r a t i o  o f a c e ta te  to  propionate (Table 3 and 4 ) .  Thus the  q u a lity  

of the food s e le c te d  may n o t d ire c tly  r e f l e c t  the  composition o f  DM 

e n te rin g  the cecum since  cecal DM must have f i r s t  undergone p a r t ia l
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dig estio n  in the upper GI t r a c t .  However, the Ju ly  sample on which 

th is  te n ta tiv e  conclusion is  p a r t i a l l y  based was small due to  a lo ss  

of samples from several b i rd s , hence le ss  confidence is  placed in the 

July  v a lu e s.

The p a tte rn  o f in d iv id u al VFA production in the rock ptarmigan 

ceca was s im ila r  to  th a t  found in  willow  ptarm igan, i . e .  acetate>  

propionate> butyrate (Gasaway, 1 9 7 5 ). However, the  proportions o f  

each acid  varied  considerably  between the two species o f ptarm igan. 

Cecal m icrobes o f willow ptarm igan produced r e la t iv e ly  g re a te r  

p roportions of b u ty ra te  and propionate and le s s  a c e ta te  than in  ceca 

of rock ptarm igan (Gasaway, 1 9 7 5 ). These d iffe re n c e s  are probably 

due to  th e  chemical makeup of DM e n te rin g  th e  cecum and/or varying 

m icrobial species in  the ceca o f rock and willow ptarm igan.

From the  d iffe re n c e  between th e  per cent o f  a c e ta te , propionate 

and b u ty ra te  produced and the per c e n t p rese n t in  cecal c o n te n ts , i t  

was concluded th a t  the r e la t iv e  absorp tion  ra te s  were as follows: 

bu ty rate> p ro p io n ate> acetate . This same p a tte rn  o f absorption has been 

reported  in willow ptarm igan (Gasaway, 1975 ) and in cecum o f  sheep 

(Myers e t  a/h , 1 9 6 7 ), and Hoover & Heitmann (1 9 7 2 ) reported  propionate 

and b u ty ra te  to  be absorbed f a s t e r  than a c e ta te  in ra b b its . However, 

c o n flic tin g  data from in vivo experim ents with chickens and ducks 

in d ic a te d  th a t  p ropionate was absorbed s ig n if ic a n tly  f a s t e r  than 

a c e ta te  o r  b u ty ra te  from the  cecum (B arza, 1966; Parhon & Barza, 1 9 6 7 ). 

They rep o rted  absorp tion  to  in crea se  as co n cen tratio n  o f  the VFA 

in cre ase d . However, in p rese n t s tu d ie s  b u ty ra te  was absorbed a t  the
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g re a te s t  ra te  y e t  was p resen t in  the  low est co n cen tratio n  in  cecal 

c o n ten ts. In v i tr o  experim ents show very l i t t l e  VFA is  m etabolized 

by the cecun o f the fowl suggesting most VFA are absorbed in the blood 

and tra n sp o rte d  to  o th e r  organs where they are o xid ized  (Parhon & Barza, 

1 96 7 ). E s s e n tia lly  a l l  VFA produced in the cecum o f  rock ptarm igan were 

absorbed s in ce  i t  was c a lc u la te d  th a t  only 2% o f  the VFA produced was 

excreted in  cecal droppings.

E stim ates o f  ME a v a ila b le  to  rock ptarm igan from cecal VFA 

production exceeded ME a v a ila b le  to  the la r g e r  willow ptarm igan, 7.1 

and 5 .7  kc a l/d ay , r e s p e c tiv e ly , which were equal to  17.5% and 11% o f  

the standard  m etabolic  r a te  fo r  rock and willow ptarm igan, resp e c tiv e ly  

(Gasaway, 1975; Lasiewski & Dawson, 1 9 6 7 ). However, West (1 9 7 2 ) 

rep o rts  r e s t in g  m etabolic  ra te s  o f rock ptarm igan during w in ter to  

be about 71 kcal/day which is  about 160% o f  s ta n d a rd  metabolism 

c a lc u lated  by the  equation o f Lasiewski & Dawson (1 9 6 7 ).  Using W est's 

e s tim a te , cecal ferm entation  would supply approxim ately 10% o f re s tin g  

m etabolic requirem ents.

The fre e  liv in g  energy requirem ent o f  w ild  rock ptarm igan during 

w in ter was estim ated  to  be 100 kcal ME (Moss, 1 97 3 ) and i f  energy 

requirem ents a re  assumed to  be equal during a ll  se aso n s, VFA would 

supply an average 7% o f the ME. However, th is  value is  considerably  

g rea te r  than th e  estim ated  3.8% o f fre e  liv in g  energy supplied  by 

ferm entation in  willow ptarmigan and the 2.5% o f  the  d ig e s t ib le  DM 

absorption from the cecum of cap tiv e  rock ptarm igan (Gasaway, 1975; 

Gasaway e t  a U , 1 97 5 b ). Approximately 93% o f  the  ME requirem ents
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of w ild  rock ptarm igan must th e re fo re  be supplied  by d ig estio n  and 

absorp tion  o f n u tr ie n ts  from the stomach and small i n te s tin e  which

is j u s t  s l ig h tly  longer than the combined length o f the ceca. Hence,

fo r  i t s  r e la t iv e ly  la r g e r  s iz e ,  the cecum appears to  supply only a 

small f ra c tio n  o f  the to ta l  energy needs o f rock and willow ptarm igan.

SUMMARY

1. Seasonal changes in  the chemical and taxonomic c h a ra c te r of 

the d i e t ,  the s iz e  of the cecum and cecal v o la t i le  f a t ty  acid  (VFA) 

production were s tu d ie d  in  rock ptarm igan c o lle c te d  in i n te r io r  A laska.

2. Ptarmigan fed predom inantly on buds and catk in s of dwarf birch  

from la t e  September through April and consumed a s ig n if ic a n t  proportion  

of b e rr ie s  when a v a ila b le  during t h is  p e rio d , while seeds predominated 

in crop contents during Ju ly  and leaves were p refe rre d  during August.

3 . Foods se le c te d  during Ju ly  and August were o f  higher n u tr i tio n a l

q u a lity  than those  s e le c te d  during o th e r  seasons. Crude p ro te in  values

were h ig h est and l ig n if ic a t io n  o f th e  c e ll  wall low est in foods s e le c te d

by ptarm igan during the p lan t growing season.

4 . The le n g th , w eight o f  contents and t is s u e  w eight o f  the  cecum

were g r e a te s t  during w in te r , declined  to  t h e i r  s h o r te s t ,  l ig h t e s t  s ta t e  

during summer and e a rly  f a l l  and again increased  as w in ter approached.

5. R elative  production ra te s  o f  in d iv id u a l VFA were acetate>  

p ro p io n ate> b u ty rate, whereas r e l a t i v e  absorption ra te s  were butyrate>

I.
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p ro p io n ate> acetate .

6 . The p roportion  of propionate produced w ith  res p e c t to  a c e ta te  

was h ig h est during summer and e a rly  f a l l  suggesting  m ateria l e n te rin g  

the cecum during th ese  seasons contained the h ig h e s t p roportion  o f 

so lu b le  carbohydrates.

7 . Seasonal VFA ferm entation ra te s /g  o f  cecal contents d iffe re d  

s ig n if ic a n tly  only during Ju ly  when the ra te  was h ig h es t.

8 . Total VFA production/day did not d i f f e r  s ig n if ic a n tly  among 

seasons and m etabolizable  energy a v a ila b le  from VFA averaged 7.1 

kcal/day. This energy was e q u iv a le n t to  about 18% of the  standard  

m etabolic r a te  and 7% o f  estim ated fre e  liv in g  energy requirem ents.
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INTRODUCTION

Seasonal v a ria tio n  in  food s e le c t io n ,  cecum s iz e ,  ferm entation 

ra te s  in the  cecum and m etabolizable energy a tta in e d  from ferm entation 

products in  rock ptarm igan, Lagopus m utus, have been described  by 

Gasaway (1 9 7 5 ).  The ecological requirem ents and food h a b its  o f  willow 

ptarm igan, Lagopus lagopus, d i f f e r  from those  o f rock ptarmigan (West 

& Meng, 1966; Weeden, 1 9 6 9 ). For th is  reason an in te r s p e c i f ic  comparison 

of cecal fu n ctio n s in  rock and willow ptarm igan was undertaken. Numbers 

and types o f  b a c te r ia  found in  cecal contents  and cecal ferm entation 

r a te s  have been prev io u sly  reported  fo r  willow ptarm igan by McBee &

West (1 9 6 9 ) .  The p rese n t rep o rt fu r th e r  describ es v o la t i le  f a t t y  acids 

(VFA) production in  the cecum and the co n tr ib u tio n  made by VFA m etabolizable 

energy (ME) to  to ta l  m etabolic  energy requirem ents o f willow ptarm igan 

during w in ter and compares them with rock ptarm igan.

MATERIALS AND METHODS

Willow ptarm igan were c o lle c te d  in  the Alaska Range along the 

Richardson Highway from m ile 200 to  215 (6 5 °3 0 ' N l a t . ;  145°25' W 

lo n g .) during April 1970. Fourteen in d iv id u a l b ird s  were shot and 

imm ediately taken to  a warm vehicle  where th e  body weight was recorded 

and th e  cecum was removed, weighed with contents and length  measured.

The cecum was then opened and contents t ra n s fe r r e d  to  a g lass  v i a l ,
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incubated , p e rio d ic a lly  sampled and specimens preserved as described 

by Gasaway (1 9 7 5 ).  Cecal t is s u e  was weighed a f t e r  contents were 

removed. Sex o f  b ird s  was noted and the crop contents were removed 

and s to re d  fo r  chemical and taxonomic a n a ly s is . The to ta l  time 

required  to complete th e  sampling o f  1 b ird  was approxim ately 30 

m inutes.

Preserved cecal c o n te n ts  were l a t e r  analyzed f o r  concentrations 

and composition o f VFA. Cecal contents o f  these  b ird s  were determined 

by the  sum o f a l l  sample w eights.

An a d d itio n al 21 willow ptarm igan were c o lle c te d  in the same 

study area to provide a la r g e r  sample fo r  physical measurements of 

cecum s iz e .  Body w eig h ts , ceca length  and weight including  contents 

were determ ined. Crop contents were removed and s to re d  f o r  chemical 

and taxonomic a n a ly s is .

D ietary n u trie n ts  (crude p ro te in , n e u tra l d e te rg e n t f ib e r  (NDF), 

acid  d e te rg en t f ib e r  (ADF), l ig n in ,  c e llu lo s e  and l i p i d s )  were analyzed 

(Gasaway, 1 9 7 5 ).

Proceedures fo r  in  v i tr o  incubation  o f  cecal c o n te n ts , q u a li ta t iv e  

steam d i s t i l l a t i o n  o f VFA and q u a li ta t iv e  an a ly sis  o f  VFA by gas l iq u id  

chromotography were d escribed  by Gasaway (1 9 7 5 ).  VFA production fo r  

a c e t ic ,  p ro p io n ic , b u ty ric  and to ta l  acids (iaM/g-min) was determined 

by the "zero time" method from the slope o f  the reg ress io n  l in e  o f 

VFA co n centration  (yM/g fresh  c o n te n ts ) versus time in  m inute a f t e r  

death (C arro ll & Hungate, 1954; Gasaway, 1 9 7 5 ). Production o f  a c e t ic ,  

propionic b u ty ric  and to ta l  acids (yM/g fre sh  contents•m in ) were
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c a lcu lated  f o r  each b ird . I n i t ia l  co n cen tratio n  o f  VFA (yM/g fresh  

c o n te n ts ) in  cecal contents a t  time o f  death was estim ated by the  y 

in te r c e p t  of the  to ta l  VFA production reg ress io n  l in e .

The production o f VFA/bird (mM/bird«min) was c a lc u la te d  by m ultip ly ing  

the mM/g*min tim es g cecal f i l l .  E xtrapolation  o f VFA production f o r  a 24 

hour p eriod  (mM/bird*day) was c a lc u la te d  by m u ltip ly in g  mM/bird*min tim es 

min/day.

M etabolizable energy (ME) o f  VFA is  equal to  the c a lo r ic  value 

of i t s  h eat o f  combustion, i . e .  a c e ta te , p ropionate and b u ty ra te  equal 

2 0 9 .4 , 3 67 .2  and 5 24 .3  kcal/m ole, re s p e c tiv e ly  (Hodgman e t  al_., 1 9 5 8 ). 

T herefore, the  ME o f  VFA produced in  the cecum/day was equal to  moles 

of VFA produced tim es i t s  resp ec tiv e  c a lo r ic  value.

RESULTS

Taxonomic and chemical a n a ly sis  of food

Willow ( S a lix ) comprised 93% o f  the crop contents of which 64.7% 

were twigs and 28.5% were buds (Table 1 ) .  Birch ( B e tu la ) buds and catk ins 

and aspen ( Populus trem uloides) buds and twigs represented  5 .6  and 1.3% 

of the  crop contents  (T able 1 ) .

Crude p ro te in  was higher in  buds and ca tk in s  o f a l l  species compared 

with woody tw ig s, w hile willow buds contained the h ig h est p roportion  o f 

crude p ro te in  (Table 1 ) .

All samples contained larg e  amounts of c e ll  c o n ten ts , with
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Table 1—P er c e n t chem ical com position o f  crop c o n te n ts  from 35 w illow  ptarm igan c o lle c te d  in  th e  A laska
Range, A la sk a, A pril 1971

P la n t
% o f  
d i e t

Crude 
p ro te i  n

C ell
c o n te n ts

N eutral 
d e te rg e n t 

f i b e r  (NDF)

Acid 
d e te rg e n t 

f i b e r  (ADF) L ignin
L ignin

ADF
C e ll­
u lo se L ip id

S a lix  (tw ig s ) 6 4 .7 9 .4 6 2 .2 3 7 .8 3 4 .7 2 0 .0 0 .5 8 1 4 .6 9 .4

S a lix  (b u d s ) 2 8 .5 1 4 .8 6 1 .4 3 8 .6 3 5 .7 1 5 .5 0 .4 3 2 0 .2 3 .8

B etula (b u d s) 1 .8 1 3 .3 75.1 2 4 .9 2 1 .6 1 4 .6 0 .6 8 7 .0 1 8 .6

B etu la (c a t k in s ) 3 .8 13.1 76.1 2 3 .9 2 8 .8 2 0 .4 0 .7 1 8 .4 8 .2

Populus (b u d s ) 0 .6 1 2 .2 7 8 .4 2 1 .4 2 0 .5 1 2 .4 0 .6 1 8 .0 2 0 .2

Populus (tw ig s ) 0 .7 9 .5 - - - - - - - - -

T otal d i e t 100 .1 1 1 .2 6 3 .0 3 7 .0 3 4 .3 1 8 .5 0 .5 5 1 5 .8 7 .5



98

s ig n if ic a n tly  h igher lev e ls  in  Betula and Populus than in S a lix  (Table 

1 );  in  comparison the ADF comnonent was h ig h est in S a lix . The degree 

o f l ig n if ic a t io n  in  ADF is  in d ic a te d  by the lignin/ADF r a t io  (Table 1 ) .  

The f ib e r  component o f  a ll  p la n t p a rts  was highly  l ig n i f i e d ,  but S alix  

buds and tw igs contained the low est proportion  o f  l ig n in  in ADF o f  a l l  

d ie ta ry  components. C ellu lose  was in v e rs e ly  r e la te d  to  l ig n in  in  f ib e r ,  

hence S a lix  contained the h ig h est p ro p o rtio n  of c e llu lo s e , the  most 

d ig e s t ib le  p o rtio n  of the ADF. Buds o f  B etula and Populus contained 

s ig n if ic a n tly  higher e th e r  e x tra c ta b le  f ra c tio n s  than o th e r  p la n t p a r ts .

The chemical composition o f  the to ta l  d i e t  was s im ila r  to  the  

composition o f  S alix  buds and twigs due to  t h e i r  high proportion in 

the d ie t .

Physical c h a r a c te r is t ic s  o f the  cecum

The combined length  o f  both ceca averaged 100 cm in females and 

107 cm in males (Table 2 ) .  Average cecal f i l l  fo r b ird s  during the 

11 hour sample period was 7 .7  g (Table 2 ) with a range o f 2 .8  to  1 4 .7  

g. Cecal contents were 1 .3  and 1.2% o f  body weight fo r  females and 

m ales, re s p e c tiv e ly . The weight o f  the cecum with contents averaged 

29 and 32 g fre sh  weight in females and m ales, re s p e c tiv e ly , w hile th e  

per cent of l iv e  weight was 5 .5  and 5.3% (range 3 .9 -7 .6 % ) f o r  females 

and m ales, re s p e c tiv e ly .

Ceca were ge n e ra lly  emptied by 0900 hours and the  ceca f i l l e d  during 

the  day reaching t h e i r  g r e a te s t  volume near sunset (F ig . 1 ) .  A few b ird s  

emptied t h e i r  ceca about 1800 hours p o ssib ly  fo r the second tim e th a t
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Table 2—Cecum le n g th ,  w e ig h t, f i l l  and p ro p o rtio n  o f  body w eight in  w illow  ptarm igan c o lle c te d  du rin g
A pril 1971 in  i n t e r i o r  A lask a.

Sex

Combi ned 
len g th  o f  

ceca 
(cm)

Cecum++
co n te n ts

(g)

Estim ated 
w eight o f  

cecum c o n te n ts

(g)

Fresh t i s s u e  
w eight o f  

cecum

(g)

T otal
ceca

wt
(g)

Body
wt

(g)

Cecum 
conents 

(% o f  
body w t)

T otal 
cecum wt 

(% o f 
body w t)

Femal e 1 0 0 (1 0 )* 7 . 6 ( 2 . 9 ) 6 ( 2 ) 2 3 (1 ) 2 9 (2 ) 5 0 2 (3 8 ) 1 . 3 ( 0 . 5 ) 5 . 5 ( 0 . 8 )
n=5+ n=7 n=8 n=4 n=8 n=16 n=15 n=15

Male 1 0 7 (8 ) 7 . 8 ( 3 . 4 ) 7 (4 ) 2 5 (1 ) 3 2 (5 ) 5 8 7 (4 8 ) 1 . 2 ( 0 . 6 ) 5 . 3 ( 1 . 0 )
n=18 n=9 n=10 n=6 n=10 n=18 n=18 n=18

Combi ned 1 0 4 (1 0 ) 7 .6 9 ( 3 . 1 ) 6 (4 ) 2 4 (1 ) 31 (4 ) 5 4 8 (6 2 ) 1 . 2 ( 0 . 6 ) 5 . 4 ( 0 . 9 )

*Mean (s ta n d a rd  d e v ia t io n ) .

+n=sample s iz e .

++Actual w eight o f  c o n te n ts .

s E stim ated  w eight o f  ceca = t o ta l  ceca w eight -  mean t i s s u e  w eight o f  cecum.



Fig. 1 . Cecal conten ts and to ta l  cecum weight (organ + c o n te n ts ) as 

a per ce n t o f body weight during d ay lig h t hours in willow ptarmigan 

c o lle c te d  during April 1971 in in te r io r  Alaska ( • ,  female; o , m ale ).
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day. Cecal f i l l  a t  n ig h t i s  unknown due to  the d i f f ic u l t i e s  o f  c o lle c tin g  

b ird s a f t e r  dark.

VFA production

Molar proportions o f  VFA in the cecum o f  willow ptarmigan a t  th e  

time o f  death were approxim ately the same as m olar proportions in  the  

f i r s t  sample taken from the cecum. Average molar percentages o f  a c e ta te , 

p ro p io n ate , b u ty ra te  and v a le ra te  were 6 3 .7 ,  2 2 .7 ,  1 2 .4  and 0.3%, re s p e c tiv e ly  

(T able 3 ) .  Acids formed from p ro te in  ferm en ta tio n , e .g . iso b u ty ra te  and 

is o v a le ra te  (Hungate, 1 9 6 6 ),  were found in  tra c e  amounts, suggesting  very 

l i t t l e  p ro te in  may have been ferm ented. Molar proportions changed in  the  

cecal contents during in v i tr o  incubation  due to  d i f f e r e n t ia l  production 

ra te s  of each a c id . T herefore, m olar p roportions of VFA in each subsample 

had to  be determ ined f o r  production r a te  s tu d ie s .

Production of a c e ta te , p ropionate and b u ty ra te  in whole cecal contents 

(yM/g*min) are  shown in Table 4 . Iso b u try a te , v a le ra te  and is o v a le ra te  

production were not determined since  they  were present only in t ra c e  

amounts. No c o n s is te n t p a tte rn  o f VFA production was found among in d iv id u a l 

b i r d s ,  however, on th e  average a c e ta te  was produced in the g r e a te s t  q u a n ti t ie s  

followed by propionate and b u ty ra te , 0 .6 6 ,  0 .4 7  and 0 .3 6  yM/g*min, 

re s p e c tiv e ly . Total VFA production, estim ated  from the c o n centration  

of a l l  a c id s , averaged 1.51 yM/g-min.

F o rty -fo u r per cent o f  VFA produced was a c e ta te  (Table 4 ) and t h is  

p ro portion  was le s s  than the p roportion  occurring  in  the f i r s t  cecal 

sam ple, 64%, (Table 3 ) w hile the percentages o f  propionate and b u ty ra te
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Table 3--M olar percentage o f  VFA in  the  f i r s t  sample taken from th e  ceca 
o f  14 willow ptarm igan during April 1971 in  i n t e r i o r  Alaska

A cetate P rio p io n ate B utyrate Iso b u ty rate V alerate Iso v a le ra te

6 3 . 7 (8 .8 ) * 2 2 . 7 (3 .3 ) 1 2 .4 (8 .1 ) 0 .4 ( 0 . 2 ) 0 . 3 ( 0 . 1 ) 0 .4 (0 .2 )

*Mean (sta n d ard  d e v ia t io n ).
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Table 4—Production r a te  o f VFA in  ceca o f  14 willow Dtarmigan c o lle c te d  
in  i n t e r i o r  Alaska during April 1971

Production r a te  (y moles/g wet c o n te n ts *1111*n ) I n i t ia l
Concentration

(yM/g)

Cecum
contents

(9 )Acetate Propionate B utyrate Total

0 .8 5 0 .2 7 0 .3 0 1 .4 0 1 6 .0 7 .3

-0 .3 0 0 .4 4 0 .7 6 0 .9 4 1 5 .0 7 .2

0 .2 0 0 .3 0 0 .4 0 0 .9 0 1 6 .4 7 .5

0 .9 0 0 .9 0 0 .4 0 2 .2 0 2 7 .3 3 .2

- - - - - 1 .7 3 2 6.5 3 .4

0 .4 9 0 .4 6 o . n 1 .0 5 2 2.9 1 4 .7

0.61 0 .9 3 0 .4 0 1 .9 0 21.2 6 .3

1 .0 6 0 .5 2 0 .4 0 2.01 1 3 .9 8 .2

1 .0 6 0 .7 2 0 .1 6 1 .9 4 1 5.0 8 .7

0 .7 2 0 .3 5 0 .1 6 1 .2 2 2 7.7 9 .2

0 .8 2 0 .3 8 0 .3 8 1 .6 0 8 .8 1 2 .4

1 .0 0 0 .3 0 0 .1 0 1 .5 0 2 3.8 8 .6

0 .4 9 0 .1 9 0 .5 4 1 .2 0 21.1 9 .5

0.71 0 .3 4 0.51 1 .5 0 1 6.0 7 .5

0 .6 6 (0 .3 8 ) * 0 .4 7 (0 .2 4 )  0 .3 6 (0 .1 9 )  1 .5 1 (0 .4 1 ) 1 9 .4 (5 .7 7 )

% o f  44 
to ta l
production

32 24

*Mean (sta n d ard  d e v ia tio n ).
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produced were g r e a te r  than the m olar percentages in  the f i r s t  sample.

These d ata suggest e i th e r  a d if f e r e n t ia l  a bsorp tion  p a tte rn  o f  VFA; the 

longer chained acids being absorbed more rea d ily  than a c e ta te  or th a t  

th ere  is  a conversion o f a c e ta te  to  longer chain acids in  v i t r o .

On a d a ily  b a s is  to ta l  production o f VFA in  the ceca o f  willow 

ptarmigan averaged 1 6 .8 5  mM/bird fo r  ptarm igan in  a ll  s ta g e s  o f  cecal 

f i l l  (Table 5 ) ,  however, the range of production v aried  about th re e  

f o ld , 8 .5  to  2 8.6  mM/bird/day. The p a tte rn  o f  VFA production shows 

a c e ta te  was produced in  g r e a te s t  q u a n ti t ie s  followed by propionate 

and then b u ty ra te , 7 .9 2 ,  5 .1 2  and 3 .8 3  mM/bird/day. However, b u ty ra te  

production y ie ld e d  th e  g r e a te s t  ME followed by pro p io n ate  and a c e ta te ,

2 .0 8 , 1 .8 8  and 1 .7 0  k c a l/b ird * d a y , re s p e c tiv e ly  (T able 5 ) .  The average 

ME av a ila b le/d ay  from VFA was 5 .6 6  kcal ranging among ind iv id u al birds 

from 2 .2 6  to  9 .1 2  k c a l. B utyrate production was e x c ep tio n ally  high in 

several b ird s and in  the  b ird  with the h ig h est b u ty ra te  p roduction , a c e ta te  

had an apparent n eg ativ e  production r a te  (Table 5 ) .

DISCUSSION

Willow ptarm igan during w in ter feed p rim a rily  on willow buds and 

twigs in  Alaska (West & Meng, 1966; Weeden, 1 9 6 9 ), but th e  proportion 

of twigs to  buds consumed is  probably dependent on the a v a il a b il i t y  o f  

buds. Birds c o lle c te d  during l a t e  w in ter fo r  th is  study had se le c te d  

a r e la t iv e ly  la rg e  p ro p o rtio n  o f  twigs (64.7% ) r e l a t i v e  to  buds (2 8 .5 % ).
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Table 5—Mean d a ily  p ro d u ctio n  o f  VFA and i t s  e q u iv a le n t a v a ila b le  m e ta b o liz a b le  energy in  ceca 
o f  14 w illow  ptarm igan s h o t during  A pril in  i n t e r i o r  A laska

D aily p ro d u ctio n

A ce tate P ro p io n a te B u ty rate  T otal

mM kcal mM kcal mM kcal mM* kcal

7 . 9 2 ( 4 . 8 2 ) + 1 .7 0 (0 .9 1 ) 5 .1 2 ( 2 . 5 1 )  1 . 8 8 (0 .9 2 ) 3 .8 3 ( 2 . 3 7 )  2 .0 8 ( 1 . 4 0 )  1 6 . 8 5 ( 6 . 1 1 )  5 . 6 6 (1 .8 3 )

*T o ta l mMoles was c a lc u la te d  from th e  s lo p e  o f  t o t a l  c o n c e n tra tio n  vs tim e r a t h e r  th an  th e  sum o f  
in d iv id u a l a c id  p ro d u c tio n .

+Mean (s ta n d a r d  d e v ia t io n ) .
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The s e le c tio n  o f  willow twigs may be due in  p a rt  to  repeated browsing 

o f willows by ptarm igan during w inter which may have reduced the proportion 

of buds a v a ila b le  in  r e la tio n  to  tw igs. Moss (1 9 6 7 , 1 968) and Gardarsson 

& Moss (1 9 7 0) have shown th a t  red grouse, Lagopus lagopus s c o tic u s , and 

rock ptarm igan do s e le c t  the most n u tr i tio u s  foods a v a ila b le . A g re a te r  

proportion o f  crude p r o te in , a le s s e r  degree o f  l ig n if ic a t io n  and equal 

proportion o f  c e ll  contents  o f  buds with re s p e c t to  tw igs suggests willow 

buds should be more n u tr i tio u s  than tw igs, although the o u ter lay ers  of 

the twig which a re  ground o f f  in  the gizzard  and d ig ested  may be o f  higher 

n u tri tio n a l  value than is  in d ic a ted  by data from the  e n ti r e  tw ig. Cecal 

d ig estio n  and ferm entation  o f  the fibrous component o f  the d i e t  would be 

g re a te s t  in  the l e a s t  l ig n if ie d  foods (Van S o e st, 1 9 6 4 ),  thus as judged 

from the  lignin/ADF r a t i o ,  the fib ro u s component o f S a lix  twigs and buds 

is  r e la t iv e ly  more n u tr i tio u s  than the o th er  d ie ta ry  components, Betula 

and Populus tw ig s, buds and catk ins (Table 2 ) .

Willow ptarm igan appeared to  empty t h e i r  ceca in  e a rly  morning and 

f i l l  during the day (F ig . 1 ) .  The emptying schedule i s  unknown in wild 

willow ptarm igan although G. West (p e rs . comm.) in d ic a te d  c ap tiv e  willow 

ptarmigan feeding on commercial ra tio n s  emptied the cecum once a day. On 

the o th er hand, c ap tiv e  rock ptarm igan, a lso  feeding on commercial feed , 

empty t h e i r  ceca 2 to  3 .2  times per day (Gasaway e t  al_., 1975a, 1 975b ).

I f  the cecum empties once per 24 hours and f i l l i n g  is  continuous between 

cecal d e fe c a tio n s , as in  rock ptarmigan (Gasaway e t  al_., 1 9 7 5 a ), f i l l i n g  

would continue in to  th e  n ig h t. However, i f  th e  cecum empties tw ice 

d a ily , i t  probably empties near the end o f  the  day and in  the e a rly
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morning as suggested by low cecal f i l l  in  some in d iv id u a ls  during 

th ese  periods (F ig . 1 ) .  And i t  is  h ighly  probable th a t  many b ird s  

do not reach maximum f i l l  before  emptying t h e i r  ceca which would 

appear in e f f ic i e n t .  Wide v a r i a b i l i ty  in  cecal f i l l  a t  the tim e o f  

emptying and a f t e r  emptying was rep o rted  in captive  rock ptarm igan 

by Gasaway e t  aj_. (1 9 7 5a ) which may e xplain  the wide range o f  cecal 

f i l l s  e a rly  in  the day in  willow ptarm igan which appeared to  have 

re c e n tly  emptied t h e i r  ceca.

The p a tte rn  of m olar co n cen tra tio n  o f  VFA found in cecal content 

o f  willow ptarm igan, i . e .  a c eta te > p ro p io n a te > b u ty ra te , confirms th a t  

rep o rted  by McBee & West (1 9 6 9 ) and was c h a r a c te r is t ic  o f th a t  found 

in  rock ptarm igan (Gasaway, 1 9 7 5 ),  red grouse (Moss, 1 9 7 3 ),  dom estic 

fowl (Annison e t  a]_., 1 9 6 8 ),  horse (H intz e t  al_., 1 9 7 1 ), pig (F a r r e l l  

& Johnson, 1 9 7 0 ), kangaroo, Macropus g ig a n tu s , Megaleia r u f a , guinea 

pig (Henning & H ird, 1970) and in  w ild  and domestic ruminants (Gasaway 

& Coady, 1 9 7 4 ), However, a number o f  s tu d ie s  have shown equal o r h igher 

c o n cen tratio n s o f b u ty ra te  than propionate in cecal contents o f  the  w hite 

r a t  (Yang e t  al_., 1 9 6 9 ),  w ild r a b b i t ,  Oryctolagus cu n icu iu s , (Henning & 

H ird, 1 9 7 2 ),  ra b b it  (Hoover & Heitmann, 1 9 7 2 ),  beaver, C astor c an ad en sis, 

(Hoover & C larke, 1972) and the  porcupine, E reith iezon  dorsatum , (Johnson 

& McBee, 1 9 6 7 ). Therefore the  p a tte rn  o f  VFA production is  not s im ila r  

in a ll  ferm entation system s. Rumen microbes g en erally  produce the 

h ig h est proportions o f  propionate  when the  h o st d ie t  is  high in  so lu b le  

carbohydrate (H ungate, 1 9 6 6 ). However, d ig esta  e n terin g  th e  cecum has 

had a la rg e  p o rtio n  o f  the d ig e s t ib le  so lu b le  carbohydrate removed in
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the fo re g u t. Hence, the  high proportion  o f  b u ty ra te  in  r e la tio n  to  

propionate found in  th e  cecum o f  the willow ptarm igan and o th e r  species 

may be due to  a lower proportion  o f s o lu b le  carbohydrate en te rin g  the 

cecum.

The average m olar percentages o f VFA in  the  f i r s t  sample as opposed 

to  subsequent samples o f  cecal contents were g re a te r  f o r  a c e ta te  and 

le s s  fo r  propionate  and b u ty ra te  than the per c en t o f  each acid  produced 

in v i tr o  which suggests VFA were not absorbed in th e  same r a t i o  as they 

were produced (Table 3 and 4 )  o r  possib ly  th a t  th e re  is  a considerable  

conversion o f  a c e ta te  to  propionate and b u ty ra te  in v i tr o  (Leng & Leonard, 

1 9 6 5 ). Based on these  d a ta , the r e la tiv e  in d ic a te d  ra te s  o f  absorp tion  

of acids from the cecum of willow ptarm igan were b u ty rate> propionate> acetate  

and th is  tre n d  is  s im ila r  to the absorption p a tte rn  rep o rted  f o r  the cecum 

of dom estic sheep (Myers e t  al_., 1 9 6 7 ). Hoover & Heitmann (1 9 7 2 ) reported  

b u ty ra te  and propionate to  be absorbed f a s t e r  than a c e ta te  in  ra b b its  and 

data p resented  by Johnson & McBee (1 9 6 7 ) in d ic a te  a s im ila r ,  though le s s  

pronounced, ab so rp tio n  p a tte rn  in  the porcupine.

In s p i t e  o f a general d ec lin e  in ferm entation  r a te  with in cre asin g  

f i l l ,  to ta l  ferm entation  and energy y ie ld  per b ird  increased  with cecal 

f i l l  in willow ptarm igan (F ig . 2 ) ,  whereas in  rock ptarm igan, to ta l  

ferm entation was g en e ra lly  s im ila r  a t  a ll  s tag es o f  f i l l  (Gasaway, 1975) 

due to  a g r e a te r  d e c lin e  in  ferm entation ra te s  as f i l l  in crea sed . T herefore 

in willow ptarm igan th e  l e a s t  amount o f  ME is  su p p lied  follow ing a cecal 

defecation  and in cre a se s  as the cecum r e f i l l s .

Rates o f  cecal VFA production determined in  the  p rese n t study were
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Fig. 2 . The c o rre la tio n  between VFA energy produced in  the  cecum as 

precentages of standard  m etabolic  r a te  with grams cecal f i l l  in  willow 

ptarm igan c o lle c te d  during April 1971 in  in te r io r  A laska.
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ge n era lly  h igher than those  rep o rted  fo r  willow ptarm igan by McBee &

West (1 9 6 9 ).  McBee & West, as in  th e  p resen t r e p o r t ,  found h ighly  

v a ria b le  production ra te s  f o r  a c e ta te , propionate and b u ty ra te , however 

in  5 out o f  8 b irds they found no net production o f  1 o r  2 VFA. The

in  v i tr o  incubation and sampling methods used by McBee & West (1 9 6 9 ) were

dependent on uniform mixing o f  cecal contents since  they sampled th e  cecum

contents by c u ttin g  i t  in to  3 n early  equal len g th s . My observations

on cecal f i l l  in  willow ptarm igan in d ic a te  uniform mixing probably does 

not occur f o r  a s ig n if ic a n t  p o rtio n  o f  the  tim e. The ME from VFA in 

the p rese n t study averaged 5 .7  kcal/day and ranged from 2 .3  to  9 .1  kcal 

(Table 5 ) due to varying production ra te s  and produced 5 .7  kcal ME/day 

o f  VFA and a ll  o th e r  b ird s  were s ig n if ic a n tly  lower when an average o f  

10 g cecal f i l l  is  used to  c a lc u la te  VFA production. However, McBee &

West (1 9 6 9 ) reported  ethanol production in  3 o f  8 b ird s . In one 

in d iv id u a l, ME re s u ltin g  from ethanol production was nearly  equal 

to  VFA energy. U nfortunately  no es tim ates o f  ethanol production were 

made in the p resen t study and hence the present estim ates o f energy 

dervied from the cecum may be minimal as ethanol may a t  tim es be an 

im portant end product o f  cecal ferm entation in  ptarm igan.

Cecal ferm entation appears to  provide only a small p o rtio n  o f the 

to ta l  energy req u ired  by willow ptarm igan. The average f ra c tio n  o f 

stan d ard  metabolism (Lasiewski & Dawson, 1967 ) supplied  by ferm entation  

was 11% w hile the proportion  o f  energy obtained from ferm entation  was 

even le s s  when compared with ex is te n ce  and f re e  liv in g  energy requirem ents 

(Table 6 ) .  West (1 9 6 8 ) has shown willow ptarm igan caged outdoors during
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Table 6 —The per c e n t o f  energy req u irem en ts  su p p lie d  by VFA in  w illow  ptarm igan 
in  i n t e r i o r  A laska

Average 
body wt

(g )

S ta n d ard * 
m etabolism

E x is ten c e+ 
a t  30°C

E x iste n c e  
d u rin g  w in te r  

in  A laska

Free l iv in g  
d u rin g  w in te r  

in  Alaska

559° Energy
Requirem ents

5 1 .4 6 3 .9 119 150

% energy s u p p lie d  
by VFA

1 1 . 0 (4 .3 - 1 9 .4 )° ° 8 . 9 ( 3 . 5 - 1 4 . 3 ) 4 . 8 ( 1 . 9 - 7 . 7 ) 3 . 8 ( 1 . 5 - 6 . 1 )

*L asiew ski and Dawson (1 9 6 7 ) ,  log  M = log 7 8 .3  + 0 .7 2 3  log  body w eight in  kg.

+Kendeigh (1 9 7 0 ) ,  log M = - 0 .2 6 7 3  + 0 .7 5 4 5  log body w eight in  g where M = k c a l/ b ir d  p er 24 h r .

++West (1 9 6 8 ) ,  m easured in  caged b ird s  h e ld  o utdoors  d u rin g  w in te r .

s Moss (1 9 7 3 ) ,  e s tim a te d  f o r  f r e e  l iv in g  w illow  ptarm igan in  th e  same a re a  as th e  p r e s e n t  s tu d y .

“W eight o f  th e  13 b ird s  which were used in  th e  VFA p ro d u ctio n  m easurem ents.

°°Range o f  v a lu e s .
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w in ter req u ired  119 kcal/day whereas fre e  l iv in g  w ild  willow ptarm igan 

require  150 kcal ME/day during w in ter (Moss, 1 9 7 3 ). Thus cecal 

ferm entation provided only 4 .8  and 3.8% o f  e x isten ce  and f re e  l iv in g  

energy needs, re s p e c tiv e ly .

However, energy derived from cecal ferm entation in crea sed  as the 

cecum f i l l e d  between cecal d e fec a tio n s and reached a maximum a t  the 

time o f emptying (F ig . 2 ) .  T herefore , during a p o rtio n  o f  th e  day 

ME from ferm entation may be as high as tw ice and as low as h a lf  the  

mean values in  an in d iv id u a l b ird .

Limited data suggests th e  avian cecum is  more e f f i c i e n t  than 

ceca of mammalian s p e c ie s . Cecal contents expressed as a per cent 

of body weight fo r  mammalian herbivores were g re a te r  than fo r  the 

avian species with the p o ssib le  exception o f the pig (T able 7 ) .

Mammals a lso  d iv e r t  a h ig h er proportion  o f  the to ta l  d ig e s ta  in to  

the  cecum whereas b ird s  s e p ara te  d ig es ta  in to  two f r a c t io n s ,  d iv e rtin g  

the  more d ig e s t ib le  f r a c tio n  to  the  cecum (Gasaway e t  al_., 1975a, 1975b) 

and de fec a tin g  the n o n -d ig e s tib le  m a te ria l. Thus the  net r e s u l t  is  a 

r e la tiv e ly  higher porp o rtio n  of the  standard  m etabolic r a te  sup p lied  

from avian cecal ferm entation  by a sm aller organ when compared to  

mammals. The evolu tion  o f  th is  small but highly e f f i c i e n t  cecum is  

com patible with the general e volu tionary  tre n d  in  b ird s  o f a l ig h tw e ig h t, 

stream lined  body form in  comparison with the mammalian body form.

Optimum cecum s iz e  in  avian herb ivores probably is  an evo lu tio n ary  

compromise between n u tr i tio n a l  b e n e fits  including  energy obtained  

from oxid atio n  of s u b s tr a te s ,  and the detrim ental e ff e c ts  o f  in crea sin g
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Table 7—The conten ts o f  the cecum as per cent o f  body w eight, VFA production 
ra te s  per g whole contents and energy derived from VFA as per c e n t 
o f basal m etabolic  ra te s  in  various mammalian and avian herb ivores

Species

Contents 
(% of 

body w t)

VFA production 
(yM/g whole 
c o n te n ts -h r )

Energy 
(% o f 

basal r a t e ) Reference

Rabbit 7 .8 Els den e t  al_. (1 9 4 6 )

Porcupine 4 .4 27 16 Johnson & McBee 
(1 9 6 7)

Beaver 2.1 Hoover & Clark 
(1 9 7 2)

Horse 2 .5 Els den e t  aK  (1 9 4 6 )

Rabbit 1 .8 -2 .5 41 10-12 Hoover & Heitmann 
(1 9 7 2)

Rat 1 .8 - 2 .4 9 .4 Yang e t  a l .  (1 9 6 9 , 
1970)

Rock ptarm igan 2.1 138 18 Gasaway (1 9 7 5)

S h a rp -ta ile d  grouse 1 .4 126 14 Gasaway (unpub. d a ta )

Willow ptarm igan 1 .2 91 11 Present study

Pig 0 .4 - 0 .7 50 5 .8 F a rre ll  & Johnson 
(19 7 0)
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cecum weight and volume on m o b ility  and balance.

Approximately 4% o f  th e  fre e  liv in g  energy requirem ents o f 

ptarmigan was supplied  by the cecal ferm en ta tio n , but the  actual 

n u tr i tio n a l  value derived from the  cecum is  l ik e ly  to  be g r e a te r  i f  

s iz e  o f the cecum with res p e c t to  the to ta l  gut is  any in d ic a tio n .

The combined length  o f ceca were n early  equal to  the e n ti r e  gut 

len g th . The cecum and i t s  contents averaged 5.4% of th e  to ta l  body 

weight in  willow ptarm igan and reached as much as 7.6%. This small 

fra c tio n  of to ta l  energy requirem ent supplied  by ferm entation  could 

possib ly  be met by g r e a te r  food consumption and increased  d ig es ta  volume 

and flow r a t e s ,  s in c e  m onogastric cecal ferm entors, u n lik e  rum inants, 

have the  c a p a b ility  o f  in crea sin g  d ig e sta  flow ra te s  and food consumption 

when food q u a lity  decreases re s u ltin g  in  a net gain o f ME (B e ll ,  1 9 7 1 ). 

T herefore, i f  ferm entation  is  the major function  o f  the cecum, the 

p resen t study and o th ers  by McBee & West (1 9 6 9) and Gasaway (1 9 7 5 ) have 

p ossib ly  underestim ated th e  c o n trib u tio n  o f  the cecum in  the n u tr i tio n  

of ptarm igan. Underestim ates o f cecal function may a r is e  from techniques 

which do not reproduce in  s i t u  ferm en tatio n . For example, Whitelaw e t  

al_. (1 9 7 0 ) suggest t h a t  estim ates o f VFA production in  th e  rumen may be 

considerably  underestim ated by the in  v i tr o  techniques in  comparison with 

in vivo techniques using rad io iso to p ic  techniques. A lso, the  ferm entation 

products produced in  v i tr o  may rep re se n t only a po rtio n  o f  the dry m atter 

absorbed from the cecum. Functions o f  the cecum o th e r  than energy production 

may j u s t i f y  the s iz e  o f  the  organ. Vitamin sy n th esis  (Coates & Jayne-W illiam s, 

1966; Jayne-W illiam s & F u lle r ,  1 9 7 1 ),  w ater and e le c t ro ly te  absorp tion
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(Gasaway e t  al_., 1975b; Parham & B arza, 1 9 6 7 ),  sy n th esis  and absorption 

of e s s e n tia l  amino acid  and o th er l i t t l e  known fu n ctio n s may make a 

larg e  cecum e s s e n tia l  f o r  successful in h ab itan ce  o f  the niche o f  avian 

herbi v o res .

SUMMARY

1 . V o la tile  f a t t y  acid  (VFA) production in  the cecum, cecum s iz e  

and f i l l ,  type o f food and chemical com position o f  food were determined 

fo r  willow ptarm igan shot during April in  in te r io r  Alaska.

2 . Willow buds and twigs comprised 93% o f  the crop contents; 

willow buds were the  most n u tr i tio u s  item in the  crop based on chemical 

q u a l i t ie s .

3. The cecum averaged 100 and 107 cm in females and m ales, 

re s p e c tiv e ly , and to ta l  cecum weight was 5.4% o f  body weight fo r  both 

s e x e s .

4 . The average production of a c e ta te , p ropionate and b u ty ra te  

was 0 .6 6 ,  0 .4 7  and 0 .3 6  yM/g*min, r e s p e c tiv e ly , w hile the r e la tiv e  

ra te s  of a b sorp tion  o f these  acids were bu ty ra te> p ro p io n ate> a ceta te .

VFA production fo r  a 24 hour period averaged 1 6 .9  mM which was e q u iv a le n t 

to 5 .7  kcal m etabolizable energy (ME).

5. The per cent o f  s tandard  m etabolism , ex iste n ce  and fre e  liv in g  

energy requirem ents supplied  by the ME o f  VFA were estim ated to  be 1 1,

4 .8  and 3.8%, re s p e c tiv e ly .
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6 . A comparison o f  cecal ferm entation ra te s  and cecum s iz e  

suggested avian species have a more e f f i c i e n t  cecum than mammals.
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CONCLUSIONS

"The ro le  o f  the cecum is  s t i l l  something o f  a mystery" was the 

conclusion o f  the most rec en t review on avian cecal function  (McNab,

1973) however, g rad u ally  the pieces to  the m ystery are f a l l in g  in to  

p lac e . The c o n trib u tio n  o f the p rese n t study rep re sen ts  only a token 

compared to th e  f u ll  understanding o f  cecal fu n ctio n . The follow ing 

summarizes th e  s a l i e n t  po in ts o f  t h is  r e p o r t .

The mechanism by which the cecum o f  ptarm igan is  f i l l e d  is  q u ite  

p o ssib ly  h y d ro sta tic  pressu re  generated  from m uscular c o n trac tio n s in  

the i n te s t i n e .  This pressure  forces the f lu id  f ra c tio n  o f  d ig esta  

which i s  comprised o f  w a te r, so lu b le  substances and f in e  suspended 

p a r t ic le s  through the small opening in to  the  cecum. Species with 

larg e  ceca and a high r a te  o f  tu rn o v e r o f  cecal c o n te n ts , l ik e  the 

rock p tarm igan, d iv e r t  most o f  the w ater e n te rin g  the hindgut in to  

the  cecum where i t  is  absorbed. Thus the cecum becomes the m ajor s i t e  

fo r  w ater recovery in  these  s p e c ie s .

The f lu id  d ig e sta  was c o n tin u a lly  d iv e rted  in to  the cecum except 

during p e rio d ic  cecal discharges which v a rie s  in frequency with s p e c ie s , 

d ie ts  and environm ental co n d itio n s. On the  average 55% o f  the  cecal 

content were evacuated during each d isc h a rg e. The re ta in e d  p o rtio n  o f  

cecal co n ten ts  probably functions as an innoculum fo r  f re s h ly  e n te red  

co n ten ts  c ontain ing  r e la t iv e ly  few b a c te r ia ,  thus l i t t l e  time lag  occurs 

before maximal b a c te r ia l  ferm entation was achieved follow ing a d efe c a tio n . 

T herefore the  p e rio d ic  d ischarge system o f  the  avian cecum may function  

nearly  as uniform ly as in the continuous turnover systems o f  the  rumen
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and some mammalian ceca.

The cecum v a rie s  in  s iz e  and f i l l  throughout the y e a r  in w ild 

rock ptarm igan. In general the le n g th , t is s u e  weight and f i l l  were 

g r e a te s t  during w in ter  w hile  b ird s fed on the low est q u a li ty  foods 

and the  cecum declined  to  i t s  minimum annual s iz e  during summer when 

forage q u a lity  was h ig h e s t. In s p ite  o f the changing volume o f  the 

cecum, th e  c o n trib u tio n  o f ME from cecal ferm entation was s im ila r  

during a ll  seasons o f th e  y e a r. I t  was estim ated th a t  an average of 

7% of the  annual fre e  liv in g  energy requirem ents of w ild  rock ptarmigan 

were a v a ila b le  from VFA produced by m icrobial ferem entation  in  the cecun, 

while only 4% o f the f re e  l iv in g  requirem ents o f  willow ptarm igan were 

supplied  during w in te r . Dry m atter d ig estio n  in the  cecum of c ap tiv e  

rock ptarm igan accounted f o r  approxim ately 2.5% of the t o ta l  DM d ig e s te d , 

thus energy a v a ila b le  from cecal d ig e stio n  provided approxim ately 2.5% 

of th e  caged, e x is te n ce  energy requirem ent. The larg e  d is p a r ity  in  

energy a v a ila b le  from cecal fu n ctio n s in  c ap tiv e  and w ild  rock ptarm igan 

can be p a r t i a l l y  accounted f o r  by the s ig n if ic a n t  red u ctio n  in  cecum 

s iz e  th a t  occurs in  c ap tiv e  b ird s  fed high q u a lity  d i e t s .  Maximum 

cecal f i l l  in  c a p tiv e  ptarm igan was le s s  than h a lf  th a t  observed in 

w ild b ird s  during w in te r . The cecum may have decreased to  a s iz e  where 

increased  cecal e f f ic ie n c y , as in  w ild b ird s  during summer, can no 

longer y ie ld  the high r a te s  o f  DM d ig e s tio n  and production o f  ferm entation  

p ro d u cts. The decreased cecal f i l l  and s iz e  observed during sunnier in  

w ild ptarm igan and in  c a p tiv e  ptarm igan, both feeding on high planes o f  

n u tr i t io n ,  may be in response to  improved d i g e s t ib i l i t y  and decreased
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food consumption o f these h igher q u a li ty  foods, which r e s u l ts  in le s s  

DM passing from the small in te s t in e  in to  the  hindgut and consequently 

reducing th e  flow of DM a v a ila b le  f o r  e n try  in to  the cecum.

The highly  s e le c t iv e ,  s o rtin g  mechanism in  the hindgut which 

allows the  most d ig e s tib le  m ateria l to  e n te r  the avian cecum, r e s u l ts  

in  a more e f f i c i e n t ,  l ig h te r  weight organ compared to  ceca o f mammalian 

herb ivores in  which a l l  d ig esta  f ra c tio n s  a re  d iv erted  in to  the  cecum. 

However, in  s p i te  of the e f f i c i e n t  cecal f i l l i n g  mechanism o f  avian 

h e rb iv o re s , the cecum fo r  i t s  r e la t iv e ly  larg e  s iz e  appears to  provide 

only a small po rtio n  o f  the to ta l  energy required  by the b ird s .
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