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A b stract 

The body composition of j u v e n i l e Willow Warblers, Pbylloscopus 
t r o c h i l u s , was examined during the autumn moult and premigratory 
period. Premigratory b i r d s e x h i b i t e d hyperphagia and l i p i d 
d e p o s i t i o n . Weight decreases of the p e c t o r a l i s muscles and t h e i r 
glycogen reserves d u r i n g moult are i n t e r p r e t e d as responses to 
increased thermoregulatory demands, and not t o u t i l i z a t i o n of 
muscle amino-acids f o r feather growth. Apparent premigratory 
muscle'hypertrophy' represents merely a recovery to pre-moult 
values. 

Mean l i v e r weights do not vary between the p o s t - j u v e n i l e moult 
and the premigratory period, but the times of day at which weight 
maxima of water and p r o t e i n occur are e a r l i e r i n premigratory 
b i r d s . These b i r d s also show an e a r l i e r increase i n l i v e r 
l i p i d l e v e l s d u r i n g the day than moulting b i r d s . Premigratory 
b i r d s also have g r e a t e r evening l i p i d concentrations than 
moulting b i r d s . As the dawn l i p i d l e v e l s of moulting and 
premigratory b i r d s do not d i f f e r , a l l l i p i d synthesized (or 
processed) by the l a t t e r group must be stored s o l e l y i n adipose 
t i s s u e . The marked d i u r n a l cycle of l i v e r glycogen of moulting 
b i r d s i s absent i n the premigratory p e r i o d . 

Samples of Willow and Grasshopper Warblers ( L o c u s t e l l a naevia ) 
k i l l e d during m i g r a t o r y f l i g h t had d i f f e r e n t p o t e n t i a l ranges 
but s i m i l a r p o t e n t i a l f l i g h t times, due to a l i p i d - c o r r e l a t e d 
increase i n body water i n the l a t t e r species. 
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I n j e c t i o n s of p r o l a c t i n i n photosensitive Bramblings, F r i n g i l l a 
m o n t i f r i n g i l l a , showed t h a t the s t i m u l a t i o n of a p p e t i t e by t h i s 
hormone was independent of the time of i t s i n j e c t i o n , whereas 
l i p i d , d e p o s i t i o n was s t r o n g l y dependent. I n Bramblings given 
r e s t r i c t e d food body and l i v e r weights s t i l l increased when 
b i r d s were i n j e c t e d w i t h p r o l a c t i n , confirming t h a t p r o l a c t i n acts 
d i r e c t l y on live-r l i p i d synthesis, independently of i t s e f f e c t s 
on a p p e t i t e . Changes i n l i v e r size produced^ by p r o l a c t i n 
i n j e c t i o n s were s i m i l a r to size changes found i n photostimulated 
b i r d s . I t i s concluded t h a t p r o l a c t i n i s the probable cause 
of changes i n l i v e r composition of autumnal premigratory Willow 
Warblers. 
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Chapter 1. I n t r o d u c t i o n 

This t h e s i s i s concerned w i t h migratory f a t t e n i n g c h i e f l y i n 
two passerine species - the Willow Warbler and the Brambling. 
The former species i s a t y p i c a l i n s e c t i v o r o u s migrant, breeding 
i n the Palaearctic and w i n t e r i n g i n A f r i c a ; the l a t t e r i s a 
seed-eating f i n c h , breeding i n Scandanavia and w i n t e r i n g i n the 
North temperate-zone of Europe. Both species were numerous i n 
the Durham area, the Willow Warbler i n summer and the Brambling 
i n w i n t e r ; t h e i r a v a i l a b i l i t y was one of the main reasons f o r 
t h e i r use i n the studies described i n the f o l l o w i n g chapters. 

Since the o r i g i n a l demonstration th a t the body l i p i d of b i r d s 
increases at the time of m i g r a t i o n (Groebbels 1932, Rowan 1925), 

many I n v e s t i g a t o r s have examined t h i s l i p i d d e p o s i t i o n and i t s 
metabolic basis. The process of l i p i d d e p o s i t i o n i n migratory 
b i r d s can be divi d e d i n t o two phases: the premigratory phase i n 
which l i p i d l e v e l s i n the body increase from previous low l e v e l s , 
and i n which captive b i r d s e x h i b i t nocturnal restlessness, Zugunruhe^ 
(although these two c h a r a c t e r i s t i c s are independently c o n t r o l l e d , 
King and Parner 1963, L o f t s , Marshall and Wolfson 1963); and the 
migratory phase, i n which the h i g h l i p i d l e v e l s are maintained 
(unless used f o r migratory f l i g h t ) , and f e r a l b i r d s e x h i b i t o r i e n t a t e d 
migratory a c t i v i t y . These d e f i n i t i o n s agree w i t h the usage of 
Dol'nik and Blyumental (1967), and correspond to the 'dynamic' and 
' s t a t i c ' phases ( r e s p e c t i v e l y ) of weight gain i n lesioned White-
t h r o a t e d Sparrows (Kuenzel and Helms 1970). These two phases must 
be separated i n studies on migratory b i r d s , since t h e i r c h a r a c t e r i s t i c s 
are not s i m i l a r (Dol'nik and Blyumental 1967). 

1. S c i e n t i f i c names are given i n Appendix $. 
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Most studies have been concerned w i t h the spring premigratory 
phase (Parner et_.al. 1961, Helms 1968, King 1961a, 196lb,0dum 1960, 

Yarborough and Johnston 1965), as t h i s i s e a s i l y produced i n 
captive northern temperate-zone passerines by a r t i f i c a l l y long 
photoperiods (King 1961b, King and Parner 1956, 1963, L o f t s and 
Marshall 19 60, Odum and Major 1956, Wolf son 191+5, 195^, 1960) . 

The autumn premigratory phase has been less e x t e n s i v e l y i n v e s t i g a t e 
(Dol'nik 1966, 1967, 1968, 1970a, Dol'nik and Blyumental 1967, Evans 
1969, King, Barker and Farner 1963, King, Parner and Morton 1965, 

Rogers and Odum 1966). The appearance o f l i p i d d e p o s i t i o n i n 
autumn i n the Willow Warbler i s not dependent on day l e n g t h , but 
on an i n t e r n a l rhythm (Gwinner 1968); t h i s applies also to the 
Garden Warbler (Berthold, Gwinner and K l e i n 1971). Hence, autumn 
l i p i d d e p o s i t i o n i s more d i f f i c u l t t o study i n captive b i r d s , since 
i t cannot be produced by v a r i a t i o n of photoperiod. 

Two approaches have been used to study the metabolic changes 
associated w i t h premigratory l i p i d d e p o s i t i o n . I n the f i r s t 
approach, energy balance studies have been performed t h a t show 
th a t l i p i d d e p o s i t i o n i s due t o increased energy intake (hyperphagi 
(Helms 19 68, King 1961 a, 1961b, Koch and de Bont 1952, Odum 1960a, 

Rautenberg 1957), and not due to more e f f i c i e n t u t i l i s a t i o n of the 
food (King 1961b); some authors have suggested that there i s also 
a r e d u c t i o n i n 'existence energy', but there i s no conclusive 
evidence on t h i s p o i n t (Kendeigh, West and Cox 1960, Koch and de 
Bont 1952, Pohl 1971). The disadvantage of these studies on 
captive b i r d s i s t h a t the magnitude of the changes i n l i p i d 
d e p o s i t i o n are increased, probably due t o the reduced a c t i v i t y 
of captives (King and Farner 1959). Consequently, studies on 
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energy reserves of captives (such as Farner et_. al_. 1961 ) must 
be t r e a t e d w i t h reserve. The a l t e r n a t i v e approach i s the study 
of the changes of body composition of f e r a l b i r d s (e.g. Dol'nik 
and Blyumental 1967, Evans 1969, King, Barker and Farner 1 9 6 3 ) ; 

i n t h i s case the metabolic changes are u s u a l l y i n f e r r e d from 
changes i n energy reserves. The drawback has been, however, 
t h a t i n most passerine species studied ( w i t h one exception, the 
Rosy Pastor) the premigratory phase i s preceded by a moult; i n 
only a few studies have possible e f f e c t s of t h i s moult been 
considered, and even then not f u l l y (Dol'nik and Blyumental 1967, 

King and Farner 19^9 ) . 

I n the f i r s t part of the i n v e s t i g a t i o n s reported here, I have 
studied the metabolic changes associated w i t h premigratory l i p i d 
d e p o s i t i o n i n autumn by f o l l o w i n g the changes i n body composition 
of Willow Warblers during and a f t e r the moult, i n July and August. 
The adult Willow Warbler has two complete moults per year; one 
i n Europe before the autumn m i g r a t i o n and another i n A f r i c a before 
the spring m i g r a t i o n . Juveniles have a p a r t i a l moult Immediately 
a f t e r l e a v i n g the nest, and acquire t h e i r new body plumage before 
m i g r a t i n g south i n t h e i r f i r s t autumn of l i f e . They have a 
complete moult i n A f r i c a before r e t u r n i n g on spring m i g r a t i o n . 

The moult of j u v e n i l e s , and associated changes i n t o t a l body 
weight, are described i n d e t a i l i n Chapters 3 and Ij. of t h i s t h e s i s , 
as a p r e l i m i n a r y t o the discussion of v a r i a t i o n I n body composition, 
since a main aim of the study of t h i s species has been t o separate 
metabolic p e c u l i a r i t i e s associated w i t h moult from the changes 
associated w i t h premigratory l i p i d d e p o s i t i o n . I n Chapter 5 , 

evidence i s presented t h a t the premigratory phase, i d e n t i f i e d by 



hyperphagia, begins only a f t e r the moult i s completed. Chapter 
7 contains supporting evidence t h a t t o t a l body l i p i d does not 
increase appreciably u n t i l the same period; while Chapter 6 shows 
that the l i p i d content of the b r a i n i s constant throughout the 
moult and premigratory phases, and so does not obscure changes 
i n weight of metabolizable l i p i d as measured by e x t r a c t i o n of 
l i p i d from the whole carcase. Chapter 8 considers v a r i a t i o n i n 
weight of c e r t a i n other p a r t s of the body during and a f t e r the 
moult. 

I t i s impossible t o i n v e s t i g a t e the changes i n enzyme a c t i v i t i e s 
associated w i t h l i p i d d e p o s i t i o n i n f e r a l b i r d s ; the nearest 
approximation i s to f o l l o w changes i n energy reserves and t i s s u e 
composition of those organs known t o be i m p l i c a t e d i n avian l i p i d 
metabolism. I n my study of f e r a l Willow Warblers a t t e n t i o n has 
been focussed on the l i v e r (Chapter 10) and p e c t o r a l i s muscles 
(Chapter 9 ) . The former i s the p r i n c i p a l s i t e of l i p i d synthesis 
i n b i r d s (Goodridge and B a l l 1967a), and changes i n the size of 
t h i s organ have been noted i n the premigratory period i n White-
crowned Sparrows (Oakeson 1953* 1956). The p e c t o r a l i s muscles 
have been suggested as another area i n which premigratory metabolic 
adaptations occur (reviewed by George and Berger 1966). Since plasma 
glucose and f r e e f a t t y a c i d l e v e l s are i n t i m a t e l y r e l a t e d t o l i p i d 
metabolism i n b i r d s (Goodridge and B a l l 1967a, Langslow et.al.1 9 7 0 ) , 

I have also examined these i n Willow Warblers (Chapter 11 ) . The 
only other species i n which blood composition during the premigratory 
period has been examined i s the Chaffinch (Dol'nik 1966,1967, 

Dol'nik and Blyumental 1967). I n f o r m a t i o n on body composition and 
adaptations of migrant passerines k i l l e d during migratory f l i g h t s at 
Bardsey lighthouse, North Wales, i s given i n Chapter 12, t o compare 
w i t h the premigratory adaptations discussed i n previous chapters. 
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The hormonal c o n t r o l o f p r e m l g r a t o r y l i p i d d e p o s i t i o n i s 
s t i l l a m a t t e r o f c o n t r o v e r s y . As shown by experiments on 
l e s i o n e d White-crowned and W h i t e - t h r o a t e d Sparrows t h e response 
i s m ediated by t h e hypothalamus (Kuenzel and Helms 1970* S t e t s o n 
1 9 7 1 ) ; l e s i o n s i n the v e n t r a l hypothalamus i n d u c e d l i p i d d e p o s i t i o n 
o f t he same magnitude as f o u n d i n t h e p r e m i g r a t o r y phase. 
Evidence from t h e a d m i n i s t r a t i o n o f exogenous hormones has been 
i n t e r p r e t e d as s u g g e s t i n g t h a t p r o l a c t i n i s p r i m a r i l y r e s p o n s i b l e 
f o r l i p i d d e p o s i t i o n (Meier and Parner 196I+) , b u t t h a t i t s e f f e c t 
depends on t h e t i m e of i n j e c t i o n i n r e l a t i o n t o t h e d a i l y p h o t o p e r i o d 
(Meier 1 9 6 9 , Meier and Davis 1 9 6 7), p o s s i b l y due t o synergism 
w i t h c o r t i c o s t e r o i d s (Meier and M a r t i n 1 9 7 1 a , 1 9 7 1 b ) . However, 
no a t t e m p t has been made t o determine whether t h e f a t t e n i n g 
response produced by p r o l a c t i n i s comparable w i t h p r e m i g r a t o r y 
f a t t e n i n g i n w i l d b i r d s . I t i s not known whether i n m i g r a n t s 
i t a f f e c t s t h e a p p e t i t e , or l i p i d s y n t h e s i s , o r b o t h . I n the 
n o n - m i g r a t o r y p i g e o n , p r o l a c t i n does i n c r e a s e b o t h a p p e t i t e 
(Bates et_.al_ . 1 9 6 2 ) and l i p i d s y n t h e s i s (Goodridge and B a l l 1 9 6 7 b , 
1 9 6 7 c ) . 

I n my study, experiments were p e r f o r m e d on the e f f e c t s o f p r o l a c t i n 

i n j e c t i o n s p r i o r t o s p r i n g m i g r a t i o n i n t h e B r a m b l i n g . The r e s u l t s 

(Chapter 1 3 ) go some way towards u n d e r s t a n d i n g how p r o l a c t i n 

a d m i n i s t r a t i o n l e a d s t o l i p i d d e p o s i t i o n i n m i g r a t o r y b i r d s . T h i s 

i s o f importance s i n c e i t i s c o n c e i v a b l e t h a t t h e f a t t e n i n g 

observed i n m i g r a t o r y p a s s e r i n e s i n j e c t e d w i t h p r o l a c t i n i s o f the 

same n a t u r e as t h a t found i n hypophysectorn!zed chickens (Gibson 

and Nalbandov 1 9 6 6 a , 1 9 6 6 b ) , namely t h e r e s u l t o f an impairment o f 

l i p i d m o b i l i z a t i o n f r o m t h e adipose t i s s u e , r a t h e r t h a n a s t i m u l a t i o n 

o f l i p o g e n e s i s . Recent r e p o r t s t h a t c a s t r a t i o n can i n h i b i t 

http://et_.al_.1962
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p h o t o p e r i o d i c a l l y - i n d u c e d f a t t e n i n g i n White-crowned Sparrows 

suggest t h a t p r o l a c t i n may not be t h e o n l y hormone i n v o l v e d 

( S t e t s o n and E r i c k s o n 1 9 7 2 ) ; s i m i l a r r e s u l t s were found f o r 

W h i t e - t h r o a t e d Sparrows. T h i s p o s s i b i l i t y o f an i n t e r a c t i o n 

between gonadal s t e r o i d s and p r o l a c t i n was not examined i n my 

study, b u t i s d i s c u s s e d i n t h e f i n a l s e c t i o n (Chapter 11 ; ) . 

Chapter 2 o u t l i n e s g e n e r a l methods o f carcase a n a l y s i s , b i o c h e m i c a l 

assay, and s t a t i s t i c a l a n a l y s i s . T h e r e a f t e r each c h a p t e r 

c o n t a i n s a s h o r t s e c t i o n on s p e c i a l methodology ( i f a n y ) , f o l l o w e d 

by r e s u l t s , a n a l y s i s , d i s c u s s i o n and summary. The o v e r a l l 

c o n c l u s i o n s are g a t h e r e d t o g e t h e r and e v a l u a t e d i n Chapter 1J+. 
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Chapter 2 General Methods 

2 . 1 Carcase a n a l y s i s and assays 

W i l l o w Warblers were c a p t u r e d I n m i s t n e t s on t h e f e e d i n g 

areas near Durham C i t y . They were removed f r o m t h e nets 

t o t h e l a b o r a t o r y , where t h e y were k i l l e d . The maximum 

t i m e between time o f c a p t u r e and death was 30 m i n u t e s . The 

c o m p o s i t i o n o f t h e samples d i f f e r e d i n 1970 and 1 9 7 1 . I n t h e 

l a t t e r y ear, o n l y j u v e n i l e s from t h e b e g i n n i n g o f t h e p r e m i g r a t o r y ; 

p e r i o d were sampled, as the b i r d s p r e m a t u r e l y l e f t t h e f e e d i n g 

areas. J u v e n i l e s were c a p t u r e d t h r o u g h o u t t h e m o u l t i n b o t h y e a r s , 

but unmoulted j u v e n i l e s were caught i n any numbers o n l y i n 1 9 7 1 • 

I n subsequent Chapters 'morning' r e f e r s t o the f i r s t s i x h o u r s 

a f t e r dawn, and 'evening' t o t h e two h o u r s p r i o r t o sunset. B i r d s 

c o u l d not be caught a t any o t h e r t i m e o f day. 

The b i r d s were e i t h e r sampled f o r b l o o d f i r s t , or k i l l e d i m m e d i a t e l y 

and b l o o d samples o b t a i n e d by d e c a p i t a t i o n . Samples o f l i v e r and 

muscle t i s s u e s were removed as q u i c k l y as p o s s i b l e , and f r o z e n i n 

l i q u i d n i t r o g e n , u s u a l l y w i t h i n 1 0 - 2 0 seconds. The samples were 

t h e n wrapped i n f o i l , and s t o r e d on d r y i c e u n t i l a n a l y s i s l a t e r 

t h e same day. Carcases were wrapped i n f o i l , p l a c e d i n a p o l y t h e n e 

bag, and s t o r e d i n a deep f r e e z e a t - 2 0°C, u n t i l a n a l y s i s a t a l a t e r 

d a t e . 

The w e i g h t o f the carcase was o b t a i n e d f r o m t h e d i f f e r e n c e between 

t h e weight o f t h e d r y p o l y t h e n e bag p l u s f o i l and t h e weight o f 

the b i r d , f o i l and bag. Carcases were thawed b e f o r e d i s s e c t i o n , 

and t h e r e s t o f t h e l i v e r and p e c t o r a l i s muscles removed and p r o 

cessed as d e t a i l e d i n Chapter 9 . 2 and 1 0 . 2 . The carcase was 

a l s o p l u c k e d . 
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The stomach was removed f r o m t h e carcase and t h e c o n t e n t s washed 

i n t o a t a r e d t u b e . I t was t h e n r e p l a c e d i n t h e carcase. The 

whole carcase was homogenised i n a b l e n d e r w i t h d i s t i l l e d w a ter, 

and t he homogenate poured i n t o a t a r e d c r y s t a l l i s i n g d i s h . 

T h i s was t h e n d r i e d a t l4-0°C i n vacuo t o c o n s t a n t w e i g h t . L i p i d 

was e x t r a c t e d by h e a t i n g t h e d i s h f u l l o f t e c h n i c a l p e t r o l e u m 

e t h e r t o 60°C, and p o u r i n g o f f t he e x t r a c t o f l i p i d . T h i s was 

re p e a t e d t h r e e t i m e s , a f t e r w h i c h t h e r e was no f u r t h e r d e t e c t a b l e 

decrease i n w e i g h t . The l i p i d - e x t r a c t e d carcase was d r i e d t o 

c o n s t a n t weight i n vacuo a t i|0°C. T h i s w e i g h t d i f f e r e n c e gave 

the " r e s i d u a l carcase l i p i d w e i g h t " (Chapter 7 ) . The we i g h t o f 

th e r e m a i n i n g p o r t i o n o f t h e carcase i s r e f e r r e d t o as t h e " r e s i d u a l 

f a t - f r e e d r y w e i g h t " (Chapter 8 ) . T i s s u e components have been 

expressed as c o n c e n t r a t i o n s ( e .g. mg water/lOOmg f a t - f r e e dry 

w e i g h t ) o r t o t a l w e i g h t s , t h a t i s t h e t o t a l w e i g h t ( f o r example 

w a t e r ) i n a whole muscle, l i v e r or carcase. 

Glycogen assay: 

The method i s based on the d e t e r m i n a t i o n o f t h e t o t a l amount 

o f glucose i n t i s s u e and f o l l o w s Mendel, Kemp and Myers ( 1 9 5 4 ) and 

Kemp and K i t s Yan H e i j n i n g e n ( 1 9 5 4 ) . The re a g e n t s used are a 

s o l u t i o n o f 5gm t r i c h l o r o a c e t i c a c i d (AR) and 1OOmg o f s i l v e r 

s u l p h a t e (AR) d i s s o l v e d i n 100 ml o f d e i o n i s e d w a t e r , and kept 

i n a dark b o t t l e ; and a s o l u t i o n o f ^6% (w/v) o f s u l p h u r i c a c i d . 

The t i s s u e sample was weighed and added t o 5 ml o f t h e t r i c h l o r o 

a c e t i c a c i d s o l u t i o n . The t i s s u e was homogenised f o r 5 mins i n 

a g l a s s homogeniser. The homogeniser tube was capped w i t h f o i l 
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and p l a c e d i n a b o i l i n g w a t er b a t h f o r 15 m i n u t e s . The tube 
was t h e n c o o l e d , and a n o t h e r ml o f t h e a c i d s o l u t i o n added; 
the tube was capped w i t h p a r a f i l m and shaken. The c o n t e n t s 
were t h e n t r a n s f e r r e d t o a c e n t r i f u g e t u b e , and spun at 3 0 0 0 g 
f o r 1 5> m i n u t e s . Three 1 ml a l i q u o t s o f the s u p e r n a t a n t were 
each h e a t e d w i t h 3 ml o f the s u l p h u r i c a c i d s o l u t i o n , f o r e x a c t l y 
6 . 5 m i n u t e s . The tubes were c o o l e d 10 minutes i n a cc0.d water 
b a t h , and t h e s o l u t i o n s r e a d f o r o p t i c a l d e n s i t y a t 520 nm. 
A s t a n d a r d o f g l u c o s e i n t r i c h l o r o a c e t i c a c i d s o l u t i o n and a 
t r i c h l o r o a c e t i c a c i d b l a n k was r u n w i t h each b a t c h o f samples. 

The slope o f o p t i c a l d e n s i t y versus ^ i g o f glu c o s e determined f r o m 

a s t a n d a r d curve was 0 . 0 0 1 • The i n v e r s e o f t h i s g i v e s t h e 

change i n glucose c o n c e n t r a t i o n of t h e 1 ml a l i q u o t s f o r an 

i n c r e a s e i n 1 o p t i c a l d e n s i t y u n i t , namely 6 8 6 . 3 J i g / 1 o p t i c a l 

d e n s i t y u n i t . The percentage s t a n d a r d e r r o r o f t h e p r e d i c t e d 

mean glucose c o n c e n t r a t i o n (jag/ml o f a l i q u o t ) f o r t h e g l u c o s e 

c o n c e n t r a t i o n s used f o r t h e c a l i b r a t i o n was l±.9%. Glucose 

c o n c e n t r a t i o n s o f t h e t i s s u e on a per gm wet w e i g h t b a s i s were 

c a l c u l a t e d f r o m the d i l u t i o n f a c t o r s , c a l i b r a t i o n s l o pe, w e i g h t 

o f the t i s s u e , and the o p t i c a l d e n s i t y o f t h e s t a n d a r d sample r u n 

w i t h t h e b a t c h . The r e c o v e r i e s of g l u c o s e added t o t i s s u e samples 

were f o r l i v e r and muscle, r e s p e c t i v e l y , 8 8 . 1 + .9/& and 8 6 . 3 + 1 $ 

( n = 9 i n each c a s e ) . 

As shown i n Chapters 9 . 2 and 1 0 . 2 t h e r e was no disadvantage o f t h i s 

method i n measuring changes i n t i s s u e g l y c o g e n compared w i t h 

d i r e c t g l y c o g e n assay p r o c e d u r e s . 
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Plasma glucose assay: 

The method was based on the glucose oxidase procedure f o r a s s a y i n g 

glucose; r © a g o n b 3 of u r a n y l a c e t a t e (160 mg AR and 900 mg sodium 

c h l o r i d e i n 100ml of d i s t i l l e d water) and glucose oxidase s o l u t i o n 

were obtained from Boehringer Mannheim G-MBH. 

To 50 jxl of plasma (obtained as d e t a i l e d i n Chapter 11.2) 0.5 ml 

of u r a n y l acetate s o l u t i o n was added. The mixture was w e l l shaken, 

and c e n t r i f u g e d f o r 5 minutes. 50 Jul of the supernatant was 

t r a n s f e r r e d to a cuvette, and 5 ml of the glucose oxidase s o l u t i o n 

was added, and mixed. The mixture was incubated at room temper

ature f o r 1+0 minutes, and r e a d at I4.20 nm. A ̂ d i s t i l l e d water 

blank and glucose standard was run f o r each batch of samples. 

The slope of o p t i c a l d e n s i t y a g a i n s t p.g of glucose per 50 p.1 

was 0.0018. The i n v e r s e i s the i n c r e a s e i n glucose (yig p e r 

50 ) i l ) f o r a change in'1 o p t i c a l d e n s i t y u n i t - 557.2 ug /1 o p t i c a l 

d e n s i t y u n i t . The standard e r r o r of the estimated mean glucose 

c o n c e n t r a t i o n (jig per 50 p i ) f o r t h i s c a l i b r a t i o n curve was 1.1$. 

The plasma glucose I G V O I i n mg?o was c a l c u l a t e d from the d i l u t i o n 

f a c t o r s , the volumo of plasma, the slope of the c a l i b r a t i o n curve, 

and the o p t i c a l d e n s i t y of the standard run with the sample 

batch. 

Free f a t t y a c i d assay: 

The method i s a combination of the f a t t y a c i d e x t r a c t i o n of Dole 

and Moinertz (19&0) and the q u a n t i f i c a t i o n procedure of L a u r e l l 

and T i b b l i n ^ (19&7). 100 u l of plasma was shaken with 10 ml of 

Dole's e x t r a c t i o n f l u i d (0.1 v o l N sulphurio a c i d ; 1 v o l heptane; 

I4. v o l i s o p r o p y l a l c o h o l ) p l u s 1 .9 ml of d i s t i l l e d water; the l a t t e r 

to maintain tho phase r e l a t i o n s h i p s . The mixture was stood 
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f o r 5 m i n u t e s . I4. ml of water and 6 ml o f heptane were added. 

The m i x t u r e was shaken a g a i n and s t o o d f o r 5 m i n u t e s f o r t h e 

phases t o s e p a r a t e . A 7 ml a l i q u o t o f t h e upper phase was 

shaken w i t h 7 ml o f M s u l p h u r i c a c i d i n a g l a s s s t o p p e r e d tube 

f o r 3 m i n u t e s , and t h e tube c e n t r i f u g e d f o r 3 minutes t o s e p a r a t e 

the phases. Two 2 . 5 ml a l i q u o t s were t a k e n from t h e upper phase 

and each t r a n s f e r r e d t o a g l a s s s t o p p e r e d tube c o n t a i n i n g 2 . 5 ml 

of AR c h l o r o f o r m and 2 ml o f a copper n i t r a t e t r i e t h a n o l a m i n e 

s o l u t i o n (10 ml o f 0 . 5 M copper n i t r a t e , 10 ml o f 1M t r i e t h a n o l a m i n e 

and 3 « 5 ml o f N sodium h y d r o x i d e are d i l u t e d t o 100 m l , and 33 gms 

of sodium c h l o r i d e i s d i s s o l v e d i n t h i S j and t h e pH a d j u s t e d t o 

8 . 1 w i t h sodium h y d r o x i d e s o l u t i o n ) . The t u b e was shaken f o r 

3 m i n u t e s , and c e n t r i f u g e d f o r another f i v e t o s e p a r a t e t h e l a y e r s . 

A 3 ml a l i q u o t was t a k e n from each tube and added t o a c u v e t t e i n 

w h i c h c o n t a i n e d 0 . 5 ml o f a s o l u t i o n o f 0.l±% d i p h e n y l c a r b a z i d e i n 

a b s o l u t e e t h a n o l ( 0 . 1 ml o f 1M t r i e t h a n o l a m i n e i s added t o 10 ml 

of t h i s s o l u t i o n 3 0 m i n u t e s b e f o r e i t i s u s e d ) . The c o n t e n t s 

were mixed t h o r o u g h l y and r e a d a g a i n s t a d i s t i l l e d w a t e r b l a n k 

at 5 5 0 ran, t e n minutes a f t e r m i x i n g . A b l a n k o f 0 . 1 ml o f 

d i s t i l l e d w a t e r and a s t a n d a r d were r u n w i t h each b a t c h , and r e a d 

a g a i n s t t h e d i s t i l l e d w a t e r b l a n k 10 m i n u t e s a f t e r m i x i n g . 

T h i s was necessary as t h e o p t i c a l d e n s i t y i n c r e a s e s l i n e a r l y w i t h 

t i m e . 

The slope o f t h e c a l i b r a t i o n curve i s 1 1 8 . 0 picomoles ( i n t h e 

f i n a l 2 . 5 ml a l i q u o t ) i n c r e a s e per 1 o p t i c a l d e n s i t y u n i t . The 

s t a n d a r d e r r o r o f t h e e s t i m a t e d mean f a t t y a c i d c o n c e n t r a t i o n o f 

the c o n c e n t r a t i o n s used i n t h e c a l i b r a t i o n I s 1 . 3 $ - The plasma 
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f r e e f a t t y acid, l e v e l , i n m i l l i m o l e s , i s c a l c u l a t e d from t h e 
d i l u t i o n f a c t o r s , c a l i b r a t i o n s l o p e , and t h e o p t i c a l d e n s i t y 
r e a d i n g f o r t h e s t a n d a r d r u n w i t h each "batch o f samples. 

2 . 2 S t a t i s t i c a l analyses 

I n l a t e r c h a p t e r s t he f o l l o w i n g a b b r e v i a t i o n s have been used f o r 

s t a t i s t i c a l parameters: 

SD - s t a n d a r d d e v i a t i o n 

SE - s t a n d a r d e r r o r 

p - p r o b a b i l i t y t h a t t h e n u l l h y p o t h e s i s i s c o r r e c t 

b - r e g r e s s i o n c o e f f i c i e n t , i . e . slope o f r e g r e s s i o n l i n e 

SE^- s t a n d a r d e r r o r o f b 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - sample s i z e 

H - K r u s k a l - W a l l i s H 

t - Student • s t 

CV - c o e f f i c i e n t o f v a r i a t i o n 

P a r a m e t r i c t e s t s have been used o n l y f o r those samples I n w h i c h 

n o r m a l i t y has been e s t a b l i s h e d by examining t h e t h i r d and f o u r t h 

moments (Snedecor and Cochran 1 9 6 7 ) . I f homogeneity o f sample 

v a r i a n c e s was e s t a b l i s h e d by B a r t l e t t ' s t e s t , t h e n one-way analyses 

o f v a r i a n c e have been a p p l i e d , and means compared by the Newman-

Keuls s e q u e n t i a l m o d i f i c a t i o n o f the S t u d e n t i s e d Range Test (Sokal 

and R o h l f T969 ) . C o r r e l a t i o n a n a l y s i s was used o n l y where a 

b i v a r i a t e normal d i s t r i b u t i o n has been e s t a b l i s h e d ; where t h i s was 

not t h e case r e g r e s s i o n analyses have been used, or the data 

t r a n s f o r m e d . The t w o - t a i l e d s i g n i f i c a n c e l e v e l a t which t h e 

n u l l h y p o t h e s i s was t a k e n as d i s p r o v e d was p < . 0 £ . 

Where the f r e q u e n c y d i s t r i b u t i o n s o f t h e samples were not normal, 

n o n - p a r a m e t r i c t e s t s have been used. N o n - n o r m a l i t y was a major 
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problem o n l y f o r t h e d a t a on l i v e r c o m p o s i t i o n , m a i n l y due t o 
the skewed d i s t r i b u t i o n o f l i v e r water; t h e r e was a s h i f t towards 
h i g h e r v a l u e s i n l a r g e r l i v e r s , b u t t h i s was not due t o a s h i f t i n 
the mean l e v e l o f a normal d i s t r i b u t i o n . Non-parametric t e s t s 
a p p l i e d were e i t h e r t h e K r u s k a l - W a l l i s one-way a n a l y s i s o f 
v a r i a n c e , t h e Mann-Whitney U - t e s t , or K e n d a l l ' s rank c o r r e l a t i o n 
method ( S i e g e l 1956). 

The d e t a i l s o f s t a t i s t i c a l t e s t s are g i v e n i n Appendix 1, and 

t h e numbers i n parentheses i n t h e body o f t h e t e x t r e f e r t o 

the se. 
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Chapter 3- The p o s t - j u v e n i l e m o u l t of t h e W i l l o w Warbler 

3.1 I n t r o d u c t i o n 

The j u v e n i l e W i l l o w Warbler b e g i n s i t s p o s t - j u v e n i l e m o u l t , 

i n v o l v i n g o n l y the body f e a t h e r s , almost as soon as i t leaves 

th e n e a t . Consequently t h e numbers o f j u v e n i l e b i r d s c a p t u r e d 

w h i c h had not s t a r t e d t h e i r moult were s m a l l . Most o f these 

c o n s i s t e d o f i n d V i d u a l s s t i l l b e i n g f e d by t h e p a r e n t s and whose 

p e n u l t i m a t e ( n i n t h ) p r i m a r y was g r o w i n g . As the f i r s t phase o f 

m o u l t (as d e f i n e d below) l a s t s o n l y a s h o r t t i m e , t h e r e i s a b i a s 

towards c a t c h i n g t l i o s e b i r d s i n w h i c h t h e p o s t - j u v e n i l e moult i s 

w e l l p r o g r e s s e d . 

Gwinner (1969) has shown t h a t i n c a p t i v e broods the p o s t - j u v e n i l e 

m o u l t l a s t s 31 days (SD 3.9 days) and begins at 37 days (SD 6 days) 

a f t e r h a t c h i n g . I n my study a l s o t h e moult l a s t e d about one month, 

b e g i n n i n g i n t h e f i r s t week o f J u l y , when t h e b i r d s f i r s t f l e d g e d , 

and ending i n t h e f i r s t week o f August. Second broods or r e l a y s 

meant t h a t t h e r e were s t i l l some m o u l t i n g b i r d s p r e s e n t i n mid or 

l a t e August. 

I n t h e subsequent account I have f o l l o w e d t h e t e r m i n o l o g y o f 

Amadon ( 1 9 6 6 ) , a f t e r Dwight ( 1 9 0 0 ) , i n d e s i g n a t i n g t h e moult o f 

t h e j u v e n i l e plumage t h e p o s t - j u v e n i l e m o u l t . 

3.2 Methods 

The moult was s u b d i v i d e d i n t o f o u r stages and a f i f t h c l a s s was 

used f o r those b i r d s t h a t had f i n i s h e d t h e i r m o u l t . As Gwinner 

(1969) has shown t h a t a second g e n e r a t i o n o f n e s t l i n g f e a t h e r 

g r o w t h occurs d u r i n g t h e f i r s t p a r t o f t h e p o s t - j u v e n i l e m o u l t , 
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care was t a k e n not t o confuse t h e s e , m a i n l y p e r i p h e r a l , f e a t h e r s 
w i t h t h e growing f e a t h e r s o f t h e p o s t - j u v e n i l e plumage. 
F o r t u n a t e l y t h e moult proceeds from t h e b r e a s t area i n most cases, 
and the c o n t r a s t between the new y e l l o w f e a t h e r s and the d i r t y 
w h i t e f e a t h e r s o f t h e j u v e n i l e plumage e l i m i n a t e s c o n f u s i o n . 
I n t h e d e s c r i p t i o n o f t h e moult w h i c h f o l l o w s t h e naming o f t h e 
f e a t h e r t r a c t s as used by M i l l e r (1928) has been adopted. 

The moult s t a r t s by l o s s o f t h e f e a t h e r s f r o m t h e s t e r n a l r e g i o n , 

the humeral t r a c t , t h e i n t e r s c a p u l a r o r t h e p e l v i c r e g i o n . I t 

c o n t i n u e s w i t h f u r t h e r f e a t h e r replacement i n these r e g i o n s and 

by new f e a t h e r growth i n t h e c o r o n a l , submalar or i n t e r r a m a l 

areas. Feather growth c o n t i n u e s i n these r e g i o n s , and t h e next 

areas i n w h i c h moult i s i n i t i a t e d are t h e abdominal r e g i o n and 

the t a i l c o v e r t s . The l a t t e r areas a r e , o f course, t h e l a s t t o be 

f u l l y r e p l a c e d w i t h f u l l - g r o w n f e a t h e r s i n c o m p l e t e l y m o u l t e d 

b i r d s , a l t h o u g h a few f e a t h e r s i n t h e s t e r n a l r e g i o n c o n t i n u e 

growth l o n g a f t e r t h e end o f t h e m o u l t p r o p e r . 

Throughout t h i s study t h e t e r m m o u l t has been used t o r e f e r t o 

t h e process o f b o t h v i s i b l e f e a t h e r g r o w t h and v i s i b l e f e a t h e r l o s s , 

and where necessary i n the t e x t I have d i s t i n g u i s h e d between the 

two, even though t h e former i s t h e cause o f t h e l a t t e r . The 

v i s u a l s c o r i n g method adopted i s based on t h e appearance and growth 

of new f e a t h e r s and not on t h e l o s s o f o l d plumage; a process 

w h i c h i s much harder t o f o l l o w . At a l l t i m e s t h e f o l l o w i n g 

c a t e g o r i e s were s t r i c t l y adhered t o i n an a t t e m p t t o make t h e 

c l a s s i f i c a t i o n as r e p r o d u c i b l e as p o s s i b l e . 
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F i g u r e 3.2.a . The p r o g r e s s i o n o f t h e p o s t - j u v e n i l e " 

moult o f t h e W i l l o w Warbler. ID each p a i r 

o f drawings the l e f t i s t h e v e n t r a l , and the 

r i g h t t h e d o r s a l view. S t i p p l e d areas are 

areas o f f e a t h e r g r o w t h , and hatched areas 

where f e a t h e r g r o w t h has f i n i s h e d . The w h i t e 

areas o f wing and t a i l are where t h e r e i s no 

m o u l t . 
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MOULT STAGE 1 MOULT STAGE 2 

MOULT STAGE 3 MOULT STAGE 4 
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Moult stages: 

Moult stage 1 : a l l b i r d s I n t h i s c a t e g o r y had f e a t h e r s g r o w i n g 

o n l y i n t h e s t e r n a l r e g i o n , t h e i n t e r s c a p u l a r 

r e g i o n , t h e p e l v i c r e g i o n , or t h e humeral t r a c t . 

Feather growth i n any one o f t h e s e areas was 

s u f f i c i e n t f o r i n c l u s i o n i n t h i s moult s t a g e . 

Moult stage 2 : a l l b i r d s I n t h i s c l a s s had f e a t h e r s g r o w i n g i n 

a l l t h e r e g i o n s mentioned f o r moult stage 1 . I n 

a d d i t i o n b i r d s i n t h i s c a t e g o r y had g r o w i n g f e a t h e r s 

i n t h e submalar, c o r o n a l or i n t e r r a m a l r e g i o n s . 

Moult stage 3' a l l t h e t r a c t s mentioned i n t h e f i r s t two stages 

have growing f e a t h e r s and i n a d d i t i o n f e a t h e r g r o w t h 

has s t a r t e d i n t h e t a i l c o v e r t s or abdominal r e g i o n . 

Moult stage a l l t h e p r e v i o u s l y mentioned areas except the 

abdominal r e g i o n and t h e t a i l c o v e r t s a r e s u b s t a n t i a l l y 

f u l l y grown; these l a t t e r two areas b e i n g o n l y p a r t 

way t h r o u g h t h e i r m o u l t . 

The p r o g r e s s o f t h e p o s t - j u v e n i l e moult i s i l l u s t r a t e d diagram-

m a t i c a l l y i n F i g u r e 3 - 2 .a. 

The f i f t h c a t e g o r y c o n t a i n s not o n l y m o u l t e d b i r d s b u t a l s o t h o s e 

i n d i v i d u a l s i n w h i c h very few v e n t r a l t r a c t f e a t h e r s s t i l l had 

sheaths, as i t seems t h a t some o f t h e s e sheaths are p r e s e n t f o r 

q u i t e a l o n g t i m e a f t e r t h e f i n i s h o f t h e moult p r o p e r . 

3 . 3 The t e m p o r a l p a t t e r n o f t h e p o s t - j u v e n i l e m o u l t 

Table 3 . 3 . 1 shows t h e numbers of b i r d s i n d i f f e r e n t stages o f moult 

f o r ten-day p e r i o d s from t h e b e g i n n i n g o f J u l y t h r o u g h t o August i n 

b o t h 1971 and 1 9 7 0 . As s t a t e d i n t h e i n t r o d u c t i o n t o t h i s s e c t i o n 

i t i s p o s s i b l e t o i n f e r f r o m t h i s p o p u l a t i o n d a t a t h a t t h e p o s t -

j u v e n i l e moult l a s t s f o r about one month; t h e t o t a l p e r i o d over 

which 9 5 ^ o f t h e sample was i n moult i s somewhat l o n g e r , f r o m 

9 J u l y t o 18 August i n 1 9 7 0 , and f r o m 5 J u l y t o 15 August i n 1 9 7 1 . 
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F i g u r e 3-3-a • The percentage o f j u v e n i l e W i l l o w Warblers 

i n t h e v a r i o u s moult c l a s s e s f o r seven t e n -

day p e r i o d s i n 1970 (upper p a n e l ) and 1971 

( l o w e r p a n e l ) . The ten-day p e r i o d s a r e ; 

a. 21-30th June 

b. 1 - 10th J u l y 

c. 11-20th J u l y 

d. 21-30th J u l y 

e. 31st J u l y - 3th August 

f . 10-19th August 

g. 20-29th August 

The o r d i n a t e i s t h e m o u l t c l a s s e s ; 0 - unmoulted; 

'1,2., 3,4 - the moult s t a g e s ; N - moulted b i r d s . 
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The median date of moult ("by i n t e r p o l a t i o n ) does not d i f f e r much 
between the two years examined: 27 July i n 1970 (95% confidence 
l i m i t s , 2l\. t o 30 J u l y ) and the 23 July i n 1971 (95% confidence 
l i m i t s , 19 to 26 J u l y ) . The progression of t h e moult i s i l l u s t r a t 
i n Figure 3 . 3 .a i n which the data of Table 3 . 3 . 1 are presented on 
a percentage b a s i s . 

Table 3 « 3 - 1 The numbers of b i r d s i n d i f f e r e n t stages of moult 
f o r ten-day periods from June t o Augu s t . 

1970 
Moult stage 

Unmoulted 1 2 3 k Moulted Toti 
21-30 June 

1-10 J u l y 1 k 2 7 

11-20 July 7 7 8 22 

21-30 J u l y 3 3 18 11 3 38 

31 July - 9 August 2 5 5 9 12 33 

10-19 August 3 3 k 38 

20-29 August 1 1 12 111. 
1971 

Moult stag e 
Unmoulted 1 2 3 k Moulted Tot; 

21-30 June 7 7 

1-10 July 2 6 8 

11-20 July 2 k 6 16 28 

21-30 July 3 13 6 k 26 

31 J u l y - 9 August 1 1 5 5 21 33 

10-19 August 6 6 

20-29 August 

3.k Plumage dry weight - methods 
The carcases were plucked when p a r t i a l l y thawed, and the plumage 
d r i e d t o constant weight i n t a r e d tubes at 1|0°C i n vacuo. 
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3.5 Plumage dry weights during the p o s t - j u v e n i l e moult 
I n both years examined the variances of the samples of moulting 
and moulted "birds were homogeneous ( B a r t l e t t ' s t e s t , 1 , 3 ) > and so 
one-way analyses of variance were performed on the mean weights 
w i t h respect to the stage of the moult. The means were compared 
by the Newman-Keuls m o d i f i c a t i o n of the Studentised Range Test. 
Since there was no reason t o suspect a d i u r n a l v a r i a t i o n i n the 
dry weights of plumage, b i r d s captured at a l l times of day are 
used i n t h i s a n a l y s i s . 

I n 1970 a s i g n i f i c a n t e f f e c t due t o stage of moult ( p < . 0 0 1 ) ( 2 ) 

was found by the ana l y s i s of variance. The mean f o r moult stage 
ij. was s i g n i f i c a n t l y greater (at p < . 05 ) than the means foo? the 
samples from moult stages 1 and 2 . The l a r g e s t increase i n the 
mean plumage dry weight occurred between moult stages 2 and 3> and 
the r e was a decrease i n weight between moult stage I4. and f u l l y 
moulted b i r d s , though t h i s was not s t a t i s t i c a l l y s i g n i f i c a n t . 
(Table 3.5-1 ) (Figure 3-5-a). 

I n 1971 also the ana l y s i s of variance showed a s i g n i f i c a n t e f f e c t 
due to the stage of the moult ( p < . 0 0 1 ) (I4.), and at p<.05 most o f 
the mean weights were s i g n i f i c a n t l y d i f f e r e n t from one another. 
The mean plumage dry weight f o r b i r d s i n moult stage i | was s i g n i f i 
c a n t l y l a r g e r than the means f o r moult stages 1 t o 3 and f o r the 
unmoulted b i r d s . However, u n l i k e 1970 the l a r g e s t increase i n 
mean plumage dry weight occurred between moult stages 3 and I|. and 
not between 2 and 3- (Table 3-5-1 ) (Figure 3-5-a) I n 1971 t h i s 
maximum increase i n dry weight was 86mg compared w i t h l+0mg i n 
1970 • (Figure 3-5-a). 



22 

This d i f f e r e n c e between years i n the time of maximum increase i n 
plumage dry weight i s s o l e l y due t o the d i f f e r e n c e i n plumage dry 
weights i n moult stage 3 . This i s the only s t a t i s t i c a l l y s i g n i f i 
cant d i f f e r e n c e i n mean plumage weights between years f o r b i r d s i n 
the same moult stage ( . 005> P> . 001 ) (5); whether t h i s i s a t r u e 
d i f f e r e n c e between years ( l a r g e r b i r d s i n 1970 f o r i n s t a n c e ) , or a 
product of the lack of s e n s i t i v i t y t o weight changes on the p a r t 
of the v i s u a l scoring method i s impossible to say. 

Newton (1968) found t h a t j u v e n i l e B u l l f i n c h e s more than doubled 
the dry weight of t h e i r plumage during the p o s t - j u v e n i l e moult; 
t h i s also applied to the wet weight. I n the Willow Warbler the 
weight changes are by no means so l a r g e w i t h only a 7.2.% increase 
i n dry weight between moult stage 1 and a f t e r the moult i n 1970, and 
a 16 .9$ increase i n 1971 - As i n the B u l l f i n c h there was a decrease 
i n plumage dry weight between the end of the moult and f u l l y moulted 
b i r d s (Figure 3.5«a). This i s presumably due to loss of fe a t h e r 
sheaths and also blood p r o t e i n s when the copious blood supply t o 
the growing f e a t h e r i s withdrawn (Newton 1 9 6 © ) . 

Table 3.5-1 The plumage dry weights (gms) of j u v e n i l e Willow 
Warblers. 

1970 1971 

0 . I |37+.019 ( 9 ) Unmoulted 
Moult stage 1 0.501+.012 (12) a 0.1|72+.013 ( 7 ) 

Moult stage 2 0 .503+ .016 (13) 0 . ^ 9 7 + . 0 1 1 ( 1 5 ) 

Moult stage 3 0 .5 i | 3+ .008 ( 2 2 ) 0 . 5 0 7 + . 008(314-) 
Moult stage I4. 0 .558+ .013 (18) 0 . 5 9 3 + . 0 1 7 ( 1 1 ) 

Moulted 0 .537+ .008 (3k) 0 . 5 5 2 + . 0 0 6 ( 3 3 ) 

a. mean + standard e r r o r (sample si z e ) 
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Figure 3«5«a . The v a r i a t i o n i n the mean plumage dry weight 
duri n g and a f t e r the p o s t - j u v e n i l e moult of the 
Willow Warbler. Upper panel 1970, lower panel 
1971. Ordinate i s mg dry weight of plumage. 
Abscissa the s t a t e of moult; 0 - unmoulted; 
1,2,3,4 - moult stages; N - moulted. 
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The data c l e a r l y demonstrate th a t the dry weight of the j u v e n i l e 
plumage i s less than th a t of the p o s t - j u v e n i l e plumage. The 
f l i g h t f eathers and r e c t r i c e s are not replaced at t h i s moult, and 
i t i s not known whether these weigh less than the corresponding 
a d u l t f e a t h e r s , (since they are u s u a l l y shorter they probably 
weigh l e s s , so c o n t r i b u t i n g towards the lower t o t a l plumage weights 
of j u v e n i l e b i r d s ) . 

3.6 The r e l a t i o n between moult stage and plumage dry weight 
The mean plumage weight of unmoulted b i r d s i s lower than t h a t of 
b i r d s beginning t h e i r moult, t h i s i s presumably due t o incompletely 
grown f l i g h t f e a t h e r s . The l i n e a r r e l a t i o n s h i p between the le n g t h 
of the penultimate primary ( n i n t h ) and the dry weight of the plumage 
of unmoulted b i r d s supports t h i s view. The regression equation 
l i n k i n g these two v a r i a b l e s i s , 

plumage dry weight (gms) = 0.01/; + 0.0103 ( l e n g t h of primary 
nine i n mm) (1 ) 

76$ of the plumage weight v a r i a t i o n s i n unmoulted b i r d s are 
associated w i t h v a r i a t i o n s i n the l e n g t h of primary nine. The 
r e s i d u a l v a r i a t i o n i s presumably of the same type as found i n the 
other stages of moult. 

The v i s u a l scoring method used does not give equal increments i n 
plumage dry weights between one moult stage and the next. I n f a c t 
the mean weight for- the same moult stage d i f f e r e d by as much as 36 mg 
between the two years. This i s p r i m a r i l y due to the plumage dry 
weight measuring the balance between feather loss and feath e r growth. 
The v i s u a l assessment method c l a s s i f i e s the moult i n t o stages of 
fe a t h e r growth, s t a r t i n g from few fea t h e r s growing i n moult stage 1, 
t o most f e a t h e r s growing i n moult stage 3, to few f e a t h e r s growing 
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at the end of the moult I n stage I4. (Figure 3 . 2 . a ) . I n 1970 the 
dry weight of the plumage f o l l o w s the changes i n the i n t e n s i t y 
of f e a t h e r growth, w h i l s t i n 1971 t h i s i s not the case. As i n t h i s 
study we are p r i m a r i l y concerned w i t h the i n t e n s i t y of feat h e r 
growth a l l data f o r moulting b i r d s has been analysed w i t h reference 
t o moult stage and not t o plumage dry weight. 

3.7 Summary 
The p o s t - j u v e n i l e moult of young Willow Warblers could be d i v i d e d 
i n t o f o u r stages. The dry weight of plumage increased s t e a d i l y 
throughout the moult, but at most the plumage a f t e r moult weighed 
about 17$ more than at the s t a r t . 
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Chapter 1+. The t o t a l body weights of Willow Warblers. 

I+.I I n t r o d u c t i o n 

The t o t a l body weight of an i n d i v i d u a l of a migr a t o r y species i s 
of i n t e r e s t f o r two reasons; f i r s t , changes i n body weight may 
r e f l e c t changes i n body components such as l i p i d ; and second, the 
weight at which a b i r d s t a r t s i t s migratory journey a f f e c t s both 
i t s f l i g h t range and f l i g h t time. As an i n d i c a t o r of changes i n 
weight of t o t a l body l i p i d , the weight of the whole b i r d i s u s e f u l 
only i n c e r t a i n cases. King and Parner (1959) found t h a t the 
t o t a l body weight of the White-crowned Sparrow during the spring 
premigratory p e r i o d increased by the same amount as body l i p i d , 
but t h a t during the p r e n u p t i a l moult t o t a l weight was not a good 
measure of the change i n body l i p i d weight, as at t h i s time lean 
body weight increased. I n ad u l t s of the same species, King ( 1 9 6 3 ) 

found th a t although approximately the same weight of l i p i d was 
deposited i n both spring and autumn premigratory periods, t h i s 
d e p o s i t i o n was not r e f l e c t e d i n the t o t a l body weight i n autumn as 
the mean lean weight had decreased by 1 gm compared w i t h the sp r i n g . 
I n Lesser Redpolls body weight i s even less r e l i a b l e as an i n d i c a t o r 
of changes i n body l i p i d weight since l i t t l e change was found i n 
mean body weights i n autumn (Evans 19 6 6 ) j even though the b i r d s 
were undergoing f a t d e p o s i t i o n (Evans 1 9 6 9 ) . I n p a r t , the changes 
i n l i p i d weight were masked by the r e d u c t i o n i n t o t a l body water 
of both a d u l t s and j u v e n i l e s at the end of t h e i r moults. Nakamura 
(1962) found t h a t l i p i d weight increased during the spring moult 
i n the Eastern Great Reed Warbler, but t h a t mean weights decreased. 
Pry e t . a l . (1970) found i n a number of p a l a e a r c t i c passerines i n 
North A f r i c a t h a t body l i p i d weight increases were accompanied by 
weight increases i n the water and lean dry f r a c t i o n s of the body, 
so t h a t again the weight increase of the l i v e b i r d was not an 
accurate measure of the change i n l i p i d weight. 
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Since the weight of body l i p i d i s constant (and low) during a 
moult of any so r t i n passerine b i r d s , body weight changes during 
the moult i n d i c a t e weight changes i n other body components. 
Evans (1966) found a decrease i n mean body weights of adult Lesser 
Redpolls during the p o s t - n u p t i a l moult which could be explained 
e n t i r e l y by changes i n the weight of the plumage; but Newton(1969) 

found much l a r g e r decreases (about 3 gnis) i n captive Redpolls, which 
from Evans' ( 1969) data could not be accounted f o r s o l e l y by a 
decrease i n the wight of body l i p i d . As w i l l be shown i n l a t e r 
sections, body weight changes i n moulting j u v e n i l e Willow Warblers 
also r e f l e c t changes i n the weight of body components other than 
l i p i d . 

The e f f e c t of body weight on migratory performance w i l l be f u l l y 
d e a l t w i t h i n Chapter 12 . 

l j . , 2 Methods 

Only b i r d s which had not been sampled f o r blood were used, which 
r e s t r i c t e d the samples t o 1970 b i r d s . Birds were weighed as 
described i n the General Methods s e c t i o n (Chapter 2 ) . 

I)-.3 The t o t a l body weights of Willow Warblers caught during the 
morning. 

The means f o r the samples of j u v e n i l e Willow Warblers are presented 
i n Table .3- "1 - As the variances of these samples were homogeneous 
( B a r t l e t t ' s t e s t ) ( 1 ) a one-way analysis of variance was performed 
on the f i v e means; there was no s i g n i f i c a n t e f f e c t due to the 
stage of the moult ( p > . 2 5 ) ( 2 ) , even though there i s a decrease 
i n mean values i n the middle of the p o s t - j u v e n i l e moult (Figure 
I)..3 .a.). I n t e r e s t i n g l y , the c o e f f i c i e n t s of v a r i a t i o n 



also decrease i n mid-moult even though the means are smaller. 
This suggests that the sample composition at t h i s time i s more 
homogeneous than e i t h e r at the beginning o f the moult or a f t e r 
i t i s complete. I n s p i t e of l i p i d d e p o s i t i o n the mean body weight 
of moulted b i r d s was s l i g h t l y lower than f o r j u v e n i l e s at the s t a r t 
of the moult, but the standard d e v i a t i o n was much l a r g e r i n the 
case of the moulted b i r d s . 
Table i+. 3 -1 . To t a l body weights of Willow Warblers, 1 9 7 0 , i n g i T I S . 

Moult stage Mean SD SE CV n 
Juveniles 

1 8 • 31 0.1+3 0 . 18 5. 2 13 
2 7 .96 0.1+1 0. 20 5. 2 10 

3 7 • 96 0.19 0 . 11 2 . 5 16 

k 7 0.23 0 . 20 3 . 0 6 
Moulted 8 0.70 0. 16 8. 6 26 

Adults 
Primary moult score 
0 t o 20 8 .3k 0.50 0 . 25 6. 0 8 
20 t o 80 9 .05 0.77 0. 31 8. 5 8 
80 t o 90 8 • 41 0.12 0 . 17 1 . k k 
and moulted 
A l l moulting b i r d s 8 .Qk 0 .60 0 . 21 6. 8 14 
Primary moult score i s a r r i v e d at by t o t a l l i n g the scores f o r 
i n d i v i d u a l f e a t h e r s on both wings - 0 an old feather, 1 f o r a 
small p i n or l o s t f e a t h e r , 2 and 3 f o r o n e - t h i r d and t w o - t h i r d s 
grown r e s p e c t i v e l y , k f o r a nearly f u l l y grown feat h e r and 5 
f o r a new feather (Evans 1 9 6 6 ) . 

The mean body weight of any sample of adult Willow Warblers i s 
l a r g e r than any sample of j u v e n i l e b i r d s , and although there i s 
no s i g n i f i c a n t weight change during the p o s t — n u p t i a l moult 
(.25>P>.1) (3) there are s l i g h t d i f f e r e n c e s (Table I 4 . . 3.L). 
The mean weight of the sample f o r the middle of the moult (primary 
moult score 20 to 80, explained i n legend to Table 1+.3.1) i s 
greater than the mean f o r e i t h e r moulted b i r d s (primary moult 
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Figure 4.3.a . The mean t o t a l body weights (+ two standard e r r o r s ) 
of j u v e n i l e Willow Warblers during the post-
j u v e n i l e moult. The ordinate i s the weight of the 
body i n gms; the abscissa the s t a t e of moult; 
0 - unmoulted; 1,2,3,4 - moult stages; N - moulted 
j u v e n i l e s . 
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score 80 and above), or b i r d s at the beginning of the p o s t - n u p t i a l 
moult (unmoulted and up to primary moult score 2 0 ) . 

Discussion 
A decrease i n mean t o t a l body weight of Willow Warblers during 
moult has been noted before, but not on the breeding grounds. 
Pearson(1971 ) i n Uganda found t h a t Willow Warblers a r r i v e w i t h a 
mean weight of 8 .3 j^ .8 (SD) gms but t h a t b i r d s present during the 
complete moult i n January and February have weights of 7 • 6+_ .I4. (SD) 
gms and 8.1+_ .8 (SD) gms r e s p e c t i v e l y . I t i s not c l e a r whether 
t h i s body weight decrease during the moult i s due s o l e l y to 
changes i n l i p i d weight, or even to the presence of d i f f e r e n t 
populations at d i f f e r e n t times of year. I n my study the median 
l i p i d weight of j u v e n i l e Willow Warblers (from a s i n g l e p o p u l a t i o n ) 
remained constant from moult stages 1 to I), i n 1970 (Chapter 7-k) 

even though body weights showed a decrease. This mean weight 
decrease i s due t o weight changes of other body components (see 
Chapter 9 ) and t h i s might be the case on the w i n t e r i n g grounds 
also. 

The d i f f e r e n c e i n the p a t t e r n of weight changes during the 
autumn moults of j u v e n i l e and a d u l t Willow Warblers probably has 
a p a r a l l e l i n the White-crowned Sparrow. I n adult sparrows body 
weight increases during the pre- and p o s t - n u p t i a l moults (King 
and Farner 1959 , King and Farner and Morton 1 9 6 5 ) , whereas i n 
immatures i n autumn body weight remains constant during the post-
j u v e n i l e moult. There i s not s u f f i c i e n t i n f o r m a t i o n to decide 
whether the mid-moult weight increase of ad u l t Willow Warblers i s 
due t o changes i n l i p i d weight, i n the lean f r a c t i o n ( i e lean 
dry weight plus water) as i n the White-crowned Sparrow (King, 
Farner and Morton 1 9 6 5 ) , or i n the water f r a c t i o n alone as i n the 
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Lesser Redpoll (Evans 1 9 6 9 ) . I n 1970 adults d i d tend to have mere 
body l i p i d than j u v e n i l e s , so t h a t the mid-moult weight increase 
could simply be due to t h i s alone. 

The maximum weights of about 1Ogms found i n t h i s study were 
i n f r e q u e n t l y recorded. I n the premigratory period, sampling of 
w i l d migrants i s not r e p r e s e n t a t i v e , i n t h a t the chances of 
catching an i n d i v i d u a l b i r d decrease as I t gains weight, since 
the chances of i t m i g r a t i n g increase; but i t seems t h a t m i g r a t i o n 
does occur at weights below 10 gms. The maximum weights of the 
sample of m i g r a t i n g Willow Warblers taken from Bardsey lighthouse 
(Chapter 12.1) were again about 10 gms, w i t h averages of 9.2 gms 
f o r j u v e n i l e s and 8.7 gms f o r a d u l t s . These are, however, weights 
from the middle of the n i g h t and so would be expected t o be greater 
than the mean morning weight of 8.1 gms found during the autumn 
premigratory p e r i o d on the breeding grounds. Heavier Willow 
Warblers occur i n c a p t i v i t y , but here i n a c t i v i t y may a l l o w increased 
size of the l i p i d deposits; 17 gms has been recorded I n autumn i n 
j u v e n i l e s reared from the nest (Gwinner 1969), but 12 to gms i s 
a more t y p i c a l value. Birds kept f o r longer periods show high 
weights a l l year round, w i t h minima of 10 gms during the moults 
(Gwinner 19 6 8 ) . 

I4-.5 Summary 
Mean t o t a l body weights of samples of j u v e n i l e Willow Warblers 
decreased s l i g h t l y (though not s i g n i f i c a n t l y ) d u r i n g p o s t - j u v e n i l e 
moult. Adults i n moult d i d not show a decrease i n weight and 
were heavier than j u v e n i l e s at a l l times. 
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Chapter 5« The weight of the stomach contents of Willow Warblers. 

5 . 1 I n t r o d u c t i o n 
The hyperphagic basis of body weight increases i n seed-eating 
migratory b i r d s has been demonstrated by a number of i n v e s t i g a t o r s . 
King (1961b) was able to show that an increase i n metabolisable 
energy (gross energy i n t a k e minus energy value of excreta) i n 
captive White-crowned Sparrows i n the spring coincided w i t h an 
increase i n body weight, and th a t these events could be reproduced 
by exposing b i r d s caught i n the w i n t e r t o a 20 hour photoperiod. 
S i m i l a r events occur i n captive White-throated Sparrows (Helms 1 9 6 8 ) . 

I n the Chaffinch too, increases i n body weight i n the autumn 
coincide w i t h increased metabolisable energy in t a k e (Dol'nik 
1968,1970a). 

As a d i r e c t measure of energy intake i n i n s e c t i v o r o u s Willow 
Warblers was not pos s i b l e , the stomach contents were weighed as 
a means of assessing food i n t a k e . The object was to determine 
whether hyperphagia could be detected by t h i s method, and so 
provide supporting evidence t h a t the samples examined Included 
genuine premigratory b i r d s . As Dol'nik ( 1966) had demonstrated 
d i f f e r e n c e s i n weights of stomach contents between moulting 
and m i g r a t i n g Garden Warblers (an i n s e c t i v o r o u s and fr u g i v o r o u s 
species) the method seemed promising. 

5 . 2 Methods 
The stomach was separated from the r e s t of the gut, opened out by 
an i n c i s i o n and the contents washed i n t o a t a r e d tube w i t h d i s t i l l e d 
water. The contents were d r i e d t o constant weight at l4-0°C i n vacuo 
and weighed to + 1 mg. 
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5 .3 D i u r n a l v a r i a t i o n s i n the dry weight of the stomach 
contents of j u v e n i l e Willow Warblers 

The combined data from the two years was markedly anormal, as 
b i r d s caught near t o sunrise f r e q u e n t l y had almost nothing i n 
the stomach. Consequently a Kruskal-Wallis one-way analysis 
of variance was applied t o each moult stage t o determine whether 
the samples from the three morning periods (0-2 hours, 2-I|_ hours, 
and i j . -6 hours a f t e r sunrise) were a l l drawn from the same 
s t a t i s t i c a l frequency d i s t r i b u t i o n . The medians, values of H 
and associated p r o b a b i l i t i e s f o r these samples are presented 
i n Table 5 . 3 . 1 . Only i n the sample of moulted b i r d s i s there 
any s i g n i f i c a n t increase i n dry weights during the morning 
(.02>p>.0l) (Table 5 . 3 . 1 . ). Mann-Whitney two-sample U-tests 
performed on p a i r s of samples w i t h i n the morning showed t h a t the 
median f o r moulted b i r d s i n the sample 2-1). hours a f t e r sunrise 
was s i g n i f i c a n t l y greater than the median f o r t h e 0-2 hours a f t e r 
sunrise period (.02>p>.002) ( 1 ) . The d i f f e r e n c e between the 
medians f o r 0-2 hours and I4.-6 hours a f t e r sunrise was nea r l y 
s i g n i f i c a n t at p = .05 (2); there was no d i f f e r e n c e between the 
medians f o r 2-l\. hours and l\.-6 hours a f t e r sunrise ( 3 ) . These 
changes w i t h i n the morning are i l l u s t r a t e d i n Figure 5.3.a. 
The median f o r evening-caught b i r d s i n moult stage 3 was no l a r g e r 
than the median f o r the l a s t morning period (p>.05) (k-) > n o r > was 
there any d i f f e r e n c e between evening and morning medians f o r 
moulted b i r d s (p>.05) ( 5 ) . 

When the three morning subsamples were combined f o r each sample, 
the median of the sample of moulted b i r d s was no d i f f e r e n t from 
the median of any other moult stage. This i s not s u p r i s i n g as the 
dry weight of the stomach contents represents the balance between 



f o o d i n t a k e and stomach c l e a r a n c e ; i f b o t h these processes i n c r e a s e d 

i n r a t e d u r i n g p r e m i g r a t o r y h y p e r p h a g i a , t h e i n c r e a s e d r a t e o f 

f o o d i n t a k e would not be d e t e c t e d . The reduced median f o r 0-2 

h o u r s a f t e r s u n r i s e i n t h e sample o f m o u l t e d b i r d s must be due t o 

a change i n t h e balance between the r a t e s o f these two processes. 

I t c o u l d be due t o a f a s t e r r a t e o f c l e a r a n c e f r o m t h e stomach, 

b u t i n view of t h e r e p e a t e d d e m o n s t r a t i o n s o f changes i n f o o d 

i n t a k e a decrease i n t h i s i s more l i k e l y . 

Table 5»3«1 The median d r y w e i g h t s o f t h e stomach c o n t e n t s 

o f morning-caught j u v e n i l e W i l l o w Warblers (1970 

and 1971 combi ned) 

Moult stage Hours a f t e r s u n r i s e H P n 

0-2 2-4 1̂ -6 

Unmoulted/1 10 5 13 k .82 P > .05 20 

2 Ik 11 16 k .07 P > .05 19 

3 11 11 13 1 • kl P > .05 32 

k 9 13 - 5 .20 . 1 > p > .05 15 

Moulted 7 13 1k- 8 .02 . 0 2 > p > .01 AO 

Median w e i g h t s are i n mg; H - K r u s k a l - W a l l i s H; 1,2,3*U- - m o u l t 
stages; p - p r o b a b i l i t y t h a t v a l u e of H i s s i g n i f i c a n t l y l a r g e r 
t h a n z e r o . 

As Morton (1967) has shown, when White-crowned Sparrows on an 

e i g h t hour p h o t o p e r i o d are exposed t o one o f double the l e n g t h 

t h e peak o f f o o d i n t a k e at 'dawn' and j u s t a f t e r i s reduced i n 

s i z e ; so t h a t a f t e r 20 days on t h e s i x t e e n hour p h o t o p e r i o d , a n d 

a c o n s i d e r a b l e i n c r e a s e i n body w e i g h t , t h e r e i s o n l y a g r a d u a l 

i n c r e a s e i n the amount of f o o d eaten d u r i n g t h e f i r s t e i g h t hours 

of t h e p h o t o p e r i o d . D o l ' n i k and B l y u m e n t a l (1962) a l s o f o u n d t h a t 

f a t b i r d s eat l e s s t h a n t h i n b i r d s d u r i n g the f i r s t h ours of 

f e e d i n g , and D o l ' n i k (1966) has demonstrated a change fr o m no 

d i u r n a l r h y t h m o f f o o d i n t h e stomach f o r m o u l t i n g Garden W a r b l e r s , 



37 

F i g u r e 5*3.a . D i u r n a l v a r i a t i o n s i n t h e d r y w e i g h t o f t h e 

stomach c o n t e n t s o f j u v e n i l e W i l l o w Warblers 

d u r i n g and a f t e r t h e moult. 

The o r d i n a t e i s mg d r y w e i g h t o f stomach c o n t e n t s . 

The a b s c i s s a i s t i m e o f day; a - 0-2, b-2-4 , 

and c-4-6 hours a f t e r dawn, d i s evening-caught 

b i r d s . 

0- unmoulted j u v e n i l e s ; 1,2,3 54 - m o u l t stages; 

N - moulted j u v e n i l e s . 

The s o l i d l i n e s j o i n median v a l u e s f o r t h e t i m e 

p e r i o d s . 
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t o a l a r g e d i u r n a l I n c r e a s e I n p r e m i g r a t o r y b i r d s ; t h i s i n c r e a s e 

i s f rom zero w e i g h t o f stomach c o n t e n t s a t dawn t o a peak by mid-

a f t e r n o o n . Thus the p a t t e r n o f w e i g h t changes of t h e stomach 

c o n t e n t s f o u n d i n m o u l t e d j u v e n i l e W i l l o w Warblers i s v e r y much 

th e same as f o r t h e species i n these o t h e r s t u d i e s . As t h i s 

e a r l y morning decrease i n f o o d i n t a k e i s a c o r r e l a t e o f hy p e r p h a g i a 

t h e data suggests t h a t o n l y m o u l t e d b i r d s are hyperphagic and so 

i n a p r e m i g r a t o r y s t a t e . 

5. h- Summary 

The weight o f stomach c o n t e n t s o f j u v e n i l e W i l l o w Warblers d i d 

not v a r y s i g n i f i c a n t l y w i t h t i m e a f t e r s u n r i s e i n m o u l t i n g b i r d s , 

but was l o w e r i n m o u l t e d b i r d s i m m e d i a t e l y a f t e r s u n r i s e . 

By analogy w i t h o t h e r s p e c i e s , t h i s i s t a k e n as evidence of 

hyp e r p h a g i a i n m o u l t e d b i r d s . 
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Chapter 6. B r a i n weight and c o m p o s i t i o n o f W i l l o w Warblers 

6.1 I n t r o d u c t i o n 

A l t h o u g h t h e removal o f t h e M . p e c t o r a l i s and t h e l i v e r e l i m i n a t e s 

two major l i p i d sources i n t h e body, t h e t o t a l l i p i d e x t r a c t e d from 

t h e r e m a i n i n g carcase has another p o t e n t i a l l y l a r g e c o n t r i b u t o r 

w h i c h i s n o t adipose i n o r i g i n ; t h i s i s t h e b r a i n . I n o r d e r t o 

o b t a i n t h e b e s t e s t i m a t e o f t h e b i r d s ' m e t a b o l i z a b l e l i p i d r e s e r v e s 

i t i s e s s e n t i a l t h a t t h i s n o n - m e t a b o l i z a b l e l i p i d s h o u l d be sub

t r a c t e d from t h e t o t a l s ( p r e s e n t e d i n Chapter 7) or a t l e a s t shown 

t o be n e g l i g i b l e . 

6.2 Methods 

The b r a i n was d i s s e c t e d from t h e thawed carcase and weighed i n 

t a r e d tubes t o +_ 1 mg. I n many cases i t proved i m p o s s i b l e t o 

remove the whole b r a i n , so t h a t t h e r e s u l t s are p r e s e n t e d as mg 

l i p i d per 100 mg d r y w e i g h t r a t h e r t h a n t o t a l l i p i d w e i g h t per 

b r a i n ; an e s t i m a t e o f t h i s . / w i l l be made below. 

The b r a i n s were d r i e d t o c o n s t a n t w e i g h t a t l\.0°G i n vacuo and 

weighed a g a i n t o +_ 1 mg t o g i v e percentage w a t e r . The samples 

were t h e n ground, p l a c e d i n a t a r e d s i n t e r g l a s s Mmble and r e d r i e d 

t o c o n s t a n t w e i g h t . The ground sample was e x t r a c t e d o f l i p i d i n 

t e c h n i c a l p e t r o l e u m e t h e r by r e f l u x i n g i n a Soxhlet apparatus f o r 

20 h o u r s . The t h i m b l e p l u s sample was removed and a g a i n d r i e d t o 

c o n s t a n t w e i g h t a t l|.0OC i n vacuo. Prom t h i s weight d i f f e r e n c e and 

t h e weight o f d r i e d ground sample t h e percentage l i p i d i n t h e d r i e d 

b r a i n c o u l d be c a l c u l a t e d . 
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6.3 Percentage o f l i p i d I n t h e b r a i n 

No d i f f e r e n c e s i n rag l i p i d per 100 mg dry w e i g h t were found 

between unmoulted, m o u l t i n g and m o u l t e d b i r d s . A l l j u v e n i l e s 

had a mean o f 20.9 mg l i p i d per 100 mg dry wei g h t o f b r a i n 

(sample s i z e 1 9 ) . The mean f o r a d u l t b i r d s i s s l i g h t l y h i g h e r 

a t 22 .6 mg p e r 100 mg d r y wei g h t (sample s i z e 5)« The maximum 

d i s s e c t e d wet w e i g h t o f t h e W i l l o w Warbler b r a i n i s about I4.OO mg, 

and t a k i n g t h i s as t h e t r u e b r a i n wet w e i g h t w i t h a mean w a t e r 

c o n t e n t o f Q0.J% (sample s i z e 2 3 ) , t h e b r a i n o f a j u v e n i l e b i r d 

would c o n t a i n about 15 mg o f l i p i d i n t o t a l ; and t h e b r a i n o f t h e 

a d u l t b i r d about 16 mg. So not o n l y i s t h e t o t a l amount o f 

b r a i n l i p i d s m a l l compared w i t h t h e t o t a l body l i p i d (a minimum 

o f 100 mg t o 200 mg), i t i s a l s o c o n s t a n t t h r o u g h o u t m o u l t and 

p r e m i g r a t i o n . Note t h a t , i n s p i t e o f the s m a l l t o t a l amount o f 

l i p i d due t o t h e sm a l l s i z e o f t h e b r a i n , t h e percentage o f l i p i d 

( o f d r y w e i g h t ) i s t h e h i g h e s t o f t h e t i s s u e s examined, as found 

p r e v i o u s l y by Odum and P e r k i n s o n (19^1) -

6. i-t- Summary 

L i p i d w e i g h t i n t h e b r a i n i s c o n s t a n t and s m a l l t h r o u g h o u t and 

a f t e r t h e m o u l t i n b o t h j u v e n i l e and a d u l t W i l l o w W a r b l e r s . 
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Chapter 7- R e s i d u a l carcase l i p i d of W i l l o w Warblers 

7.1 I n t r o d u c t i o n 

T h i s q u a n t i t y i s a measure o f t h e l i p i d r e m a i n i n g i n t h e carcase 

a f t e r t h e c o n t r i b u t i o n s o f the l i v e r and p e c t o r a l i s muscle l i p i d 

has been s u b t r a c t e d . As shown i n Chapter 6.3 t h e amount o f b r a i n 

l i p i d i s s m a l l and c o n s t a n t t h r o u g h o u t t he autumn, so the i n c l u s i o n 

o f t h i s i n t h e r e s i d u a l carcase l i p i d w e i g h t produces n e g l i g i b l e 

e r r o r . Most o f the l i p i d e x t r a c t e d f r o m t h e r e s i d u e o f t h e 

carcase i s d e r i v e d f r o m adipose t i s s u e , a l t h o u g h s m a l l amounts 

come f r o m t h e r e m a i n i n g s k e l e t a l muscle and o t h e r t i s s u e s . 

Most o f t h e adipose t i s s u e i s found i n 'pads' l o c a t e d v e n t r a l 

t o t h e abdomen, around t h e c l a v i c l e , and subcutaneously on t h e 

d o r s a l s i d e o f the body, as w e l l as around t h e gut and h e a r t . 

Adipose t i s s u e i s found i n o t h e r p a r t s o f t h e body subcutaneously, 

and around t he t r a c h e a . 

7 .2 Summary of p r e v i o u s s t u d i e s 

Many i n v e s t i g a t o r s have shown t h a t m i g r a t o r y b i r d s have g r e a t e r 

amounts o f body l i p i d d u r i n g m i g r a t i o n t h a n a t o t h e r t i m e s o f year. 

T h i s aB&Lies b o t h i n s p r i n g and autumn (Odum 1960a, Odum,Connell and 

Stoddard 1961) . Garden Warblers and S i s k i n s i n Europe have g r e a t e r 

amounts o f body l i p i d d u r i n g t h e autumn m i g r a t i o n t h a n d u r i n g t h e 

p o s t - n u p t i a l moult which precedes i t ( D o l ' n i k 1966 ,1967) , and 

W i l l o w Warblers i n t h e e a s t e r n B a l t i c have as much as double t h e 

p o s t - n u p t i a l moult l i p i d l e v e l s d u r i n g t h e i r autumn m i g r a t i o n 

( D o l ' n i k and Bl y u m e n t a l 1967) . Again, i n N o r t h America White-

t h r o a t e d Sparrows show peak l e v e l s o f body l i p i d i n b o t h s p r i n g 

and autumn (Helms 1968) ; t h e s p r i n g m i g r a t i o n l i p i d l e v e l i s t h r e e 
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times t h e l e v e l d u r i n g the e a r l y s p r i n g moult (Odum and Ma j o r 
1956) . However, m i g r a n t s do not always have i n c r e a s e d l e v e l s 
of body l i p i d b e f o r e m i g r a t i o n . The m i g r a t o r y M y r t l e Warbler 
d e p a r t s w i t h l i t t l e body l i p i d b u t l e v e l s i n c r e a s e as m i g r a t i o n 
proceeds, f o l l o w i n g stops f o r f e e d i n g en r o u t e (Yarborough and 
Johnston 1965 ) . Odum, Con n e l l and Stoddard (1961) l i s t f o u r 
o t h e r N o r t h American p a s s e r i n e species which set out on m i g r a t i o n 
when l e a n , b u t show i n c r e a s e s i n body l i p i d when sampled a l o n g t h e 
m i g r a t o r y r o u t e . Resident species such as Tree and House Sparrows 
show no changes i n body l i p i d a t the m i g r a t i o n t i m e s o f o t h e r 
European g r a n i v o r o u s species ( D o l ' n i k 1966) ; a l t h o u g h t h e m i g r a t o r y 
race o f t h e l a t t e r species (Passer domesticus b a c t r i a n u s ) does have 
h i g h e r l e v e l s o f body l i p i d d u r i n g t he autumn m i g r a t i o n compared t o 
the l e v e l d u r i n g t h e p r e c e d i n g moult ( D o l ' n i k 1970t$. 

S t u d i e s on c a p t i v e b i r d s or on samples o f m i g r a n t s t a k e n b o t h b e f o r e 

and d u r i n g t h e m i g r a t o r y p e r i o d c o n f i r m t h i s p i c t u r e . K i n g (1963) 

found an i n c r e a s e i n t h e " l i p i d i n d e x " (gm l i p i d per gm o f t o t a l 

body w e i g h t ) o f up t o 7% i n w i l d White-crowned Sparrows d u r i n g t h e 

autumn. C a p t i v e sparrows showed t h e same t r e n d b u t t h e s p r i n g 

peak was more pronounced. The s p r i n g i n c r e a s e i n body l i p i d 

produced l e v e l s more t h a n double the n o n - m i g r a t o r y ones ( K i n g and 

Farner 1959, K i n g , Barker and Parner 1963) , and the t i m e t a k e n t o 

reach maximum body l i p i d w e i g h t was about 10 days ( K i n g and Parner 

1959) . I n t h e w i l d , l i p i d l e v e l s o f t h e C h a f f i n c h d u r i n g t h e 

autumn m i g r a t i o n are t h r e e t i m e s g r e a t e r t h a n d u r i n g t h e p r e c e d i n g 

m o u l t , and caged j u v e n i l e s show a g r a d u a l i n c r e a s e i n body l i p i d 

up t o t h e m i g r a t o r y p e r i o d ( D o l ' n i k and Blyu m e n t a l 1967) . Lesser 

R e d p o l l s t o o show an i n c r e a s e i n body l i p i d as the autumn m i g r a t i o n 

approaches (Evans 196 9 ) . 

As p o i n t e d out by D o l ' n i k and B l y u m e n t a l (1967) t h e date a t which 
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maximum body l i p i d o f a g i v e n species i s r e c o r d e d a t any g i v e n 

p l a c e depends on t h e l o c a t i o n o f t h e sampling s t a t i o n a l o n g t h e 

m i g r a t o r y r o u t e . They found t h a t samples of W i l l o w and Garden 

Warblers at t h e o r i g i n of t h e i r m i g r a t o r y j o u r n e y showed maximum 

body l i p i d w e i g h t e a r l y i n the autumn; Gr e e n f i n c h , R o b i n , B r a m b l i n g , 

S i s k i n and Great T i t a t t h e m i d d l e of t h e i r m i g r a t o r y r o u t e i n 

L i t h u a n i a showed a l a t e r peak o f body l i p i d i n t h e samples; B u l l 

f i n c h and Re d p o l l w h i c h t e r m i n a t e t h e i r j o u r n e y t h e r e had h i g h 

l e v e l s on a r r i v a l . M i g r a n t G h a f f i n c h e s which t h e y examined 

o r i g i n a t e d f r o m s e v e r a l c o u n t r i e s and hence showed e l e v a t e d body 

l i p i d i n samples t a k e n t h r o u g h o u t a l o n g p e r i o d i n autumn. 

I n my s t u d y W i l l o w Warblers were sampled a t t h e o r i g i n o f t h e i r 

m i g r a t o r y r o u t e ( on t h e b r e e d i n g g r o u n d s ) , so t h a t changes f o l l o w e d 

t h r o u g h t h e autumn a c c u r a t e l y r e f l e c t t h e developemnt o f 

p r e m i g r a t o r y l i p i d d e p o s i t i o n . 

7.3 Methods 

The method o f f a t e x t r a c t i o n f o r t h e carcase r e s i d u e i s g i v e n 

i n the s e c t i o n on General Methods (C h a p t e r 2.1). The t o t a l 

weight o f r e s i d u a l body l i p i d , r a t h e r t h a n a " l i p i d i n d e x " 

(gm l i p i d p e r gm body w e i g h t ) , has been used i n t h i s s e c t i o n as 

an i n d e x i s not h e l p f u l i n a s s e s s i n g p r e m i g r a t o r y changes, s i n c e 

v a r i a t i o n s occur i n the w e i g h t o f o t h e r body components at t h i s 

t i m e . 

7.1+ V a r i a t i o n s i n r e s i d u a l carcase l i p i d d u r i n g t h e moult and 

p r e m i g r a t o r y p e r i o d . 

I n b o t h years examined, t h e f r e q u e n c y d i s t r i b u t i o n s o f r e s i d u a l 

carcase l i p i d i n t h e samples o f W i l l o w Warblers were not normal. 
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T h i s a p p l i e d b o t h t o samples of m o u l t i n g and moulted b i r d s 
and arose f r o m a skew towards h i g h e r l i p i d w e i g h t s , e s p e c i a l l y 
i n m o u l t e d b i r d s , and from a t r u n c a t i o n o f t h e d i s t r i b u t i o n s at 
the lower end, presumably because a s m a l l amount of l i p i d i n a l l 
b i r d s i s not m e t a b o l i s a b l e (e.g. i n t h e b r a i n ) . Consequently t h e 
samples were an a l y s e d by t h e Mann-Whitney two sample U - t e s t . 

I n 1970 a l l t h e medians o f the morning-caught samples o f m o u l t i n g 

j u v e n i l e s ( m o u l t stages 1 t o I4.) were s i g n i f i c a n t l y s m a l l e r t h a n 

th e median w e i g h t f o r t h e sample o f m o u l t e d b i r d s ; these medians 

and t h e i r s i g n i f i c a n c e l e v e l s are p r e s e n t e d i n Table 7-^-1 

(Pi'gure 7 - ^ . a ) . None of t h e samples from t h e f o u r moult stages 

were s i g n i f i c a n t l y d i f f e r e n t f rom each o t h e r ( 1 ) . When t h e 

samples at t h e h e i g h t o f the p o s t - j u v e n i l e moult (moult stages 

2 and 3) were combined, an i n c r e a s e i n median r e s i d u a l carcase 

l i p i d w eight c o u l d be d e t e c t e d between the sample f o r 0-2 hours 

a f t e r s u n r i s e and the sample f o r l]_-6 h o u r s ( . 0 5 > P > . 0 2 ) ( 2 ) . 

No such d i f f e r e n c e was found f o r t h e sample o f mo u l t e d b i r d s 

(p>«05>) ( 3 ) . T h i s d i f f e r e n c e between m o u l t i n g and mo u l t e d b i r d s 

i s p r o b a b l y due i n p a r t t o t h e h i g h e r l i p i d l e v e l s o f m o u l t e d 

b i r d s (compared t o m o u l t i n g b i r d s ) d u r i n g t h e f i r s t two hours 

o f d a y l i g h t ( . 1 > p > . 05 ) ( i | _ ) . However, a d i u r n a l i n c r e a s e i n 

r e s i d u a l carcase l i p i d was p r e s e n t i n m o u l t e d b i r d s (even though 

t h i s was not e v i d e n t i n t h e morning) as t h e median l e v e l f o r 

j u v e n i l e s caught i n t h e evening was s i g n i f i c a n t l y l a r g e r t h a n t h a t 

f o r t h e morning (p= .002 ) ( 5 ) . M o u l t i n g a d u l t s i n 1970 have a 

g r e a t e r median l e v e l o f carcase l i p i d t h a n j u v e n i l e b i r d s i n moult 

stage 3 ( t h e h e i g h t o f the p o s t - j u v e n i l e m o u l t ) (p=.032) ( 6 ) . 
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F i g u r e 7.4.a . The r e s i d u a l carcase 1 : p i d o f j u v e n i l e and 

a d u l t W i l l o w Warblers d u r i n g and a f t e r t h e 

moult , 1970. The o r d i n a t e i s gms o f t o t a l 

r e s i d u a l carcase l i p i d , t h e a b s c i s s a -

1,2,3)4 , p o s t - j u v e n i l e m o u l t stages; U, moulted 

j u v e n i l e s ; A - a d u l t s i n m o u l t . 

The c l o s e d c i r c l e s a r e b i r d s caught i n t h e 

f i r s t s i x hours a f t e r dawn, open t r i a n g l e s b i r d s 

caught i n the evening. 
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Table 7.1+.1 Residual carcase l i p i d of W i l l o w Warblers i n 1970 (gins) 

Moult stage Median 95$ p n 

J u v e n i l e s , m o r n i n g 
1 0.220 (0.21+8-0.18^) .002 11 

2 0.210 ( 0 . 2 7 1 - 0 . 1 1 6 ) .ohh 10 

3 0.216 ( 0 . 2 6 5 - 0 . 1 9 8 ) .0001+ 21 

k 0.213 ( 0 . 2 9 3 - 0 . 1 8 7 ) .008 11 

Moulted 0.380 (0.1+39-0.326) 26 

J u v e n i l e s , e v e n i n g 

Moulted 0.61+0 ( 1 . 3 3 9 - 0 . ^ 8 1 ) 11 

A d u l t s,morning 

M o u l t i n g 0 .275 (0.336-0.221+) 15 

95$-95$ c o n f i d e n c e l i m i t s f o r m e d i a n ; p - p r o b a b i l i t y t h a t t h e 
d i f f e r e n c e between t h e median f o r t h i s moult stage and t h e median 
f o r m o u l t e d b i r d sample i s s i g n i f i c a n t by a t w o - t a i l e d t e s t . 

A g a i n i n 1971 the median r e s i d u a l carcase l i p i d w e i g h t f o r t h e 

sample o f m o u l t e d b i r d s caught i n the morning was s i g n i f i c a n t l y 

l a r g e r t h a n t h e medians f o r any o f t h e f o u r moult stages; and t h e 

medians f o r t h e s e f o u r moult stages d i d not d i f f e r amongst them

sel v e s (Table 7 • U• 2, F i g u r e 7• i+ • "b ) . I n t e r e s t i n g l y , t h e median 

v a l u e f o r morning-caught unmoulted b i r d s does not d i f f e r f rom t h e 

median w e i g h t f o r m o u l t e d b i r d s ( 7 ) , s u g g e s t i n g t h a t t h e r e i s a 

d i f f e r e n c e i n r e s i d u a l carcase l i p i d w e i g h t between m o u l t i n g and 

unmoulted b i r d s , even though t h i s l a t t e r median i s not s i g n i f i c a n t l y 

l a r g e r than t h e median w e i g h t f o r any moult stage. These 

r e c e n t l y f l e d g e d b i r d s had more v i s i b l e adipose l i p i d , and 

y o l k was s t i l l p r e s e n t i n the g u t ; the l a t t e r c o u l d w e l l be t h e 

source o f t h e e x t r a l i p i d i n unmoulted b i r d s . 
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Table 7.4«2 R e s i d u a l carcase l i p i d i n W i l l o w W a r b l e r s , 1971 (gms) 

Moult stage 

J u v e n i l e s , m o r n i n g 

Unmoulted 

1 

2 

3 

4 
M o u l t e d 

J u v e n i l e s , e v e n i n g 

3 

M o u l t e d 

A d u l t s , m o r n i n g 

M o u l t i n g 
95%-95% c o n f i d e n c e l i m i t s f o r m e d i a n ; p - p r o b a b i l i t y t h a t t h e 
d i f f e r e n c e between t h e median f o r t h i s m o u l t stage and the median 
f o r m o u l t e d b i r d s i s s i g n i f i c a n t by a t w o - t a i l e d t e s t . 

Median 95$ P n 

0.320 ( 0 . 3 9 9 - 0 . 2 0 1 ) 9 

0.200 ( 0 . 2 7 2 - 0 . 1 4 8 ) .002 7 

0.225 (0 .264-0.181;) .0001 16 

0.235 ( 0 . 2 7 2 - 0 . 1 9 5 ) .001 24 

0.195 ( 0 . 3 1 8 - 0 . 1 4 2 ) .01 6 

0.333 ( 0 . 4 6 2 - 0 . 2 5 9 ) 27 

0.1+80 ( 0 . 6 3 8 - 0 . 3 6 2 ) 7 

0.560 ( 0 . 9 0 8 - 0 . 4 4 8 ) 7 

0.210 ( 0 . 3 3 2 - 0 . 1 4 8 ) 10 

As i n 1970 an i n c r e a s e i n r e s i d u a l carcase l i p i d w e i g h t i s found 

d u r i n g t h e morning i n m o u l t i n g b i r d s (moult stage 2 and 3)> h u t 

i n t h i s year t he o n l y s i g n i f i c a n t d i f f e r e n c e i s between t h e sample 

f o r 2 -4 hours a f t e r s u n r i s e and 4 -6 hours ( . 0 5 > P > . 0 2 ) ( 8 ) . 

But even by t h e 2-4 hour p e r i o d a f t e r s u n r i s e the median r e s i d u a l 

carcase l i p i d w e i g h t o f moulted b i r d s i s s i g n i f i c a n t l y l a r g e r 

t h a n t h a t f o r m o u l t i n g b i r d s ( . 0 5 > P > . 0 2 ) ( 9 ) . A d i u r n a l i n c r e a s e 

i n l i p i d w e i g h t between morning and eve n i n g i s found b o t h i n 

m o u l t i n g j u v e n i l e s (p=.0 0 0 0 6 ,moult stage 3) (10) and i n moulted 

b i r d s (p= . 0 1 ) ( 1 1 ) . U n l i k e the s i t u a t i o n i n 1970 t h e median l i p i d 

w e i g h t f o r m o u l t i n g a d u l t s i s no d i f f e r e n t from t h a t f o r j u v e n i l e s 

i n m oult stage 3 ( 1 2 ) . 
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F i g u r e 7.4.b . The r e s i d u a l carcase l i p i d o f j u v e n i l e and 

a d u l t W i l l o w Warblers d u r i n g a.nd a f t e r t h e 

m o u l t , 1971. The o r d i n a t e i s gms o f t o t a l 

r e s i d u a l carcase l i p i d , t h e a b s c i s s a -

0, unmoulted j u v e n i l e s ; 1,2,3,4 , t h e p o s t -

j u v e n i l e m o u l t stages; N, moulted j u v e n i l e s ; 

A, m o u l t i n g adults'. 

The open c i r c l e s are b i r d s caught i n the 

f i r s t s i x hours a f t e r dawn; c l o s e d t r i a n g l e s 

b i r d s caught i n the evening. 
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7«5 Discussion 
As pointed out i n the previous s e c t i o n there i s reason t o 
believe t h a t the r e s i d u a l carcase l i p i d of r e c e n t l y fledged 
b i r d s caught i n the morning i s somewhat higher than the l e v e l s 
found subsequently during the p o s t - j u v e n i l e moult. The l i p i d 
weight decreased to a l e v e l of about 200 mg, which remains constant 
throughout a l l the stages of the moult. I n the B u l l f i n c h t h e r e 
i s a f a i r l y constant amount of body l i p i d during the p o s t - j u v e n i l e 
moult (Newton 1968), and i n the White-crowned Sparrow also body 
l i p i d i s constant i n weight during the p o s t - n u p t i a l moult (King 
and Farner 1959). I n f a c t i t seems tha t y e a r l y minima i n body 
l i p i d weight occur during the moults of a number of passerine 
species, w i t h only immediate post-migrants having s i m i l a r very 
low l e v e l s (King,Barker and Farner 1963,Johnston 1968). Examples 
of such species are the Chaffinch (Dol'nik and Blyumental 1967), 

White-throated Sparrow (Helms 1968), and White-crowned Sparrow 
(King,Barker and Parner 1963, King and Parner 1959). The Willow 
Warbler can now be added to t h i s l i s t . 

The body l i p i d of L i t h u a n i a n Willow Warblers d i f f e r s by as much 
as 300mg between moult and premigration, but t h i s probably r e f e r s 
t o a d u l t s r a t h e r than j u v e n i l e s (Dol'nik and Blyumental 1967). 

The increase i n median l e v e l s found i n t h i s study f o r j u v e n i l e 
b i r d s i s only 130 t o 200 mg, although increases i n i n d i v i d u a l 
b i r d s were much l a r g e r , even f i v e times the p o s t - j u v e n i l e moult 
l e v e l . 

A more d i f f i c u l t p o i n t t o decide i s whether there i s any increase 
i n r e s i d u a l carcase l i p i d weight i n i n d i v i d u a l Willow Warblers 
d u r i n g the p o s t - j u v e n i l e moult. Obviously i n d i v i d u a l s could not 
be fo l l o w e d through the moult, but as the range of l i p i d weights 
w i t h i n a moult stage increases through the moult, the data h i n t s 
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t h a t there might be f a t d e p o s i t i o n i n i n d i v i d u a l j u v e n i l e s 
(Figures and J Mb). I n j u v e n i l e ChaffInches,for instance, 

body l i p i d increases i n weight over mid-moult l e v e l s before 
the moult has f i n i s h e d ( D o l ' n i k and Blyumental 1967). 

I n j u v e n i l e Willow Warblers i n t h i s study the median evening 
l e v e l s of r e s i d u a l carcase l i p i d were about double the morning 
l e v e l s , and there i s no d i f f e r e n c e i n t h i s respect between moulting 
and moulted b i r d s . This i s not the same as i n b i r d s during the 
migratory p e r i o d ; Dol'nik and Blyumental (19^7) c i t e Chaffinch, 
Garden Warbler, Willow Warbler and S i s k i n as migrants i n which 
the d i u r n a l amplitude of body l i p i d weight i s greater during the 
migratory p e r i o d than during the moult. However, my data does 
agree w i t h Newton's (19&9) f i n d i n g t h a t i n the r e s i d e n t B u l l f i n c h 
the weight of body l i p i d at dusk i s twice the dawn weight both i n 
and out of moult. 

L i t t l e i n f o r m a t i o n i s a v a i l a b l e on the p a t t e r n of weight changes 
of r e s i d u a l carcase l i p i d i n adult Willow Warblers i n t h i s study. 
Adults tended t o have higher l i p i d weights when moulting than 
j u v e n i l e s ; the s i g n i f i c a n c e of t h i s i s , however, not c l e a r . 
Very few ad u l t s that had completed t h e i r p o s t - n u p t i a l moult were 
caught, suggesting that they leave the breeding grounds as soon as 
(or before) the moult i s complete. Thus the higher l i p i d l e v e l s 
may r e f l e c t f a t d e p o s i t i o n during the moult f o r subsequent 
m i g r a t i o n , or simply help the b i r d s to reach feeding grounds away 
from the breeding areas where premigratory f a t d e p o s i t i o n may then 
take place. 



7.6 Summary 
The median l i p i d l e v e l s i n the carcases of j u v e n i l e Willow 
Warblers remained constant throughout the moult but increased 
t h e r e ^ a j f t a r . Hence, most b i r d s entered the premigratory phase 
only when the moult was complete. I n both moulting and moult 
b i r d s , evening l i p i d l e v e l s were about double t h e morning 
l e v e l s . 
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Chapter 8. Residual f a t - f r e e dry weight of the Willow Warbler 
carcase. 

8.1 I n t r o d u c t i o n 
This q u a n t i t y i s the weight of the d r i e d l i p i d - e x t r a c t e d m a t e r i a l 
remaining a f t e r the p e c t o r a l i s muscles,liver,stomach contents and 
plumage has been removed. I t co n s i s t s , t h e r e f o r e , p r i n c i p a l l y 
of skeleton, nervous t i s s u e s , gut, heart, kidney, lung and the 
remaining s k e l e t a l muscle. I n the b i r d s included i n these samples 
the supracoracoideus muscle was not removed. 

8.2 Methods 
The methods f o r ob t a i n i n g the l i p i d - e x t r a c t e d residue of the 
carcase are d e t a i l e d i n the General Methods se c t i o n (Chapter 2 ) . 

8.3 The weight of r e s i d u a l f a t - f r e e dry m a t e r i a l during and a f t e r 
the moult 

I n both years, 1970 and 1971 , the variances of the samples of 
morning—caught j u v e n i l e " b i r d s were homogeneous ( B a r t l e t t ' s t e s t , 
1 , 2 ) . A one-way analysis of variance applied to the samples 
of j u v e n i l e b i r d s f o r 1970 (moult stages 1 t o | and moulted b i r d s ) 
showed t h a t there was no s i g n i f i c a n t e f f e c t due t o the s t a t e of 
moult ( p > . 2 5 ) ( 3 ) . I n f a c t only j u s t over 1% of the variance was 
associated w i t h the mean d i f f e r e n c e s due to the p o s t - j u v e n i l e 
moult. As the means did not d i f f e r amongst themselves an o v e r a l l 
mean was c a l c u l a t e d , and t h i s together w i t h the f i v e means i s 
presented i n Table 8 . 3 . 1 . Means f o r the samples of b i r d s caught 
i n the evening, e i t h e r f u l l y moulted or i n moult stage I+, d i d not 
d i f f e r s i g n i f i c a n t l y from the corresponding means f o r morning-caught 
b i r d s (Table 8 . 3 . 1 ) ; thus there was apparently no d i u r n a l weight 
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change i n t h i s parameter. The mean weight of the d r i e d l i p i d -
e x t r a c t e d residue of ad u l t carcases ( a l l stages of moult combined) 
was l a r g e r than the o v e r a l l mean f o r the j u v e n i l e s , a l t h o u g h not 
s i g n i f i c a n t l y so ( . 1 > p > . 0 5 ) (l+) • 

Table 8 .3.1 Residual f a t - f r e e dry weights (gms) of Willow Warbler 
carcases, 1970 

Moult stage Mean SD SE cv n 
Juveniles,morning 
Unmoulted /1 1 .07 .117 .035 11.0 11 

2 0.99 .108 .033 10.8 10 

3 1.07 .139 .030 13.0 20 

k 0.99 .1^5 .01+1 11+.6 12 

Moulted 1 .07 .125 .021+ 11.6 25 

O v e r a l l 1 .05 .130 . 0i+1 12.1+ 78 

Juveniles,evening 

k 1.09 .156 .163 11;.3 6 

Moulted 1 .08 .01^5 13.3 10 

Adults,morning 
Moulting 1.11 .117 .021+ 10.5 20 

Note; 1 ,2,3,1+ - moult stages 

Again i n 1971 a one-way analysis of variance applied t o the 
samples of morning-caught j u v e n i l e Willow Warblers showed t h a t 
there were no d i f f e r e n c e s between the means of d i f f e r e n t moult 
stages, i n c l u d i n g unmoulted b i r d s (5) (Table 8 . 3 . 2 ) . The mean 
f o r unmoulted b i r d s was smaller than f o r the l a t e r stages of the 
moult, but t h i s d i f f e r e n c e was not s i g n i f i c a n t . However, the 
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l a r g e c o e f f i c i e n t of v a r i a t i o n f o r t h i s sample suggests, as does 
the smaller mean, t h a t the growth of one or more components present 
i n t h i s residue was not complete on f l e d g i n g . This r e i n f o r c e s 
the suggestion made i n Chapter 9.8 t h a t the pe c t o r a l ! s muscles may 
not be f u l l y grown on le a v i n g the nest. Perhaps i n the case of 
the carcase residue i t i s the s k e l e t a l muscle which i s not f u l l y 
grown by f l e d g i n g . 

Table 8.3.2. Residual f a t - f r e e dry weights(gms)of Willow Warbler 
carcases, 1971 

Moult stage Mean SD SE cv n 
Juveniles, morning 
Unmoulted 1 .02 .181; .061 18.0 9 

1 1 .08 .135 .050 12.Ij. 7 

2 1.11 .171 .okh 15 

3 1 .05 -114-3 .026 13.6 27 

k 1.11 .085 .037 12.7 5 

Moult ed 1 .09 .132 .021; 12.1 28 

Overall 1 .08 • li(-5 .011; 13.5 91 
Juveniles,evening 

3 1 .15 .123 . 01+6 10.7 7 

Moulted 1.10 .080 .030 7.3 7 

Adults,morning 
Moulting 1.18 .152 .037 12.8 16 

Note; 1,2,3,1; - moult stages. 

As i n 1970, t h e r e are no s i g n i f i c a n t d i f f e r e n c e s between the 
means f o r morning and evening-caught b i r d s (Table 8 . 3 - 2 ) . 

However, the mean weight of the l i p i d - e x t r a c t e d r e s i d u a l carcase 
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of the a d u l t s i s s i g n i f i c a n t l y l a r g e r than the o v e r a l l mean f o r 
the morning-caught j u v e n i l e s (.0£>p>.02) ( 6 ) . Thus, i n the 
two years examined the mean adult r e s i d u a l f a t - f r e e dry weight 
of the carcase was 0.06 and 0.10 gms heavier t h a t the mean f o r 
j u v e n i l e s caught at the same time of day. This, together w i t h 
the d i f f e r e n c e i n p e c t o r a l i s muscle weights presumably accounts 
f o r a large p a r t of t o t a l body weight d i f f e r e n c e s between j u v e n i l e 
and adult b i r d s , although, of course, other f r a c t i o n s such as 
t o t a l water weight may also d i f f e r . 

Although no v a r i a t i o n s can be detected i n the mean weights of the 
l i p i d - e x t r a c t e d d r i e d carcase residue during the p o s t - j u v e n i l e 
moult or i n the premigratory p e r i o d , the d i f f e r e n c e s i n the 
variances of the samples suggest a hidden e f f e c t . None of the 
variances are s i g n i f i c a n t l y d i f f e r e n t from one another, but i n both 
years the highest c o e f f i c i e n t s of v a r i a t i o n are found during the 
moult. I n 1970 t h i s i s i n moult stages 3 and l\. (Table 8.3.1) and 
i n 1971 i n moult stages 2 aid 3 (Table 8.3.2). I t i s possible 
t h e r e f o r e , t h a t small changes i n f a t - f r e e dry r e s i d u a l carcase 
weight occur during the moult and tha t t h i s i s r e f l e c t e d i n the 
variances. 

To t e s t t h i s p o s s i b i l i t y f a t - f r e e dry r e s i d u a l carcase weights 
were p l o t t e d against the wet weight of the p e c t o r a l i s muscles f o r 
j u v e n i l e b i r d s caught I n the morning. The i d e a l covariable would 
be the f a t - f r e e dry weight of these muscles, but as wet weight i s a 
good measure of t h i s (Chapter 9.8) t h i s was used to increase the 
sample size. As the wet weight of these muscles are reduced 
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d u r i n g the p o s t - j u v e n i l e moult (Chapter 9.6), a p o s i t i v e c o r r e l a t i o n 
w i t h f a t - f r e e dry r e s i d u a l carcase weight would i n d i c a t e t h a t t h i s 
v a r i a b l e I s reduced duri n g the p o s t - j u v e n i l e moult, and th a t the 
biggest reductions occur i n those b i r d s i n which the p e c t o r a l i s 
muscles are smallest. At the same time i d e n t i c a l p l o t s f o r a l l 
moult stages, moulted j u v e n i l e s , and adults would show whether 
b i r d s w i t h l a r g e r f a t - f r e e dry r e s i d u a l carcase weights also have 
bigger muscles. 

I n both years n e i t h e r unmoulted nor moulted b i r d s show any 
c o r r e l a t i o n between muscle weight and the f a t - f r e e dry r e s i d u a l 
carcase weight (Table 8 . 3 . 3 . ) . This also applies t o moult stage 1 . 

However, i n both years one or more moult stages do show such a 
c o r r e l a t i o n . I n 1970 i t i s moult stage 3 only (Table 8 . 3 - 3 . ) ; 

one of the moult stages i n 1970 which showed a s i g n i f i c a n t r e d u c t i o n 
i n p e c t o r a l i s muscle wet weight (Chapter 9 . 6 ) . I n 1971 i t i s 
moult stages 2 and 3, and again i n t h i s year the mean muscle weight 
f o r moult stage 3 was lower than t h a t f o r moulted or unmoulted 
b i r d s , though not s i g n i f i c a n t l y . I n 1971 the mean muscle wet 
weight f o r moult stage 2 showed no r e d u c t i o n compared t o unmoulted 
or moulted j u v e n i l e s . 

I t seems l i k e l y t h e r e f o r e t h a t one or more components of the f a t - f r e e 
dry residue of the carcase undergoes a weight r e d u c t i o n during the 
p o s t - j u v e n i l e moult. This decrease i s not l a r g e , f o r even t a k i n g 
the greatest slope of 0.7M+ gms f a t - f r e e dry r e s i d u a l carcase 
weight/gm of p e c t o r a l i s muscle wet weight (moult stage 3 1970), and 
the l a r g e s t mean decrease i n muscle weight of 0.13& gms (moult stage 
3 compared w i t h moulted b i r d s , 1970) t h i s r e d u c t i o n would only amount 



to about 0.1 gm (c . 1 0 $ ) of f a t - f r e e dry r e s i d u a l c a r c a s e . 

Table 8 . 3 .3 . Regression s t a t i s t i c s f o r a p l o t of f a t - f r e e 

dry r e s i d u a l c a r c a s e weight ( y ) against the 

wet weight of the p e c t o r a l i s muscles ( x ) 

(both i n gms). 

1970 juveniles,morning 

Moult stage b S E b t n P 
Unmoulted /1 0.577 0.329 1 .75 10 . 2 > p > .1 

2 -0.027 0.25^ 0.11 10 P > .5 

3 o.ikk 0.265 2.81 18 . 0 2 5>P > .01 

k 0.1+79 0.21+7 1 ,9k 12 .1 > P > .05 

Moulted 0.1 6k 0.175 0.9k 21+ .k>v> .2 

1971 •juveniles, morning 

Unmoulted 0.1+1+1+ 0.1+ 61+ 0.96 7 • 1+>P> .2 

1 0.51+1 0.210 2.57 6 .1 > P > .05 

2 0.635 0.251+ 2.50 13 .O5>P > .025 

3 0.337 0.11+6 2.31 2k • 0 5 >P > .025 

k 0.1+16 0.252 1.65 7 . 2 > p > .1 

Moulted 0.260 0.128 2.03 21 .1 > p > • 05 

Adults a l l day, years combined 

Moulting 0.258 0.1I+.9 1 .73 28 . 1 > p > • 05 

p - p r o b a b i l i t y that r e g r e s s i o n c o e f f i c i e n t i s s i g n i f i c a n t l y 
d i f f e r e n t from zero; l , 2 , 3 j l + - moult stages. 

As shown above, a l l other samples show no c o r r e l a t i o n between 

the s i z e of the p e c t o r a l i s muscles (measured by wet weight) and 

the weight of the f a r - f r e e dry r e s i d u a l c a r c a s e . This absence 
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c o r r e l a t i o n i s found both i n morning-caught j u v e n i l e s and a d u l t s . 
Since these two v a r i a b l e s are e s s e n t i a l l y independent, and since 
v a r i a t i o n s i n t o t a l body weight of j u v e n i l e s are to a great extent 
dependent on v a r i a t i o n s i n p e c t o r a l i s muscle wet weights (Chapter 
9 . 1 1 ) , outside the moult period one would not expect a la r g e p a r t 
of the v a r i a t i o n i n body weight t o be explained by changes i n 
f a r - f r e e dry r e s i d u a l carcase weight. 

8 . 1 | The c o n t r i b u t i o n of f a t - f r e e dry r e s i d u a l carcase weight t o 
v a r i a t i o n s i n t o t a l body weight. 

Since t o t a l body weight and p e c t o r a l i s muscle wet weight are not 
c o r r e l a t e d during the middle of the p o s t - j u v e n i l e moult (Chapter 
9.11) one might expect changes i n r e s i d u a l carcase weight t o 
determine t o t a l body weight v a r i a t i o n s to a large extent during 
t h i s period, e s p e c i a l l y as the amount of body f a t i s low at t h i s 
time. This i s i n f a c t the case, as 60$ of the t o t a l body weight 
v a r i a t i o n s are associated w i t h changes i n the f a t - f r e e dry r e s i d u a l 
carcase weight during moult stages 2,3 and l\. (Table 8 .1+ .1 . ) . 

This i s reduced t o only 11$ i n moulted j u v e n i l e s , and the c o r r e l a t i o 
i s no longer s i g n i f i c a n t ; most of the v a r i a t i o n s i n t o t a l body 
weight i n these b i r d s being due t o weight changes of the p e c t o r a l i s 
muscles and adipose f a t . 

I n t e r e s t i n g l y , even though 63$ of t o t a l body weight v a r i a t i o n s i n 
unmoulted b i r d s i s associated w i t h v a r i a t i o n s i n p e c t o r a l i s muscle 
wet weight (Table 9 . 1 2 . 1 ) , Sl% of t o t a l body weight v a r i a t i o n s 
are also associated w i t h changes i n the weight of the f a t - f r e e dry 
r e s i d u a l carcase. This i s presumably due to the incomplete growth 
of both p e c t o r a l i s muscles and one or more components of the f a t -
f r e e dry carcase residue when the j u v e n i l e s leave the nest. 
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Table 8.I4..I. The c o r r e l a t i o n between t o t a l body weight and 
f a t - f r e e dry r e s i d u a l carcase weight (both i n 
gms) of Willow Warblers, 1970. 

Juveniles r i P n 
Moult stage 1 and unmoulted 0.7$k 56.8 P< .01 11 

Moult stages 2,3,k 0.777 6O.3 P< .01 15 

Moulted 0.336 11.3 P> .05 15 

Adults 
Moulting -O.QkS - P> .05 13 

$ - $ v a r i a t i o n i n t o t a l body weight associated w i t h f a t - f r e e dry 
re s i d u a l carcase weight; p - p r o b a b i l i t y t h a t r i s greater than 
zero. 

Adults, as w e l l as moulted j u v e n i l e s , show no c o r r e l a t i o n between 
t o t a l body weight and f a t - f r e e dry r e s i d u a l carcase, even though 
the sample i s of moulting b i r d s . This i s p o s s i b l y due to the 
greater amount of adipose l i p i d found i n moulting adults compared 
w i t h moulting j u v e n i l e s (Chapter 7*3) . 

8.5- Discussion 
I n studies of seasonal changes i n the weight of the p e c t o r a l i s 
muscles i n v e s t i g a t o r s have t r i e d to eli m i n a t e much of the v a r i a t i o n 
by o b t a i n i n g some measure of body 'size' which i s independent of 
v a r i a b l e components such as adipose l i p i d . Wing len g t h has been 
used (Ward 1969), but i n some species, such as the Lesser Redpoll, 
t h i s i s not a good i n d i c a t o r (Evans 1969) . For a parameter to 
eliminate e f f e c t s of body 'size' on p e c t o r a l i s muscle weights 
two c r i t e r i a must be f u l f i l l e d : f i r s t , t h ere must be no seasonal 
change i n t h i s parameter, and secondly, i t must be c o r r e l a t e d w i t h 
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changes i n muscle weights. A l i k e l y candidate, t h e r e f o r e , i s 
f a t - f r e e dry r e s i d u a l carcase weight, since i t apparently s a t i s f i e s 
both these c r i t e r i a . However, as we have seen above, although 
the mean values of t h i s v a r i a b l e do not vary through the autumn, 
there are changes i n i n d i v i d u a l b i r d s , and the c o r r e l a t i o n between 
t h i s parameter and muscle wet weight probably has l i t t l e t o do 
w i t h an absolute measure of body 'siz e ' , but i s r e l a t e d to the 
p h y s i o l o g i c a l events during the p o s t - j u v e n i l e moult; anyway t h i s 
c o r r e l a t i o n i s present f o r part of the p o s t - j u v e n i l e moult only. 
There i s no c o r r e l a t i o n i n moulted b i r d s , when i t would be most 
u s e f u l , as muscle weights are increasing. I f one takes the 
percentage of body weight v a r i a t i o n explained as a measure of the 
a b i l i t y of a parameter t o i n d i c a t e body size (and t h i s i s not 
pe r f e c t by any means), f a t - f r e e dry r e s i d u a l carcase weight does 
not have a large i n f l u e n c e on t o t a l body weight v a r i a t i o n s i n 
moulted Willow Warblers. I n f a c t p a r a d o x i c a l l y the best measure 
of body 'size' on t h i s c r i t e r i o n i s p e c t o r a l i s muscle wet weight 
i t s e l f . Consequently, no attempt has been made i n t h i s study 
to attempt t o c o r r e c t f o r body 'size' v a r i a t i o n s . 

As already noted the mean f a t - f r e e dry r e s i d u a l ! carcase weight 
i s remarkably constant throughout the moult and the premigratory 
p e r i o d , although a t r e n d towards a r e d u c t i o n i n t h i s weight i n 
some moulting j u v e n i l e s does agree w i t h Ward's (1969 ) studies on 
the Yellow-vented Bulbul. I n t h i s species not a l l the decrease 
i n f a t - f r e e dry weight of the carcase can be explained by weight 
reductions of the p e c t o r a l i s muscles, but the weight fluctuations 
of the l i v e r were not accounted f o r . I n s p i t e of the s l i g h t 
weight reductions of t h i s r e s i d u a l dry m a t e r i a l i n j u v e n i l e 
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Willow Warblers, i t s mean weight at m i g r a t i o n i s no greater 
than at an e a r l i e r date i n the autumn. Thus b i r d s w i t h l a r g e r 
l i p i d reserves do not have greater f a t - f r e e dry r e s i d u a l carcase 
weights than b i r d s w i t h small amounts o f body l i p i d . 

8 .6 Summary 
Residual f a t - f r e e dry weight does not change w i t h time of day, 
nor are there s i g n i f i c a n t d i f f e r e n c e s between mean weights of 
samples taken throughout and a f t e r moult. Adults were heavier 
than j u v e n i l e s , and t h i s d i f f e r e n c e accounts f o r much of the 
d i f f e r e n c e i n t o t a l body weight between the two age groups at t h i s 
time of year. Some components of the r e s i d u a l f a t - f r e e dry 
weight may have decreased i n weight during moult i n some 
i n d i v i d u a l s , and i t i s argued t h a t the r e s i d u a l weight i s not a 
u s e f u l measure of body 'siz e ' . 
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Chapter 9- P l i g h t muscle composition of Willow Warblers 

9.1 I n t r o d u c t i o n 

The f l i g h t musculature of b i r d s consists p r i n c i p a l l y of two 
muscles, the M. p e c t o r a l i s and the M. supracoracoideus (George 
and Berger 1966). The l a t t e r muscle has also been r e f e r r e d to as 
M. p e c t o r a l i s minor (Kuroda 1961). As has been shown by G-reenewalt 
(1960) f o r a large v a r i e t y of species these muscles are r e l a t i v e l y 
massive compared w i t h body size, w i t h the M.pectoralis c o n s t i t u t i n g 
about 15$ of the b i r d s ' l i v e weight. The size of the M. supra
coracoideus i s more v a r i a b l e and i s c o r r e l a t e d w i t h f l i g h t h a b i t s 
(Hartman 1961 ). Anatomically M. supracoracoideus elevates the 
wing, and George and h i s co-workers (reviewed i n George and Berger 
1966) have shown t h a t t h i s muscle has fewer of the adaptations 
f o r sustained aerobic metabolism t h a t are found I n the M.pectoral!s. 
Thus the supracoracoideus muscle contains more la r g e diameter 
f i b r e s and less f a t per u n i t weight than the p e c t o r a l i s muscle; 
and i n the pigeon M.supracoracoideus only has h a l f the m i t o c h o n d r i a l 
content of the M. p e c t o r a l i s (Harman 1956). However, the extent 
t o which the M.supracoracoideus i s equipped f o r aerobic metabolism 
v a r i e s , as i n hummingbirds ( i n which the upstroke of the wing i s 
important i n h o v e r i n g ) , there i s l i t t l e d i f f e r e n c e i n h i s t o l o g y 
and energy reserves between the p e c t o r a l i s and supracoracoideus 
muscles, and no d i f f e r e n c e i n succinic dehydrogenase a c t i v i t y , i n 
con t r a s t t o other b i r d s (Lasiewski, Galey, and Vasquez 1965)• 

I n these other species i t seems u n l i k e l y t h a t the supracoracoideus 
muscle plays a major p a r t i n sustained migratory f l i g h t , and most 
i n v e s t i g a t i o n s have centered on the M. p e c t o r a l i s . This study 
i s no exception. 
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Two main categories of v a r i a t i o n i n p e c t o r a l i s muscle composition 
w i t h p h y s i o l o g i c a l state have been i n v e s t i g a t e d : those changes 
associated w i t h m i g r a t i o n , and those associated w i t h moult. Most 
studies have focussed on muscle weights and/or t h e i r energy reserves 
but the number of d i r e c t i n v e s t i g a t i o n s are few. However, i n d i r e c t 
evidence f o r changes i n muscle weights have come from studies of 
whole carcase lean dry weights, although t h i s includes other 
components such as skeleton and connective t i s s u e , as w e l l as muscle 
C h i l d (M969), f o r example, found t h a t t h i s parameter increased 
during the migratory p e r i o d i n many species of North American 
migrants. I n the Lesser Redpoll also, Evans (1969) found t h a t 
f a t b i r d s , whether during or before m i g r a t i o n , had s i g n i f i c a n t l y 
greater lean dry weights of the whole carcase. Pry et_.al_. (1972) 
have d i r e c t l y demonstrated a l o g a r i t h m i c r e l a t i o n between p e c t o r a l i s 
muscle wet weight and the weight of carcase l i p i d i n premigratory 
Yellow Wagtails at Lake Chad. But i t i s conceivable t h a t t h i s 
r e l a t i o n s h i p simply r e f l e c t s the f a c t t h a t l a r g e r w a g t a i l s have 
l a r g e r p e c t o r a l i s muscles, and these l a r g e r b i r d s need more t o t a l 
l i p i d i n order to migrate a given distance. None of these i n v e s t 
i g a t o r s has d i r e c t l y demonstrated an increase i n p e c t o r a l i s muscle 
weight during the premigratory period, nor have they i d e n t i f i e d 
what components might be responsible f o r such a weight change. 
Data presented l a t e r f u l f i l l these c r i t e r i a . 

Changes i n p e c t o r a l i s muscle energy reserves and physiology during 
the spring premigratory period have been e x t e n s i v e l y studied by 
George and h i s co-workers i n the Rosy Pastor, a species which does 
not moult before m i g r a t i o n . They have concluded t h a t t h e r e i s a 
re d u c t i o n i n l i p i d u t i l i z a t i o n and an increase i n l i p i d synthesis 
i n the p e c t o r a l i s muscle during the premigratory p e r i o d (George 
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and Iype I96I4., George and Vallyathan 196I).a, 196t|.b, and Vallya t h a n 
1963). This i s accompanied by an increase i n muscle l i p i d 
reserves and also an increase i n muscle glycogen, the l a t t e r having 
a l i p i d - s p a r i n g r o l e (George and Chandra-Bose 1967, V a l l y a t h a n 
1963, and Vallyathan and George 196J4.). Farner and h i s associates 
have also come t o the same conclusion, but on d i f f e r e n t evidence, 
i n the White-crowned Sparrow, a species which moults before the 
sppLng m i g r a t i o n . However, i n the l a t t e r species no attempt was 
made t o d i s t i n g u i s h between the events due to the moult and the 
changes due to the premigratory s t a t e ; and there i s good reason 
t o suspect th a t i n the studies of the Rosy Pastor the adaptations 
recorded r e f e r t o migratory r a t h e r than premigratory i n d i v i d u a l s 
(George and Chandra-Bose 1967). I n my study on Willow Warblers 
i n autumn an attempt has been made t o d i s t i n g u i s h the e f f e c t s of 
the moult from any premigratory changes; and a l l the moulted b i r d s 
examined were premigratory, as shown i n Chapters 5 and 7. 

Moult i s the only other event w i t h which changes i n p e c t o r a l i s 
muscle composition have been associated. The best evidence t h a t 
the composition of the M. pe c t o r a l ! s a l t e r s during moult comes 
from Ward's study (1969) of the Yellow-vented B u l b u l . I n t h i s 
t r o p i c a l species the p r e d i c t e d dry non-fat weight of the p e c t o r a l i s 
muscles during the moult, based on a winglength-muscle weight 
r e l a t i o n s h i p worked out f o r non-moulting b i r d s , was always smaller 
than p r e d i c t e d . I n the B u l l f i n c h too, although no o v e r a l l decrease 
i n the mean lean dry weight of the carcase could be measured during 
the moult, both a d u l t s and j u v e n i l e s e x h i b i t e d about a 0.7 gm loss i 
lean dry weight overnight during the middle of the moult. I n ad u l t 
t h i s overnight weight loss was not detectable e i t h e r before or a f t e r 
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t h e m o u l t , b u t i n j u v e n i l e s i t p e r s i s t e d a f t e r c o m p l e t i o n o f 

t h e m o u l t , a l t h o u g h t h e s i z e o f t h i s w e i g h t l o s s was much r e d u c e d 

( N e w t o n 1968) . I t was s u g g e s t e d t h a t t h i s l e a n d r y m a t e r i a l 

was "be ing u s e d i n p a r t f o r o v e r n i g h t f e a t h e r g r o w t h ; i t i s n o t 

u n r e a s o n a b l e t o s u g g e s t t h a t some f r a c t i o n o f t h i s w e i g h t d e c r e a s e 

was due t o l o s s o f p e c t o r a l i s m u s c l e l e a n d r y m a t e r i a l . I n my 

s t u d y o f W i l l o w W a r b l e r f l i g h t m u s c l e s , t h e w e i g h t , c o m p o s i t i o n 

a n d e n e r g y r e s e r v e s o f t h e M . p e c t o r a l i s h a v e b e e n f o l l o w e d t h r o u g h 

o u t t h e p o s t - j u v e n i l e m o u l t , i n a n a t t e m p t t o a c c o u n t f o r a n y 

change s. 

9 .2 M e t h o d s 

M . s u p r a c o r a c o i d e u s : 

A l l s u p r a c o r a c o i d e u s m u s c l e s w e r e d i s s e c t e d o u t o f t h a w e d c a r c a s e s , 

a n d one m u s c l e f r o m e a c h b i r d ( t h e l e f t ) was w e i g h e d o n a t a r e d 

f o i l s q u a r e o n a t o r s i o n b a l a n c e t o + 1 rag. No f u r t h e r a n a l y s e s 

w e r e c o n d u c t e d . 

M . p e c t o r a l i s : 

B o t h m u s c l e s w e r e d i s s e c t e d f r o m t h a w e d c a r c a s e s a n d w e i g h e d t o 

+_ 1 mg i n t a r e d t u b e s . P e c t o r a l i s m u s c l e s w e r e d i s s e c t e d f r o m 

t w o t y p e s o f c a r c a s e . 

a ) t h o s e i n w h i c h m u s c l e t i s s u e h a d b e e n e x c i s e d i m m e d i a t e l y 

a f t e r d e a t h f o r g l y c o g e n a n a l y s i s , a n d 

b ) t h o s e i n w h i c h b o t h M . p e c t o r a l i s w e r e i n t a c t 

To o b t a i n t h e t o t a l w e i g h t o f t h e t w o p e c t o r a l i s m u s c l e s i n 

t h o s e b i r d s i n w h i c h t h e t i s s u e h a d b e e n s a m p l e d , t h e w e i g h t 

o f t h e f r o z e n t i s s u e s a m p l e was a d d e d t o t h e w e i g h t o f t h e m u s c l e 

l e f t i n t h e c a r c a s e . To t e s t w h e t h e r t h e r e m o v a l o f t h e t i s s u e 

s a m p l e h a d s i g n i f i c a n t l y a l t e r e d t h e w e i g h t s o f t h e m u s c l e ( b y , 

f o r e x a m p l e , l o s s o f t i s s u e ) t h e mean w e i g h t s o f t h e s a m p l e d a n d 

u n s a m p l e d p e c t o r a l i s m u s c l e s w e r e c o m p a r e d w i t h i n e a c h m o u l t s t a g e . 
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T h e r e was no e f f e c t f o r m o u l t s t a g e s 1 t o I4. i n 1970 (1 ) , b u t t h e 
mean w e i g h t o f s a m p l e d m u s c l e s f o r t h e m o u l t e d b i r d s was s i g n i f i 
c a n t l y s m a l l e r t h a n t h e mean w e i g h t o f t h e m u s c l e s t h a t h a d n o t 
b e e n t i s s u e s a m p l e d ( . 0 £ > p > . 0 1 ) ( 2 ) . C o n s e q u e n t l y , m o u l t e d 
b i r d s whose p e c t o r a l i s m u s c l e s h a d b e e n s a m p l e d f o r t i s s u e g l y c o g e n 
w e r e e x c l u d e d f r o m t h e a n a l y s e s p e r f o r m e d l a t e r i n t h i s s e c t i o n . 
I n 1971 t i s s u e s a m p l i n g o f t h e p e c t o r a l i s m u s c l e s h a d no e f f e c t 
o n mean m u s c l e w e i g h t s i n any s a m p l e o f b i r d s . 

M u s c l e s w h i c h h a d b e e n w e i g h e d i o i t a r e d t u b e s w e r e d r i e d t o c o n s t a n t 

w e i g h t a t [|_0°C i n v a c u o . T h i s w e i g h t d i f f e r e n c e was t a k e n as a 

measu re o f w a t e r i n t h e m u s c l e . P a r t o f t h i s w a t e r f r a c t i o n 

c o n s i s t s o f e x t r a c e l l u l a r w a t e r , b u t as t h e b l o o d v o l u m e o f c h i c k 
blood 

m u s c l e i s o n l y O.038 ml[ /gm t i s s u e ( S t e a m e r 1958)> t h i s a m o u n t s 

t o o n l y 39 .7 mg o f b l o o d p e r gm o f w e t t i s s u e . As t h e w a t e r c o n t e n t 

o f a v i a n p e c t o r a l i s m u s c l e s i s a b o u t 10% ( w / w , see b e l o w ) , mos t o f 

t h i s w a t e r m u s t b e i n t r a c e l l u l a r i n o r i g i n . A l s o w i t h o n l y 

,038ml /gm b l o o d t i s s u e , t h e c o n t r i b u t i o n o f b l o o d g l u c o s e t o m u s c l e 

t o t a l g l u c o s e ( = g l y c o g e n ) w i l l o n l y b e 0.08 mg/gm w e t w e i g h t . 

M u s c l e s a m p l e s d r i e d t o c o n s t a n t w e i g h t f o r d e t e r m i n a t i o n s o f 

p e r c e n t a g e w a t e r w e r e a l s o u s e d f o r m e a s u r e m e n t o f m u s c l e l i p i d . 

These m u s c l e s a m p l e s w e r e g r o u n d , p l a c e d i n a s i n t e r g l a s s t h i m b l e 

p r e w e i g h e d t o c o n s t a n t w e i g h t , a n d r e d r i e d a t 1+0°C i n v a c u o , a g a i n 

t o c o n s t a n t w e i g h t . The g r o u n d s a m p l e was e x t r a c t e d o f l i p i d b y 

r e f l u x i n g w i t h t e c h n i c a l p e t r o l e u m e t h e r i n a S o x h l e t a p p a r a t u s 

f o r 20 h o u r s . A f t e r t h i s p e r i o d no f u r t h e r m e a s u r a b l e w e i g h t o f f a t 

c o u l d be e x t r a c t e d . T h i m b l e a n d s a m p l e w e r e t h e n d r i e d a g a i n t o 

c o n s t a n t w e i g h t . When c o r r e c t e d f o r t h e w e i g h t l o s s due t o 

g r i n d i n g , t h i s gave t h e w e i g h t o f t h e l i p i d e x t r a c t e d d r y m a t e r i a l 

o f t h e m u s c l e s a m p l e - t h e f a t - f r e e d r y w e i g h t . The w e i g h t 

d i f f e r e n c e b e t w e e n t h i s a n d t h e d r y m u s c l e s amp le g a v e t h e w e i g h t 
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o f e x t r a c t a b l e l i p i d i n t h e s a m p l e . 

T h a t t h e f a t - f r e e d r y w e i g h t o f t h e m u s c l e i s a n a c c u r a t e r e f l e c t i o n 

o f t h e w e i g h t o f m u s c l e p r o t e i n i s s u p p o r t e d b y s t u d i e s o n t h e 

g r o w t h o f t h e mouse M . b i c e p s b r a c h i i . G o l d s p i n k (1962) f o u n d 

t h a t f o r t h i s m u s c l e t h e d r y w e i g h t a p p r o x i m a t e d c l o s e l y t o t h e 

p r o t e i n c o n t e n t t h r o u g h o u t m o s t o f i t s g r o w t h . I n d e e d e l e c t r o n 

m i c r o s c o p e s t u d i e s o f t h e a v i a n M. p e c t o r a l ! s show no c o n 

s t i t u e n t s o t h e r t h a n f a t , g l y c o g e n , m i t o c h o n d r i a a n d m y o f i b r i l s 

( G r i n y e r a n d George 1969) . 

F o r t h e a n a l y s i s o f w e i g h t v a r i a t i o n s o f t h e p e c t o r a l i s m u s c l e s 

o f j u v e n i l e W i l l o w W a r b l e r s o n l y m u s c l e w e i g h t f r o m t h e m o r n i n g 

h a v e b e e n u s e d t o m i n i m i z e any d i u r n a l v a r i a t i o n s . 

9.3 Wet w e i g h t s o f t h e s u p r a c o r a c o i d e u s m u s c l e s 

H a r t m a n (1961 ) f o u n d a l a r g e v a r i a t i o n i n t h e s i z e o f t h e 

s u p r a c o r a c o i d e u s m u s c l e , f r o m 0.1+% o f b o d y w e i g h t i n b u z z a r d s 

t o 11.5>% i n h u m m i n g b i r d s . I n t h e j u v e n i l e W i l l o w W a r b l e r i t 

c o n s t i t u t e s a b o u t 1 .6$ o f t h e t o t a l b o d y w e i g h t , a n d a b o u t 11$ 

o f t h e p e c t o r a l i s w e i g h t ( T a b l e 9.5.1.). 

9.1+ The r e l a t i o n s h i p b e t w e e n t h e w e i g h t s o f t h e p e c t o r a l i s and 

s u p r a c o r a c o i d e u s m u s c l e s 

I n s p i t e o f a r e d u c t i o n i n mean s u p r a c o r a c o i d e u s w e i g h t b e t w e e n 

m o u l t s t a g e s 1 and 2 i n j u v e n i l e s , t h e r e a r e no s i g n i f i c a n t 

d i f f e r e n c e s i n mean w e i g h t s f o r t h e f o u r m o u l t s t a g e s and m o u l t e d 

b i r d s , p r o b a b l y b e c a u s e o f t h e s m a l l s a m p l e s i n v o l v e d . C o n s e q u e n t l 

i n v i e w o f t h e w e i g h t v a r i a t i o n s o f t h e p e c t o r a l i s m u s c l e s d u r i n g 

t h e p o s t - j u v e n i l e m o u l t ( s e e b e l o w , T a b l e 9 .6 .1) , a l e a s t s q u a r e s 

r e g r e s s i o n a n a l y s i s was p e r f o r m e d t o d e t e r m i n e w h e t h e r p e c t o r a l i s 
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a n d s u p r c o r a c o i d e u s w e i g h t s w e r e c o r r e l a t e d . The r e g r e s s i o n 

e q u a t i o n s a r e , 

j u v e n i l e s y = 0.053 X + 5.23 S'E^ = 0.0059 n = 1+3 

a d u l t s y = 0.038 X +20.66 SE^ = 0 .027 n = 13 

w i t h y as s u p r a c o r a c o i d e u s w e t w e i g h t ( m g ) , and x as p e c t o r a l i s 

w e t w e i g h t ( m g ) . O n l y t h e r e g r e s s i o n c o e f f i c i e n t f o r t h e s a m p l e 

o f j u v e n i l e b i r d s i s s i g n i f i c a n t l y d i f f e r e n t f r o m z e r o ( 1 ) . 

S i n c e t h e r e a r e no s i g n i f i c a n t v a r i a t i o n s i n a d u l t p e c t o r a l i s 

m u s c l e w e i g h t s d u r i n g t h e p o s t - n u p t - i a l m o u l t ( C h a p t e r 9*7 )> 

t h i s p r o b a b l y i n d i c a t e s t h a t t h e r e d u c t i o n i n p e c t o r a l i s m u s c l e 

w e i g h t f o u n d d u r i n g t h e p o s t - j u v e n i l e m o u l t a l s o a p p l i e s t o 

t h e M . s u p r a c o r a c o i d e u s . 

9 . 5 Wet w e i g h t s o f t h e p e c t o r a l i s m u s c l e s 

H a r t m a n 1961 . h a s shown t h a t t h e w e i g h t o f t h e p e c t o r a l i s 

m u s c l e s v a r i e s f r o m 10 t o 20% o f b o d y w e i g h t i n a l a r g e v a r i e t y 

o f s p e c i e s ; t h e s e f i g u r e s a g r e e w i t h t h e a v e r a g e v a l u e o f 

15-5% o f b o d y w e i g h t q u o t e d b y G r e e n e w a l t (1960) . I n t h e 

j u v e n i l e W i l l o w W a r b l e r t h e u s u a l f i g u r e i s a b o u t o f b o d y 

w e i g h t , a l t h o u g h as shown i n T a b l e 9.5*1 t h e p e r c e n t a g e v a r i e s 

t h r o u g h t h e m o u l t . T h i s i s due t o c h a n g e s i n p e c t o r a l i s m u s c l e 

c o m p o s i t i o n t h a t w i l l b e e n l a r g e d u p o n l a t e r . 
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T a b l e 9 .5 .1 P l i g h t m u s c l e w e t w e i g h t s as a p e r c e n t a g e o f t o t a l 

b o d y w e i g h t s i n j u v e n i l e W i l l o w W a r b l e r s 

( d a t a f r o m 1970) . 

M . s u p r a c o r a c o i d e u s M . p e c t o r a l i s 

M o u l t s t a g e 

1 

2 

3 

k 

M o u l t e d 

Mean b o d y Mean w t . $BW %PW n Mean w t $BW 
w e i g h t ( g m s ) (mg) 

8.31 
7.96 
7-96 

7.71+ 
8.114. 

( g m s ) 

124-8 1.78 12.1; 3 1 .19 l l j . . 3 

121 1.56 11 .k 5 1.06 13.3 

131 1.66 11.8 5 1.11 13.9 

129 1 .68 11 . 6 7 1.12 1I4.. lj. 

128 1.58 10.2 20 1 .25 15.3 

^ B W - p e r c e n t a g e o f b o d y w e i g h t ; $ P W - p e r c e n t a g e o f p e c t o r a l i s m u s c l e 
w e i g h t ; n - s a m p l e s i z e o f s u p r a c o r ^ o i d e u s m u s c l e s . D a t a f o r b o d y 
w e i g h t s comes f r o m T a b l e I | . . 3 . 1 j and t h a t f o r p e c t o r a l i s m u s c l e w e t 
w e i g h t s f r o m T a b l e 9.6.1 . 

9 . 6 V a r i a t i o n s i n p e c t o r a l i s m u s c l e w e t w e i g h t s o f j u v e n i l e 

W i l l o w W a r b l e r s . 

I n 1970 t h e v a r i a n c e s o f t h e s amp le means f o r m o u l t s t a g e s 1 t o 

i | a n d f o r m o u l t e d b i r d s w e r e homogeneous ( B a r t l e t t ' s t e s t , 1 ) . 

T h e r e f o r e , a o n e - w a y a n a l y s i s o f v a r i a n c e was a p p l i e d t o t h e s e 

s a m p l e s ; t h e r e was a s i g n i f i c a n t e f f e c t due t o t h e s t a g e o f t h e 

m o u l t ( p < . 0 0 5 ) ( 2 ) . C o m p a r i s o n o f t h e means o f t h e s e s a m p l e s 

b y t h e S t u d e n t i s e d Range T e s t showed t h a t a t t h e p = . 05 l e v e l 

t h e mean f o r t h e s a m p l e o f m o u l t e d b i r d s was s i g n i f i c a n t l y l a r g e r 

t h a n t h e means f o r m o u l t s t a g e s 2 ,3 a n d I4., a l t h o u g h t h e s e means 

d i d n o t d i f f e r amongs t t h e m s e l v e s . A l s o t h e mean m u s c l e w e i g h t f o 

m o u l t s t a g e 1 was g r e a t e r t h a n t h e mean f o r m o u l t s t a g e 2, b u t d i d 

n o t d i f f e r s i g n i f i c a n t l y f r o m t h e mean f o r t h e s a m p l e o f m o u l t e d 

b i r d s . T h e s e means and t h e i r s t a n d a r d e r r o r s a r e p r e s e n t e d i n 

T a b l e 9 -6 .1 . 
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T a b l e 9 .6 .1 V a r i a t i o n s i n p e c t o r a l i s m u s c l e w e t w e i g h t s ( m g ) 

o f j u v e n i l e W i l l o w W a r b l e r s d u r i n g a n d a f t e r t h e m o u l t . 

M o u l t s t a g e 1970 1971 

U n m o u l t e d 1120.1+70.8 (7 ) 

1 1191.2+26.8 (1l+) a 1183.2+81.3 (5) 

2 1057.6+33.8 (20) 1227.5+^8.3(13) 

3 1109.9+23.9 (29) 11Ii.2.6+37.6(2^) 

k 111[|..5+3l4-.9 (16) 1211.9+1+9.1 (7) 

M o u l t e d 12^5.0+26.1 (27) 1167 .5+41.3(21) 

a . mean +_ s t a n d a r d e r r o r ( s a m p l e s i z e ) . 

T a b l e 9 . 6 . 2 s u g g e s t s t h a t w i t h i n t h e m o r n i n g ( t h e f i r s t s i x h o u r s 

o f d a y l i g h t ) t h e l o w e s t p e c t o r a l i s m u s c l e w e t w e i g h t s a r e f o u n d I n 

t h e f i r s t t w o h o u r s a f t e r d a w n . H o w e v e r , a c o m p a r i s o n o f t h e 

means f o r t h e t h r e e m o r n i n g p e r i o d s w i t h i n e a c h m o u l t s t a g e shows 

t h a t t h e s e d i f f e r e n c e s a r e n o t s t a t i s t i c a l l y s i g n i f i c a n t w i t h t h e 

s m a l l s a m p l e s a v a i l a b l e . I f p r o t e i n i s b e i n g u t i l i s e d o v e r n i g h t 

( a s h a s b e e n s u g g e s t e d b y N e w t o n , 1 9 6 8 ) t h e n t h i s i s p r e c i s e l y 

t h e t i m e one w o u l d e x p e c t t h e l o w e s t m u s c l e w e i g h t s . 

T h i s i s a p o i n t t h a t m i g h t r e p a y f u r t h e r i n v e s t i g a t i o n . 

I n 1971 t h e v a r i a n c e s o f t h e s a m p l e means w e r e homogeneous 

( B a r t l e t t ' s t e s t ) , a n d a o n e - w a y a n a l y s i s o f v a r i a n c e p e r f o r m e d 

o n t h e s i x means ( s e e T a b l e 9 . 6 . 1 ) was s i g n i f i c a n t ( p < . 005) (k-), 

a l t h o u g h i t c o u l d n o t be a t t r i b u t e d t o a n y p a r t i c u l a r p a i r ( s ) o f 

means . T h e mean w e i g h t f o r t h e s a m p l e o f u n m o u l t e d b i r d s i s 

v e r y much s m a l l e r t h a n t h e o t h e r s , a n d as i n 1970 t h e l o w e s t mean 

w e i g h t s d u r i n g t h e p o s t - j u v e n i l e m o u l t a r e f o r t h e m i d d l e m o u l t 

s t a g e s ( m o u l t s t a g e 3 ) . The s m a l l m e a n w e t w e i g h t f o r t h e s a m p l e 
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o f m o u l t e d b i r d s i n 1971 i s due t o s a m p l i n g c o n d i t i o n s . The 

b i r d s l e f t t h e c a t c h i n g a r e a i n 1971 m u c h e a r l i e r t h a n i n t h e 

p r e v i o u s y e a r , so t h a t t h e t i m e a v a i l a b l e f o r r e g a i n i n g l o s t 

m u s c l e w e i g h t ( s e e b e l o w ) b e f o r e d e p a r t i n g was much s h o r t e r . 

T a b l e 9 . 6 . 2 The v a r i a t i o n s i n p e c t o r a l i s m u s c l e w e t w e i g h t s (mg) 

d u r i n g t h e f i r s t s i x h o u r s a f t e r dawn i n m o u l t i n g 

j u v e n i l e W i l l o w W a r b l e r s ( 1 9 7 0 ) . 

a f t e r s u n r i se 

M o u l t s t a g e 0-2 h o u r s 2-4 h o u r s I4.-6 h o u r s 

1 1202.5+61.5 ( 2 ) a 1194.^+50.4 (5) 1185.7+43.6 (7) 

2 1075.2+57.4 (6 ) 1112.1+55.9 (8) 961.2+44.3 (6) 

3 1059.5+73.1 (6) 1130.8+37.8(12) 1114.6+29.6(11) 

4 1026.3+61.9 (4) 1144.3+49.2 (9) 1254.6+41.3 (3 ) 

M o u l t e d 1139.8+73.-6 (7 ) 1233.9+57-4(10) 1130.0+30.2(10) 

a . mean +_ s t a n d a r d e r r o r ( s a m p l e s i z e ) 

9.7 The t o t a l w e t w e i g h t s o f t h e p e c t o r a l i s m u s c l e s o f a d u l t 

W i l l o w W a r b l e r s d u r i n g and a f t e r t h e m o u l t 

As t h e v a r i a n c e s f o r t h e f o u r s a m p l e s ( s e e T a b l e 9 . 7 - 1 ) w e r e 

j u s t h e t e r o g e n e o u s ( B a r t l e t t ' s t e s t , 1 ) , a o n e - w a y a n a l y s i s o f 

v a r i a n c e was a p p l i e d t o t h e means f r o m t h e c o m b i n e d d a t a o f b o t h 

y e a r s . I n s p i t e o f t h e q u i t e s u b s t a n t i a l r e d u c t i o n s i n mean 

w e i g h t s d u r i n g t h e m i d d l e o f t h e p o s t - n u p t i a l m o u l t ^ . t h e r e was 

no s i g n i f i c a n t e f f e c t ( . 2 £ > p > . 1 ) ( 2 ) . 
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T a b l e 9.7-1 V a r i a t i o n s i n t o t a l w e t w e i g h t s ( m g ) c f t h e 

M . p e c t o r a l ! s o f a d u l t W i l l o w W a r b l e r s d u r i n g 

a n d a f t e r t h e p o s t - n u p t i a l m o u l t . 

M o u l t s t a g e 

U n m o u l t e d a n d p r i m a r y 1286.3 + I4.9.7 ( 1 7 ) a 

m o u l t s c o r e 0-30 

P r i m a r y m o u l t s c o r e 1157.5 + 3̂ 1-1 (8 ) 
31 - 60 

P r i m a r y m o u l t s c o r e 1167-3 + 37.9 (11+) 
61 - 90 

M o u l t e d 1222.8 + 6>Aj_./+. (7 ) 

a . mean +_ s t a n d a r d e r r o r ( s a m p l e s i z e ) 
F o r e x p l a n a t i o n o f p r i m a r y m o u l t s c o r e see T a b l e I 4 . . 3 . I . 

9 . 8 . V a r i a t i o n s i n t h e t o t a l w a t e r w e i g h t i n t h e p e c t o r a l i s 

m u s c l e s o f j u v e n i l e W i l l o w W a r b l e r s 

I n b o t h 1970 a n d 197"1 t h e v a r i a n c e s o f t h e means f o r t h e m o u l t 

s t a g e s and m o u l t e d b i r d s w e r e homogenous ( B a r t l e t t ' s t e s t , 1 , 3 ) . 

I n 1970 a o n e - w a y a n a l y s i s o f v a r i a n c e a p p l i e d t o t h e f o u r m o u l t 

s t a g e s and t h e s a m p l e o f m o u l t e d b i r d s showed a s i g n i f i c a n t e f f e c t 

due t o t h e s t a t e o f t h e p o s t - j u v e n i l e m o u l t ( p , < . 0 1 , 2) ( T a b l e 

9 . 8 . 1 ) . C o m p a r i s o n o f t h e means b y t h e S t u d e n t i s e d Range T e s t 

d e m o n s t r a t e d t h a t t h e mean t o t a l w a t e r w e i g h t f o r m o u l t e d b i r d s 

was s i g n i f i c a n t l y l a r g e r ( a t p = . 05 ) t h a n t h e means f o r m o u l t 

s t a g e s 2 ,3 a n d k ( T a b l e 9 . 8 . 1 ) . The mean w e i g h t f o r m o u l t s t a g e 

1 was 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 f r o m t h a t f o r m o u l t e d b i r d s o r 

f r o m any o t h e r m e a n . Thus t h e i n c r e a s e i n w e t w e i g h t o f t h e 

p e c t o r a l i s m u s c l e s i s i n p a r t due t o a n i n c r e a s e i n t h e w e i g h t 

o f m u s c l e w a t e r . 

A n a n a l y s i s o f v a r i a n c e a p p l i e d t o t h e s a m p l e s f o r 1971 ( T a b l e 

9 . 8 . 1 ) showed no s i g n i f i c a n t e f f e c t due t o t h e m o u l t ( p > . 2 5 ) ( l + ) . 

T h i s p e r m i t t e d t h e c a l c u l a t i o n o f an o v e r a l l mean w a t e r c o n t e n t 

f o r t h e p e c t o r a l i s m u s c l e s o f 83^.8 + 16.8 mg ( S E ) . I n 1971 



76 

T a b l e 9-8-1 V a r i a t i o n s i n t h e t o t a l w a t e r (mg) w e i g h t o f t h e 

p e c t o r a l i s m u s c l e s o f j u v e n i l e W i l l o w W a r b l e r s d u r i n g 

a n d a f t e r t h e m o u l t . 

M o u l t s t a g e 1970 1971 

U n m o u l t e d 803-5 + 59. 0 (6) 

1 8^2.7 + 25 . 4 ( 1 0 ) a 872.4 + 63- 0 ( * ) 

2 768.0 + 40 . 8 (8) 876 .5 + 38. 2 (10) 

3 781.4 + 22. 1 (16) 801.8 + 30. 6 (15) 

4 805-4 + 30. 0 (13 ) 875 .3 + 62. 4 (4 ) 

M o u l t e d 904 .6 + 27- ( 1 3 ) 827.8 + 32. 0 (12) 

a . mean +_ s t a n a r d e r r o r ( s a m p l e s i z e ) 

T a b l e 9-9-1 

M o u l t s t a g e 

U n m o u l t e d 

1 

2 

3 

4 

M o u l t e d 

V a r i a t i o n s i n t o t a l f a t - f r e e d r y w e i g h t (mg) o f 

t h e p e c t o r a l i s m u s c l e s o f j u v e n i l e W i l l o w W a r b l e r s 

d u r i n g a n d a f t e r t h e m o u l t . 

1970 

319-5 + 9 .0 ( 1 0 ) a 

284.0 + 15-4 (7) 

2 9 9 . 3 + 8 . 6 (16) 

304.0 + 9 . 5 (13) 

340.0 + 10.2 (13) 

1971 

283.3 + 20 .4 (6) 

3 4 9 . 8 + 2 4 . 8 (5) 

334-2 + 15.3 (9) 

319 .0 + 14.7 (10) 

318.0 + 28.3 (3) 

342.1 + 13 . 5 (9) 

a. mean + s t a n d a r d e r r o r ( s a m p l e s i z e ) 
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t h e r e i s a r e d u c t i o n i n t h e mean w a t e r w e i g h t o f t h e m u s c l e i n 

t h e m i d d l e o f t h e m o u l t , b u t t h i s i s n o t s i g n i f i c a n t ; t h e r e i s , 

h o w e v e r , no i n c r e a s e i n mean w a t e r w e i g h t f o r t h e m o u l t e d b i r d s 

c o m p a r e d w i t h t h e w e i g h t s i n t h e m i d d l e o f t h e m o u l t . 

9.9 V a r i a t i o n s i n t h e f a t - f r e e d r y w e i g h t o f t h e p e c t o r a l i s 

m u s c l e s o f j u v e n i l e W i l l o w W a r b l e r s d u r i n g a n d a f t e r t h e 

m o u l t . 

I n b o t h 1970 and 1971 t h e v a r i a n c e s o f t h e s a m p l e s w e r e h o m o g e n e o u s 

( B a r t l e t t ' s t e s t , 1 a n d 3 ) - A n a n a l y s i s o f v a r i a n c e a p p l i e d t o 

t h e f i v e s a m p l e s f o r 1970 ( s e e T a b l e 9 - 9 - 1 ) showed a s i g n i f i c a n t 

e f f e c t ( . 0 1 > p > . 0 0 5 ) ( 2 ) . C o m p a r i s o n o f t h e means b y t h e 

S t u d e n t ! s e d Range T e s t showed t h a t t h e mean f a t - f r e e d r y w e i g h t o f 

p e c t o r a l i s m u s c l e s f o r m o u l t e d b i r d s was s i g n i f i c a n t l y l a r g e r t h a n 

t h e means f o r m o u l t s t a g e s 2 ,3 and l± ( a t p < . 0 5 ) ( T a b l e 9 . 9 . 1 ) . 

The mean w e i g h t f o r t h e s a m p l e o f m o u l t e d b i r d s i s 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 f r o m t h e mean f o r m o u l t s t a g e 1. 

I n 1971 a o n e - w a y a n a l y s i s o f v a r i a n c e shows no e f f e c t due t o t h e 

m o u l t ( , 2 > p > , 1 ) ( l + ) , t h o u g h a g a i n t h e r e w e r e s m a l l , t h o u g h n o t 

s i g n i f i c a n t , r e d u c t i o n s i n f a t - f r e e d r y w e i g h t i n m o u l t s t a g e 3 a n d 

I4. ( T a b l e 9 - 9 - 1 ) - I n t e r e s t i n g l y t h e mean f a t - f r e e d r y w e i g h t f o r 

t h e s a m p l e o f u n m o u l t e d b i r d s i s s m a l l e r ( a s i s t h e w e t w e i g h t ) 

t h a n t h a t f o r m o u l t s t a g e 1 ( t h o u g h n o t s i g n i f i c a n t ) , s u g g e s t i n g 

t h a t o n f l e d g i n g t h e p e c t o r a l i s m u s c l e s a r e n o t f u l l y g r o w n . 
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9.10 Changes I n t h e w a t e r c o n c e n t r a t i o n o f t h e p e c t o r a l i s m u s c l e s 

d u r i n g a n d a f t e r t h e m o u l t 

As i n t h i s c a s e we a r e d e a l i n g w i t h a r a t i o ( e x p r e s s e d asmg w a t e r / 

100 mg f a t - f r e e d r y w e i g h t o f m u s c l e ) a l l m u s c l e s f r o m t h e s amp le 

o f m o u l t e d j u v e n i l e s c a n be u s e d , w h e t h e r s a m p l e d f o r t i s s u e 

g l y c o g e n o r n o t . 

I n 1970 o n l y t h e v a r i a n c e s f o r m o u l t s t a g e s 1 t o I4. a r e homogeneous 

( B a r t l e t t ' s t e s t , l ) , as t h e v a r i a n c e f o r t h e s a m p l e o f m o u l t e d b i r d s 

i s s i g n i f i c a n t l y l a r g e r . A p r o g r e s s i v e d e c r e a s e i n w a t e r 

c o n c e n t r a t i o n a p p e a r s t o be p r e s e n t t h r o u g h t h e m o u l t ( T a b l e 9 . 1 0 . 1 ) , 

b u t t h i s t r e n d , w h e n e x a m i n e d b y a o n e - w a y a n a l y s i s o f v a r i a n c e 

a p p l i e d t o t h e f r a u r means , i s n o t s i g n i f i c a n t ( , 2 5 > p > . 1 ) ( 2 ) . 

A n o v e r a l l mean f o r t h e s e f o u r m o u l t s t a g e s i s e s t i m a t e d as 

263.7 + 1.20 ( S E ) mg w a t e r / 1 0 0 mg f a t - f r e e d r y w e i g h t o f m u s c l e . 

When t h e mean f o r t h e s a m p l e o f m o u l t e d b i r d s a n d t h i s o v e r a l l 

mean a r e c o m p a r e d t h e y a r e f o u n d n o t t o d i f f e r ( 3 ) , a l t h o u g h t h e 

mean f o r m o u l t e d b i r d s i s a l m o s t s i g n i f i c a n t l y d i f f e r e n t f r o m t h e 

mean f o r m o u l t s t a g e 1 ( i | ) ( T a b l e 9 . 1 0 . 1 ) . 

The v a r i a n c e s o f t h e s a m p l e s f o r 1971 show no h o m o g e n e i t y ; a n d 

a g a i n t h e mean w a t e r c o n c e n t r a t i o n s o f t h e p e c t o r a l i s m u s c l e s show 

a r e d u c t i o n f r o m u n m o u l t e d t h r o u g h t o m o u l t e d b i r d s . When t h e 

means a r e c o m p a r e d b y i n d i v i d u a l t - t e s t s , i t i s f o u n d t h a t i n t h i s 

y e a r t h e mean v a l u e o f mg w a t e r / 1 0 0 mg f a t - f r e e d r y w e i g h t f o r t h e 

m o u l t e d b i r d s i s s i g n i f i c a n t l y s m a l l e r t h a n t h e mean f o r b i r d s i n 

m o u l t s t a g e 3 ( . 0 1 > p > . 0 0 1 ) ( 5 ) . T h e f o r m e r mean i s a l s o s m a l l e r 

t h a n t h e mean f o r m o u l t s t a g e 2 ( p < . 0 5 ) ( 6 ) . A d d i t i o n a l l y , t h e 
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mean w a t e r c o n c e n t r a t i o n o f t h e m u s c l e s f r o m u n m o u l t e d b i r d s i s 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 f r o m t h e mean f o r m o u l t s t a g e 1, b u t i s 

l a r g e r t h a n t h e mean f o r m o u l t s t a g e 2 ( p < . 001 ) (7 ) ( T a b l e 9 . 1 0 . 1 ) . 

T a b l e 9 .10 .1 V a r i a t i o n s i n M . p e c t o r a l i s w a t e r (mg) p e r 100 mg f a t -

f r e e d r y w e i g h t i n j u v e n i l e W i l l o w W a r b l e r s d u r i n g 

a n d a f t e r t h e m o u l t . 

M o u l t s t a g e 1970 1971 

U n m o u l t e d 2 8 3 . 6 + 2 .8k (6 ) 

1 2 6 7 . 3 + 2 . 0 6 ( 1 0 ) a 2 6 9 . 5 + 9 . 3 8 (5) 

2 265.9 + 1.914- ( 7 ) 265.9 + 2 . 0 6 (9) 

3 2 6 0 . k + 2 .20 (16) 2 6 3 . k + 3 .k9 (10) 

k 2 6 3 . 6 + 2 . 5 2 (13) 2 6 3 . 6 + 1 . 6 8 (3 ) 

M o u l t e d 259.9 + 2.97 (22) 2 k k . k + 3.69 (9 ) 

a . mean + s t a n d a r d e r r o r ( s a m p l e s i z e ) . 

So i n 1970 t h e r e i s no s t a t i s t i c a l e v i d e n c e t h a t t h e r e i s any 

c h a n g e i n w a t e r c o n c e n t r a t i o n d u r i n g o r a f t e r t h e m o u l t ; b u t 

i n 1971 t h e r e i s a s i g n i f i c a n t r e d u c t i o n i n mean v a l u e s b e t w e e n 

u n m o u l t e d b i r d s a n d b i r d s i n m i d - m o u l t , a n d a d e c r e a s e b e t w e e n 

m i d - m o u l t a n d m o u l t e d b i r d s . E i t h e r . t h e s i t u a t i o n i n t h e t w o 

y e a r s d i f f e r : i n b o t h t h e r e i s a r e d u c t i o n i n t h e mean v a l u e o f 

t h i s r a t i o b e t w e e n u n m o u l t e d a n d m o u l t i n g b i r d s , b u t i n 1970 t h e r e 

i s no f u r t h e r d e c r e a s e , w h e r e a s i n 1971 t h e r e i s ; o r t h e s i t u a t i o n 

i s t h e same i n b o t h y e a r s , a d e c r e a s e i n t h i s r a t i o t h r o u g h t h e 

m o u l t a n d a f t e r . I n e i t h e r c a s e , t h e v a l u e o f t h i s r a t i o does n o t 
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f o l l o w t h e m i d - m o u l t r e d u c t i o n f o u n d f o r t o t a l w a t e r , t o t a l 

w e t w e i g h t o r t o t a l f a t - f r e e d r y w e i g h t f o r t h e s e m u s c l e s . 

9.11 F e c t o r a l i s m u s c l e c o m p o s i t i o n c h a n g e s d u r i n g t h e m o u l t 

a n d t h e p r e m i g r a t o r y p e r i o d - d i s c u s s i o n . 

The d a t a o n p e c t o r a l i s w e i g h t s a n d c o m p o s i t o n p r e s e n t e d i n t h e 

p r e c e d i n g s e c t i o n s p e r m i t a number o f c o n c l u s i o n s t o be d r a w n 

a b o u t t h e r e l a t i o n s h i p b e t w e e n m o u l t , p r e m i g r a t i o n a n d f l i g h t 

m u s c u l a t u r e . F i r s t l y , I n t h e ca se o f t o t a l w e t w e i g h t o f t h e 

p e c t o r a l i s m u s c l e s , t h e r e i s u n d o u b t e d l y a n I n c r e a s e i n mean 

w e i g h t b e t w e e n m i d - m o u l t a n d a f t e r t h e m o u l t i s c o m p l e t e ( F i g u r e 

9 . 1 1 . a ) . I n 1970 t h i s d i f f e r e n c e i s s t a t i s t i c a l l y s i g n i f i c a n t ; 

i n 1971 i t i s n o t . S u g g e s t e d r e a s o n s f o r t h i s d i f f e r e n c e h a v e 

a l r e a d y b e e n m e n t i o n e d i n C h a p t e r 9 . 6 , b u t e v e n a l l o w i n g f o r 

d i f f e r e n c e s i n s a m p l e c o m p o s i t i o n t h e r e w e r e f e w e r b i r d s w i t h 

s m a l l e r m u s c l e s d u r i n g t h e m i d d l e o f t h e m o u l t i n 1971 - T h i s 

may w e l l be a g e n u i n e I n t e r y e a r e f f e c t , f o r i t i s e a s y t o 

p o s t u l a t e ( t h o u g h n o t t o d e m o n s t r a t e ) t h a t i f m u s c l e p r o t e i n i s 

b e i n g u s e d as a s o u r c e o f a m i n o - a c i d s f o r s y n t h e s i s o f f e a t h e r 

p r o t e i n o r as f u e l f o r t h e r m o r e g u l a t i o n , t h e n y e a r t o y e a r 

d i f f e r e n c e s i n f o o d s u p p l y o r t e m p e r a t u r e may w e l l i n f l u e n c e t h e 

e x t e n t t o w h i c h m u s c l e w e i g h t r e d u c t i o n s a r e s e e n . H o w e v e r , I 

h a v e no e v i d e n c e o n t h i s p o i n t . T h e r e does seem t o be a d i f f e r e n c e 

b e t w e e n a d u l t s and j u v e n i l e s w i t h r e s p e c t t o t h e m i d - m o u l t r e d u c t i o n 

i n p e c t o r a l i s m u s c l e w e i g h t s , as i n s p i t e o f d e c r e a s e s i n mean 

w e i g h t s f o r t h e a d u l t s d u r i n g t h e m o u l t t h e s e a r e n o t s i g n i f i c a n t . 

T h i s m i g h t be e x p e c t e d i f m u s c l e p r o t e i n i s b e i n g u s e d as e n e r g y 

s o u r c e , f o r j u v e n i l e s w o u l d b e e x p e c t e d t o be l e s s e f f i c i e n t 

f e e d e r s t h a n a d u l t s and so m i g h t n e e d a n a l t e r n a t i v e s o u r c e o f 

e n e r g y . 
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Figure 9.11.a . The changes i n p e c t o r a l i s muscle composition 
of j u v e n i l e Willow Warblers during and a f t e r the 
moult. Ordinate i s the weight of muscle 
component i n mg, and the abscissa the stage 
of moult; 0 - unmoulted; 1,2,3,4 - the moult stages 
N - moulted j u v e n i l e s . 
A - mean wet weights of the muscles. _ 
B - mean t o t a l water weights of the muscles. 
C - mean f a t - f r e e dry weights of the muscles. 
Open c i r c l e s - 1971; closed c i r c l e s - 1970 . 
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A c c e p t i n g t h a t i n some y e a r s m u s c l e w e i g h t s c a n "be h i g h e r I n 

m o u l t e d t h a n i n m o u l t i n g b i r d s , i t r e m a i n s t o e s t a b l i s h w h e t h e r 

t h i s i s a t r u e p r e m i g r a t o r y a d a p t a t i o n . I n t h i s s t u d y m u s c l e 

w e i g h t s a n d c o m p o s i i l o n s w e r e f o l l o w e d t h r o u g h o u t t h e m o u l t i n 

o r d e r t o a n s w e r t h i s q u e s t i o n . The r e s u l t s s u p p o r t t h e v i e w 

t h a t t h e m u s c l e w e i g h t s o f m o u l t e d b i r d s a r e d r a w n f r o m t h e 

same p o p u l a t i o n o f v a l u e s as a r e t h e m u s c l e w e i g h t s o f u n m o u l t e d 

b i r d s . I t was p o s s i b l e t o d e m o n s t r a t e i n one y e a r (1970) t h a t 

t h e mean w e i g h t o f t h e p e c t o r a l i s m u s c l e s f o r m o u l t i n g b i r d s was 

s i g n i f i c a n t l y s m a l l e r t h a n t h e mean w e i g h t f o r u n m o u l t e d b i r d s . 

So i n j u v e n i l e W i l l o w W a r b l e r s t h e a p p a r e n t p r e m i g r a t o r y ' h y p e r t r o p h y ' 

o f t h e p e c t o r a l i s m u s c l e s seems t o b e s i m p l y a r e t u r n t o p r e - m 6 u 2 t 

w e i g h t s . T h e r e f o r e , g r e a t c a r e m u s t be e x e r c i s e d i n t h e i n t e r 

p r e t a t i o n o f p u b l i s h e d s t u d i e s o f o t h e r t e m p e r a t e z o n e m i g r a n t s , 

mos t o f w h i c h m o u l t b e f o r e t h e y m i g r a t e . The d i f f e r e n c e i n 

l i p i d - e x t r a c t e d d r y w e i g h t s o f t h e c a r c a s e b e t w e e n l e a n a n d f a t 

L e s s e r R e d p o l l s d e m o n s t r a t e d b y Evans (19&9) m i g h t w e l l be due i n 

p a r t t o c h a n g e s i n t h e w e i g h t s o f t h e p e c t o r a l i s m u s c l e s as 

s u g g e s t e d , b u t o n l y as a p o s t - m o u l t r e c o v e r y i n w e i g h t r a t h e r t h a n 

a s p e c i a l m i g r a t o r y a d a p t a t i o n . H o w e v e r , some o t h e r c o m p o n e n t 

o f t h e l e a n d r y c a r c a s e w e i g h t o f R e d p o l l s mus t h a v e c h a n g e d f o r 

t h e r e c o v e r y f r o m m i d - m o u l t m u s c l e w e i g h t r e d u c t i o n s a m o u n t s 

t o o n l y a b o u t 0.5% of b o d y w e i g h t i n W i l l o w W a r b l e r s c o m p a r e d w i t h 

k-'7% b e t w e e n f a t a n d l e a n L e s s e r R e d p o l l s . 

P r y e t . a l . ( 1 9 7 2 ) f o u n d a p o s i t i v e c o r r e l a t i o n b e t w e e n t o t a l b o d y 

l i p i d a n d p e c t o r a l i s m u s c l e w e i g h t i n Y e l l o w W a g t a i l s j u s t b e f o r e 

t h e s p r i n g m i g r a t i o n f r o m A f r i c a ; h o w e v e r , i n t h i s s p e c i e s t o o 
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there i s a moult before m i g r a t i o n (Curry-Lindahl 19&0). They 
c i t e d t h i s r e l a t i o n s h i p as evidence f o r premigratory muscle 
hypertrophy. Careful c o n s i d e r a t i o n r a i s e s two p o i n t s . 
F i r s t l y , there i s no such r e l a t i o n s h i p i n j u v e n i l e Willow Warblers 
and i t i s hard t o see why there should be i n any species. 
A sample of b i r d s taken j u s t before m i g r a t i o n w i l l c o n t a i n b i r d s 
w i t h widely d i f f e r i n g amounts of body l i p i d ; t h i s i s due t o the 
heterogeneous nature of the sample. Such a sample w i l l c o n t a i n 
three categories: b i r d s which have l i t t l e l i p i d and are not 
undergoing l i p i d d e p o s i t i o n ; premigratory b i r d s undergoing 
l i p i d d e p o s i t i o n , f o r which there w i l l be a v a r i e t y of body 
l i p i d weights; and migratory b i r d s i n which l i p i d d e p o s i t i o n 
i s complete and are w a i t i n g to migrate - these b i r d s w i l l also 
vary i n the weight of t h e i r t o t a l body l i p i d due t o such f a c t o r s 
a-s body size, time of day c o l l e c t e d , e t c . The r e l a t i o n s h i p 
found by Fry _e_t.al_. (1972) i s v a l i d as a proof of premigratory 
muscle hypertrophy only i f the absolute amount of body l i p i d 
i s a measure of migratory preparedness. I n other words i t must 
be a v a l i d s u b s t i t u t e f o r studies on i n d i v i d u a l b i r d s f o l l o w e d 
through the premigratory p e r i o d . This i s not the case. The 
nearest approach t o t h i s requirement i s t o f o l l o w the mean weights 
of samples of b i r d s from before the premigratory period, and t o 
be sure t h a t there i s no heterogeneity i n the samples due to 
immigrant b i r d s . I n the case of Yellow Wagtails i t i s equa l l y 
l i k e l y t h a t l a r g e r f a t reserves are found i n l a r g e r b i r d s which 
have l a r g e r muscles (they do, see Chapter 9.12) so th a t a sample 
of wagtails taken before the premigratory p e r i o d would have shown 
the same d i s t r i b u t i o n of muscle weights as during t h i s p e r i o d . 



85 

Secondly, there i s a t h e o r e t i c a l o b j e c t i o n to premigratory 
hypertrophy of the f l i g h t muscles. Fry at..al_. (1972) suggest 
t h a t i t supplies the ext r a muscular power needed to f l y the extra 
load of l i p i d . I n f a c t , as shown by Pennycuick (1969) small b i r d s 
have no shortage of muscular power, and b i r d s as heavy as 7^0 
gms can double t h e i r body weight ( w i t h l i p i d ) and s t i l l meet the 
power requirements. The only advantage of increased f l i g h t 
muscle weight would be the shortening of f l i g h t times, though w i t h 
a corresponding r e d u c t i o n i n range. This p o i n t w i l l be discussed 
more f u l l y l a t e r (Chapter 12). 

The v a r i a t i o n i n t o t a l p e c t o r a l i s weight seen dur i n g the p o s t - j u v 
en i l e moult i s a r e f l e c t i o n of changes i n the f a t - f r e e dry weight 
of the muscle. As pointed o.ut e a r l i e r t h i s i s a close approximation 
to the p r o t e i n content. However, the t o t a l weight changes depends 
to a great extent on the weight of muscle water, since t h i s accounts 
f o r about 60 t o "(0% of the weight ol the muscle. As shown i n 
Chapter 9.10 the r a t i o of muscle water t o muscle f a t - f r e e dry 
weight i s d i f f e r e n t i n the two years examined. I n 1970 t h e r e was 
no s i g n i f i c a n t v a r i a t i o n i n the r a t i o and t o t a l water weight and 
f a t - f r e e dry weight v a r i e d i n p a r a l l e l . I n 1971 , the r a t i o was 
not constant and showed a gradual r e d u c t i o n through the moult, w i t h 
moulted b i r d s having the smallest r a t i o . I n t h i s year', t h e r e f o r e 
moult stage 3 saw a p a r a l l e l r e d u c t i o n i n mean water and mean f a t - f r e e 
dry weight of the muscles from moult stage 1, but the increase i n 
f a t - f r e e dry weight found i n moulted b i r d s was not accompanied by an 
increase i n t o t a l water weight; hence the r a t i o was smaller than f o r 
moult stage l\. and there was a decrease i n t o t a l p e c t o r a l i s muscle 
weights compared w i t h t h i s moult stage. The low value of t h i s 
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r a t i o f o r moulted b i r d s i n 1971 i s , however, not f o r t u i t o u s , 
as the mean t o t a l water weight f o r t h i s sample i s greater than 
the mean f o r moult stage 3 . The most l i k e l y explanation i s that 
i n t h i s sample, which as e x p l a i n e d 4 a r l i e r was taken r i g h t eb the 
s t a r t of the premigratory period, the post-moult weight recoveries 
of these two components d i d not proceed at the same r a t e s . 

The l a r g e s t r e d u c t i o n i n the w a t e r / f a t - f r e e dry weight r a t i o i s 
between unmoulted b i r d s and b i r d s i n moult stage 1 ( 1 9 7 1 ) - Since, 
t h i s r a t i o i s a measure o f the amount of water i n the muscle 
c e l l s , t h i s observation corresponds t o Goldspink's (1962) f i n d i n g 
t h a t the % i n u l i n space of the mouse biceps b r a c h i i muscle drops 
during growth. This confirms, t h e r e f o r e , the suggestion t h a t the 
p e c t o r a l i s muscles of the j u v e n i l e Willow Warbler are not f u l l y 
grown on f l e d g i n g ; and since the w a t e r / f a t - f r e e dry weight r a t i o 
i s highest i n the f i r s t moult stage i n both years, these muscles 
are probably s t i l l growing during t h i s moult stage also. I n the 
mouse biceps b r a c h i i growth i s by increase i n m y o f i b r i l l a r size, 
and s p l i t t i n g when the m y o f i b r i l l a r diameter i s double the usual 
(Goldspink 1970)* The increase i n dry weight i s due t o an 
increase i n m y o f i b r i l l a r number per muscle f i b r e w i t h a corres
ponding increase i n f i b r e diameter. This i s probably the mechanism 
i n b i r d s a i o , since Fry _et_.aJ. (1972) found t h a t large muscles 
had s i g n i f i c a n t l y fewer f i b r e s per cross s e c t i o n a l area than small 
muscle s. 

Ward (1969) and Newton ( 1968) have suggested t h a t p e c t o r a l i s muscle 
p r o t e i n might be used f o r overnight feather growth i n moulting b i r d s . 
Short of demonstrating a transference of p r o t e i n t o the feathers 
from the p e c t o r a l i s i n captive b i r d s , the nearest approach using 
f i e l d data i s to show t h a t the maximum r e d u c t i o n i n muscle p r o t e i n 
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weight occurs during the p e r i o d of maximum fe a t h e r growth. 
I n the j u v e n i l e Willow Warbler t h i s was the case. As was 
pointed out i n Chapter 3.6, the scoring method adopted f o r the 
p o s t - j u v e n i l e moult gives a good i n d i c a t i o n of the i n t e n s i t y 
of f e a t h e r growth. Most feathers are growing i n stage 3> and 
t h i s i s the p e r i o d of the moult i n which the greatest reductions 
i n p e c t o r a l i s muscle weight are found. A l t e r n a t i v e l y , muscle 
p r o t e i n might be used f o r some process which i s l i n k e d w i t h the 
most intense p e r i o d of f e a t h e r growth. A l i k e l y candidate i s 
thermoregulation, since one would expect the i n s u l a t i v e e f f e c t 
of the plumage t o be reduced during the moult; however, t h e r e i s 
no published evidence on t h i s p o i n t . A more extensive 
examination of the possible use of t h i s muscle p r o t e i n w i l l be 
found i n the f i n a l discussion (Chapter 11+). 

9.12 The i n t e r r e l a t i o n of t o t a l body weight and p e c t o r a l i s 
muscle wet weight 

Since there i s a decrease i n p e c t o r a l i s wet weights during the 
moult of j u v e n i l e Willow Warblers and a subsequent increase i n 
moulted b i r d s , i t i s of i n t e r e s t from the p o i n t of view of weight 
at m i g r a t i o n , whether these changes a f f e c t the t o t a l body weight 
appreciably. As the mean di f f e r e n c e s i n v o l v e d are^ not large 
(about l\.0 mg) one would suspect t h i s not t o be the case. But 
i n d i v i d u a l reductions i n muscle weight w i l l be l a r g e r and so 
could be important i n determining the t o t a l body weight of the 
b i r d . 

C o r r e l a t i o n and regression analyses were performed f o r p e c t o r a l i s 
muscle weights and t o t a l body weights of morning-caught b i r d s not 
used f o r blood sampling; only data from 1970 was a v a i l a b l e . As 
both body weights and muscle weights had normal frequency d i s t r i b - ' 
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u t i o n s , c o r r e l a t i o n analyses were possible , so a l l o w i n g a 
p a r t i t i o n i n g of the variance. 

As can be seen from Table 9.12.1, b i r d s which were not moulting 
had 60% t o 70% of t h e i r body weight v a r i a t i o n s associated w i t h 
v a r i a t i o n s i n p e c t o r a l i s muscle weights. This c o n t r i b u t i o n was 
reduced during the p o s t - j u v e n i l e moult; and i n moult stage 3 
when most feathers were growing and muscle weights lowest, only 
9%> of body weight v a r i a t i o n s could be accounted f o r by v a r i a t i o n s 
i n muscle weight. I n f a c t the c o r r e l a t i o n c o e f f i c i e n t was no longer 
s i g n i f i c a n t . I n mid-moult, t h e r e f o r e , there i s no longer any r e l a t i o n 
between body size and muscle weight, so t h a t large b i r d s can have 
small muscles and vice versa. The conclusion i s t h a t changes 
i n p e c t o r a l i s muscle weights during the moult have l i t t l e e f f e c t 
on body weight, but t h a t i n moulted b i r d s the weight of the 
p e c t o r a l i s muscles could have an important e f f e c t on the ' t a k e - o f f 
weight at the s t a r t of m i g r a t i o n . 

For comparison, f i g u r e s f o r a d u l t s and moulted b i r d s caught i n the 
evening are included i n Table 9.12.1. I n these groups the percent
age v a r i a t i o n explained by v a r i a t i o n s i n the weights of the pector
a l i s muscles I s less than i n the morning caught b i r d s , presumably 
because of the higher body l i p i d of both these categories. 
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9 . 1 3 The energy reserves of the p e c t o r a l i s muscles - l i p i d 

I t has "been suggested, mainly by George and h i s co-workers 
(George and Vallyathan 1961;, Valiyathan 19 6 3 ) , t h a t i n the 
premigratory period there i s a switch i n the p e c t o r a l i s muscles 
from l i p i d to carbohydrate u t i l i s a t i o n , and that subsequent l i p i d 
synthesis i s d i r e c t e d towards p r o v i d i n g f u e l f o r storage f o r the 
migratory f l i g h t . However, as pointed out by Farner _et_.al_. (1961) 

the energy a v a i l a b l e from l i p i d i n the p e c t o r a l i s muscles i s 
miniscule compared w i t h the r e s t of the body's l i p i d reserves. I t 
I s u n l i k e l y , t h e r e f o r e , t h a t the Increased l i p i d l e v e l s of these 
muscles are f o r d i r e c t u t i l i s a t i o n as f u e l f o r the migratory f l i g h t ( s ) 
I n the f o l l o w i n g sections the changes i n muscle l i p i d have been 
measured through the moult and i n t o the^premigratory p e r i o d i n an 
attempt to f i n d out why changes I n these l e v e l s occur. 

9 . I l l Methods 
The Soxhlet e x t r a c t i o n procedure used f o r measuring l i p i d l e v e l s 
i n the p e c t o r a l i s muscles are described i n section 9.2. 

9 . 1 5 T o t a l l i p i d weight of the p e c t o r a l i s muscles of j u v e n i l e 
Willow Warblers caught i n the morning 

I n both 1970 and 1971 only the variances of the samples of b i r d s 
taken during or before the moult were homogeneous ( B a r t l e t t ' s t e s t 
I,!}.). I n 1 9 7 0 a one-way analysis of variance a p p l i e d to t h e f o u r 
samples taken during the moult (Table 9 . 1 5 - 1 ) showed no s i g n i f i c a n t 
e f f e c t due to the moult ( . 1 > p > . 0 £ ) ( 2 ) . An o v e r a l l estimate of 
the mean l i p i d content of the p e c t o r a l i s muscles f o r these f o u r 
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moult stages i s 1 6 . 5 +. 0 . 6 (SE) mg. The sample of moulted bir d s -
had a s i g n i f i c a n t l y l a r g e r variance than the variances f o r moult 
stages 1 to 1| due to the i n c l u s i o n of the l a r g e r l i p i d values. 
The mean f o r t h i s sample i s s i g n i f i c a n t l y l a r g e r than the o v e r a l l 
mean f o r the four moult stages ( . 0 1 > p > . 0 0 1 ) ( 3 ) (Table 9 . 1 5 - 1 ) 

(Figure 9 - 1 5 - a ) . 

I n 1971 a l s o , there was no s i g n i f i c a n t e f f e c t due to the stage of 
the moult, when a one-way analysis of variance was performed on the 
samples f o r the f o u r moult stages and the sample f o r unmoulted b i r d s 
( p > . 2 5 ) ( 5 ) (Table 9 . 1 5 * 1 ) . The o v e r a l l mean f o r the four moult 
stages and unmoulted b i r d s i s I I4..2 +_ 0 . 5 (SE) mg. Again the 
variance of the sample of moulted b i r d s was l a r g e r than any of the 
other sample variances, and the mean was s i g n i f i c a n t l y greater than 
the o v e r a l l mean f o r the moult (p> . 0 5 ) ( 6 ) (Table 9 . 1 5 . 1 ) (Figure 
9 . 1 5 . a ) . 

I n both years the t o t a l amount of l i p i d i n t h e p e c t o r a l i s muscles i s 
greatest i n moulted b i r d s , but the l e v e l during the moult i s greater 
i n 1970 than i n 1 9 7 1 . This p a r t l y due to an increase i n mean l i p i d 
weight i n moult stage I4. i n the former year, and p a r t l y to the lower 
l i p i d weight found i n unmoulted b i r d s i n 1 9 7 1 . Since the higher 
l e v e l s of l i p i d i n moulted b i r d s could simply r e f l e c t changes i n 
muscle size the l i p i d c o n centration i n these muscles was examined. 
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Figure 9.15«a • The t o t a l weights of the energy reserves 
i n the p e c t o r a l i s muscles during and a f t e r the 
p o s t - j u v e n i l e moult of the Willow Warbler. 
Ordinate i s the t o t a l weight i n mg of l i p i d or 
glycogen. The abscissa i s the stage of moult; 
O-unmoulted; 1,2,3 » 4 - moult stages; N - moulted. 
Closed t r i a n g l e s are mean glycogen weights from 
1971 and 1970 combined; open squares are mean 
muscle l i p i d weights f o r 1970; closed squares the 
mean l i p i d weights f o r 1971. 
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Table 9 . 1 5 . 1 Valuations I n M.pectoralis t o t a l l i p i d (mg) during 
and a f t e r the moult of j u v e n i l e Willow Warblers. 

Moult stage 1970 1971 

Unmoulted 1 2 . 2 + 0 . 9 ( 6 ) 

1 1 6 . 3 + 0 . 8 ( 1 0 ) a 11; .6 + 1 . 6 ( 5 ) 

2 11+.3 + 1 -U- ( 7 ) 15-ll- + 1 - 1 ( 9 ) 

3 1 5 - 6 + 1 . 1 ( 1 6 ) 1I4..O + 0 . 7 ( 1 0 ) 

k 1 9 . 1 + 1 .k ( 1 3 ) 1 l | . 3 + 1.7 ( 3 ) 

Moulted 2 3 . 6 + 2 . 0 ( 1 3 ) 2 0 . 0 + 2 . 1 ( 9 ) 

a. mean + standard e r r o r (sample size) 

9 . 1 6 P e c t o r a l i s muscle l i p i d (mg ) / 100 mg dry weight of j u v e n i l e 
Willow Warblers 

This measure of muscle l i p i d c oncentration has been used since i t 
allows easy comparison w i t h other published data and the d i f f e r e n c e 
between t h i s and conc e n t r a t i o n on a per u n i t f a t - f r e e dry weight 
basis are s l i g h t ( l e s s than 5%). As t h i s i s a r a t i o , a l l b i r d s 
have been used f o r the moulted b i r d sample, not j u s t those i n which 
there was no t i s s u e sampling. 

I n 1970 the variances of the morning-caught samples of b i r d s from 
the four moult stages were homogeneous ( B a r t l e t t ' s t e s t , 1 ) , whereas 
the variance f o r the sample of moulted b i r d s was s i g n i f i c a n t l y 
l a r g e r than any one of these. A one-way analysis of variance 
showed a s i g n i f i c a n t e f f e c t due to the stage of the moult 
( . 0 5 > p > . 0 2 ) ( 2 ) , but t h i s could not be a t t r i b u t e d t o any p a r t i c u l a r 
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mean d i f f e r e n c e . However, the mean l i p i d c o n centration f o r 
moult stage 1± is l a r g e r than any of the other moult stages 
(Table 9 . 1 6 . 1 ) . An o v e r a l l mean f o r the fou r moult stages i s 
5.2 + 0 . 2 (SE)mg /100 mg dry weight, and the mean f o r the sample 
of moulted b i r d s i s s i g n i f i c a n t l y greater than t h i s o v e r a l l mean 
( . 0 1 > p > . 0 0 1 ) ( 3 ) (Figure 9 . 1 6 . a ) . 

The variances f o r the fou r moult stages and the sample o f unmoulted 
b i r d s are homogeneous i n 1971 ( B a r t l e t t ' s test,!}.). However, a 
one-way analysis of variance applied t o these f i v e samples showed 
there was no s i g n i f i c a n t e f f e c t due to the moult (p>.25) (5) 
(Table 9 . 1 6 . 1 ) . The o v e r a l l mean f o r these f i v e samples i s 
4 . 2 + 0 . 1 (SE) mg /100 mg dry weight. Again the mean f o r the 

sample of moulted b i r d s i s s i g n i f i c a n t l y l a r g e r than the o v e r a l l 
mean ( . 0 2 > p > . 0 l ) ( 6 ) (Figure 9 . 1 6 . a ) . 

Estimates of the p e c t o r a l i s l i p i d c o n c e n t r a t i o n f o r evening-caught 
b i r d s are presented i n Table 9 . 1 6 . a . I n 1970 only the evening 
mean f o r b i r d s i n moult stage I4. i s s i g n i f i c a n t l y l a r g e r than i"bs 
morning counterpart ( . 0 1 > p > .005) ( 7 ) , although the mean value f o r 
moulted b i r d s caught i n the earning i s near s i g n i f i c a n c e ( . 1>p>.05) 
( 8 ) . Thus the d i u r n a l increase i n muscle l i p i d c o ncentration has 
decreased s l i g h t l y between moult stage I4. and moulted b i r d s , from 
1 . 8 mg to 1 .7 mg r e s p e c t i v e l y . I n b i r d s i n moult stage 3 there i s 
no d i u r n a l increase i n muscle l i p i d c o n c e n t r a t i o n (p>.05) ( 9 ) . 

I n 1971 the d i u r n a l increase i n muscle l i p i d c o n centration i n 
moulted b i r d s i s not s i g n i f i c a n t ( , 2 > p > . 1 ) ( 1 0 ) , and s l i g h t l y 
smaller than i n 1970 ( 1 . 6 mg/100mg dry w e i g h t ) ; these b i r d s were 
of course c o l l e c t e d e a r l y i n the premigratory p e r i o d . I n no case 
i s the anount of l i p i d i n the muscle c o r r e l a t e d w i t h e i t h e r muscle 
size ci?' body l i p i d . 
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Figure 9-16.a . The concentrations of the energy reserves i n 
the p e c t o r a l i s muscles of Willow Warblers during 
and a f t e r the p o s t - j u v e n i l e moult. Ordinate i s 
the l i p i d or glycogen concentration i n mg / 100 
mg " dry weight. Abscissa i s the stage 
of moult; 0 - unmoulted; 1,2,3>4 - moult stages; 
N - moulted j u v e n i l e s . 
The closed t r i a n g l e s are the mean weights f o r 
glycogen i n 1971 and 1970 combined; the open-
squares are the mean l i p i d concentrations f o r 1970; 
the closed squares the mean l i p i d concentrations 
f o r 1971. 
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Thus the l i p i d c o n centration does increase i n the premigratory 
p e r i o d , and i n 1970 t h i s increase was apparent by moult stage l±. 
The higher l i p i d l e v e l s found i n moulted b i r d s i n the morning, i s 
r e f l e c t e d I n the development of a d i u r n a l cycle of muscle l i p i d , 
which i s absent i n moulting b i r d s (moult stage 3 ) . 

Table 9 - 1 6 . 1 V a r i a t i o n s i n the l i p i d concentrations (mg /100mg 

dry weight) of p e c t o r a l i s muscle o f 
j u v e n i l e Willow Warblers 

1970 
Moult stage Morning Evening 

1 J4-.8 + 0 . 2 d o ) a 

2 I+. 8 + 0 . 3 ( 7 ) 

3 k-9 + 0 . 3 ( 1 6 ) 5-0 + 0.5 ( 6 ) 

k 5-9 + 0 . 3 ( 1 3 ) 7 - 7 + 0 . 6 (5) 
Moulted 6 . 6 + o.k ( 2 2 ) 8 . 3 + O.ij. ( 6 ) 

1971 
Unmoulted 1+-2 + 0 . 2 ( 6 ) 

1 k.o + 0 . 2 (5) 
2 + 0 . 3 ( 9 ) 

3 k.3 + 0 . 2 ( 1 0 ) 

k + o.k ( 3 ) 

Moulted 5.k + 0.5 ( 9 ) 7 . 0 + 1 .0 (5) 

a. mean +_ standard e r r o r (sample s i z e ) 

9 . 1 7 Discussion 

I n both the White-crowned Sparrow and the Oregon Junco Parner e t . a l . 
( 1 9 6 1 ) found an increase i n the l i p i d c o n centration of the p e c t o r a l i s 
muscles of b i r d s kept on a r t i f i c i a l l y long photoperiods, a treatment 
th a t allows development of the migratory c o n d i t i o n . Birds of both 
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species had about double the weight of l i p i d found i n the muscles 
of b i r d s kept on an 8 hour photoperiod. The absolute concentrations 
of l i p i d were i n a l l cases much higher than the l e v e l s found i n 
Willow Warblers. Even sparrows h e l d on short-day had about 12rng 

l i p i d / 1 0 0 mg dry weight compared w i t h the 1[ or 5 mg found i n Willow 
Warblers during the p o s t - j u v e n i l e moult. As t o t a l body l i p i d i s 
reduced during the moult t h i s might be expected, but there i s even 
less agreement between f a t b i r d s , 2l|_ mg per 100 mg dry weight being 
recorded i n sparrows compared to 5 to 6 mg i n w i l d caught Willow 
Warblers. This divergence i s presumably due t o the sparrows' 
confinement, as agreement between values f o r Willow Warblers and 
f o r f e r a l sparrows of the same race i s much b e t t e r . Afternoon 
l e v e l s f o r w i l d sparrows are 6 . 8 mg /100 mg dry weight during the 
w i n t e r , 1 0 . 1 mg f o r spring m i g r a t i o n , and 7 * 8 rog f o r > autumn 
m i g r a t i o n (King,Barker and Parner 1 9 6 3 ) . As these are afternoon 
values, the agreement w i t h the f i g u r e s found i n t h i s study are much 
closer than w i t h the l e v e l s from captive b i r d s . V a l l y a t h a n ( 1 9 6 3 ) 

has also shown an increase i n p e c t o r a l i s muscle l i p i d before m i g r a t i o 
I n the Rosy Pastor, at dawn, the l i p i d increased from 1 i j . .6 mg /100 mg 
dry weight i n February to 1 6 . 8 mg i n the premigratory p e r i o d i n 
A p r i l . I n none of these species have l i p i d l e v e l s during a moult 
been examined. 

Diur n a l v a r i a t i o n s i n the l i p i d content of the p e c t o r a l i s muscles 
have been noted before. Farner et_.ai^. ( 1 9 6 1 ) found a 2 1 $ increase 
i n l i p i d c oncentration during the day i n captive White-crowned 
Sparrows h e l d on the long photoperiod ( t h i s agrees f a i r l y w e l l w i t h 
the 3 0 $ and 2 6 $ Increases found i n Willow Warblers i n moult stage l\. 

and a f t e r moult i n 1 9 7 0 ) . They found no diirn a l v a r i a t i o n i n 
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muscle l i p i d concentrations i n sparrows kept on short days; 
correspondingly there was only a minute d i u r n a l increase (2%) i n 
mean l i p i d concentrations i n moulting Willow Warblers. George 
and Chandra-Bose (1967) , however, found a d i u r n a l decrease i n 
muscle l i p i d concentrations between morning and evening i n Rosy 
Pastors before the premigratory p e r i o d , but t h i s was converted t o 
an absence of d i u r n a l change i n the premigratory p e r i o d i t s e l f , 
as the evening l i p i d l e v e l s increased. 

As shown above both the t o t a l weight of l i p i d i n the p e c t o r a l i s 
muscles and i t s concentrations are low during the middle of the 
moult, and increased i n moulted b i r d s , ( F i g u r e 9 .1&.a). There 
i s no c o r r e l a t i o n between the weight of muscle l i p i d and body 
l i p i d weight i n i n d i v i d u a l b i r d s ; l i p i d l e v e l s of the p e c t o r a l i s 
muscles, t h e r e f o r e , only f o l l o w t o t a l body l i p i d amounts i n a 
general way. I n the one year i n which i t was examined, the l i p i d 
c o ncentration of these muscles e x h i b i t e d a d i u r n a l increase i n 
moult stage I4.; t h i s accompanied an increase i n the mean morning 
l i p i d l e v e l over e a r l i e r moult stages. This was not the case i n 
1971• So i t does seem t h a t l i p i d accumulation can begin i n these 
muscles even before the p o s t - j u v e n i l e moult i s f i n i s h e d . This does 
suggest that the l e v e l of l i p i d i n the muscle i s a response to 
increased l i p i d l e v e l s i n the body, and not a s p e c i f i c migratory 
adaptation. 

9.18 The energy reserves of the p e c t o r a l i s muscles - glycogen 
The d i s t r i b u t i o n of glycogen w i t h i n the p e c t o r a l i s muscles v a r i e s 
between taxa. Most small passerines have only one morphological 
f i b r e type (George and Berger 19&6) and one type of f i b r e s t a i n i n g 
f o r l i p i d ( S a l t 1963). I n warblers i t i s probable t h a t the greatest 
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concentration of glycogen i s i n a t h i n band of the outermost f i b r e s 
of the muscles (by analogy w i t h George et_.al's (19614.) studies on 
the House Sparrow), these being s p e c i a l i s e d f o r anaerobic metabolism 
(George and Berger 1966). However, a l l f i b r e s c o n t a i n both l i p i d 
and glycogen, and the measurement of t o t a l glycogen i n the p e c t o r a l i s 
muscles i s concerned w i t h the glycogen l e v e l s i n these aerobic f i b r e s 
(the vast m a j o r i t y ) . 

Although a number of studies ' have been made of changes i n p e c t o r a l i s 
muscle glycogen i n the premigratory and migratory periods, there 
have been no s p e c i f i c i n v e s t i g a t i o n s of v a r i a t i o n s i n t h i s m etabolite 
during the moult. This i s of p a r t i c u l a r importance i n the i n t e r 
p r e t a t i o n of premigratory events i n a species l i k e the Willow 
Warbler i n which there i s a moult before the m i g r a t i o n . 

As the energy obtainable from the instantaneous glycogen reserves 
of the M. p e c t o r a l i s i s minute i n comparison w i t h the energy needs 
of the muscle i n any form of a c t i v i t y (Farner et.al. 1 9 6 1) changes 
i n the l e v e l s of glycogen i n the muscle tend to r e f l e c t metabolic 
a l t e r a t i o n s r a t h e r than energetic ones. I n t h i s connection, as 
already explained, George and h i s co-workers have suggested t h a t 
v a r i a t i o n s i n muscle glycogen i n d i c a t e a switch from l i p i d catabolism 
t o . Q.arbohydrate catabolism i n the premigratory p e r i o d , so p e r m i t t i n g 
an increase i n l i p i d synthesis i n the muscle. I n the f o l l o w i n g 
sections I s h a l l argue t h a t thermoregulatory needs are the most 
l i k e l y cause of muscle glycogen reductions during the p o s t - j u v e n i l e 
moult, and t h a t the increase i n the premigratory p e r i o d i s a recovery 
from t h i s. 

( 
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9.19 Methods 
Samples of M.pectoral!s t i s s u e were excised from i d e n t i c a l p o s i t i o n s 
i n the r i g h t muscle immediately a f t e r death, wrapped i n f o i l and 
frozen i n l i q u i d n i t r o g e n (whole process about 10 seconds). The 
fro z e n samples were stored on dry ice u n t i l used f o r analysis, which 
was u s u a l l y l a t e r on the same day. The assay f o r muscle glycogen 
i s as described i n the se c t i o n on General Methods (Chapter 2 ) . 

9.20 Changes i n the t o t a l weight of glycogen i n the p e c t o r a l i s 
muscles of morning-caught j u v e n i l e Willow Warblers 

As the samples from each year were much smaller than those used f o r 
the other v a r i a b l e s measured, the data from the two years examined 
were combined. The frequency d i s t r i b u t i o n s of the data are not 
normal, and consequently Kruskal-Wallis one-way analysis of 
variance was performed on the samples f o r the f o u r moult stages and 
moulted b i r d s (Table 9 . 2 0 . 1 ) . These samples were not a l l drawn 
from the same po p u l a t i o n of values ( . 0 1 > p > . 0 0 1 ) ( 1 ) . Medians of 
p a i r s of samples were compared by the Mann-Whitney two sample 
U-test; the s i g n i f i c a n c e l e v e l s f o r these t e s t s are presented i n 
Table 9 . 2 0 . 2 . The lowest median l e v e l s of p e c t o r a l i s muscle 
t o t a l glycogen occur i n moult stages 3 and i | (Table 9 .20 .1 ) 

(Figure 9•15«a),'reference to Table 9 .20.2 shows t h a t the medians 
f o r these moult stages are s i g n i f i c a n t l y smaller than the medians 
f o r moulted b i r d s or b i r d s i n moult stage 1. The percentage 
r e d u c t i o n i n muscle glycogen between moult stages 1 and 3 

and the subsequent r i s e i s much the same as f o r the glycogen 
concentrations described i n the next section.. 
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Table 9 .20.1 Median values of t o t a l p e c t o r a l l s muscle glycogen 
( i n mg) f o r morning-caught j u v e n i l e Willow Warblers 
during and a f t e r the moult • 

Moult stage 1 1 .̂25 (5.8o - 2 .70) ( 7 ) a 

Moult stage 2 2.75 (6.51 - 1 .7k) (17) 

Moult stage 3 1.96 (ii . 1 5 - 1 .59) (20) 

Moult stage k 2.25 (3.1+9 - 0 .77) (9 ) 

Moulted 3-it-O (11.77 - 1 .79) (19) 

a. median (95$ confidence l i m i t s ) (Sample si z e ) 

Table 9.20.2 Signficance l e v e l s of Mann-Whitney U-test performed 
on p a i r s of medians of t o t a l muscle glycogen of 
j u v e n i l e Willow Warblers caught i n the morning. 
1 2 3 k 

2 P> . 0 5 

3 p =.0J+1 p =.161^ 
k .02>p>.002 P> . 0 5 p =.212 
Moulted P> . 0 5 P> « 0 5 p =.009 .02>p>.002 
1 ,2,3 and k are stages of the moult. p - p r o b a b i l i t y t h a t the 
medians f o r not d i f f e r . 
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9.21 P e c t o r a l i s muscle glycogen c o n c e n t r a t i o n of morning-caught 
j u v e n i l e Willow Warblers 

The measure of concentration was taken as mg glycogen per gm wet 
weight as t h i s was the parameter measured by the assay and only 
a few of the muscles f o r which there are glycogen l e v e l s were 
ext r a c t e d of l i p i d . However, as shown i n previous sections wet 
weight i s a good measure of changes i n f a t - f r e e dry weight. Again 
the data f o r 1970 and 1971 were combined. 

The frequency d i s t r i b u t i o n s of the samples were not normal, and so 
a Kruskal-Wallis one-way analysis of variance was used to t e s t 
whether a l l the samples could have been drawn from the same 
d i s t r i b u t i o n . This was not the case ( . 0 5 > p > . 0 2 ) ( 1 ) , demonstrating 
t h a t the medians f o r the fo u r samples during the moult and f o r 
moulted b i r d s d i f f e r e d amongst themselves (Table 9.21.1). Pairs 
of medians were compared by the Mann-Whitney U-test; the s i g n i f i c a n c e 
l e v e l s are presented i n Table 9.21.2. As f o r t o t a l muscle glycogen 
the smallest median l e v e l s are found i n moult stages 3 and I4. 
(Table 9-21.1) (Figure 9.l6.a), and are s i g n i f i c a n t l y smaller than 
the medians f o r the samples drawn from moult stage 1 or moulted 
b i r d s (Table 9.21.2). There i s a 1+9% r e d u c t i o n i n median muscle 
glycogen con c e n t r a t i o n between moult stages 1 and 3J w i t h a 
subsequent r i s e so t h a t the median f o r moulted b i r d s i s only 
J\3% smaller than the median f o r moult stage 1. I t was not 
possible to demonstrate a d i u r n a l cycle i n muscle glycogen l e v e l s , 
but t h i s was due t o small sample sizes; there i s no reason t o expect 
tha t Willow Warblers are any d i f f e r e n t i n t h i s respect from other 
species i n which such a d i u r n a l increase has been repeatedly demon-
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s t r a t e d (Farner et_.al_.196l , George and Chandra-Bose 1967,Hissa and 
Palokangas 1970). 

Table 9 .21.1 Median values of p e c t o r a l i s muscle glycogen 
concentrations (expressed as mg glycogen/gm 
wet weight muscle) f o r j u v e n i l e Willow Warblers 
caught i n the morning, during and a f t e r the moult. 

Moult stage 1 3.75 (5.30 - 2 .10) ( 7 ) a 

Moult stage 2 2.33 (5.02 - 1 .k-9) (17) 

Moult stage 3 1.93 (2.92 - 1 .61 ) (21 ) 

Moult stage k 2.00 (2.82 - 0 .77) (9) 

Moulted 3.25 2 .31+) (19) 

a. median (95$ confidence l i m i t s ) (sample s i z e ) 

9/ 
Table 21.2 S i g n i f i c a n c e l e v e l s of Mann-Whitney U-tests 

performed on p a i r s of medians of muscle glycogen 
con c e n t r a t i o n ( i n mg/gm wet weight) of morning-
caught j u v e n i l e Willow Warblers. 

3 

1 

2 P > . 0 5 

3 p=.0l+1 P=-156 

J+ . 0 5 > p > . 0 2 P > . O 5 

Moulted 

p > . 0 5 P > . 0 5 

p=.166 

p=.02ij. . 0 2 > p > .002 

1,2,3, and l± are moult stages. p - p r o b a b i l i t y t h a t the medians do 
not d i f f e r . 

http://et_.al_.196l
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9.22 The r e l a t i o n s h i p between muscle size and glycogen 
concentration 

Table 9 .22.1 C o r r e l a t i o n and l e a s t squares regression analyses 
between p e c t o r a l i s muscle wet weight and muscle 
glycogen (mg) per gm wet weight i n j u v e n i l e Willow 
Warblers caught i n the morning. 

0?2 hours a f t e r sunrise 

z SD z p n 
Moulting 0.1+1 0.20 2.03 .01+2 11|. 

Moulted 0.1+1+ 0.19 2.28 .023 15 

Least squares regression 
Moulting y = 2+. 01+ x - 2.289 = 1.57- n=Tl]_ 
Moulted y = 8.22 x - 6.285 SE^ = 2.83 n=l£ 

2-1+ hours a f t e r sunrise 
z SD z p n 

Moulting -0 .16 0.19 0.85 0.1+1 16 

Moulted 0. II4. - - 0.72 8 

I(.-6 hours a f t e r sunrise 
Moulting 0.53 0.11+ 7 

where,z-Kendall's rank c o r r e l a t i o n c o e f f i c i e n t , SD i t s standard 
e r r o r , p- the p r o b a b i l i t y t h a t z i s s i g n i f i c a n t l y d i f f e r e n t from 
zero,y i s mg glycogen/gm wet weight of muscle and x i s p e c t o r a l i s 
muscle wet weight i n gms. 

Since there i s a r e d u c t i o n i n p e c t o r a l i s muscle glycogen l e v e l s 
i n the middle of the p o s t - j u v e n i l e moult, i t seemed l i k e l y t h a t i f 
t h i s was i n some way l i n k e d to the decreases found i n muscle p r o t e i n , 
then small muscles would have less glycogen (on a per gm wet weight 
b a s i s ) than large ones. C o r r e l a t i o n analyses were used t o t e s t 
t h i s . As the frequency d i s t r i b u t i o n s of muscle glycogen concent-
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r a t i o n s are not normal, Kendall's rank c o r r e l a t i o n c o e f f i c i e n t 
has been used. F u l l y moulted b i r d s have been compared w i t h b i r d s 
i n moult stages 2 and 3 combined i n order t o increase the sample 
size; moult stage l+ has been omitted so as t o e l i m i n a t e any overlap. 

As Table 9 .22.1 i l l u s t r a t e s , only samples taken i n the f i r s t two 
hours a f t e r dawn show any s i g n i f i c a n t c o r r e l a t i o n between p e c t o r a l ! s 
muscle wet weights and mg glycogen/gm wet weight of muscle. There 
i s a s i g n i f i c a n t c o r r e l a t i o n f o r both moulting and moulted b i r d s . 
However, when a l e a s t squares regression model ( f o r which there i s 
no requirement of n o r m a l i t y ) i s f i t t e d t o the data, i t shows 
(Table 9 .22 .1 ) t h a t although the i n t e r c e p t f o r moulted b i r d s i s 
smaller than f o r moulting b i r d s , the greater slope means t h a t most 
values of muscle glycogen concentration are greater f o r the 
moulted b i r d s . 

9.23 F e c t o r a l i s muscle glycogen - discussion 
No previous studies on glycogen changes duri n g the moult have been 
reported. The data f o r j u v e n i l e Willow Warblers during t h e i r post-
j u v e n i l e moult c l e a r l y demonstrates th a t muscle glycogen, whether 
considered as a t o t a l weight or concentration, decreases to a 
minimum i n moult stages 3 and I 4 . , and i s already reduced i n moult 
stage 2 . (Figures 9.15.a, 9 . 1 6 .a). These reductions are s t a t i s t i c a l l y 
s i g n i f i c a n t , and there i s no s t a t i s t i c a l d i f f e r e n c e between b i r d s 
at the s t a r t of the- moult ( s t a g e l ) and f u l l y moulted b i r d s . As 
pointed out i n Chapter 3 .6 , the middle p e r i o d of the moult 

( e s p e c i a l l y moult stage 3) i s a time of intense f e a t h e r growth, 
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whereas i n stage I4. a s u b s t a n t i a l number of feathers are f u l l y 
grown. However, i n stage li t h e r e i s more moult i n the breast area 
(over the p e c t o r a l i s ) than i n stage 2; glycogen l e v e l s are lower 
i n stage l\. than i n stage 2 . This evidence s t r o n g l y supports the 
view t h a t the decrease i n muscle glycogen i s l i n k e d to the moult 
of the f e a t h e r t r a c t s o v e r l y i n g the p e c t o r a l muscles. Since the 
p e c t o r a l i s muscle provides the main source of heat by muscle 
sh i v e r i n g i n b i r d s (Hart 19&2), i t i s l i k e l y that exposure of these 
muscles during the moult would increase the energetic cost of 
thermoregulation, due to the increase heat loss from the v e n t r a l 
area. I n the pigeon Chandra-Bose and George (1967 ) found t h a t 
b i r d s w i t h the breast defeathered and subjected to c o l d stress 
(2°C compared w i t h 30°C) showed s i g n i f i c a n t reductions i n muscle 
glycogen compared w i t h c o n t r o l pigeons kept at the same low temper
ature. They proposed t h a t the glycogen was being used f o r 
metabolic heat production. 

However, there are no e f f e c t i v e reserves of muscle glycogen which 
can be used up f o r thermogenesis, f o r as Parner e t . a l . (1961) and 
t h i s study show, the t o t a l amounts are always very low i n s k e l e t a l 
muscle; r a t h e r the metabolism of the muscle i s a l t e r e d during c o l d 
stress such t h a t measureable l e v e l s of glycogen i n t h e muscle 
decrease. Nor does t h i s necessarily imply t h a t carbohydrate i s 
the primary substrate f o r o x i d a t i o n as Chandra-Bose and George (1967 ) 

seem to suppose. The n i g h t i n autumn l a s t s f o r about eight hours; 

glycogen reserves of the muscles could not provide enough energy 
f o r more than a small f r a c t i o n of t h i s time. 
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D i r e c t evidence that most chemical thermogenesis must occur at 
ni g h t comes, of course, from weather records which show t h a t , as 
expected, the lowest a i r temperatures during the autumn were found 
at n i g h t . I n d i r e c t evidence i s found i n the observation t h a t there 
i s a c o r r e l a t i o n between muscle glycogen c o n c e n t r a t i o n and muscle 
wet weight only during the f i r s t two hours a f t e r sunrise. As l a r g e r 
muscles presumably produce more heat by s h i v e r i n g than small ones, 
and i f chemical thermogenesis r e a l l y takes place mainly overnight, 
then t o m a i n t a i n a given body temperature smaller muscles would have 
t o produce more heat per gm than large muscles, and so corresponding 
r e d u c t i o n i n glycogen might be expected, given a f i x e d r a t e of 
glycogen synthesis. However, t h i s e f f e c t i s more accentuated f o r 
moulting b i r d s , since as the slope of the regression l i n e i s smaller, 
i n d i v i d u a l s w i t h muscles of the same weight as moulted b i r d s always 
have smaller glycogen concentrations (Chapter 9 . 2 2 ) . 

As i n the case of muscle weights the increase i n muscle glycogen 
i n the premigratory p e r i o d seems t o be a recovery from a r e d u c t i o n i n 
l e v e l s during the moult. Increases i n muscle glycogen during the 
premigratory p e r i o d have been reported before, but i n every case the 
base l i n e w i t h which t h i s increase has been compared has been d i f f e r e n t . 
Parner et_.al_. (1961 ) showed t h a t the dawn l e v e l of p e c t o r a l i s muscle 
glycogen of the White-crowned Sparrow remained constant at 12 mg per 
gm dry weight i r r e s p e c t i v e of the daylength the b i r d s were subjected 
t o . However, the d i u r n a l rhythm discernable i n b i r d s on an 8 hour 
photoperiod i n the spring (up t o 36.7 mg/gm dry weight i n the evening) 
was diminished i n b i r d s on a 20 hour photoperiod (18.6 mg/gm dry 
weight at the end of the l i g h t p e r i o d ) . But G\ao.r.gs and Gh§,ndr&»Bose 
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(1967 ) found an enhanced d i u r n a l rhythm of muscle glycogen i n the 
Rosy Pastor during the premigratory p e r i o d as w e l l as an increased 
dawn l e v e l between March and premigration i n A p r i l . I n the same 
species V a l l y a t h a n and George (1961+) found t h a t evening l e v e l s of 
muscle glycogen i n the premigratory period are double the values 
found e a r l i e r i n the year i n December. 

Thus evidence f o r the po s t u l a t e d switch I s not too sound. There i s 
l i t t l e evidence t h a t the appropriate samples have been compared; f o r 
example, many of the r e s u l t s quoted by George are based on comparisons 
between mid-winter and the premigratory p e r i o d , r a t h e r than from a 
d e t a i l e d examination of events before and du r i n g t h i s p e r i o d . I n 
the Willow Warbler there i s no good reason t o suspect a switch from 
l i p i d t o carbohydrate catabolism, since changes i n muscle glycogen 
can be adequately explained by the events of the preceding moult. 
As y e t , there I s no reason to r e j e c t George's suggestion t h a t the 
p e c t o r a l i s muscles have an enhanced capacity f o r l i p i d synthesis I n 
the premigratory (or probably the mig r a t o r y ) p e r i o d . However, an 
equally l i k e l y e xplanation of the increased l e v e l s of muscle l i p i d 
i s t h a t they r e s u l t from an increase i n l i v e r l i p i d synthesis and 
increase storage around the body. The observation of Farner e t . a l . 
(1961) t h a t storage of l i p i d occurs only i n f l i g h t i m u s c l e s may have 
no other s i g n i f i c a n c e than t h a t p e c t o r a l i s muscles are a s i t e of 
l i p i d storage. 

9.21+ Summary 
Both the wet and dry weights of M.pectoralis decrease during the 
moult, but recover t o t h e i r former l e v e l s during the premigratory 
p e r i o d . There i s no evidence of muscle hypertrophy. Superimposed 
on these changes, the percentage of glycogen i n the p e c t o r a l i s 
muscle declines to a minimum i n mid-moult and then recovers to former 
l e v e l s i n the premigratory period. The decrease i s probably 
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r e l a t e d t o increased heat production needed during loss of 
i n s u l a t i v e plumage. The percentage of l i p i d i n the muscles 
remains constant during the moult, but increases i n the premigratory 
p e r i o d , when a d i u r n a l increase also becomes evident. L i p i d l e v e l s 
i n the muscle probably r i s e i n response to an increase i n l i p i d 
l e v e l s i n the whole body. 
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Chapter 10 . L i v e r composition of Willow Warblers during and 
a f t e r the moult. 

1 0 . 1 . I n t r o d u c t i o n 
Unlike the mammalian s i t u a t i o n , avian adipose t i s s u e i s not 
capable of appreciable de_ novo f a t t y a c i d synthesis (Goodridge 
1961]. f o r the White-crowned Sparrow, Goodridge and B a l l 1967a 

i n the pigeon, O'Hea and L e v e i l l e 1968 i n the chicken). The 
major s i t e of f a t t y a c i d synthesis i s the l i v e r (Goodridge and 
B a l l 1967a) ; i n pigeons up t o 96$ of t o t a l f a t t y acid synthesis 
occurs i n t h i s organ. As the p r e p a r a t i o n f o r migration i n passerine 
b i r d s i s marked by d e p o s i t i o n of l i p i d (King and Parner 1 9 5 9 , 1 9 6 5 ) , 

i t i s l o g i c a l to examine changes i n the composition of the l i v e r 
d u r i n g the premigratory p e r i o d . Also, since i t has been shown 
(Chandrabose, Bensadoun and C l i f f o r d 1971) t h a t l i p o g e n i c enzymes 
of the avian l i v e r have d i u r n a l rhythms of a c t i v i t y , not only 
has l i v e r composition of premigratory and non-migratory i n d i v i d u a l s 
been compared, but the d i u r n a l v a r i a t i o n s of various parameters 
have been examined. 

I n j e c t i o n s of mammalian p r o l a c t i n can produce f a t t e n i n g i n migratory 
b i r d s (Meier and Parner 1961).), which i s comparable i n magnitude 
t o n a t u r a l premigratory l i p i d d e p o s i t i o n . The l i p o g e n i c e f f e c t 
of p r o l a c t i n seems to work v i a the l i v e r Goodridge and B a l l 
(1967b) found a dose-dependent e f f e c t of p r o l a c t i n on l i v e r s i ze, 
such th a t over f i v e days of p r o l a c t i n a d m i n i s t r a t i o n at 1 mg per 
day the l i v e r wet weight doubled. The t o t a l l i v e r n i t r o g e n (a 
measure of the p r o t e i n content) also doubled i n weight, so t h a t the 
percentage of water i n the l i v e r remained constant. This hyper-
t r o p h i e d l i v e r had an enhanced capacity f o r f a t t y a c i d synthesis 



11 3 

from glucose, and was b e t t e r able to process preformed fatty-
acids. These changes were accompanied by an increase i n the 
a c t i v i t i e s of c i t r a t e cleavage enzyme, malate dehydrogenase and 
'malic' enzyme. G-oodridge and B a l l were unable t o f i n d a s i g n i f i 
cant increase i n l i v e r f a t , the excess produced being stored i n t h e i r 
b i r d s i n the adipose t i s s u e . Bates, M i l l e r and Garrison (1962) 
also found an increase i n l i v e r weight i n response to p r o l a c t i n 
a d m i n i s t r a t i o n i n hypophysectomised pigeons. 

10.2 . Methods 
I n the s t a t i s t i c a l analyses a combined sample of moult stages 
2 and 3 has been used as re p r e s e n t a t i v e of moulting j u v e n i l e s . 
Since there i s a s l i g h t increase i n l i v e r l i p i d i n moult stage 

k- (1970, Chapter 10.5)? a possible increase i n t o t a l body l i p i d 
(Chapter 7 .5) and c e r t a i n l y an increase i n p e c t o r a l i s muscle l i p i d 
(1970> Chapter 9 .1 6 ) , moult stage I4. has been combined w i t h the sample 
of moulted b i r d s and compared w i t h the combined sample of moult 
stages 2 and 3. The samples of b i r d s caught i n the evening are 
obtained from d i f f e r e n t years, j u v e n i l e s i n moult stages 1/2 from 
1972, those i n moult stage 3 from 1971* and moulted b i r d s from 
both 1970 and 1971. These samples have been compared w i t h mean 
l e v e l s f o r morning-caught b i r d s i n both 1970 and 1971. 

L i p i d e x t r a c t i o n and q u a n t i f i c a t i o n : 
Since the v e n t r a l lobe of the l i v e r was removed f o r glycogen 
an a l y s i s , the whole of the remaining l i v e r t i s s u e (minus g a l l bladder 
was used f o r the e x t r a c t i o n and measurement of l i v e r l i p i d l:evels. 

The f o l l o w i n g method f o l l o w s Polch e_t. a l . (1957 ). L i v e r t i s s u e 
was dissected from the thawed carcase, weighed and f i r s t homogenised 
w i t h 2/3 of a t o t a l 2 0-fold volume of chloroform:methanol(2 : 1,v/v) 
f o r f i v e minutes i n a glass homgeniser. Cooled chloroform:methanol 
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s o l u t i o n was used. The homogenate was stood i n an ic e bath 
f o r 30 minutes, and the supernatant then poured through a g l a s s f i b r 
f i l t e r paper moistened w i t h the chloroform:methanol s o l u t i o n . 
The remaining p r o t e i n p r e c i p i t a t e was rehomogenised f o r 5 minutes 
w i t h the remaining volume of chloroform:methanol, and the whole 
t i p p e d onto the f i l t e r paper, and washed through w i t h a l i t t l e 
chloroform:methanol c o l u t i o n . To the crude l i p i d e x t r a c t was then 
added 0.2 volumes of 0.05M sodiumchloride s o l u t i o n , and shaken 
i n a glass stoppered tube. This tube was stood overnight at l\°C. 

The upper phase, which contains such contaminants as peptides, 
sugars etc.,was a s p i r a t e d w i t h a f i n e - t i p pipette,. The p u r i f i e d 
l i p i d e x t r a c t was t r a n s f e r r e d t o a 5>ml volumetric f l a s k , and made 
up t o t h i s volume w i t h chloroform:methanol s o l u t i o n . Four 0.5 nil 
a l i q u o t s were placed i n f o i l t r a y s (which had been pre-heated 
on a 60°C h o t - p l a t e , cooled and weighed) and heated f o r 5 minutes 
on the h o t - p l a t e at 60°C. The t r a y s were removed to a dessicator 
c o n t a i n i n g s i l i c a g el and potassium hydroxide, and cooled f o r 
5 minutes; they were then weighed t o +_ 1 p.g. Batches of solvent 
were evaporated, as f o r the samples, every time a batch of samples 
was weighed. No weight increase i n the t r a y s due t o i m p u r i t i e s 
i n the solvent could be found. The percentage er r o r ort the 
quadruplicate a l i q u o t s run f o r each t i s s u e sample was 1-2$. 

Glycogen a n a l y s i s : 
The d e t a i l s of the assay f o r t i s s u e glycogen are given i n the 
se c t i o n on general methods (Chapter 2). However, since the method 
r e l i e s on the d e t e c t i o n of glycogen by h y d r o l y s i s t o glucose,and 
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no c o r r e c t i o n f o r t i s s u e glucose was used, the q u a n t i t a t i v e e r r o r s 
introduced by such a procedure must be examined. 

The amounts of glucose i n t issues i s very small; however i n an 
organ, such as the l i v e r , t o which there i s a copious blood supply, 
the c o n t r i b u t i o n of blood sugar t o the glycogen l e v e l s measured by 
the assay might be important. The blood value of the chick l i v e r 
i s 231 ul/gm wet weight (Steamer 1958); using a blood glucose 
l e v e l of 200 mg%, one gram of wet l i v e r t i s s u e would c o n t a i n c, 
0.I4. mg of blood glucose. The r e d u c t i o n i n plasma glucose l e v e l s 
between moulting and moulted b i r d s In1970 (a maximum of l5mg$), 
would produce a change i n the blood glucose of the l i v e r of only 
0.03mg. Both the changes i n blood glucose i n l i v e r t i s s u e , and 
the absolute values, are much smaller than the measured l e v e l s 
of t o t a l glucose i n t h i s organ. 

Even though the same ( v e n t r a l ) lobe of the l i v e r was used i n a l l 
the analyses, no reproducible measurements could be obtained by 
the usual a l k a l i n e d i g e s t i o n , p r e c i p i t a t i o n w i t h a l c o h o l , and 
q u a n t i f i c a t i o n w i t h anthrone method, due t o r a p i d post-mortem 
glycogenolysis, a phenomenon which has apparently been overlooked 
by previous workers i n t h i s f i e l d . However, as we have seen, 
measurements of t o t a l t i s s u e glucose l e v e l s give a good approximati 
to glycogen l e v e l s f o r l i v e r t i s s u e . 

10.3 The wet weights of the l i v e r s of morning-caught Willow 
Warblers during the autumn 

I n both 1971 and 1970 the variances of the samples of j u v e n i l e 
b i r d s taken during and a f t e r the moult were homogeneous (Table 
1 0 . 3 • 1 ) ( B a r t l e t t \ s t e s t 1 ,3 ) . A one-way a n a l y s i s of variance 
a p p l i e d t o the f o u r moult stages and the sample of moulted b i r d s 
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showed t h a t t h e r e was no s i g n i f i c a n t d i f f e r e n c e "between t h e means 
( . 1 > p > .05) ( 2 ) . However, t h e r e i s a s l i g h t i n c r e a s e i n mean 
l i v e r w e i g h t i n mo u l t e d b i r d s ( T a b l e 1 0 . 3 . 1 . ) . A one-way a n a l y s i s 
o f v a r i a n c e p e r f o r m e d on t h e s i x samples i n 1971 (Table 10 .3 .1 ) 
a l s o showned no s i g n i f i c a n t e f f e c t due t o t h e p o s t - j u v e n i l e 
moult ( . 2 £ > P > . 1 ) (!{-). Nor were t h e mean w e i g h t s o f t h e l i v e r s 
from a d u l t s s i g n i f i c a n t l y d i f f e r e n t f rom j u v e n i l e mean w e i g h t s 
i n e i t h e r y e a r . There was, t h e r e f o r e , no s i g n i f i c a n t change i n 
the t o t a l l i v e r w e i g h t s o f a d u l t o r j u v e n i l e d u r i n g t he autumn. 

Table 10.3.1 Changes i n t h e l i v e r wet w e i g h t s o f W i l l o w Warblers 

d u r i n g t h e autumn. 

J u v e n i l e s 
1970 1971 

Moult stage 
Unmoulted 337. 7 + 28.9 (8) 

1 290.2 + 12.1 0 5 ) a 297. 7 + 15.4. (7) 

2 316.2 + 11.0 (20) 301 . 0 + 9.2 (15) 

3 311+.3 + 8.9 (31) 301. 2 + 7.1 (27) 

k 291+.5 + 11.6 (18) 290. 3 + 18.3 (7 ) 

Moulted 328.2 + 8.3 (53) 286. 1 + 9.0 (27) 

A d u l t s 

M o u l t i n g 313 . 6 + 9.3 (2^) 353. 5 + 35.5 (12) 

Mauled 310 . 9 + 16.8 (7) 

a. mean +_ s t a n d a r d e r r o r (sample s i z e ) i n m g 

10.ij. The f a t - f r e e wet wei g h t s o f l i v e r s o f morning-caught 

W i l l o w Warblers d u r i n g t h e autumn. 

I n b o t h 1970 and 1971 t h e v a r i a n c e s o f the samples o f j u v e n i l e 

W i l l o w Warblers caught d u r i n g t h e moult and t h e p r e m i g r a t o r y p e r i o d 

were homogeneous ( B a r t l e t t ' s t e s t , 1 ,3 ) . One- way analyses o f 

v a r i a n c e a p p l i e d t o t h e f i v e samples i n 1970 (Table IO . J 4..I) and 

t h e s i x samples i n 1971 (Table 10 . I4..I) showed t h a t i n n e i t h e r case 
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was t h e r e any s i g n i f i c a n t d i f f e r e n c e between t h e means ( i n b o t h 
years , 2 5 > p > . 1 ) ( 2 , 4 ) . So, changes i n l i v e r l i p i d were a p p a r e n t l y 
not masking a change i n t h e l e a n wet w e i g h t o f t h e l i v e r ; t h e 
constancy o f mean l i v e r w e i g h t s t h r o u g h t h e moult and a f t e r i s f o u n d 
i n b o t h t o t a l and l e a n w e i g h t s . I n no case were t h e mean w e i g h t s 
f o r a d u l t samples g r e a t e r t h a n any o f t h e j u v e n i l e mean l i v e r 
w e i g h t s . 

Table 1 0 . 4 - 1 . V a r i a t i o n s i n the l e a n l i v e r w e i g h t s o f W i l l o w 

Warblers caught d u r i n g t h e autumn. 

J u v e n i l e s 
Moult stage 1970 1971 

Unmoulted 323.2 + 23.7 (8) 

1 267.9 + 17 .3 ( 9 ) a 285.4 + 14.7 (7) 

2 300.1; + 13 .2 (11) 289.8 + 8.7 (15) 

3 293.3 + 7 -5 (21) 287,6 + 7.0 (23) 

4 276.1 + 13 .2 (10) 278.5 + 17.8 (7) 

M o u l t e d 304-5 + 7 -4 (21+) 274.6 + 9.2 (2(3) 

A d u l t s 

Unmoulted 308.6 + 9.6 (5) 

M o u l t i n g 292.3 + 10 .9 (17) 340.5 + 41.0 (10) 

a. mean +_ s t a n d a r d e r r o r (sample s i z e ) in m g 

10.5 V a r i a t i o n s i n t h e c o n c e n t r a t i o n o f l i p i d i n t h e l i v e r 

o f j u v e n i l e W i l l o w Warblers d u r i n g / a f t e r t h e mo u l t ( m o r n i n q s ) 

A l t h o u g h no s i g n i f i c a n t changes i n t o t a l l i v e r w e i g h t s c o u l d 

be f o u n d , d i f f e r e n c e s i n t h e mean w e i g h t s o f t o t a l and l e a n l i v e r 

w e i g h t s o f j u v e n i l e b i r d s suggest t h a t t h e r e might be changes i n 

l i v e r l i p i d d u r i n g t h e autumn. To t e s t f o r these changes, l i p i d 

c o n c e n t r a t i o n s (mg l i p i d / 1 0 0 mg l i v e r f a t - f r e e d r y w e i g h t ) t h r o u g h 
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t h e moult were examined. 

I n 1970 t h e variances i n c r e a s e d s i g n i f i c a n t l y i n moult stage l\. 

and i n mo u l t e d b i r d s ( 1 ) , so t h a t a l l comparisons o f means have 

been performed u s i n g a two-sample t - t e s t . There were no s i g n i f i c a n t 

d i f f e r e n c e s between t h e means o f moult stages 1,2 and 3 ( 2 ) , and 

a l t h o u g h t h e mean c o n c e n t r a t i o n had i n c r e a s e d i n moult stage. 

t h i s i n c r e a s e was not s i g n i f i c a n t ( 2 ) . However, t h e mean f o r t h e 

sample o f mo u l t e d b i r d s was s i g n i f i c a n t l y l a r g e r t h a n t h a t f o r 

t h e sample o f m o u l t i n g b i r d s i n stage 3 (.01 > p>.001 ) ( 3 ) 5 though 

no g r e a t e r t h a n t h e mean f o r moult stage 2 (1;). 

I n 1971 the v a r i a n c e o f the samples o f m o u l t i n g and unmoulted 

j u v e n i l e s were homogeneous ( B a r t l e t t ' s t e s t , 5 ) j and one-way 

a n a l y s i s o f v a r i a n c e p e r f o r m e d on these f i v e means (Table 10 .5 .1 ) 

showed t h a t t h e r e was no s i g n i f i c a n t e f f e c t due t o t h e stage o f 

mo u l t (p>.25?) ( 6 ) ; b u t t h e o v e r a l l mean f o r these samples -13-70 +_ 

0.26 (SE) mg l i p i d / p e r 100 mg f a t - f r e e d r y wei g h t - was s i g n i f i 

c a n t l y s m a l l e r t h a n t h e mean f o r the sample o f mou l t e d b i r d s 

( , 0 5 > P > . 0 2 ) ( 7 ) . T h u s , i n b o t h years t h e r e i s an i n c r e a s e 

i n l i v e r l i p i d c o n c e n t r a t i o n a f t e r c o m p l e t i o n o f the m o u l t , and 

i n 1970 t h e r e was an i n c r e a s e i n mean l e v e l by moult stage I+. 

Consequently, t o examine t h i s more c l o s e l y t h e d i u r n a l changes i n 

l i v e r c o m p o s i t i o n were f o l l o w e d . 
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Table 10 .5 .1 Changes i n mg l i v e r l i p i d / 1 0 0 mg f a t - f r e e d r y 

w e i g h t o f l i v e r i n j u v e n i l e W i l l o w Warblers d u r i n g 

and a f t e r t h e m o u l t . 

Moult stage 1970 1971 
Unmoulted 1 3 . 8 0 + 1 . 0 2 (8) 

1 12 .92 + 0.71; (11 ) a 1 3 + O.78 (7) 

2 12.96 + 0 .52 (11 ) 13.94 + (11;) 

3 11 .87 + 0 .44 (21) 13 .69 + 0.39 (22) 

4 1 3 . 1 7 + 1 . 3 6 ( 1 0 ) 1 3 . 4 8 + 0 . 8 4 (8) 

Moulted 1 4 . 5 3 + 0 . 8 3 (23) 1 4 . 7 5 + 0 . 4 1 (23) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) 

10.6 D i u r n a l v a r i a t i o n s i n l i v e r f a t - f r e e wet w e i g h t o f j u v e n i l e 

W i l l o w Warblers (Figure 10a) 

The f a t - f r e e ( o r l e a n ) wet we i g h t o f the l i v e r i s a measure o f 

l i v e r s i z e a f t e r t h e major energy source has been removed. T h i s 

w e i g h t i s used as a measure o f c e l l u l a r h y p e r p l a s i a and/or 

h y p e r t r o p h y ; t h e w e i g h t o f t h e o t h e r energy source, glycogen, was 

not s u b t r a c t e d as i t seldom exceeded 1 mg i n t h e whole l i v e r . 

I n 1970 t h e v a r i a n c e f o r t h e samples f r o m t h e t h r e e morning p e r i o d s 

(Table 10.6.1) f o r b o t h " m o u l t i n g and m o u l t e d b i r d s are homogeneous 

( B a r t l e t t ' s t e s t , 1 ) . A ne s t e d one-way a n a l y s i s o f v a r i a n c e 

a p p l i e d t o these s i x samples shows t h a t t h e r e i s a s i g n i f i c a n t 

e f f e c t due t o t i m e o f ca p t u r e d u r i n g t h e morning ( p < . 0 1 ) , b u t 

not due t o t h e s t a t e o f th e moult ( 2 ) . Comparison o f th e means 
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by t h e S t u d e n t i s e d Range Test shows t h a t i n 1970 t h e r e were no 

s i g n i f i c a n t d i f f e r e n c e s between t h e means o f t h e morning subsamples 

o f m o u l t i n g b i r d s . However, a l l t h e means o f mo u l t e d b i r d s f o r t h e 

t h r e e morning p e r i o d s were s i g n i f i c a n t l y d i f f e r e n t f r o m one a n o t h e r 

( a t p = . 0 5 ) . So, t h e mean i n c r e a s e i n l i v e r l e a n wet weight f o r 

m o u l t i n g b i r d s was o n l y 3-3 mg compared w i t h 5>6.3 mg f o r m o u l t e d 

b i r d s . 

I n 1971 two out o f t h e t h r e e samples f o r t h e morning p e r i o d s were 

skewed, and con s e q u e n t l y t h e medians f o r a l l morning p e r i o d s 

i n 1971 were compared by t h e Mann-Whitney U - t e s t ( T a b l e 10.6.1). 

None of t h e medians f o r m o u l t i n g b i r d s d i f f e r e d s i g n i f i c a n t l y 

f r om each o t h e r (3)» but t he medians f o r t h e two samples o f 

mo u l t e d b i r d s t a k e n d u r i n g t h e morning d i d d i f f e r , b u t n o t s i g n i f i 

c a n t l y . 

Table 10.6.1 shows two independent e s t i m a t e s o f l i v e r l e a n wet 

we i g h t f o r j u v e n i l e s caught i n the evening d u r i n g t h e m o u l t . 

The mean o f sample o f b i r d s i n moult stage 1 and 2 i s s i g n i f i c a n t l y 

l a r g e r t h a n t h e mean f o r b i r d s i n moult stage 3 ( . 01 > p > . 001 ) ( i j . ) , 

and b o t h o f these means are s i g n i f i c a n t l y l a r g e r t h a n t h e mean ( o r 

median) f o r t h e l a s t morning p e r i o d i n each year ( 5 ) . The means of 

t h e two independent e s t i m a t e s o f evening l i v e r l e a n w e i g h t f o r 

mo u l t e d b i r d s are not s i g n i f i c a n t l y d i f f e r e n t ( Table 10.6.1), nor(6) 

are t h e y s i g n i f i c a n t l y l a r g e r t h a n t he mean f o r t h e l a s t m orning 

p e r i o d i n 1970, but a r e l a r g e r t h a n t h e means f o r 1971 (7)'-
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Both o f these means f o r evening-caught m o u l t e d b i r d s are s i g n i f i 

c a n t l y s m a l l e r t h a n t h e mean f o r evening-caught j u v e n i l e s i n 

moult stages 1 and 2 ( 8 ) , b u t not s i g n i f i c a n t l y s m a l l e r t h a n t h e 

mean f o r t h e sample i n moult stage 3 ( 9 ) . 

Table 10.6.1 D i u r n a l v a r i a t i o n s i n the l i v e r f a t - f r e e wet we i g h t o f 

j u v e n i l e W i l l o w Warblers d u r i n g and a f t e r t h e m o u l t . 

1970 

M o u l t i n g 

M o u l t e d 

1971 

M o u l t i n g 

Moulted 

Morning (hours a f t e r s u n r i s e ) 
0-2 2-4 4-6 

298.2+17.0 ( 8 ) a 284.7+7.1 (14) 301.5+14.0 (10) 

275.3+16.5 (11) 289.5+11.2 (13) 331.6+10.5 (10) 

285.0 (297-265) 0 4 ) 286 .7(300-278)01) 285.0(355-272) 
0 3 ) 

Moult stage 1/2 

Moult stage 3 

M o u l t e d (1970) 

Moulted (1971) 

265.0 (288-245) (22) 

Evening 

416.2+8.9 (10) 

367.8+8.7 (7) 

345.8+10.305) 

335-5116.300) 

2 9 0 . 0 ( 3 l 6 - 2 4 4 ) ( 8 ) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) b. median (95$ c o n f i d e n c e 
l i m i t s )( Sample s i z e ) I n m g 

Thus the c y c l e o f l e a n l i v e r wet w e i g h t changes i n m o u l t i n g b i r d s 

i s d i s t i n c t l y d i f f e r e n t f r o m t h a t f o u nd i n m o u l t e d b i r d s ; i n t h e 

fo r m e r t h e r e i s no mor n i n g i n c r e a s e i n w e i g h t , b u t t h e evening 

peak i n w e i g h t i s much l a r g e r t h a n i n m o u l t e d b i r d s , and i n the 

l a t t e r t h e r e i s a d i s t i n c t i n c r e a s e i n w e i g h t by s i x hours a f t e r 

s u n r i s e , but t h i s i s no d i f f e r e n t f r o m t h e w e i g h t s o f t h e l i v e r 

f o u n d i n t h e ev e n i n g . 
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10.7 D i u r n a l v a r i a t i o n s i n the t o t a l water o f t h e l i v e r o f 

j u v e n i l e W i l l o w Warblers ( F i g u r e 10a) 

The t o t a l w a t e r c o n t e n t o f t h e l i v e r i s t h e component due t o 

i n t r a c e l l u l a r wa t e r and the e x t r a c e l l u l a r b l o o d . Since t h e 

volume o f b l o o d i n c h i c k l i v e r i s 231 jal/gm wet wt o f t i s s u e 

( S t e a m e r 1958 ) 5 t h e w e i g h t o f b l o o d i n one gm o f wet t i s s u e 
m q 

would be 241 mg. As t h e water c o n t e n t o f a 3 0 0/~liver i s 

about 200 mg (66$) , t h e percentage o f water w e i g h t due t o 

e x t r a c e l l u l a r b l o o d would be 3G%. Thus Q+% o f t h e wei g h t o f 

water i n t h e l i v e r e s t i m a t e d by d r y i n g t h e t i s s u e i s i n t r a c e l l u l a r 

i n o r i g i n . 

Of t h e t h r e e morning samples o f m o u l t i n g b i r d s i n 1970, t h e 

sample f o r 2-4 hours was skewed. The median f o r the sample 

c a p t u r e d I|_-6 hours a f t e r s u n r i s e was not s i g n i f i c a n t l y l a r g e r 

t h a n t h e median f o r t h i s sample (Mann-Whitney U - t e s t , p = . 0 8 ) ( l ) , 

but the mean f o r t h e 4-6 hours sample was s i g n i f i c a n t l y l a r g e r 

t h a n t he mean f o r t h e sample o f b i r d s caught i n t h e f i r s t two 

hours a f t e r dawn ( . 0 2 > p > . 0 1 ) (2) ( T a b l e 1 0 . 7 . 1 ) . A l l t h e 

morning samples o f m o u l t i n g b i r d s i n 1971 had skewed f r e q u e n c y 

d i s t r i b u t i o n s ; comparison o f the medians by Mann-Whitney U - t e s t 

r e v e a l e d no s i g n i f i c a n t d i f f e r e n c e s ( 3 , 4 ) . A d i u r n a l i n c r e a s e i n 

l i v e r t o t a l w a t e r had d e f i n i t e l y appeared by t h e evening. Of 

t h e two independent e s t i m a t e s o f t o t a l l i v e r water i n evening-caught 

m o u l t i n g j u v e n i l e s , t h e mean f o r b i r d s i n moult stages 1 and 2 

was s i g n i f i c a n t l y l a r g e r t h a n t h a t f o r b i r d s i n moult stage 

3 ( . 0 1 > p > . 0 0 5 ) ( 5 ) . Both o f these e s t i m a t e s o f l i v e r t o t a l 

w a t e r were s i g n i f i c a n t l y g r e a t e r t h a n t h e mean, or median l e v e l 

a t 4-6 hours a f t e r s u n r i s e ( p < . 0 0 2 i n a l l cases ) ( 6 ) ( T a b l e 1 0 . 7 . 1 ) . 
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A l l t h e samples o f m o u l t e d b i r d s from t he morning i n 1970 
were skewed, and c o n s e q u e n t l y a K r u s k a l - W a l l i s one-way a n a l y s i s 
o f v a r i a n c e was pe r f o r m e d on the t h r e e samples t o determine 
whether t h e y were a l l drawn f r o m one d i s t r i b u t i o n w i t h a common 
median. They were n o t ( . 0 1 > p > . 0 0 1 ) ( 7 ) . The median f o r 
i | - 6 hours a f t e r s u n r i s e i s s i g n i f i c a n t l y l a r g e r t h a n t he median 
f o r 0-2 hours (Table 1 0 . 7 . 1 , p= . 0 0 3 ) ( 8 ) , and i s l a r g e r than t h e 
median f o r 2-1). hours a l s o (p= . 0 2 2 ) ( 9 ) . I n 1971 t h e median f o r 
3-5 hours a f t e r s u n r i s e was l a r g e r t h a n t h a t f o r 0-2 hours, b u t 
t h i s d i f f e r e n c e was n o t s t a t i s t i c a l l y s i g n i f i c a n t ( 1 0 ) . P r o b a b l y , 
t h e r e f o r e , t h e i n c r e a s e i n l i v e r t o t a l w a t e r occurs l a t e i n t h e 
morning; t h e evidence from 1970 would a l s o support t h i s view. The 
median o f t h e sample o f evening-caught m o u l t e d b i r d s was 
s i g n i f i c a n t l y l a r g e r t h a n t h e median f o r t h e l a s t m o r n i n g p e r i o d s 
i n 1970 and 1971 (p=.00l^ , and p < . 0 5 r e s p e c t i v e l y ) ( 1 1 ) , but i s 
s i g n i f i c a n t l y s m a l l e r t h a n t h e medians f o r evening-caught b i r d s 
d u r i n g t h e p o s t - j u v e n i l e moult ( 1 2 ) . 

The d i f f e r e n c e s between m o u l t i n g and m o u l t e d b i r d s i n the d i u r n a l 

change i n l i v e r t o t a l w a t e r , seems t o depend p r i m a r i l y on t h e t i m e 

at w h i c h t h e i n c r e a s e s occur. I n m o u l t i n g b i r d s t h e i n c r e a s e i n 

t o t a l w a t e r w e i g h t d u r i n g t h e f i r s t s i x hours o f d a y l i g h t i s 

27 mg i n 1970 and 1.5 mg i n 1971; i n . b o t h y e a r s t h e i n c r e a s e f o r 

mo u l t e d b i r d s i s l a r g e r , 32 mg i n 1970 and 10 mg i n 1971. The 

i n c r e a s e s i n 1971 are s m a l l e r , presumably because t h e i n c r e a s e 

i s measured over a s h o r t e r p e r i o d o f t i m e . However, t h e s i z e o f 

the evening peak i n l i v e r w a t e r w e i g h t i s g r e a t e s t i n m o u l t i n g 
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b i r d s ; i n f a c t e x a m i n a t i o n o f t h e means f o r t h e t h r e e e v e n i n g 

samples s t r o n g l y suggests t h a t t h e r e i s a p r o g r e s s i v e decrease 

i n t h e ev e n i n g weight o f t h i s component o f t h e l i v e r d u r i n g t h e 

autumno 

Table 1 0 . 7 . 1 . D i u r n a l v a r i a t i o n s i n t h e t o t a l l i v e r w a t e r w e i g h t 

of t h e j u v e n i l e W i l l o w W a r b l e r s d u r i n g and a f t e r 

t h e m o u l t . 

Morning 

Hours a f t e r s u n r i s e 

0-2 

2-k 

k-b 

0-2 

2- 3 

3 - 5 

Evening 

Moult stages 1/2 

Moult stage 3 

M o u l t e d 

M o u l t i n g 
1 9 7 0 

M o u l t e d 

1 8 2 . 5 ( 1 9 8 - 1 6 7 ) ( 1 0 ) a 186.1*. ( 1 9 6 . 9 - 1 7 9 . 5 ) ( 2 2 ) 

1 9 2 . 5 ( 2 0 7 . 2 - 1 8 J 4 . . 5 ) ( 2 0 ) 1 9 6 . 3 ( 2 2 1 . 5 - 1 8 2 . 3 ) (23) 

2 1 0 . 0 ( 2 3 0 . 2 - 1 9 9 . 6 ) ( 1 7 ) 2 1 7 . 5 ( 2 3 3 . 5 - 2 0 7 . h ) (26) 

1 9 7 1 

1 9 1 . 0 ( 1 9 8 . 3 - 1 7 3 o 7 ) ( 1 l O 1 8 2 . 5 ( 1 9 7 . 5 - 1 6 7 . 0 ) ( 2 1 ) 

1 9 0 . 5 ( 2 0 2 C 3 - 1 8 5 0 7 ) ( 1 ^ ) 

192.5 ( 2 [ j . i . 7 - 1 8 5 . 5 ) ( 1 ^ ) 192.5 ( 2 1 2 . 7 - 1 1 4 - 0 . 1 ) ( 8 ) 

2 8 0 . 0 ( 3 1 9 . 7 - 2 7 5 . 3 ) ( 9 ) 

2 5 0 . 0 ( 2 9 5 . 9 - 2 l | 7 . 0 ) ( 7 ) 

2 3 0 . 0 ( 2 5 0 o 5 - 2 2 7 . 8)(27) 

a. median (95% c o n f i d e n c e l i m i t s ) ( s a m p l e s i z e ) . I n m g . 

D i r e c t r e f e r e n c e s i n t h e l i t e r a t u r e t o t h e t o t a l w a t e r c o n t e n t 

of t h e l i v e r are few. E x t r a c t i o n o f f i g u r e s f r o m t h e p u b l i s h e d 

d a t a o f D o l ' n i k and B l y u m e n t a l (1967) f o r caged j u v e n i l e C h a f f i n c h e s 

d u r i n g t h e autumn show a d e p r e s s i o n o f t h e e v e n i n g peak o f l i v e r 

w a t e r f r o m c ,620 mg i n m o u l t i n g b i r d s t o c, I4.50 mg i n p r e m i g r a t o r j 
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F i g u r e 10.a . D i u r n a l v a r i a t i o n s i n the l i v e r c o m p o s i t i o n o f 

j u v e n i l e Wil.low Warblers d u r i n g and a f t e r t h e 

m o u l t . 

O r d i n a t e - mg wei g h t 

Abscissa - t h e p e r i o d o f c a p t u r e d u r i n g t he day; 

0-2,2-4, and 4-6 a r e hours a f t e r s u n r i s e ; E -

evening. 

Top p a n e l - mean t o t a l l i v e r f a t - f r e e wet w e i g h t s . 

Middle p a n e l - mean t o t a l w a t e r w e i g h t s . 

Bottom p a n e l - mean t o t a l l i v e r f a t - f r e e d r y w e i g h t s . 

Closed c i r c l e s - m o i i l t e d b i r d s . 

Open t r i a n g l e s - moLilting b i r d s . 



400 

300 

260 

mg 

200 

A / 120 

110 

100 A 

90 

0-2 4-6 E 



1 27 

b i r d s . I n the same spec i e s t h e morning l e v e l o f l i v e r w a t e r i s 
a l s o reduced from c,ljl | -5 mg t o c, lj.20 mg, but i t i s not c l e a r 
whether t h i s i s s i g n i f i c a n t . O v e r a l l t h e y f o u n d a f l a t t e n i n g 
out o f t h e d a i l y r h ythm o f l i v e r w a t e r weight as the b i r d s approach 
t h e m i g r a t o r y p e r i o d , as f o u n d a l s o i n t h i s s t u d y . Naik (1963) 
a l s o f o u n d a decrease i n percentage w a t e r i n t h e l i v e r i n p r e m i g r a -
t o r y b i r d s compared w i t h n o n - m i g r a t o r y i n d i v i d u a l s shot i n the 
mornin g , but t h i s c o u l d have been due t o an i n c r e a s e i n some 
o t h e r l i v e r component. 

10.8 D i u r n a l v a r i a t i o n s i n t h e wa t e r c o n c e n t r a t i o n i n the l i v e r 

of j u v e n i l e W i l l o w Warblers 

I n 1970 a l l t h e samples examined f r o m t he morning had skewed 

f r e q u e n c y d i s t r i b u t i o n s , and co n s e q u e n t l y a l l analyses are by 

Mann-Whitney U - t e s t s . As can be seen from Table 10.8 .1 t h e r e 

are v e r y s m a l l d i f f e r e n c e s between medians f o r d i f f e r e n t t i m es 

d u r i n g t h e morning whether m o u l t e d o r m o u l t i n g b i r d s were concerned. 

This i s c o n f i r m e d by s i g n i f i c a n c e t e s t s ( 1 ) . The r a t i o o f mg w a t e r / 

100 mg f a t - f r e e d r y weight i s c o n s i s t e n t l y l a r g e r i n m o u l t e d b i r d s , 

b u t t h i s i s n ot s i g n i f i c a n t ( 2 ) . I n 1971, t h e fre q u e n c y d i s t r i b u 

t i o n s o f t h e samples were normal, and t h e r e were no s i g n i f i c a n t 

d i f f e r e n c e s between t h e means f o r m o u l t i n g b i r d s d u r i n g t h e morning 

( 3 ) , nor were t h e r e any s i g n i f i c a n t d i f f e r e n c e s f o r m o u l t e d b i r d s 

(k) (Table 1 0 . 8 . 1 ) . 

T h i s r a t i o was l a r g e r i n t h e evening. Tte median r a t i o f o r 

j u v e n i l e s caught i n t h e ev e n i n g i n moult stages 1 and 2 was 

not s i g n i f i c a n t l y d i f f e r e n t f r o m t h e median r a t i o f o r b i r d s i n 

moult stage 3 caught a t t h e same t i m e o f day (T a b l e 1 0 . 8 . 1 ) ( 5 ) ; 

b u t b o t h these medians were l a r g e r t h a n those f o r t h e l a s t morning 
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p e r i o d i n b o t h years f o r m o u l t i n g b i r d s ( 6 ) . The median l e v e l f o r 

m o u l t e d b i r d s caught i n the evening was, no l a r g e r t h a n the r a t i o f o r 

m o u l t i n g b i r d s ( 7 ) . T h i s median r a t i o f o r m o u l t e d b i r d s i s s i g n i f i 

c a n t l y l a r g e r t h a n t h a t f o r the l a s t morning p e r i o d o f m o u l t e d b i r d s ( 8 ) . 

Table 10.8 .1 D i u r n a l v a r i a t i o n s i n t h e w a t e r c o n c e n t r a t i o n 

(mg water / 1 0 0 mg f a t - f r e e d r y w e i g h t o f l i v e r ) 

i n t he l i v e r o f W i l l o w W a r b l e r s d u r i n g and a f t e r 

t h e p o s t - j u v e n i l e m o u l t . 

Morning 1970 

Hours a f t e r 
s u n r i s e 

0-2 

2-4 

4-6 

M o u l t i n g 

207.3 (213.9-206) ( 7 ) a 

208.5 ( 2 1 0 . 2 - 2 0 6 . 4 ) 0 4 ) 

208.7 (214 .3 -207 .2 ) (10) 

1971 

0-2 

2- 3 

3- 5 

Evening 

Moult stages 1/2 

Moult stage 3 

Moulted 

211.3+1.4 0 5 ) 

209.8+0.6 (10) 

210.9+1.0 (11) 

M o u l t e d 

211.0 (215.2-203.8) (11) 

213-3 (224.3-207.7) (12) 

215-5 (317.3-206.4) 0 0 ) 

213.4+J.4 (21 ) 

213.6+2.2 (8) 

237.3 (259.1-232.9) (9) 

255.0 (261.6-230.6) (7) 

242.0 (255 .4-234 .4) (23) 

a. median (95$ c o n f i d e n c e l i m i t s ) (sample s i z e ) b,' mean+standard 
e r r o r (sample s i z e ) 

Since t h e r e were c o n s i s t e n t ( t h o u g h not s i g n i f i c a n t ) d i f f e r e n c e s 

between t h e v a l u e s o f t h i s r a t i o f o r m o u l t e d and m o u l t i n g b i r d s , t h e 

r e l a t i o n s h i p between f a t - f r e e dry w e i g h t and l i v e r water was e x p l o r e d 

f u r t h e r . 
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10.9 The i n t e r r e l a t i o n between l i v e r water and l i v e r f a t - f r e e 

d r y w e i g h t d u r i n g t h e morning 

A d i r e c t p l o t o f l i v e r w a t e r a g a i n s t l i v e r f a t - f r e e d r y w e i g h t 

was not p o s s i b l e as l i v e r water was not n o r m a l l y d i s t r i b u t e d . 

The f o u r t h r o o t was used t o n o r m a l i z e t h e data on l i v e r w a t e r . 

For b o t h 1970 and 1971 a l i n e a r r e g r e s s i o n model was not an 

adequate f i t t o t h e d a t a f o r m o u l t i n g b i r d s , and an a n a l y s i s 

o f v a r i a n c e showed t h a t by a d d i n g a q u a d r a t i c t e r m a s i g n i f i c a n t 

decrease i n t h e r e s i d u a l mean square was achieved. Thus a 

c u r v i l i n e a r model g i v e s t h e b e s t f i t f o r b i r d s i n moult ( T a b l e 

10.9.1). By comparison, a p l o t o f t h e t r a n s f o r m e d l i v e r w a t e r 

a g a i n s t l i v e r f a t - f r e e d r y w e i g h t f o r m o u l t e d b i r d s was a d e q u a t e l y 

d e s c r i b e d by a l i n e a r model. This was t h e case i n b o t h y e a r s 

( T a b l e 10.9.1). The s l o p e s , w h i c h are the r a t i o o f l i v e r w a t e r 

( t r a n s f o r m e d ) t o l i v e r f a t - f r e e d r y w e i g h t , were, o f course, 

s i g n i f i c a n t l y d i f f e r e n t ( T a b l e 10.9.1). 

As a l i n e a r r e g r e s s i o n model adequately d e s c r i b e s t h e r e l a t i o n 

between t r a n s f o r m e d l i v e r w a t e r and f a t - f r e e d r y w e i g h t , t h e 

r a t i o o f these two parameters f o r m o u l t e d b i r d s i s c o n s t a n t , 

and as can be seen f r o m Table 10.9.1 t h e slopes are v e r y s i m i l a r 

between t h e two y e a r s . I n t h e case o f m o u l t i n g b i r d s t h e 

c u r v i l i n e a r r e l a t i o n s h i p means t h a t t h i s r a t i o decreases as 

l i v e r f a t - f r e e d r y w e i g h t i n c r e a s e s . The r e a s o n t h a t t h i s i s not 

r e f l e c t e d i n a decrease i n mean v a l u e s o f w a t e r c o n c e n t r a t i o n 

d u r i n g t h e morning i n m o u l t i n g b i r d s , i s no doubt due t o t h e s m a l l 

changes i n l i v e r f a t - f r e e d r y weight (Chapter 10.11). 

An a l t e r n a t i v e way t o a n a l y s e t h e d a t a i s t o p l o t t he mg water/1OOmg 

f a t - f r e e dry w e i g h t r a t i o a g a i n s t t h e f a t - f r e e d r y w e i g h t o f t h e 

l i v e r . A h o r i z o n t a l l i n e would r e s u l t when t h e r a t e of i n c r e a s e of 



1 30 

l i v e r w a t e r p a r a l l e l e d t h e r a t e o f i n c r e a s e of l i v e r f a t - f r e e dry-
w e i g h t (when these parameters a r e , s a y , p l o t t e d a g a i n s t t i m e ) . I f , 
however, t h e p l o t has a n e g a t i v e s l o p e , t h e amount o f l i v e r w a t e r 
p e r 100 mg o f l i v e r f a t - f r e e d r y w e i g h t would be l e s s a t h i g h e r 
l i v e r f a t - f r e e d r y w e i g h t s , and would i n d i c a t e t h a t t h e r a t e o f 
i n c r e a s e o f l i v e r w a t e r ( a g a i n s t t i m e ) was l e s s t h a n t h e r a t e 
f o r l i v e r f a t - f r e e d r y w e i g h t . Table 10 .9 .2 p r e s e n t s the r e s u l t s 
o f such a n a l y s i s f o r t h e 1970 b i r d s . I n t h i s year t h e f a t - f r e e 
d r y w e i g h t i s p l o t t e d a g a i n l i v e r w a t e r as t h e f o r m e r i s n o r m a l l y 
d i s t r i b u t e d ; and as might be expected m o u l t e d b i r d s show a 
r e g r e s s i o n l i n e w i t h no s i g n i f i c a n t s l o p e , whereas m o u l t i n g 
b i r d s do have a s i g n i f i c a n t n e g a t i v e s l o p e . A s i m i l a r a n a l y s i s 
f o r 1971 produces s i g n i f i c a n t l y n e g a t i v e s l o p e s i n b o t h cases; 
t h i s i s presumably due t o t h e Hack o f b i r d s w i t h h i g h f a t - f r e e 
d r y w e i g h t s o f t h e l i v e r i n t h i s sample, due t h e t h e sampling 
regimen. 

The i m p o r t a n t p o i n t i s t h a t i n b o t h 1970 and 1971 t h e weight 

o f l i v e r w a t e r f o r a g i v e n w e i g h t o f f a t - f r e e d r y l i v e r was 

g r e a t e r f o r m o u l t e d b i r d s t h a n f o r j u v e n i l e s i n t h e p o s t - j u v e n i l e 

m o u l t ; t h i s a p p l i e s w i t h i n t h e range o f 80 t o II4.O mg l i v e r f a t - f r e e 

d r y w e i g h t , t h e w e i g h t s o f most l i v e r s . Thus the i n c r e a s e i n 

l i v e r w e i g h t i s not due s o l e l y t o i n c r e a s e s i n t h e w e i g h t of l i v e r 

w a t e r and l i v e r f a t - f r e e d r y w e i g h t , but a l s o t o an i n c r e a s e i n 

t h e r a t i o between t h e s e two. 
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Table 10.9.1. Regressions equations of \Jliver water i n gm x 

10 (y) against l i v e r f a t - f r e e dry weight 

(gm x 1 0 1 ) ( x ) . 

Moulting 1970 y=3-39 - 0.082 x +0.^61 x 2 

Moulting 1971 y=2.i|8 + 1.797 x -0.^76 x 2 

Moulted 1970 y=2 .94 + 0.773 x +0.088 x 2 

Moulted 1971 y=2.97 + 0.7^0 x +0.081+ x 2 

r n 
0.999 31 

0.999 36 

0.999 33 

0.999 29 

For the d i f f e r e n c e between the slopes 1970 F=30 p < . 0 0 1 ; f o r 
the d i f f e r e n c e between the slopes 1971 F = 6 1 + p < . 0 0 1 . 

Table 10.9.2 The r e g r e s s i o n of l i v e r f a t - f r e e dry weight (mg,y) 

on l i v e r water (mg) /100 mg f a t - f r e e dry weight 

( x ) f o r morning-caught b i r d s i n 1970. 

Moulting y=-1.59 x + lj.27.6 SF^ = 0.^67 t= 3.^1 . 0 1 > p > .001 

Moulted y=-0.13 x + 122.1+ SE^ = 0 . 2 8 1 + t= 0.1+5 .7 > p > . 6 

where, p - p r o b a b i l i t y t h a t the r e g r e s s i o n c o e f f i c i e n t i s s i g n i f i c a n t l y 
d i f f e r e n t from zero. 

10.10 D i s c u s s i o n of the d i u r n a l changes i n the r a t i o of l i v e r 

As was shown i n the previous s e c t i o n s the mean l e v e l s f o r t h i s 

r a t i o are higher f o r moulted b i r d s than f o r moulting b i r d s . 

These d i f f e r e n c e s are not s i g n i f i c a n t , but are the r e s u l t of the 

d i f f e r e n t r e l a t i o n s h i p between these two v a r i a b l e s i n samples of 

moulting and moulted b i r d s . The c u r v i l i n e a r r e l a t i o n between 

l i v e r water and l i v e r f a t - f r e e dry weight means that f o r the range 

of l i v e r weight values found i n morning-caught b i r d s , moulting 

b i r d s have lower v a l u e s of^water / 1 0 0 mg f a t - f r e e dry weight than 

water to l i v e r f a t - f r e e dry weight. 

file:///Jliver
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do moulted b i r d s . The d i u r n a l i n c r e a s e s i n l i v e r l e a n weight found 

i n moulted b i r d s (Chapter 10.6) are p a r t l y a product of the i n c r e a s e 

i n t o t a l water (Chapter 10.7) and p a r t l y due to i n c r e a s e s i n t o t a l 

f a t - f r e e dry weight (Chapter 10 .11) , but these two parameters do 

not i n c r e a s e i n p a r a l l e l . The o r i g i n of the e x t r a water per 100 mg 

f a t - f r e e dry weight i s not known. P o s s i b l y i t i s due to an 

i n c r e a s e i n the blood volume of the l i v e r , perhaps i n response 

l i p i d s y n t h e s i s . However, i t may be due to v a r i a t i o n s i n 

i n t r a c e l l u l a r water, f o r , as was shown fo r the p e c t o r a l i s muscles, 

such changes can occur. 

10.11 Diurnal v a r i a t i o n s i n l i v e r f a t - f r e e dry weight cf j u v e n i l e 

Willow Warblers during and a f t e r moult (Figure 10a) 

The/li ver f a t - f r e e dry weight i s that component of the dr i e d 

l i v e r from which l i p i d has been extracted; i t c l o s e l y approximates 

to the p r o t e i n content of the l i v e r , although t h i s weight has not 

been c o r r e c t e d f o r the weight of t i s s u e glycogen s i n c e t h i s amounts 

to l e s s than 1 mg. 

I n 1970 the v a r i a n c e s of a l l s i x samples of Willow Warblers captured 

during the f i r s t s i x hours of dayl i g h t (Table 10.11.1 ) were homo

geneous ( B a r t l e t t ' s t e s t , 1 ) . Consequently a nested one-way 

a n a l y s i s of varian c e was performed on the s i x means (Table 1 0 . 1 1 . 1 ) . 

There was no s i g n i f i c a n t e f f e c t due to the stage of moult, but a 

s i g n i f i c a n t e f f e c t due to the time of capture during the morning 

(.025>p> . 0 1 ) ( 2 ) . Comparison of the means, by the Studentised 

Range Test, f o r the three samples of moulting j u v e n i l e s r e v e a l e d that 

at p =.05 none of these means were s i g n i f i c a n t l y d i f f e r e n t . I n 
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1971 the v a r i a n c e s f o r the three samples of moulting b i r d s caught 

during the morning are not homogeneous, and a comparison of the med

ia n s of the samples f o r 0-2 hours a f t e r s u n r i s e ( t h i s sample has 

skew frequency d i s t r i b u t i o n ) and 1+-6 hours, shows that the l a t t e r 

median i s s i g n i f i c a n t l y l a r g e r than the former (p=.05) ( 3 ) . 

However, the medians ( f o r 0-2 hours a f t e r s u n r i s e ) and the means 

for 1971 d'o not d i f f e r s i g n i f i c a n t l y from those f o r the same 

morning periods i n 1970 ( i | ) . Of the two independent estimates 

of l i v e r f a t - f r e e dry weight of evening-caught b i r d s , those 

j u v e n i l e s i n moult stages 1 and 2 had a s i g n i f i c a n t l y l a r g e r 

mean than the sample of b i r d s i n moult stage 3 (p < . 0 0 1 ) (5)« 

The mean of sample of b i r d s i n moult stages 1 and 2 was s i g n i f i 

c a n t l y l a r g e r than the mean f o r the I4--6 hours period a f t e r 

s u n r i s e i n both y e a r s ( p < . 0 0 1 ) ( 6 ) . The mean f o r the b i r d s caught 

i n the evening i n moult stage 3 does not d i f f e r s i g n i f i c a n t l y 

from the means for 0-2 or I4.-G hours a f t e r sunrise i n 1970 ( 7 , 8 ) . 

The s i g n i f i c a n t e f f e c t , due to time of capture, found i n the 

nested a n a l y s i s of va r i a n c e conducted on the samples of j u v e n i l e s 

captured i n 1970, was due to mean d i f f e r e n c e s between the samples 

of moulted b i r d s . Comparison of the means r e v e a l s that, at 

p = .05, the mean f o r the sample of b i r d s caught i|-6 hours a f t e r 

s u n r i s e was s i g n i f i c a n t l y l a r g e r than the mean f o r the 0-2 hours 

a f t e r s u n r i s e sample (Table 1 0 . 1 1 . 1 ) . The mean f o r the sample 

of b i r d s caught at 2-i| hours a f t e r s u n r i s e d i d not d i f f e r s i g n i f i 

c a n t l y from e i t h e r of these means. There was no s i g n i f i c a n t 

d i f f e r e n c e between the two means for moulted b i r d s i n 1971 

(Table 10.11 .1 ), but t h i s i s to be expected since there i s no 
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s i g n i f i c a n t d i f f e r e n c e between the means f o r these two periods 

i n 1970 e i t h e r . 

Table 10 .11 .1 D i u r n a l v a r i a t i o n s i n l i v e r f a t - f r e e dry weight 

of j u v e n i l e Willow Warblers during and a f t e r the 

moult. 

Morning 1970 

Hours a f t e r 

s u n r i s e Moulting Moulted 

0-2 99. 1U-+8.ij.0 ( 7 ) a 92.73+ 2.83 (11 ) 

2-k 98.31+2.9U- (15) 90.92+ 3-72 (12) 
k-t> 102.20+3.98 (10) 109.10+3.1+7 (10) 

1971 

0-2 88.7 +2.7 (15) 8 8 . 8 + 3 . 8 (22) 

2-k 91.3+ 1.3 (16) 

I4--6 1 0 1 . 7 + 6 . 2 (6) 88.5+3 .7 (9) 

Evaring 

Moult stages 1/2 1 2 2 . 0 + 1 . 9 (10) 

Moult stage 3 1 0 6 . 2 + 2 . 6 (7) 

Moulted 1 0 1 . 3 + 2 . 6 (2i | ) 

a. mean +_ standard e r r o r ( samplesize) in mg. 

The mean of the sample of moulted b i r d s caught i n the evening 

i s not s i g n i f i c a n t l y d i f f e r e n t from the mean for 1+-6 hours a f t e r 

s u n r i s e ( 9 ) (Table 1 0 . 1 1 . 1 ) . However, t h i s mean i s s i g n i f i c a n t l y 

l a r g e r than the mean for the 2-A hour p e r i o d i n 1970 ( 1 0 ) . 

The mean weight f o r the sample of evening-caught j u v e n i l e s a f t e r 

the moult i s complete i s s i g n i f i c a n t l y smaller than the mean weight 

for the sample of b i r d s i n moult stages 1 and 2 ( p < . 0 0 1 ) ( 1 1 ) , 

but i s not s i g n i f i c a n t l y d i f f e r e n t from the mean f o r b i r d s i n moult 
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stage 3 (.]+> p > -3 ) ( 1 2 ) . 

There are two main d i f f e r e n c e s between t h e d i u r n a l c y c l e o f 

l i v e r f a t - f r e e d r y weight i n m o u l t i n g and mo u l t e d b i r d s . F i r s t , 

t h e m o r n i n g i n c r e a s e i n p r e m i g r a t o r y b i r d s i s g r e a t e r t h a n i n 

m o u l t i n g b i r d s (1 6 mg compared w i t h mg i n 1970), and secondl y 

t h e s i z e o f t h e eve n i n g peak i n wei g h t i s reduced compared t o 

b i r d s d u r i n g t h e p o s t - j u v e n i l e m o u l t . The wei g h t o f the f a t - f r e e 

d r i e d l i v e r , t h e r e f o r e , f o l l o w s much t h e same p a t t e r n o f d i u r n a l 

change, as does t h e t o t a l w a t e r i n l i v e r . 

These r e s u l t s d i f f e r f rom f i g u r e s f o r E a s t e r n B a l t i c W i l l o w Warblers 

( D o l ' n i k and B l y u m e n t a l 1967 ) i n which, a l t h o u g h t h e r e i s an i n c r e a s e 

i n t h e d a i l y mean l e v e l o f f a t - f r e e d r y w e i g h t o f t h e l i v e r between 

moult and t h e autumn m i g r a t i o n , t h e a m p l i t u d e o f d a i l y w e i g h t 

v a r i a t i o n s a l s o i n c r e a s e s , f r o m 10 mg per day t o 50 mg. The 

c o r r e s p o n d i n g f i g u r e s from t h i s study a r e 33 mg f o r t h e m o u l t 

and 11 mg f o r p r e m i g r a t i o n . My f i n d i n g s p a r a l l e l t h e s i t u a t i o n 

i n East B a l t i c C h a f f i n c h e s ( D o l ' n i k and Bl y u m e n t a l 1967) i n which 

t h e autumn m i g r a t i o n sees the d a i l y a m p l i t u d e o f v a r i a t i o n i n 

l i v e r f a t - f r e e d r y w e i g h t c u t by t w o - t h i r d s ; t h i s i s a l s o t h e 

case i n t h e W i l l o w Warblers examined i n t h i s s t u d $ . However, 

over t h e p r e m i g r a t o r y p e r i o d t h e y demonstrated a o v e r a l l decrease 

i n mean w e i g h t of t h e d r y f a t - e x t r a c t e d l i v e r s o f C h a f f i n c h e s , b u t 

t h e r e i s no such decrease i n my W i l l o w Warblers. 
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10,12 D i u r n a l v a r i a t i o n s i n t h e t o t a l l i v e r f a t o f j u v e n i l e 

W i l l o w W a r b l e r s ( F i g u r e 10 .b) 

I n 1970 t h e samples o f m o u l t i n g j u v e n i l e s t a k e n d u r i n g t h e 

morning p e r i o d had homogeneous v a r i a n c e s ( B a r t l e t t ' s t e s t , 1 ) . 

A one-way a n a l y s i s a p p l i e d t o these t h r e e means (Ta b l e 10 .12 .1) 

showed t h a t t h e r e was no s i g n i f i c a n t e f f e c t due t o t h e t i m e o f 

ca p t u r e ( p > .25) ( 2 ) . V a r i a n c e s a g a i n were homogeneous f o r t h e 

t h r e e morning samples o f m o u l t i n g b i r d s t a k e n i n 1971 ( B a r t l e t t ' s 

t e s t , 3 ) j and one-way a n a l y s i s o f v a r i a n c e showed t h a t t h e means 

d i d n o t d i f f e r s i g n i f i c a n t l y ( p > . 2 5 ) (k) • The means o f two 

independent samples o f l i v e r f a t i n evening-caught j u v e n i l e s 

were f o u n d not t o d i f f e r s i g n i f i c a n t l y ( 5 ) j a n d when combined t h i s 

j o i n t mean was s i g n i f i c a n t l y l a r g e r t h a n t h e mean f o r t h e l a s t 

morning p e r i o d i n e i t h e r 1970 or 1971 ( p < . 0 0 1 ) ( 6 , 7 ) . 

I n c o n t r a s t a l l t h e samples o f mou l t e d b i r d s had skewed f r e q u e n c y 

d i s t r i b u t i o n s , and when the medians f o r t h e t h r e e morning samples 

were compared by t h e Mann-Whitney U - t e s t , a l l were f o u n d t o be 

s i g n i f i c a n t l y d i f f e r e n t f rom each o t h e r ( T a b l e 10 .12 .1) ( 8 ) . 

I n 1971 o n l y two p e r i o d were sampled, and a l t h o u g h t h e medians 

are d i f f e r e n t , t h e y a r e not s i g n i f i c a n t l y so (p= . 2 3 ) ( 9 ) , presumably 

because t h e t i m e p e r i o d covered was s h o r t e r ; t h e median v a l u e 

f o r 3-5 h o u r s a f t e r s u n r i s e i n 1971 i s s i m i l a r t o t h e median f o r 

Z-br hours i n 1970. A g a i n independent samples o f l i v e r l i p i d 

l e v e l s i n evening-caught j u v e n i l e W i l l o w Warblers were a v a i l a b l e ; 

t h e means d i d not d i f f e r ( . 1 > p > . 0 5 ) ( 1 0 ) . The mean o f t h i s 

combined sample was s i g n i f i c a n t l y l a r g e r t h a n e i t h e r t h e mean f o r 

I4.-6 hours a f t e r s u n r i s e i n 1970, or t h e median f o r 3-5 h o u r s 

i n 1971 ( p < . 00006) (11 ) . There i s no d i f f e r e n c e i n t h e medians 

between t h e two eve n i n g samples ( 1 2 ) . 
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Table 10.12.1 D i u r n a l v a r i a t i o n s i n the t o t a l l i v e r l i p i d 

of j u v e n i l e Willow Warblers during and a f t e r 

the moult. 

Morning 1970 

Hours a f t e r 

s unrise Moulting Moulted 

0-2 11.38 + 0.60 ( 8 ) a 10.I4.2 (12.1+7-9.39) ( 1 1 ) b 

2-4 1 2 . 2 6 + 0 . ^ 9 (11)-) 13.25 (15,17-11.^2) ( 1 3 ) 

4-6 12.38 + 0.99 (10) 17.00 (21.97-13.53) (10) 

n 971 
0-2 1 2 . 3 5 + 0 . 5 7 (1^) 1 2 . 3 0 ( 1 3 . 5 5 - 1 1 . 3 8 ) (22) 

2- 3 12.60 + 0.i |2 (11 ) 

3- 5 1 3 . 5 6 + 0 . 9 3 (13) 1 3 . 7 5 ( 1 4 - 7 5 - 1 0 . 3 6 ) (8 ) 

Evening 3 3 . 7 7 + 1 - 4 6 (17) 3 1 . 0 0 ( 3 7 - 3 0 - 2 7 . 5 4 ) (25) 

a. mean + standard e r r o r (sample s i z e ) b. median (95% confidence 
l i m i t s ) Tsample size ) I n m g . 

I n moulted b i r d s , therefore during the morning (and i n moulted 

b i r d s only) the ra t e of l i p i d a c c r e t i o n i n the l i v e r exceeds the 

ra t e of l i p i d l o s s . I t i s not p o s s i b l e to e s t a b l i s h from t h i s 

data whether t h i s l i p i d excess i s d i e t a r y i n o r i g i n or i s s y n t h e s i s e d 

de novo. However, as t h i s period i s c h a r a c t e r i s e d by i n c r e a s e d food 

inta k e , and dep o s i t i o n of l i p i d i n the adipose t i s s u e , some de novo 

s y t h e s i s seems l i k e l y . I n both moulting and moulted b i r d s there 

i s a period of l i p i d a c c r e t i o n i n the l i v e r during the afternoon; 

and t h i s does not d i f f e r i n magnitude i n the two c a t e g o r i e s as the 

evening l e v e l s are the same. However, the enforced overnight f a s t 

reduced l i v e r l i p i d to the same l e v e l s i n both moulting and moulted 

b i r d s . Thus any l i p i d s y n t h e s i s e d i n the l i v e r during the premigra-

tory p e r i o d must be stor e d s o l e l y i n the adipose t i s s u e . 
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Figure 10.b . D i u r n a l v a r i a t i o n s i n the t o t a l l i p i d (upper 
panel) and l i p i d c oncentration (lower panel) 
of the l i v e r of j u v e n i l e Willow Warblers d u r i n g 
and a f t e r the moult. 
Ordinate - rag t o t a l l i v e r l i p i d (upper), and 
mg l i p i d per 1OOmg f a t - f r e e dry weight ( l o w e r ) . 
Abscissa i s the period sampled d u r i n g the day; 
0-2, 2-4 and 4-6 are hours a f t e r sunrise, E -
evening. 
Open t r i a n g l e s are mean values f o r moulting 
b i r d s , closed c i r c l e s mean values f o r moulted 
j u v e n i l e s . 
The evening l e v e l f o r moulting j u v e n i l e s i s from 
the sample of b i r d s i n moult stages 1/2, the 
evening l e v e l f o r l i p i d c oncentration of moulted 
j u v e n i l e s i s from 1971; a l l morning mean values are 
from 1970. 
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10.13 D i u r n a l v a r i a t i o n s i n l i p i d c o n c e n t r a t i o n i n l i v e r o f 

j u v e n i l e W i l l o w Warblers ( F i g u r e 10.B) 

The measure o f l i p i d c o n c e n t r a t i o n adopted i s t h e l i p i d i n d e x 

of o t h e r a u t h o r s , mg l i p i d / 1 0 0 mg f a t - f r e e d r y w e i g h t . O f t e n 

t h i s i n d e x has been used s i m p l y as a c o r r e c t i o n f o r s i z e , b u t 

i m p l i c i t i n many uaes i s t h a t i t i s an a p p r o x i m a t i o n t o t h e 

amount o f l i p i d p e r c e l l . 

I n 1970 t h e v a r i a n c e o f t h e t h r e e morning samples o f m o u l t i n g 

j u v e n i l e s were homogeneous ( B a r t l e t t ' s t e s t , l ) ; c o n s e q u e n t l y 

a one-way a n a l y s i s o f v a r i a n c e was conducted on the d a t a ( T a b l e 

10.13.1) t o determine whether t h e r e were any s i g n i f i c a n t e f f e c t s 

due t o time o f c a p t u r e . There was no such e f f e c t ( p > . 2 5 ) ( 2 ) . 

I n c o n t r a s t an a n a l y s i s o f v a r i a n c e o f t h e means f o r t h e samples 

of m o u l t e d b i r d s showed t h a t t h e mean o f t h e sample f o r l±-6 hours 

a f t e r s u n r i s e , was s i g n i f i c a n t l y l a r g e r t h a n t h e mean o f t h e sample 

cdpt.jured a t 0-2 hours a f t e r s u n r i s e (Table 10 .13 .1) (. 05> P > . 025) (3 ) . 

Thus the mean i n c r e a s e i n l i p i d c o n c e n t r a t i o n d u r i n g t h e f i r s t s i x 

hours a f t e r s u n r i s e was 1.08 mg/100mg f a t - f r e e d r y w e i g h t f o r 

m o u l t i n g b i r d s , w h i l s t t h e i n c r e a s e f o r m o u l t e d b i r d s was f o u r t i m e s 

g r e a t e r (I4..33 mg/100 mg f a t - f r e e d r y w e i g h t ) . 

I n 1971 "the v a r i a n c e o f t h e a l l morning samples o f m o u l t i n g and 

mo u l t e d j u v e n i l e s were homogeneous ( i j . ) ; a n e s t e d one-way a n a l y s i s 

o f v a r i a n c e f o u n d no s t a t i s t i c a l e f f e c t due t o t h e t i m e o f c a p t u r e 

or s t a t e of t h e moult ( . 2 5 > P > . 1 ) ( 5 ) . There was, t h e r e f o r e , 

no d i f f e r e n c e between t h e means o f m o u l t i n g b i r d s whatever t h e t i m e 

of c a p t u r e . (Table 1 0 . 1 3 . 1 ) . The mean l e v e l s f o r moulted b i r d s 

were h i g h e r t h a n f o r m o u l t i n g j u v e n i l e s ( t h o u g h not s i g n i f i c a n t l y ) , 
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and the i n a b i l i t y o f t h e t e s t t o d e t e c t any morning i n c r e a s e 

must be due p a r t l y t o the s h o r t e r t o t a l t i m e over which b i r d s 

were c a p t u r e d i n 1971 (5 h o u r s ) , and p a r t l y t o t h e f a c t t h a t t h e 

moulted b i r d s were c o l l e c t e d a t t h e b e g i n n i n g o f the p r e m i g r a t o r y 

p e r i o d . 

Table 10.13.1 D i u r n a l v a r i a t i o n s i n mg l i p i d /100 mg f a t - f r e e 

d r y w e ight o f l i v e r s o f j u v e n i l e W i l l o w Warblers 

d u r i n g / a f t e r t h e m o u l t . 

Morning 

Hours a f t e r 
s u n r i s e 

0-2 

2-k 

1970 

M o u l t i n g 

11.79+0.76 ( 7 ) a 

12.03+0.57(15) 

12.87+0.^9(10) 

1971 

0-2 13.97+0.59(15) 

2- 3 13.96+0.37(10) 

3- 5 13. 65+0.1+0(11 ) 

Evening 

Moult stages 1/2 26.85+ 1 . 2I4. (10) 

Moult stage 3 31+.82+ 2.72 (7) 

M o u l t e d (1970) 

M o u l t e d (1971 ) 

M o u l t e d 

12.06+0.73 (11) 

1l| .12+1.19 (12) 

16.39+1.14+ (10) 

11+.32+0.1+7 (22) 

1^.65+0.80 (8) 

28 .02+2 .1^ (16) 

31+.78+2.85 (8) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) 



By e v e n i n g i n b o t h m o u l t e d and m o u l t i n g b i r d s t h e l e v e l o f 

l i p i d c o n c e n t r a t i o n i n t h e l i v e r has i n c r e a s e d markedly. 

The means o f t h e two independent samples o f m o u l t i n g j u v e n i l e s 

caught i n t h e evening are s i g n i f i c a n t l y l a r g e r t h a n t h e means 

f o r t h e l a s t m o r n i n g p e r i o d i n e i t h e r year ( p < .001 ) (^6), and 

th e mean f o r t h e sample o f b i r d s i n moult stages 1 and 2 

i s s i g n i f i c a n t l y s m a l l e r t h a n t h e mean f o r j u v e n i l e s i n 

moult stage 3 ( . 0 2 > p > . 0 l ) ( 7) (Table 10.13.1). 

The means o f t h e samples o f mo u l t e d b i r d s caught i n t h e e v e n i n 

are not s i g n i f i c a n t l y d i f f e r e n t f r o m each o t h e r ( 8 ) , b u t b o t h 

are l a r g e r t h a n t h e l a s t morning sample f o r m o u l t e d b i r d s i n 

e i t h e r y ear ( 9 ) . Both these evening means are l a r g e r t h a n t h 

mean c o n c e n t r a t i o n f o r e v e n i n g caught j u v e n i l e s i n moult stage 

1/2, t h e sample from 1971 s i g n i f i c a n t l y so (.0£>p>.01) 

(10) ( Table 10.13.1). 
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10.14 The i n t e r r e l a t i o n o f l i v e r l i p i d and l i v e r f a t - f r e e d r y 

weight i n j u v e n i l e W i l l o w Warblers caught i n t h e morning 

By i n s p e c t i o n i t appears t h a t as f a t - f r e e d r y we i g h t i n c r e a s e s so 

does l i v e r l i p i d , though not i n t h e same p r o p o r t i o n ; t h i s s e c t i o n 

analyses t h i s r e l a t i o n s h i p i n more d e t a i l . 

As b o t h l i v e r l i p i d w e i g h t and l i v e r f a t - f r e e d r y we i g h t are 

n o r m a l l y d i s t r i b u t e d , a r e g r e s s i o n model can be f i t t e d t o a p l o t 

o f t h ese two v a r i a b l e s and an a n a l y s i s o f v a r i a n c e p e r f o r m e d . 

The l i n e a r i t y o f t h e p l o t was t e s t e d by f i t t i n g a c u r v i l i n e a r 

model t o t h e da t a ; no s i g n i f i c a n t improvement was fo u n d . The 

r e g r e s s i o n e q u a t i o n s f o r 1970 and 1971 are p r e s e n t e d i n Table 

10.1i | .1 . 

An a n a l y s i s o f c o v a r i a n c e c o u l d d e t e c t no d i f f e r e n c e i n t h e 

magnitude o f t h e slopes i n e i t h e r y e a r , c o n t a r y t o e x p e c t a t i o n s . 

Nor was t h e r e any s i g n i f i c a n t d i f f e r e n c e between t h e a d j u s t e d 

means f o r t h e 1971 data, a l t h o u g h t h e sample f r o m 1970 n e a r l y 

a t t a i n e d s i g n i f i c a n c e a t p = . 0 5 ( l ) j s u g g e s t i n g t h a t t he w e i g h t 

of l i v e r l i p i d i n m o u l t e d b i r d s w i t h s m a l l f a t - f r e e d r y w e i g h t s 

o f t h e l i v e r m i g h t be s l i g h t l y g r e a t e r t h a n t h e amounts found 

i n m o u l t i n g b i r d s . Of course, a l l t h e slopes were s i g n i f i c a n t l y 

d i f f e r e n t from zero ( ^a.ble 10.14 -1). E x a m i n a t i o n o f t h e c o r r e l a 

t i o n c o e f f i c i e n t s i n Table 10.14-1 shows t h a t t h e percentage 

o f v a r i a t i o n e x p l a i n e d by t h e r e g r e s s i o n was always g r e a t e r 

f o r m o u l t e d b i r d s . I n 1970 i t was 51-3% f o r m o u l t e d b i r d s 

compared w i t h 26.4% f o r m o u l t i n g b i r d s , and I n 1971 t h e c o r r e s 

ponding f i g u r e s were 45>-°'% and 34.2%. Thus a l t h o u g h t h e r e are 

no s i g n i f i c a n t d i f f e r e n c e s i n the s l o p e s , I n 1970, when t h e r e 

was a f a i r number o f l a r g e l i v e r s , t h i s slope i s l a r g e r ; and i n 

b o t h y e a r s t h e percentage o f v a r i a t i o n a s s o c i a t e d w i t h t h e r e g r e s s i o n 

was g r e a t e r f o r m o u l t e d b i r d s . 
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Table 10.II4..I Regression analyses o f a p l o t o f l i v e r l i p i d (mg) 

a g a i n s t l i v e r f a t - f r e e d r y w e i g h t (mg). 

M o u l t i n g SE b t d f p r 

1970 y=0.09i;x + 3-01+ 0.029 3.21; 1,30 . 0 1 > p > . 0 0 1 0.52 

1971 y=0.136x + 0.36 0.032 J+.26 J\,3k p < .001 0.59 

M o u l t e d 

1970 y= 0 . l 6 9 x - 2.50 0.029 5.83 1,31 p < . 0 0 1 0.72 

1971 y=0.107x + 3-22 0.022 J+.95 1,28 p < . 0 0 1 0.68 

y i s l i v e r l i p i d ; x i s l i v e r f a t - f r e e d r y w e i g h t ; 

10.15 D i s c u s s i o n o f t h e d i u r n a l v a r i a t i o n s o f l i v e r l i p i d i n 

j u v e n i l e W i l l o w Warblers 

Whether l i v e r l i p i d expressed as a t o t a l w e i g h t f o r t h e l i v e r o r 

as c o n c e n t r a t i o n , t h e r e i s g r e a t e r i n c r e a s e w i t h t i me d u r i n g t h e 

f i r s t s i x hours a f t e r dawn i n m o u l t e d b i r d s ( F i g u r e 10.b). I n 

1970 t h i s amounted t o a t o t a l i n c r e a s e i n l i p i d w e ight o f 6.6 mg 

compared w i t h o n l y 1 mg f o r m o u l t i n g b i r d s . However, a l t h o u g h 

t h e mean c o n c e n t r a t i o n o f l i p i d i n t h e l i v e r (expressed as a l i p i d 

i n d e x ) d i d i n c r e a s e much more i n m o u l t e d j u v e n i l e s t h a n i n b i r d s 

d u r i n g t h e m o u l t , i t was not p o s s i b l e t o e s t a b l i s h f r o m r e g r e s s i o n 

analyses t h a t t hese slopes o f l i v e r l i p i d a g a i n s t l i v e r f a t - f r e e 

d r y w e i g h t were i n f a c t d i f f e r e n t . But the f a c t t h a t m o u l t e d 

b i r d s always had a l a r g e r percentage o f t h e v a r i a t i o n i n t h e i r 

l i v e r l i p i d w e i g h t s a s s o c i a t e d w i t h v a r i a t i o n s I n l i v e r f a t - f r e e 

d r y weight suggests t h a t t h i s I s t h e case. 

The changes i n l i v e r s i z e mask changes i n evening l i v e r l i p i d 

c o n c e n t r a t i o n s . There i s , i n f a c t , an i n c r e a s e i n t h i s parameter 
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f o r j u v e n i l e s c a p t u r e d i n the evening between t h e e a r l i e s t 

m oult stages and m o u l t e d b i r d s ( F i g u r e s 10.b), b u t t h e l a r g e r 

s i z e o f t h e l i v e r s f o u n d i n b i r d s a t t h e s t a r t o f t h e p o s t - j u v e n i l e 

m o u l t produce t h e same t o t a l l i p i d w e ight f o r these two c a t e g o r i e s . 

I t seems, t h e r e f o r e , t h a t not o n l y i s t h e r a t e o f a c c r e t i o n o f 

l i p i d by t h e l i v e r g r e a t e r i n m o u l t e d b i r d s d u r i n g t h e f i r s t s i x 

hours o f d a y l i g h t , b u t t h i s i s a l s o g r e a t e r d u r i n g t h e a f t e r n o o n . 

I n summary, t h e g r e a t e r l i p i d c o n t e n t o f t h e l i v e r s o f m o u l t e d 

b i r d s i s due b o t h t o t h e i n c r e a s e i n l i p i d / 1 0 0 mg f a t - f r e e d r y 

we i g h t ( l i p i d i n d e x ) and t o i n c r e a s e s i n l i v e r f a t - f r e e d r y w e i g h t . 

Dol'nik and B l y u m e n t a l (1907 ) compared t h e l i v e r l i p i d l e v e l s o f 

W i l l o w Warblers i n E s t o n i a d u r i n g t h e m o u l t and d u r i n g autumn 

m i g r a t i o n . B i r d s caught d u r i n g t h e m i g r a t o r y p e r i o d had t w i c e 

as much l i v e r l i p i d (20mg) as m o u l t i n g b i r d s (10 mg). Al s o 

t h e a m p l i t u d e o f d a i l y change i n l i p i d l e v e l s f o r m i g r a t i n g 

w a r b l e r s was 25 mg compared w i t h o n l y 10 mg i n m o u l t i n g b i r d s . 

The a b s o l u t e v a l u e o f l i v e r l i p i d i n m o u l t i n g W i l l o w Warblers 

examined i n my study agree w i t h t h e f i g u r e s f r o m t hese Russian 

p o p u l a t i o n s , a l t h o u g h t h e d a i l y a m p l i t u d e o f change i n l i p i d 

w e i g h t was t w i c e t h e i r v a l u e (20mg). They d i d not d i s c o v e r , 

however, t h a t t h e dawn v a l u e o f l i v e r l i p i d w e ight does not 

v a r y from m o u l t i n g t o p r e m i g r a t o r y b i r d s , s i n c e t h e y d i d not 

examine f e r a l b i r d s d u r i n g t h e p r e m i g r a t o r y p e r i o d . My r e s u l t s 

show t h a t a l l t h e l i p i d a c c r e t e d by t h e l i v e r i s e i t h e r u t i l i s e d 

o v e r n i g h t or t r a n s f e r r e d elsewhere. I n c a p t i v e b i r d s , D o l ' n i k 

and B l y u m e n t a l ( l 9 6 7 ) f o u n d v e r y l i t t l e v a r i a t i o n i n l i v e r l i p i d 

o f j u v e n i l e C h a f f i n c h e s d u r i n g t h e p r e m i g r a t o r y p e r i o d . P u b l i s h e d 
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f i g u r e s h i n t a t a s l i g h t decrease i n t h e evening l i p i d l e v e l , and 

a s l i g h t i n c r e a s e i n t h e morning l e v e l , b u t t h a t i s a l l . 

D u r i n g t h e s p r i n g m i g r a t o r y p e r i o d o f Rosy P a s t o r s , Naik (1963) 

f o u n d an i n c r e a s e i n l i v e r l i p i d (as p e r c e n t o f l i v e r d r y w e i g h t ) 

i n t h e e a r l y morning. As shown above, t h i s does not agree w i t h 

t h e s i t u a t i o n i n W i l l o w W a r b l e r s . Parner e t . a l . (1961) a l s o 

f o u n d t h a t c a p t i v e White-crowned Sparrows i n a m i g r a t o r y c o n d i t i o n 

hadmore l i p i d i n t h e l i v e r a t dawn, t h a n b i r d s k e p t on w i n t e r 

d a y l e n g t h s . P o s s i b l y t h e reason t h e l i v e r l i p i d d i d not become 

d e p l e t e d was t h a t t h e b i r d s i n these experiments were kept at 

temp e r a t u r e s w i t h i n t h e t h e r m o n e u t r a l zone. These m i g r a t o r y 

White-crowned Sparrows d i d not show an enhanced i n c r e a s e i n l i v e r 

l i p i d d u r i n g t h e f i r s t s i x hours a f t e r 'dawn 1; t h e events d e s c r i b e d 

f o r t h e W i l l o w Warblers i n t h i s s t u d y seem t o be th e f i r s t r e p o r t 

of d i f f e r e n c e s i n t h e d i u r n a l c y c l e o f l i v e r l i p i d between m o u l t i n g 

and p r e m i g r a t o r y b i r d s o f th e same s p e c i e s . 

Table 10.15>.1 summarises t h e p u b l i s h e d l e v e l s o f mean d a i l y l i v e r 

l i p i d f o r l o n g d i s t a n c e p a s s e r i n e m i g r a n t s . I t i l l u s t r a t e s t h e 

f a c t , t h a t t h e i n c r e a s e i n l i v e r l i p i d f o u n d i n m i g r a t o r y f i n c h e s 

(and t h e s t a r l i n g ) i s much l a r g e r (between non-migrants and m i g r a n t s ) 

t h a n f o r t h e s m a l l e r w a r b l e r s . I n f i n c h e s i t i s about double, i n 

w a r b l e r s l e s s t h a n t h i s . The s m a l l e s t i n c r e a s e i s found i n my 

stu d y o f W i l l o w W a r b l e r s , but t h i s i s because t h e comparison i s 

not w i t h the m i g r a t o r y p e r i o d . 
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Table 10.15-1 Mean l i v e r l i p i d (mg/gm d r y w e i g h t ) i n v a r i o u s l o n g 

d i s t a n c e m i g r a n t s . 

White-crowned Sparrow 

Captive 

W i l d , 
a f t e r n o o n 

C h a f f i n c h 

C a p t i v e 

W i l d 

8 hour p h o t o p e r i o d 

16 hour p h o t o p e r i o d 

20 hour p h o t o p e r i o d 

Wint er 

S p r i n g p . r e m i g r a t i o n 

S p r i n g m i g r a t i o n 

Autumn m i g r a t i o n 

Moult 

Autumn m i g r a t i o n 

Moult 

Autumn m i g r a t i o n 

W i l l o w Warbler 

W i l d , b 

K u r i s c h e Nehrung Moult 

Autumn m i g r a t i o n 

W i l d , K a r e l i a b Moult 

Autumn m i g r a t i o n 

W i l d , 
Co.Durham Moult 

Autumn p r e m i g r a t i o n 

Garden Warbler 

C a p t i v e Moult 

Autumn m i g r a t i o n 

mg/gm d r y wt Reference 

168 Parner,Oksche, 

293 KamemotOjKing and 

306 Cheyney. (1961) 

130 

259 

242 

1-56 

151 

297 

192 

286 

130 

1 67 

118 

190 

111). 

239 

364 

K i n g , Barker and 

Parner (1963) 

D o l ' n i k and 

Blyu m e n t a l (1967 ) 

D o l ' n i k and 

Blyume n t a l (1967) 

D o l ' n i k and 

Blyu m e n t a l (1967) 

T h i s study 

D o l ' n i k 1966 
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Table 10 .15-1 c o n t i n u e d 

S t a r l i n g 

C a p t i v e ^ 

mg/gm d r y wt Referenc e 

Moult 97 D o l ' n i k 1966 

Autumn migration 178 

a. based on t h e maximum mean v a l u e o f t o t a l H i r e r l i p i d f o r t h e 
morning p e r i o d , b. d a i l y means. 

10 .16 The d i u r n a l v a r i a t i o n s i n l i v e r g l y c o g e n c o n c e n t r a t i o n 

(mg/gm wet w e i g h t ) o f j u v e n i l e W i l l o w Warblers 

As t h e sample s i z e s were s m a l l e r t h a n f o r t h e o t h e r parameters 

measured the d a t a f o r t h e two yea r s were combined. The v a r i a n c e s 

f o r t h e f o u r samples o f l i v e r g l y c o g e n c o n c e n t r a t i o n t a k e n d u r i n g 

t h e morning (Table 1 0 . 1 6 . 1 ) were homogeneous ( B a r t l e t t ' s t e s t , 1 ) , 

and a neste d one-way a n a l y s i s o f v a r i a n c e showed t h a t a l t h o u g h 

t h e r e was no s i g n i f i c a n t e f f e c t due t o t h e s t a t e of moult ( 2 ) , t h e 

e f f e c t due t o t i m e o f c a p t u r e was s i g n i f i c a n t ( . 0 5 > p > . 025) ( 3 ) . 

Comparison o f t h e f o u r means by t h e S t u d e n t i s e d Range Test r e v e a l e d 

t h a t t h e mean f o r t h e sample o f m o u l t i n g b i r d s c a p t u r e d 3'-5 h o u r s 

a f t e r s u n r i s e was s i g n i f i c a n t l y s m a l l e r t h a n t h e mean f o r t h e 

f i r s t two hour p e r i o d ( a t p = . 0 5 ) . There was no s i g n i f i c a n t 

d i f f e r e n c e between t h e means o f t h e two samples o f moulted b i r d s . 

I n t h e m o u l t i n g j u v e n i l e s t h e g l y c o g e n c o n c e n t r a t i o n i n c r e a s e s 

a g a i n i n t h e evening ( T a b l e 1 0 . 1 6 . 2 ) . The mean glycogen c o n c e n t r a 

t i o n f o r b i r d s i n moult stages 1 and 2 was s i g n i f i c a n t l y l a r g e r 

t h a n t h e means f o r b o t h morning • p e r i o d s (1+); and t h e mean 

c o n c e n t r a t i o n f o r b i r d s i n moult s tageV2 caught i n t h e evening 

was s i g n i f i c a n t l y l a r g e r t h a n t h e mean f o r t h e l a s t morning p e r i o d 

( 5 ) « As shown i n Table 1 0 . 1 6 . 2 t h e mean c o n c e n t r a t i o n s o f g l y c o g e n 
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i n t h e l i v e r f o r m o u l t i n g b i r d s caught i n t h e evening are l a r g e r 

t h a n t h e means f o r evening-caught m o u l t e d b i r d s . The sample 

of b i r d s i n moult stage 1/2 has a mean s i g n i f i c a n t l y l a r g e r 

t h a n t h e mean f o r second sample o f moulted b i r d s ( 1 9 7 1 M ( p < . 0 0 l ) 

( 6 ) , and i s a l s o s i g n i f i c a n t l y l a r g e r t h a n t he sample o f b i r d s 

f rom moult stage 3 (. 005 > P > • 001 ) ( 7 ) - The sample o f b i r d s i n 

moult stage 3 does not d i f f e r i n mean v a l u e s f r o m t h e m o u l t e d 

b i r d s sample f r o m 1 9 7 1(b). 

Table 1 0 . 1 6 . 1 Diur.nal v a r i a t i o n s i n t h e l i v e r g l y c ogen 

c o n c e n t r a t i o n (mg/gm wet w e i g h t ) o f j u v e n i l e 

W i l l o w Warblers d u r i n g a f t e r a f t e r t h e m o u l t . 

Hours a f t e r 

s u n r i s e M o u l t i n g M o u l t e d 

0-2 3 -23+0 .15 0 ^ ) a 3 -^0+0 .08 (21 ) 

3-5 2 . 8 9 + 0 . 1 0 ( 1 2 ) 3 .25+0 .23 ( 9 ) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) 

Table 1 0 . 1 6 . 2 Evening v a l u e s of l i v e r g l y c o g e n i n r e l a t i o n 

t o t h e s t a t e o f moult i n j u v e n i l e W i l l o w W a r b l e r s . 

Moult stage mg/gm wet we i g h t T o t a l w eight mg 

1/2 7 . 9 ^ + 1 . 2 ^ ( 9 ) a 3 . 55+0 .53 ( 9 ) 

3 k - 1 1 + 0 . 5 3 ( 5 ) 1 .66+0.20 ( 5 ) 

Moulted,a ( 3 0 / 7 ) d 

3 . 5 6 + 0 . 3 1 ( 5 ) 1.36+0.11). ( 5 ) 

Moulted,b ( 6 / 8 ) d 3 . 0 8 + 0 . 2 6 (5 ) 1 .21+0 .16 (5 ) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) d. date o f c a p t u r e 
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10.17 D i u r n a l v a r i a t i o n s i n t o t a l l i v e r g l y c o g e n o f j u v e n i l e 

W i l l o w Warblers 

Since t o t a l l i v e r g l y c o g e n i s a f u n c t i o n o f b o t h l i v e r s i z e 

and g l y c o g e n c o n c e n t r a t i o n , t h e d i s t r i b u t i o n o f v a l u e s o f 

t o t a l c o n t e n t might be expected t o d i f f e r f r o m t h e p r e c e d i n g 

s e c t i o n . An a n a l y s i s o f v a r i a n c e o f t h e v a l u e s o f t o t a l 

l i v e r g l y c o g e n was i m p o s s i b l e as t h e v a r i a n c e s were heterogeneous 

( B a r t l e t t ' s t e s t , l ) . T h e r e f o r e , t - t e s t s have been used t o 

compare means t h r o u g h o u t . There were no s i g n i f i c a n t d i f f e r e n c e s 

between t h e mean f o r m o u l t i n g b i r d s l i s t e d i n Table 1 0 . 1 7 . 1 ( 2 ) . 

Thus t h e r e seems t o be no i n c r e a s e s o r decrease i n t o t a l 

l i v e r g l y c o g e n d u r i n g t h e f i r s t f i v e hours a f t e r dawn i n 

m o u l t i n g j u v e n i l e s . The decrease i n gl y c o g e n c o n c e n t r a t i o n 

found i n t h e l a s t o f t h e morning p e r i o d s ( s e c t i o n 1 0 . 1 6 ) must 

be t h e 1 i n 20 n o n - s i g n i f i c a n t r e s u l t expected. However, 

moulted b i r d s show a decrease i n t o t a l l i v e r g l y c o g e n d u r i n g 

th e m orning, b u t t h e mean f o r t h e 3-5 hours a f t e r s u n r i s e 

p e r i o d i s n o t s i g n i f i c a n t l y s m a l l e r ( 3 ) t h a n t h e mean f o r 

0-2 h o u r s . 

Again t h e r e i s an i n c r e a s e i n l i v e r g l y c o g e n by t h e evening 

(Table 1 0 . 1 6 . 2 ) . The ev e n i n g sample o f j u v e n i l e s i n m o u l t 

stage 3 i s s i g n i f i c a n t l y l a r g e r t h a n t h e means f o r 1-2 or lj.-5 

hours ( p < . 0 0 1 ) {U.>S); t h e sample mean f o r t h e b i r d s i n moult 
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stages 1/2 i s a l s o s i g n i f i c a n t l y l a r g e r t h a n t h e means f o r 

these two morning p e r i o d s ( p < . 0 0 l ) ( 6 , 7 ) . As f o r g l y c o g e n 

c o n c e n t r a t i o n s , t h e mean f o r t h e sample o f b i r d s i n moult 

s t a g e , 3 J caught i n t h e evening, i s s i g n i f i c a n t l y l a r g e r t h a n 

the mean f o r m o u l t e d b i r d s ( b ) ( p < . 0 0 1 ) ( 8 ) , as i s t h e mean 

f o r j u v e n i l e s i n moult stages 1/2 ( p < . O l ) ( 9 ) . T h i s mean 

f o r m o u l t e d b i r d s caught i n t h e eve n i n g ( b ) i s 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 f r o m t he mean v a l u e f o r the sample o f m o u l t e d 

j u v e n i l e s from t h e f i r s t m o rning p e r i o d ( 1 0 ) . 

Table 1 0 . 1 7 . 1 D i u r n a l v a r i a t i o n s i n t h e t o t a l g l y c o g e n w e i g h t 

o f t h e l i v e r o f j u v e n i l e W i l l o w Warblers d u r i n g 

and a f t e r t h e m o u l t . 

Hours a f t e r s u n r i s e M o u l t i n g Hours a f t e r M o u l t e d 

s u n r i s e 

1 - 2 0.95+.OJ4. (12 ) a 0-2 1 .05+ .06 ( 2 0 ) 

2 - 3 0 . 9 2 + . 0 i | ( 1 3 ) 

3- k- 0 . 8 2 + . 0 5 (6 ) 3-5 0.9i j-+.08 ( 9 ) 

k - B 0 . 9 3 + . 0 6 ( 6 ) 

a. mean +_ s t a n d a r d e r r o r (sample s i z e ) i n m g 

10.18 D i s c u s s i o n o f d i u r n a l changes i n l i v e r g l y c o g e n d u r i n g 

and a f t e r t h e moult 

D u r i n g t h e autumn i n j u v e n i l e W i l l o w Warblers t h e d i u r n a l c y c l e o f 

l i v e r g l y c o g e n (whether expressed as t o t a l o r c o n c e n t r a t i o n ) 

d i s c e r n a b l e i n m o u l t i n g b i r d s d i s a p p e a r s . T h i s i s due t o a 

p r o g r e s s i v e r e d u c t i o n i n t h e s i z e o f t h e evening peak o f l i v e r 

g l y c o g e n . D u r i n g t h e p r e m i g r a t o r y p e r i o d , t h e r e f o r e , t h e r e i s 

p r a c t i c a l l y no d i u r n a l v a r i a t i o n i n l i v e r g l y c o g e n . Farner e t . a l . 
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(1961) f o u n d a s i m i l a r d i f f e r e n c e i n t h e d i u r n a l c y c l e o f l i v e r 

g l y c o g e n i n White-crowned Sparrows. B i r d s k e p t on an e i g h t 

hour p h o t o p e r i o d showed a s t r o n g evening peak, whereas b i r d s 

t r a n s f e r r e d t o 20 h o u r s showed no such evening p e a k , ( t h e l a t t e r 

b i r d s were however i n a m i g r a t o r y s t a t e ) . Where W i l l o w Warblers 

d i f f e r f r o m White-crowned Sparrows i s t h a t t h e r e i s no o v e r a l l 

i n c r e a s e i n l i v e r g l y c o g e n d u r i n g t he p r e m i g r a t o r y p e r i o d as 

fo u n d i n t h e sparrows ( P a r n e r , Barker and King 1 9 6 3 ) . D o l ' n i k 

and B l y u m e n t a l (1967) c l a i m t h a t i n t h e W i l l o w Warbler t o o 

t h e r e i s an o v e r a l l i n c r e a s e i n l i v e r g l y c o g e n between m o u l t i n g 

b i r d s and b i r d s d u r i n g t h e autumn m i g r a t i o n . However, s i n c e 

the measure o f l i v e r g l y c o g e n t h e y used was t h e v a r i a t i o n i n 
as 

weight o f the d r y n o n - f a t l i v e r , and/changes i n t h i s parameter 

_e_xceed by over an o r d e r o f magnitude the_ d a l l y v a r i a t i o n s f o r 

g l y c o g e n found i n my study, t h e w e i g h t v a r i a t i o n s t h e y n o t e d 

are p r o b a b l y a b e t t e r i n d i c a t o r o f changes i n p r o t e i n w e i g h t . 

Naik ( 1963) found an i n c r e a s e i n l i v e r g l y c o g e n i n Rosy P a s t o r s 

at t h e end of t h e p r e m i g r a t o r y p e r i o d ; these b i r d s were c o l l e c t e d 

a t dawn. No such i n c r e a s e was fo u n d i n W i l l o w W a r b l e r s . However, 

t h e s i t u a t i o n Naik s t u d i e d i s p r o b a b l y c l o s e r t o t h a t s t u d i e s on 

White-crowned Sparrows, as i n b o t h cases t h e b i r d s had a l r e a d y 

undergone l i p i d d e p o s i t i o n b e f o r e t h e samples were t a k e n . 
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10.19 Summary 

Both t o t a l and l e a n l i v e r w e i g h t s o f j u v e n i l e W i l l o w Warblers 

showed no s i g n i f i c a n t changes d u r i n g or a f t e r t h e m o u l t . However, 

l i p i d l e v e l s (mg /100 mg l e a n d r y w e i g h t ) were g r e a t e r i n m o u l t e d 

b i r d s . For b o t h t o t a l w a t e r and f a t - f r e e d r y w e i g h t (= p r o t e i n ) , 

t h e a m p l i t u d e o f d a i l y v a r i a t i o n was g r e a t e r i n m o u l t i n g t h a n 

m o u l t e d b i r d s , b u t t h e l a t t e r c a t e g o r y r e a c h t h e i r maximum d a i l y 

w eight by s i x hours a f t e r dawn; m o u l t i n g b i r d s a t t a i n e d peak w e i g h t s 

i n t h e evening. L i v e r w a t e r l e v e l s (mg/100mg f a t - f r e e d r y w e i g h t ) 

were g r e a t e r i n m o u l t e d b i r d s . L i p i d w e i g h t s i n t h e l i v e r i n c r e a s e d 
t h e 

i n b o t h groups i n / a f t e r n o o n , a l t h o u g h t h e magnitude o f t h i s i n c r e a s e , 

on a per 100 mg f a t - f r e e d r y w e i g h t b a s i s , was g r e a t e r i j n m o u l t e d 

b i r d s , as was the i n c r e a s e d u r i n g t he morning. L i v e r g l y c o g e n 

showed d i u r n a l v a r i a t i o n o n l y i n m o u l t i n g b i r d s , and not i n 

moulted, due t o t h e disappearance o f an evening peak i n w e i g h t . 
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Chapter 1 1 . Blood c o m p o s i t i o n o f W i l l o w Warblers 

11 .1 I n t r o d u c t i o n 

Since a number o f i n v e s t i g a t o r s have shown t h a t plasma glucose and 

plasma f r e e f a t t y a c i d s (FPA) are good i n d i c a t o r s o f changes 

i n v o l v i n g c a r b o h y d r a t e and l i p i d metabolism i n b i r d s (Heald e t . a l . 

19^5, Langslow e t . a l . 1 9 7 0 ) , these two parameters have been measured 

t h r o u g h o u t t h e moult and i n t o t h e p r e m i g r a t o r y p e r i o d i n W i l l o w 

W a r b l e r s . 

11 .2 Methods 

Blood samples were e i t h e r removed from u n a n a e s t h e t i s e d b i r d s by 

c a r d i a c p u n c t u r e o r by d e c a p i t a t i o n . When samples were o b t a i n e d 

by c a r d i a c p u n c t u r e t h e s y r i n g e used was w e t t e d w i t h a l i t t l e 

h e p a r i n i z e d s a l i n e ; b l o o d samples were t r a n s f e r r e d t o a c e n t r i f u g e 

tube k e p t on m e l t i n g i c e . I f d e c a p i t a t i o n was used t h e tube was 

w e t t e d w i t h a l i t t l e h e p a r i n i z e d s a l i n e . The same s y r i n g e , t h o r o u g h l y 

washed was used f o r a l l sampling so t h a t the dead volume o f s a l i n e 

w i t h i n t h e s y r i n g e was c o n s t a n t . Thus t h e v a l u e s o f plasma m e t a b o l i t e 

are s l i g h t l y below t h e t r u e i n v i v o v a l u e s b u t by a co n s t a n t amount. 

The b l o o d sample was spun f o r 1 minute a t l\°C at 2000g t o separate 

the plasma, w h i c h was drawn o f f by a c o o l e d Pasteur p i p e t t e t o a tube 

c o a t e d w i t h sodium f l u o r i d e ( t o h a l t g l y c o l y s i s ) . The sample was 

s t o r e d a t -20°C u n t i l a n a l y s i s . The assays f o r plasma gluc o s e and 

plasma f r e e f a t t y a c i d s are g i v e n I n t h e s e c t i o n on General Methods 

(Charter 2) . 

11.3 Blood g l u c o s e - summary o f p r e v i o u s s t u d i e s 

Most o f t h e i n f o r m a t i o n on b l o o d glucose v a r i a t i o n s i n m i g r a n t 
p a s s e r i n e s comes fr o m t h e s t u d i e s made i n L i t h u a n i a by D o l ' n i k and 



155 

h i s c o l l e c t i v e . U n f o r t u n a t e l y , a l l these measurements are o f 

t o t a l "blood g l u c o s e r a t h e r t h a n plasma glucose as used i n t h i s 

s t u d y . As p o i n t e d out by B e l l (1957) t h e r e i s p r a c t i c a l l y no 

glucose i n t h e e r y t h r o c y t e s o f b i r d s and so v a r i a t i o n s i n e r y t h r o c y t e 

volume o f t h e b l o o d can cause apparent changes i n c i r c u l a t i n g 

g l u c o s e , even though t h e plasma l e v e l i s c o n s t a n t . E x t e n s i v e 

data on chickens p r e s e n t e d by B e l l (1971 ) shows t h e d i f f e r e n c e , 

i n mg glucose per 100ml o f b l o o d (mg$), between t o t a l b l o o d v a l u e s 

and plasma v a l u e s t o be about 60 t o 80 mg$. For an approximate 

c o n v e r s i o n o f D o l ' n i k 1 s v a l u e s t o mg$ o f plasma h i s t o t a l b l o o d 

l e v e l s s h o u l d be i n c r e a s e d by t h i s amount. 

D o l ' n i k and B l y u m e n t a l ( 1967) found t h a t t h e mean t o t a l b l o o d g l u c o s e 

of m o u l t i n g j u v e n i l e C h a f f i n c h e s i n c a p t i v i t y was g r e a t e r t h a n t h e 

mean l e v e l o f t h e same b i r d s d u r i n g t h e autumn m i g r a t i o n . F u r t h e r 

s t u d i e s o f caged j u v e n i l e s o f t h i s species ( D o l ' n i k and Bl y u m e n t a l 

1967) showed no c o n s i s t e n t t r e n d i n b l o o d g l u c o s e l e v e l s d u r i n g 

t h e p r e m i g r a t o r y p e r i o d . However, w i t h i n t h e m i g r a t o r y p e r i o d a 

sample o f f a t caged j u v e n i l e C h a f f i n c h e s had a h i g h e r mean t o t a l 

b l o o d glucose l e v e l t h a n a sample o f t h i n b i r d s . A l s o t h e f a t b i r d s 

had l i t t l e d i u r n a l v a r i a t i o n i n b l o o d glucose whereas t h e t h i n 

j u v e n i l e s showed a d i u r n a l decrease. The mean d a i l y l e v e l o f t o t a l 

b l o o d glucose o f these f a t j u v e n i l e s was 218 mg%, compared t o t h e 

1l|7mg$ of t h e t h i n b i r d s ( D o l ' n i k 1 9 6 6 ) . I n t h e w i l d d u r i n g t h e 

m i g r a t o r y p e r i o d , f e e d i n g f l o c k s o f C h a f f i n c h e s t h a t have stopped 

en r o u t e c o n t a i n f a t b i r d s w i t h h i g h e r t o t a l b l o o d glucose l e v e l s 

(mean 1i|5 mg$) t h a n t h i n b i r d s (mean 116 mg$) ( D o l ' n i k 1967 ) . 

A l t h o u g h these f l o c k s are not p r e m i g r a t o r y t h e y are u n d e r g o i n g l i p i d 

d e p o s i t i o n , and i t could be t h a t t h e reduced d i f f e r e n c e i n mean l e v e l s 

between f a t and t h i n b i r d s i s a r e f l e c t i o n o f t h i s . When m i g r a t i n g 



t h e f a t b i r d s i n these f l o c k s have i n c r e a s e d b l o o d g l u c o s e v a l u e s 

(mean 210 mg%), w h i l e t he gluco s e l e v e l s o f t h i n m i g r a n t s remain 

much t h e same (mean 11l j ing$) . 

D o l ' n i k (1968) concedes t h a t d i u r n a l v a r i a t i o n s i n b l o o d glucose 

c o u l d be due t o d i u r n a l changes i n f e e d i n g a c t i v i t y b u t suggests 

t h a t i t i s u n l i k e l y . I n s t e a d he proposes t h a t t h e l e v e l o f b l o o d 

g l u c o s e i s i n t e r n a l l y r e g u l a t e d t o enhance a p p e t i t e i n b o t h p r e -

m i g r a t o r y and m i g r a t o r y i n d i v i d u a l s , and f u r t h e r suggests t h a t t h e 

low l e v e l o f g l y c o g e n r e s e r v e s found i n C h a f f i n c h e s i n m i g r a t o r y 

p e r i o d s a s s i s t s t h i s f u n c t i o n by making l e s s g l u c o s e a v a i l a b l e t o 

m a i n t a i n b l o o d glucose l e v e l s . Low b l o o d g l u c o s e d u r i n g t h e 

m i g r a t o r y p e r i o d i s , he m a i n t a i n s , i n h i b i t o r y t o m i g r a t o r y f l i g h t , 

as f a t b i r d s have a morning peak o f t o t a l b l o o d glucose when t h e y 

are m i g r a t i n g , and a l o w e r l e v e l i n t h e a f t e r n o o n when t h e y are 

e a t i n g (when l e v e l s might be expected t o be e l e v a t e d ) . Whether 

such g e n e r a l i s a t i o n s can r e a s o n a b l y be proposed f r o m d a t a on t o t a l 

b l o o d glucose l e v e l s w i l l be e x p l o r e d i n a l a t e r s e c t i o n . 

Bergman (1950) i n a st u d y o f i n d i v i d u a l B l a c k b i r d s , F i e l d f a r e s and 

Redwings i n autumn, where t h e same b i r d was r e p e a t e d l y sampled f o r 

t o t a l b l o o d g l u c o s e , f o u n d a d i u r n a l i n c r e a s e i n t h i s parameter 

i r r e s p e c t i v e o f m i g r a t o r y c o n d i t i o n ; he concluded t h a t t h e r e was 

no l i n k between t o t a l b l o o d glucose v a l u e s and t h e m i g r a t o r y s t a t e 

of t h e b i r d . However, s i n c e r e p e a t e d b l o o d sampling can decrease 

the e r y t h r o c y t e volume o f t h e b l o o d , and so i n c r e a s e t o t a l b l o o d 

glucose l e v e l s even though plasma glucose may not a l t e r , t h i s might 

w e l l account f o r l a c k of d i f f e r e n c e s . 



157 

1 1 . h V a r i a t i o n s i n plasma glucose o f W i l l o w Warblers d u r i n g t h e 

autumn 

I n b o t h years examined t h e v a r i a n c e s o f t h e samples o f morning 

caught j u v e n i l e W i l l o w Warblers were homogeneous ( B a r t l e t t ' s t e s t , 

1 , 7 ) . 

I n 1970 a ne s t e d one-way a n a l y s i s o f v a r i a n c e was used t o t e s t 

whether t h e r e was any s i g n i f i c a n t e f f e c t due t o stage o f moult 

or t i m e o f c a p t u r e . For t h i s a n a l y s i s b i r d s i n moult stage 2 ,3 

and i | were grouped t o g e t h e r as ' m o u l t i n g ' and the means f o r the 

t h r e e morning p e r i o d s compared w i t h t h e c o r r e s p o n d i n g means f o r 

mou l t e d b i r d s ( T a b l e 1 1 . I j . . 1 ) . There was no e f f e c t due t o t h e 

time o f capture d u r i n g t h e morning ( p > . 2 5 ) ( 2 ) , but d i f f e r e n c e s 

between t h e means c o u l d be a t t r i b u t e d t o t h e stage o f t h e moult 

( . 0 1 > p > . 0 0 5 ) ( 3 ) . The mean plasma gluc o s e l e v e l s f o r m o u l t e d b i r d s 

were c o n s i s t e n t l y lower d u r i n g t he t h r e e m o r n i n g p e r i o d s ; and t h e 

o v e r a l l morning mean f o r m o u l t i n g b i r d s was 2l]_9 +_ 9 (SE)mg^ compared 

w i t h 227 + 1 2 (SE) mg% f o r t h e m o u l t e d j u v e n i l e s . Table 1 1 . ^ . 1 

shows t h a t t h e mean i n c r e a s e i n plasma g l u c o s e l e v e l s f o r m o u l t e d 

b i r d s i s much l a r g e r t h a n f o r m o u l t i n g j u v e n i l e s , m a i n l y because 

o f t h e lower l e v e l s d u r i n g t h e f i r s t two morn i n g p e r i o d s . As Table 

11.1].. 2 . shows, even when t h e moult stages are s e p a r a t e d t h e mean 

l e v e l o f plasma gluc o s e f o r m o u l t e d b i r d s i s s t i l l t h e s m a l l e s t 

o f t he f o u r groups ( F i g u r e 11.1].. a ) . 

There are no s i g n i f i c a n t d i u r n a l changes i n mean plasma glucose 

between morning and evening samples ( i n 1970) i n e i t h e r m o u l t i n g or 

m o u l t e d b i r d s (!].), n o r i s t h e r e any s i g n i f i c a n t d i f f e r e n c e between 

t h e s e means ( 5 ) . A d u l t s i n moult have a l a r g e r mean plasma g l u c o s e 

l e v e l t h a n m o u l t i n g j u v e n i l e s , though not s i g n i f i c a n t l y so ( 6 ) . 
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Table 11 . i j . . 1 D i u r n a l v a r i a t i o n s i n t h e plasma gluc o s e (mg$) o f 

j u v e n i l e W i l l o w Warblers d u r i n g and a f t e r the m o u l t . 

Morning 1970 

Hours a f t e r s u n r i s e M o u l t i n g M o u l t e d 

0-2 21̂ .6 +11 (11 ) a 210 + 1 9 ( 9 ) 

2-k 2I4.6 +15 (13 ) 223 ±2h ( 8 ) 

259 +2k (7) 2I4.9 + 2 2 ( 8 ) 

Evening 23k +11 ( 8 ) 226 + 8 (13) 

1971 
0-2 236 +13 (16 ) 2̂ -3 + 21 ( 9 ) 

2-1+ 236 +11 (19) 213 + kS (k) 
214-7 +13 (7) 

a. mean + s t a n d a r d e r r o r (sample s i z. e) 

Table 1 1.i | . 2 Mean morning l e v e l s o f plasma gluc o s e (mg%) o f W i l l o w 

Warblers d u r i n g and a f t e r t h e m o u l t . 

J u v e n i l e s 

Moult stage 

Unmoulted / 1 

2 

3 

k 
Moulted 

A d u l t s 

M o u l t i n g 

1970 

235 + 26 ( 6 ) a 

252 + 13 (16 ) 

252 + 16 ( 9 ) 

227 + 1 2 ( 2 5 ) 

271 + 15 ( 1 3 ) 

1971 

229 + 2 1 ( 8 ) 

2 5 3 + 1 1 (16) 

225 + 10 (21 ) 

238 + 25 ( 5 ) 

233 + 18 (11+) 

a. mean + s t a n d a r d e r r o r (sample s i z e ) 
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F i g u r e 1 1 . 4 . a . V a r i a t i o n s i n t h e plasma glucose l e v e l s o f 

W i l l o w Warblers d u r i n g t h e p o s t - j u v e n i l e m o u l t . 

O r d i n a t e i s the plasma glucose l e v e l i n mg$. 

Abscissa t h e stage o f mo u l t ; 1 , 2 , 3 , 4 - moxi.lt stages; 

N - moulted b i r d s . The s o l i d l i n e s j o i n mean 

v a l u e s f o r t h e moult s t a g e s . Upper p a n e l - 1 9 7 1 , 

l o w e r p a n e l - 1 9 7 0 . 
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Less c l e a r c u t d i f f e r e n c e s are p r e s e n t i n the samples o f j u v e n i l e s 
caught i n 1 9 7 1 . A neste d one-way a n a l y s i s o f v a r i a n c e p e r f o r m e d on 
th e f i v e samples or morning—caught b i r d s , showed no s i g n i f i c a n t 
e f f e c t due t o stage o f moult or time o f c a p t u r e (Table 11 .1^ .1 . ) ( 8 ) . 
Plasma glucose l e v e l s are h i g h e r f o r m o u l t e d b i r d s i n 1971 , but t h i s 
i s not s u p r i s i n g s i n c e t h e b i r d s were c o l l e c t e d e a r l y i n t h e p r e -
m i g r a t o r y p e r i o d , however t h e lower v a l u e s d u r i n g t h e moult i n t h i s 
y ear are unexpected. P o s s i b l y t h e r e are i n t e r y e a r d i f f e r e n c e s 
i n the a b s o l u t e v a l u e s o f plasma glucose depending on t h e source o f 
n u t r i t i o n . 

I n summary, t h e r e are a p p a r e n t l y no d i u r n a l v a r i a t i o n s i n mean plasma 

glucose l e v e l s d u r i n g t h e moult o r t h e p r e m i g r a t o r y p e r i o d ; however, 

i n one year ( 1970) t h e r e i s a decrease i n plasma gluc o s e between 

m o u l t e d b i r d s and b i r d s I n m o u l t . Since t h e r e i s i n s u f f i c i e n t 

d a t a f r o m t h e s t a r t o f t h e m o u l t , i t i s d i f f i c u l t t o deoide f r o m 

these r e s u l t s whether t h i s i s a r e t u r n t o normal ( p r e - m o u l t ) f r o m 

h i g h l e v e l s d u r i n g t h e m o u l t , or a decrease s p e c i f i c t o t h e p r e 

m i g r a t o r y p e r i o d . The data from 1971 does suggest, as lowe r plasma 

glucose l e v e l s are fo u n d d u r i n g t h e p o s t - j u v e n i l e m o u l t i n 1 9 7 1 , t h a t 

t h e r e i s no i n c r e a s e i n plasma gluc o s e d u r i n g the m o u l t , and t h a t 

sampling c o n d i t i o n s are r e s p o n s i b l e f o r t h e l a c k o f a r e d u c t i o n i n 

t h i s parameter i n t h e p r e m i g r a t o r y sample I n t h i s y e a r . 

11.5 Plasma glucose - d i s c u s s i o n 

N u t r i t i o n does a f f e c t t h e l e v e l s o f plasma glucose i n t h e f o w l , b u t 

t o "a v a r i a b l e e x t e n t . Fasts o f 2l± hours can have no e f f e c t on 

plasma glucose l e v e l s ( B e l l 1971 ), or i t can e f f e c t a r e d u c t i o n 

(Langslow et_. al_. 1970) wh i c h can c o n t i n u e f o r up t o 72 h o u r s , a t which 
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t i m e t h e r e i s an i n c r e a s e i n gluconeogenesis and plasma glucose 

l e v e l s may r i s e (Hazelwood and Lorenz 1959> Langslow e t . a l . 1 9 7 0 ) • 

P a s s e r i n e b i r d s i n temperate l a t i t u d e s would seldom e x p e r i e n c e 

such p r o l o n g e d f a s t s , t h e maximum t h e y m i g h t be expected t o f a c e 

would be the l e n g t h o f t h e n i g h t , ( i n t h i s s t u d y about 6 t o 9 

h o u r s ) . Thus, one would expect l i t t l e r e d u c t i o n i n plasma g l u c o s e 

l e v e l s o v e r n i g h t ; i n d e e d i n W i l l o w Warblers i n t h i s s t u d y t h e r e i s 

none. D o l ' n i k ( 1 9 6 7 , 1 9 6 8 ) a l s o f o u n d l i t t l e r e d u c t i o n i n t o t a l 

b l o o d glucose l e v e l s d u r i n g t h e n i g h t i n C h a f f i n c h e s i n t h e autumn. 

Since s h o r t - t e r m f a s t s cannot e x p l a i n t h e v a r i a t i o n s i n plasma 

gl u c o s e found i n t h i s s t u d y , t h e ^ p o s s i b i l i t y t h a t f e e d i n g a c t i v i t y 

may i n f l u e n c e these changes must be c o n s i d e r e d . A d m i n i s t r a t i o n 

o f l a r g e amounts o f gl u c o s e e i t h e r o r a l l y o r i n t r a c a r d i a c a l l y r e s u l t s 

i n l a r g e i n c r e a s e s i n plasma glucose l e v e l s i n the c h i c k e n (Langslow 

e t _ . a l . 1970), but whether f o o d i n t a k e a f f e c t s plasma glucose l e v e l s 

o f f e r a l b i r d s i s n ot known. The f o o d i n t a k e o f j u v e n i l e W i l l o w 

W a r b l e r s , as measured by t h e d r y w e i g h t o f t h e stomach c o n t e n t s , 

does n o t v a r y much d u r i n g t h e morn i n g i n the p e r i o d o f t h e p o s t -

j u v e n i l e moult and nor do t h e mean plasma g l u c o s e l e v e l s . I n m o u l t e d 

b i r d s a s i g n i f i c a n t i n c r e a s e i n t h e d r y w e i g h t o f the stomach 

c o n t e n t s corresponds w i t h a s m a l l i n c r e a s e i n mean plasma gluc o s e 

l e v e l s . However, t h e l a r g e plasma glucose v a l u e s o f over 300mg$ 

( F i g u r e 1 1 . 1 ; .a), must r e s u l t f rom the e f f e c t s o f n u t r i t i o n ( s i n c e 

we have seen t h a t t h e y a r e not caused by f a s t i n g ) . But i n g e n e r a l 

t h e e f f e c t o f changes I n f e e d i n g a c t i v i t y on t h i s parameter i s p r o b 

a b l y n o t g r e a t . 

As i n t h e case o f j u v e n i l e C h a f f i n c h e s ( D o l ' n i k and B l y u m e n t a l 1967) 

t h e h i g h e s t mean b l o o d g l u c o s e l e v e l s a r e found d u r i n g t he m o u l t , b u t 
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i n 1971 t h i s was f o r o n l y one moult stage. As e x p l a i n e d i n t h e 

p r e v i o u s s e c t i o n , t h e r e are p r o b a b l y i n t e r y e a r d i f f e r e n c e s i n 

n u t r i t i o n which account f o r these d i f f e r e n c e s . However, the 

p o s s i b i l i t y t h a t t h e h i g h plasma gluc o s e l e v e l s f o u nd i n 1970 

d u r i n g t h e m o u l t are a s s o c i a t e d w i t h i n c r e a s e d gluconeogenesis f o r 

t h e r m o r e g u l a t i o n cannot be d i s c o u n t e d . As t o t h e s u g g e s t i o n by 

D o l ' n i k (1968) t h a t low b l o o d sugar of p r e m i g r a t o r y b i r d s w i l l 

s t i m u l a t e a p p e t i t e , my d a t a do not p e r m i t any c o n c l u s i o n s t o 

be drawn. However, i n view o f t h e arguments p r e s e n t e d i n l a t e r 

s e c t i o n s the r e v e r s e o f t h i s r e l a t i o n s h i p seems more l i k e l y ; 

i n c r e a s e d a p p e t i t e and t h e r e s u l t i n g l i p i d d e p o s i t i o n causes a 

decrease i n plasma glucose l e v e l s . 

11.6 Plasma f r e e f a t t y a c i d (FFA) l e v e l s i n b i r d s , 

N o n - e s t e r i f i e d f a t t y a c i d (FFA) l e v e l s i n thejplasma o f b i r d s are 

an i m p o r t a n t i n d i c a t o r o f m e t a b o l i c changes. N u t r i t i o n a l s t a t u s 

can a f f e c t t h e l e v e l s , as s t a r v a t i o n f o r 7 h o u r s or l o n g e r r e s u l t s 

i n a r i s e i n plasma FFA (Langslow et_.al_. 1970), and the a d m i n i s t r a t i o n 

of o r a l or i n t r a c a r d i a c glucose can depress t h i s l e v e l (Langslow 

et_.al_. 1970); a l t h o u g h lower doses o f glucose a d m i n i s t e r e d t h i s way 

may have no e f f e c t (Heald e_t. al_. 196^). Thus i n g e n e r a l t h e r e i s 

an i n v e r s e r e l a t i o n s h i p between plasma glucose l e v e l s and plasma FFA. 

However, as w e l l as b e i n g i n f l u e n c e d by n u t r i t i o n a l s t a t e t h e plasma 

f r e e f a t t y a c i d s are under hormonal c o n t r o l , p r i m a r i l y by g l u c a g o n 

and i n s u l i n . Glucagon i n j e c t i o n s r a i s e plasma FFA i n c h i c k e n s 

(Langslow e t . a l . 1 9 7 0 ), and i n f u s i o n s of t h i s hormone produce t h e 

same e f f e c t i n geese and ducks (Grande and P r i g g e 1970, Oya e t . a l 

1971) as w e l l as i n carnivorous, owls (Grande 1970a). These changes 

are, o f course, accompanied by h y p e r g l y c a e m i a . I n s u l i n i n j e c t i o n s 

t o o are e f f e c t i v e i n i n c r e a s i n g plasma FFA i n c h i c k e n s (Langslow e t . a l . 
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1970, Heald 1965), but not i n owls (Grande 1970). I n ducks i n s u l i n 

does increase plasma PFA (Samols et_. al_. 19 69 ) and as pancreactomised 

i n d i v i d u a l s g iven i n s u l i n are unable t o respond i n t h i s manner 

(Mialhe 1969), t h i s conf i rms the suggest ion of Heald e t . a l . ( 1 9 6 5 ) 

tha t i n s u l i n produces i t s e f f e c t by i n c r e a s i n g the release o f 

gluc&gonf rom the pancreas. This i n d i r e c t a c t i o n of i n s u l i n on PFA 

l e v e l s i s also supported by the i n a b i l i t y of i n s u l i n t o a f f e c t av ian 

adipose t i s sue (Langslow and Hales 1969). Th i s con t ras t s w i t h the 

s i t u a t i o n i n the mammal where glucagon decreases plasma PFA probably 

mediated by the a n t i - l i p o l y t i c e f f e c t o f i n s u l i n (Samols e t . a l . 1 9 6 9 ) . 

The major source o f plasma FFA i s the adipose t i s s u e , and not 

s u p r i s i n g l y glucagon has a potent l i p o l y t i c e f f e c t on adipose t i s s u e 

i n v i t r o at very low concent ra t ions bo th i n ch icken (Langslow and 

Hales 1969) and the pigeon (Goodridge and B a l l 1965). Th i s e f f e c t 

appears to be s i m i l a r t o the s i t u a t i o n i n mammals mediated by 

c y c l i c 3 1 , 5 ' -AMP, as bo th t h e o p h y l l i n e and d i b u t y r y l 3 ' , 5 ' - ( c y c l i c ) 

-AMP increase l i p o l y s i s i n ch icken adipose t i s s u e i n v i t r o (Langslow 

and Hales 1969). Catecholamines, which are potent l i p o l y t i c agents 

i n mammalian adipose t i s s u e , s t imu la t e l i p o l y s i s only s l i g h t l y i n 

b i r d s and then on ly at h i g h doses (Goodridge and B a l l 1965,Langslow 

and Hales 1969) and are probably not impor tan t p h y s i o l o g i c a l l y . 

A l l these hormonal e f f e c t s on adipose t i s s u e have been demonstrated 

i n White-crowned Sparrows (Goodridge 196I4.), and a l though the l i p o l y t i c 

side o f m i g r a t o r y o b e s i t y i s not understood, i t does seem pos s ib l e 

t ha t glucagon, as a l i p o l y t i c agent, might w e l l p l a y a p a r t i n the 

p r o d u c t i o n or the maintenance of m i g r a t o r y o b e s i t y . 
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Before cons ide r ing the evidence f rom Wil low Warblers du r ing the 

autumn we w i l l examine the on ly type o f avian o b e s i t y whichjis now 

understood comple te ly . Hypophysectomy i n the f o w l produces marked 

obes i ty w i t h reduced food i n t a k e (Gibson and Nalbandov 1966b), but 

i n sp i t e o f t h i s l a rge increase i n l i p i d weight i n the b i r d , plasma 

PPA d i f f e r s l i t t l e between c o n t r o l and exper imenta l b i r d s . Nor do 

the hypophysectomized b i r d s respond to f a s t i n g by e l e v a t i o n o f the 

plasma PPA l e v e l s (Gibson and Nalbandov 1966a). As shown by Gibson 

and Nalbandov (1966b) t h i s i s due to reduced l i p i d m o b i l i s a t i o n 

f rom the adipose t i s s u e , and i s mediated by a r e d u c t i o n i n the l e v e l s 

o f c y c l i c 3 ' , 5 ' -AMP i n the t i s s u e (Chandrabose" and Bensadoun 1971a). 

Hypophysectomy has no e f f e c t on the i n c o r p o r a t i o n of a c e t a t e - 1 - C ^ 
111. 

or glucose-U-C ^ i n t o l i v e r l i p i d s , but does reduce the a c t i v i t y of 

NADP-linked mal ic enzyme, an enzyme involved in f a t t y a c i d synthes i s , 

(Chandrabose and Bensadoun 1971b); but i n t h i s case t h i s e f f e c t 

can be reproduced by thyro idec tomy, and so seems secondary. The 

plasma PPA l e v e l s o f hypophysectomized b i r d s can, however, be e leva ted 

by i n j e c t i o n of chicken p i t u i t a r y powder, and t h i s i s p robab ly a d i r e c t 

e f f e c t as other endocrine organs ( t h y r o i d , t e s t e s ) are a t r o p h i e d a f t e r 

hypophysectomy (Gibson and Nalbandov 1966a). P i t u i t a r y f r a c t i o n s 

r e spons ib le f o r t h i s e f f e c t might be ACTH or growth hormone (ch icken) 

since bo th of these increase l i p o l y s i s i n ch icken adipose t i s s u e 

(Langslow and Hales 1969). A f u r t h e r a l t e r n a t i v e e x i s t s t h e r e f o r e , 

t h a t m i g r a t o r y o b e s i t y may be s i m i l a r to hypophysectomy-induced o b e s i t y 

and probably due t o the l a c k o f a p i t u i t a r y l i p i d m o b i l i s i n g f a c t o r . 
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11.7 V a r i a t i o n s i n plasma f r e e f a t t y a c i d l e v e l s o f j u v e n i l e 

Wi l low Warblers d u r i n g and a f t e r the moult 

I n both years examined the var iances o f the samples of morning-caught 

j u v e n i l e s were homogeneous ( B a r t l e t t ' s t e s t , 1 ) . 

For 1970 a nested one-way a n a l y s i s o f var iance f o r the. th ree morning 

periods f o r bo th moulted and mou l t i ng b i r d s , showed t h a t t he re were 

no s i g n i f i c a n t e f f e c t s due e i t h e r t o the t ime of capture or the stage 

of the moult (Table 11 .7 .1) ( 2 ) . A s ing l e comparison t - t e s t - b e t w e e n 

the mean f o r moult stages 1 and 2 combined i n 1970 and the mean f o r 

the sample o f moulted b i r d s i n t h i s year , showed t h a t these were 

s i g n i f i c a n t l y d i f f e r e n t (Table 1 1 . 7 . 2 ) . But as the ana lys i s of 

var iance showed no e f f e c t t h i s d i f f e r e n c e must be t r e a t e d w i t h rese rve . 

An increase i n plasma PPA was undeniably present i n 1970 between the 

morning samples and the evening samples f o r moult stage Lj. and moulted 

b i r d s ; ( , 0 1 > p > . 0 0 5 f o r moult stage i | , . 0 5 > p > . 0 1 f o r moulted b i r d s ) 

( l | , 5 ) ; as p red ic ted t h i s increase i s accompanied by a decrease i n 

plasma glucose . 

S i m i l a r l y i n 1971 a nested one-way ana lys i s of var iance performed on 

the morning samples l i s t e d i n Table 1 1 . 7 . 1 , showed tha t there was no 

e f f e c t due t o t ime o f capture or moult stage ( 6 ) . 

For i n d i v i d u a l b i r d s there was no c o r r e l a t i o n between the l e v e l of plasma 

FFA and the s ize o f the adipose f a t reserves (as measured by r e s i d u a l 

carcase l i p i d we igh t ) w i t h i n any sample. For example, us ing K e n d a l l ' s 

rank c o r r e l a t i o n c o e f f i c i e n t , the sample of moul ted b i r d s caught i n t he 

morning d u r i n g 1971 had a c o e f f i c i e n t whose p r o b a b i l i t y of be ing 

d i f f e r e n t f r om zero was only 0.1±3, and two samples o f b i r d s i n moult 
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stage 3 f rom d i f f e r e n t t imes dur ing the morning had p r o b a b i l i t i e s o f 

.11+ and .09 . 

Table 1 1 . 7 . 1 . D i u r n a l v a r i a t i o n s i n plasma FPA l e v e l s o f j u v e n i l e 

Wi l low Warblers du r ing the moult and the p remigra to ry 

p e r i o d . 

1970 

hours a f t e r sunrise 

Moult stage 0-2 2-l\. I4.-6 evening 

1/2 1.33+.13 ( 5 ) a 1.26+.10 (6) 0 .68+.1 l | (2) 

3 1.55+.05 (2) 1.31 + .09 (5) 1.1J.1 + .12 (k) 

k 1.61 + .09 (3) 1.51+.01+ (5) 2.13+.36 (6) 

Moulted I.5I4+.IO (10) 1.61 + .18 ( 6 ) 2 .02+.36(6) 2 .09+.21(13) 

1971 

1 1.12+.12 (6) I.I4.I + . H (2 ) 1.51 + .13 (2) 

2 1.20+.18 (1;) 1.21;+. 23 (1+) 1.61 + .12 (1|) 

3 1.32+.11; (9) I . i ; 5+ .16 (10) 1 .1+7+.31+ (2) 

Moulted 1.38+.09(13) 1 . l^+ .20 (7) 

a. mean i n mM FFA+_ standard e r r o r (sample s i z e ) 

Table 11.7 .2 V a r i a t i o n s i n the morning l e v e l s of PPA (mM) o f j u v e n i l e 

Wi l low Warblers d u r i n g and a f t e r the m o u l t . 

Moult stage 1970 1971 

1/2 1.20+.09 ( 1 3 ) a 

1 1.25+.09 (10) 

2 1.35+.11 (12) 

3 1.39+.06 (11) 1.39+.10 (21) 

k 1.56+.01+ (9) 

Moulted 1.69+.12 (22) 1 .l;0+.09 (20) 

a. mean +_ standard e r ro r (sample s i z e ) 
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The l ack of any v a r i a t i o n I n mean plasma PPA l e v e l s of j u v e n i l e 

Wi l low Warblers between the moult and the p remigra to ry p e r i o d 

would seem t o suggest a poss ib le r e d u c t i o n i n the r a t e of l i p o l y s i s 

at the adipose t i s s u e , since d u r i n g the p e r i o d the s ize o f the l i p i d 

deposi ts increases enormously; such a l a rge increase i n l i p i d should 

produce an increase i n plasma PPA values i f the l i p o l y s i s ra tes at 

the t i s s u e remain cons tan t . 

11.8 V a r i a t i o n s i n plasma FFA l e v e l s i n W i l l o w Warblers - d i s cuss ion 

I n bo th years examined the re i s ve ry l i t t l e v a r i a t i o n i n the mean 

l e v e l s of plasma PPA o f morning-caught j u v e n i l e Wil low Warblers d u r i n g 

or a f t e r the moul t , so t h a t on a t o t a l body l i p i d weight basis the 

mean plasma PFA l e v e l s decrease. Fur the r , t he r e i s no c o r r e l a t i o n 

w i t h i n samples between the weight of adipose l i p i d o f an i n d i v i d u a l 

and the plasma PPA v a l u e . However, on a d a i l y bas is there i s a 

s i g n i f i c a n t increase i n absolute plasma PFA mean values between morning 

and evening i n b i r d s i n moult stage l\. and moulted b i r d s ; but on a l i p i d 

weight basis t he re i s s t i l l a decrease. Whether t h i s absolute d i u r n a l 

increase i n plasma FPA i s due to the g rea te r adipose l i p i d l e v e l s i n 

evening-caught b i r d s or a m o b i l i s a t i o n i n response t o a s p e c i f i c 

s t imulus i n the evening i s not known. 

Since no change i n mean plasma FFA l e v e l s can be demonstrated between 

moult and the p r e m i g r a t o r y p e r i o d i n sp i t e o f l a rge increases i n body ; 

l i p i d , i t seems reasonable to suggest tha t a r e d u c t i o n i n adipose t i s s u e 

l i p o l y s i s r a t e s i s one o f the adapta t ions found i n p remigra to ry 

f a t t e n i n g i n passerine b i r d s . At l ea s t i t seems probable enough t o 

make a d i r e c t demonst ra t ion w o r t h w h i l e . 
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I f we accept t h a t there i s a r e d u c t i o n i n l i p o l y s i s at t he adipose 

t i s sue i n p remigra to ry b i r d s , we r e t u r n t o the p o s s i b i l i t y r a i s e d 

i n the i n t r o d u c t i o n . I n t h i s one respect p r emig ra to ry b i r d s would 

resemble hypophysectomized chickens, though not i n any other ( c a l o r i c 

i n t a k e f o r i n s t a n c e ) . I n hypophysectomized chickens the l ack o f l i p i d 

mobi iTsation i s p robably due to a l ack o f p i t u i t a r y l i p i d m o b i l i z i n g 

f a c t o r (Gibson and Nalbandov 1966a), and t h i s might w e l l be the case 

i n m ig ra to ry b i r d s . S u p e r f i c i a l l y , m i g r a t o r y obes i ty does have some 

f e a t u r e s i n common w i t h obes i ty caused by hypophysectomy, but i f data 

were - a v a i l a b l e probably s i m i l a r events would be found i n o b e s i t y caused 

by hypothalamic l e s i o n s , a c o n d i t i o n which shares w i t h m i g r a t o r y 

obes i t y an increase i n c a l o r i c i n t ake (Kuenzel and Helms 1970). 

11.9 Summary 

Plasma glucose l e v e l s show no s i g n i f i c a n t d i u r n a l v a r i a t i o n . A decrease 

i n mean (morning) plasma glucose l e v e l between mou l t i ng and p remigra to ry 

b i r d s was demonstrable I n one o f two years . Mean plasma PPA l e v e l s 

d i d not r i s e s i g n i f i c a n t l y between the m o u l t i n g and p remigra to ry p e r i o d s , 

suggest ing tha t the r a t e o f l i p o l y s i s of the increased q u a n t i t i e s 

of adipose t i s s u e c a r r i e d by p remig ra to ry b i r d s was reduced. 
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Chapter 12 Body composi t ion and f l i g h t ranges o f m i g r a t i n g Warblers 

12.1 The body composit ions o f m i g r a t i n g Wi l low Warblers 
. s 

A sample o f 21+ Wi l low Warblers k i l l e d a t Barney Lighthouse, Nor th Wales, 

on the n igh t o f the 6/7.9 .69 was analysed f o r the major body components 

of l i p i d , water and lean dry we igh t . The mean values are presented 

i n Table 1 2 . 1 . 1 . The j u v e n i l e s d i f f e r f rom the adu l t b i r d s i n hav ing 

a h igher mean l i p i d we igh t , greater t o t a l body water , g rea t e r l ean dry 

weight , and consequently a h igher mean body w e i g h t . The absolute mean 

weight o f body l i p i d i n these m i g r a t i n g b i r d s i s about the same as the 

maximum found i n evening-caught j u v e n i l e Wi l low Warblers on the breeding 

grounds i n Co.Durham. However, the weight found i n the Durham p r e -

mig ra to ry b i r d s are at the low end o f the range o f l i p i d weights found 

i n t h i s sample of mig ran t s , even though, presumably, the l a t t e r were 

not at the s t a r t o f t h e i r journey . The l i p i d index o f these b i r d s at 

the s t a r t o f t h e i r m i g r a t o r y journey would have bean g rea te r , but i t i s 

imposs ib le t o say by how much; a l though presumably they o r i g i n a t e d f rom 

North-West England or Southern Scot land . 

As Table 12.1.2 i l l u s t r a t e s there are no c o r r e l a t i o n s between any o f 

the parameters measured and t o t a l l i p i d weight i n e i t h e r j u v e n i l e s 

or a d u l t s . There are no poss ib l e m i g r a t o r y adapta t ions as found 

i n Grasshopper Warblers as shown i n Chapter 12 .8 . 
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Table 1 2 . 1 . 1 . The body compos i t ion o f W i l l o w Warblers k i l l e d 

at Bardsey Lighthouse on 6 /7 .9 -69 . 

Adu l t s Juveni les 

Live weight 8 . 6 6 + 0 . 1 1 a 9-2i+ +_ 0.11 

T o t a l l i p i d wt 1.01 + 0.06 1.20 + 0.09 

Lean weight 7.63 + 0.11+ 8.01 + 0.13 

L i p i d index 11.67 + 0 . 7 6 13.01 + 0 . 9 3 

T o t a l water wt 5.39 + O.ll j . 5.79 + 0.10 

T o t a l lean d r y 1 . 5 3 + 0 . 0 6 1 . 5 8 + 0 . 0 5 

a. mean (gms) standard e r r o r ; l i p i d index - gms o f l i p i d per 
gm body we igh t . Adu l t sample s ize 8; Juven i le sample size 16. 

Table 12 .1 .2 . The i n t e r r e l a t i o n o f the body components of W i l l o w 

Warblers k i l l e d at Bardsey Lighthouse on 6 /7 .9 .69 . 

Juveni les (n = 16) 
b t p 

Lean weight vs T o t a l l i p i d -0.1+77 1.1+0 . 2 > p > . 1 

T o t a l water wt vs T o t a l l i p i d -O.386 1.37 . 2 > p > . 1 

Lean dry wt vs T o t a l l i p d -0.065 0.1+6 P > - 5 

Adul t s (n = 8) 

Lean weight vs T o t a l l i p i d -1 .09 1.29 . l + > p > . 2 

T o t a l water vs T o t a l l i p i d -O.98 1.17 .i+ > p > . 2 

Lean dry wt vs. T o t a l l i p i d -0.09 0.23 P > - 5 

p - p r o b a b i l i t y tha t r eg re s s ion c o e f f i c i e n t i s s i g n i f i c a n t l y d i f f e r e n t 
f rom zero.In gms. 

12.2 The body composi t ion o f m i g r a t i n g Grasshopper Warblers 

For comparison a sample o f Grasshopper Warblers k i l l e d on the same 

n i g h t as the Wil low Warblers was analysed f o r l i p i d , water and l ean 

dry we igh t ; and i n a d d i t i o n to f u r t h e r examine the suggest ion o f 
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muscle hyper t rophy of Pry et_. a l . (1972) the weights and composi t ion 

of the p e c t o r a l l s muscles were examined. Table 12 .2 .1 i l l u s t r a t e s 

t h a t , as i n the case o f the Wi l l ow Warblers the mean values o f a l l 

the parameters examined, except p e c t o r a l i s we igh t , are g rea te r f o r the 

j u v e n i l e b i r d s . Compared w i t h j u v e n i l e Wi l low Warblers the l i p i d 

index i s g rea te r f o r j u v e n i l e Grasshopper Warblers . This might be 

expected i f the d e s t i n a t i o n was s i m i l a r as the l a r g e r Grasshopper 

Warbler would expend more energy i n f l i g h t due to i t s grea ter we igh t . 

However, u n l i k e the Wi l low Warblers , as Table 12 .2 .2 i l l u s t r a t e s , 

the re are c o r r e l a t i o n s between the d i f f e r e n t parameters. Only i n 

the case of the j u v e n i l e s are these c o r r e l a t i o n s s i g n i f i c a n t , a l though 

the l a c k of c o r r e l a t i o n f o r a d u l t b i r d s may be due t o the smal l sample 

a v a i l a b l e . 

Table 1 2 . 2 . 2 . shows there i s a p o s i t i v e c o r r e l a t i o n between the l e a n 

weight of the b i r d and the t o t a l body l i p i d , and t h a t t h i s i s due 

t o a p o s i t i v e c o r r e l a t i o n between the weight o f the t o t a l body water 

and the weight of the t o t a l body l i p i d . I t i s not due to an increase 

i n thep-ean dry weight o f the carcase w i t h t o t a l body l i p i d . As noted 

by Pry et_. a l . (1972) f o r the Yellow Wagta i l the re i s a p o s i t i v e c o r r e l 

a t i o n between the wet weight of the p e c t o r a l i s muscle and the weight 

of body l i p i d . However, i n Grasshopper Warblers t h i s c o r r e l a t i o n i s 

due t o v a r i a t i o n s i n the water f r a c t i o n of the p e c t o r a l i s muscle and 

not due to change i n the weight o f the lean d ry f r a c t i o n , so t h a t the 

percentage o f water i n the muscle v a r i e s w i t h the weight of body l i p i d . 

Nor i s there any c o r r e l a t i o n between the l ean weight o f the body minus 

the l ean weight of the p e c t o r a l i s muscle, and the lean weight o f t h i s 

muscle. Not s u p r i s i n g l y there i s a p o s i t i v e c o r r e l a t i o n between 
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the weight o f water i n the p e c t o r a l i s muscle and the t o t a l weight o f 

water i n the body, minus the c o n t r i b u t i o n f rom the p e c t o r a l i s muscles. 

A small pa r t of the p e c t o r a l i s muscle wet weight increase w i t h 

body l i p i d i s due t o a p o s i t i v e c o r r e l a t i o n between the weight o f l i p i d 

i n the p e c t o r a l i s muscles and the t o t a l weight of l i p i d i n the body. 

Table 1 2 . 2 . 1 . The body composi t ion o f Grasshopper Warblers k i l l e d 

at Bardsey Lighthouse on 6 /7 ,9 .69 . 

Adu l t s Juveni les 
L i v e weight 13-91 + 0 . 2 5 a 11+.08 + 0.27 

T o t a l l i p i d weight 1.80 + 0.11 2.21+ + 0.15 

Lean weight 12.01+ + 0.20 11 .82 + 0.16 

L i p i d index 12.91+ + O.63 15-66 + 0.77 

T o t a l water weight 8.32 + 0.19 8.I4.3 + 0.16 

T o t a l l e an dry weight 2.73 + 0.06 2.66 + 0.06 

P e c t o r a l i s muscle 1.51+ +_ 0.05 1.1+5 + 0.03 
wet weight 

a- mean (gms)+standard e r r o r ; L i p i d index - gm l i p i d per gm wet we igh t . 
A d u l t sample "size 8, j u v e n i l e sample s ize 21 . 

So though l i k e Yel low Wagta i l s , Grasshopper Warblers have a p o s i t i v e 

c o r r e l a t i o n between p e c t o r a l i s wet weight and t o t a l body l i p i d , 

the composi t ion of the muscle i s not constant (Fry e t « a l . 1 9 7 2 ) , 

and the weight changes are due to a l a r g e r water f r a c t i o n i n the b i r d s 

w i t h greater l i p i d we igh t s . The s i g n i f i c a n c e of these changes i n 

the water f r a c t i o n o f the body w i l l be discussed l a t e r . 
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Table 12 .2 .2 The i n t e r r e l a t i o n s of body components o f Grasshopper 

Warblers k i l l e d at Bardsey Lighthouse on 6/7.9*69. 
Juveni les 

b 

Lean weight vs T o t a l l i p i d wt 0.600 

T o t a l water wt vs T o t a l l i p i d wt 0.635 

Lean d ry wt vs T o t a l l i p i d wt -0.003 

P e c t o r a l i s muscle wet vs 
l i p i d w t . 0.091 
P e c t o r a l i s muscle water wt vs 
t o t a l l i p i d weight 0.0'62 

P e c t o r a l i s l e an dry weight vs 
t o t a l l i p i d weight 0.015 

P e c t o r a l i s muscle water wt vs 
r e s i d u a l body water wt 0.0 63 

P e c t o r a l i s l e a n dry wt vs 
r e s i d u a l l e an dry body wt 0.0>29 

P e c t o r a l i s t o t a l l i p i d (mg) vs 
t o t a l l i p i d wt 12.72 

A d u l t s 

Lean weight vs t o t a l l i p i d wt 0.926 

T o t a l water wt vs t o t a l l i p i d wt 0.913 

Lean dry body wt vs 
t o t a l l i p i d weight 

P e c t o r a l i s wet wt vs t o t a l 
l i p i d wt 

-0.065 

0.112 

t 

2.86 

3.26 

0.03 

2.51 

2.35. 

1 .49 

2.38 

2.04 

5.80 

1 .b9 

1.63 

0.28 

0.63 

P n 
. 0 5 > p > . 0 1 21 

.005 > P > .001 21 

P > - 5 21 

. 0 2 5 > p > . 0 1 21 

. 0 5 > P > . 0 2 5 21 

.2 > p > .1 ' 16 

. 0 5 > P > .025 21 

..1 > p > .05 1 6 

p < .001 16 

. 2 > p > . 1 8 

. 2 > p > . 1 8 

P > . 5 8 

P > .5 8 

p - p r o b a b i l i t y tha t the r eg re s s ion c o e f f i c i e n t i s s i g n i f i c a n t l y 

d i f f e r e n t f rom zero; a l l v a r i a b l e s are i n gms except where s p e c i f i e d . 



175 

12.3 F l i g h t ranges of m i g r a t o r y b i r d s 

The f l i g h t range i s d e f i n e d as the dis tance which an i n d i v i d u a l b i r d 

cou ld f l y i n s t i l l a i r i f a l l the e x t r a c t a b l e body l i p i d were used as 

an energy source f o r t h a t f l i g h t . Odum (1960t^ assumed t h a t O.f? gm 

o f l i p i d was not me tabo l i zab le , but i n the species examined i n t h i s 

chapter there i s no evidence tha t t h i s i s the case. I n Wil low 

Warblers the weight o f body l i p i d dur ing the p o s t - j u v e n i l e moult i s 

about 0.2 gm, and i t might be argued t h a t t h i s represents the non-

metabol izable p o r t i o n o f the e x t r a c t a b l e l i p i d . But as Rogers and 

Odum (1966) have shown t h a t immediate pos tmigrants have no l i p i d , or 

indeed have used body p r o t e i n (probably f rom the breas t muscles) at 

the end o f the journey, a l l e x t r a c t a b l e l i p i d has been regarded as 

a v a i l a b l e f o r metabolism i n subsequent c a l c u l a t i o n s . 

The c a l c u l a t i o n o f f l i g h t ranges i s based p r i m a r i l y on the formulae 

g iven by Pennycuick(19&9), who provides an extensive t h e o r e t i c a l 

framework f rom which f l i g h t performance o f i n d i v i d u a l b i r d s can be 

es t imated. However, as there i s some disagreement as to the p r e c i s i o n 

o f these es t imates ; f o r comparison est imates o f f l i g h t ranges have 

a lso been c a l c u l a t e d f rom the formulae g iven by Tucker (1971) and the 

method of Odum (1960b) . I n the sect ions immediately f o l l o w i n g 

re fe rence to any o f these th ree names w i l l r e f e r t o these papers . 

T h e I n t e r n a t i o n a l System of u n i t s has been used throughout the 

f o l l o w i n g c a l c u l a t i o n s . 

Three basic assumptions are i n v o l v e d i n the e s t i m a t i o n of s t i l l a i r 

f l i g h t ranges by the method of Pennycuick. 
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a. the b i r d I s considered t o be f l y i n g at maximum range speed, t h a t 

i s the speed at which the dis tance t r a v e l l e d per u n i t work done 

i s maximised. This i s not the a i r speed at which the energet ic 

cost o f f l i g h t i s l e a s t . 

b . the e f f i c i e n c y of convers ion o f chemical energy ( f rom l i p i d ) t o 

mechanical work i s 20%. 

c. the power needed to overcome the p r o f i l e drag i s twice the power 

needed to overcome the p a r a s i t e drag and induced drag combined, 

( t h i s f o l l o w s Pennycuick who measured t h i s va lue f o r the p i g e o n ) . 

There i s no evidence as to the value o f t h i s r a t i o I n smal l 

b i r d s , and a l t e r n a t i v e r a t i o s and t h e i r e f f e c t on es t imated 

f l i g h t ranges w i l l be considered l a t e r . 

The range i s c a l c u l a t e d f rom Pennycuick's equa t ion (1+8) 

Range ( i n meters) = ( K / g ) . ( L / D ) e f f . l o g (W1/W2) 

The constants i n t h i s equat ion are; 

K - 7 .6 x 10 j o u l e s / k g o f l i p i d . Th i s i s the mechanical energy 

a v a i l a b l e f rom the e x t r a c t a b l e l i p i d us ing Johnston's (1970) 
•7 

value o f 3.80 x 10 j o u l e s / k g f o r the energy content o f l i p i d 

i n m i g r a t o r y b i r d s . 

g - a c c e l a r a t i o n due t o g r a v i t y , 9.81 m sec" 

The v a r i a b l e s are: 

( L / D ) e f f - t h i s i s a dimensionless q u a n t i t y , the e f f e c t i v e l i f t : d r a g 

r a t i o . As shown by Pennycuick the u l t i m a t e value o f the l i f t : d r a g 

r a t i o , t ha t ob ta inab le by a p e r f e c t b i r d , i s equal to^J S^/A, 
2 

where i s the d i sk area and i s equal t o l / l+.Tr .b (b being the 

wingspan i n meters ) ; and A i s the equ iva len t f l a t p l a t e area . 

A i s c a l c u l a t e d f rom Pennycuick's fo rmula (6) as A=. 0 0 1 5 5 ( W / l + ) 2 / / \ 2 , 

where W i s the weight o f the b i r d i n Newtons. The weight used i n 

these c a l c u l a t i o n s i s the mean weight f o r the sample , (of adu l t s 

or j u v e n i l e s ) . 
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As shown by Pennc/uick the e f f e c t i v e l i f t : drag r a t i o w i l l increase 

as l i p i d i s u t i l i s e d , due t o a decrease i n A. For Wi l low Warblers 

t h i s increase i s o n l y about and consequently an average value 

of W and hence A and ( L / D ) e f f has been used. The maximum l i f t : d r a g 

r a t i o a t t a i n a b l e by a r e a l b i r d i s at the maximum range speed, and w i t h 

a p r o f i l e power r a t i o of two i t i s 0.1+2 (the u l t i m a t e l i f t : d r a g r a t i o ) . 

I t i s t h i s value (L/D)maximum, which i s the ( L / D ) e f f used i n the 

f o r m u l a . 

W1 and W2 are the s t a r t i n g and f i n i s h i n g weights of the b i r d on i t s 

m ig ra to ry f l i g h t . W2 i s c a l c u l a t e d by s u b t r a c t i n g the weight of 

e x t r a c t a b l e l i p i d f rom the s t a r t i n g we igh t . 

Tucker has developed a method of e s t i m a t i n g f l i g h t ranges o f m i g r a t o r y 

b i r d s based on s t a r t i n g weight and percentage o f body l i p i d . I t i s 

based on est imates o f the cost o f f l y i n g i n bo th insec t s and b i r d s by 

i n d i r e c t ca lo r imet ry (Tucker 1970), and a l e a s t squares r eg re s s ion 

f i t t e d t o t h i s data enables the p r e d i c t i o n o f the energet ic cost o f 

f l y i n g f o r any b i r d . The equat ion f o r the p r e d i c t i o n o f s t i l l a i r 

range i s : 

Range (meters) = ( g l i p i d i n body) .(7 .1+6). 1 O ^ . m 0 ' 2 2 7 

where m i s the i n i t i a l mass of the b i r d s i n k i l o g r a m s . 

The t h i r d method of e s t i m a t i n g f l i g h t ranges o f mig ra to ry b i r d s i s 

due t o Odum and invo lves the e s t i m a t i o n or measurement o f the standard 

metabol ic r a t e of the b i r d . I n the f o l l o w i n g sect ions t h i s has been 

est imated f rom the equat ion r e l a t i n g body weight and standard 

metabol ic r a t e i n passerine b i r d s (Lasiewski and Dawson 1967). Odum 
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assumed tha t the energy requirements o f m i g r a t o r y f l i g h t were s ix 

times the standard metabol ic r a t e ; t h i s r e l a t i o n has been used i n 

the f o l l o w i n g sec t ions . However, LePebvre (196I|.) es t imated t h a t 

t h i s r a t i o was f rom 6 to 10, and Tucker (1968) found t h a t i n the 

budgerigar t h i s r a t i o was 12 .8 . Observing t h a t Pennycuick's (1969) 

theory does not f i t too w e l l w i t h measurements by i n d i r e c t c a l o r i m e t r y 

i n the budger igar and l augh ing g u l l , Tucker (1973) at tempted t o m o d i f y 

t h i s theory to f i t the observed data . B a s i c a l l y Pennycuick 's (1969) 

theory agrees f a i r l y w e l l w i t h known performances o f p igeon-s ized 

b i r d s at medium airspeeds; but Tucker suggests tha t i t underest imates 

the power consumption of smal l b i r d s and overest imates the energy 

consumption of l a r g e ones. The unde re s t ima t ion o f the power consumption 

of small b i r d s i s , he suggests, due i n pa r t to a low est imate of 

induced and p a r a s i t e power, and p a r t l y due to Pennycuick's neglec t 

o f the cost of basal metabolism, v e n t i l a t i o n and hear t pumping. 

With a l a r g e r p r o p o r t i o n of the t o t a l power consumed be ing accounted 

f o r by the processes j u s t mentioned, the r a t i o o f the power needed 

to overcome p r o f i l e drag to the power needed t o meet other forms 

of drag and energy consumption i s nearer one t han two. Whether the 

species s tud ied by Tucker (1968,1972) are t y p i c a l remains t o be seen, 

i f not they can h a r d l y be used to improve the theory o f Pennycuick 

(1969) . 

12.1| F l i g h t t imes of mig ra to ry b i r d s 

The f l i g h t t ime i s d e f i n e d as the t ime i t would take a m i g r a t o r y 

b i r d to cover the es t imated s t i l l - a i r range. As the a i r sp read 

of a b i r d v a r i e s w i t h w e i g h t 2 , the maximum range speed of the b i r d 

w i l l decrease as the l i p i d i s u t i l i s e d . This i s taken i n t o account 

i n the fo rmula f o r f l i g h t t ime developed f rom Pennycuick's (1969) 

formulae (ij-8) and (13) ; f o r the d e r i v a t i o n of the f o l l o w i n g fo rmu la 

see Appendix 3.. 
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t ( f l i g h t t ime,sees)= 2K"/a . W Q * (1 - e

 r a n S e / 2 K " ) 

where, 

K" - K / g . ( L / D ) e f f 
i i i 

and a - 1 / p s A 4 S d

4 , where p i s the a i r dens i ty at 0.915 Km 
6 3 

above sea l e v e l , 1.12 x 10 Kg/cm 

and w - s t a r t i n g weight 

No o ther method o f e s t i m a t i n g f l i g h t t imes has been at tempted. 

12.5 F l i g h t ranges o f m i g r a t i n g Wi l low Warblers 

The est imated s t i l l - a i r f l i g h t ranges of j u v e n i l e and a d u l t 

Wi l low Warblers k i l l e d at Bardsey Lighthouse on the n i g h t o f 

6 /7 .9 .69 arepresented i n Figure 12..A A l l these ranges are 

c a l c u l a t e d by Pennycuick's method. I n bo th a d u l t s and j u v e n i l e s 

the mode i s 500-600 km, i n sp i te o f the lower l i p i d index o f the 

a d u l t s ; but t h i s i s compensated f o r by the lower weights of a l l 

components of the adu l t Wi l low Warbler carcase. As Figure 12 .5 .a 

shows, the s c a t t e r of these ranges, assuming a sou the r ly route f r o m 

Bardsey, would f a l l about a mean ( l a r g e open c i r c l e Figure 12.5-a) 

i n B r i t t a n y . I have p laced these t e r m i n i along the west coast 

of France simply because t h i s i s the area f rom which most r i nged 

b i r d s have been recovered; o f course es t imated f l i g h t ranges g ive 

no i n f o r m a t i o n as to the d i r e c t i o n o f m i g r a t i o n . As shown by Spencer 

(1972) 16 Wil low Warblers were recovered i n the L o i r e r e g i o n o f France 

up t o 1970 compared w i t h on ly 5 f rom the n o r t h 00ast of B r i t t a n y . 

There seems t h e r e f o r e t o be a discrepancy between the est imated 

f l i g h t ranges o f these b i r d s and t h e i r known h a l t i n g p laces . This 

r a i s e s the ques t ion of the accuracy o f these es t imates . 
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As explained i n the previous sections f l i g h t ranges c a l c u l a t e d by 
Tucker's ( 1 9 7 1 ) method are smaller than those c a l c u l a t e d from the 
theory of Pennycuick ( 1 9 6 9 ) . Using the mean values of s t a r t i n g 
weight (at Bardsey) and percentage l i p i d i n the body f o r j u v e n i l e 
b i r d s the mean range estimated from Tucker's method i s 332 km, 
compared w i t h 602 km c a l c u l a t e d by Penipuick's method. Thus by 
the former c a l c u l a t i o n s most b i r d s would terminate t h e i r journey 
i n the English Channel. Tucker ( 1 9 7 1 ) does, however, admit t h a t 
h i s estimates cannot account f o r known migratory performances, and 
estimates t h a t h i s formula might be out by a f a c t o r of 1 . 5 f o r 
i n d i v i d u a l b i r d s . 

Estimates based on Odum's ( 1 9 6 0 b ) method do however agree w i t h 
Tucker's estimates. Lasiewski and Dawson's ( 1 9 6 7 ) equation r e l a t i n g 
standard metabolic r a t e and body weight gives a standard metabolic 
r a t e f o r a j u v e n i l e Willow Warbler of the mean weight found i n t h i s 
sample as 7 - 5 7 x 10 j o u l e s / h r . Thus the energy consumption of 
f l i g h t would be, according t o Odum, U-S-k- x 10 j o u l e s / h r , which w i t h 
mean l i p i d reserves of 1^.58 X 10̂ " j o u l e s , a f l i g h t of 10.1 hours could 
be managed. At the maximum range speed c a l c u l a t e d from Pennycuick's 
( 1 9 6 9 ) formula (13) of 6 . 9 m/sec the mean range would be 252 km:even 
at 10 m/sec, an airspeed considered more r e a l i s t i c by some (Odum 1 9 6 0 b , 

Tucker 1971 )> the range would s t i l l be only 361+ km. At the moment 
i t i s impossible t o decide which estimate i s c o r r e c t ; but two a l t e r 
natives are p l a i n l y present, e i t h e r the b i r d s terminate t h e i r migratory 
f l i g h t i n southern England, or the L o i r e r e g i o n of Prance. I f , 
however, the p r o f i l e power r a t i o of Willow Warblers i s l e s s than two 
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Figure 12.A . Estimated s t i l l - a i r ranges of Willow Warblers 
(upper two histograms) and Grasshopper Warblers 
(lower two histograms) c a l c u l a t e d from the 
method of Pennycuick (1969). The ordinate 
i s the number of b i r d s ; ads - a d u l t s , 
juvs - j u v e n i l e s . 
The f i g u r e s on which the histograms are based 
are given i n A'ppendix 2. 
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Figure 12.5.a . The estimated geographical t e r m i n i of the 
migratory f l i g h t s of j u v e n i l e Willow Warblers 
k i l l e d at Bardsey Lighthouse on 6/7.9•69• 
Ranges are c a l c u l a t e d by the method of 
Pennycuick ( 1 9 6 9 ) - The large open c i r c l e 
i n Wales marks Bardsey I s l a n d , and the same 
symbol i n France i s the mean range of the sample 
assuming a p r o f i l e power r a t i o of two; the X 
marks the mean range i f the p r o f i l e power r a t i o 
i s one. The la.rge open t r i a n g l e s mark the breeding 
grounds i n Co. Durham and the mean s t i l l - a i r 
range i f a p r o f i l e power r a t i o of two i s assumed; 
Y i s the mean range i f a pr o f i . l e power r a t i o 
of one i s assumed. 
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a l l b i r d s would e a s i l y reach the L o i r e . The X i n Figure 1 2 . 5 . a . 
marks the mean range of the sample of j u v e n i l e Willow Warblers 
i f the p r o f i l e power r a t i o i s one. I t i s p o s s i b l e , on the other 
hand t h a t b i r d s migrate w i t h l i p i d loads i n s u f f i c i e n t f o r the 
journey contemplated and r e l y on t a i l w i n d s as, i n these, birds-
may w e l l decrease t h e i r airspeed, so i n c r e a s i n g t h e i r range (Tucker 
and Schmidt-Koenig 1 9 7 1 , B e l l r o s e 1 9 6 7 , Schnell 1 9 6 5 ) . However, 
they do not always set out w i t h t a i l w i n d s . 

Juvenile Willow Warblers departing from t h e i r breeding grounds i n 
Co.Durham have a l i t t l e l ess l i p i d than the m i g r a t i n g sample k i l l e d 
at Bardsey, and the b i r d s i n t h a t sample were probably not at the 
beginning of t h e i r journey. The f a t t e s t b i r d s caught i n the evening 
i n Co.Durham had 1 t o gms of l i p i d , and even assuming a p r o f i l e 

power r a t i o of one the mean range would be about 800 km. As Figure 
1 2 . 5 . a . shows (Y) t h i s would barely place them i n n o r t h e r n France 
assuming a s o u t h e r l y e x i t from the country. As shown by Spencer 
( 1 9 7 2 ) a n d L a c k , a n d E a s t w o o d ( 1 9 6 2),the autumn exodus i s i n a south-south 
e a s t e r l y d i r e c t i o n i n B r i t a i n , and w i t h a p r o f i l e power r a t i o of two 
t h i s would place most of these b i r d s along the south coast of England. 
Ranges estimated by the methods of Tucker ( 1 9 7 1 ) or Odum ( 1 9 6 0 b ) would 
also place these b i r d s i n southern England. There seems l i t t l e doubt 
t h e r e f o r e t h a t j u v e n i l e Willow Warblers m i g r a t i n g from n o r t h e r n 
England i n the autumn only f l y t o southern England, where presumably 
they f a t t e n up again. 

1 2 . 6 F l i g h t ranges of m i g r a t i n g Grasshopper Warblers 
The estimated s t i l l - a i r f l i g h t ranges of j u v e n i l e and a d u l t Grasshopper 
Warblers k i l l e d at Bardsey Lighthouse on the n i g h t of 6 / 7 , 9 . 6 9 were 
c a l c u l a t e d by Pennycuick's ( 1 9 6 9 ) formulae f o r comparison w i t h the 
sample of Willow Warblers. As shown i n Figure 12.a the frequency 
d i s t r i b u t i o n of f l i g h t ranges f o r the j u v e n i l e b i r d s i s bimodal; w i t h 
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modes at l+OO-̂ OO km and 7 0 0 - 8 0 0 km. Whilst a d u l t s have ranges between 
i|00 and 7 0 0 km w i t h no peak at 700-800 km. The maximum ranges of 
j u v e n i l e Grasshopper Warblers estimated i n t h i s way are 1000 to 1100 km, 
and there are none below 1+00 km. Thus i n sp i t e of being l a r g e r b i r d s 
the greater l i p i d index ensures t h a t the s t i l l a i r ranges are greater, 
such t h a t most b i r d s would e a s i l y reach the L o i r e area of Prance 
(Figure 1 2 . 6 . a ) assuming t h a t they head f o r the western seaboard of 
Prance. Ringing recoveries are no help i n deciding the probable 
d e s t i n a t i o n of these b i r d s as only 8 had been recovered up to 1970 

(Spencer 1 9 7 2 ) . 

Estimates of the f l i g h t range using the method of Tucker (1971) and 
using mean values from the sample of j u v e n i l e s f o r s t a r t i n g weight 
and l i p i d content produce again a smaller range compared w i t h 
Pennycuick's method; 1|45 km against 681 km. Odum's (1960) method 
produces an estimate of mean f l i g h t range closer t o the estimate 
from Tucker's method than Pennycuick's. The standard metabolic 
r a t e f o r a j u v e n i l e Grasshopper Warbler of the mean weightof the 
sample i s 1.05 x 10 joules / h r (from Lasiewski and Dawson 1 9 6 7 ) . 

As the energy cost of f l i g h t i s taken to be s i x times t h i s the mean 
range of t h i s h y p o t h e t i c a l j u v e n i l e , t r a v e l l i n g at maximum range 
speed (6.9 m/sec c a l c u l a t e d from Pennycuick's (1969) formula (13) )> 
i s 3I4.O km; even at 10 m/sec, a speed closer to t h a t used by Odum (1960b) 
i n h i s studies the range i s s t i l l only L|.90 km. Thus as i n the case 
of the m i g r a t i n g Willow Warblers Odum's estimates agree more c l o s e l y 
w i t h Tucker's than Pennycuick's. 

12 .7 F l i g h t times of m i g r a t i n g Willow Warblers 
As shown i n Figure 12 B the mode of f l i g h t times f o r both adult and 
j u v e n i l e b i r d s i s 20-21). hours, w i t h a maximum of 32 — 3̂4- hours i n two 
j u v e n i l e s . However, i f Odum's method o f c a l c u l a t i o n of the f l i g h t 
ranges are used the f l i g h t time would be only 10 hours. Thus 
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Figure 12.F . Estimated s t i l l - a i r f l i g h t times of Willow 
Warblers (upper two histograms) and Grass
hopper Warblers (lower two histograms) 
c a l c u l a t e d from the formula derived i n Appendix 
3. The ordinate i s the number of b i r d s ; 
ads - a d u l t s , juvs - j u v e n i l e s . 
The f i g u r e s on which these histograms are based 
are given i n Appendix 2. 
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Figure 12.6.a . The estimated geographical t e r m i n i of the 
migratory f l i g h t s - ' of j u v e n i l e Grasshopper 
Warblers: k i l l e d a t Bardsey Lighthouse on 
6/7.9.69. Ranges are c a l c u l a t e d by the method 
of Pennycuick ( 1 9 6 9 ) . The large open c i r c l e i n 
Wales marks Bardsey ^sland, and the same symbol 
i n France is' the mean range of the sample assuming 
a p r o f i l e power r a t i o of two; the X marks the 
mean range i f a. p r o f i l e power r a t i o of one i s 
assumed. 



juvenile Grasshopper Warbler 



191 

according to the estimates the b i r d s would f i n i s h t h e i r journey the 
evening of the f o l l o w i n g day, whereas on Odum's estimates, they could 
f l y only u n t i l the morning. I t does seem strange t h a t t h e a r r i v a l times 
should be i n the evening, though of course the b i r d s do not n e c e s s a r i l y 
f l y to exhaustion of t h e i r l i p i d reserves. 

I t i s worth p o i n t i n g out t h a t the f l i g h t times would be much longer 
i f the increase i n body l i p i d i n these b i r d s was not r e f l e c t e d i n an 
increase i n body weight; heavier b i r d s f l y f a s t e r , but of course have 
a smaller range. As shown i n Chapter 1 2 . 1 there are no c o r r e l a t i o n s 
between the body components of t h i s sample of m i g r a t i n g Willow Warblers, 
so t h a t body weight increases s o l e l y r e f l e c t the amount of l i p i d 
deposited. 

1 2 . 8 F l i g h t times of m i g r a t i n g Grasshopper Warblers 

As might be expected the f l i g h t times of j u v e n i l e s show a b i m o d a l i t y 
as do the f l i g h t ranges (Figure 12.B); w i t h modes at 16 t o 17 hours 
and 26 t o 27 hours. The a d u l t s show a range of values from 16 to 
23 hours. What i s remarkable i s t h a t these b i r d s which have much 
l a r g e r ranges than the sample of Willow Warblers have much the same 
f l i g h t times. I n f a c t the maximum f l i g h t range c a l c u l a t e d f o r the 
Grasshopper Warblers i s 1030 km w i t h a f l i g h t time of 32 hours, w h i l e 
the l a r g e s t range of a Willow Warbler i s 927 km, w i t h a f l i g h t time 
of 35 hours. Part of t h i s r e d u c t i o n i n f l i g h t time i s due to 
Grasshopper Warblers being l a r g e r b i r d s anyway, but most i s due t o the 
p o s i t i v e c o r r e l a t i o n between body water and t o t a l l i p i d weight. I f 
there was no such c o r r e l a t i o n there would be only minor gains i n range 
(as heavier b i r d s consume more power), but considerable increases i n 
f l i g h t times as shown below: 
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Juveniles 
Mean range Mean f l i g h t time 

Lean weight remains constant at mean 
weight f o r sample 757 km 30 hrs 
Lean weight i s c o r r e l a t e d w i t h 
t o t a l l i p i d weight 681 km 2ij. hrs 
Difference 76 km 6 hrs 

Thus there would be a gain i n range of only about 1 1 $ , but an increase 
i n f l i g h t time of a quarter. 

Whether these estimates based on Pennycuick's ( 1 9 6 9 ) theory are corre c t 
matters l i t t l e , f o r i r r e s p e c t i v e of the magnitude of the saving, a. 
l i p i d c o r r e l a t e d increase i n lean body weight w i l l reduce the time 
needed f o r completion of the s t i l l - a i r range. 

As noted f o r Willow Warblers the f l i g h t times c a l c u l a t e d by Pennycuick's 
( 1 9 6 9 ) theory, r e q u i r e the b i r d to f l y the f u l l s t i l l - a i r range; t h i s 
would r e s u l t i n a r r i v a l times e i t h e r the f o l l o w i n g evening or the 
morning a f t e r t h a t . However, such an estimate requires i n f o r m a t i o n 
on the time at which the samples were captured; I have none. Such 
c a l c u l a t i o n s do show t h a t f o r the b i r d s to reap b e n e f i t of s t i l l - a i r 
range and the time savings o u t l i n e d , they would have to f l y non-stop, 
t h a t i s day and n i g h t . Again there i s no i n f o r m a t i o n on t h i s p o i n t . 

1 2 . 9 The s t a t e of moult of m i g r a t i n g Warblers 

A number of authors have suggested that moult and m i g r a t i o n are 
temporally d i s t i n c t processes, and t h a t ' • ' j u v e n i l e s born 
t o l a t e broods of migratory species accelerate t h e i r moult accordingly 
(Baggott 1 9 7 0 , Gwinner 1 9 7 0 , Snow 1 9 6 9 ) . A few j u v e n i l e Willow 
Warblers, and most of the adults s t i l l had feathers incompletely 
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grown i n these samples of m i g r a t i n g b i r d s . However, most of the 
Grasshopper Warblers showed some incompletely grown f e a t h e r s . A l l 
of the eight a d u l t s examined had the t a i l coverts and v e n t r a l t r a c t 
c o n t a i n i n g incompletely grown f e a t h e r s , and f i v e had some of the 
t e r t i a l s not f u l l y grown. Nine out of the twenty-one j u v e n i l e s 
examined had some incompletely grown feathers on the head, breast or 
b e l l y . Thus, i t would seem t h a t i n t h i s species anyway moult i s 
not terminated before m i g r a t i o n , and the smaller ranges found f o r the 
adults sample are associated w i t h a greater degree of moult. 

Since t o t a l body water i s elevated i n passerine b i r d s during the moult 
(Evans 19&9, Newton 19 6 8 ) , i t i s possible t h a t the c o r r e l a t i o n between 
t o t a l body l i p i d and t o t a l body water seen i n t h i s species i s an 
extension of t h i s phenomenon found during the moult. 

12.10 Summary 
F l i g h t ranges and times are estimated f o r samples of m i g r a t i n g 
Willow and Grasshopper Warblers k i l l e d at Bardsey Lighthouse,North 
Wales. Grasshopper Warblers have longer ranges than Willow Warblers 
(as they have a greater l i p i d i n d e x ) , but both species have approxi
mately the same f l i g h t times. This i s due to a l i p i d - c o r r e l a t e d 
increase i n t o t a l body water i n Grasshopper Warblers, which reduces 
the time needed f o r completion of the estimated range. 
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Chapter 13 Changes i n a p p e t i t e and body composition of Bramblings 
given i n j e c t i o n s of p r o l a c t i n or s t i m u l a t o r y photoperiods. 

13«1 I n t r o d u c t i o n 
Subcutaneous or intramuscular i n j e c t i o n s of mammalian p r o l a c t i n can 
produce f a t t e n i n g i n migratory b i r d s which i s s i m i l a r i n magnitude to 
t h a t found i n the w i l d (Meier and Davis 1 9 6 7 , Meier and Farner 1961 ; ) , 

but i t has not been established t h a t t h i s i s a t r u e m i g r a t o r y o b e s i t y 
than 

(which requires both hyperphagia and l i p i d d e p o s i t i o n ) , r a t h e r / t h e form 
of obesity which can be produced by hypophysectomy i n chickens (Gibson 
and Nalbandov 1 9 6 6 ) i n which l i p i d m o b i l i z a t i o n i s impaired, and food 
i n t a k e not a l t e r e d . The f o l l o w i n g experiments were designed t o 
d i s t i n g u i s h these p o s s i b i l i t i e s , to compare p h o t o p e r i o d i c a l l y - i n d u c e d 
fattening' and hormone-induced f a t t e n i n g , and t o examine the r o l e of 
the l i v e r i n these. 

I n these experiments gross energy intake has been measured r a t h e r 
than net energy i n t a k e , as the former gives a b e t t e r measure of app e t i t e 
V a r i a t i o n s i n the extent of l i p i d d e p o s i t i o n have been examined by 
measuring weights of f a t 'pads', t o t a l body l i p i d , and t o t a l body 
weight. I n a d d i t i o n changes i n l i v e r composition have also been 
examined. 

1 3 . 2 Methods 
Bramblings were captured from feeding f l o c k s during February 1972 

and h e l d two t o a cage on an eight-hour photoperiod (8L : 1 6 D ) ( l i g h t s 
on at O83O GMT) at outdoor temperatures. A l l b i r d s were provided 
w i t h food and water ad l i b i t u m throughout t h e i r c a p t i v i t y . The 
seed mixture supplied consisted p r i n c i p a l l y of m i l l e t , rape, l i n s e e d 
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hemp, and n i g e r ; the l a s t three being the seeds u s u a l l y consumed. 
For the experiments the b i r d s were t r a n s f e r r e d from the stock 
room to i n d i v i d u a l cages i n another room. The photoperiod 

i n t h i s room was adjustable and the temperature was maintained i n 
the b i r d s ' thermoneutral zone, as a thermostat prevented the a i r 
temperature dropping below 20°C; the room temperature was u s u a l l y 
w i t h i n 2 t o i+°C above t h i s minimum. Birds were acc l i m a t i z e d t o the 
new conditions i n the experimental room f o r one week before measure
ments were commenced. 

Cages were designed t o r e t a i n a l l s p i l l e d food and excreta, and the 
f l o o r was covered w i t h f o i l t h a t was changed d a i l y . Cages were 
emptied of t h e i r contents at the end of each photoperiod, and at the 
same time b i r d s were weighed to the nearest 0 .5 gm. The b i r d s were 
weighed at t h i s t i m e , r a t h e r than at the s t a r t of the photoperiod, as 
t h i s gives a b e t t e r measure of the ef f e c t i v e n e s s of a treatment i n 
producing weight changes on a p a r t i c u l a r day of the experiment. 
However, t h i s method does mean th a t the body weight includes the 
weight of any undigested food i n the stomach; but only i f the feeding 
p a t t e r n of c o n t r o l and experimental b i r d s i s d i f f e r e n t w i l l t h i s be 
of importance. 

Excreta was separated from s p i l l e d food by hand s o r t i n g and the s p i l l e d 
seed weighed t o 0.1 gm. This weight, subtracted from the weight of 
seed supplied the previous day gave a measure of the food i n t a k e . 

I n the experiments i n v o l v i n g the a d m i n i s t r a t i o n of exogenous hormone, 
ovine p r o l a c t i n (Sigma) was i n j e c t e d at 7 .5 or 10 IU per day dis s o l v e d 
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i n i |0 y.1 o f a s o l u t i o n c o n s i s t i n g o f 3.6%> 0 . 1 N NaOH i n 0.9% s a l i n e . 
C o n t r o l s were g i v e n Lj.0 jil o f t h i s s a l i n e s o l u t i o n w i t h o u t any o f t h e 
hormone. The i n j e c t i o n s were subcutaneous on the l e g . 

B i r d s were k i l l e d two h o u r s a f t e r t he s t a r t o f t h e p h o t o p e r i o d on 

t h e day a f t e r t h e l a s t t r e a t m e n t . 

I n t h e expe r imen t i n v o l v i n g a s i m u l a t e d p h o t o p e r i o d o f II4. h o u r s 

( 8 L : 6 D : 1 L : 9 D ) (as a l i g h t - p u l s e ) t he f o o d and e x c r e t a were c o l l e c t e d 

a t t h e end o f t h e f i r s t e i g h t - h o u r l i g h t p e r i o d ; on f o u r o c c a s i o n s 

the amount o f seed e a t e n d u r i n g the one h o u r l i g h t p u l s e was measured, 

b u t t h i s amounted a t most t o 0 . 5 gpi, and u s u a l l y was n e g l i g i b l e . 

1 3 . 3 « A n a l y s i s o f d a t a 

The d a t a f o r f o o d i n t a k e are p r e s e n t e d b o t h as r u n n i n g means f o r 

two days a t a t i m e , and as c u m u l a t i v e w e i g h t o f seed e a t e n day by 

day . I n t h e l a t t e r case a l e a s t squares r e g r e s s i o n l i n e has been 

c a l c u l a t e d f o r t h e c u m u l a t i v e w e i g h t s p r i o r t o the s t a r t o f t he 

t r e a t m e n t s . The e x t r a p o l a t i o n o f t h i s l i n e i n t o t h e t r e a t m e n t 

p e r i o d p r o v i d e s a p r e d i c t i o n o f f o o d i n t a k e f o r any o f t h e days 

d u r i n g t h i s p e r i o d . The da t a on body w e i g h t s have been p r e s e n t e d 

f o r each day o f t h e e x p e r i m e n t s . A l l s t a t i s t i c a l compar i sons 

are made by t h e Mann-Whitney two s a m p l e - t e s t , and t h e p r o b a b i l i t i e s 

c i t e d a re t w o - t a i l e d . 

W.k T e s t i c u l a r c o n d i t i o n . ( T a b l e 13.1+.1) 

Tes tes s i z e , mean s e m i n i f e r o u s t u b u l e d i a m e t e r s and h i s t o l o g i c a l 

s t a t e were examined, f i r s t l y t o check t h a t t h e c o n t r o l s were r e m a i n i n g 

i n a p h o t o s e n s i t i v e s t a t e over t h e l o n g p e r i o d o f c a p t i v i t y , and 

s econd ly t o d e t e r m i n e whe the r p r o l a c t i n had any e f f e c t . The f o r m e r 



1 9 7 

was p a r t i c u l a r l y I m p o r t a n t s i n c e exogenous g o n a d o t r o p i n s a re known 

t o ' s y n e r g i s e w i t h p r o l a c t i n t o p roduce l i p i d d e p o s i t i o n ( M e i e r and 

Pa rne r 1961+). The mean t u b u l e d i a m e t e r s were c a l c u l a t e d f r o m a 

sample o f about 10 t u b u l e s w h i c h were c i r c u l a r i n c r o s s - s e c t i o n ; 

where p o s s i b l e s e r i a l s e c t i o n s f r o m w i d e l y s e p a r a t e d p a r t s o f t h e t e s t e s 

were u sed . 

Tab le 13-J-l--1 Tes tes s i z e and s e m i n i f e r o u s t u b u l e d i ame te r o f male 
B r a m b l i n g s 

B i r d 

Exper iment 1 

C o n t r o l s 

Gonad d i a m e t e r (mm) Tubu le d i a m e t e r ( u ) 

1C 0 .60 1+8.9 + 3 . 9 a ( 1 1 ) 

E x p e r i m e n t a l s 

1E 0 . 7 0 53.14- + 1.9 ( 1 6 ) 

1P 0.71+ 5l+. 5 + 5 .2 ( 1 1 ) 

1H 0 . 62 62 .8 + k.Q ( 1 2 ) 

11 0 .56 [(.8.1 + 1.7 ( 1 0 ) 

Exper imen t 2 

C o n t r o l s 

2B 1 .20 + 5.1+ (13 ) 

E x p e r i m e n t a l s 

2H 0 .96 5 0 . 9 + 5 .2 ( 1 7 ) 

21 0 .72 1+5.7 + 1+.5 ( 1 8 ) 

Exper imen t 3 

C o n t r o l s 

3A 1 .52 5 4 . 2 + 3.1+ ( 1 0 ) 

3B 1.20 5 8 . 1 + 7 .1 ( 1 0 ) 

3L 0 .88 1+8.1 + 7 . 2 ( 6 ) 

3J 1.01+ 75.1+ + 5.8 (10) 
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T a b l e 13 .1 ; . 1 c o n t i n u e d 

B i r d Gonad d i a m e t e r (mm) Tubu le d i a m e t e r ( u ) 

E x p e r i m e n t a l s , a d l i b i t u m f o o d 

3 D 1 .kk 1+3-8 + 6 .1 (10) 

3 E 0 . 80 i | 4 . 2 + 1;.1 ( 8 ) 

3P 0 .80 lj .2.3 + 3 . 6 ( 7 ) 

3 G 1.60 ^ 2 . 3 + k-7 ( 5 ) 

E x p e r i m e n t a l s , f o o d r e s t r i c t e d 

3C 1.12 7 5 . 6 + 9 . 6 ( 9 ) 

3H 0 . 9 6 

31 0 .88 

3K 1.00 63.3 + 6 .1 ( 1 1 ) 

E x p e r i m e n t 1; 

l+C 3.1+ 363 .0 + 36 .9 (10) 

1|D 1 . 6 92 .7 + 12 .8 (11 ) 

lj-E 2 . 5 2kk-9 + 32 .k ( 12 ) 

a. mean +_ s t a n d a r d d e v i a t i o n (sample s i z e ) 

13 .5 E x p e r i m e n t 1 : The e f f e c t o f p r o l a c t i n i n j e c t i o n s f o u r h o u r s 

a f t e r t h e s t a r t o f t h e p h o t o p e r i o d . 

A l t h o u g h mammalian p r o l a c t i n a d m i n i s t e r e d t o m i g r a t o r y b i r d s can 

p roduce l i p i d d e p o s i t i o n o f comparable magn i tude t o t h a t f o u n d i n 

p h o t o p e r i o d i c a l l y - i n d u c e d f a t t e n i n g (Me ie r and Parner 1961;) ,whether 

t h i s response i s expressed depends on t h e t i m e o f i n j e c t i o n o f t h e 

hormone w i t h i n t h e d a i l y p h o t o p e r i o d . Me ie r and Dav i s (1967) f o u n d 

t h a t p r o l a c t i n a d m i n i s t e r e d e a r l y i n t h e p h o t o p e r i o d (16L:8D) t o 

p h o t o r e f r a c t o r y b i r d s p r o d u c e d a decrease i n mean body w e i g h t r e l a t i v e 
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t o t h e c o n t r o l s , whereas i n j e c t i o n s l a t e i n t h e p h o t o p e r i o d p r o d u c e d 

an i n c r e a s e . These w e i g h t changes were d u e , a t l e a s t i n p a r t , t o 

changes i n body l i p i d w e i g h t , t h o u g h body c o m p b s i t o n was not d e t e r m i n e d 

q u a n t i t a t i v e l y . Subsequen t ly , M e i e r and M a r t i n (1971) have p roposed 

t h a t t h i s d i u r n a l response i s due t o t e m p o r a l syne rg i sm w i t h c o r t i c o -

s t e r : one. 

My f i r s t e x p e r i m e n t was de s igned ( t o g e t h e r w i t h the n e x t one) t o t e s t 

wh e the r such an e f f e c t was d e t e c t a b l e i n p h o t o s e n s i t i v e B r a m b l i n g s , 

and t o e s t a b l i s h what ca rcase components m i g h t be r e s p o n s i b l e f o r t h e 

w e i g h t changes . A d d i t i o n a l l y , f o o d i n t a k e was m o n i t o r e d t o e l u c i d a t e 

what r o l e a p p e t i t e p l a y e d i n any a f f e c t . 

B i r d s were k e p t on 8L:16D, and t h e expe r imen t was s t a r t e d on 1 0 / 3 / 7 2 . 

I n j e c t i o n s o f p r o l a c t i n a t 7-5 I U pe r day l a s t e d f o r 10 days . 

13 .6 E x p e r i m e n t 1 - food, i n t a k e 

As shown i n F i g u r e 1 3 . 6 . a t h e r u n n i n g means o f seed consumed by 

c o n t r o l b i r d s were u n a f f e c t e d by i n j e c t i o n s o f s a l i n e s o l u t i o n . T h i s 

i s c o n f i r m e d by r e f e r e n c e t o F i g u r e 1 3 » 6 . b , w h i c h shows t h a t t h e 

obse rved c u m u l a t i v e w e i g h t s o f seed e a t e n by t h e c o n t r o l b i r d s d u r i n g 

t h e p e r i o d o f s a l i n e i n j e c t i o n s d i d no t d i f f e r much f r o m t h e w e i g h t s 

p r e d i c t e d : i n f a c t , i f a n y t h i n g the obse rved w e i g h t s a re l e s s t h a n 

p r e d i c t e d . Tha t s a l i n e i n j e c t i o n s had no e f f e c t on f o o d c o n s u m p t i o n 

i s f u r t h e r c o n f i r m e d by b i r d 1B, whose f o o d i n t a k e was d e c r e a s i n g 

b e f o r e s a l i n e i n j e c t i o n s began, b u t t h e s e i n j e c t i o n s d i d not p r e v e n t 

t h e w e i g h t o f f o o d e a t e n r e c o v e r i n g s u b s e q u e n t l y t o p r e v i o u s l e v e l s . 

I n c o n t r a s t t hose b i r d s i n j e c t e d w i t h o v i n e p r o l a c t i n showed an 

i n c r e a s e i n t h e r u n n i n g means o f seed e a t e n d u r i n g t h e i n j e c t i o n p e r i o d 

( F i g u r e 13 .6 .A. . ) . T h i s i s seen more c l e a r l y i n F i g u r e 1 3 - 6 . C 
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where i n f o u r out o f f i v e b i r d s t h e c u m u l a t i v e w e i g h t s o f seed e a t e n 

exceeded the p r e d i c t e d amounts by the end of t h e e x p e r i m e n t . However, 

i n these b i r d s the i n c r e a s e i n f o o d i n t a k e i s n o t d e t e c t a b l e u n t i l 

3 t o I), days a f t e r t h e f i r s t hormone i n j e c t i o n . B i r d I P i s anomalous 

i n t h a t f o o d i n t a k e was e r r a t i c and d e c r e a s i n g b e f o r e i n j e c t i o n s 

began ( F i g u r e 13 .6 A ) , bu t a g a i n f o o d i n t a k e d i d n o t i n c r e a s e u n t i l 

t h e f o u r t h day o f p r o l a c t i n i n j e c t i o n s : t h i s s u p p o r t s t h e o b s e r v a t i o n 

t h a t p r o l a c t i n i n j e c t e d s u b c u t a n e o u s l y i s i n e f f e c t i v e i n i n c r e a s i n g 

a p p e t i t e u n t i l t h e t h i r d o r f o u r t h day o f hormone a d m i n i s t r a t i o n . 

The e x p e r i m e n t was n o t c o n t i n u e d l o n g enough t o d e t e r m i n e w h e t h e r 

t h e f o o d i n t a k e o f t h i s b i r d may e v e n t u a l l y have r eached l e v e l s f o u n d 

i n t h e o t h e r e x p e r i m e n t a l b i r d s . 

13«7 Exper imen t 1 - body w e i g h t 

N e a r l y a l l t h e b i r d s showed a s l i g h t decrease i n body w e i g h t when 

t h e i n j e c t i o n s began ( F i g u r e 13 .7 A ) , b u t i n a l l cases excep t 1F t h i s 

l o s s was r e g a i n e d w i t h i n 3 t o 6 days; h o w e v e r , f l u c t u a t i o n s were s m a l l 

u s u a l l y l e s s t h a n a gram. B i r d 1F w h i c h was h e a v i e r t h a n o t h e r s at 

t h e s t a r t o f t h e e x p e r i m e n t showed a marked r e d u c t i o n i n body weight 

a f t e r t h e s t a r t o f t h e p r o l a c t i n i n j e c t i o n s , l e v e l l i n g o f f t o a w e i g h t 

n e a r e r t h e r e s t o f t h e e x p e r i m e n t a l g r o u p . 

13 .8 E x p e r i m e n t 1 - t e s t i c u l a r c o n d i t i o n 

A l l t he males i n t h i s e x p e r i m e n t , whe the r g i v e n p r o l a c t i n i n j e c t i o n s 

o r n o t , had s i m i l a r t e s t e s s i z e s ( T a b l e 13.1[.1 ) , and s i m i l a r s e m i n i 

f e r o u s t u b u l e d i a m e t e r s . A l l t u b u l e s showed o n l y p r i m a r y spe rma togon ia 

i n a s i n g l e l a y e r n e x t t o t h e o u t s i d e o f t h e t u b u l e . When compared 

w i t h mean t u b u l e d i a m e t e r s o f a l a r g e sample o f c o n t r o l b i r d s f r o m 

expe r imen t 3 t h e t u b u l e d i a m e t e r s o f t h e h o r m o n e - t r e a t e d b i r d s i n t h i s 

expe r imen t were no t s i g n i f i c a n t l y d i f f e r e n t (p=. I |_8) . A l l b i r d s had 
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F i g u r e 1 3 . 6 . a . The r u n n i n g means o f t he w e i g h t o f f o o d e a t e n 

( i n gms) by B r a m b l i n g s i n Expe r imen t 1 . 

O r d i n a t e - gms o f f o o d e a t e n . 

A b s c i s s a - t h e days o f t he e x p e r i m e n t . 

Open t r i a n g l e s - b i r d s g i v e n s a l i n e i n j e c t i o n s 

f o u r h o u r s a f t e r t h e s t a r t o f t h e p h o t o p e r i o d . 

C losed t r i a n g l e s - b i r d s g i v e n p r o l a c t i n i n j e c t i o n s 

f o u r hours a f t e r t h e s t a r t o f t he p h o t o p e r i o d . 

V e r t i c a l a r r o w s i n d i c a t e t h e p o i n t a t w h i c h 

i n j e c t i o n s were i n i t i t i a t e d . 
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F i g u r e 1 3 . 6 . I d . The c u m u l a t i v e w e i g h t o f f o o d ea ten •by-

c o n t r o l b i r d s i n E x p e r i m e n t 1 . 

Abscissa. - days o f t he e x p e r i m e n t . 

O r d i n a t e - t h e ze ro marks c o r r e s p o n d t o 

ze ro w e i g h t o f seed ea t en a t ze ro t i m e ; 

t h e s c a l e o f gms o f seed ea t en i s g i v e n 

s e p a r a t e l y . The open t r i a n g l e s i n d i c a t e t h e 

p o i n t a t w h i c h c o n t r o l i n j e c t i o n s were i n i t i a t e d . 

The s o l i d l i n e s a r e t he l e a s t squares r e g r e s s i o n 

l i n e s f i t t e d t o t h e p r e - i n j e c t i o n c u m u l a t i v e 

f o o d w e i g h t s and e x t r a p o l a t e d t o t he i n j e c t i o n 

p e r i o d . 

From t o p t o b o t t o m t h e b i r d s a r e D,C,B and A . 
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F i g u r e 1 3 - 6 . C . The c u m u l a t i v e w e i g h t o f f o o d ea ten by-

e x p e r i m e n t a l b i r d s i n Expe r imen t 1 . 

A b s c i s s a - days o f t h e e x p e r i m e n t . 

O r d i n a t e - t h e zero marks c o r r e s p o n d t o ze ro w e i g h t 

o f seed ea ten a t zero t i m e ; t h e s c a l e o f gms o f 

seed i s g i v e n s e p a r a t e l y . The open t r i a n g l e s 

i n d i c a t e t h e p o i n t a t w h i c h p r o l a c t i n i n j e c t i o n s 

were i n i t i a t e d . The s o l i d l i n e s ' a re t h e l e a s t 

squares r e g r e s s i o n l i n e s f i t t e d t o t h e p r e - i n j e c t i o n 

c u m u l a t i v e f o o d w e i g h t s and e x t r a p o l a t e d t o t h e 

i n j e c t i o n p e r i o d . 

From t o p t o b o t t o m t h e b i r d s a re H , G , F , I , and E. 
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F i g u r e 1 3 » 7 . a . V a r i a t i o n s i n t h e "body w e i g h t s o f c o n t r o l b i r d s 

( s o l i d l i n e ) and e x p e r i m e n t a l b i r d s ( b r o k e n l i n e ) 

i n Expe r imen t 1 . The open t r i a n g l e s i n d i c a t e t h e 

p o i n t a t w h i c h i n f e c t i o n s commenced. 

O r d i n a t e - gms t o t a l body w e i g h t . 

A b s c i s s a - days o f t he e x p e r i m e n t . 

From t o p t o b o t t o m t h e b i r d s a re I , H , G , F and E; 

D , C , B and A. 
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f i b r o b l a s t i c L e y d i g c e l l s . 

l3 .qExper iment 2: The e f f e c t o f p r o l a c t i n i n j e c t i o n s a t t h e end o f t h e 

p h o t o p e r i o d and a t two d i f f e r e n t dose r a t e s 

Since M e i e r and Dav i s (1967 ) have shown t h a t p r o l a c t i n i n j e c t i o n s 

l a t e i n t he p h o t o p e r i o d a re most e f f e c t i v e i n p r o m o t i n g w e i g h t g a i n s 

i n p h o t o r e f r a c t o r y b i r d s , t h i s expe r imen t was u n d e r t a k e n t o complement 

expe r imen t 1 and t o d e t e r m i n e i f t h e r e i s a s i m i l a r e f f e c t i n p h o t o 

s e n s i t i v e B r a m b l i n g s . Two d i f f e r e n t dose r a t e s ( 7 . 5 and 10 TU) were 

g i v e n and t h e e f f e c t s on f o o d i n t a k e , body w e i g h t and c o m p o s i t i o n 

m o n i t o r e d . 

The expe r imen t was s t a r t e d on 5/^4-/72, and t h e b i r d s were k e p t on 

8 L : 1 6 D . T h e j p r o l a c t i n i n j e c t i o n s l a s t e d f o r e i g h t days , and were g i v e n 

i n t h e l a s t h a l f - h o u r o f t h e p h o t o p e r i o d . 

13 .10 Expe r imen t 2 - f o o d i n t a k e s 

As shown i n F i g u r e 1 3 . 1 0 . a t h e r u n n i n g means o f seed consumed by c o n t r o l 

b i r d s were u n a f f e c t e d by s a l i n e i n j e c t i o n s . C o n f i r m a t i o n i s p r o v i d e d 

i n F i g u r e 1 3 . 1 0 . b w h i c h shows t h a t t he o b s e r v e d c u m u l a t i v e w e i g h t s o f 

seed consumed d i d n o t d i f f e r f r o m the p r e d i c t e d w e i g h t s over t h e 

p e r i o d o f t h e s a l i n e i n j e c t i o n s . By c o n t r a s t a l l b i r d s g i v e n J.^TU 

o f o v i n e p r o l a c t i n i n s a l i n e each day showed an i n c r e a s e i n t h e r u n n i n g 

means o f seed ea t en d u r i n g t he i n j e c t i o n p e r i o d ( F i g u r e 3 .10 1 ) , and 

a l l c u m u l a t i v e w e i g h t s o f seed are i n excess o f t h e w e i g h t s p r e d i c t e d 

by t h e r e g r e s s i o n e q u a t i o n s ( F i g u r e 1 3 . 1 0 . b , 2 F , G , E ) . I n t he se b i r d s 

t h e i n c r e a s e i n f o o d i n t a k e was d e t e c t a b l e i n t h e f i r s t day a f t e r t h e 

s t a r t o f t h e p r o l a c t i n i n j e c t i o n s ( F i g u r e 1 3 . 1 0 . b ) . The r u n n i n g means 

o f seed consumed f o r t h e two b i r d s g i v e n 10 I U pe r day ( 2 H , I ) were 

a l s o h i g h e r t h a n t he p r e - i n j e c t i o n l e v e l s , b u t as F i g u r e 1 3 . 1 0 . b 

i l l u s t r a t e s t h e h i g h e r dose d i d no t p roduce any m a r k e d l y g r e a t e r 
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a d d i t i o n a l f o o d i n t a k e . 

13.11 Expe r imen t 2 - body w e i g h t 

S a l i n e i n j e c t i o n s i n the f o u r c o n t r o l b i r d s d i d n o t produce any 

i n c r e a s e i n body w e i g h t ( F i g u r e 13 .11 .a) . I n t h r e e b i r d s (2 A , B , C , ) 

s m a l l f l u c t u a t i o n s were p r o d u c e d , b u t t h e s e were a lways r e d u c t i o n s 

compared t o p r e - i n j e c t i o n w e i g h t s . A f e m a l e , 2D, showed l a r g e 

decreases i n w e i g h t d u r i n g t he i n j e c t i o n p e r i o d , b u t u s u a l l y t he se 

were f o l l o w e d by r e c o v e r i e s t o p r e - i n j e c t i o n w e i g h t s . 

Of t h e t h r e e b i r d s g i v e n 7-5 I U p r o l a c t i n , two showed i n c r e a s e s i n 

body w e i g h t (2F m a l e , and 2G f e m a l e ) . Whereas 2E (male ) showed no 

a p p r e c i a b l e change i n w e i g h t ( F i g u r e 13.11a). However, even i n 

t he f o r m e r two b i r d s t h e w e i g h t i n c r e a s e s were n o t l a r g e ( c . 1 gm) . 

I n j e c t i o n o f 10 IU o f p r o l a c t i n p roduced much g r e a t e r i n c r e a s e s i n 

body w e i g h t over p r e - i n j e c t i o n l e v e l s ; 1.5 gms i n b i r d 2H and 3 gms 

i n 2 1 . To examine more f u l l y t h e changes i n body w e i g h t i n response 

t o 10 IU o f p r o l a c t i n t h i s p a r t o f t he e x p e r i m e n t was r e p e a t e d as 

p a r t o f expe r imen t 3. 

13.12 Exper imen t 2 - t e s t i c u l a r c o n d i t i o n 

The two males g i v e n 10 IU o f p r o l a c t i n p e r day had s m a l l e r t e s t e s 

t h a n t h e o n l y male i n t he c o n t r o l group ( T a b l e 13 .^ .1 ) . They a l s o 

had s m a l l e r t u b u l e d i a m e t e r s . These b i r d s a l s o had s m a l l e r t u b u l e 

d i a m e t e r s t h a n t h e c o n t r o l g roup i n e x p e r i m e n t 3, t h o u g h no t s i g n i f i 

c a n t l y so . The c o n t r o l male i n e x p e r i m e n t 2 had spe rma togon ia i n 

more t h a n one l a y e r , whereas t h e two e x p e r i m e n t a l males had many f e w e r 

o f these o u t e r s p e r m a t o g o n i a . I n a l l t h r e e males t h e L e y d i g c e l l s 

were f i b r o b l a s t i c . 
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F i g u r e 13 -10 . a. The r u n n i n g means o f w e i g h t o f f o o d e a t e n 

"by B r a m b l i n g s i n E x p e r i m e n t 2 . 

O r d i n a t e - gms o f seed. 

A b s c i s s a - days o f t h e e x p e r i m e n t . 

The b i r d s g i v e n p r o l a c t i n i n j e c t i o n s a re 

i n t h e upper p a n e l , 7 .5 I U p e r day ( c l o s e d 

c i r c l e s ) and 10 I U per day (open s q u a r e s ) . 

C o n t r o l s a r e i n t h e l o w e r p a n e l . 

The v e r t i c a l a r rows mark t h e p o i n t a t w h i c h 

i n j e c t i o n s were commenced. 
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F i g u r e 1 3 . 1 0 . T d . The c u m u l a t i v e w e i g h t s o f seed eat e n by 

Bramblings i n Experiment 2. 

O r d i n a t e - t h e zero marks on t h e o r d i n a t e mark 

zero f o o d consumed a t zero t i m e , t h e s c a l e i s 

g i v e n s e p a r a t e l y . 

A bscissa - days o f t h e experiment. 

B i r d s g i v e n p r o l a c t i n i n j e c t i o n s are open 

c i r c l e s ; b i r d s g i v e n s a l i n e i n j e c t i o n s c l o s e d 

c i r c l e s . The open t r i a n g l e s mark t h e p o i n t a t 

whi c h i n j e c t i o n s were i n i t i a t e d . 

The s o l i d l i n e s a r e t h e l e a s t squares r e g r e s s i o n 

l i n e s f i t t e d t o t h e p r e - i n j e c t i o n c u m u l a t i v e 

w e i g h t s and e x t r a p o l a t e d t o the p o s t - i n j e c t i o n 

p e r i o d . 

From t o p t o bottom t h e b i r d s are I,H,F,E,G,D,A,B,C. 

http://13.10.Td
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F i g u r e 1 3 . 1 1 . a . V a r i a t i o n s i n t h e body w e i g h t o f b i r d s 

g i v e r c o n t r o l ( c l o s e d c i r c l e s ) o r p r o l a c t i n 

(open c i r c l e s ) i n j e c t i o n s i n Experiment 2 . 

The v e r t i c a . l arrows i n d i c a t e t h e time a t which 

i n j e c t i o n s commenced. 

O r d i n a t e - gms t o t a l body w e i g h t . 

Abscissa - the days o f the exp e r i m e n t . 

B i r d s f r o m t o p t o bottom are I,H,G,E,E,D,C,B, and A. 
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13 33 Experiment 3' The e f f e c t of p r o l a c t i n i n j e c t i o n s at t h e end 

o f t h e p h o t o p e r i o d on male Bramblings g i v e n ad l i b i t u m vs 

r e s t r i c t e d amounts o f f o o d . 

As shown i n t h e p r e v i o u s experiment p r o l a c t i n i n j e c t i o n s g i v e n a t 

t h e end o f t h e p h o t o p e r i o d produce an i n c r e a s e i n a p p e t i t e w h i c h i s 

not markedly dose dependent, but i n c r e a s e s i n body we i g h t t h a t a r e . 

I n t h i s experiment 10 IU o f p r o l a c t i n per day were g i v e n a t t h e end 

o f t h e p h o t o p e r i o d t o b i r d s p r o v i d e d w i t h f o o d ad l i b i t u m t o determine 

t h e magnitude of t h e w e i g h t i n c r e a s e s , and t o b i r d s p r o v i d e d w i t h o n l y 

l\. gms o f f o o d per day t o determine i f body w e i g h t i n c r e a s e s can occur 

w i t h o u t h y p e r p h a g i a . A d d i t i o n a l l y , t h i s experiment was c o n t i n u e d 

f o r o n l y Ij. or 5 days t o determine the magnitude o f t h e e f f e c t on body 

c o m p o s i t i o n a t a s h o r t e r t i m e a f t e r t h e s t a r t of t h e p r o l a c t i n 

i n j e c t i o n s , t h a n t h e 8 days used i n experiment 2 . 

B i r d s were k e p t on 8L:16D and t h e experiment s t a r t e d on 26/[|_/72. 

P r o l a c t i n and c o n t r o l i n j e c t i o n s were g i v e n i n t h e l a s t h a l f - h o u r o f 

t h e p h o t o p e r i o d . 

13 .1^ Experiment 3 - f o o d i n t a k e 

S a l i n e i n j e c t i o n s d i d not a f f e c t t h e r u n n i n g means o f seed consumed 

by t h e c o n t r o l b i r d s ( F i g u r e 13-1l+.a). As F i g u r e 13.llj..b shows, 

t h e observed c u m u l a t i v e w e i g h t s o f seed e a t e n by t h e c o n t r o l b i r d s 

d i d n o t d i f f e r from t f c p r e d i c t e d w e i g h t s except f o r b i r d 3 J 5 whose 

f o o d consumption was h i g h l y e r r a t i c , as was i t s body w e i g h t . I n 

t h e group s u p p l i e d w i t h o n l y i | gms o f seed a day a f t e r p r o l a c t i n 

i n j e c t i o n s began t h e r u n n i n g means of f o o d i n t a k e b e f o r e hormone 

i n j e c t i o n s began were c o n s t a n t , except i n one case ( F i g u r e 13.1J+.a). 

D u r i n g t h e p e r i o d o f p r o l a c t i n i n j e c t i o n s t hese b i r d s ate a l l o f t h e 

ij.gms o f seed. B i r d s g i v e n 10 IU o f o v i n e p r o l a c t i n per day and f o o d 

ad l i b i t u m showed an i n c r e a s e i n t h e r u n n i n g means o f seed consumed 
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( F i g u r e 13 .1 l ) . .a), d u r i n g t h e i n j e c t i o n p e r i o d . T h i s i s c o n f i r m e d by-

r e f e r e n c e t o F i g u r e 13.l+.b, w h i c h shows t h a t t h e observed c u m u l a t i v e 

w e i g h t s o f seed eaten s i g n i f i c a n t l y exceeded p r e d i c t i o n s . As i n 

experiment 2 t h e response was d e t e c t a b l e by the f i r s t day a f t e r the 

s t a r t o f hormone i n j e c t i o n s . 

13»15 Experiment 3 - body x^eight 

As F i g u r e 13.15>.a shows, t h e weights of t h r e e o f the c o n t r o l b i r d s 

d e v i a t e l i t t l e from p r e - i n j e c t i o n l e v e l s , b u t 3 J does show e r r a t i c 

changes i n body w e i g h t , w h i c h subsequently r e t u r n t o f o r m e r pre-.-

i n j e c t i o n l e v e l s . B i r d s g i v e n 10 IU per day and f o o d ad l i b i t u m 

show i n c r e a s e s i n body weight o f about 2 t o L|_ gms d u r i n g the p e r i o d 

o f t h e i n j e c t i o n s , and are s t i l l a t t h i s w e i g h t a t the end o f t h e 

experiment (5 d a y s ) . Thus t h e q u a n t i t a t i v e response as measured 

by body w e i g h t was g r e a t e r f o r b i r d s g i v e n 10 IU per day t h a n those 

g i v e n 7«5 IU per day i n b o t h experiments 2 and 3 . Biibds g i v e n 10 IU 

o f p r o l a c t i n per day b u t w i t h e a t i n g o n l y I4. gms o f seed a day, d i d 

show an i n c r e a s e i n w e i g h t , b u t t h i s was s m a l l e r and had d i s a p p e a r e d 

by t h e f o u r t h day a f t e r the s t a r t o f p r o l a c t i n a d m i n i s t r a t i o n . 

13^-fe Experiment 3 - t e s t i c u l a r c o n d i t i o n 

There are no d i f f e r e n c e s i n t e s t e s s i z e between t h e groups o f b i r d s , 

b u t b i r d s g i v e n 10 IU o f p r o l a c t i n and f o o d ad l i b i t u m had s m a l l e r 

mean s e m i n i f e r o u s t u b u l e d i a m e t e r s t h a n t h e c o n t r o l group, (p=.028) 

(Table 13.L|-.1). A l l t h e c o n t r o l b i r d s had a s i n g l e l a y e r o f p r i m a r y 

spermatogonia w i t h t h r e e b i r d s h a v i n g a few above t h i s l a y e r . The 

i n j e c t e d b i r d s w i t h f o o d ad. l i b i t u m had a s i n g l e l a y e r o f spermatogonia 

o n l y , whereas the b i r d s g i v e n 10 IU o f p r o l a c t i n b u t o n l y I4. gms o f seed 

a day were much more l i k e t h e c o n t r o l b i r d s , and a l s o had l a r g e r t u b u l e 

diameters t h a n t h e ad l i b i t u m group. 

http://13.1l
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F i g u r e 1 3 . 1 4 . a . The r u n n i n g means o f f o o d eaten by 

Bramblings i n Experiment 3 . O r d i n a t e -

gms o f seed eaten; a b s c i s s a - day o f experiment. 

The l a r g e v e r t i c a l arrows mark t h e s t a r t o f the 

p r o l a c t i n o r c o n t r o l i n j e c t i o n s . 

Open t r i a n g l e s - b i r d s g i v e n p r o l a . c t i n i n j e c t i o n s 

and f o o d ad l i b i t u m . 

Closed t r i a n g l e s - b i r d s g i v e n p r o l a . c t i n i n j e c t i o n s 

and o n l y 4 gms o f food p er day. 

Open squares - b i r d s g i v e n s a l i n e i n j e c t i o n s and 

f o o d a d ( ' l i b i t u m . 

C o n t r o l b i r d J has been o m i t t e d 1 from t h i s f i g u r e . 
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F i g u r e 13.14.b . The c u m u l a t i v e w e i g h t s o f f o o d eaten "by 

Bramblings- i n Experiment 3. Open c i r c l e s are 

b i r d s g i v e n p r o l a c t i n i n j e c t i o n s and ad l i b i t u m 

f o o d , c l o s e d c i r c l e s are b i r d s g i v e n p r o l a c t i n 

i n j e c t i o n s and r e s t r i c t e d amounts o f f o o d . 

Abscissa - days o f the experiment 

O r d i n a t e - t h e zero marks on t h e o r d i n a t e are 

zero f o o d eaten a t zero t i m e , t h e s c a l e i s g i v e n 

s e p a r a t e l y . 

The open t r i a n g l e s i n d i c a t e t he p o i n t a t which 

i n j e c t i o n s began. 

From t o p t o bottom t h e b i r d s are E, G, D, F, J, L, B, A. 
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F i g u r e 13«15.a . V a r i a t i o n s i n t h e body weig h t s o f b i r d s 

g i v e n s a l i n e i n j e c t i o n s ( c l o s e d c i r c l e s ) , 

o r p r o l a c t i n i n j e c t i o n s w i t h r e s t r i c t e d f o o d 

( t o p f o u r b i r d s , open c i r c l e s ) o r f o o d ad l i b i t u m 

( m i d d l e f o u r b i r d s , open c i r c l e s ) . The open 

t r i a n g l e s i n d i c a t e t h e p o i n t a t which i n j e c t i o n s 

commenced i n Experiment 3-

O r d i n a t e - gms t o t a l body w e i g h t . 

Abscissa - days o f t h e experiment. 

From t o p t o bottom t h e b i r d s are K,I,H,C, 

G,F,D,E,L,J,B, and A. 
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13*17 Experiment The e f f e c t o f a one hour l i g h t ' p u l s e 1 M\. hours 

a f t e r t h e s t a r t o f an e i g h t hour p h o t o p e r i o d 

T h i s experiment was de s i g n e d t o t e s t whether a l o n g e r p h o t o p e r i o d 

w ould produce changes i n body c o m p o s i t i o n s i m i l a r t o th o s e produced 

by p r o l a c t i n i n j e c t i o n s . Parner (1959) has a l r e a d y shown t h a t 

s k e l e t o n l i g h t schedules can induce f a t t e n i n g i n White-crowned 

Sparrows; t h i s t e c h n i q u e has been adopted here t o m i n i m i z e any. 

e f f e c t s o f a l e n g t h e n e d f e e d i n g t i m e . The s k e l e t o n l i g h t schedule 

used i s based on the l i g h t - p u l s e t e c h n i q u e o f P o l l e t t and Sharp ( 1969 ) , 

except i n t h i s case t h e t o t a l p h o t o p e r i o d was not k e p t c o n s t a n t . 

I n s t e a d a l i g h t - p u l s e of > one hour was added t o t h e o r i g i n a l e i g h t 

hour p h o t o p e r i o d on which t h e b i r d s had been k e p t . The l i g h t p u l s e 

was g i v e n a t IJ4. hours (8L: 6D: 1L:9D) a f t e r t h e s t a r t o f t h e p h o t o p e r i o d , 

as L o f t s and M a r s h a l l (1960) have shown t h a t a p h o t o p e r i o d o f l i j . ^ - h r s 

i s e f f e c t i v e i n p r o d u c i n g p r e m i g r a t o r y f a t d e p o s i t i o n i n p h o t o s e n s i t i v e 

Bramblings. 

The experiment was s t a r t e d on 26/I(./72 and t h e l i g h t p u l s e was g i v e n 

f o r 17 days; t h i s experiment was r u n f o r l o n g e r t h a n t h e o t h e r s t o 

g i v e a l l b i r d s a chance t o respond. 

13.18 Experiment I4- - f o o d i n t a k e 

As F i g u r e 13 . l 8.a shows, t h e r u n n i n g means o f f o o d i n t a k e o f f o u r 

out o f s i x of t h e b i r d s i n c r e a s e d d u r i n g t h e p e r i o d o f t h e s k e l e t o n 

l i g h t schedule, b u t t h e amounts o f seed consumed v a r i e d r a t h e r 

w i d e l y from day t o day. F i g u r e 13.18.B. c o n f i r m s a g a i n t h a t t h e 

g e n e r a l l e v e l o f a p p e t i t e was i n c r e a s e d d u r i n g t h e t r e a t m e n t p e r i o d , 

as t h e observed c u m u l a t i v e w e i g h t s o f seed e a t e n exceeded t h e w e i g h t s 

p r e d i c t e d . I n two b i r d s (lj_D,C) t h e response was immediate, b u t i n 

the o t h e r two (I4. A,B), i t occured somewhat l a t e r . I n two b i r d s 
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F i g u r e 13.18.a . The r u n n i n g means of t h e we i g h t o f f o o d 

consumed by Bramblings i n Experiment 4. 

The v e r t i c a l arrow marks t h e p o i n t a t which t h e 

l i g h t p u l s e was f i r s t a d m i n i s t e r e d . 

O r d i n a t e - gms o f seed consumed. 

Abscissa - t h e days o f t h e ex p e r i m e n t . 
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Figure 13.18.1) . The cumulative weights of seed consumed by 
Bramblings i n Experiment 4. 
Ordinate - the zero marks zero seed consumed at 
zero time, the scale i s given separately. 
Abscissa - the days of the experiment. 
The s o l i d l i n e s are the l e a s t squares regression 
lin e s ' f i t t e d to the p r e - i n j e c t i o n food weights 
and extrapolated t o the p o s t - i n j e c t i o n period. 
The open t r i a n g l e s mark the p o i n t at which the 
l i g h t pulse was f i r s t administered. 
From top t o bottom the b i r d s are D,C,A,B,E and F. 
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Figure 13.19.a . V a r i a t i o n s i n "body weight of Bramblings i n 
experiment 4. The v e r t i c a l arrows mark the 
poi n t a t which the l i g h t pulse was f i r s t 
administered. 
Ordinate - "body weight i n gms. 
Abscissa - days of the experiment. 
Prom top to bottom the b i r d s are F,E,D,C,B and A. 
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(E,F) there was no response at a l l , w i t h the observed cumulative 
weights of seed eaten during the treatment p e r i o d being less than 
p r e d i c t e d . 

13 .19 Experiment l\. - body weight 
The two b i r d s which showed no increase i n food intake (I4.E male, l\.F 

female) showed no change i n body weight, but a l l the other b i r d s 
showed increases i n weight of about l\. gms (Figure 1 3 . 1 9 .a). These 
weight increases are l a r g e r than those found i n photosensitive 
Bramblings t r e a t e d w i t h 10 IU of p r o l a c t i n per day. 

1 3 » 2 0 Experiment - t e s t i c u l a r c o n d i t i o n 
The three males i n v o l v M i n t h i s experiment a l l show enlarged t e s t e s 
(Table 1 3-i|.l) and l a r g e r mean seminiferous t u b l e diameters than 
c o n t r o l b i r d s i n other experiments. Even I4.E, which was one of the 
b i r d s t h a t showed no increase i n food consumption or body weight, 
showed a gonadal response. Both E and C had spermatogonia undergoing 
meiosis, and the Leydig c e l l s were enlarged compared w i t h c o n t r o l 
b i r d s i n other experiments. l+D had f i b r o b l a s t i c Leydig c e l l s , and 
not so many spermatogonia, although meiosis was s t i l l v i s i b l e . 

13.21 Experiment $: The e f f e c t of long photoperiods (15>L:9D) on 
body composition of female Brmablings 

This experiment was run as a p a r a l l e l experiment t o experiment l±, 

by using a f u l l photoperiod of 15 hours. The primary aim was to 
examine organ weights a f t e r p h o t o s t i m u l a t i o n . The experiment was 
run f o r eight days. Body/weights were l a r g e r (max 28 gms) than the 
female c o n t r o l b i r d s from the other experiments. 

i 
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13-22 Body composition - adipose t i s s u e 
Reference to Table 1 3 - 2 2 . 1 shows t h a t i n most cases increases i n 
body weight were accompanied by increase i n adipose t i s s u e weight, 
although ais the b i r d s were k i l l e d two hours a f t e r the s t a r t of the 
photoperiod these weights are not of the same magnitude as the 
body weight changes i n the experiments,due t o d i u r n a l weight 
changes and v a r i a t i o n s i n the weights of other body components. 
I n experiment 1 p r o l a c t i n i n j e c t i o n s e a r l y i n t h e photperiod were 
i n e f f e c t i v e i n inc r e a s i n g adipose t i s s u e weight (Table 1 3 . 2 2 . 1 ) , and 
t h i s i s confirmed by measurements on t o t a l body l i p i d (Table 1 3 - 2 2 . 1 ) 

I n experiment 2 p r o l a c t i n i n j e c t i o n s at the end of the photoperiod 
produced increases i n adipose t i s s u e weight, such t h a t f o u r b i r d s 
(F,G,H,I), i r r e s p e c t i v e of whether they received 7-5 IU or 10 IU 
of p r o l a c t i n per day, have abdominal f a d pad weights greater than 
a l l f o u r c o n t r o l s (Table 1 3 . 2 2 . 1 ) . T o t a l body l i p i d measurements 
confirm t h i s (Table 1 3 . 2 2 . 1 ) . The r e s u l t s from the t h i r d experiment 
are less conclusive, as two of the c o n t r o l s had larg e abdominal f a t 
pads, but some of the p r o l a c t i n i n j e c t e d b i r d s had heavier abdominal 
f a t pads than c o n t r o l b i r d s from other experiments; t h i s even a p p l i e d 
to the b i r d s given a l i m i t e d amount of food. 

Comparison of the two 'longday' experiments show that the c e r v i c a l 
f a t pad weights of the b i r d s given a l i g h t - p u l s e (experiment I4.) were 
nearly s i g n i f i c a n t l y less than pad weights o f the b i r d s given f u l l 
15 hour photoperiod (p=.06L|_). However, these l i g h t pulse (experiment 
[(.) b i r d s included two which did not respond; i f these are excluded 
there i s not much d i f f e r e n c e i n c e r v i c a l f a t pad weights between 
b i r d s i n experiments I4. and 5>-



Table 13.22.1. Adipose f a t l e v e l s I n Bramblings 

Experiment 1 1A_ IB. 1£ 
Controls 
Abdominal f a t pad wt(mg) 12 3^ 18 31 
Fat % dry wt Carcase 12 1if 10 23 

Experimentals 1E 1F 1G 1H 11 
Fat as % carcase dry wt 13 18 11 21 12 

Abdominal f a t pad wt (mg) 13 31 1 36 10 

Experiment 2 
Controls 2A 2B 2C 2D 
Abdominal f a t pad wt (mg) 12 21 t r t r 
Fat % of dry carcase wt 15 16 13 13 
Experimentals 
Abdominal f a t pad wt (mg) 2E 2F 2G- 2H 21 

1^ 13 68 58 321 

Fat % of dry carcase wt 21 2k 25 ^8 

Experiment 3 

Controls 3A 3B 3J 3L 
Abdominal f a t pad wt (mg) 23k 76 t r t r 
Experimentals - ad l i b 3D 3E 3F 3G 
Abdominal f a t pad wt (mg) 52 113 21 137 

Experimentals - r e s t 3C 3H 3 1 3K 
Abdominal f a t pad wt (mg) hh 20 50 95 

Experiment k C e r v i c a l (mg) Experiment 5 Cervica 
kA k06 5A 50^ 

1+B 26k 375 

kC 326 5c 6k& 

i|D 1+16 5D k& 

k~E 135 5E 566 

I4.F t r a c e 5F 257 

Note: t r - tra c e 
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13-23 Body composition - p e c t o r a l i s muscle wet weights 
None of the experimental groups had s i g n i f i c a n t l y l a r g e r or smaller 
wet muscle weights than the c o n t r o l s of the same sex, so t h a t hormone 
i n j e c t i o n s or photomanipulation had no e f f e c t on p e c t o r a l i s muscle wet 
weights. Only the female Bramblings given a f u l l 15 hour photoperiod 
had muscle wet weights s i g n i f i c a n t l y greater than the c o n t r o l s 
(p = . 0 0 8 ) . 

Table 13*23.1 M.pectoralis wet weights (gms) of Bramblings 

Controls 

Experiment 1 

Experiment 2 

Experiment 3 

Female 
1A 3.673 

1D 3-963 

2A 3.859 

2C 3.816 

2D 4-156 

2E 1|.153 

2P J+.263 

20 3-594 

Male 
3A 4-463 

3B 4-585 

3J 4.676 

3L 4-744 

2B 1+.511 

1B 4.673 

1C 4.571 

1E 4.590 

IP 4.419 

1H 4.382 

11 4.150 

2H 4.190 

21 4-548 

Ad l i b 
3D 4.316 

3E 4.018 

3F 4.152 

3G 4.605 

R e s t r i c t e d 

3C 4.271 

3H 4-565 

31 4.049 

3K 4.451 
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Table 1 3 . 2 3 . 1 continued 

Experiment l+ Pemal e 
k.B I4..I6O 

I4A 3-761 

Experiment 5 

5A 1+.362 

5B i+.oiOi. 

5c 4.14-52 

5D 5.031 

5E I+.567 

5P i^.380 

A l l c o n t r o l s have been grouped by sex due t o the d i f f e r e n c e 
i n muscle size between the sexes; a l l comparisons ar e , t h e r e f o r e , 
between experimental and c o n t r o l groups of the same sex. 

13«2i|_ Body composition - l i v e r 
I n the comparisons used h e r e a f t e r c o n t r o l s have been grouped 
together by sex f o r the s t a t i s t i c a l t e s t s as l i v e r weights of males 
are l a r g e r than those of females. The experimental group from each 
of the treatments has been compared w i t h the c o n t r o l group of the 
same sex. 

There i s no s i g n i f i c a n t d i f f e r e n c e i n e i t h e r l i v e r wet weights or 
f a t f r e e dry weights between c o n t r o l s and experimentals i n experiment 
1 . Thus p r o l a c t i n e a r l y i n the photoperiod has no e f f e c t on l i v e r 
size ( p > . 5 ) « I n experiment 2 the males i n j e c t e d w i t h p r o l a c t i n at 
the end of the photoperiod do not have s i g n i f i c a n t l y l a r g e r wet l i v e r 
weights than the c o n t r o l group ( p = . 3 6 ) , but the females might do 
(p= . 0 6 ) (Table 1 3 . 2 ^ . 1 ) ; t h i s applies t o f a t - f r e e dry weight al s o . 

Male 
i|C 1|.261 

1|E 1̂ .707 
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The b i r d s given p r o l a c t i n i n j e c t i o n s , but only l\. gms of seed a day 
i n experiment I4., and k i l l e d a f t e r only l\. days on i n j e c t i o n s have 
s i g n i f i c a n t l y larger l i v e r wet weights and f a t - f r e e dry weights than 
the c o n t r o l group (p=.012) (Table 13.2I(..1), whereas those b i r d s given 
p r o l a c t i n and food ad l i b i t u m do not ( p = . l 6 ) . But, when these two 
sub-samples are combined, the b i r d s given p r o l a c t i n i n j e c t i o n s i n 
experiment 3 do have s i g n i f i c a n t l y l a r g e r l i v e r wet weights and f a t -
f r e e dry weights than the c o n t r o l group (p=.02) (Table 13.2i|..l). 
The males i n experiment 1; have s i g n i f i c a n t l y smaller l i v e r s than 
the c o n t r o l group (p=.056) but t h i s group does include one b i r d that 
d i d not respond to the l i g h t pulse; i f excluded there i s no s i g n i f i 
cant d i f f e r e n c e , as also found i n the case of the females i n t h i s 
experiment. The wet l i v e r weights of the b i r d s given 8 days o f a 
f u l l 15 hour photoperiod were s i g n i f i c a n t l y heavier than the corres
ponding female c o n t r o l group (p=.008) , and were about the same size 
as the l i v e r s i n females given 10 E of p r o l a c t i n at the end of the 
photoperiod. The amount of l i p i d d i d not vary ( e i t h e r t o t a l or 
as concentration) i n these experiments ( I - I 4 . ) ; nor d i d the concentra
t i o n .of water i n the l i v e r . 

Table 1 3 .2l|.. 1 L i v e r composition 

Controls B i r d Wet wt 
mg 

FFDW 
mg 

Females 1A 435 105 

1D 581 581 

2A J+62 11̂ 2 

2D k9S 121 

2C 491 135 

f Brambling ,in experiments 1 to 5. 

T o t a l Fat/1OOmg Water/1OOmg 
f a t (mg) 

19 18.2 296 

23 15-2 270 

17 12.0 211+ 

20 18.2 282 

22 U4..8 250 
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T a b l e 1 3 . 2 4 . 1 c o n t i n u e d 

C o n t r o l s B i r d Wet wt 
mg 

FFDW 
mg 

Males 1B 601 146 

1C 519 139 

2B 667 175 

3A 531 145 

3B 574 157 

3J 614 171 

3L 837 224 

Experiment 1 

Female 10 534 -
Male 1E 561 145 

1F 522 141 

1H 672 179 

11 592 141 

E x p e r i m e n t 2 

Female 2E 535 139 

2F 678 229 

2G- 626 187 

Male 2H 614 156 

21 668 198 

Experiment 3 

Ad l i b i t u m food 

Mais 3D 714 194 

3E 634 176 

3F 634 169 

3G 696 191 

T o t a l Fat / 1 0 0 m g Water /1OOmg 
f a t ( m g ) 

21 1 4 . 4 297 

21 15 .1 259 

18 10.3 272 

20 13-8 252 

18 11 .5 254 

21 12.3 220 

19 8 .5 244 

20 13.8 278 

25 17.7 253 

20 11 .2 264 

17 12 .1 301 

12 8 .6 269 

28 12 .2 184 

22 11.8 223 

22 14 .1 280 

17 8 .6 228 

17 8.8 264 

22 12 .5 248 

20 11.8 263 

20 10 .5 254 



Table 1 3 • 2l+. 1 continued 

B i r d Wet wt PFDW Total Fat/1OOmg Wat 
Experiment 3 mg mg fat(mg) 

Fat/1OOmg 

Pood r e s t r i c t e d 

Male 3C 707 198 20 10.1 21+6 

3H 857 227 22 9.7 258 

31 817 239 18 8.2 262 

3K 880 251 23 9.2 22+1 

Experiment l+ 
Pemale 2+A 562 156 20 12.8 21+8 

UB 607 166 19 11.2+ 252+ 
1+F 362 101 19 18.8 21+0 

Experiment !+. 
Male 2+D 1+51 163 17 10.1+ 167 

1+E W 101| 22 21 .2 315 

Experiment 5 

Female 5A 616 

5B 691+ 

5c 551+ 

5D 939 

5E 7^2 

5F 826 
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13 .25 Discussion 
A l l the b i r d s used were kept on 8L:16D from l a t e February u n t i l 
l a t e May-early June i n order t o keep them p h o t o s e n s i t i v e . 
Examination of the h i s t o l o g y of the testes of c o n t r o l b i r d s 
suggests t h a t there were no long term a l t e r a t i o n s i n the hormones 
of the p i t u i t a r y - g o n a d a l a x i s , as:"1 the t e s t e s remained i n a regressed 
s t a t e . I n view of the demonstration of seasonal rhythms i n b i r d s 
kept i n constant conditions (Gwinner 1969,King 1 9 6 8 ) , some change 
might have been expected. This i s of some importance as Meier 
and Farner (196I|_) have shown t h a t gonadotropins can synergise 
w i t h p r o l a c t i n i n the production of l i p i d d e p o s i t i o n i n migratory 
sparrows, and Stetson and Erickson (1972) have demonstrated t h a t 
s u r g i c a l c a s t r a t i o n before the s t a r t of p h o t o s t i m u l a t i o n i n the 
White-crowned Sparrow can a b o l i s h the f a t t e n i n g response; although 
t h i s may be due to gonodal s t e r i o d s a f f e c t i n g p r o l a c t i n output 
(Weise 1 9 6 7 ) . Also i n the Brambling, Schildmacher and Steubing 
(1952) have produced small increases i n body weight w i t h t e s t o 
sterone i n j e c t i o n s . I n the Bramblings i n these experiments, the 
responses are not due, t h e r e f o r e , to changing blood t i t e r s of 
gonadal hormones or gonadotropins a c t i n g s y n e r g i s t i c a l l y w i t h 
p r o l a c t i n or on t h e i r own. I have no i n f o r m a t i o n on the remaining 
endocrine systems. 

The only changes i n te s t e s c o n d i t i o n appear to be a r e d u c t i o n 
i n seminiferous tubule mean diameters i n b i r d s given exogenous 
p r o l a c t i n . This i s presumably a symptom of the antf-gonadal 

c f 
response/prolactin, as reported i n other avian species ( L o f t s 
and Marshall 1956) ; i n t e r e s t i n g l y t h i s occurs despite the 
Brambling being a migrant, as according t o Meier and Dusseau 
(1968) the antl-gonadal a c t i o n o f p r o l a c t i n i s expressed only i n 
resi d e n t species. Meier, M a r t i n , and MacGregor ( 1971) have 
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presented evidence from.photosensitive White-throated Sparrows 
placed on continuous l i g h t t h a t the time of maximum f a t t e n i n g 
response t o exogenous p r o l a c t i n coincides w i t h the time of 
maximum gonadal response t o t h i s hormone. I n these experiments 
the p r o l a c t i n i n j e c t i o n s were given r e l a t i v e to an i n j e c t i o n 
of c o r t i c o s t e r o n e . I n the Bramblings used i n my experiments 
those b i r d s responding t o i n j e c t i o n s of ovine p r o l a c t i n (by 
increases i n body weight and l i p i d ) showed no increase i n t e s t e s 
size or change i n h i s t o l o g i c a l c o n d i t i o n s ; however, i t i s not 
c e r t a i n t h a t the p r o l a c t i n i n j e c t i o n s produced the maximum possible 
f a t t e n i n g , since only two times during the Z\\ hours were selected 
f o r i n j e c t i o n s . 

Since the changes seen i n the experimental b i r d s can not be 
a t t r i b u t e d to changes i n the p i t u i t a r y - g o n a d a l axis alone, the 
e f f e c t s are due to p r o l a c t i n a c t i n g alone or s y n e r g i s t i c a l l y 
w i t h non-gonadal hormones. Meier and Davis (1967) found t h a t the 
extent of the body weight increases and l i p i d d e p o s i t i o n i n 
p h o t o r e f r a c t o r y White-throated Sparrows given mammalian p r o l a c t i n 
depended on the time of i n j e c t i o n of the hormone during the photo-
p e r i o d . Hormone i n j e c t i o n s e a r l y i n the photoperiod decreased 
body weight and f a t reserves (a c a t a b o l i c e f f e c t , Meier 1 9 6 9 ) , but 
i n j e c t i o n s l a t e r i n the photoperiod increased body and l i p i d weight. 
I t has been suggested th a t these d i u r n a l d i f f e r e n c e s i n response 
to p r o l a c t i n are due t o i t s i n t e r a c t i o n w i t h c o r t i c o s t e r o n e , thus 
Meier and M a r t i n ( 1971) found t h a t p r o l a c t i n i n j e c t i o n s given at 
I4. or 12 hours a f t e r the a d m i n i s t r a t i o n of c o r t i c o s t e r o n e produced 
an increase i n body l i p i d , but t h a t i n j e c t i o n s at 8 or 20 hours 
a f t e r c o r t i c o s t e r o n e depressed the l i p i d l e v e l s . I n photosensitive 
b i r d s of the same species placed i n continuous l i g h t t he maximum 

l i p i d d e p o s i t i o n occured at 12 hours a f t e r the c o r t i c o s t e r o n e 
i n j e c t i o n and the minimum l i p i d increase at 8 hours a f t e r the 
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i n j e c t i o n of the s t e r i o d (Meier,Martin, MacGregor 1 9 7 1 ) . I n 
the photosensitive Bramblings i n my experiments only i n j e c t i o n s 
given eight hours a f t e r the s t a r t of the photoperiod were 
e f f e c t i v e i n producing l i p i d weight increases, whereas i n j e c t i o n s 
of p r o l a c t i n four hours a f t e r the s t a r t of the photoperiod had no 
e f f e c t on body or l i p i d weight. P r o l a c t i n i n j e c t i o n s d i d not 
have a c a t a b o l i c e f f e c t . 

I n t e r p r e t a t i o n of my f i n d i n g s on the basis of the hypotheses of 
Meier and h i s co-workers requires i n f o r m a t i o n on the d i u r n a l 
t i m i n g of the peak l e v e l of plasma c o r t i c o s t e r o n e i n the Brambling. 
I n spring the peak l e v e l i n White-throated Sparrows occurs e a r l y 
i n the 12 hour photoperiod (Dusseau and Meier 1971 ), while i n the 
pigeon i t i s j u s t before the s t a r t of the 12 hour photoperiod 
(Joseph and Meier 1973 ) - I f these r e s u l t s are applicable to 
the Brambling, then the time at which p r o l a c t i n produces f a t t e n i n g 
i n t h i s species would be about l\. or 12 hours a f t e r the peak o f 
plasma c o r t i c o s t e r o n e ' t h i s seems t h e r e f o r e t o be t e n t a t i v e 
c o n f i r m a t i o n of Meier's hypothesis. However, the maximum f a t 
response i n the pigeon occurs when p r o l a c t i n and c o r t i c o s t e r o n e 
i n j e c t i o n s coincide (Meier, Trobec, Joseph and John 1 9 7 1 ) . so t h a t 
the r e l a t i o n between photoperiod and time of s e n s i t i v i t y t o 
p r o l a c t i n i n the pigeon d i f f e r s from t h a t i n the sparrow. 

However, what i s c l e a r from the f i r s t two experiments i s t h a t the 
s t i m u l a t i o n of a p p e t i t e by p r o l a c t i n i s independent of the time 
of i n j e c t i o n during the photoperiod (Figure *\l\..5.k); and i n c i d e n t a l l y 
t h i s i s the f i r s t p r o o f t h a t p r o l a c t i n - i n d u c e d f a t t e n i n g i n 



243 

m i g r a t o r y b i r d s i s mediated by an increase i n food i n t a k e , so t h a t 
t h i s obesity i s of the m i g r a t o r y type and not of the type produced 
by hypoplysectomy (Gibson and Nalbandov 1966) i n which obesity i s 
caused by impairment of l i p i d m o b i l i s a t i o n . The a b i l i t y of the 
b i r d to synthesise and/or store l i p i d i s , however, dependent on 
the time of p r o l a c t i n i n j e c t i o n , as i n experiment 1 there i s no 
l i p i d d e p o s i t i o n even though food i n t a k e i s increased. Since 
the l i v e r i s the major s i t e of l i p i d synthesis i n b i r d s (Goodridge 
and B a l l 1967 a,b, O'Hea and L e v e i l l e 1 9 6 8 ) , and an enlarged l i v e r 
(wet weight) i s i n d i c a t i v e of increased l i p i d synthesis by t h i s 
organ (Goodridge and B a l l 1967 b,c, Lepovsky 1973 ) , i t i s a 
reasonable assumption t h a t the component which i s dependent on 
the time of p r o l a c t i n i n j e c t i o n s i s the capacity of the l i v e r 
t o synthesise l i p i d . Birds i n j e c t e d w i t h 7«5> IU of p r o l a c t i n 
at the beginning of the photoperiod (experiment 1) show no 
increase i n body l i p i d and no increase i n l i v e r s i z e . Goodridge 
and B a l l (1967c) have shown tha t the a c t i v i t i e s of l i v e r enzymes 
in v o l v e d i n l i p i d synthesis are not increased by p r o l a c t i n i n 
the pigeon I f the b i r d i s starved, suggesting t h t the increase 
i n enzyme a c t i v i t i e s seen i n f e d pigeons given exogenous p r o l a c t i n 
i s secondary t o the increase i n food i n t a k e t h a t p r o l a c t i n produces. 
However, the data from experiment 1 suggests t h a t p r o l a c t i n acts 
d i r e c t l y on the l i p i d s y nthesising system of the l i v e r (Figure 
11+.5.A), and t h i s i s confirmed by experiment 3 i n which there i s an 
increase i n l i v e r s i z e , even though food i n t a k e remains constant. 
Possibly there might be some impairment of d i g e s t i o n i n the 
experimental b i r d s from the f i r s t experiment, but t h i s i s u n l i k e l y 
as Soulairac (19I4.7) has shown t h a t the r a t e of absorption of food 
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across the small I n t e s t i n e I s l i n k e d to t h e food i n t a k e . I f t h i s 
i s the case then the r e s u l t s of the f i r s t two experiments also 
suggest t h a t the enlargement of the l i v e r i s not a response t o 
incre^ed metabolite load as suggested by Lepovsky ( 1973) f o r the 
chicken. 

The second and t h i r d experiments together i l l u s t r a t e t h a t t h e 
extent of body weight increase and l i p i d d e p o s i t i o n i n response 
t o exogenous p r o l a c t i n i s dose-dependent (not l i n e a r ) ; as 10 

IU of p r o l a c t i n produces much l a r g e r body weight increases than 
7.f? IU of p r o l a c t i n per day when administered at the same time of 
day. However, a l l of the body weight increases seen i n these b i r d s 
cannot be due t o body l i p i d as l i v e r weight also increases i n 
p r o l a c t i n - t r e a t e d b i r d s . The c o n t r i b u t i o n of l i v e r t o t o t a l 
body weight w i l l be greater than suggested by the morning weights 
of the l i v e r s quoted i n Table 1 3.2lj . . 1 , since b i r d s have a d i u r n a l 
increase i n l i v e r weight (Fisher and B a r t l e t t 1957) and my b i r d s 
were weighed at the end of the photoperlod. I n the b i r d s given 
p r o l a c t i n i n j e c t i o n s at the end of the photoperiod, but which 
consumed only I4. gms of seed per day, the weight increases of 1 t o 
2 gms found must i n a great p a r t be due t o weight increases of 
the l i v e r (amounting t o about 300 t o I4.OO mg) although some l i p i d 
d e p o s i t i o n seems t o have taken place also. Bates, M i l l e r and 
Garrison (19&2) have demonstrated t h a t i n hypophysectomised pigeons 
the l i v e r wet weight i s dose dependent i n the case of p r o l a c t i n 
i n j e c t i o n s , and examination of the l i v e r weights from experiments 
2 and 3 suggests th a t t h i s i s the case i n the Brambling also, 
although the b i r d s i n experiment 3 were, of course, k i l l e d a f t e r 
only f i v e i n s tead of the eight days used i n experiment 2. 
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I n the experiments i n v o l v i n g manipulations of the photoperiod 
experiment l\. c l e a r l y demonstrates t h a t a skeleton l i g h t schedule 
can produce hyperphagia while p r o v i d i n g only a small (12-|-^)increase 
i n feeding time, as shown by Parner (195>9) f o r the White-crowned 
Sparrow. The increases i n both food i n t a k e and body weight 
were much greater f o r b i r d s i n experiment [). than f o r the b i r d s 
i n experiments 2 and 3 given 10 IU of p r o l a c t i n per day. As 
experiment l+ was continued f o r very much longer than the hormone 
i n j e c t i o n s experiments the data on l i v e r weights are not comparable. 
However, i t d i d show t h a t by the end the l i v e r weights had been 
reduced r e l a t i v e t o the c o n t r o l s ; presumably they had declined 
to these low l e v e l s during the ' s t a t i c ' phase of weight gain 
(Kuenzel and Helms 1 9 6 8 ) , a f t e r a weight increase i n the 'dynamic' 
phase. A f u l l 15 hour photoperiod given f o r eight days increased 
body weights and produced l i v e r weights s i m i l a r to those found 
i n p r o l a c t i n - t r e a t e d b i r d s (10 i n per day), suggesting that the 
causative f a c t o r may be the same. The body weight increases and 
adipose f a t pad weights were very s i m i l a r between b i r d s given a 
skeleton l i g h t schedule and those given a f u l l 15 hour photoperiod. 
This suggests that both are equally e f f e c t i v e i n producing 
premigratory l i p i d d e p o s i t i o n , however two b i r d s f a i l e d t o respond 
to the skeleton l i g h t schedule. 

13.26 Summary 
I n j e c t i o n s of mammalian p r o l a c t i n i n photosensitive Bramblings 
produced a s t i m u l a t i o n of a p p e t i t e which was independent of the 
time of hormone i n j e c t i o n w i t h i n the photoperiod, w h i l s t l i p i d 
d e p o s i t i o n (which was dose-dependent) was not. The increase i n 
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body and l i v e r weights ( i n d i c a t i v e of l i p i d synthesis) i n b i r d s 
i n j e c t e d w i t h p r o l a c t i n , but not allowed t o increase t h e i r food 
i n t a k e , provided c o n f i r m a t i o n t h a t p r o l a c t i n acts d i r e c t l y 
on the l i v e r i n the f a t t e n i n g response of migratory b i r d s . 

Changes i n adipose l i p i d and body weight, which were produced 
by a skeleton l i g h t schedule (8L:6D:1L:9D), were comparable 
t o the e f f e c t s on p h o t o s e n s i t i v e Bramblings given a f u l l 15 hour 
d a i l y photoperiod. The l a t t e r group had enlarged l i v e r s of 
s i m i l a r weights to those found i n p r o l a c t i n - t r e a t e d Bramblings 
i n which l i p i d d e p o s i t i o n was produced. 
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Chapter 1 l | . General discussion 

11+.1 Are moulted Willow Warblers premigratory? 
Before discussing the possible premigratory metabolic changes found 
i n Willow Warblers, one must f i r s t e s t a b l i s h t h a t the samples 
of moulted b i r d s t r u l y are premigratory, a f a c t t h a t has been 
t a c i t l y assumed so f a r . Previous studies on a v a r i e t y of passerine 
species have shown t h a t there are two main c h a r a c t e r i s t i c of the 
premigratory s t a t e : hyperphagia (King 1961a, 1961b f o r the White-
crowned Sparrow; B o l ' n i k 1970, Koch and de Bont 1952, f o r the 
Chaffinch; Helms 1968, Odum and Major 1956, f o r the White-throated 
Sparrow; Odum 1960a f o r the Savannah Sparrow; and Rautenberg 195>7J 
f o r the Brambling),and l i p i d d e p o s i t i o n (King 1963 5 King and Farner 
1959 } King, Barker and Farner 1963, f o r the White-crowned Sparrow; 
Helms 1968, Odum and Perkinson 1951> f ° r the White-throated Sparrow; 
Dol'nik and Blyumental 1967, f o r the Chaffinch and other european 
passerines; Odum 1960a f o r the Savannah Sparrow). A number of 
other c h a r a c t e r i s t i c s of the premigratory s t a t e have also been 
reported, f o r example, increases i n p e c t o r a l i s muscle glycogen 
and l i p i d (King,Barker and Farner 1963 f o r the White-crowned 
Sparrow; George and Chandra-Bose 1967, V a l l y a t h a n 1963, and 
Vallyathan and George 1961)., f o r the Rosy Pastor),and increases 
i n l i v e r l i p i d (King,Barker and Farner 1963 f o r White-crowned 
sparrow; Dol'nik and Blyumental 1967, f o r Garden Warbler, Willow 
Warbler and Cha f f i n c h ) . 

I n the w i l d Willow Warblers captured i n t h i s study the two 
primary c h a r a c t e r i s t i c s of the premigratory state were observed; 
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hyperphagia ( i n f e r r e d from the temporal p a t t e r n of the weight 
of the stomach contents, Chapter 5 ) and l i p i d d e p o s i t i o n (using 
r e s i d u a l carcase l i p i d as a measure of adipose t i s s u e l i p i d , 
Chapter 7 ) - Whether other migratory c h a r a c t e r i s t i c s were also 
present w i l l be discussed below. 

I l | . . 2 P h y s i o l o g i c a l changes during the moult of j u v e n i l e Willow 
Warblers 

As i n other species of passerine studied (Dol'nik and Blyumental 
1967, Evans 1969, Helms 1968, King and Parner 1959) low l e v e l s 
of carcase l i p i d were found during the moult (Chapter 7«^4-)J 
compared t o pre-moult and post-moult amounts. A corresponding 
decrease i n t o t a l body weight also occurs (Chapter I j - . 3 ) . However, 
t h i s r e d u c t i o n i n weight i n the middle of moult i s not due e n t i r e l y 
t o a decrease i n body l i p i d . As shown i n Chapter 9 . 6 there i s a 
decrease i n the t o t a l weight of the >pectoralis muscles, which i s 
p r i m a r i l y a r e f l e c t i o n of changes i n the weight of the f a t - f r e e dry 
m a t e r i a l (= p r o t e i n ) ( C h a p t e r 9 . 9)and i t s associated water. 
The decrease i n t o t a l muscle weights v a r i e d i n the two years 
examined, but i n 1970 i t was q u i t e s u b s t a n t i a l ; i t also appeared t o 
i n v o l v e the supracoracoideus. Part of the drop i n body weight 
was due t o a r e d u c t i o n i n the weight of the r e s i d u a l carcase f a t - f r e 
dry weight (Chapter 8 . 3 ) and, as suggested e a r l i e r , may w e l l have 
been due to weight decreases of other s k e l e t a l muscles. This 
weight decrease of the f l i g h t muscles i s unexpected, f o r i t presum
ably reduces the thermoregulatory a b i l i t i e s of the b i r d , since 
heat p r o d u c t i o n i s only by muscle s h i v e r i n g ( p r i n c i p a l l y the M. 
p e c t o r a l i s ) (Hart 1962, Hart and Pohl 1 9 6 3 ) . This raise s the 
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question of the thermal r e l a t i o n s of j u v e n i l e Willow Warblers 
during t h e i r moult. 

The standard metabolic r a t e of a 8 gm Willow Warbler i s , according 
to the equation of Lasiewski and Dawson (1967), ^70 j / h r . The 
mean overnight decrease i n r e s i d u a l carcase l i p i d f o r j u v e n i l e s 
at the peak of moult (stage 3) during 1971 was 2l±$ mg (Chapter 7 . ^ ) ; 

assuming an energy content of the l i p i d of 3 .8 x 10 j / k g (Johnston 
1 9 7 0 ) ,the t o t a l energy cost of the dark p e r i o d was 9 .28 x 10-^J. 
Since at t h i s time of year the n i g h t l a s t s about 7 hours, the 
basal energy cost over t h i s time would be only 68 x 10 J, the 
d i f f e r e n c e of I4..6 x 1 0 J j being the apparent overnight cost of 
thermoregulation. U n f o r t u n a t e l y , there i s no way of independently 
estimating the cost of overnight thermoregulation; Willow Warblers 
i n autumn f r e q u e n t l y experience temperatures approaching 0°C, 
but i t i s not known f o r how long, nor i s the metabolic r a t e at these 
lower temperatures known. Consequently i t i s impossible t o decide 
whether the overnight energy cost, estimated from the d i f f e r e n c e 
between morning and evening l i p i d l e v e l s , meets the a c t u a l costs 
of thermoregulation plus basal metabolic r a t e or whether some other 
source of energy i s needed, such as muscle p r o t e i n . 

However, the overnight decrease i n l i p i d l e v e l s found i n moulted 
b i r d s i n 1971 was smaller than the mean decrease f o r those j u v e n i l e s 
i n moult stage 3« This comparison has been chosen, since i n 1971 

(but not 1970) the moulted b i r d s were c o l l e c t e d only from the 
beginning of the premigratory p e r i o d , when the sample i s more 
homogeneous than l a t e r i n t h i s p e r i o d (when there i s a higher 
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p r o p o r t i o n of f a t b i r d s i n evening samples, since many are m i g r a t i n g 
away from the area, and so w i l l not be i n the samples the f o l l o w i n g 
morning). The smaller overnight d i f f e r e n c e i n l i p i d l e v e l s 
i n moulted r a t h e r than moulting b i r d s i n 1971 means t h a t the t o t a l 
energy cost overnight was smaller, only 8 .85 x 10 j , even though 
the night was longer ( 9 h o u r s ) . The basal energy cost f o r a 
nine hour n i g h t i s 6 .02 x 10 J, so that the apparent cost of 
thermoregulation was 2 .83 x 10 J , even though the p e r i o d of 
exposure to cold was longer. Since between moult stage 3 and 
the premigratory phase there i s a mean increase i n the p r o t e i n 
content of the p e c t o r a l i s muscle of morning-caught j u v e n i l e s , i t 
seems u n l i k e l y t h a t the lower apparent cost of thermoregulation i s 
produced by using greater q u a n t i t i e s of muscle p r o t e i n f o r thermo-
genesis ( i n t h i s case the t o t a l cost of thermoregulation would 
probably be the same i n both samples). Therefore, there must be 
a r e a l increase i n the i n s u l a t i v e c a pacity of plumage between 
b i r d s i n the middle of the moult and b i r d s t h a t have completed' 
moult. Indeed, as Chapter 3-5 i l l u s t r a t e s , there i s an increase 
i n plumage dry weight over t h i s p e r i o d . 

Although the data suggest t h a t the reduced costs of thermoregulation 
i n moulted b i r d s are not due to the use of muscle p r o t e i n f o r 
thermogenesis, they give no clue as t o the cause of reductions i n 
muscle p r o t e i n weight i n moulting b i r d s . The Increase i n muscle 
p r o t e i n weights between moulting and moulted j u v e n i l e s could be 
due e i t h e r d i r e c t l y t o a cessation of f e a t h e r growth ( i . e . muscle 
p r o t e i n s are no longer used f o r overnight feather growth as 
suggested by Ward (19&9) and Newton (1968) ), or i n d i r e c t l y t o the 
increase i n i n s u l a t i o n by the plumage r e s u l t i n g i n less or no 
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muscle p r o t e i n being used as f u e l f o r thermogenesis. 

Independent evidence i n favour of the l a t t e r view comes from 
the data on p e c t o r a l i s energy reserves. The l e v e l of l i p i d 
provides no u s e f u l i n f o r m a t i o n since i t i s at a constant low 
l e v e l (Chapter 9.1 6),throughout the p o s t - j u v e n i l e moult, and 
seems t o f o l l o w the t o t a l amount of l i p i d i n the body i n a general 
way. The l e v e l s of muscle glycogen, whether expressed as a 
concentration or as a t o t a l , show a marked decrease during the 
moult (Chapters 9 . 2 0 , 9.2.1); and as shown pr e v i o u s l y t h i s i s 
probably due t o the low a i r temperatures over the pectroralis 
muscles during the moult (Chapter 9 . 2 3 ) . On balance, t h e r e f o r e , 
since there does seem to be increased thermogenesis i n the p e c t o r a l i s 
muscles during the moult, i t seems l i k e l y t h a t the muscle p r o t e i n s 
are being used f o r t h i s purpose, r a t h e r than f o r feather growth. 
But why the remaining l i p i d of the body i s not metabolised, when 
the system adopted here r e s u l t s i n a decrease i n the thermogenic, 
capacity of the p e c t o r a l i s muscles, I do not know. 

Since the changes i n p e c t o r a l i s muscle composition seem to be 
mainly concerned w i t h thermoregulation i n the Willow Warbler, t h i s 
species may d i f f e r from the B u l l f i n c h (Newton 19 6 8 ) , i n which i t 
was suggested (without p r oof) t h a t muscle p r o t e i n s are used over
night f o r feather growth. This i s a p o s s i b i l i t y because of 
the l a r g e r size of the b i r d , which makes thermal stresses less 
important; indeed there i s l i t t l e i n f l u e n c e of the moult on 
l i p i d l e v e l s i n t h i s species. But Newton c i t e s r a i s e d blood 
temperatures during the moult as evidence of increased thermogenesis, 
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st3 h i s speculation on the r o l e of muscle p r o t e i n as an a i d to 
fe a t h e r growth may "be c o r r e c t only i n p a r t . An experimental 
approach to h i s problem seems t o be the only way t o resolve i t . 

1l±.3 Premigratory changes i n j u v e n i l e Willow Warblers 
As mentioned i n Chapter 11).. 1 a number of premigratory or migratory 
adaptations have been proposed i n a d d i t i o n t o l i p i d d e p o s i t i o n 
mediated by hyperphagia. George and h i s co-workers have 
suggested t h a t there i s a switch i n p e c t o r a l i s muscle metabolism 
i n favour of carbohydrate catabolism, and l i p i d synthesis 
(V a l l y a t h a n and George I96I4.). Undoubtedly, there i s an increase 
i n l i p i d synthesis i n the p e c t o r a l i s muscle i n the Rosy Pastor 
during the premigratory (or more l i k e l y the m i g r a t o r y ) p e r i o d 
(George and Chandra-Bose 1 9 6 7 ) , since the capacity of the muscles 
to o x i d i s e l i p i d i s reduced (George and Iype 196I|., George and 
Va l l y a t h a n 1961|), as i s the l i p a s e a c t i v i t y (George and V a l l a t h a n 
196l|b). They c i t e the increase i n muscle glycogen l e v e l s found 
between mid-winter and spring m i g r a t i o n as evidence of t h i s switch 
(Naik 1963j George and Chandra-Bose 1967> Vallyathan and George 
I96I4.), as w e l l as a decrease i n the u t i l i s a t i o n of l i p i d during 
the day. I n Willow Warblers, there i s no evidence of such 
a switch from measurements of the morning l e v e l s of p e c t o r a l i s 
glycogen. Indeed the increase found between m o u l t i n g and moulted 
b i r d s i s a recovery from a mid-moult decrease, as the pre-moult 
and post-moult l e v e l s of muscle glycogen do not d i f f e r . Thus 
the s i t u a t i o n appears to be d i f f e r e n t t o t h a t i n the Rosy Pastor, 
i n which there i s no moult before the spring m i g r a t i o n . I t could 
be argued, however, t h a t the metabolic c o n d i t i o n of these muscles 
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before and a f t e r moult are the same; i n t h i s case the premigratory 
period and the immediate p o s t - f l e d g i n g p e r i o d could both be times 
of muscle l i p i d synthesis. Measurements of muscle l i p i d i n 
unmoulted b i r d s i n d i c a t e t h a t t h i s I s not the case. 

I n Chapter 9 .11 I have already examined the arguments of Pry e t . a l . 
(1972) f o r premigratory p e c t o r a l i s muscle 'hypertrophy', and cast 
doubt on them. I need only add t h a t they can be r e j e c t e d o u t r i g h t 
only i n the Willow Warbler, f o r as shown i n Chapter 12 .2 there i s 
some 'hypertrophy' i n Grasshopper Warblers, though i t i s not of 
the same nature as proposed by Fry e t . a l . ( 1 9 7 2 ) . 

As p o i n t e d out i n Chapter 11 the data on plasma glucose l e v e l s i s 
eqivoc a l , due t o the absence of any data from unmoulted j u v e n i l e s . 
However, I i n t e r p r e t i t as suggesting a r e a l decrease i n plasma 
glucose l e v e l s i n premigratory b i r d s . Such a decrease has been 
noted before (Dol'nik 1967) f o r the Chaffinch, and i s of some 
importance i n the i n t e r p r e t a t i o n of the hormonal c o n t r o l of 
f a t t e n i n g . Goodridge and B a l l (1967b) found t h a t i n pigeons 
t r e a t e d w i t h ovine p r o l a c t i n , there was a r e d u c t i o n i n blood glucose 
and a decrease i n the plasma h a l f l i f e of glucose, f o r the r a t e 
of synthesis of l i p i d from t h i s substrate had increased t o such 
an extent i n the experimental b i r d s t h a t the glucose was withdrawn 
from the plasma more r a p i d l y than i n the c o n t r o l s . I would suggest 
t h a t the decrease seen i n Willow Warblers i s due to such an e f f e c t , 
namely an increased r a t e of l i p o g e n e s i s , since we have already seen 
(Chapter 10 .13 ) t h a t i n premigratory b i r d s the morning (when plasma 
glucose l e v e l s were measured) i s a p e r i o d of increased l i p i d 
a c c r e t i o n i n the l i v e r . 
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I t has been i n f e r r e d from the data on morning l e v e l s of plasma 
PPA t h a t i n premigratory b i r d s there i s a r e d u c t i o n i n the l i p o l y s i s 
r a t e s at the adipose t i s s u e (Chapter 1 1 . 1 1 ) . Such an adaptation 
has not been reported before, since most a t t e n t i o n has been 
focussed on the l i p o g e n i c aspect of premigratory f a t t e n i n g ; though, 
of course, the t o t a l increase i n body l i p i d seen i n migratory b i r d s 
i s the r e s u l t of the d i f f e r e n c e i n r a t e s of l i p o g e n e s i s and 
l i p o l y s i s . As plasma FPA l e v e l s depend on the r a t e of removal 
of PPA from the plasma as w e l l as on the l i p o l y s i s r a t e s at the 
adipose t i s s u e , an a l t e r n a t i v e explanation i s p o s s i b l e of the 
constancy of plasma PPA values i n the face of increased weight of 
adipose t i s s u e . Perhaps the r a t e of f a t t y a c i d removal from 
the plasma has increased, i . e . the r a t e of l i p i d u t i l i z a t i o n has 
increased during the premigratory p e r i o d . Prom what we know 
of premigratory f a t t e n i n g i n b i r d s t h i s i s h i g h l y unlikely..and 
the idea w i l l not be developed f u r t h e r . Assuming a r e d u c t i o n 
i n l i p o l y s i s rates i t i s not known whether t h i s r e s u l t s from 
substrate feedback on the adipose t i s s u e l i p a s e or i s mediated 
by the r e d u c t i o n of a l i p o l y t i c hormone, such as ACTH (Gibson 
and Nalbandov 1966a, Heald, McLachlan, and Rookledge 1965, Langslow 
and Hales 1969) or other p i t u i t a r y hormone.Glucagon i s a p o s s i b l e 
candidate (Langslow and Hales 1 9 6 9 ) , f o r Goodridge ( 1973) has 
r e c e n t l y shown t h a t i n the chick i t i n h i b i t s l i v e r l i p o g e n e s i s . 

The l i v e r composition of premigratory and moulting Willow Warblers 
has been examined c l o s e l y since t h i s i s the major l i p o g e n i c organ 
of b i r d s (Goodridge and B a l l 1967a ) . As shown i n Chapters 10.3 

and 1 0 . 1 | there are no changes i n f a t - f r e e wet weight or t o t a l wet 
weight of the l i v e r during the p o s t - j u v e n i l e moult; nor are there 
any changes i n l i v e r l i p i d concentrations u n t i l the premigratory 
p e r i o d . Therefore, a comparison of moulting and moulted b i r d s 
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seems reasonable. 

Premigratory b i r d s show an enhanced increase of l i v e r f a t - f r e e 
wet weight during the morning compared tb moulted b i r d s , and t h i s 
i s due t o increases i n t o t a l water weight and t o t a l f a t - f r e e dry 
weight ( = p r o t e i n ) , accompanying t h i s i s an increase i n the r a t i o 
of t he two. This morning increase i n l i v e r weight i s accompanied 
by a lar g e increase i n l i v e r l i p i d concentration, and hence a 
la r g e increase i n the t o t a l weight of l i p i d i n the l i v e r . However, 
the l i v e r l i p i d l e v e l s r e t u r n t o t h e same mean values each morning 
i n both moulting and premigratory b i r d s , so t h a t i f t h i s increase 
i n l i v e r l i p i d represents de novo synthesis (as seems l i k e l y 
Chapter 1 0 . 1 2 ) , a l l the l i p i d synthesised must be stored i n the 
adipose t i s s u e . Over the autumn there i s a gradual f l a t t e n i n g 
out of the d i u r n a l increase i n t o t a l l i v e r weight, so t h a t i n 
premigratory b i r d s there i s l i t t l e d i f f e r e n c e i n mean weights 
between morning and evening samples,whereas i n e a r l y stages of 
moult the d i f f e r e n c e might be as much as 100 mg. The r e d u c t i o n 
i n the size of the evening peak weight also applies to l i v e r 
glycogen, although i n t h i s case there i s no d i f f e r e n c e between 
moulted and moulting b i r d s i n the morning. However, the peak 
evening l e v e l f o r l i v e r l i p i d c o n c e n t r a t i o n i s greater f o r 
moulted b i r d s than f o r b i r d s i n moult; so not only i s l i v e r l i p i d 
a c c r e t i o n greater during the morning i n premigratory i n d i v i d u a l s 
(compared to moulting b i r d s ) , i t i s also greater during the 
afternoon also. Probably both t h i s and the r e d u c t i o n i n evening 
l i v e r glycogen l e v e l s found i n premigratory b i r d s r e f l e c t an 
increased r a t e o f l i p i d synthesis during the afternoon (Merkel 1 9 5 8 ) . 

Of course, moulting b i r d s also showed an increase i n l i v e r l i p i d 
between morning and evening, but premigratory b i r d s s t a r t t h i s b u i l d 
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up e a r l i e r i n the day, and i t i s of a greater magnitude. 
Oakeson (1953) has also found an increase i n l i v e r size during 
the premigratory period, I n White-crowned Sparrows; however i n 
her study the b i r d s were caught at dawn. I n my study there were 
no d i f f e r e n c e s i n l i v e r size between moulting and moulted b i r d s 
i n samples caught at dawn, although the subsequent increase 
i n the next s i x hours was much l a r g e r i n the l a t t e r category. 

The only other d e t a i l e d study of l i v e r composition during the 
premigratory p e r i o d i s the work of Dol'nik and Blyumental (1967) 

on the Chaffinch. As pointed out i n Chapter 1 0 . 1 8 , I do not 
accept t h e i r method of measurement of l i v e r glycogen, but i f 
we take t h e i r data at face value, t h a t l i v e r f a t - f r e e dry weight i s 
p r e c i s e l y t h a t , then there i s a f a i r amount of agreement. As i n 
Willow Warblers, they found t h a t during the premigratory p e r i o d 
i n the Chaffinch there was a progressive decline of the evening 
l e v e l of f a t - f r e e dry weight of the l i v e r ( w i t h d a t e ) . However, 
u n l i k e Willow Warblers premigratory b i r d s d i d not have a l a r g e r 
gain i n l i v e r weight during the morning than moulting b i r d s . 
As mentioned above they also found low blood sugar l e v e l s i n 
f a t t e n i n g b i r d s . Dol'nik (1967) suggested t h a t the low l e v e l s 
of l i v e r carbohydrate keep blood sugar l e v e l s low, and t h a t 
carbohydrate i s u t i l i s e d p r e f e r e n t i a l l y t o l i p i d during the 
premigratory p e r i o d . Since he was not measuring carbohydrate 
t h i s i s untenable; more l i k e l y , low blood sugar and low evening 
l e v e l s of l i v e r glycogen are the e f f e c t s , r a t h e r than the cause, 
of l i p i d synthesis ( as pointed out above). Parner e t . a l . ( 1 9 6 1 ) 

also found a decrease i n evening l e v e l s of l i v e r glycogen i n 
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i n White-crowned Sparrows put on s t i m u l a t o r y 20-hour photoperiods. 
They suggested t h a t t h i s was due t o increased g l y c o l y s i s having a 
f a t - s p a r i n g r o l e . The data from the Willow Warblers does not permit 
a d e c i s i o n on t h i s question. As shown by Morton (1967) premigratory 
b i r d s do not eat much i n the l a s t few hours before dusk, and at t h i s 
time glycogen could w e l l be used p r e f e r e n t i a l l y t o l i p i d . However, 
as shown e a r l i e r , i n the morning l i v e r glycogen l e v e l s are no lower 
f o r moulting than f o r premigratory b i r d s . As the morning i s a 
p e r i o d of (apparently) l i v e r l i p i d synthesis f o r premigratory b i r d s 
the constancy of the glycogen l e v e l s i n d i c a t e s t h a t they are 
apparently used n e i t h e r f o r g l y c o l y s i s or l i p o g e n e s i s . The nature 
of the susbtrate f o r o x i d a t i o n i n the evening b i r d s w i l l have to 
await f u r t h e r studies. 

Il+.ll- The weight budget of m i g r a t i n g warblers 

As shown i n Chapter 9.12 a considerable percentage of the 
v a r i a t i o n s of t o t a l body weight of j u v e n i l e Willow Warblers dur i n g 
the premigratory p e r i o d i s associated w i t h v a r i a t i o n i n the wet 
weights of the p e c t o r a l i s muscles. I n moulted b i r d s thisanounts 
t o 68$, but i n the middle of the moult i t i s only 9$ (due t o the 
weight reductions of the p e c t o r a l i s muscles). The c o n t r i b u t i o n 
of r e s i d u a l carcase f a t - f r e e dry weight to the v a r i a t i o n s i n t o t a l 
body weight of moulted b i r d s i s only 11$; i t i s only important i n 
moulting j u v e n i l e s during the middle of the moult (60$) when the 
p e c t o r a l i s muscles are reduced i n size. Since v a r i a t i o n s i n 
p e c t o r a l i s wet weights have such a large i n f l u e n c e on t o t a l body 
weight v a r i a t i o n s , t h i s would be a good component of the t o t a l carcase 
to increase, i f an increase i n t o t a l body weight was required, i n 
the premigratory p e r i o d . 
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A p o t e n t i a l l y important source of v a r i a t i o n i n t o t a l body weight 
was not accounted f o r i n t h i s study (due t o blood sampling), namely 
t o t a l body water weight. I n Willow Warblers t h i s i s not important, 
since the t o t a l water weight of m i g r a t i n g Willow Warblers (Chapter 
12.1) was not c o r r e l a t e d w i t h t o t a l body l i p i d weight. Of course, 
the t o t a l body water may vary i n weight during the moult of 
j u v e n i l e Willow Warblers, as i t does i n the Lesser Redpoll(Evans 
1969) or the B u l l f i n c h (Newton 1968); but t h i s w i l l not be important 
from the p o i n t of view of f l i g h t ranges or times (Chapter 12.8) 
unless c o r r e l a t e d w i t h t o t a l body l i p i d weight. 

I n the Grasshopper Warbler (Chapter 12.2) both of these f r a c t i o n s , 
t o t a l body water and p e c t o r a l i s muscle weight, are c o r r e l a t e d w i t h 
t o t a l l i p i d weight. This gives r i s e t o an apparent|hypertrophy 
of the p e c t o r a l i s muscles, i n t h a t f a t t e r b i r d s have heavier 
p e c t o r a l i s muscles. I h f a c t t h i s 'hypertrophy' i s not of the 
same nature as that described by Pry et_. al_. (1972). Changes i n 
the p e c t o r a l i s weights of Grasshopper Warblers are due s o l e l y 
to changes i n the weight of the water f r a c t i o n ; i t i s simply 
another m a n i f e s t a t i o n of the increase i n t o t a l water weight w i t h 
the increase i n weight of t o t a l body l i p i d . Prom a t h e o r e t i c a l 
standpoint, i f migratory b i r d s are to increase t h e i r body weights 
i n order t o decrease f l i g h t times (Chapter 12.8) changes i n weight 
of the water f r a c t i o n w i l l do i t most e f f e c t i v e l y . 
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II4..5? The hormonal c o n t r o l o f l i p i d d e p o s i t i o n 

P r o l a c t i n h a s , p e r h a p s , the g r e a t e s t number of m u l t i p l e a c t i o n s 

of any hormone known: 82 i n 1971 ( N i c o l l and Bern, 1 9 7 2 ) . These 

c a n be b r o a d l y grouped i n t o a c t i o n s r e l a t e d to w a t e r and e l e c t r o 

l y t e b a l a n c e , growth, i n t e g u m e n t a r y s t r u c t u r e s , r e p r o d u c t i o n , a n d 

s y n e r g i s m w i t h s t e r i o d s ( B e r n and N i c o l l 1968, N i c o l l and B e r n 

1 9 7 2 ) . P r e m i g r a t o r y l i p i d d e p o s i t i o n i n b i r d s b e l o n g s to t h e 

l a s t c a t e g o r y , s i n c e e f f e c t s of p r o l a c t i n i n j e c t i o n s c a n be enhanced 

by a d r e n a l s t e r i o d s ( Meier and M a r t i n 1 9 7 1) or gonadal s t e r i o d s 

( S t e t s o n and E r i c k s o n 1 9 7 2 ) . However, i n none of t h e s e i n v e s t i 

g a t i o n s h a s the r o l e of a p p e t i t e been e x p l o r e d . 

P r o l a c t i n i n j e c t i o n s c a n i n c r e a s e a p p e t i t e i n l i z a r d s ( L i c l f t a n d 

Hoyer 1968 , L i c h t and Jones 1967) and i n t h e n o n - m i g r a t o r y 

h y p o p h y s e c t o m i s e d p i g e o n ( B a t e s , M i l l e r and G a r r i s o n 1 9 6 2 ) . I n 

th e s t u d i e s on m i g r a t o r y p a s s e r i n e s ( M e i e r and P a r n e r I96I4-) t h i s 

h a s been assumed. As shown i n Chapter 13> a p p e t i t e ( a s measured 

by food i n t a k e ) i s i n c r e a s e d by p r o l a c t i n i n j e c t i o n s i n B r a m b l i n g s , 

but t h i s h y p e r p h a g i a i s not dependent on t h e time o f i n j e c t i o n s 

of p r o l a c t i n , nor does i t s magnitude depend on t h e dose a d m i n i s t e r e d . 

On t h e o t h e r hand, o n l y t h o s e i n j e c t i o n s of p r o l a c t i n g i v e n a t t h e 

end of t h e p h o t o p e r i o d were a b l e to produce f a t t e n i n g ; and t h i s 

f a t t e n i n g was dose-dependent. P r o l a c t i n f a t t e n e d B r a m b l i n g s showed 

i n c r e a s e d body w e i g h t , i n c r e a s e d a d i p o s e l i p i d w e i g h t and/or t o t a l 

l i p i d w e i g h t , and e n l a r g e d l i v e r s . B r a m b l i n g s g i v e n p r o l a c t i n 

i n j e c t i o n s f o u r h o u r s a f t e r t h e s t a r t of t h e p h o t o p e r i o d showed none 

of t h e s e symptoms. As shown i n Experiment 3 ( C h a p t e r 1 2 ) , B r a m b l i n g s 

g i v e n 10 I U o f p r o l a c t i n at t h e end of t h e p h o t o p e r i o d , but o n l y 

a l l o w e d t o e a t l± gms of se e d (no i n c r e a s e i n a p p e t i t e p e r m i t t e d ) 

showed i n c r e a s e s i n body w e i g h t , a d i p o s e l i p i d ( i n some b i r d s ) and 
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l i v e r s i z e . Thus p r o l a c t i n c a n c a u s e i n c r e a s e s i n l i v e r s i z e 

( i n d i c a t i v e of i n c r e a s e d c a p a b i l i t y f o r l i p i d s y n t h e s i s ) i n d ependent 

o f an i n c r e a s e i n a p p e t i t e . The r e v e r s e of t h i s i s found i n E x p e r i 

ment 1 ; a p p e t i t e c a n i n c r e a e e w i t h o u t a c o n c o m i t a n t i n c r e a s e i n 

l i v e r s i z e ( l i p i d s y n t h e s i s ) . Long p h o t o p e r i o d s ( l 5 h r s ) ( w i t h o u t 

p r o l a c t i n adminis.tr a t i o n ) produce l a r g e r i n c r e a s e s i n body w e i g h t , 

and about t h e same i n c r e a s e i n l i v e r s i z e . 

Two a l t e r n a t i v e h y p o t h e s e s of t h e c o n t r o l o f l i p i d d e p o s i t o n i n 

m i g r a t o r y b i r d s have been proposed; the f i r s t s u g g e s t e d by M e i e r 

and M a r t i n ( 1 9 7 1 ) p r o p o s e s t h a t p r o l a c t i n a;ts s y n e r g i s t i c a l l y 

w i t h c o r t i c o s t e r o n e t o produce e i t h e r w e i g h t i n c r e a s e s o r d e c r e a s e s 

depending on the t e m p o r a l r e l a t i o n s h i p of r e l e a s e o f t h e s e two 

hormones, ( s e e F i g u r e 11j . .5• a ) . The s e c o n d h y p o t h e s i s , p r o p o s e d 

by S t e t s o n and E r i c k s o n ( 1 9 7 2 ) i s t h a t g o n a d a l s t e r i o d s must be 

p r e s e n t f o r t h e e x p r e s s i o n of t h e f a t t e n i n g e f f e c t of endogenous 

p r o l a c t i n ( F i g u r e 1L|_.5>.A). F i g u r e 1l+.£.A shows a t h i r d 

a l t e r n a t i v e b a s e d on t h e r e s u l t s o f the B r a m b l i n g e x p e r i m e n t s : 

a p p e t i t e i s enhanced by s e c r e t i o n of endogenous p r o l a c t i n , but 

whether l i p i d d e p o s i t i o n o c c u r s o r not depends on the time of 

r e l e a s e ; p r o l a c t i n r e l e a s e d d u r i n g the l a t t e r h a l f of t he photo-

p e r i o d i s a b l e t o produce l i p i d deposition s i m p l y b e c a u s e t h e r e i s 

s u b s t r a t e a v a i l a b l e a t t h i s t i m e . I would argue t h a t t h e 

s y n e r g i s t i c e f f e c t w i t h c o r t i c o s t e r o n e found i n W h i t e - t h r o a t e d 

Sparrows, i s a r e f l e c t i o n of the g l u c o n e o g e n i c e f f e c t of t h e 

s t e r i o d ; i t i s s i m p l y making a v a i l a b l e s u b s t r a t e f o r l i p i d 

s y n t h e s i s , s i n c e t h e r e i s no i n c r e a s e i n a p p e t i t e i n t h e photo-

r e f r a c t o r y b i r d s u s e d i n t h e e x p e r i m e n t s . Thus p r o l a c t i n c a n a c t 

d i r e c t l y on t h e l i p i d s y n t h e s i s i n g c a p a b i l i t i e s o f t h e l i v e r , 

http://adminis.tr
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F i g u r e 14.5-a . A l t e r n a t i v e schemes f o r the r e g u l a t i o n o f l i p i d 

d e p o s i t i o n i n m i g r a t o r y "birds. 

A - proposed by Meier and M a r t i n (1971). 

B - proposed by S t e t s o n and E r i c k s o n ( 1 9 7 2 ) . 

C - proposed i n t h i s s t u d y . 

+ i n d i c a t e s an i n c r e a s e i n l i p i d d e p o s i t i o n or 

a p p e t i t e , - a decrease i n these parameters. 

T i n d i c a t e s t h a t l i p i d d e p o s i t i o n depends upon 

th e t i m e o f r e l e a s e o f t h e hormone. 
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but t h i s o n l y l e a d s t o l i p i d d e p o s i t i o n when a p p r o p r i a t e m e t a b o l i t e s 

a r e p r o v i d e d . The b e s t t e s t of t h i s h y p o t h e s i s would be the 

measurement of the i r i v i t r o e f f e c t of p r o l a c t i n on l i p i d s y n t h e s i s 

i n h e p a t o c y t e s . As shown e a r l i e r ( C h a p t e r 1 3 . 2 ^ ) t h e l e v e l s of 

g o n a d a l s t e r i o d s or g o n a d o t r o p i n s a r e low i n the b i r d s u s e d i n 

my e x p e r i m e n t s . I t s i s p o s s i b l e t h a t b o t h or e i t h e r of t h e s e 

c o u l d r e g u l a t e t h e r e l e a s e of p r o l a c t i n (Weise 1 9 6 7 , S t e t s o n and 

E r i c k s o n 1 9 7 2 ) but I h a v e no e v i d e n c e on t h i s ; however, S c h i l d m a c h e r 

and S t e u b i n g ( 1 9 5 2 ) d i d produce s m a l l i n c r e a s e s i n body w e i g h t 

w i t h p h o t o s e n s i t i v e B r a m b l i n g s w i t h i n j e c t i o n s of t e s t o s t e r o n e , 
u n l i k e l y 

I t i s , h o w e v e r , / t h a t s u c h a mechanism would be i m p o r t a n t i n 

t h e autumnal p r e m i g r a t o r y p e r i o d a s the t e s t e s a r e r e g r e s s e d ; y e t 

i n some s p e c i e s autumn l i p i d d e p o s i t i o n i s f a s t e r and more 

e x t e n s i v e t h a n i n the s p r i n g . 

F i n a l l y , t h e mechanisms of l i p i d d e p o s i t i o n i n t h e f e r a l W i l l o w 

W a r b l e r s examined i n t h i s study a r e not c l e a r . T h e r e i s an 

i n c r e a s e i n l i v e r s i z e d u r i n g the day i n p r e m i g r a t o r y b i r d s , but 

i t i s temporary. E a c h day the l i v e r r e t u r n s t o i t s f o r m e r 

dawn w e i g h t . However, t h i s c o u l d be due t o t h e t h e r m a l 

environment of t h e s e b i r d s , a s l i v e r p r o t e i n s a s w e l l as l i p i d 

may be needed f o r o v e r n i g h t t h e r m o g e n e s i s . On b a l a n c e , however, 

i t does seem t h a t p r o l a c t i n i s p r o b a b l y i n v o l v e d , as l i p i d 

s y n t h e s i s i s accompanied by more r a p i d i n c r e a s e i n l i v e r wet 

w e i g h t i n p r e m i g r a t o r y b i r d s , compared to m o u l t i n g b i r d s . As 

shown above, t h i s i s p r o b a b l y not a r e s u l t of i n c r e a s e d a p p e t i t e 

but i s produced i n d e p e n d e n t l y . 
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Appendix 1. D e t a i l s ' o f s i g n i f i c a n c e t e s t s . 

These are c l a s s i f i e d as t o s e c t i o n , and the numbers r£fer t o 

the numbers i n p a r e n t h e s i s w i t h i n t h e body o f t h e t e x t . Where 

an equ a l v a r i a n c e t - t e s t i s performed ( v a r i a n c e s 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 ) t h e degrees o f freedom are g i v e n ; where an unequal 

v a r i a n c e t - t e s t i s used ( v a r i a n c e s s i g n i f i c a n t l y d i f f e r e n t ) t h e 

sample s i z e s are g i v e n , d f - degrees o f freedom; U - Mann-

Whitney U; n - sample s i z e ; p - p r o b a b i l i t y t h a n the n u l l h y p o t h e s i s 

i s c o r r e c t . 

3 . 5 

( D 2 . 9 2 , 4 d f , . 7 5 > p > . 

( 2 ) F = 3 . 9 8 4 , 9 4 d f 

( 3 ) 5.67, 5 d f , . 5 > p > . 2 5 

( 4 ) F = 17 . 9 5 , 1 0 3 d f 

( 5 ) t = 3 . 0 54 d f 

3 . 6 

(D SE b= 0.0026, t=3.99 , 5 d f , 

4 . 3 

X' = (1 ) X' = 7 . 7 , 4 d f , . 2 5 > p > . 1 

( 2 ) F = 1 .01 4 , 6 6 d f 

( 3 ) F = 2.1 2.17 d f 

5 . 3 

(1 ) U = 5 7 . 5 n - 20 , 1 3 

( 2 ) u = 36 n - 20 , 7 

( 3 ) u = 47 n - 1 3 , 7 

( 4 ) u = 53 n - 1 1 , 8 

( 5 ) u = 33 n - 7 . 1 4 

7 . 3 

( 1 ) a l l p > . 1 

( 2 ) U = 18 n - 7 , 1 2 

( 3 ) U = 31 n - 9 , 9 
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( 4 ) U = 15 n - 7 , 9 

( 5 ) z = 3.1 n - 26 ,11 

Medians o f t h e morning p e r i o d s r e f e r r e d t o i n t e s t s 2 t o 5 

Hours a f t e r s u n r i s e M o u l t i n g Moulted 

0-2 0 . 1 9 0 . 3 2 

2-4 0.22 0.35 

4-6 0 . 2 5 0. 52 

(6) z = 2. 1 n- 21,15 

(7) z = 1 .5 n - 9,27 p=.14 

( 8 ) U = 37 n - 8 , 1 9 

( 9 ) U = 28 n - 7 , 1 9 

(10) z = 4 n - 7,24 

(11 ) z = 2.6 n - 7,27 

(12) z = 1 .7 n - 10,24 

8 . 3 

X= 1 . 2 , (1) X= 1 . 2 , 4 d f , . 9 > P > . 7 5 

(2 ) ?C= 4-1 , 5 d f , . 7 5 > P > . 5 

(3 ) F = 1 .2 4,73 d f 

( 4 ) t = 1 .9 96 d f 

(5 ) F = 0.6 5,85 d f 

(6) t = 2.5 105 d f 

9-2 

(1) moult stage 1 . 5 > p > . 4 ; moult stage 2 . 4 > p > 

stage 3 , 4 > p > . 2 ; moult stage 4 . 4 > p > . 2 . 

(2 ) t = 2.7 60df 

9.4 

(1 ) t = 8.9 41 d f 

9.6 

(1 ) X= 2.7 , 4 d f , . 7 5 > P > . 5 

(2) F = 7.1 4,101 d f 

(3) 1 . 1 , 5 d f , . 9 8 > p > . 9 5 
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( 4 ) F = 6 . 8 5,71 d f 

9 . 7 

'X = 8 , 3d f , . 0 5 > p > . 0 2 5 

F = 1 . 7 3 , 4 2 d f , . 2 5 > p > . 

?f= 2 . 4 , 4 d f , . 7 5 > P > . 5 

F = 3 . 8 4 , 5 5 d f 

^ = 0 . 8 2 , 5 d f , . 9 9 > p > . 9 8 

F = 0 . 7 5,46 d f 

7C= 1 .2 , 4 d f , . 9 > P > . 7 5 

F = 4.1 4 , 5 4 d f 

?f= 0 . 6 8 , 5 d f , . 9 8 > p > . 9 5 

F = 1.6 5 , 3 6 d f 

0 

X*= 2 . 6 , 3 d f , . 5 p > . 2 5 

F = 1.9 3 , 4 2 d f 

t = 1.2 n - 4 6 , 22 

t = 2 . 0 n - 1 0 , 2 2 

t = 3 . 7 17 d f 

t = 2 . 2 n - 9 , 9 

t = 5 -5 13 d f 

5 

X*= 5 . 6 , 3d f , . 2 5 > p > . 1 

F = 2 . 5 3 , 4 2 d f 

t = 3 . 4 n - 4 6 , 13 

^ = .11 , 4 d f , p> .99 

F = 1 .3 4,28 d f 

t = 2 . 7 n - 3 3 , 9 

6 

X = . 9 5 , 3 d f , . 9 > P > . 7 5 

F = 3 . 2 3 , 4 2 d f 
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3) t = 3 . 4 n - 4 6 , 2 2 

4 ) .08 , 4 d f , p > . 9 9 

5 ) F = 0 . 4 7 4,28 d f 

6 ) t = 2 . 5 n - 3 3 , 9 d f 

7 ) t - 3 . 0 16 d f 

8 ) t = 1.9 26 d f 

9) t = .08 20 d f 

10) t = 1 .7 14 d f 

3.20 

1) H = 1 2 . 2 4 d f 

3.21 

1) H = 1 0 . 9 4 d f 

0 . 3 

:o 2 
x = 4 . 7 , 4 d f , . 5 > P > . 2 5 

(2) F = 2 . 3 4 , 1 3 2 d f 

: 3 ) **= 10.1 , 5 d f , .1 > p > . 

:"4) F = 1 .7 5 , 8 5 d f 

0 . 4 

(1) * = 2 . 8 4 d f , . 7 5 > p > . 5 

( 2 ) F = 1 . 9 4,70 d f 

( 3 ) xl= 7 . 9 5 d f , . 2 5 > p > . 1 

( 4 ) F = 1 .6 5 , 77 d f 

10 .5 

( 1 ) F = 4 . 2 2 p < . 0 5 

( 2 ) F = 1 . 43 2 , 4 0 d f p > . 2 ; 

o v e r a l l mean fQr moult stages 1,2,3 t = 0.55 n10,43 '' 

P .05 

3) t = 2.84 n21 , 2 3 

4) t = 1 .61 n - 11 , 2 3 .2> p > .1 

5) }C= 4 - 6 ' 4 d f ' - 3 > P > . 2 
6) F = 0.1 4,54 d f 

7 ) t = 2.2 80 d f 
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10.6 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

ft= 7 . 7 , 5 d f , . 2 5 > p > . 1 

F = 3 . 8 4,60 d f 

0 -2 vs 3-5 m o u l t i n g U = 62 p > . 1 ; 0 - 2 vs 2 - 3 m o u l t i n g p > . 1 ; 

2-3 vs 3 - 5 m o u l t i n g U = 70 p > . 1 ; 0 - 2 vs 3 -5 m o u l t e d 

U = 72 p > . 0 5 . 

t = 3 . 8 , 15 d f 

1/2 evening vs 4 - 6 , 1970 t = 6 . 3 p < . 0 0 1 ; 3 e v e n i n g vs 

4 - 6 , 1970 t = 3 . 6 . 0 1 > p > . 0 0 T . 

1971 U = 0 i n a l l cases, 1/2 vs 3 - 5 p < . 0 0 2 , 3 vs 3 - 5 P= 0 

t = . 6 3 23 d f p > . 5 

1970 evening moulted vs 4 - 6 , t = .89 23 d f . 4 > p > . 2 ; 

1970 evening moulted vs 3 - 5 , 1971 U = 15 - 02 . p > „ 0 0 2 ; 

1971 evening • moulted vs 3-5, 1971 U = 9 

( 8 ) 1970 t = 4.8 23 d f p < .001 : 1 971 t = 4.8 

( 9 ) 1 971 t = 1 .£ i 1 5 d f , . 1 > p > .05; 1 9 7 0 , t 

10.7 

( 1 ) z = 1.8 p = -.08 

( 2 ) t = 2.6 25 d f 

( 3 ) 0-2 vs 2-3 z = 1.1 p = .26 

( 4 ) 2-3 vs 3 - 5 z = 0.1 p = .9 

(5 ) t = 3.2 14 d f 

( 6 ) U = 0 i n a] 1 cases p < . 0 0 2 

(7 ) H = 13.1 2 d f 

( 8 ) z = 2.9 n -- 22,26 

(9 ) z = 2.3 n - 26 , 2 3 

(10) z = .5 n - 21 ,8 

(11 ) 1970 z = 2. 9 n - 27,26 

(12) 1/2 evening vs moulted z = 3-7 p<.0002 

3 evening vs moulted z = 2.1 p < . 0 2 

10.8 

(1 ) 0-2 vs 4-6 m o u l t i n g U = 39 p>. 1 
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0 - 2 vs 4 - 6 m o u l t e d U = 31 . 1 > p > . 0 5 

( 2 ) 4 - 6 m o u l t i n g vs 4 - 6 moulted U = 45 n - 1 0 , 1 0 p > . 1 

( 3 ) 0 -2 vs 2 - 3 t = . 9 8 n - 15,11 

2 -3 vs 3 - 5 t = . 9 n - 10,11 

( 4 ) t = .06 27df p > .1 

( 5 ) U = 23 _p = .31-, n - 9 , 7 . 

( 6 ) 1970 , 4 - 6 vs 1/2 U = 0 p < . 0 0 2 ; 1 9 7 0 , 4 - 6 vs 3 U = 0 p < . 0 0 2 

( 7 ) Evening 1 /2 vs moulted evening U = 90 z = . 09 

Evening 3 vs moulted evening U = 74 z = . 2 9 

( 8 ) U = 1 p < .002" , 1970. 

10.11 

( 1 ) ?t= 7 . 8 , 5 d f , . 2 5 > p > . 1 

( 2 ) F = 3 - 2 5 4 , 5 9 d f 

( 3 ) U = 2 0 n - 6 , 1 5 

( 4 ) 0 -2 m o u l t i n g 1970 vs 0 - 2 1971 U = 42 n - 7 , 1 5 

2 -4 m o u l t i n g 1970 vs 2 - 4 1971 t = 1 . 7 29df . 1 > p > . 0 5 

4 -6 m o u l t i n g 1970 vs 4 - 6 1971 t = . 5 14 d f . 7 > p > . 6 

( 5 ) t = 5 . 4 15 d f 

( 6 ) t = 4 . 8 .n - 1 0 , 1 0 1970; 1971 , 1 /2 vs 4 - 6 am. t = 3-1 n - 6 , 1 0 

• 0 2 > p > . 0 1 

( 7 ) t = 1 . 5 n - 7 , 1 0 .2>p>. 1 

( 8 ) t = 1 . 7 n - 7 , 1 0 . 2 > p > . 1 

( 9 ) e v e n i n g moulted vs 4 - 6 1970 t = 1 . 7 32 d f 

( 1 0 ) evening moulted vs 2 - 4 1970 t = 2 . 3 34df . 0 5 > p > . 0 2 

( 1 1 ) t = 6 . 7 32df 

( 1 2 ) t = 0 . 9 9 29df 

1 0 . 1 2 

(1 ) jC = 3 . 4 2 d f , . 2 5 > p > .1 

( 2 ) F = . 3 5 2 , 2 9 d f 

( 3 ) X= 4 - 5 , 2 d f , . 2 > p > .1 

( 4 ) P = .8 2 , 3 5 d f 

( 7 ) 1971 t = 1 1 . 7 n - 17 , 1 3 
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( 5 ) t = 1 15df, . 4 > p > . 2 

(6) 1970 t = =12.1 n - 17,10 

(8) 0-2 vs 2--4 u = 40 . 0 5 > p > . 0 2 ; 2-4 

0-2 vs 4--6 U = 19 . 0 2 > p > . 0 0 2 

(9) z = 1 .2 n - 22,8 

(10) t = 1.9 23df 

(11) z = 4.2 n - 25,10 1970; 1971 p>.05 

(12) z = = 1.1 n - 17 ,25 

10.13 

(1) r = 1 .23 , 2df, .75> p > .5 

(2 ) F = •77 2 ,29 d f P > . 2 5 

( 3 ) 3.6 2df .25 p > . 1 

F = 3-4 2,30 d f 

(4 ) x * = 5.9 4df . 1 > p > .05 

(5) F = 1 .7 4,61df 

(6 ) 1 /2 vs 4--6 , 1970 t = 9.1 18 d f ; 1/2 

n - 10,TO; 3 vs 4-6 , 1970 t = 7.6 n 

t = 7.7 n - 7,11 . 

(7 ) t = 2.8 15df . 0 2 > p > . 0 1 

(8) t = 1.9 22df . 1 > p > . 0 5 

(9) 1970 e v e n i n g vs 4-6 1970 t = 5 -5 n - 16,10; 1970 e v e n i n g vs 

3- 5 , 1971 t = 1.9 n - 16,18 . 1 > p > . 0 5 ; 1971 e v e n i n g vs 

4- 6 1970 t = 6.8 n - 10,8; 1971 e v e n i n g vs 3-5 , 1971 

t = 2.7 n - 8,8 .05 > p > .02 

(10) t = 2.6 I 6 d f . 0 5 > p > . 0 1 

10.14 

(1) F - 3 . 9 1,60df 

10.16 

(1 ) X = 7 - 2 5 d f , p > . 0 5 
(2 ) F = 2.2 1 ,2df 

( 3 ) F = 3.8 2,52df 

(4) 1/2 evening vs 0-2 t = 2.6 . 0 2 5 > p > . 0 1 21df 
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1/2 vs 3-5 t = 3-1 , 2 9 d f , . 0 0 5 > p > .001 

(5) t = 4.2 n - 5,12, .005 > P > . 0 0 1 

(6) t = 6.9 n - 5,9 

(7) t = 3.6 12df 

10.17 

CD X= 1 2 6 ' 3 d f ' p > - ° ° 5 

( 2 ) 1-2 vs 2-3 t = .5 23df, p > . 5 

1-2 vs 3-4 t = 1.8 16df .1>p>.05 

(3 ) 3-5 vs 0-2 t = 1.05 27df p=.3 

(4) t = 26.2 n - 12,5 
(5) t = 29-1 9df 

( 6 ) t = 32 19df 

(7) t = 24 12df 

(8) t = 17.8 8df 

(9) t = 3-2 12df 

(10) t = 1 .12 23df . 3 > P > .2 

11.4 

(1 

(2 

(3 

(4 

X= 4.35 , 5 d f , p = .5 

F ---- 0.58 4 , 5 0 d f 

F = 22.1 1 , 4 d f 

4-6 vs evening m o u l t i n g t = .98 . 4 > p > .2 ,1970 

4-6 vs evening moulted t = 1.16 19df . 4 > p > . 2 , 1970 

Moulted 1970 vs evening moulted t = .89 36df, p>.5 

Moulted 1971 vs evening moulted t = .04 25df p>. 5 

( 5 ) t = .59 19df p> . 5 

(6) t =. 1 .28 77df .4> P > .2 

(8) F = . 2 9 3 , 5 4 d f 

11.7 

(1 ) ~X= 12.8 10df , . 2 5 > P > .1 , 1970; J£= 10.2 , 10 d f p > .2\ 

(2) F = 1 . 3 3 8 , 4 3 d f p > . 7 5 time o f c a p t u r e , 

F = 2.4 3,8df p > . 1 . m o u l t . 
( 3 ) t = 2.78 33d f . 0 5 > p > . 0 1 



( 4 ) t = 4 . 3 5 n - 9 , 6 

( 5 ) t = 2.78 33d f 

( 6 ) F ( t i m e ) = . 1 2 8 , 5 7 d f p > . 2 5 

F ( m o u l t ) = . 4 3 3,8df p > . 2 5 
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Appendix 2. F l i g h t ranges and t i m e s o f the samples; o f m i g r a t i n g 

w a r b l e r s k i l l e d a t Bardsey Lighthouse 1 on 6/7. 9. 69. 
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W i l l o w W a r b l e r - J u v e n i l e s 

Body weight F l i g h t range(km) F l i g h t 
8 . 7 4 447 1 9 

9 . 8 0 • 5 3 0 22 

8 . 4 7 667 27 

9 - 2 5 575 22 

8 . 5 6 4 6 2 1 9 

9 . 2 8 207 6 

1 0 . 0 9 8 7 9 32 

8 . 8 9 - 579 23 

9 . 2 8 54 5 21 

9 - 5 1 605 23 

8 . 4 6 695 23 

9 - 2 4 8 2 0 3 1 

9 . 0 6 616 24 

9 . 2 0 381 1 5 

9 . 5 2 927 35 

1 0 . 0 2 5 6 6 21 

W i l l o w W a r b l e r - a d u l t s 
8 . 3 6 434 1 9 

e . 6 8 518 20 

8 . 0 9 727 29 

8 . 5 5 387 1 5 

9 . 1 3 4 5 9 18 

. . ' 8 . 9 0 514 20 

9 . 0 2 5 9 8 23 

8 . 3 5 5 5 8 22 

G r a s s h c p p o r Wax b i e r - .yuveiu l e s 

Body w e i g h t F l i g h t range ( 1 c m ) F l i g h t 
1 5 . 1 9 984 32 

1 3 . 8 0 540 1 9 

1 7 . 4 1 1030 32 

1 4 . 6 6 753 26 

1 4 . 9 3 8 0 8 27 

1 3 . 1 1 776 28 

1 3 . 1 7 6 1 8 24 

1 5 . 4 f c 763 25 

1 4 . 9 1 825 26 

1 3 . 0 1 477 18 

1 4 . 1 7 786 27 

: - T 3 . 0 7 601 22 

1 2 . 1 7 425 16 

T 3 . 6 0 7 5 9 27 

1 3 . 7 9 540 1 9 

1 5 . 8 2 724 24 

1 4 . 3 7 536 1 9 

1 3 . 7 5 481 17 

1 2 . 8 1 453 17 

1 4 . 0 1 747 26 

1 2 . 5 0 671 25 
G r a s s h o p p e r Wa . b i e r - a d u l t s 

1 4 . 5 1 4 8 0 17 

1 3 . 9 6 5 4 0 1 9 

1 3 . 3 8 491 18 

1 3 . 5 8 601 22 

1 3 . 0 6 543 20 

14 . 4 4 672 23 
1 5 - 0 2 632 21 

1 2 . 7 6 435 16 



Appendix 3- D e r i v a t i o n of the equation f o r the c a l c u l a t i o n 
of the f l i g h t time o.f.. migratory b i r d s . 

From Pennycuick's (1369) formula ( 4 8 ) , 
y = K". l o g e (w /w) (1 ) 

where y i s the range covered by the b i r d i f j t s weight decreases 
from an o r i g i n a l weight ŵ, to weight w. K" i s K/g. ( L / D ) e f f . 
Then from ( l ) by rearrangement, 

y/K" = l o g e (w 0/w) 

-y/K" 

so w = WQ. e (2) 

From Pennycuick's (1969) equation (13) 

V = dy/dt = a. w"̂" (3) 

where, V i s the maximum range speed, the weight of the b i r d 
a t any i n s t a n t i s w, and a t / p 2 A 4 Ŝ "; p i s the a i r d e n s i t y , 
A i s the equivalent p l a t e area, and 3^ d i s k area. 
S u b s t i t u t i n g (2) i n ( 3 ) , 

-y/2K" 
dy/dt- a. WQ 2 . e 

x - y / 2 K » 
so dy = a. w 0

2 e- .dt 

and dy/e~ y / / 2^" = a. WQ T .dt 

I n t e g r a t i n g , 

a-y/2K» 
Y • y T 

a. w Q dt 

7 o 

where Y i s the f l i g h t range, and T the f l i g h t time. 



290 

t h e r e f o r e 

2 K " ( e " 0 / 2 K " ) - 2 K " ( e ~ Y / 2 K " ^ = a. wQ
2\ T 

so t h a t . 

2 X " ( 1 - e " Y / 2 K " ) = a. wQ*. T 

t h e r e f o r e f l i g h t time f o r f l i g h t range T i s , 

x -Y/2K" 
T = 2K"/a. w Q

2 (1 - e ) 

I f the I n t e r n a t i o n a l System of Units i s used t h i s g ives the 
f l i g h t time i n seconds. 

i 
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Appendix 4. The f o o d consumption and body w e i g h t s o f Bramblings 

i n experiment 1 t o 4 . 

For each b i r d denoted by t h e code l e t t e r , t h e f o u r columns, l e f t t o 

r i g h t , a r e f o o d eaten per day (gms), c u m u l a t i v e w e i g h t o f f o o d 

eaten (gms), r u n n i n g mean (gras), and t h e body w e i g h t (gms). 



Experiment 1 -

A B 

1 4 - 3 4 . 2 22 4 0 4 . 0 30 

2 5 . 2 9 - 5 4 8 22 4 2 8 .2 4 1 30 

3 4 . 6 1 4 . 1 4 9 - 4 3 1 2 . 5 4 •z - . 
4 4 . 0 I P . 1 4 3 22 3 7 16 .2 4 0 2P 

5 4 . 2 2 2 . 3 4 1 22 3 9 20. 1 3 .8 28 

6' 3 . 7 2 6 . 2 4 1 22 1 .6 21 .7 2 .8 28 " 

7 3 - 9 3 0 . 1 3 9 22 1 1 22 .8 1 .4 24 

8 4 - 1 3 4 . 2 21 1 6 24.4 23 

9 4 . 6 3 8 . 8 4 .4 20 2 .6 27 .0 2 . 1 22 

10 3 - 3 4 2 . 1 4 . 0 20 3 . 0 3 0 . 0 2 o 22 

1 1 5 .C 4 7 . 1 4 2 20 3 .8 3 3 . 8 rz 
J .4 22 

1 2 4 . 5 5 1 . 6 4 e 20 5 3 • 5 3 7 . 3 3 .7 22 

1 3 4 . 1 5 5 . 7 4 3 21 3 .7 41 .0 3 .6 23 

1 4 4 .0 5 9 . 7 4 1 20 3 • 9 4 4 . 9 3 .8 23 

15 4 . 1 63 .8 4 1 20 5 3 .7 48 .6 3 .8 23 

16 4 . 5 6 8 . 3 4 3 20.5 3 .7 5 2 . 3 3 .7 2 2 . 5 

17 4 . 9 7 3 . 2 4 7 20 4 . 1 5 6 . 4 3 . 9 23 

Exper iment 

E F 

1 5 . 8 5 . 8 22 8. 4 8 . 4 26 

2 5 - 7 1 1 . 5 5 . 8 22 2. 3 10.7 5 . 4 26 

3 5 . 6 17 .1 5 . 7 - 4 . 6 1 5 - 3 3 . 5 

4 5 - 5 2 2 . 6 5 . 6 22 8. 5 23-8 6. 5 28 

5" 6 . 5 . 29-1 6. 0 23 6. 7 3 0 . 5 7 . 6 28 

& 4 . 7 3 3 - 8 5 . 6 - . 6. 0 3 6 . 5 6. 4 -

r 5 - 2 3 9 . 0 5 . 0 23 5 . 1 41 .6 5 . 6 29 

8 4 . 7 43 .7 23 . 3 . 1 4 4 - 7 27 

9 5 . 6 4 9 . 3 5 . 2 21 2. 7 47.4 2. 9 2 5 

10 7 . 9 5 7 . 2 6 . 8 21 1 . 4 48 .8 2 . 1 25 

tf •" 7 - 5 64.7 7. 7 22 2. 2 51 . 0 1 . 8 24 

12 7 . 0 71 .7 7. 3 22 3 . 8 54 .8 3 . 0 23 

13 6 . 8 7 8 . 5 6. 9 23 5 4 60 .2 4 6 24 

14 7 . 5 8 6 . 0 7 2 22 5 6 65 .2 5 2 23 

1 5 7 - 5 9 3 . 5 7. 5 22. 5 4 7 6 9 - 9 4 9 2 3 . 5 

16 8.7 1 02 . 2 8 1 22 . 5 5 4 75-3 5 1 23 

17 7 . 8 1 10 .0 8 . 3 22. 5 6 2 81 . 5 5 8 23 

con t r o l s . 

C D 

5 . 1 5 . 1 24 5 . 6 5 . 6 23 

3 . 8 8 . 9 4 . 5 24 5 - 5 1 1 . 1 5 . 6 2 3 

4 . 5 1 3 . 4 4 . 2 - 5 . 9 1 7 . 0 5 . 7 -
5 . 2 18 .6 4 . 9 24 4 . 6 2 1 . 6 5 . 3 23 

4 . 3 2 2 . 9 4 . 8 2 3 4 . 3 2 5 . 9 4 . 5 2 2 

4 . 7 2 7 . 6 4 . 5 - 5 . 3 31 . 2 ' 4 . 8 -
3 . 6 3 1 . 2 4 . 2 24 4 . 5 " 3 5 . 5 4 . 8 2 2 

3 . 8 3 5 23 4 . 7 4 0 . 2 21 

4 . 4 3 9 - 4 4 . T 23 5 . 3 4 5 . 5 5 . 0 2 0 

3 . 8 4 3 . 2 4.1 2 2 4 . 2 4 9 . 7 4 . 8 2 0 

4 . 8 4 8 . 0 4 . 3 2 2 5 . 1 5 4 . 8 4 . 7 2 0 

4 . 4 5 2 . 4 4 . 6 2 3 5 . 0 5 9 . 8 5 . 1 21 

4 . 1 5 6 . 5 4 . 3 23 4 . 8 64 . 6 4 . 9 21 

4 . 6 61 . 1 4 . 4 2 2 3 . 8 6 8 . 4 4 . 3 2 1 

4 . 6 ' 6 5 . 7 4 . 6 2 2 6 . 2 7 4 . 6 5 . 0 21 

3 . 9 6 9 . 6 4 . 3 2 3 5 . 7 8 0 . 3 6 . 0 21 

4 . 7 74 .3 4 . 3 2 3 5 . 0 8 5 . 3 5 . 4 21 

- e x p e r i m e n t a l s 

H 

5 .1 5 . 1 2 1 6 . 7 6 . 7 23 

6 . 8 1 1 .9 6 .C 2 0 7 . 0 13.7 6 . 9 23 

6 . 1 18.0 6.5 - 4 . 8 18.5 5-9 -

5 - 3 23-3 5 . 7 2 0 6 . 7 2 5 . 2 5 . 8 2 2 

5 . 7 2 9 . 0 5 . 5 2 0 4 . 5 2 9 . 7 5 . 6 2 2 

4 . 8 3 3 . 8 5 - 3 - 5 . 8 3 5 - 5 5 . 2 -
5 - 2 3 9 . 0 5 . 0 2 0 4 . 6 40. 1 5 . 2 2 2 

5 . 6 4 4 . 6 2 0 4 . 6 1 4 . 7 21 

8 . 1 5 2 . 7 6 . 9 1 9 4 . 7 49-4 4 . 7 2 1 

7 . 8 6 0 . 5 8 . 0 1 9 6 . 0 5 5 . 4 5 . 4 2 2 

7 . 4 6 7 . 9 7 . 6 2 0 7 . 2 6 2 . 6 6 . 6 2 2 

9 . 2 7 7 . 1 8 . 3 2 0 6 . 7 69-3 7 . 0 2 2 

8 . 3 85.4 8 . 8 2 0 9 . 0 7 8 . 3 7 . 9 2 2 

9 . 7 95 .1 9 . 0 2 0 1 0 . 3 8 3 . 6 9 - 7 21 

7 . 2 1 0 2 . 3 8 . 5 2 0 1 0 . 1 9 8 . 7 1 0 . 2 2 2 

8 . 5 1 1 0 . 8 7 . 9 2 0 1 0 . ' 1 0 9 . 4 1 0 . / 21 

8 . 3 1 1 9 . 1 P .4 2C 8 . 8 I 18. 2 9 . 8 2 2 
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Exper iment 1 - e x p e r i m e n t a l s 

I 

1 4 . 8 4 . 8 2 2 

2 5 . 7 10 .5 5 . 3 2 2 

3 4 3 1 4 . 8 5 . 0 -
4 5- 5 2 0 . 3 4 . 9 2 2 

5 4 2 2 4 . 5 4 . o 2 2 

6 4 . 7 2 9 . 2 4 . 5 -
7 4 2 3 3 . 4 4 . 5 2 2 

8 5 1 3 8 . 5 21 

9 4 9 4 3 • 4 5 . 0 2 0 

10 5 6 4 9 . 0 5 . 3 21 

11 6 6 5 5 . 6 6. 1 21 

1 2 5 0 60.6 5 8 21 

1 3 5 c 66.1 5 3 2 2 

14 5 0 71 .1 5" 3 21 

1 5 5 8 7 6 . 9 5 4 21 

16 6 . 3 8 3 . 2 6 1 21 

17 6 .6 8 9 . 8 6 5 21 



Exper iment 2 - c o n t r o l s 

A B 

3 - 9 3 . 9 22 1 .8 1 .8 -
2 3 . 8 7 .7 3 . 9 22 2 . 9 4 . 7 2. 4 -
J 3 . 5 11.2 3 7 22 3 . 1 7.8 3 . 0 25 

4 5 . 0 16.2 4 »3 22 4 . 5 12.3 3 . 8 25 

5 4 .7 2 0 . 9 2 • 9 22 4 . 0 16. 5 4 . 3 24 

6 4 . 7 25.6 4 .7 22 4 . 8 21 . 4 . 4 24 

7 3 . 4 29 .0 4 . 1 22 4 . 4 25. 5 4 . 6 24 

8 5 . 1 34.1 22 5 4 . 5 3 0 . 0 24 

9 4 . 3 3 8 . 4 4 .7 22 5 4 . 3 34". 3 4 . 4 24 

10 4 . 2 42 .6 4 • 3 22 4 . 9 39 .2 4 . 6 23 

1 1 3 . 7 4 6 . 3 4 .0 22 4 . 3 4 3 . 5 4 . 6 24 

1 2 7 . 4 . 49 .7 .6 22 4 . 1 47. 5 4 . 2 24 

1 3 3 . 5 53 .2 3 . 5 22 4 . 5 52. 1 4 . 3 23 

14 3 . 7 5 6 . 9 3 .6 22 4 . 4 56. 5 4 . 5 24 

1 5 3 . 4 6 0 . 3 3 .6 22 5 . 2 61 .7 4 . 8 24 

Expei ' iment 2 -

E F 

1 4 . 4 4 .4 22 2 . 5 2 . 5 23 

2 4 . 3 8.7 4 . 4 23 2 . 9 5 . 4 2 .7 23 

3 3 . 4 12.1 3 . 9 22. 5 3 . J 9 . 2 3 - 4 23 

4 3 . 7 1 5 - 6 3 . 6 22 3 . 7 12.9 3 . 3 23 

5 3 . 6 1 9 . 4 3 . 7 22 3 . 9 16.8 3 . 8 23 

& 3 . 3 22.7 3 . 5 22 5 . 0 21 .8 4 . 5 23 

7 4 . 0 26 .7 3 . 7 22 3 - 9 25.7 4 . 5 23 

e 4 . 0 30 .7 22 5 . 1 30.8 23.< 

9 7 .2 37 .9 5 6 22 4 . 3 3 5 . 1 4 . 7 23 

10 4 - 5 4 2 . 4 5 . o 22 6 .0 4 1 .1 5 . 2 24 

1 1 5 . 2 47 .6 4 o 22. 5 5. ' 46 .2 5 . 6 24 

1 2 4 . 2 51 .8 4 7 22 5 4 . 1 5 0 . 3 4 • 6 24 

1 3 4 . 9 56.7 4 6 22 4 . 6 54 • 9 4 . 4 24 

14 5 -7 6 2 . 4 5 3 22 5 5 . 5 60 .4 5-1 24 

15 4 . 5 66 .9 5 1 22 5 . 0 65.4 5 . 3 24 

c p 

3 .0 3 . 0 23 2. 0 2 . 0 2 3 

3.2 6 .2 3. 1 23 4. 9 6 .9 3 5 23 

2 .9 9 .1 3. 1 2 2 4 . 0 10.9 4 5 23 

3 .0 1 2 .1 3. 0 22 - 23 

5 3 , 6 15.7 3. 22 4 . 5 15.4 23 

5 . 4 1 9 . 1 5 . 5 2 1 . 5 4 . 9 20 .3 4 7 23 

2 .5 2t .6 3. 0 2 1 4 . 8 25. 1 4 9 23 

3 .7 25 .3 22. 5 4 . 4 2 9 . 5 22 5 

3 .0 28 .3 3- 4 20. 5 4 . 6 34. 1 4 5 22. 5 

5 4 .5 32 .8 3 8 20. 5 4 . 2 38.3 4 4 20 

2 . 7 35-5 3. 6 21 4 . 2 42 .5 4 2 22 

2 .9 38 .4 2 . 8 21 3. 9 46 .4 4 1 22 5 

5 3 .6 4 2 . 0 3 3 21 4 . 6 5 1 . 0 4 3 21 

3.5 45 .5 3. 6 22 . 5 4 . 4 55.4 4 5 22 5 

3 .0 48 .5 3 3 21 4 . 2 59.6 4 3 22 

e x p e r i m e n t a l s 

G H 

20 3.5 3.5 21 . 5 

2. 4 2 .4 1 9 . 5 4 . 0 7 .0 3. 8 22 

3 . 1 5.5 2 . 8 1 ? 4 .7 12.2 4 . 2 21 . 5 

3. 4 8 . 9 3- 3 19 3.6 1 5 - 8 A . 2 22 

3 . 9 1 2 . 8 3. 7 1 9 4.7 20.5 A . 2 22 

3. 5 16.3 3 7 1 9 4 . 1 24 .6 4 . 4 22 

3. 5 1 9 . e 3 5 ! 9 4 . 1 28 .7 4 . 1 22 

4 . 7 24.5 20 7 . 0 35.7 22 5 

4 . 6 29.1 4 7 20 6.1 41 .6 g 6 22 !> 

4 . 3 33.4 4 5 20 5-5 47 .3 5 8 23 

4 1 37.5 4 2 20 5.7 5 3 . 0 5 6 23 

2 7 4 0 . 2 3 .4 20 4 .5 57.5 5 1 23 

0 45 .2 3 . 9 20 6 .2 63 .7 .4 

= 1 50.3 5 . 1 20 7 .2 70 .9 6 7 23 

4 7 55 .0 4 .9 20 8.3 79. 2 7 .3 23 
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Exper iment 2 - expe r i i r . en t a l s 

I 

1 22 

2 3. 2 3.2 21. c; 

3 5. 8 9 - 0 4.5 22 

4 > • 9 14. 9 5.9 22 

5 4 . 9 1 9 . 8 5.4 22. 5 

6 6. 1 25. q 5.5 22. 5 

7 5. 8 31 • 7 6 .0 23 

8 7. 5 39 .2 23. 5 

9 5. o 
> 

45. 1 6 .7 24 

10 6. 8 5- • 9 6.4 25 

1 1 6. 4 58. 3 6.6 25. 5 

1 2 5. e 64. 1 6.1 26 

1 3 5. 6 69- 7 5.7 26 

14 5. 5 75 . 2 5 .6 26 

1 5 5. 6 80. 8 5.6 25. 5 

i 



Experiment 3 - c o n t r o l s 

A S i £ 
1 4 ' 3 4 .3 20 4. 1 4.1 22„ 5 6. 0 6 . 0 21 .5 2. 9 2 .9 22 

2 3 4 7.7 3 • 9 20 3. 5 7.6 3. 8 22. 5 6 . 1 1 2". 1 6'. V 21 J. 1 6 .0 3 0 22 

3 6. o 1 7 . 0 6.5 3 9 9 .9 5 

4 3 1 10.8 2 0 3. 5 11,1 3 . 5 22 2. 4 21 .4 4-7 19 3 8 13.7 3 9 22 

5 4 0 14 .8 3. 6 20.5 3 . 0 14.9 3- 7 22 e. 8 3 0 . 2 5.6 22.5 3 6 17.3 3 7 22 

6 3 6 18.4 3. 8 21 4 . 0 18.9 3. 9 22 e. 0 38 .2 8.4 23 3 2 20.5 ~Z 
J 4 22 

7 4 5 22 .9 4 . 5 21 3 . 22.2 3. 7 22 2. 0 40. 2 5 . 0 21 3 9 24.4 3 6 22 

8 3 26.2 22 3. e 26.C 23 9- 7 4 Q . 9 22.5 2 Q 27.3 23 

9 3 6 29 .8 3. 5 22 4 . 2 30 .2 3. 6 22. 5 8. 9 58 .8 9J3 23 3' 4 30 .7 3 2 23 

10 3 9 33.7 3- 8 22 3. 3 34 .0 4 . 0 22. 5 8. o 67.6 8 .9 23.5 2 7 33 .4 1 23 

! 1 3 4 3 7 . 1 3. 7 22 4 . 3 38.3 4 i 22. 5 P . 75-9 8.6 22.5 3 8 37 .2 3 3 23 

1 2 4 9 42 .0 4 . 2 22.5 3. 6 41 .9 4 0 22. r 1 . 4 7 7 . 3 4 . 9 20 .5 2 8 40 .0 3 3 23 

D 

\ 5. 1 5.1 21 . 5 5 . 2 

2 ' 3 . 1 8 . 2 4 . 1 21 . 5 . 6 . 2 

3 4 . 1 12 .3 3 . 6 6 . 1 

4 3 . 2 15 .5 3 . 2 1 . 5 4 . 6 

tr j 4 . 2 1 9 . 7 3 . 7 21 6 . 4 

6 : 3 . 6 2 3 . 3 3 . q 2 1 5". 1 

7 3 . 8 2 7 . 1 3 . ( 2 1 8 . 8 

8 5 . 7 3 2 . 8 2 2 7 . 2 

9 5 . 6 3 8 . 4 5 . 7 2 2 . 5 6. 4 

10 7 . 6 4 6 . C 6 . 6 2 3 . 3 5 . 1 

1 1 8 . 5 5 4 . 5 8 . 1 2 3 . 5 6 . 6 

12 9 . 2 6 3 . 7 8 . 9 2 3 . 5 5 . 7 

Exper iment 3 - e x p e r i m e n t a l s , 

F G 

5.2 23 3 T 3. 1 

11.4 5 7 22. 5 3 7 6 .8 3 4 

17.5 6 2 3 2 10.0 3 5 

22.1 5 4 22 3 7 1 3 . 7 -

28.5 5 5 22 3 6 17.3 3 7 

33 .6 5 8 21 .5 3 7 21 .0 3 7 

42.4 7 0 22 4 0 25 .0 7 g 

49 6 22 0 4 . 9 29 9 

56 0 6. 8 22 5 8.6 38 5 6 .8 

61 i 5. 23 9.5 48. 0 9- 1 

67 7 5. 9 22 8.5 56 5 9 .0 

73 4 6. 2 22 5 7.7 64 2 8.1 

f o o d ad l i b i t ' j m 

E 

2 2 . 5 4 . 1 4 .1 21 

22 3. 4 7 . 5 3 8 21 

3. 4 10.9 3 4 

22 1 . 1 12.0 2 3 21 

22.5 3. 2 1 5 . 2 2 20 5 

2 2 . 5 3. 4 18.6 3 5 20. 5 

22 3. 1 21 . 7 3 3 20 5 

24 4. 1 25 .8 22 

24 . 5 4 7 30. 5 ^ 4 22 5 

26 4 2 34 . 7 4 23 5 

26 4 . 6 39.3 4 .4 23 3 

26 4 3 4 3 • 6 4 22 5 



297 

Exper iment 3' - e x p e r i m e n t a l s , f o o d r e s t r i c t e d 

C H I K 

1 3. 9 3 .9 23 3. 4 3 . 4 21 4 9 4 . 9 20 1 . 7 1.7 21 

2 J • 7 . 2 3 6 22.5 3- 0 6.4 2 21 5 3 7 8.6 4 3 20 3. 3 5 .0 2 5 21 
V 
J 4 . 5 1 1 .7 3 9 3. 0 9.4 J 1 4 0 12.6 3 9 4 . 8 9 . 8 4 1 

4 3. 2 14.9 3 9 22.5 3 . 8 1 3 . 2 3 4 21 4 6 17.2 4 3 20 3. 7 1 3 . 5 4 3 22 

5 3. 8 18.7 3 5 23 3. 6 16.8 3 7 21 5 8 23 .0 5 2 20 3 . 8 17.3 3 8 22 

6 3. 1 21 .8 3 5 23 2. 7 19.5 3 2 20 5 4 8 27 .8 5 3 20 2. 6 1 ° . g 3 2 22 

7 4 . 3 26 .1 3 7 23 3. 3 22 .8 3 0 20 5 6 7 34.5 5 8 19.5 3. 5 23 .4 3 1 22 

8 24.5 22 5 20 23 

9 23.5 22.5 20. 5 23 

10 24 23 21 23 

1 1 22.5 21 20.5 22 

"1 

I 

I 



298 

Exper iment 

A B 

1 3 . 1 3 . 1 2 2 1 .7 1 .7 

2 3 - 7 6.8 3 . 4 2 2 1 . 0 2 . 7 

3 4 . > 1 1 .0 4 . 0 2 2 1 .7 4 . 4 

4 3 - 7 14.7 4 . 0 2 2 2 . 4 6.8 

5 .1.0 1 8.7 3 . 9 2 2 2 . 4 9-2 

6 3 - 4 2 2 . 1 > • 7 2 . 5 1 1 . 7 

7 3 - 5 25.6 3 . 5 21 . 2 . 8 1 4 . 5 

8 4 . 2 2 9 . 8 3, 9 2 2 4 . 0 1 8 . 5 

9 4 . 0 3 3 - 8 2 2 3 . 3 21 .8 

10 3 - 1 36.9 3 6 2 2 3 . 6 2 5 . 4 

1 1 5 - 6 4 2 . 5 4 4 2 2 4 .8 3 0 . 2 

12 4.G 4 ^ . 3 5 2 2 2 5 - 2 3 5 . 4 

1 3 3 - 0 5 0 . 3 3 9 21 5 . 6 4 . 0 

14 4 . 1 54.4 3 6 2 2 7 . 1 4 8 . 1 

1 5 4 . 4 58.8 4 3 2 2 9 - 1 5 7 . 2 

1 6 4 . 1 6 2 . 9 4 3 2 2 3.8 6 6 . 0 

17 4 . 5 6 7 . 4 4 2 2 8 . 4 7 4 . 4 

18 5 . 0 72.4 4 .8 23 5 . 3 79 .7 

19 7 . 5 79.9 6 . 3 2 4 6 . 3 8 6 . 0 

20 6 . 4 8 6 . 3 7 .0 24 5 - 3 9 1 . 3 

21 6 .0 9 2 . 3 6 . 2 24 5 7 . 1 9 8 . 4 

2 2 5 . 0 97.3 5 • 5 25 7 . 8 106. 

23 5 . 2 102. 5 5 . 1 25 5 5 . 6 • 1 1 . 

24 25 

25 25 

4 

C 

28 2 .9 2 .9 23 

1 . 4 25. 5 . 2 8. i 4 . 1 23 

1.4 24 5 . 0 1 3 . 1 5.1 2 3 

2 . 1 2 3 - 5 4 . 0 1 7 . 1 4 .5 22.5 

2.4 22. 5 5-4 22. 5 4 .7 22.5 

2 . 5 3.3 2 5 . 8 4 .4 

2.7 22 3.5 29.3 3 .4 22 

5 . 4 22. 5 3-3 32.6 3.4 23 

22. 5 3 . 0 35-6 21 

3.5 22 6.2 41 . 8 4 .6 22.5 

4 .2 22 4 .4 46 .2 5.3 22 

5.0 22 4 .9 51 • 1 4 . 7 22 

5.4 22.5 5.2 56. 3 5.1 21 .5 

6.4 23 5 5-9 62.2 5 .6 22 

8.1 24 5 5.8 6 8 . 0 5 .9 22 

9 .0 24 5 5.1 7 3 - ' 5-5 22 

S.6 24 5 6.1 79-2 5.6 21 .5 

6 .9 24 5 7 .2 86.4 6 .7 21 .5 

5 .8 24 5 6.4 9 2 . 8 6 .8 22 

5.8 25 6.1 98 .9 6.3 22 

6 .2 24 8 .7 107.6 7 .4 22 .5 

7.5 24 11.0 . /• 
1 l O . O 9 .9 24 

6 .7 2 5 1 1 .4 1 3 0 . 0 11.2 25-5 

25 26 

25 26 .5 



Exper iment 

D E 

T 1.2 1 .2 28 3. 5 3-5 

2 2.3 3.5 1 .8 27 4 . 2 7.7 

3 2 .9 6.4 2 .6 27 4. 7 12.4 

4 3 . 8 10.2 3.4 26 4. 1 6 . 7 

5 3-8 14.0 3 .8 25. 5 3. 5 20 .2 

6 3 . 1 17.1 3.5 3 9 2 4 . 1 

7 4-0 21 .1 3.6 25 4. 0 28. 1 

8 3-9 25 .0 4 .0 25. 5 2 6 30.7 

9 4 .7 29 .7 25. 'J 3 8 3 4 . 5 

10 6.5 36 .2 5.6 25. 5 3 8 38 .3 

1 1 7.6 43-8 7.1 25 3 7 42 .0 

12 9-4 5 3 . 2 8.5 24 5 3 4 4-5". 4 

1 3 4.4 57.6 6 .9 •>-3 5 3 2 ^ 0 . 6 

1 4 5.9 63-5 5.2 2 5 3 5 5 2 . 1 

1 5 8.5 72 .0 7 .2 25 5 6 5 5 . 7 

16 8.8 80 .8 8.7 2 o 3 1 58 .8 

17 5-7 86.5 7.3 25 3 .7 6 2 . 5 

18 12.2 98.7 9.0 27 3 .8 6 6 . 3 

1 9 9.4 108.1 10.8 28 4 .3 7 0 . 6 

20 7.1 1 1 5 - 2 . 8.3 27 5 4 .0 7 4 . 6 

21 6.7 121 .9 6.9 27 3 .8 78 .4 

22 8 .8 130.7 7 .8 27 4 o 
* J 83-3 

23 27 .5 4 .4 87 .7 

24 28 

25 27 

4 

F 

25 3 . 5 3 . 5 2 3 

3 . 9 25 4 . 1 7 . 6 3 . 8 23-5 

4 . 5 25 4 . 5 1 2 . 1 4 . -7 
J 23-5 

4 . 5 2 5 4 . 9 1 7 . 0 4 . 7 2 5 . 5 

3. g 24. 5 5 . 0 2 2 . 0 5. 0 25-5 

3 . 7 4 . 1 26 .1 4 . 6 . 

4 0 25 4 . 0 50.1 4 . 1 2 5 - 5 

3 . 3 25 3 - 6 3 5 . 7 3 . 8 2 5 - 5 

2 5 4 . 6 3 8 . 3 2 3 . 5 

3 8 24 5 4 . 9 4 3 . 2 4 . 8 2 3 - 5 

3 e 24 5 4 . 0 4 7 . 2 4 5 23 

6 24 5 . 1 5 2 . 3 4 6 2 2 . 5 

3 3 24 3 . 9 5 6 . 2 4 5 2 2 . 5 

3 4 24 4 . 4 6 0 . 6 4 2 2 3 

3 6 24 5 4 . 1 6 4 . 7 4 5 ; '3 

3 . 4 24 4 . 5 6 9 - 2 4 3 2 5 

. 4 24 4 . 4 7 3 - 6 4 5 2 2 . 5 

3 . 8 24 4 . 0 7 7 . 6 4 . 2 ' 2 3 

4 . 1 24 . 5 5 - 1 8 2 . 7 4 .6 2 3 

4 . 2 24 . 5 4 . 0 8 6 . 7 4 . 6 23 

3 . 9 24 4 . 2 9 0 . 9 4 . 1 2 3 

4 . 4 24 4 - 2 9 5 . 1 4 . 2 2 2 . 5 

4 . 7 2 5 4 . 2 9 9 - 3 4 . 2 2 2 . 5 

25 23 

26 22.5 



300 

Appendix 5- The L a t i n names o 

Blackbird 
Budgerigar 
B u l l f i n c h 
Brambling 
Chaffinch 
Chicken 
Duck 
Eastern Great Reed Warbler 
F i e l d f a r e 
Garden Warbler 
Goose 
Grasshopper Warbler 
Great T i t 
Greenfinch 
House Sparrow 
Lesser Redpoll 
Laughing Gull 
Myrtle Warbler 
Oregon Junco 
Great Horned Owl 
Pigeon 
Redwing 
Robin 

Rosy Pastor 
S t a r l i n g 
Savannah Sparrow 
S i s k i n 
Tree Sparrow 
White-crowned Sparrow 
White-throated Sparrow 

species mentioned i n the t e x t . • 

Turdus merula 
Melopsittacus undulatus 
Pyrrhula p y r r h u l a 
F r i n g i l l a m o n t i f r i n g i l l a 
F r i n g i l l a coelebs 
Gallus domesticus 
Anas sp. 

Acrocephalus arundinaceus o r i e n t a l i s 
Turdus p i l a r i s 
S y l v i a b o r i n 
Anser sp. 
L o c u s t e l l a naevia 
Parus major 
Carduelis c h l o r i s 
Passer domesticus 
Carduelis flammea cabaret 
Larus a t r i c i l l a 
Dendroica coronata 
Junco oreganus 
Bubo v i r g i n i a n u s 
Columba l i v i a 
Turdus musicus 
E r i t h e c u l a rubecula 
Sturnus roseus 
Sturnus v u l g a r i s 
Passerculus sandwichensis 
Spinus spinus 
Passer montanus 
Zo n o t r i c h i a leucophrys gambelii 
Z o n o t r i c h i a a l b i c o l l i s 



Willow Warbler 
Yellow-vented Bulbul 
Yellow Wagtail 

Phylloscopus t r o c h i l u s 
Pycnonotus g o i a v i e r 
M o t a c i l l a f l a v a 


