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BIOMETRIC STUDIES OF BIRDS IN THE ORDER PROCELLARIIFORMES 

1 . INTRODUCTION 

The P r o c e l l a r i i f o r m e s are mainly p e l a g i c sea-birds 
i n h a b i t i n g every ocean. Some are r e s t r i c t e d to warm 
t r o p i c a l seas while others feed i n open leads between 
i c e - f l o e s . One member of the order, Pagodroma nivea^breeds 
f u r t h e r south than any other vertebrate except i t s p a r a s i t e 
S t e r c o r a r i u s skua and under conditions so severe that few 
i f any i n v e r t e b r a t e s can withstand them. 

The s i z e range among the P r o c e l l a r i i f o r m e s i s greater 
than that obtaining i n any other order of b i r d s . Smallest 
are storm-petrels l i k e Hydrobates pelagicus and Halocyptena 
microsoma with wing spans of about 3 0 cm and weights of about 
3 0 g; l a r g e s t Diomedea exulans and D. epomophora whose wing 
spans approximate to three metres and body weights average 
some eight k i l o s . Between these extremes are about 9 5 species 
of s m a l l , medium-sized and large birds and i n most of the oceans, 
p a r t i c u l a r l y i n the Southern Hemisphere where the order i s best 
represented, s p e c i e s of d i f f e r i n g s i z e share common feeding and 
breeding grounds. 

The present study was undertaken to examine the extent of 
t h i s great range i n body s i z e and i t s consequences to c e r t a i n 
a s p ects of morphology, breeding biology and egg s i z e . 
I n v e s t i g a t i o n s of the r e l a t i o n s h i p s between body s i z e , egg s i z e 
and development times are s i m p l i f i e d i n t h i s order as a s i n g l e 
egg compriises the c l u t c h and i f that i s l o s t r e - l a y i n g i s very 
infre q u e n t . With only one egg to hatch and one chick to r e a r 
a comparison of f a c e t s of the breeding cy c l e l i k e incubation 
and n e s t l i n g periods can be meaningful although data on these 
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are s t i l l inadequate or l a c k i n g for most species i n the order. 
I t was a n t i c i p a t e d that the decrease i n s i z e from the 

Diomedeidae to the Hydrobatidae would be accompanied by 
c o r r e l a t e d changes i n egg s i z e and i n times needed for 
development of the young. I t was hoped that i f regular 
r e l a t i o n s h i p s could be e s t a b l i s h e d between the d i f f e r e n t 
v a r i a b l e s these could be used to p r e d i c t s t a t i s t i c s for species 
not yet measured or even for some now e x t i n c t . To a considerable 
degree these expectations have been f u l f i l l e d but more data-
are neefded before f u l l advantage can be taken of the r e l a t i o n s h i p s 
discoveired. The present study i s thus a preliminary one which 
i n d i c a t e s many other p r o f i t a b l e l i n e s of research and, as might 
be expected, exposes more problems than i t s o l v e s . 

2 . NOMENCLATURE. 
2 . 1 The use of the word ••Petrel". 

Throughout -this study the words p e t r e l s , P r o c e l l a r i i f o r m e s 
and Tubinares have been regarded as synonyms. This r e v e r t s to 
the custom among e a r l y workers on the group whereas i n recent 
years there has been a tendency to use •'petrel" i n a more 
r e s t r i c t e d and often i l l - d e f i n e d sense so that we read of 
" a l b a t r o s s e s , shearwaters and p e t r e l s " r ather than of 
" a l b a t r o s s e s , shearwaters and other p e t r e l s " . 

2 . 2 Family and Generic,Names. 

The family and generic names used follow the form and 
sequence set out i n the l e t t e r by Alexander et a l ( 1 9 6 5 ) which 
was drawn up by W.R.P. Bourne i n conjunction with the w r i t e r 
and other workers on p e t r e l s . The scheme i s as follows:-
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Family Diomedeidae 
Diomedea 
Phoebetria 

Family P r o c e l l a r i i d a e 
Macronectes 
Fulmarus 
T h a l a s s o i c a 
Daption 
Pagodroma 
Pterodroma 
Halobaena' 
P a c h y p t i l a 
Bulweria 
P r o c e l l a r i a 
C a l o n e c t r i s 
P u f f i n u s 

3 , Family Hydrobatidae 
Oceanites 
Garrodia 
Pelagodroma 
Fregetta 
Nesofregetta 
Hydrobates 
Halocyptena 
dceanodroma 

k. Family Pelecanoididae 
Pelecanoides 

THE DATA. 

3«1 Sources of the Data, 

T h i s study leans h e a v i l y on published measurements, 
notably those f o r standard dimensions. These have been taken 
from much of an extensive l i t e r a t u r e r e l a t i n g to the 
P r o c e l l a r i i f o r m e s and have included p a r t i c u l a r l y the taxonomic 
and anatomical s t u d i e s of Milne-Edwards ( I 8 6 7 - 6 8 ) ; Forbes 
(1882) ; Loorais (1918) ; Mayaud (1932) ; F a l l a (19^0); Fleming 



(19M*-and b ) ; Fleming aod Serventy (19^3) ; Mfith««B and Hallstrom. 
( 1 9 W ; Murphy and I r v i n g (;1951); Murphy and ^^ r p e t ( 1921) ; 

Murphy and Pennoyer (1952)-; Murphy and Snyder ( 1952) ; Murphy 
( 1 9 5 2 ) ; A u s t i n ( 1 9 5 2 ) ; Kuroda ( 1 9 5 ^ ; Schbnwetter ( 1 9 6 O ) and 
of B^ttrne and Warham ( 1 9 6 6 ) . i h e s e data have been supplemented 
by m a t e r i a l gleaned from f i e l d s t u d i e s of which those of F a l l a (1937) ; 

Roberta ( 1 9 ^ ] | ; Bierman aii<i Voous ( 1950) ; Sorensen (1950) ; 

Richdale (1950, 1952, 1963, 1965a and b ) ; Hagen ( l 9 5 2 ) ; F i s h e r 
( 1 9 5 2 ) ; P a u l i a n ( 1 9 5 3 ) ; Prevost (1953a and b, 1958, 196^); 

Rand ( 195^) ; Warham (1956, 1958, 1962); Davis ( 1957) ; 

Holgersen ( 1 9 5 7 ) ; T i c k e l l (196O, 1962); Rice and Kenyon (1962) ; 

Brown ( 1 9 6 6 ) ; H a r r i s ( I 9 6 6 ) ; and Pinder (1966) have proved the 
most u s e f u l . 

F i n a l l y , the standajpd t e x t s of Godman (1907-10) ; Mathews 
( 1 9 1 2 ) ; Bent ( 1 9 2 2 ) ; Murphy (1936) and Palmer (1962) have 
provided more data. Other iHfbrmation has been made a v a i l a b l e by 
colleagues c u r r e n t l y a c t i v e i i i s e a - b i r d r e s e a r c h and by various 
people who, at the author's i n s t i g a t i o n , have c o l l e c t e d appropriate 
data when i n a p o s i t i o n to do so. This a s s i s t a n c e i s acknowledged 
i n S e c t i o n 1^. 

Some major gaps i n the data have been f i l l e d by the author 
from museum m a t e r i a l , from f i e l d observations and measurements, and 
from work done during the preparation of "A Handbook of A u s t r a l i a n 
S e a - b i r d s " (Serventy, Serventy and Warham, i n p r e s s ) . Methods of 
measuring non-standard dimensions and other v a r i a b l e s are 
described below i n the appropriate s e c t i o n s . 
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3 « 2 . Summary of the Data. 

Some of the more importaiit measurements are given i n Appendix'A, 
To save unnecefi6fitry' r e p i s t i t i o n of s c i e n t i f i c names i n the t e x t e^ch 
s p e c i e s has >een given a number. Within each genus the l a r g e s t 
b i r d s are l i s t e d f i r s t . Gaps i n the sequence of numbers r e f e r to 
speoieB f o r which ther e has been inadequate information for use %n 

the present study. 
For the purpose of the kind of comparisons attempted here i t i s 

d e s i r a b l e to compare samples from homogeneous popuiatiotts; where . 
r e l e v a n t , meftsuremente-are given f o r each eub-species and t h e s e ^ r e 
i n d i c a t e d by B u f f i x l e t t e r s . No i n v e s t i g a t i o n of the v a l i d i t y of 
such sub-speci^a has been made or i s implied and f u r t h e r research 
w i l l probably show that some are i n v a l i d and even that some race^ 
have been a s c r i b e d to the wrong s p e c i e s . 

The f i n a l data w i l l show many gaps and to tako advantage of the 

f i g u r e s that are a v a i l a b l e small samples have sometimes- been- use^ -* 
hehoe some of the s c a t t e r about c e r t a i n of the r e g r e s s i o n l i n e s . 
Again, while there a r e many u s e f u l and-large samples, i t i s often 
not p o s s i b l e to d e r i v e standard d e v i a t i o n s f o r them^-as neith e r these 
nor the raw data were given i n the o r i g i n a l papers. I n consequence 
only the means and ranges have u s u a l l y been a v a i l a b l e and the-standard 
d e v i a t i o n of a r e g r e s s i o n has t h e r e f o r e been c a l c u l a t e d from^ species 
means. Hence confidence l i m i t s around a r e g r e s s i o n , i n d i c a t e r e s i d 
u a l d i f f e r e n c e s between speoies stfter t h a r e g r e s s i o n a l component of 
the d i f f e r e n c e has been extracted and not the v a r i a b i l i t y of i n d i v i d 
u a l s w i t h i n s p e c i e s around the r e g r e s s i o n . 



ko THE MEASUREMENT OF SIZE IN PETRELS, 

How should the s i z e of a b i r d be -measured? By total- length, 
by the' length of a single- appendage^ by s u r f a c e area, by body weight? 
A i l p o s s i b i l i t i e s seem to have -some shortcomings but perhaps body 
weight i s the most u s e f u l method of measuring s i z e as t h i s i s known 
to show good c o r r e l a t i o n «ith metabolic needs ^tnd haa-important be^r-
ings on the mode of f l i g h t - a n d on the maximum-size attainableo ; 

Unfortunataly the body-weight of a b i r d i s f a r from constant. 
V a r i a t i o n s - o c c u r during the annual c y c l e and-weights can i n c r e a s e 
d r a m a t i c a l l y over q u i t e short periods e < r g o b e f o r e migration. For 
t h i s reason the f a t - f r e e weights have been used for some- s t u d i e a of 
weigbt v a r i a t i o n s i n s m a l l p a s s e r i n e s . P e t r e l s show; at l e a s t as-
great a range of v a r i a t i o n i n weight during the course of a year or 
breeding season and t h i s too seems mostly to be due to the deposition 
and u t i l i s a t i o n of su^aeutaneous and depot f a t . I d e a l l y therefore, 
body weighta should be the f a t - f r e e weights of birds with empty 
stomachs. There a r e no f i g u r e s for f a t — f r e e weights of p e t r e l s and 
i n view of the l a r g e s i z e of-mainy of them i t seems most u n l i k e l y that 
such f i g u r e s a r e going to be a v a i l a b l e i n the foreseeable future 
although those of beach-wrecked birds-may approximate to f a t - f r e e 
weights. I n p r a c t i c e , the data f o r body-weights used here are from 
samples of mixed provenance. A s e r i e s made on-the breedini^-grounds 
may c o n s i s t of b i r d s that have j u s t been-relieved of incubation duties 
by t h e i r mates a f t e r a-week- or more-of f a s t i n g and may thus-be under
weight, or of o t h e r s that have-recently a r r i v e d with f u l l stomachs 
and e x t e n s i v e fat- r e s e r v e s , or a mixture of these and- of non-breeders. 
B i r d s caught a t sea-may have l i t t l e or much depot f a t but those 
c o l l e c t e d exhausted- on the-beacheB-are- u s u a l l y t h i n and undeisweight. 
The s o r t of v a r i a t i o n that may occur i s i n d i c a t e d by data for the 
medium s i z e d p e t r e l Puffinus t e n u i r o s t r i s (Serventy et a l , i n p r e s s ) . 
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A sample of 32 females weighed- a t the s t a r t of incubation had- a 
mean -weight of6 8 9 g and a f u r t h e r sam-ple of 22 females at the end of 
incubation a mean weight 205ii lower at 55̂ g<> F i s h e r (196?) has 
recently;;'ia|;s5cussed- weight v a r i a t i o n s during the breeding season i n 
one of the North P a c i f i c a l b a t r o s s e s . 

Given l a r g e enough samples these d i f f e r e n c e s should tend to 
average out around a mean somewhat above the f a t - f r e e value and such 
a f i g u r e seems- to be- the most p r a c t i c a b l e measure for comparihg body 
s i z e i n p e t r e l s . I n t h i s study, where data have been a v a i l a b l e from 
samples taken a t d i f f e r e n t times of the year, the f i g u r e s have been 
pooled i n order to smooth out f l u c t u a t i o n s due to varying f a t content 
aiid s i m i l a r causes,- -

Other measurements were i n v e s t i g a t e d which might c o r r e l a t e with 
the mean values for body weights throughout the order. T o t a l body 
length i s not s u i t a b l e f o r t h i s purpose as i t v a r i e s i n skins with the 
manner of preparation. T a i l length i s a r a t h e r - s m a l l dimension and 
not e a s i l y measured- i n l i v e b i r d s but standard -wing length proved more 
suitable.- This- i s the distance- from the c a r p a l j o i n t to the t i p of 
the longest primary when t h f .folded wing i s f l a t t e n e d - a g a i n s t a r u l e 
and i s i n e f f e c t the length of the most d i s t a l - o f the three segments 
of the wing, being the- length- of the- hand plus that of the longest 
attached f e a t h e r . S u c c e s s i v e measurements of a s e r i e s of wings 
showed that an accuracy of about + 25̂  ,-was achieved when the same 
person did the measurWing and about + 3/1̂  when- d i f f e r e n t persons^ made 
the measurements. Wing length i s not s u b j e c t to much v a r i a t i o n 
during the year or, i f t h i s occurs (due to moult and a b r a s i o n ) , i t ca^n 
u s u a l l y be detected- at the—time of measuring and such under-sized -
examples eliminated from the data. Furthermore, there i s much good 
information on wing lengths i n the l i t e r a t u r e that can be u t i l i s e d o 
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Nevertheless-,- this-measurement has some disa^lvantages-, Th^ 
most important i s probably the occurrence of shrinkage during drying 
so that the mean length of a sample taken from l i v e b i rds may-be 
s i ' g n i f i c a n t l y - g r e a t e r than that f o r a s i m i l a r - s i z e d sample of study 
s k i n s . There i s l i t t l e published information on t h i s but T i c k e l l 
(1962) gives- some f i g u r e s f o r the - prion Pachyptila-<iesolata which'' show 
d i f f e r e n c e s of up to 2^ between- the vialues- f o r l i v e and preserved 
m a t e r i a l from the same breeding plaeea. S i m i l a r f i g u r e s have-been 
obtained from m a t e r i a l c o l l e c t e d r e c e n t l y at- t^ie-Snares I s l a n d s 
(Warham, 1967a) . With the medium-sized p e t r e l Pterodroiiia jriexpectata 
the shrinkage i n wing length a f t e r 6 months drying amounts to between 
1 and 1 ^ . 

Unless tfee indicati-ons given by these two-species are a t y p i c a l , 
i t seems that e r r o r s due to t h i s factor,-averaging about 1 ^ , w i l ^ 
have no s i g n i f i c a n t e f f e c t on the conclusions drawn here." The degree 
of^ e r r o r , due to shrinlcage and to the use of both preserved and l i v e 
m a t e r i a l i s - o f a s m a l l e r order than those d i f f e r e n c e s in-wing lengths 
between speciefe tbat are postulated as haying b i o l o g i c a l s i g n i f i c a n c e . 



n g l e n y t h i n C m . 
Fig.1. Wing Lengths & Body Weights 

in Pet re ls . 
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5 . RELATIONSHIPS BETWEEN BODY WEIGHT AND STANDARD WING LENGTH. 

^ . 1 . Changes i n S i z e of the Wing Elements with Body Weight. 

The r e l a t i o n s h i p between-mean body weight and mean standard wing 
length for-Vf-6-peei-ee of p e t r e l i s shown i n Figure 1. The data come 
from Appendix A. Body weights a r e for adult females except i n 
genera l i k e P u f f i n u s and Pterodroaa where long s e r i e s of measurements 
have f a i l e d to demonstrate sexual- d i f f e r e n c e s . 

There i s a c o r r e l a t i o n between mean body weight and- mean wing 
leng t h but e v i d e n t l y t h i s i s not l i n e a r . There i s some s c a t t e r ^s-
expected with b i o l o g i c a l data and p a r t i c u l a r l y where,-as here, many 
of the sara^ple s i z e s a r e s m a l l and both l i v i n g and preserved m a t e r i a l 
has been used. The r e g r e s s i o n l i n e has been drawn by eye. 

The curve i n d i c a t e s that as the standard wing-length increases-
t h e - r a t e of change of body weight a l s o i n c r e a s e s , the r a t i o of body 
weight to wing length being much lower with small s p e c i e s than with 
l a r g e ones.- T h i s r a t i o i s about 0 .3 for a p e t r e l weighing 50g» for 
one weighing 500g about 1 ,8 , and f o r one of 5,000 about 8 , 8 . Thus, 
although with increetsing s i z e the d i s t a l elements of the wing increase 
a b s o l u t e l y i n length, t h e s e - i n c r e a s e s - a r e p r o g r e s s i v e l y smaller i n 
comparison with the i n c r e a s i n g body weight. 

The wing meaSutements i n Figu r e 1 represent only a part of the 
whole wing but d e s p i t e t h i s , the reguliar v a r i a t i o n - i n the length of 
t h i s segment i n comparison with the body weight seems l i k e l y to be 
c o r r e l a t e d with the modes of f l i g h t of the various s p e c i e s . 

Small p e t r e l s have r e l a t i v e l y broad wings-which a r e not excess
i v e l y attenuated compared with the-length of the b i r d ' s body. 
A l b a t r o s s e s , - a t the other end of the s i z e range,- have narrow-w-ings of 
high aspect r a t i o whose t o t a l lengths are high compared -with the body 
le n g t h . The other groups i n the order l i e at various points between 
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tbeee two extremes. 
The lengths of the three wing elements f dr-a s m a l l sample of 

pe'trels of v a r i o u s s i z e s i n s e t out i n Table where data-by thfr-
anatomist ». A. Forbes-(I882) f o r the lengths of the-wing bones are 
combined with the lengths of the d i s t a l segments (= standard wing 
length) from Appendix A. 

TABLE 

Lengths of wing segir.ents and body weights i n p e t r e l s . 
(Bone lengths from Forbes, 1882, a l l i n mo.) 

Sp e c i e s 

2b. D.e.chionoptera 
6a. D.a.melanophriB 

^h. H.giganteuB 
53. P.einerea 
60. P.griseus 

P.p.puffinuB 79 
71c. P.m.maoriana 27 
7'*. H.pelaglcus 26 
78«. O.l.leucorhoa 35 
83a. P.u.chathamensis '•5 

81 

B.W. B.W. 

b c d a: b: c a:b:d • a+b+d 6. a+b+d 

'•17 290 601 1.0:1.0:0.7 1.0:1.0:1.4 1446 7270 5.05 

262 202 521 1.0:1.0:0.8 1.0:1.0:2.0 1042 5515 5.37 

256 212 1*98 1.0:1.0:0.9 1.0:1.0:2.0 977 4114 4.21 

132 127 354 1.0:1.0:0.9 1.0:1.0:2.5 600 1026 1.71 

83 8ii 304 1.0:1.0:5.6 468 787 1.68 

72 86 257 1.0:0.9:1-1 1.0:0.9:5.0 588 406 1.05 

24 57 161 1.0:0.9:1.4 1.0:0.9:6.0 249 47 0.19-

2k 55 117 1.0:0.9:1.2 1.0:0.9:4.5 167 28 0.17 

35 1*2 156 1.0:1.0:1.2 1.0:1.0:4.6 266 48 0.18 

53 kk 125 1.0:0.8:1.0 1.0:1.0:2.9 199 124 0.62 

b = u l n a ; c = manus; d = manus plus f e a t h e r s . 

The table shows the^ following t r e n d s : — 
1. The lengthfr of the- humerus-and u l ^ a - a r e arpproximately equal i n 
a l l s p e c i e s throughout the order as pointed out by Forbes ( l o c . c i t . ) 
The p o s i t i o n of Pelecanoides u r i n a t r i x i s r a t h e r d i f f e r e n t and i s 
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d i s c u s s e d separa-t-ely i n s e c t i o n 5,3 feelow, 
2o The c o n t r i b u t i o n of the manus to the t o t a l length of the arm 
v a r i e s f a i r l y r e g u l a r l y , l a r g e r apeeies-having r e l a t i v e l y short
er- handa than the-'Smaller oneso 
3o The c o n t r i b u t i o n of the hand plus the attached f e a t h e r s , i . e . 
the standard wing length, to the t o t a l length of the wing a l s o v a r i e s 
c o n s i s t e n t l y o I n the l a r g e r s p e c i e s t h i s contribution i s r e l a t i v e l y 
s mall being about-equal to the comiaihed length of the two. inner 
i'segments whereas i n the s m a l l e r s p e c i e s the lengths of the d i s t a l 
segments a r e two or three times the combined length of humerus and 
ulna-o - The- exception i s -again PelecanoideSo 

. The' t o t a l length of the wi-ngs of p e t r e l s from body to-wing t i p 
cannot r e a d i l y be a s c e r t a i n e d from s k i n s and there are few f i e l d -
datao However, an e s t i m a t e of t h i s for comparative purposes can-be 
obtained by adding humeral, u l n a l and standard wing lengths as has 
ikeen done i n column a-t-b+d of Table 1. I n the l a s t column of that 
t a b l e the mean body weight i n grams has been- divided by t h i s 
estimate of t o t a l wing length. I t w i l l be seen that u n i t wing 
length i n the large^ epecies- c a r r i e s much more weight than i t does-
i n the small • onee^. 

Even ignoring species'- v a r i a t i o n s i n the widths of the wings-
r e l a t i v e to t h e i r length, i t seems c l e a r t h a t the high f i g u r e fcrr 
the weight per u n i t length of wing i n the l a r g e species a r e c o r r e l a t e 
ed with higher wing Jldadings per-Surf ace a r e a . Thus Oceahltes 
oceanicus, one of the s m a l l e s t p e t r e l s and which hae a standisttd-iifijig 
length of 153mm and weighs->4g has-a-wing loading of about 0.52 g V 

2 • 2 cm , compared with 1.69- g / cm for Macronectes giganteus- and 
1.20 g/cm^ for Diomedea exulans (Mawson, i n F a l l a , 1937)• 

Mawson a l s o gives mean widths for »-i-ng& of these-species-
compared with t h e i r t o t a l length. They are for Oceanites 30% of 
the t o t a l length, for Macronectes 22% and for Diomedea about 
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The arm bones of s m a l l storm-petrels Are-strong and l i t t l e i f a t 
a l l pneumatised. T h l ^ i s presumably a consequence of the^ low-wing 
loading which would not re q u i r e a l i g h t e n i n g of the skeleton and with 
the mode of f l i g h t which i s d i f f e r e n t to that of l a r g e p e t r e l s o 
Storm-petrels-are a g i l e and e r r a t i c f l i e r s , capable of rapid changes 
i n course and of beating t h e i r t i i i g s at quite high-frequencies and 
through considerable amplijtudeo -This kind of f l i g h t must subject 
the wing skeleton to considerable^bending s t r e s s and n e c e s s i t a t e 
strong arm bones. 

Because of t h e i r low wing loading the wing needs to provide 
l i t t l e l i f t i n - t h e - s m a l l p e t r e l s compared to the s i t u a t i o n i n the 
l a r g e s p e c i e s , so that i t i s not s u r p r i s i n g that the inner eleme^its 
of the wing - those mainly r e s p o n s i b l e f or l i f t - are reduced i n 
-etorm-petrelso However, manoeuvrability i s e s s e n t i a l f o r taking 
the s m a l l planktonic organisms that comprise t h e i r food from the 
s u r f a c e of a r e s t l e s s sea. Hence the importance of thd d i s t a l 
elements of the wing which seem mainly respohsi^sle for'propulsiion 
and, i n conjunction with the l a i l , for s t e e r i n g . 

At the other end of the s i z e s c a l e the albartrosses rely^ on 
highspeed g l i d i n g i n zones of strong wind. When ttiey beat t h e i r 
wings i t i& through shallow amplitudes While i n calms, when 
g l i d i n g i s impossible, the b i r d s s e t t l e ohto the surface of the sea. 
They have high a s p e c t - r a t i o wings capable of ge.aer.ating considerable 
l i f t . THe"inner eHements of the wing, the-humerus and ulna-with 
t h e i r attached f e a t h e r s , provide t h i s . The d i s t a l element of the 
wing i s reduced, ae i s the t a i l , and so too i s the maiweuvrability 
of the b i r d and i t s c a p a c i t y to propel i t s e l f by wing beats. 
Concurrently,'and o f f s e t t i n g the—increased wing loading, the bones of 
the-forearm-and of much of the skeleton are e x t e n s i v e l y pneumatised. 



20 r 

O 15 

X 

52 
QJ 

o 
CD 

Z 
< 
UJ 

r> 

10 

Y = 0 2 9 1X - 0 51 

10 20 30 40 50 60 
—1 
70 

MEAN WING LENGTH (CM.) 
Fig.2. Wing Length:^ody Weight. Two 
standard deviations about the regression 

line are shown. 



TABLE I I : WING LENGTHS AND BODY WEIGHTS IN PROCELLARIIFGRMES 

Species 
Mean Wing 
Length 
(cm) 

Mean Body 
Weight 
(g) 

Body 
Weight 

7. D . b u l l e r i 52 .0 

8 . D.nigripes 50 .6 

12 . P.palpebrata 53 .7 

16. F . g l a c i a l o i d e s 32 .9 

17a. F . g . g l a c i a l i s 31 .3 

18. T . a n t a r c t l c a 31 .0 

19a. D.Co eapensis 26 .^ 

21, P . i n c e r t a 32.1 

3 2 . P.ultima 28.1 

33 . P.inexpectata 26 ,2 

3 5 . P.mollis 25 ,3 

3 8 a . P.h.hypoleuca 22 ,9 

k1o H.caerulea 21 .6 

^2a . P . Y . v i t t a t a 21 .4 

4 3 . P.d.banksi 19,2 

kko P . s a l v l n i 19 ,0 

k3, P.turtur 18 .2 

60 , P.griseus 30A 

6 2 . P . t e n u l r o s t r l s 27 , 

6'fb. P.p.puffinuB 23 .7 

69a . O.o.exasperatus 15 ,3 

70. G.nereis I3.O 
7 1 c . P.m.maorlana 15,8 

73a . F.g.leucogaster 16.2 

7^. H.pelagicus 11,7 

78a. O.l.leucorhoa I 5 . 6 

8 3 a . P.u.chathamensis 12.3 

(31d9) 3012 (3ld9)-' - - -Ah'M 

[̂ 9̂9) 293^ (-1389) 14.32 
[21cr9) 2838 (1Qd9)- •14,16 
:219) 7^1 (109) 9.05 -

'M9) 699 (129)^ 8,48 

:269) 627 (219) 8,56 
:i59) if 07 (229) • 7.41 

: 5 ^ ) 522 ( 5 W ) - 8.05 
:9W9) 360 (I3d9) 7.11 
:ioocf?) 316 (86d9) 6.81 
:iit6cf9) 25^ (l46c^9) 6.33 

:77<S9) 176 (769) 5.60 
:3ld9) 181 (10cr9) 5.66 

:'t2cr9) 196 (70cr9-) 5.81 
.129) 153 (129) 5.35 
:i8dv) (I8cr9) 5.36 
.iocd9) 132 (I00cf9) - 5.09 

-I00d9) 787 (i00Gf9) 9.23 
ko9) 635 (229) 8.59 
20d9) ko6 (329) 7.41 

65d9) 34 . 3 (I0cf9) 3.25 
10^9) 29 . 5 (10:^9) 3.09 
219) 47.0 (I00d9) 3.61 
2k!9) if6,0 (24d9) 3.58 

39c<9) 28.0 (50cf9) 3.04 

9 ^ ) if8.0 (66cf9) 3.63 
I00cf9) 124 (I00c^9) 4.98 



5 . 2 . L i n e a r r e l a t i o n s h i p s derived from Wing Lengths and Body Weights. 

Figure- 1 does not r e v e a l any e a s i l y computed rel a t i o n s h i p - a n d 
i t i s perhaps u n l i k e l y that a measurement of a l i n e a r dimension would 
be d i r e c t l y r e l a t e d to body weight, a three dimensional v a r i a b l e . 
A b e t t e r f i t f o r a l i n e a r r e l a t i o n s h i p might be expected i f the cube 
of the wing length-was compared-with body weight or the cube root 
of body wei=ght with wing length. 

T h i s has been done i n Figure 2 for the data i n Table I I and 
fo r 27̂  s p e c i e s . These data have Ijeen more c r i t i c a l l y s e l e c t e d than 
those- used i n c o n s t r u c t i n g F i g u r e 1. They are r e s t r i c t e d to species 
f o r which at l e a s t 10 measurements are a v a i l a b l e of both standard 
wing l e n g t h and body weight. For many s p e c i e s the samples are large 
and as f a r as p o s s i b l e only data-from female b i r d s has been included. 
However, f i g u r e s from samples of mixed sex are used i n genera l i k e 
Puffinu& and Pterodroma where long s e r i e s of measurements have f a i l e d 
to r e v e a l any s e x u a l dimorphism i n wing length. 

The cube root of the body weight and the standard wing length 
are h i g h l y c o r r e l a t e d ( r = +0.99^5 and P <r . 0 0 1 ) . -Where Y i s the -
cube root of the body weight i n g and X the mean wing length i n cm 
then the equfiltion f or the r e g r e s s i o n l i n e derived by the method of 
l e a s t squares i s : -

Y = 0.29X - 0 .58 ( 1 ) . 

or ^ / body weight i n g = 0.29 meâ n wing length i n cm - O .58. 

T h i s r e g r e s s i o n l i n e has - a standard d e v i a t i o n of 0 , ^ 1 ^ and 955̂  

confidence l i m i t s a r e shown on e i t h e r s i d e of the r e g r e s s i o n l i n e . 
Unfortunately, for many s p e c i e s , i n d i v i d u a l data are not 

a v a i l a b l e but only the-mean values so that i t i s not possible to 
provide standard d e v i a t i o n s for each sample but only a f i g u r e for 
the combined samples. The curve would have been more u s e f u l had 
i t shown the va r y i n g confidence l i m i t s over the whole range of body 
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weights. 
The regression of X on Y i s : -

|!x = 3O 3 8 y 2 .39 , . ( 2 ) , 

or mean wing len g t h i n cm = 3 .38 ^mean body weight i n g + 2 . 3 9 . 

The standard deviation, i s - 1.34- cm 
The wing; lengths and body weights of Table I I have also been 

examined a f t e r transformation i n t o logarithms.- Again a linear-
r e l a t i o n s h i p obtains-as- revealed by Figure-3 . 

The l o g : l o g p l o t tends t o spread out the poi n t s towards the extremes 
of the range so t h a t the regression l i n e , while r e f l e c t i n g a h i g h l y 
significo^fnt c o r r e l a t i o n between the two v a r i a b l e s , i s not i d e n t i c a l 
w i t h t h a t obtained when p l o t t i n g the cube root of body weight against 
standard wing lengtl^..,, 
When 7 = l o g mean body weight i n g, and X = log mean wing length i n 
cm, then 

Y = 3.357X - 2.231 c... S.D. = 0.116 (3) 

i . e . l o g body-weight i n g = 3 .357 l o g wing length i n cm - 2.231 

and X = P.287Y + 0 .0 .690 S.D. = - 0 . 0 3 4 - . . . , . . . - . (4-) 

i . e . l o g wing l e n g t h i n cm = 0,287 l o g body weight i n g + O.69O 

These two equations can be transformed i n t o the power form g i v i n g : -
Body weight = 0 .0058? wing len g t h ^ f ^ ^ ^ . , ( 3 a ) . 

Wing l e n g t h = 4 .898 body -weight ^ r^®^.. .,, (-4a). -

The d i f f e r e n t estimates r e l a t i n g body weight and- wing length 
given by the series of equatiaDts. t y p i f i e d by ( 1 ) and ( 3 ) w i l l be 
apparent from the f o l l o w i n g computations:-
Hypothetical wing l e n g t h (cm) ; 10 50 100 

Equation -1 - •—- - - ^ r ^ - -

l4ean :bodyH»eight (g) 12,6 , 2724 23188 

95^ confidence l i m i t s (g) 3 . ^ - 31.1 ^2^71-3232 23187-23189 

Equation 3 

Mean body weight (g) 13=4 2974 30470 

9^% confidence l i m i t s (g) 7=8 - 13»7 1743-5074 17840-52020 
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The p l o t s f o r four more species o f g r e a t l y d i f f e r i n g size 
(2b. Diomedea exulans; 2k. Pterodroma phaeopygia; .67b. Puffinus 
I h e r m i n i e r i and 81 a. Oceanodroma tethys) f o r which extensive data 
became a v a i l a b l e toward the completion of t h i s study ( T i c k e l l , i n 
press iand H a r r i s , i n press,, a, b and c) a l l f a l l w i t h i n the above 
confidence l i m i t s . 

5 . 3 . The Po s i t i o n of Pelecanoides u r i n a t r i x . 

The only species f o r which adequate data are a v a i l a b l e and which 
have been omitted when c a l c u l a t i n g the above r e l a t i o n s h i p s are those 
f o r subspecies 85a of the Common Di.ving P e t r e l , P. u r i n a t r i x , marked 
separately i n Figure 2. 

The Pelecanoididae comprise a group of small, f a s t - f l y i n g and 
mainly coastal species which are the most a t y p i c a l members of t h e i r 
order i n many respects and which show such a series of characters 
convergent w i t h those of the Alcidae t h a t one: i n v e s t i g a t o r believed 
that they r i g h t l y belonged t o that family (Verheyen, 1958b). • . 

Pelecanoides i s short-winged and has a f a s t w h i r r i n g f l i g h t under
taken close to the surface of the sea and i t feeds by d i v i n g or 
f l y i n g s t r a i g h t ' i n t o the water.. . 

An examination of the data i n Table I shows that P. u r i n a t r i x 
has the shortest ulna, r e l a t i v e to the other wing bones, of any of 
the p e t r e l s l i s t e d . Furthermore, whereas species l i s t e d of s i m i l a r , 
size e.g. Pelagodroma marina have a r e l a t i v e l y huge d i s t a l element, 
t h a t of Pelecanoides i s considerably reduced i n comparison. Thus 
the short wings c h a r a c t e r i s t i c of t h i s species are the result.j^of a 
r e l a t i v e reduction i n length of both the ulna and the hand w i t h I t s . 
attached feathers compared w i t h other p e t r e l s of s i m i l a r s i z e . 
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This i s w e l l shown i n Figures 2 and- 3 where the only adequate 
data f o r any member of the f a m i l y , t h a t from Richdale (1965a) i s 
p l o t t e d from a sample of 100 animals of mixed sexes. I n respect of 
standard wing l e n g t h P. u r i n a t r i x l i e s w e l l outside the curve derived 
from the data from the other 26 species. This i s also evident from 
Figure I but i s less obvious there. No doubt data from other members 
of the genus, when a v a i l a b l e , would show t h a t a l l d i v i n g p e t r e l s shar^ 
these characterBa • 

5 . 4 , Discussion. 
Figures 2 and 3 show t h a t f o r a l l f a m i l i e s of the 

P r o c e l l a r i i f o r m e s apart from the Pelecanoididae standard wing lengths 
can be used to measure body size v i a e i t h e r the cube root or logarithm 
of the body -weight. The mean body weights per species f o r a random 
sample of epecies each represented by a large sample of b i r d s , w i l l 
f a l l i n the range:-

(0.291 wing l e n g t h i n cm - O.58 + 0,82)-'g, 
Body weights are a v a i l a b l e f o r only a l i m i t e d number of pe t r e l g but 
the above formula permits weights to be calculated f o r the many species 
whose wing lengths are-known. 

The main cause of d e v i a t i o n s from the regression l i n e s of F i g u r e i 
2 and 3 seems l i k e l y t o be r e a l ^ s p e c i f i c ^ind presumably adaptive 
d i f f e r e n c e s i n the relationships between t h e two v a r i a b l e s . This may 
apply, f o r instance, to Macronectes which f i e l d observations, Table I , 
and Mawson's f i g u r e given above a l l suggest, has a rather high wing 
loading f o r a b i r d of i t s wing length. 

Apart from the expected s c a t t e r customary w i t h b i o l o g i c a l data, 
there are other possible causes of d e v i a t i o n of minor importance here. 
Thus i n some-instances sample sizes are small (e.g. body weights f o r 
only 10 Phoebetria palpebrata) and these data may have had a skewed 
d i s t r i b u t i o n about the mean. Occasionally too, where samples of 
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mixed sex have been used (e.g. w i t h Diomedea^ b u l l e r i ) , the premise 
t h a t no sexual dimprphism i n idize e x i s t s may be i n c o r r e c t . However, 
the i n c l u s i o n of samples of mixed sexes appears to make l i t t l e 
d i f f e r e n c e to the p l o t s about the regression l i n e i n the few instances 
where the data are adequate t o t e s t t h i s . 

6. THE DISTRIBUTION OF SPECIES BY SIZE WITHIN THE ORDER. 

The sizes of the many species comprising the order P r o c e l l a r -
i i f o r m e s are not randomly d i s t r i b u t e d over,the range. About.705^ of 
them have standard wing lengths of from 150 to 350 mm, whereas the 
t o t a l range of si z e judged oh t h i s v a r i a b l e i s from about 110 to 700mm. 

The d i s t r i b u t i o n of the species by siz e , using standard wing length 
as an index of s i z e f o r 8̂ f species of p e t r e l , i s shown i n Figure 
• whose data are taken- from Appendix A. Class i n t e r v a l s of 50mm have 
been used and where a species consists-of several races whose-wing 
.dimensions placethem i n d i f f e r e n t class i n t e r v a l s , each i n t e r v a l 
has been a l l o c a t e d a " h a l f animal", as appropriate. 

The frequency polygon shows a marked-bimodal form w i t h no specie's 
at a l l i n the class 375 to 'f25 mm. Nichols (191MI who was perhaps 
the f i r s t t o attampt an explanation f o r the great d i v e r s i t y i n size 
among the p e t r e l s , also presented a frequency polygon (based on body 
l e n g t h minus t a i l ) f o r 97 of the-birds then considered d i s t i n c t species. 
He omitted the Pelecanoididae^ but these are included i n Figure ̂ f. 
His polygon has the same form as i n my f i g u r e but while he describes 
how i n mixed feeding f l o c k s the smaller species are s a t i s f i e d ?'with 
the crumbs l e f t by the l a r g e r ones" and how the smaller species nest 
i n the p r o t e c t i o n of holes and crevices while the la r g e r ones, not 
needing p r o t e c t i o n , nest i n the open, he makes no comment about the 
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gap i n the s i z e classes. To Nichols i t was p e r f e c t l y obvious 
t h a t the- great ra:nge of s i z e among the bird s r e l i e v e s pressure of 
competition. Murphy, who published alongside N^ichol's paper a 
photograph taken in- the South A t l a n t i c i n which nine p e t r e l species 
are d i s t i n g u i s h a b l e round one food source, eietbor^ted on Nichol's 
ideas-many years l a t e r . I n h i s s c h o l a r l y "0c6anic Birds of South 
America" (1936 p. 475) he- pointed out tha t the varying range of size 
i and varying s t y l e s of f l i g h t and feeding shown by the members of the 
order exemplify Osborn's p r i n c i p l e of adaptive r a d i a t i o n . Murphy 
emphasised th a t i n a r e l a t i v e l y uniform environment l i k e the upper 
surface of the sea, once s e l e c t i o n s t a r t e d to s o r t out d i f f e r e n t 
s ize types,- t h e i r v a r y i n g r e l a t i o n s h i p to the a v a i l a b l e food and to 
theirenemies -would r a p i d l y accelerate trends towards d i v e r s i f i c a t i o n . 

That i n t r a - o r d i n a l competition has played a major part i n the 
e v o l u t i o n of the P r o c e l l a r i i f o r m e s seems a reasonable hypothesis 
although other explanations'are possible but the evidence th a t 
competition i s lessened-because of the d i v e r s i t y of size among the 
species i s mainly c i r c u m s t a n t i a l , That many species t o d a y - w i l l feed 
cheek by jow l but i n d i f f e r e n t ways on a common food source ( u s u a l l y 
provided by man) does not necessarily mean tha t the birds also- avoid 
competition i n the course- of t h e i r normal l i v e s a t sea and there i s 
c e r t a i n l y q u i t e a large overlap i n the foods taken. Nevertheless i t 
i s clear t h a t g enerally speaking, albatrosses e a t - d i f f e r e n t things 
from storm p e t r e l s and prions and these- differences seem l i k e l y to 
extend, though perhaps to a less-marked degree, to a l l p e t r e l s 
sharing the same foraging range. 

A s t a r t has been made at comparing the foods of two c l o s e l y 
r e l a t e d species of s i m i l a r s i z e and breeding biology - the molly-
mawks Dioiiiedea melanophris and D. chrysostoma. These often nest 
close t o each other, sometimes i n mixed colonies, without hybrid
i s i n g . 
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T i c k e l l (196^+) has demonfitrated s i g n i f i c a n t d ifferences i n the foods 
taken by members of these- mollymawks- r e s o r t i n g t o the same i s l a n d to 
breed, although there-was a considerable overlap. Other studies of 
the foods of p e t r e l s are i n progress. 

I f the P r o c e l l a r i i f o r m e s (except perhaps the Pelecanoididae) are 
an ancient and monophyletic group, as seems probable, on account of 
th<)^homogeneity of t h e i r behaviour, modes of l i f e and anatomy, then i n 
the course of t h e i r - r a d i a t i o n there must once have been some species 
i n the missing s i z e range of wing length class 375-'<-25mm. Why di d 
these'pisappear? Did some other sea-bird group oust those p e t r e l s 
perhaps under conditions q u i t e d i f f e r e n t from those^ obtaining now-
andj having occupied the niche, prevent i t s reoccupation by any 
other P r o c e l l a r i i f o r m birds? Was the size-frequency curve once more 
normal -and the bimodality a consequence of the replacement of pe t r e l s 
by other sea-birds? 

With a view to i n v e s t i g a t i n g the p o s s i b i l i t y of past i n t e r -
o r d i n a l competition an attempt has been-made i n Figure^^ to es t a b l i s h 
the present d i s t r i b u t i o n by s i z e of pelagic-sea-birds other than 
p e t r e l s . Such b i r d s are p o t e n t i a l i f not actual competitors f o r 
present-day P r o c e l l a r i i f o r m e s though t h e i r consumption of foods upon 
which p e t r e l s are dependent are i n most cases unknown. 

This comparison i s franght w i t h d i f f i c u l t i e s . For f l y i n g 
species standard wing length has-again been used as an-index of body 
size and t h i s may not be very r e l i a b l e f o r so wide a v a r i e t y of birds 
belonging to two d i f f e r e n t orders- - the Pelecaniformes and 
Charadriiformeso Furthermore, the lack of q u a n t i t a t i v e data on 
food and feeding means that- the separation of birds i n these orders 
i n t o pelagic and coas t a l species i s d i f f i c u l t and i n some cases-
r a t h e r a r b i t r a r y as a species may be pelagic a t one season and-an 
inshore feeder at another. Nevertheless some f a i r l y clear cut 
d i s t i n c t i o n s are possible; g u l l s and te r n s , f o r example, are 
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u n l i k e l y competitors f o r sea-going p e t r e l s . The species regarded 
as pelagic here include a l l the t r o p i c - and f r i g a t e - b i r d s (Phaetjpn 
and Fregata spp.), a l l the gannets and boobies except Sula 
variegata and S. nebouxii, s i x terns (Sterna paradisea, S.anaethetus, 
S. fuscata, Anous s t o l i d u s , A. t e n u i r o s t r i s and A. minutus), three 
g u l l s (Rissa t r i d a c t y l a , R. b r e v i r o s t r i s and Larus p i p i x i c a n ) , the 
skuas S t e r c o r a r i u s skua and S-, longicaudus, and the auks- A l l e a l l e 
and F r a t e r c u l a a r c t i c a . 

Important and h i g h l y pelagic i n the southern oceans are ten 
species of penguin-whose food include Euphausi-a-and Munida and 
cephalopods known to be eaten also by p e t r e l s i n those regions. 
However, to b r i n g f l i g h t l e s s , water-dwelling penguins i n t o a scheme 
b^ised on wing-length or any other measure of body size runs i n t o 
6isrious d i f f i c u l t i e s by v i r t u e of these b i r d s ' s p e c i a l mode of l i f e 
and^^milieux. They must, however, be included i n the comparison i n 
view of t h e i r concentration, l i k e the p e t r e l s , i n the southern oceans 
where both orders may w e l l have o r i g i n a t e d . Indeed, they may have 
co-existed f o r the whole of t h e i r h i s t o r y i f , as some believe, the 
p e t r e l s ^nd the penguins have arisen from a common ancestor. And 
although p e n g u i n s can t a k e p r e y u n a v a i l a b l e to t h e s u r f a c e feeding 
p e t r e l s some competition does e x i s t today- and may have- been more 
severe i n the past. 

An attempt has been made to t r y and eiuate- t h e ten species-of 
penguins t h a t are s i g n i f i c a n t l y pelagic i n t h e i r feeding range ( i . e . 
o m i t t i n g Spheniscus and Eudyptula) w i t h hypothetical p e t r e l species. ^ 
This has been done by tak i n g the body length of the penguin and work
i n g out what standard wing len g t h would sustain a p e t r e l having t h a t ' 
body l e n g t h . This very crude comparison makes a King Penguin 
Aptenodytes patagonica as equivalent i n size to a Royal Albatross -and 
i t has been counted as a f l y i n g b i r d of wing length of t h a t species. 
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S i m i l a r l y , the smaller penguins of the large genus Eudyptes--become 
equivalent t o smaller albatrosses i n si z e . 

The r e s u l t of t h i s evaluation of the number and size d i s t r i b 
u t i o n of n o n - P r o c e l l a r i i f o r m pelagic species t h a t might compete- wi t h 
the p e t r e l s i s shown i n the dotted frequency polygon i n Figure k. 

I t w i l l be seen from the po s i t i o n s of the peaks i n the two polygons 
t h a t the n o n - P r o c e l l a r i i f o r m species appear t o be predominate i n 
size classes not favoured by p e t r e l s . This i s p a r t i c u l a r l y 
n oticeable i n the 350-^50mm group where i n the absence of any p e t r e l s 
species of small penguins and boobies predominate. 

I n view- of the d i f f i c u l t i e s involved i n making meaningful 
comparisons, d i f f i c u l t i e s not r e s t r i c t e d to those mentioned aboyit-
should one not compare population sizes or even biomass rather thiih 
merely the numbers of species? - conclusion? drawn from a comp^Mspn 
of the two polygons must be- considered as suggestive only. 
Furthermore the f o s s i l P l o t o r n i s d e l f o r t r i i Milne-Edwards 1878 of 
the Middle Miocene, believed t o be-the remains-of a p e t r e l 
(Lambrecht, 1933) may have been a member of the missing size class. 
The f o s s i l tarsometatarsus i s 70.5mm long and t h i s suggests a body 
weight 6f^ around 2,000 g (Figure 30) so that the b i r d may have been 
a l i t t l e smaller than present day mollymawks.• 
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7, RELATIONSHIPS BETWEEN BODY SIZE AND EGG SIZE 
IN PETRELS, 

7.1. Egg weights-and Body weights. 

Once they hav« -reached matiirity and obtained a partner female 
petrels lay one egg each breeding season. While one race of the 
t r o p i c a l Puffinus Iherminieri breeds at about nine monthly intervals 
(Snow, 1965)* most petrels breed atqually except for the two largest 
Diomedea exulans and D. epomophora and perhaps D. chrysostoma 
( T i c k e l l , 1967)- which breed biennially. The- eggs are large i n 
r e l a t i o n to the birds that produce them, the contrsLS-t being most 
pronounced i n the small storm-petrels and prions where the eggs may 
represent a-quarter of the laying bird's weight. 

The r a t i o between egg weight and female body weight varies i n a 
uniform manner throughout the order and ranges from about ^% to 2.%. 
The relationship between these two variates i s shown i n Figure 5. 
This i s based on the fi-gures from the I9 species for which adequate 
data are available l i s t e d i n Table I I I where the sample sizes are 
indicated i n parenthesea. The data include only those species for 
which at least 5 egg and 5 body weights-are available but most 
samples are considerably larger than t h i s . Female body weights 
have been used except i n &uch genera as Puffinus and Pterodroma 
where sexual dimorphism in" weight seems to be absent: here the 
samples are often of mixed' sexes. 

Table I I I includes useful data from Richdale (196^> who 
discussed the reiati^nehip-between-egg-weight to body-weight among 
eight species of petrels. Earlier references to t h i s subject 
include Murphy (1936) and Marshall and Serventy (1956) while Lack 
( i n press), i n a discussion of the growth rate i n Procellariiformes, 



TABLE I I I . EGG WEIGHTS AND BODY WEIGHTS IN PROCELURIIFORHES 

Species 
Mean Mean Egg Wt. 

Egg Wt. Body Wt. Body Wt. Log. Egg Log. Body Log. Egg Wt. 

(g) (g) 7. Wt. Wt. Log. Body Wt. 

'•25(15) 7801(59) 5.7 2.628I* 3.8927 0.675 

'*67(6) 7270(539) 6.'̂  2.6693 3.8615 0.691 

250(100) 3004(310(9) 8.3 2.3979 3.'^829 0.706 

291(100) 293'* (1389) 9.7 2.'•639 3.'•675 0.711 

278(20) 2852(13'*9) 10.1 2.'•'•'•8 3.'•551 0.708 

237(12) '•ii'*(59) 5.8 2.37'^7 3.61'*2 0.657 

103(13) 7'*1(109) H.O 2.0128 2.8698 0.701 

62('*2) '•07(229) 15.2 1.792'* 2.6096 0.687 

'»7(21) 2if'^(i39) 19.3 1.6721 2.387'* 0.700 

53(8) 3i6(86cf9) 16.8 1.72'^3 2.'•997 0.690 

33(7) 176(76c^) 18.7 1.5185 2.2'^55 0.676 

33(23) I53(l2d9) 21.6 1.5185 2.l8i^7 0.695 

32(12) 20.8 1.5051 2.1875 0.688 

2i»(56) I32(l00d9) 18.2 1.3802 2.1206 0.651 

95(25) 787(100:^9) 12.1 1.9777 2.8960 0.683 

85(13) 635(229) 13.'• 1.929'* 2.8028 0.688 

58(10) '•06(329) 1.7665 2.6085 0.677 

12(5'*) '•7(10009) 25.1 1.0719 1.6721 Q.6'*^ 

10(100) '•8(66d9) 21.0 1.001^3 1.6812 0.597 

l a . D.e.epomophora 
2b. D.e.chlonoptera 
7. D . b u l l e r l 
8. D.nlgrlpes 

10. D.lnmiutabilie 
^k. H.glganteuB 
16. F . g l a c l a l o l d e a 
19a. D.c.capenslB 
20. P.nlvea 
33. P.lnexpectata 
38a. P.h.hypoleuca 
'•3a. P.d.banksl 
kk. P . a a l v l n l 
k3- P.turtur 
60. P.grlaeus 
62. P . t e n u l r o B t r l s 
6'̂ b. P.p.puffinue 
71c. P.n.naorlana 
78a. O.l.leacorhoa 
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also deals with the relationship i n general- terms. Heinroth 
(19221 presented a large^ apount of data on re l a t i v e egg-weights for 
many birds which were re-eqtamin^d by Huxley ( 1 9 2 7 ) » but l i t t l e 
information on petrels was then available. 

16 . , 
67 y" 

B O D Y WT. IN K G . 

Fig.S. BODY W E I G H T S AND EGG W E I G H T S IN P E T R E L S . 
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The shape of the curve i n Figure 5 resembles that presented 
by Huxley based on Heinroth's data for k32 species of birds weigh
ing from 2 to 90,000 grams. The points i n Figure 5 are not evenly 
scattered over the size range but r e f l e c t the bimodal d i s t r i b u t i o n 
by size within the order. While there are adequate data for small 
and medium-sized petrels the figures are fewer and more scattered 
for the large ones. However, other data from large petrels, though 
drawn from sms|.ller samples, f i t s a t i s f a c t o r i l y to the upj^er portion 
of tlbe curve. 

When the logarithms of the data from Figure 5 are examined 
they are found to be highly correlated ( r = +O.983; P < .001) and 
they plot about a straight l i n e - Figure 6. 

Where Y = log egg weight i n g and X = log body weight i n g, 
then the equation of the regression l i n e , calculated by the method 
of least squaresj i s : -

y = o,7o8x - 0.065 (5 ) 

and the points have a standard deviation i n log terms about this 
l i n e of 0 .^95 . 

The- straight l i n e relationship of these variables plotted 
logarithmically indicates that the rate of change i n egg weight 
with body weight i s constant throughout the order. The relation 
ship appears to be;an instance of allometry as described by Huxley 
(1932) but of the negative kind. The implications of allometric 
growth and relationships are discussed late r i n section 12, 

Equation (5 ) can be re-written i n the form:-
y = 0.859x°'7G8 ( 6 ) 

o 0.708 

or egg weight i n g = 0 .859 mean body weight i n g -
Thus egg weight i n petrels i s a function of power of female body 
weight quite close to that usual where a parameter varies with 
the area of the body surface (body weight ^ ' ^ ^ ^ ) . This suggests 
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that egg size may be a function of the surface area of some organ 
l i k e the secretory part of the oviduct orjperhaps simply egg width, 
although presumably other factors are also involved. 

The last column of Table I I I shows that:-

log Egg Weight ^ Q̂ ggQ 
log Body Weight 
t h i s being the mean of the ratios for the 19 species l i s t e d . 
The range i s 0 .597 - 0.711 and the standard deviation about the mean 
0 .026 . Thus 955̂  of the means of these samples for t h i s r a t i o l i e 
between 0.680 + 0 . 0 5 2 . 

Huxley (1^27) found on p l o t t i n g Heinroth's egg and body weight 
data on logarithmic axes that the curves for birds i n the various 
orders flattened out at the higher ranges of body weights. 
At the upper end of the series the relationship of log egg weight 

2/3 

(y) i n respect of log body weight (x) was of the form, y = bx 
whereas at the lower end i t was y = bx**; that i s , for the smaller 
birds the egg size increased l i n e a r l y up to a l i m i t after -which the 
rate of change was reduced and approximated to a two-thirds power 
or a !»surface area" relationship. 

Huxley speculated that two antagonistic processes might be 
at work here, one favouring growth of egg weight i n linear 
proposition to body weight, the other r e s t r i c t i n g growth of egg weight 
to a l i V e i a r proportion to surface of the body or egg. To maintain 
an egg size d i r e c t l y proportional to body weight might be biologically 
advantageous but physiologically impossible so that with larger birds 
the increase i n r e l a t i v e egg size became proportional to the increase 
i n surface area. 

At a late stage i n the present study additional information 
became available for two small petrels - 79a Oceanodroma castro 
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and 8la- 0 . tethys (Harris, i n press c)„ These data have been 
included i n Figure 6 but not used i n calculating equations (5 ) or ( 7 ) . 
I t w i l l be seen that three of the storm-petrels ( 7 8 , 79 and 8 l ) l i e i n 
positions that suggest a steepening of the curve at the lower end of 
the size scale and t h i s i s strengthened when further data are 
calculated using equations ( 3 ) and (11) for other storm-petrels for 
which f i e l d data are lacking. On the other hand, a cross check by 
way of the relationship between egg dimensions and body weight that 
i s made i n section 7 » ^ below indicates that the southern genera, 
Oceanites, Fregetta and Pelqgodroma, a l l long-legged and of which 
only species 71 i s shown i n Figure 6, do conform to the general 
trend among^^the Proeellariiformeso Only the short-legged forms 
l i k e Hydrobates and Oceanodroma d i f f e r and do so i n such a way that 
t h e i r eggs represent a lower proportion of the body weight than 
predicted from equation (5)<> 

I t i s interesting to note that this change, i f r e a l , between 
a body weight ^'^ and body weight relationship, occurs at 
around the 100 g figure for body weight. So too does Huxley's 
curve f o r birds as a whole. These facts indicate that some basic 
mfechanism may be at work here and effective i n many or a l l orders 
of birds despite the very different absolute proportions that single 
eggs bear to the- weights of the birds which produce them. Up to 
about 100 g body weight the members of a- series increase thei r egg 
sizes l i n e a r l y with body weight, after which they are adjusted down= 
wards and increa&e only at a two-thirds power rate of body weight 
i. e . egg weight becomes a p a r t i a l function of metabolic rate which 
varies as the surface area of the body. 

Some of the scatter i n Figure- 6 about the regression li n e may 
not be merely a natural consequence of using biological data. 
That for species la and ^k may be due to inadequate sample size but 



TABLE IV. WING LENGTHS, EGG WEIGHTS AND EGG CAPACITIES 

IN PETRELS 

S p e c i e s Mean Wing ^ /Wing Mean Egg 7 Egg Egg 
No. Length ^ Length Weight 4 Weight Capacity 

(mm) (g) (ml) 
9 

1a 62ii{89) - '•25(15) - .. 399(5) 

l b 616(129) 2't.82 '•16('+1) 7.'•6 -
2c 603('»9) - - - 365(87) 

3a 557('*9) - - - 21+2(11) 

7 520(31cf9) 22.80 250(100) 6.30 226(7) 

8 506(1389) 22.'•9 291(100) 6.66 -
9 50't(59) - - - 2'+7(9) 

10 '•87(5cf9) 22.02 278(20) 6.55 -
12 516(1^9) 22.72 21+0(7) 6.21 219(6) 

lit ^498(59) 22.32 237(12) 6.19 220(3) 

15 '•97(109) 22.29 232(10) 6.lit 216(6) 

16 329(219) 18.1'* 103(13) '•.69 -
17a 313(^59) - - - 92(5) 

19a 26'«(159) 16.25 62('+6) 5.96 56(3) 

22a 317('4 5ĉ 9) - - - 78('+) 

26 303(28d9) - - - 92(3) 

27b 290(209) 17.03 7'»(89) '•.20 70(5) 

33 262(100d9) 16.19 53(8) 3.76 56(11) 

38c 228(2iKf9) 15.10 37('ti) 3.3'* -
'i2a 21't('42rf9) - - - 33(5) 

'•3a 192(129) 13.86 33(23) 3.21 28(5) 

I90(l8d9) 13.78 32(12) 3.17 -
'•5 I82(100d9) 13.'•9 2i+(56) 2.88 2'+(12) 

51 37'4(5rf9) 19.3'^ 127 (9) 5.05 -
57 32'4(23cr9) •- - - 105(3) 

59b 292(208d9) 17.09 59(19) 3.90 -
60 30i4(lOQ;:/9) 17.'»'t 95(25) '•.56 88(13) 

62 27'^('t09) 16 .55 85(13) '•.'•0 77(5) 

6'tb 237(20cr9) 15.39 58(10) 3.87 5 3 ( H ) 
68 f 173(25^9) - - - 32(8) 

69a 153(65^9) - - - 9.5(6) 

71a 157(139) - - - 12(3) 
71b 158(219) 12.57 11.8(5'*) 2.28 -
1^ 117(39:^9) - - - 6(10) 

78a l56(9'Kf9) 12.'•9 8.8('+5) 2.06 9.2('») 

79b I53(50cf9) - - - S.gCt) 
83a 123(100d9) 11.09 15(27) 2.'•7 -
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could also r e f l e c t a real and adaptive deviation from the general 
trend with these species- laying somewhat smaller eggs than other 
petrels of similar size. The datar for 83a Pelecanoide& u r i n a t r i x 
are shawn separately i n the figure and they were not ua.ed i n 
calculating equations (5) or ( 7 )« Although the figures for egg 
weights are inadequate, i t seems clear that t h i s bird lays eggs 
smaller than usual for a bird of i t s body weight. This anomaly i s 
diecueaed l a t e r i n sections 7«3i 7o^ and 11.10. 

7.2 Egg Weight and Wing Length Relationships. 

As a correlation has beeh established betweei standard wing 
length and the cube root of the body weight, th^re should also he 
a correlation between some power of the wing length andi egg weight. 
Using data from Table IV (where the ample siz^6 are i n parentheses) 
a direct plot between mean egg weight and mean wing length for .. J 
23 species produces -the exponential type^ curve of Figure-7A. A ver^ 
similar curve results i f mean.egg capacity (i.e.-the internal volume 
of the egg shell) i s plotted against mean -standard wing length for 
27 species - Figure 7B. The specie& represented i n the-two graphs 
are rather d i f f e r e n t but the forms of the curves are essentially the 
same as would be expected i n view of the close relationship of egg 
capacity to egg weight. 

I n order to establish a linear relationehip i t jsas--necessary to 
convert the variables- to equivalent dimensions by comparing the cube 
root of the egg weights with the square root of the standard wing 
lengths of female birds. These variates are correlated ( r = +0.967; 
P <: 0.001) and the plot for 22 species i s shown i n Figure 8. A 
linear relationship i s also obtained when logarithms of egg weight 
and standard wing length are compared. When Y = ̂ mean egg weight 
i n g and X = '̂'̂ mean female wing length i n mm, then:-
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Y = O.ifOX - 2,51 (8 ) 
and the points have a standard deviation about the regreasion of 
O0OI5 Vgl 

The scatter about th i s regression l i n e would be reduced i f some 
1 

of the data for egg weights were more r e l i a b l e . Sample means for 
egg weights tend to be lower thain the true means for fresh eggs 
because i t i s d i f f i c u l t i n practice to ensure that a l l the eggs-are 
new-laid. I f incubated-eggs are included the value for the mean 
w i l l be lowered. Recalculation of some of the data from deter
minations of egg capacities (Table XII) would bring many plots i n 
Figure 8 closer to the l i n e - as explained i n section 8 . But some 
values would not be affected i n t h i s way. Those- for-the storm-
petrels -would not f a l l closer to the l i n e and a-l-though only 2 species 
of t h i s family are included i n Figure 8̂  Harris's-unpublished data for 
species - 8 l a and 79b also plot well below and outside the 955^ 
confidence l i m i t s . The position therefore at this end of the si«e 
range appears to be p a r a l l e l that holding for the egg weight/body 
weight relationship; that i s , there i s a marked change i n the 
relationship around the lower l i m i t s for body size i n petrels. 
Equation ( 8 ) therefore appears- to give unsatiafactory estimates for 
the variates where X i s less than ^k and Y i s less than 2 .5 or where 
wing length i a lese than about 19 cm and egg weight less than about 
l 6 g . 

I n Figures 7A and 8 Pelecanoides u r i n a t r i x (83a) i s also shown. 
As i n previous figures i t plots-well away from the regression l i n e . 
This i s mainly because of the very low values for wing length which 
are only partly offset by the low egg weight i n rel a t i o n to body 
weight already noted. The Pel^canoididae have been omitted when 
computing Equation ( 8 ) . 
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7.3 The Relationship Between the Weights of Petrel Eggs and 
their Dimensions. 

Various formulae have been proposed to relate egg dimensions 
to egg weight (W) i n birds. Most of these-involve using the length 
(L) multiplied by the square of the maximum diameter (B) and are ' -
based on the formula for the volume of an e l l i p s o i d . 

Bergtold (1929^) presented two equations, one for precocial 
species, p a r t i c u l a r l y the domestic hen, i n which W = O.5632 LB^, and 
another based on data from l 4 species of a l t r i c i a l s where W = 
0 . 5 ^ 3 LB^, These equations give estimates-of egg weights which 
he believed accurate to 3%, 

Bergtold's formulae assume that the mean density of the eggs i n 
his two main -groups do not a l t e r with size. However, the shell i s 
approximately twice as- dense as the contents of the fresh egg and the 
weight of the shell does- not represen^t a constant proportion of egg 
weight but varies-with egg size. Thus i n petrels, small species hŝ ve 
shells weighing about 5.5$!̂  of the t o t a l egg weight whereas the shell 
represents about 3% the t o t a l weight i n large ones, accordiiig to 
the data given by Schonwetter (I96O). Sch'6nwetter (1925) had 
ear l i e r proposed a general formula-allowing for such variations, 
W = 0 .5 (LB^ + W) where w i s the weight of the s h e l l , and Nice <1937) 

found that t h i s formula agreed well with her f i e l d data for Melosplza 
melodia; 
Romanoff and Romanoff (19^9^) and Barth (1953) have discussed Bergtold 
and others' formulae. Barth pointed out the errors inherent i n usin^ 
a x i a l lengths to determine egg weights and volumes. He-obtained data 
for the weights and volumes- of fresh eggs of a number of species- and 
followed the changes i n these variables during the course of incubation. 
He established a-formula for egg volume (V) based on i t s wei-ght at any 
humber of days during incubation (Wjj).» i t s density when freshly l a i d 
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(d^) and the loss-of weight per day ( k ) : -

, w = Vd - kn. n 0 
This formula does- not involve the use of axial lengths and gave 

accurate results that were independent of the shape of the egg but 
the specific gravity and daily loss of weight for each species had to 
be determined before Barth could derive formulae for the different 
species. For M eggs of Larus,. .canus the specific gravity of the e 
studied varied from 1.O56 for Phyllostopus trofrhilus to I .O87 for 
Haematopus ostralegus. >' 

As already noted, errors i n published figures-for. egg diteensions' 
would seem to be of a small order i n terms of the present study. 
However, many eggs i n museum collections have been donated by, 
oologists who were often biased i n their choice of specimens so that 
atypical eggs are l i k e l y to be more numerous here than i n similar 
sized samples gathered at random. I t i s impossible to judge the 
importance of thi s source of error i n published data where often only 
the means and the ranges-are given, but as the samples used here are 
large and heterogeneous, the bias should hot be serious. Nor has i t 
appeared important i n the samples .measured personally, where the 
infrequent dwarf and giant eggs were omitted. 

Another possible source of bias i s the,proportion of surface-
l a i d eggs i n the- samples- from burrowing species. These are believed 
to be the products of young birds and there i s evidence that these 
eggs are significantlyv n^trrower thafe those l a i d by older females 
(Richdale, 1952; Serventy, 1967)^.; As the eggs of burrowing species 
are often d i f f i c u l t to co l l e c t , i t seems probable that a good many 
eggs i n museum collections w i l l have been taken from the surface and 
w i l l therefore be atypical i n respect of breadth. I t i s again 
impossible to measure this bias but as the difference between the 

Ibreadths of surface-laid and burrow-laid eggs seems not to be more 
I than about 1 « 5 ^ the resulting errors ought not to be important for 
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present purposes. 

Despite such shortcomings, a means of determining egg weights 
from t h e i r equatorial dimensions offers several advantages. There 
i s already a great deal of r e l i a b l e data on these dimensions and 
they are comparatively easy to obtain i n the f i e l d . I t i s far less 
easy to f i n d and weigh eggs that are r e a l l y fresh, p a r t i c u l a r l y wh^n 
dealing with burrowing species, and even, more d i f f i c u l t to follow the 
loss of weight during incubation. To get r e i i * ^ ! * information on 
egg weight loss and time for the smaller bii^rowihg species whose 
tunnels aire too narrow to adait a hand would til. It d i f f i c u l t under-
taking though perhaps ^orth attempting under suitable conditions. 
Furthermore, i n a group l i k e the Procellariiformes, where the egga 
are baeically similar i n shape, i t should be possible to derive a 
formula for t h e i r weights based on their dimensions capable of pre
dic t i n g figures of an accuracy adequate for most purposes. However, 
owing to the v a r l a t i o n ^ ^ i t h i h species - i n some greater than others -
reliance should not be placed on figures derived from formulae where 
only small series of measuremekta are-available. 

Petrels lay e l l i p t i c a l <hgga with a noticeable trend for the 
smaller species to produce more spherical eggs ( s e e t i W 7 below). 
The egg shape varies from short s u b e l l i p t i c a l t o ' e l i i j > t i c a i and long 
e l l i p t i c a l i n the terminology used, by Palmer (1962). I n this-respect 
there i s a reasonable uniformity throughout the order, and one that i s 
probably greater than that obtaining among the Laridae studied by Barth. 

The relationship between mean egg weight i n g and the mean 
value for length x breadth^ i n cm has-been investigated using the 
data for 26 species-of p e t r e l . A l l the samples used include at 
least f i v e measurements for each variable. Egg lengths-and breadths 
were measured to 0.1mm using vernier calipers, breadth being the 
mean of two readings taken at r i g h t angles to one another at the 
equator of the egg. Data drawn from the l i t e r a t u r e may be less 



TABLE Vs EGG WEIGHTS AND DIMENSIONS 

Species 
No. 

. Mean 
Egg Wt(g) 

Log 
BoW,(g) 

LB2 
(cm) 

Log 
LB2 

Egg Wt. 
LB^ 

1a if25(15) 3 .8927(5) 783(48) 2.8938 0.543 

l b if 1.6 (if 1) - 748 (5if) .» • ' 0.556 

2b if67(6) 3.8615(53) 829(9) 2 . 9 1 8 6 - 0.563 

3a '238(6) - if 75(52) 0.501 

7 250(100) 3 . i f829(31) if if5(l00) 2.6if8if 0.562 

8 291(100) 3.^675(138) 538 (if 5) 2.7308 0.541 

10 278(20) 3.'*551(134) 526(39) ' 2.7210 0.529 

12 ^2ifO(7) - ififO(32) • • . • - 0.545 

lif 237(12) 3 . 6 l i f2 (5 ) ifif8(80) 2.6513 0.529 

15 232(10) - ifif3(32) 0.524 

16 103(13) 2 .8698(10) 188(13) 2.27if2 0.548 

19a 62 (if 2) 2 .6096(22) 415(if6) 2.0607 0.539 

20 47(21) 2.387if(13) 86(13) ' 1.9345 ' • 0 .546 

33 53(8) 2.if997(86)0 •112(39) 2 . 0 5 0 7 - 0.473 

38a 33(7) 2.2if55(76) 65(7) 1.8195 0.504 

if 3a 33(23) 2 . l8 i f7 (12 ) 56(if2) -1 .7482 0.589 

if4 32(12) 2 .1875(18) 65(16) 1.8129 0.492 

.^5 2if(56) 2 .1206(132) i f8( ioo) 1.681^ 0.500 

51 127(9) - 2if9(1if) , _ . . 0.510 

59b 59(19) - I06( i f8) • -• 0.557 

60 . 95(25) 2 .8960(100) 180(78) 2.2553 0.528 

62 85(13) 2 .8028(22) 157(100) 2.195;? 0.541 

6ifb 58(10) 2 .6085(32) 107(100) 2.0294 0.542 

71c 12(5^+) 1.6721(100) 2if(100) 1.3802 0.500 

78a 10(100) 1.00if3(66) 18(20) 1.2553 0 .555 

83a 15(27) 2 .0923(100) 33(39) - 0.457 
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accurate but e r r o r s i n measuring seem u n l i k e l y to be serious f o r 
present purposes. 

The 'data are given i n Table V where-the sampler sizes are shown 
i n parentheses. The variables are p l o t t e d i n Figure 9 and when 
X - LB in: cm and Y - egg weight i n g, the regression l i n e ^ f i t t e d 
by the method of l e a s t squares i s : -

Y = O.55OX - 3.29 (9) 
or mean egg weight i n g = 0,55 length x breadth^ i n cm - 3.29g<> 
The po i n t s have a standard d e v i a t i o n about the regression l i n e of 
e.S^fg, 

As the f i t t e d l i n e - does not run through the o r i g i n a term 
2 

a d d i t i o n a l to k LB i s included. The data i n the l a s t column of 
Table V however, show the r a t i o s of mean egg-weight to mean LB f o r 
the 25 species. ,^This ranges from 0.^57 — 0.589 w i t h a mean value 
f o r a l l the species of 0.530 or:-

Mean egg weight i n g - 0.530 LB^ i n cm , ( 1 0 ) . 
Most of the f i g u r e s p l o t close to the regression l i n e and on 

the data used, equation 1 0 l i v e s - f i g u r e s accurate to w i t h i n + f o r 
16 of the 25 apecies-. The most marked deviations are f o r species 71c, 
78a and V3a-where the divergence i s -30, - I 6 and -6% r e s p e c t i v e l y . 
These, however, are a l l small species-and t h e i r divergence seems to 
be mainly a consequence of t h e - l i n e not passing through the o r i g i n . 
I f i t were drawn to do t h a t the discrepancies would disappear but 
there would be a corresponding divergence at the upper end of the siaej 
scale. The deviations f o r these three apecies disappear i f formula 
11 i s used. The only other f i g u r e s - t h a t f a H markedly atway from the 
l i n e are f o r species--33 and 5a which show^ a mean v a r i a t i o n from the 
t h e o r e t i c a l value f o r th e i r - w e i g h t s based on egg dimensions of +9-and 
+S% r e s p e c t i v e l y . These are probably a r t i f a c t s consequent on the 
small numbers of egg weights involved,- only 8 and 6 r e s p e c t i v e l y . 
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Equation 10 also gives estimates f o r eg^ weights that are 

w i t h i n + 3^ of the known values. Again there are some divergences, 
the g r e a t e s t being f o r Pelecanoides u r i n a t r i x (83a) where equation 
10 gives an over-estimate by 13^ f o r the weight. The probable 
reason f o r t h i s i s thafe^ the mean weight used (1^o9g) i s low due to 
p a r t l y incubated eggs being included i n the sample and here Richdale 
(1965a), whose data these are, pointed out t h a t most of the eggs 
were found addled or deserted so they were almost c e r t a i n l y under
weight. Other values t h a t f a l l o f f the l i n e are f o r 71c (+73^), 
i f j a (-9%)^ 33 (+ 11$^), the l a t t e r again most l i k e l y due to an 
inadequate sample as suggested by the recaiculated" f i g u r e given i n 
Table X I I I , The d e v i a t i o n f o r species ^3a Pachyptila desolata i s 
not r e a d i l y e x p l i c a b l e as the data are bas,ed on reasonably large 
samples and the formula gives; an underestimate. Some of the 
v a r i a t i o n s could be due to s p e c i f i c differences but i t i s p a r t i c u l a r l y 
w i t h small eggs th4t discrepancies due to loss of weight are l i k e l y 
t o be most, important.as large eggs have smaller weight losses during 
i n c u b a t i o n or exposure per u n i t weight than do small ones dUe to the 
l a t t e r ' s r e l a t i v e l y high surface area ( P r i n g l e and B a r o t t , 1937)o 

I t i s clear t h a t the f i g u r e s f o r mean egg Jweight given i n 
Table V w i l l tend to be underestimates of the true means of large 
samples of f r e s h eggs owing to the l i k d i h o o d of some part-incubated 
eggs being included. Few of the a u t h o r i t i e s whose f i g u r e s have been 
used make a point of s t a t i n g t h a t the eggs were absolutely f r e s h . 

No f i g u r e s f o r the d a i l y loss of weight of incubated or exposed 
p e t r e l eggs are a v a i l a b l e although Harris (1966) found t h a t losses 
of ^2o9%, 10,83^ and 9.0^ occurred during the f i r s t ^5-days of 
in c u b a t i o n of three eggs of Puffinus p u f f i n u s . I t seems l i k e l y that 
as w i t h other species t h a t have been studied, the ( k i l y loss i s f a i r l y 
constant up to the time when the egg i s cracked. Furthermore, 
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according to Murray (1926 i n Needham, I963) an i n f e r t i l e egg 
loses weight at a r a t e comparable w i t h a f e r t i l e one at l e a s t f o r the 
f i r s t 16 days so t h a t an a d d i t i o n a l bias should not be added i f such 
eggs have been included i n the samples. 

Earth's f i g u r e s f o r loss of weight during incubation f o r a 
v a r i e t y of Charodriiform and Passerine species show t h a t those of 
Larus argentatus and L» fuscus lose about 0,3% d a i l y , Haematopus 
ostralegus 0*7%% Sterna hirundo 0,S%, Turdus p i l a r i s 1.0S< and 
Phylloscopus t r o c h i l u s ^^3% of t h e i r i n i t i a l weights. I f comparable 
losses occur i n p e t r e l s we might expect t h a t a storm-petrel egg 
5 days o l d would have l o s t about 3% of i t s weight and t h a t a medium-
sized egg such as t h a t of Puffinus t e n u i r o s t r i s would have l o s t 2.5?^. 
Weight decreases of these orders could w e l l account f o r a large 
p a r t of the observed deviations from the predicted Weights derived 
from equations 9 and 10. 

Other possible sources of e r r o r i n these computations are the 
smallness of some of the samples, th a t no d i r e c t allowaance has been 
made f o r i n t e r - s p e c i f i c v a r i a t i o n s i n the proportion of t o t a l weight 
accounted f o r by the s h e l l and the e f f e c t s of deviations i n shape 
from the e l l i p s o i d , f o r pear-shaped or dumbell-shaped eggs, f o r 
instance. 

However, the two l a t t e r have not been ignored; instead t h e i r 
e f f e c t s have been averaged out throughout the range of the species. 
To see i f greater accuracy would rfiSilt i f i n d i v i d u a l allowance was 
made f o r the weight of the s h e l l the f i g u r e s f o r 22 of the- species ±n 

Table V were r e c a l c u l a t e d by s u b t r a c t i n g the mean s h e l l weights from 
the t o t a l egg weights of the f i r s t column. The s h e l l weights were 
taken from Schonwetter's (I96O) data. The new "k" value gained i n 
t h i s way was 0»kS2 i . e . W = 0.'f92LB^ + w, where w = weight of the 
shell)« This equation improves only s l i g h t l y on the margin of error 
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given by equation 10 and makes l i t t l e d i f f e r e n c e to the values f o r the 
most divergent-species, so t h a t on the present data i t seems not worth
while i n t r o d u c i n g a more complicated equation which in-any event has 
less value f o r the f i e l d worker. For greater accuracy i t would be 
d e s i r a b l e to prepare separate equations f o r each species based on a 
sample o f at l e a s t 100 f r e s h l y - l a i d and weighed eggs. These would 
allow f o r any v a r i a t i o n s i n s p e c i f i c g r a v i t y from one species to 
another but would s t i l l be only v a l i d when applied to representative 
samples of eggs r a t h e r than to i n d i v i d u a l ones. 

The two equations above have somewhat d i f f e r e n t a p p l i c a t i o n s ; 
equation 9 gives estimates of egg weight w i t h smaller errors than 
10 f o r medium and large-sized species, equation 10, however, i s more 
l i k e l y t o be r e l i a b l e f o r computing the weights of eggs of small 
p e t r e l s . 

The f o l l o w i n g t a b l e shows calculated egg weights f o r various 
species using the d i f f e r e n t formulae given above. The data came 
from Appendix A, The species are those f o r which good information 
on wing lengths or egg dimensions are a v a i l a b l e but f o r which there 
are no comparable f i g u r e s on egg weights. 
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TABLE VI % FRESH EGG WEIGHTS IN GRAMS CALCULATED FROM DIFFERENT 
EMPIRICAL FORMULAE 

Species 
ko D, al b a t r u s 
5 o D, i r r o r a t a 
6 a o D o melanophris 
l i e D, chlororhynchos 
'iM^ P,;-palpebrata 
i'Ta,,' F.o ''gi:;kcialis 
180 T.,,. an'tarctica 
2 2 b o P, mafei^optera 
2 5 o P o l e s s o n i • 
3 9 o P o l o n g i r o s t r i s 
^ 1 o H o caerulea 
k2o P o v i t t a t a 
5O0 P o aequinoctia-lis 
5 7 o P , g r a v i s 
6 1 o P o b u l l e r i 
6 9 a o O o 0ceanicus 
7O0 G o nereis 
7 3 a o F o g r a l l a r i a 

A = cal c u l a t e d from Schonwetter's formula, W = -^(LB + w), 
B = cal c u l a t e d from equation 9o 
C = calc u l a t e d from equa^;ion IO0 
D = cal c u l a t e d from equation 5o 
E = calc u l a t e d from equation 8 , 

Tested against the biggest samples f o r egg weights and egg dimensions 
from Table V, Schonwetter's formula using his s h e l l weights, gives 
values from •= 7 , 5 ^ + ^ o O % "below or above the actual weights. 

A B C D E 
3 ' f2 3kS 3 3 9 
2 7 3 2 7 3 2 6 6 « 

2 5 8 2 6 8 2 6 2 2 7 6 2 9 0 

2 1 5 2 0 1 1 9 7 1 8 0 2'f5 
2 3 9 2 3 3 2 3 7 3 0 9 

- 9 8 101 1 0 0 8 7 1 0 7 
9 5 8 8 8 8 8 0 9 3 
8 0 8 9 8 8 71 9 2 
9 6 9 9 9 9 7 8 8 8 . 

- 3 0 3 2 3 0 3 8 
3 5 ' f l ^3 3 3 3 8 
3 3 3 3 05 3 5 o 5 3 5 3 7 

1 2 0 1 2 3 1 2 2 1 1 8 1^2 
1 0 2 1 1 3 1 1 2 1 0 2 1 0 5 

61 6^. 6 5 5 5 7 8 

7 o 5 l O o i f 9 o 9 14 
1 0 o 7 7 . 7 1 0 . 5 808 80 
1 2 , 0 1 0 , 0 1 2 o 8 1 2 o 3 17 
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.7<i^. Body Weights and Egg Dimensions. 

The d i r e c t r e l a t i o n s h i p between egg weights and, egg dimensions 
established i n the previous section means t h a t a l i n e a r r e l a t i o n s h i p I 
also holds between the logarithms of LB^ and body weight because of 
the q o i r r e l a t i o n between l o g body weight and log egg weight.-

The r e l a t i o n s h i p between l o g LB^ and l o g body weight f o r 2k 
species of p e t r e l i s shown i n Figure 10, The data come from Table V 
and Appendix A and show species f o r which there are at least ten i 
determinations of both v a r i a b l e s . The data f o r species 7^, 78, 79 
and 83 have not been used i n c a l c u l a t i n g the l i n e a r regression of 
Y ( l o g LB^ i n cm) on X (mean body weight i n g) which i s s -

Y = 0,689X + 0.265 o . c o ( 1 1 ) . 
or l o g LB^ i n cm = O.689 l o g body weight i n g + O.265. 
This point has a-standard d e v i a t i o n i n l o g u n i t s about the regression 
l i n e of 0.03. 

The regression of X on Y i s : -
X = 1 okk7 - 0,376 0 . 0 . ..,. o ( 1 2 ) , 

or l o g body weight i n g = 1,Vf7- l o g LB^ i n cm - 0,376, 
Equations (11) and (12) can be r e - w r i t t e p i n the form:-

y ' — 1 o 8̂ '1 X- , o o o , c i o c o . o o . o o o . . . . . . . o « , o ( l 1 a ) . 
or LB^ i n cm = l i . S ^ l body weight i n - g ̂ "^^^^ 
ahd X = 0.if21y ''"^^'^ o . . . ( l 2 a ) o 
or body weight i n g = 0,^21 LB^ i n cm ''"̂ '̂'̂  

Examination of Figure 10 shows tha t although most of the species 
l i e close-to the regression l i n e , some, notably species 7̂ +, 78, 
79 and 83 depart from i t . The l a t t e r , Pelecanoides urina-trix i s 
again a t y p i c a l , Richdale-(1965a). gave the-mean weight of 27 eggs as 
1^.9 g and the mean weight of 100 adults as 12^g. Thus the egg 
represents only 1251̂  of the body weight, a very low f i g u r e f o r a 
p e t r e l of tha t s i z e . On the trend general among p e t r e l s the eggs 
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would have been expected t o represent about l8?l^ of the body weight. 
As mentioned i n the previous s e c t i o n , t h i s f i g u r e f o r egg weight may. 
be u n s a t i s f a c t o r y but there may also be a r e a l d i f f e r e n c e among-birds 
of the Pelecanoididae: they may normally produce eggs th a t are 
smaller than those l a i d by other p e t r e l s of s i m i l a r s i z e . More 
i n f o r m a t i o n i s needed to c l a r i f y the p o s i t i o n i n t h i s species and i n 
other members of the f a m i l y . 

The s i t u a t i o n among the Hydrobatidae i s i n t e r e s t i n g p a r t i c u l a r l y 
i n t h e l i g h t of the f i n d i n g s about the r e l a t i o n s h i p of egg weight to 
body weight in.these birnie.Ksection 7.1.). 

I n Figure 10 t h r e e storm-petrels - species 69, 70 and 71 - a l l 
l i e close-to the l i n e whereas three others - 7^- 78 and 79 - l i e w e l l 
below i t . The—former a r e a l l long-legged forms of the southern seas, 
the l a t t e r a l l short-legged forms of northern and t r o p i c a l ones. 
Less•complete data on other storm-petrels e.g. the long-legged 
Fregetta and Negibfregetta and the short-legged Oceanodroma tethys 
suggest t h a t , t h i s separation i s r e a l and not an a r t i f a c t of i n 
adequate data. 

2 
As LB i s p r o p o r t i o n a l t o eg^ weight, the i m p l i c a t i o n of the 

above differehcies i n the r e l a t i o n s h i p o f LB^ to body-weight i s tha t 
i l l the long-iegged storm-petrels (Pelagodroma, Oceanites, Garrodia 
and Fregetta-) the r a t e of change of egg size w i t h body size i s the 
same as t h a t holding among l a r g e r members of the order whereas w i t h 
the short-legged storm-petrels (Hydrobates and Oceanodroma) the 
r e l a t i o n s h i p changes-so t h a t t h e i r egg weights bear-a lower r a t i o to 
t h e i r body weights. Thus i n Hydrobates- pelagicus the egg amounts to 
23.55^ of the body weight of 28g w h i l e i n the long-legged Qarrodia 
n e r e i s , w i t h a body weight of 29g, the egg weight, oalculated from i t d 
dimensions, represents no less than 36St of the body weight. 



59. 
As the data on body weights are mainly drawn from small samples 

caution i s needed i n i n t e r p r e t i n g from them and befpre any f i r m 
conclusions can be drawn on the differences between the two groups of 
storm-petrels (segregated i n t o separate f a m i l i e s before the work of 
Lowe, 1926) b e t t e r f i g u r e s f o r body and egg weights are needed 
together w i t h a d d i t i o n a l data f o r the remainder of the species, i . e . 
72, 75» 76, 77 and 80, so t h a t the p o s i t i o n can be evaluated f o r the 
storm-petrels as a whole. 

The p l o t f o r Macronectes, species l 4 , i s - based on only 12 deter
minations of egg weight so t h a t small sample size could be important 
here. Otherwisej e i t h e r the mean body weight i s unusually high or 

2 2 LB unusually low. However, the value f o r LB seems t o be w e l l 
c o r r e l a t e d w i t h t h a t f o r egg weight (Table V and Figure 9) and as 
the f i g u r e s f o r egg weights &nd dimensions have been derived from 
d i f f e r e n t eggs i t appears t h a t egg weights a t l e a s t are not a t y p i c a l 
i n respect of t h e i r dimensions. I t has also been noted i n section 
7.2 t h a t Macronectes l i e s w e l l below the l i n e r e l a t i n g body weight to 
egg weight (Figures 5 and 6 ) . I f t h i s «ere due Solifrly to the small 
sample of body weights-used ( 5 females only) then the mean body weight 
would have to drop from j u s t over k kg to about 2.5 kg i n order to f a l l 
on t o the l i n e . I t seems very doubtful i f the estimated mean can be 
so f a r from the tr u e mean since the mean weight of eight males of that! 
species i s ^,2 kg while four females and f i v e males of the s i b l i n g 
M. h a l l i average 3.6 kg and k,k kg r e s p e c t i v e l y . Thus the divergence^ 
from the general trend may be due, not to inadequate data, but to thesie 
b i r d s a c t u a l l y l a y i n g eggs t h a t are smaller and l i g h t e r i n weight thad 
other p e t r e l s of equivalent s i z e . This needs t e s t i n g against l a r g e r 
samples of b i r d s and t h e i r eggs. 

Amadon (19^>) p l o t t e d l o g LB^ against l o g body weight f o r two 
d i s s i m i l a r b i r d groups, the Emberizinae i n the passeriform family 
F r i n g i l l i d a e and the American q u a i l Odontophorinae of the Phasianidae. 



Using data oh body weights and dimensions for eleven species of the 
buntings and seven of q u a i l he obtained l i n e a r r e l a t i o n s h i p s : -

LB^ = 0A^3 B.W, (Emberizinae) 
LB^ = 0.577 B.W. (Odontophorinae) 

c . f . LB^ = ^.Sk^ B.W. ( p r o c e l l a r i i f o r m e s ) 

His formula f o r the Emberizinae was based on bett e r data than that 
f o r the q u a i l and the maximum deviations from the known e^g weights 
given by the formula were + 'tjl̂  while even f or the q u a i l the e r r o r s i n 
the c a l c u l a t e d weights-exceeded lOJIi for only one s p e c i e s . 

Amadon concluded that such formulae have r e a l value i n c a l c u l a t 
ing h^dy weights from egg dimensions once the appropriate formula 
have been determined f or each group and he recommended that the 
r e l a t i o n s h i p s should be i n v e s t i g a t e d f o r other groups of b i r d s . I t 
i s notable that*^ whereas h i s formula for buntings covered a range of 
body weights of from only 12 to 40 g the present ones for three 
f a m i l i e s of p e t r e l s covers a range of from k8 to 78OO g. 



80 

78 

76 

74 

7J 

X 

5 70 I 
ft 
(0 

Fig .11. W I N G L E N G T H A N D EGG 

S H A P E I N P E T R E L S . 

68 

66 

\ 

64 

631 
90 60 10 20 30 40 70 

mean wing length in cm. 



,8. VARIATIONS OF SHAPE IN PETREL EGGS. 

8.1 Egg Shape and Body Size. 

As already noted, p e t r e l eggs are usually e l l i p t i c a l i n shape but' 
there i s a trend f o r smaJ.1 species to produce more spherical eggs thani 
l a r g e ones. Although i t i s possible to represent the meridian pro
f i l e of an egg accurately by mathematical formulae (Preston, 1953) the 
method adopted i n the present study has been to use the r a t i o of the 
maximum breadth and length f o r c a l c u l a t i n g the "shape index" -

^ I S ^ X 100. 
length 

This measure has some disadvantages, p a r t i c u l a r l y i f used to compare 
eggs of very d i f f e r e n t shapes, but i t seems q u i t e appropriate f o r 
comparing eggs among bird s as homogeneous as the P r o c e l l a r i i f o r m e s . 

Egg shape changes- i n a f a i r l y regular manner tarbughout the 
order and i s associated w i t h body s i z e . Figure 11 shows the r e l a t i o n 
ship between female wing length and mean shape index f o r 55 species, 
where group 1 comprises the Hydrobatidae, group 2 species of Pterodromja, 
and group 3 species of Puf f i n u s . The data are l i s t e d i n Appendix A 
and only those species are p l o t t e d f o r which there are at l e a s t 10 
measurements f o r both v a r i a b l e s . The average sample contains kS 
measurements f o r egg shape and ̂ 0 f o r wing length so tha t the consid
erable s b a t t e r seems l i k e l y t o r e f l e c t true differences rather than to 
be a product of inadequate data. 

The p o i n t s i n Figure 11 suggest an underlying c u r v i l i n e a r trend 
i n shape ind e * througliout the order. The most sph e r i c a l eggs (a 
sphere has a- shape index of 100) iare l a i d by, the Pelecanoididae, the 
most elongate by the Diomedidae so th a t whereas eggs o f D. epomophora 
have a shape index of 62.0 those of Pelecanoid'es georgicus havfe one of 
80.7. The p o s i t i o n of the Pelecanoididae i s not an a r t i f a c t ; o f t h e i r 
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abnormally short wings; b i r d s of t h i s family s t i l l r e t a i n t h e i r 
extreme p o s i t i o n i f body weight i s j l i j t t e d against shape index. I t i s 
i n t e r e s t i n g to note tha t 100 eggs of the L i t t l e Auk A l l e a l l e , which 
Verheyen (1958b) considered a r e l a t i v e of the diving p e t r e l s , have a 
mean shape index of 70,3 so that t h i s s p e c i e s would l i e w e l l away 
from the Pelecanoididae i f pl o t t e d on Figure 11, Af t e r the Pelecan-
oididae the next most rounded eggs ( s h o r t s u b - e l l i p t i c a l i n the 
terminology of Palmer, 1962) = are those of the small storm-petrels 
Hydrobates and Oceanodroma and Pterodroma b i t e v i r o s t r i s . 

Within a genus there i s a tendency for the smaller s p e c i e s to 
l a y eggs having higher shape i n d i c e s but the c o r r e l a t i o n i s not high. 
Nevertheless, the points for a genus often l i e together. Thus the 
10 s p e c i e s of Puf f i n u s (group 5) l i e to the l e f t of the main trend, 
that i s , b i r d s i n t h i s genus l a y , on average, eggs that are more 
elongate than others of comparable s i z e . S i m i l a r l y the birds i n the 
genus Pterodroma (group 2) l i e to the r i g h t of the main trend because 
t h e i r eggs are r a t h e r more s p h e r i c a l than .-would be expected. The 
storm-petrels, Hydrobatidae, (group 1) a l s o occupy a f a i r l y d i s c r e t e 
range and between these and Pterodroma l i e the genera P a c h y p t i l a and 
Halobaena. The three s p e c i e s of Pelecanoides plotted l i e i n a 
s t r a i g h t l i n e above and below the storm-petrels. The group at the 
lower r i g h t hand of the graph comproses the Diomedeidae with Macron
ectes and the r e s t of the fulmars with Pagodroma l i e i n a graded 
sequence to the r i g h t of P u f f i n u s o The one plot for Bulweria 
places t h i s b i r d c l o s e to Pterodroma and both C a l o n e c t r i s and 
P r o c e l l a r i a f a l l c l o s e to P u f f i n u s . 

The p o s i t i o n of Pterodroma b r e v i r o s t r i s i s anomalous, A sample 
|of 19 eggs measured on Marion I s l a n d by Rand (195^) has a mean shape 
,index of 79«0, a f i g u r e that i s extremely high for a bi r d of t h i s s i z e 
•and quite a t y p i c a l f or a Pterodroma - note i t s high placing i n group 2 
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of Figure 11, The only other data a v a i l a b l e ar dimensions f o r two 
eggs l i s t e d by Schonwetter (I96O) which have a nJean shape index of 
78.1. Rand i d e n t i f i e d h i s eggs as those of a dark-phase form of 
Pterodroma m o l l i s but i t S6ems probable t h a t they were r e a l l y eggs 
of P. b r e v i r o s t r i s (BourAU, i n l i t t * ) and they are used here on thett 
assumption. Even were ,ikey those of P. m o l l i s they would s t i l l 
p l o t i n the same place r e l a t i v e t o the r e s t of the bi r d s i n the genus 
as the wing lengths of those two petrelsji^are almost the same. 
L i t t l e i s known of the biology of P. b r e v i r o s t r i s but i t e x h i b i t s 1 
some anatomical p e c u l i a r i t i e s and the unusually sphericj^l eggs may be 
connected w i t h theSe. The matter i s discussed f u r t h e r i n 
se c t i o n 8.3.^. 

The v a r i a t i o n i n shape from egg to egg w i t h i n a species i s 
considerable and some idea of the range of v i a r i a t i o n involved may 
be gained from the f o l l o w i n g t a b l e where the species means,,, standki^d 
deviati o n s and c o e f f i c i e n t s of v a r i a t i o n are given f o r representative 
samples from d i f f e r e n t genera. The variances f o r the shape indife;e3 
of species 4̂ 3$ ̂ 5* 71 and 83 have been calculated from those of the 
mean egg lengths and breadths given by the a u t h o r i t i e s c i t e d using 
the method f o r estimating the variance of a general f u n c t i o n of 
va r i a b l e s described by Davies ( 1 9 ^ 9 ) . 



TABLE y i l : INTRA-SPECIFIC VARIABILITY IN EQQ SHAPE. 

Species No. 
Shape 
Index S.D. 

Coeff. 
of var. A u t h o r i t y . 

l a . D. epomoTthora 48 62.07 1.79 2.88 Present stucly 
3a. D . cauta 63.92 3.83 6,60 n M 

25. P. lesso n i 26 70.93 2.84 4.00 i t I I 

27b. P. neglecta 95 71.49 3.59 5.02 I I I t 

43a. P. desolata 42 73.46 3.87 5.27 T l c k e l l , 1962. 
45. P. t u r t u r 100 72.28 3.39 4.69 Hlchdale, 1965b 
54a. C. dloffledea 46 66.33 3.72 5.62 Present study 
58a. P. carnelpds 55 65.45 4,03 6.16 I t I t 

60. P. grlseus 62 64*08 2.76 4,31 I t 11 

71c. P. marina ^ ~̂  100 72 .42 . 3.14 4.34 Richdale, 1965a 
83a, P. u r i n a t r i x 39 78;08" 3.95 5.06 I t n 

I t w i l l be seen t h a t , I n general, the amount of v a r i a t i o n i n 
shape i s about the e ^ e from one species to anotiier. Why the sample 
f o r Dlomedea epomophora shows lees v a r i a b i l i t y thtUn, the others i s not 
known. A l l the eggs came from Campbell I s l a n d and might therefore 
have been expected to be ra t h e r homogeneous, but other samples i n the 
ta b l e e.g. those f o r Pterodroma neglecta and Pela^odroma marina also 
came from a si n g l e breeding place and these seem to be no more 
•friariable than mixed samples derived from several colonies. 

How does mean egg shape vary between d i f f e r e n t populations of a 
p a r t i c u l a r sjjecles? S u i t a b l e p e t r e l s f o r examining t h i s are those 
cosmopolitan forms t h a t have s p l i t i n t o a series of faces e.g. 
Puf f i n u s puffinuB, P u f f i n u a a s s l m l l l s ^ Pelagodroma marina and 
Oceanodroma leucorhoa. Unfortunately a comprehensive comparison 
I s not possible because f o r none of these species are adequate data 
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a v a i l a b l e f o r a l l the p o p u l a t i o n s b u t i f a s i z e - e f f e c t on egg shape 
i s p r e s e n t i t must be s l i g h t as the a v a i l a b l e data i n the f o l l o w i n g 
t a b l e show. 

TABLE V I I I , VARIATIONS I N EQQ SHAPE BETWEEN POPULATIONS. 

(Sample s i z e s i n parenthesis) 

P u f f i n u s p u f f i n u s 

Wing length 
mm 

Shape in d e x 

mauretanicus 2k6 (10) 6 9 . 8 ( 2 3 ) 

o p i s t h o m e l a s 237 ^^9) 6 7 . 2 (46) 
p u f f i n u s 237 (20) 6 8 . 8 ( 1 0 0 ) 

y e l k o u a n 233 (21) 7 0 . 3 ( 1 0 0 ) 

P u f f i n u a a s s i m i l i s 
h a u r a k i e n s i s 192 (16) 6 9 . 1 ( 7 ) 

elegans 190 (9^) 7 0 . 0 ( ? ) 

kermadece;hsis 190 (8) 6 8 . 9 ( 9 ) 

a s s i m i l i s 183 (5) 6 8 . 2 ( 2 8 ) 

b a r o l i 179 (15) esA ( 5 5 ) 

t u n n e y i 173 (25) 6 8 . 7 ( 1 3 ) 

Pelagodroma marina 
hypoleuca 161 (20) 7 3 . 5 ( 2 5 ) 

maoriana 158 (21) 7 2 . 4 ( 1 0 0 ) 

d u l c i a e 157 (13) 7 2 . 8 ( 2 8 ) 
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8 . 2 o V a r i a t i o n s i n Egg Lengths and Breadt h s , 

To examine t h e v a r i a t i o n s i n egg shape w i t h body s i z e f u r t h e r , 
t h e mean egg l e n g t h s and brea d t h s from which the shape i n d i c e s used 
i n F i g u r e 11 were d e r i v e d have been p l o t t e d a g a i n s t female mean wing 
l e n g t h o A c u r v i l i n e a r r e l a t i o n s h i p was i n d i c a t e d which c o u l d be 
t r a n s f o r m e d t o l i n e a r i t y by p l o t t i n g the square r o o t s o f the wing 
l e n g t h s a g a i n s t egg l e n g t h s and brea d t h s - F i g u r e 1 2 , 

The same 5 2 species a r e r e p r e s e n t e d here as i n F i g u r e 1 1 , except 
t h a t t h e t h r e e Pelecanoides i n c l u d e d i n t h a t f i g u r e have been o m i t t e d , 
A l i n e a r r e l a t i o n s h i p i s a l s o apparent when egg dimensions and wing 
l e n g t h s are p l o t t e d on l o g a r i t h m i c axes because of the l i n e a r r e l a t i o n 
s h i p t h a t e x i s t s betw-een t h e l o g a r i t h m s o f egg weight and wing l e n g t h 
( s e c t i o n 7 o 2 o above.) o 

While t h e r e i s a^good d e a l o f v a r i a t i o n about t h e r e g r e s s i o n , 
l i n e s o f F i g u r e 1 2 , t h e two-egg dimensions and the square r o o t s o f 
female mean wing l e n g t h s are h i g h l y c o r r e l a t e d ^ ^ p g a d t t i s ~ ^^'^S?; 
^lengths " + 0 o 9 8 6 j;P < r 0 , 0 0 1 i n b o t h . 
When = mean egg l e n g t h i n mm, ^ 2 ~ mean egg b r e a d t h i n mm and 
X = square r o o t o f female mean wing l e n g t h i n mm, then 

= 6 . 6 6 X - ^ 7 , 0 2 o . , . . « . , , 0 . 0 0 0 ( 1 3 ) 

and t h e p o i n t s have a s t a n d a r d d e v i a t i o n around t h i s l i n e o f 3«96mrno 

= 3.97X - 2 2 o ^ 5 o o . 0 . , . , . , 0 0 0 ( ^k) 

where t h e p o i n t s have a s t a n d a r d d e v i a t i o n about the l i n e o f 2o^^mra,. 
The s l o p e s o f t h e r e g r e s s i o n l i n e s d i f f e r and the g r e a t e r the 

d i s t a n c e between t h e two slopes f o r any p a r t i c u l a r v a l u e of wing 
faje^ngth, t h e s m a l l e r the shape i n d e x . 
Where the two l i n e s cross when produced, l e n g t h equals b r e a d t h and 
shape inde!X^.= 1 0 0 , The h y p o t h e t i c a l p e t r e l l a y i n g such an egg has 
X = 9 o 3 3 mm J i ^ e , a wing l e n g t h o f about 8 7 mm. 



47. 
The r e g r e s s i o n s o f X on and 1^ based on the- same data a r e : -

or mean female wing l e n g t h = 0.1^6 mean egg l e n g t h i n mm + 7o310 
and t h e l i n e has a- s t a n d a r d d e v i a t i o n o f 0o585mm. 

S i m i l a r l y 
X. = 0 . 2^5 ^2 + 5 ' 957 o » c o o o » o a o « o » « o e o o o o o » o o o o (1 4a) 

or mean wing l e n g t h = 0,245 mean egg b r e a d t h + 5»957 and t h i s 
e q u a t i o n has a s t a n d a r d d e v i a t i o n o f 0o600mmo 
I f t h e ,egg l e n g t h s and breadths are p l o t t e d a g a i n s t wing l e n g t h s 

u s i n g logar.i.thmic axes, t h e y a l s o f a l l a l ong s t r a i g h t l i n e s b u t as 
i n F i g u r e 12 t h e ^ l i n e f o r egg l e n g t h / w i n g l e n g t h has a steep e r slope 

length 
than thef .corresponding one f o r egg b r e a d t h . Eg©' i n c r e a s e s a t a 
g r e a t e r r a t e , i n ̂ passing up t h e s i z e s c a l e t h a n does egg b r e a d t h . 
Thus egg shape i n d e x decreases w i t h i n c r e a s i n g body s i z e because the 
l e n g t h s o f t h e eggs i n c r e a s e a t a more r a p i d r a t e than t h e i r breadths, 

W i t h i n t h e d i f f e r e n t genera however, the r e l a t i v e importance of 
v a r i a t i o n s i n l e n g t h s and brea d t h s d i f f e r s . T h i s accounts, f o r 
i n s t a n c e , f o r the p o s i t i o n s o f b i r d s o f the-genera P u f f i n u s and 
Pterodr.oma i n F i g u r e 11. I f mean egg l e n g t h s and breadths are 
c a l c u l a t e d from e q u a t i o n s 13a and t4a. from t h e i r wing l e n g t h s i t i s 
found t h a t 9 out ;ctf, t h e 11 species o f Pterodroma p l o t t e d i n F i g u r e 11 

have egg l e n g t h s t h a t a r e s h o r t e r t h a n those p r e d i c t e d from the 
f o r m u l a w h i l e egg brea d t h s a r e g r e a t e r than those p r e d i c t e d . Thus 
the shape i n d i c e s are h i g h e r t h a n expected f o r b i r d s o f t h e i r s i z e . 
Both l e n g t h and brea d t h s are i n v o l v e d here i n p l a c i n g these b i r d s t o 
the r i g h t o f t h e g e n e r a l t r e n d i n F i g u r e 11» 

The s i t u a t i o n i s d i f f e r e n t i n P u f f i n u s . Here b o t h l e n g t h s and 
bre a d t h s a r e gre4.ter than g i v e n by formulae 13a and .14a but the. 
d e v i a t i o n s from t h e p r e d i c t e d f i g u r e s f o r l e n g t h s are about t h r e e 
times those f o r b r e a d t h s , hence these eggs a r e , on the whole, l o n g e r 
t h a n p r e d i c t e d and t h e i r shape i n d i c e s are l o w e r . 



The presence of such v a r i a t i o n suggests that r a t h e r than attempt 
to c o n s t r u c t general equations r e l a t i n g body s i z e to egg dimensions 
f o r the whole order, i t would be more p r o f i t a b l e to do t h i s on a 
generic or family b a s i s * T h i s does not seem worthwhile at the 
present time but might be f e a s i b l e when b e t t e r f i g u r e s are a v a i l a b l e 
a l l o w i n g t i g h t confidence l i m i t s to be e s t a b l i s h e d . 

I n the following t a b l e , however, an attempt has been made to 
c a l c u l a t e standard wing lengths for various p e t r e l s for which good 
data on egg slz98 e x i s t (Appendix A) but for which published 
Information on wing lengths are inadequate. 

Column A i s the c a l c u l a t e d f i g u r e using equation 13 
g 11 H I I 11 It n -^l^. 

C I I I I n I I 11 11 

] j I I I I n I I I I M '\^^g^ 

Sample s i z e s f o r wing leiagths are I n parentheses. 
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TABLE I X . FEMALE WING LENGTHS (mm) CALCULATED FROM 
EGG DIMENSIONS USING EMPIRICAL FORMULAE. 

Species A B C D A c t u a l 

l a . D.e, epomophorf 656 638 643 626 62if (8) 

2c. D.e. dabbenena 683 626 668 615 603 (4) 

k. D. a l b a t r u s 599 592 588 583 550 (2) 

6b. D.m. impavida ^Ok 1*97 k9e 492 511 (3) 

10. D. i m m u t a b i ^ i s 550 535 5^6 527 '*87 (5) 

P. b e l c h e r i 201 208 203 210 178 (6) 

51. P. w e s t l a n d i c a 377 381 37'* 378 367 (2) 

68d. 220 212 221 213 183 (5) 

The same e q u a t i o n can a l s o be used t o c a l c u l a t e mean egg 
dimensions p r o v i d i n g t h a t adequate d a t a a r e a v a i l a b l e on wing 
l e n g t h s . The f o l l o w i n g ^ r e some p r e d i c t e d dimensions f o r species 
about which l i t t l e or n o t h i n g i s p u b l i s h e d on t h e i r eggs:-
iTABLE X. SOME PREDICTED EGG DIMENSIONS CALCULATED FROM 

WING LENGTHS USING EJIPIRICAL FORMUUE. 
Species 
3c. Diomedea cauta 
21. Pterodroma i n c e r t a 
32. Pterodroma ultima: 
ft8. B u l w e r i a f a l l a x 
65. P u f f i n u s h u t t o n i 

Oceanodroma matsudeirae 
0. markhami 

- « _ t r i at.rami 
( A l l dimensions i n mm; 

Shape 
Wing l e n g t h Egg Dimensions Index. 
556 (32) 110.6 X 71.5 Sk,6; 

72.3 X 'f8.7 67.3 
6'f.8 X kk.2 68.2 
56.6 X 39.3 69.4 
52.2 X 36.7 70.3 
if3.3 X 31.4 72.5 
ko,e X 29.7 73.3 
k2,7 X.-31.0 7Z.7 

321 (5̂ )̂ 
282 (44) 
242 (9) 
222 (17) 
184 (127) 
173 (53) 

, 182 (J30) 
sample s i z e s i n parentheses.) 
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8.3. F a c t o r s i n f l u e n c i n g Egg Shape i n P e t r e l s . 

Whether s i m i l a r t r e n d s c o r r e l a t i n g egg shape w i t h body .size 
occur i n o t h e r b i r d o r d e r s has not been i n v e s t i g a t e d . S u i t a b l e 
groups for such an e x a m i n a t i o n would be the Anseriformes and 
S t r i g i f o r m e s . I n t h e Sphenisciforraes the t r e n d i s e i t h e r absent 
or i l l d e f i n e d . As i n t h e p e t r e l s ^ t h e l a r g e s t penguin Aptenodytes 
f o r s t e r i l a y s the l o n g e s t eggs, shape i n d e x 69.2, but t h e one l a y -
i i i g t h e most rounded eggs, shape i n d e x 83.51 i s a l s o a l a r g e s p e c i e s , 
P y g o s c e l i s papua. Indeed, a l l the P y g o s c e l i d penguins l a y eggs 
w i t h h i g h e r shape i n d i c e s than those o f the s m a l l e s t member of the 
o r d e r - E u d y p t u l a minor. 

I n t h e p e t r e l s t h e r e may w e l l be no d i r e c t causal e x p l a n a t i o n o f 
th e c o r r e l a t i o n , b ut i t seems a p p r o p r i a t e t o co n s i d e r f a c t o r s t h a t 
c o u l d be o p e r a t i n g t o l i n k body s i z e and egg shape. Perhaps the 
most l i k e l y a r e : -
1 . S m a l l p e t r e l s l a y rounded eggs t o conserve heat l o s s , t h i s 
b e i n g most necessary w i t h s m a l l eggs owing t o t h e o p e r a t i o n o f t h e 
"surface-volume law". 
2. T h a t t h e i n c r e a s i n g l y e l o n g a t e eggs i n t h e b i g g e r species i s 
a consequence of a n a t o m i c a l and p h y s i o l o g i c a l r e s t r i c t i o n s concerned 
w i t h making, t r a n s p o r t i n g and l a y i n g eggs which are l a r g e i n re s p e c t 
o f the s i z e o f the b i r d . 
3. That egg shape i s a by-product o f a n a t o m i c a l a d a p t a t i o n s f o r 
s p e c i a l i s e d modes o f f l i g h t and swimming, and p a r t i c u l a r l y o f the 
shape o f the p e l v i s , 

8 . 3 . 1 . 

Egg Shape and Heat Loss. 

The importance o f t h i s f a c t o r can o n l y be discussed i n g e n e r a l 
terms because dat a are l a c k i n g on heat l o s s i n p e t r e l eggs. 
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I n t h e domestic hen, e x p e r i m e n t a l evidence shows t h a t heat l o s s i s 
p r o p o r t i o n a l t o s u r f a c e area and unless the p o r o s i t y of p e t r e l eggs 
v a r i e s w i t h t h e i r s i z e , as i s q x i i t e p o s s i b l e , i t seems reasonable t o 
suppose t h a t heat l o s s w i l l a l s o be reduced i n s p h e r i c a l as opposed 
t o e l o n g a t e eggs o f t h e same weight which have d i f f e r e n t s u r f a c e 
a r e a s . However, t h e d i f f e r e n c e i n the r a t e o f heat l o s s between 
eggs o f t h e same we i g h t b u t o f shape i n d e x 60 and shape in d e x 80 -

t h e range found i n t h e P r o c e l l a r i i f o r m e s - would seem t o be s m a l l . 
N e v e r t h e l e s s i t has been e s t a b l i s h e d t h a t the eggs o f these 

sea-bit*ds a r e u n u s u a l l y r e s i s t a n t t o c h i l l i n g (Matthews, 195't) 
t h i s may w e l l have s u r v i v a l v a l u e f o r eggs which are sometimes l e f t 
u ncovered. I n t h e b u r r o w i n g s p e c i e s , i n c u b a t i o n s t i n t s a r e 
g e n e r a l l y l o n g , shared by b o t h sexes, and a d e l a y i n nest r e l i e f i s 
o f t e n f o l l o w e d by t h e on-duty p a r t n e r ' s disappearance, presumably t o 
f e e d . The egg does not n e c e s s a r i l y s u f f e r i f t h e o t h e r p a r t n e r 
a r r i v e s w i t h i n a reasonable t i m e and i n temperate c l i m a t e s such eggs 
Can be l e f t u a t t e n d e d f o r s e v e r a l days w i t h o u t being k i l l e d . The 
s i t u a t i o n i s - d i f f e r e n t w i t h A n t a r c t i c species where t h e exposure o f 
th e egg i n the burrow may r e s u l t i n f r e e z i n g o f t h e embryo i n a 
r e l a t i v e l y s h o r t t i m e . I n th e s e 6xtr<ioe circumstances, a s p h e r i c a l 
egg, witH b e t t e r heat r e t e n t i o n may be m a r g i n a l l y b e t t e r adapted t o 
the c h i l l i n g t h a t r e s u l t s from perhaps q u i t e s h o r t delays d u r i n g 
changeovers between p a r t n e r s and which c o u l d r e a d i l y r e s u l t i n ne s t 
i n g f a i l u r e . 

Rounded eggs a r e n o t s p e c i a l l y c h a r a c t e r i s t i c o f h o l e - n e s t e r s 
among p e t r e l s as th e y t e n d t o be among l a n d b i r d s . Compare from 
F i g u r e 11 the p o s i t i o n o f t h e s u r f a c e - n e s t i n g f u l m a r s w i t h those o f 
th e b u r r o w i n g s h e a r w a t e r s : t h e l a t t e r l a y l o n g e r eggs t h a n do 
c l i f f - n e s t i n g Pagodroma, D a p t i o n and Fulmarus of s i m i l a r s i z e s w h i l e 
s p e c i e s o f Pterodroma, a genus i n c l u d i n g numerous s u r f a c e n e s t e r s , 
l a y eggs t h a t t e n d t o be more s p h e r i c a l t h a n those l a i d underground 
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by s i m i l a r - s i z e d s h e a r w a t e r s . 
D e s p i t e such t h e o r e t i c a l c o n s i d e r a t i o n s t h e r e seems t o be no 

evidence t h a t t h e p r o d u c t i o n o f eggs o f h i g h shape i n d e x i s an 
a d a p t a t i o n t o c o l d e r c l i m a t i c c o n d i t i o n s . On the c o n t r a r y , most o f 
t h e p r e s e n t - d a y s p e c i e s p r o d u c i n g rounded eggs i n h a b i t temperate 
r e g i o n s ; whether t h i s a p p l i e d a l s o d u r i n g the main r a d i a t i o n of the 
o r d e r i s unknown, 

8.3.2. Egg Shape and t h e Mechanics o f Egg P r o d u c t i o n . 

How Emd where t h e egg i s shaped i n t h e o v i d u c t has been t h e 
s u b j e c t o f much d i s c u s s i o n and t h e r e i s no data f o r p e t r e l s . 
Romanoff and Romanoff (1949̂ ) reviewed the work done on the s u b j e c t up 
t o t h a t d a t e . The o v i d u c t has an i n n e r c i r c u l a r muscle and an ou t e r 
l o n g i t u d i n a l one and t h e i r o p e r a t i o n on the p l a s t i c egg b e f o r e the 
s h e H i s s e c r e t e d c o u l d e x p l a i n most o f the v a r i a t i o n s i n shape but 
j u s t w hich p a r t o f t h e o v i d u c t 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 g i v i n g 
t h e egg i t ^ f±ia.&l form i s not c l e a r , even i n the much-studied hen. 
Some r e s e a r c h e r s e.g. P e a r l (1909) thought t h a t even though the egg isj 
o v o i d b e f o r e r e a c h i n g t h e " u t e r u s " o r s h e l l g l a n d , t h e muscular 
a c t i v i t y o f the l a t t e r r e g i o n determined i t s f i n a l shape. C u r t i s 
[(1914) i n Needham, 196^ b e l i e v e d t h a t t h e shape was determined 
c o n t i n u o u s l y t h r o u g h o u t t h e o v i d u c t d u r i n g and ra f t e r t h e a d d i t i o n o f 
t h e albumen. B r a d f i e l d (1951) suggested t h a t as the muscles a t the 
end o f t h e isthmus (where the s h e l l membranes are l a i d down) a d j a c e n t 
t o t h e s h e l l g l a n d a r e s p h i n c t e r - l i k e - , t h e r e would be a tendency f o r 
t h e egg, a f t e r h a v i n g r e c e i v e d i t s albumen i n the magnum, t o he 
squeezed t o a p o i n t a t i t s caudal end d u r i n g t h e s e c r e t i o n o f t h e 
s h e l l membranes. 

I t has o f t e n been p o i n t e d out t h a t t h e diameter o f the o v i d u c t 
c o u l d be i m p o r t a n t i n d e t e r m i n i n g the egg's f i n a l shape. A s m a l l 



53o -
egg p a s s i n g l o o s e l y down the o v i d u c t might r e t a i n the o r i g i n a l 
s p h e r i c a l shape o f t h e y o l k core around which t h e albumen and subse
quent l a y e r s a r e s e c r e t e d . An egg passing down a , t i g h t o v i d u c t 
would t e n d t o be squeezed i n t o an e l o n g a t e shape due t o the pressure 
o f t h e o v i d u c t muscles and t h a t of the s u r r o u n d i n g t i s s u e s and organs. 
T h i s c o u l d e x p l a i n why t h e f i r s t eggs l a i d by a b i r d on b r e e d i n g f o r 
the f i r s t t i m e are o f t e n narrower than those i t l a y s i n subsequent 
seasons, e.g. i n t h e K i t t i w a k e ( R i s s a t r i d a c t y l a ) as shown by Coulson 
( 1 9 6 3 ) , t h e passage o f t h e f i r s t c l u t c h s l a c k e n i n g the o v i d u c t so 
t h a t subsequent eggs are l e s s compressed but would not e x p l a i n why 
the l a s t egg o f a c l u t c h tends t o resemble the narrow egg l a i d by a 
young b i r d . 

I t has been shown i n p r e v i o u s s e c t i o n s t h a t i n passing from 
s m a l l t o l a r g e species i n t h e P r o c e l l a r i i f o r r a e s , the l e n g t h s of the 
d i s t a l segments o f t h e wings i n c r e a s e i n a n e g a t i v e l y a l l o m e t r i c 
manner. So t o o do t h e i r egg s i z e s ; t h a t i s , a l t h o u g h b i g g e r b i r d s 
l a y b i g g e r eggs, these a r e p r o g r e s s i v e l y s m a l l e r r e l a t i v e t o the s i z e 
o f the b i r d s t h a t produce them. 

The diameter o f t h e o v i d u c t may w e l l change i n a s i m i l a r way 
t h r o u g h o u t t h e o r d e r . E v e r y t h i n g e l s e being e q u a l , i f t h i s change 
were e x a c t l y p a r a l l e l t o t h e change i n egg s i z e , then egg shape might 
remain t h e same, but i f n o t , the o v i d u c t would be e i t h e r p r o g r e s s i v e l y 
t i g h t e r or l o o s e r w i t h i n c r e a s i n g s i z e . Thus t h e decrease of shape 
i n d e x w i t h s i z e c o u l d be a consequence o f t h e eggs being passed down 
o v i d u c t s where the l a t e r a l pressures from t h e muscles and s u r r o u n d i n g 
organs were i n c r e a s i n g l y g r e a t , moulding the eggs i n t o an i n c r e a s i n g l y 
e l o n g a t e d f o r m . Support f o r t h i s h y p o t h e s i s i s g i v e n by the way i n 
which t h e f a l l i n shape i n d e x w i t h i n c r e a s i n g body s i z e i s more a 
consequence o f i n c r e a s i n g l e n g t h t h e n o f decreasing b r e a d t h ( 8 , 2 
above) . 
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Here t h e f i n d i n g o f Pearl, and C u r t i s ( 1 9 1 6 ) seem r e l e v a n t , 

The^ noted t h a t i n t h e domestic f o w l t h e s m a l l e r t h e egg the broader ' 
i t - w a s i n p r o p o r t i o n t o i t s l e n g t h so t h a t .dwarf eggs w i t h s m a l l y o l k s 
tended t o be s p h e r i c a l , ^They co n s i d e r e d t h a t one reason f o r t h i s was' 
t h a t t h e o v i d u c t , a tube w i t h e l a s t i c w a l l s , o f f e r e d more r e s i s t a n c e 
t o t h e passage o f a l a r g e t h a n o f a s m a l l body. They co n s i d e r e d t h a t 
t h e degree o f pr e s s u r e a p p l i e d t o t h e egg depended on the diameter of 
the cross s e c t i o n o f t h e duct and on the r e l a t i v e tonus of the two 
s e t s o f muscles i n t h e o v i d u c t - w a l l . I n hens t h e r e was no 
c o r r e l a t i o n between egg l e n g t h and b r e a d t h and t h i s l e d P e a r l and 
S u r f a c e ( 1 9 1 4 ) t o conclude t h a t t h e two s e t s o f muscles acte d 
i n d e p e n d e n t l y . 

The mechanics o f t h e l a y i n g process i t s e l f may a l s o be 
i n d i r e c t l y i n v o l v e d . I n t h e hen, and i n a number o f o t h e r b i r d s , 
the egg passes down t h e o v i d u c t w i t h i t s p o i n t e d end l e a d i n g ( i , e , 
c a u d a l ) b u t i t i s n e v e r t h e l e s s l a i d b l u n t end f i r s t ( E r n s t , 1885 and 
o t h e r r e f e r e n c e s i n Needham, 1 9 6 3 ) . B r a d f i e l d ( 1 9 5 1 ) u s i n g r a d i o 
graphy, has shown t h a t i n t h e hen t h e egg e n t e r s the s h e l l gland 
p o i n t e d end caudal where i t l i e s - h i g h up i n the p e l v i c c a v i t y and close 
t o the v e r t e b r a l column. When the- s h e l l has been deposited, the egg 
i s lowered u n t i l c l e a r o f t h e pubes and swung t h r o u g h l80° i n t h e 
h o r i z o n t a l p l a n e . I t i s t h e n r a i s e d a g a i n , t h i s t i m e w i t h t h e b l u n t 
end c a u d a l , and i s l a i d down from t h i s r p o s i t i o n about an hour l a t e r . 

Whether r o t a t i o n occurs be^fore egg l a y i n g w i t h p e t r e l s i s not 
r e c o r d e d and a l t h o u g h egg c o l l e c t o r s i n t h e past o f t e n expressed eggs 
from p e t r e l s t h a t were ready t o l a y , they have not recorded whether 
theleggs were d e l i v e r e d b l u n t end f i r s t . I t may be t h a t t h e i r e l l i p t 
i c a l shape makes r o t a t i o n unneeessa-ry, though why t h i s occurs i n the 
hen has not been a d e q u a t e l y e x p l a i n e d . However, i f r o t a t i o n i s nec
e s s a r y , i t would be i n t h e s m a l l e r species where the egg i s r e l a t i v e l y 
huge 20 t o 25?^ o f t h e body wei g h t - t h a t r o t a t i o n might be most 
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d i f f i c u l t , i f o n l y on account o f t h e sheer s i z e o f t h e o b j e c t t o be 
moved. A s p h e r i c a l egg would t h e n be advantageous because i t s 
r e l a t i v e s h o r t n e s s would n o t o n l y r e q u i r e l e s s l o w e r i n g t o c l e a r the 
i s c h i a and pubes (and a l t h o u g h t h e p e l v i s i s deeper i n the s m a l l e r 
s p e c i e s i t i s a l s o more open c a u d a l l y ) but l e s s energy would a l s o be 
i n v o l v e d i n t u r n i n g such an egg i n the o v i d u c t . 

8*3.3* Egg Shape and P e l v i s Shape. 

N i c h o l s k y (l893) suggested t h a t b i r d s l a y i n g round eggs 
u s u a l l y m a i n t a i n a v e r t i c a l p o s t u r e i n which the weight o f t h e egg 
c o u n t e r a c t s t h e pr e s s u r e o f t h e w a l l s o f the ovary and t h a t those 
which l a y o v a l eggs u s u a l l y m a i n t a i n a h o r i z o n t a l p o s t u r e d u r i n g 
which t h e w e i g h t o f t h e egg " a s s i s t s the pressure o f the ovary". 
Rehsch (194?) p o i n t e d out t h a t t h i s t r e n d was a l s o a s s o c i a t e d w i t h 
t h e shape o f t h e p e l v i s ; b i r d s l i k e o w ls, buzzards and k i n g f i s h e r s 
t h a t l a y n e a r - s p h e r i c a l eggs and m a i n t a i n v e r t i c a l p ostures a l s o 
have deep p e l v e s . I n c o n t r a s t , b i r d s l i k e grebes and geese, t h a t 
l a y e l o n g a t e eggs, have s h a l l o w e r pielves and a h o r i z o n t a l c a r r i a g e . 

The c o n n e c t i o n between p o s t u r e and p e l v i c shape i n p e t r e l s i s 
almost t h e r e v e r s e o f t h a t d e s c r i b e d by Rensch. Here the species 
t h a t have t h e most u p r i g h t p o s t u r e , t h e a l b a t r o s s e s and g i a n t p e t r e l s , 
have r a t h e r e l o n g a t e d p e l v e s whereas the b i r d s t h a t have t h e most 
h o r i z o n t a l c a r r i a g e s t e n d t o have deep pe l v e s t h a t a r e a l s o v e r y 
wide and open c a u d a l l y . 

On t h e o t h e r hand t h e c o n n e c t i o n between p e l v i s shape and egg 
shape i n t h e P r o c e l l a r i i f o r m e s agrees w i t h t h a t o f Rensch's examples; 
th e p e t r e l s t h a t l a y t h e most s p h e r i c a l eggs a l s o have the deepest 
p e l v e s and v i c e v e r s a . 

The c o n d i t i o n o f the p e l v i s has been examined i n 27 species from 
a l l t h e f o u r f a m i l i e s o f t h e o r d e r . S k e l e t a l m a t e r i a l i n the 
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F i g . 1 3 . P e l v i s of D i o m e d e a e x u I a n s in l a t e r a l & 

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

d e p t h a n d l a t e r a l s p r e a d , a n d p o s i t i o n of t h e 

a c e t a b u l u m 
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B r i t i s h Huse\im ( N a t u r a l H i s t o r y ) and th e Canterbury Museum has been 
measured and p u b l i s h e d diagrams by Milne-Edwards, (1867-68); 
Forbes (1882); Mayaud (1932) and Kuroda (1954, 1955) have a l s o 
been u t i l i s e d . 

F i g u r e 13 shows t h e dimensions t h a t have been measured. Thus 
a/b has beien t a k e n as an i n d e x o f th e depth o f th e p e l v i s and e/b 
as an i n d e x o f i t s w i d t h and l a t e r a l spread. The h i g h e r the value 
o f e/b t h e g r e a t e r t h e spread o f t h e pubes and d i s t a l p o r t i o n s o f 
t h e i s c h i a . 

The d a t a are n o t d e r i v e d from l a r g e samples and t h e r e i s a 
c o n s i d e r a b l e amount o f v a r i a t i o n between s k e l e t o n s o f t h e sam? 
s p e c i e s . T h i s i s p a r t l y due t o n a t u r a l v a r i a t i o n but a l s o t o 
d i s t o r t i o n o f the s k e l e t o n s d u r i n g and a f t e r t h e i r p r e p a r a t i o n . 
Another source o f e r r o r a r i s e from t h e f a c t t h a t much o f the data 
i s from unsexed s k e l e t o n s . 
How much s e x u a l dimorphism t h e r e i s i n the s i z e o f the p e l v i s i n 
p e t r e l s i s not c l e a r , b ut t h i s c o u l d be r e l e v a n t i n groups l i k e t he 
f u l m a r s where the sexes are o f d i f f e r e n t s i z e s . 

The d a t a are g i v e n i n Table X I and i n F i g u r e 14 the depths and 
spreads o f t h e pel v e s are p l o t t e d a g a i n s t t h e mean shape i n d i c e s . 



X UJ 
a 

X 
m 

a 

< X (A 

0. 70 I 
< 
Z 
If) 

• 3 0 

D E P T H 
•50 -70 

L A T E R A L S P R E A D 

Fig.14. P E L V I S S H A P E & E G G S H A P E IN P E T R E L S . 



57. 

TABLE X I . 

Species 

PELVIC ANGIiES OF PETRELS, 

, i n Depth L a t e r a l Egg 
raple (a/b) spread 

(e/b) 
i n d 

4 0,46 0,35 62.0 
4 0,42 0,37 63.3 
1 0 .4l 0.33 63.5 
5 0.47 0.41 63.3 
1 0,44 0.41 68.1 
1 0,60 0.56 71.1 
1 0,59 0.70 74,2 
3 0.66 0.46 71.2 
1 0.73 0.58 79oO 
4 0,67 0.60 72.8 
1 0.43 - 65.8 
2 0,46 0.43 66,7 
1 0.59 0.39 68,2 
2 0,48 0.45 64 . 5 
1 0.36 0.31 64 . 4 
2 0.43 0.35 66.2 
1 0.43 0.38 66.2 
6 0.37 0.30 64 . 4 
6 0.38 0.37 66,2 
1 0.37 - 68.8 
1 0,43 - 69,8 
1 0,53 0.4-1 69.4 
4 0.75 0.52 72.4 
1 0.82 0.59 76.3 
1 0.87 0.50 73.4 
1 0.50 0.42 73 = 0 
3 0,53 - 78,0 

l a D, epomophora 
3a D,c, cauta 
10 D, i m m u t a b i l i s 
l4 M, g i g a n t e u s 
17 F.'g, r o d g e r s i 
25 P. l e s s o n i 
26 P,̂ ' s o l a n d r i 
33 P. inex p e t e t a t a 
34 P. b r e v i r o s t r i s 
45 P, t u r t u r 
50 P. a e q u i n o c t i a l i s 
51 P, w e s t l a n d i c a 
54a C.d, b o r e a l i s 
55 C. leucomelas 
57 P. g r a v i s 
58 P. ca r n e i p e s 
59b P.p.chlororhynchos 
60 P. g r i s e u s 
62 P. t e n u i r o s t r i s 
64b P.p. p u f f i n u s 
64c P.O. mauretanicus 
68e P.a. b a r o l i 
71c P.m. maoriana 
74 H, pe-lagicus 
78a P . l . l e u c o r h o a 
79b 0,c. c a s t r o 
85a P.u. chathamensis 

D e s p i t e a wide s c a t t e r t o the p o i n t s , p e l v i s depth and b r e a d t h 
are c o r r e l a t e d w i t h shape i n d e x ( r = +0,731 and + 0,820 r e s p e c t i v e l y ; 
P <• .001 i n b o t h i n s t a n c e s ) . That i s , species l a y i n g the most 
s p h e r i c a l eggs have g e n e r a l l y deeper pelves which are spread more 
w i d e l y c a u d a l l y , whereas those l a y i n g e l o n g a t e eggs mostly have 
s h a l l o w p e l v e s which are a l s o narrow c a u d a l l y . 
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Th« tr€nd i s not wholly c o n s i s t e n t . Although the b i r d s that 
l a y the eggs with the lowest shape i n d i c e s have shallow and narrow 
p e l v e s , these are n e i t h e r as shallow or as narrow as those of c e r t a i n 
medium-sized p e t r e l s of the genus P u f f i n u s , no'tably g r a v i s , 
t e n u i r o s t r i s , ^ r i s e u s and p u f f i n u s . These ^ r e a l l birds whose egg 
lengths place them along the upper l i m i t for wing length i n Figure 12s 
they have unusually long l e g s with low shape i n d i c e s for b i r d ^ of 
t h e i r s i z e s . 

Kuroda (1952) c o r r e l a t e d the form of the p e l v i s i n p e t r e l s , and 
p a r t i c u l a r l y i n the shearwaters, with t h e i r modes of l i f e . He 
showed that the shearwate^rs with long narrow pelves are those that 
( a c t i v e l y swim and dive for food. These have a long postacetabular 
i l i u m to a c t a s attachment for thai l a r g e muscles needed to provide 
a powerful back stroke for the feet.. These aquatic forms include 
P. g r i s e u s , P. t e n u i r o s t r i s and P. puffinus. At the other end of 

I the range are shearwaters having r e l a t i v e l y short and broad pelves 
aiid s h o r t post-acdtabular i l i a i These b i r d s are highly a e r i a l , 
seldom dive when feeding, ^nd show adaptations i n the arm bones and 
elsewhere f o r a p r i m a r i l y a e r i a l l i f e . T h i s category i s best 

I exemplified by G a l b n e c t r i s . 
KUrbcla Has two intermediate categories ( a ) the p a r t i a l l y 

a quatic shearwaters p a c i f i c u s and g r a v i s with long narrow pelves 
.knd I b n ^ pb s i - a c e t a b u l a r i l i a but be t t e r adapted to g l i d i n g and 
s a i l i n g thaii the g r i s e u s ' - t e n u i r o s t r i s group and (b) an intermediate 
group, p a r t i c u l a r l y c arneipes, whose p e l v i s i s f a i r l y narrow but 
who^e post-acetabular i l i u m has proportions intermediate between 
the a q u a t i c aiid c ondition. 

• BiBariixg i h miiici that both Kuroda:'s and my data are often based 
oil: i^mkll sieifflplesi h i s categories f i t i n quite w e l l with the egg 
Siiajle - peiivis shape r e l a t i o n s h i p s shown i n Figure 14. The most 
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aquatic 6p<ic:^s, g r i s e u a , t e n u i r o s t r l s and pufflnus a l l have low 
shape i n d i p e s i n r e s p e c t of wing length and p e l v i s depth, and to a 
l e s s e r extent,, p e l v i s breadth. The p a r t i a l l y aquatic and intermed
i a t e s p e c i e s itave s l i g h t l y higher shape i n d i c e s i n r e l a t i o n to wing 
length and p e l v i s shape while C a l o n e c t r i s has s t i l l higher shape 
i n d i c e s r e l a t i v e to these v a r i a b l e s . 

Thus i t would seem to be a reasonable hypothesis that egg shape 
i n shearwaters i s a s s o c i a t e d with \the shape of the pelves which, i n 
tur n have been modified during evolution to f i t the b i r d s for an 
a q u a t i c , a e r i a l or intermediate mode of l i f e a t sea. 

I n the small storm-petrels and prions the stdvantage of a deep 
and open p e l v i s i s not c l e a r and examination of fur t h e r m a t e r i a l 
seems to be req u i r e d , but the condition may be as s o c i a t e d with the 
need f o r g i v i n g wide attachments to the l e g and t a i l muscles 
p a r t i c u l a r l y i n the long-legged s p e c i e s . These use t h e i r f e e t to 
fend o f f the water when "walking on the waves" during feeding and 
t h e i r t a i l s , capable of r a p i d t w i s t i n g s , are c l e a r l y of value when 
making the e r r a t i c , dancing a c t i o n s involved i n snatching small food 
items from the s u r f a c e of the sea. I n a d d i t i o n , the deep p e l v i s 
may help i n providing a wide fastening f or muscles of the v e n t r a l 
body w a l l supporting the v i s c e r a and p a r t i c u l a r l y the huge egg which 
may have to be held there f or some time before l a y i n g . 

Why a l b a t r o s s e s and giant p e t r e l s have shallow pelves i s again 
not c l e a r . For both these groups walking i s important, so that 
good movements of pronation of the l e g s are required. Although they 
can swim w e l l , they seldom submerge deeply nor do they burrow, so 
th a t the very strong r e t r a c t o r s found i n the burrowing ahd d^.ving 
s p e c i e s would not be necessary. Furthermore t h e i r t a i l s are short 
and apart from Phoebetria l i t t l e used f or s t e e r i n g . Thus the moire 
g e n e r a l i s e d form of p e l v i s may r e f l e c t the more generalised function-
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ing of the legs i n these b i r d s . 
The r e l a t i o n s h i p between p e l v i s shape and egg shape i n 

Pterodroma b r e v i r o s t r i s i s p a r t i c u l a r l y i n t e r e s t i n g . For a 
Pterodroma the shape index i s very high but so too i s the p e l v i c 
depth and the l a t e r a l spread of the pubes and i s c h i a . . The data do 
not p l o t a t y p i c a l l y i n F i g u r e . 1 ^ . Not only the p e l v i c g i r d l e i s 
unusual. The sternum i s short, very deeply keeled and deeply notched 
a n t e r i o r l y , while the hypapophyses of the dorsal vertebrae are very 
long, compared with P. inexpectata and P. s o l a n d r i ( f i g u r e d by 
Kuroda, 1955) though no longer than those of P. macroptera ( p e r s . 
o b s e r v a t i o n s ) . The hypapophyses are bigger even than i n Puffinus 
t e n u i r o s t r i s and P. g r i s e u s . I f Kuroda's reasoning i s c o r r e c t , 
t h i s should r e f l e c t a di v i n g mode of l i f e i n t h i s s p e c i e s . 

The l a r g e r p e t r e l s are u s u a l l y b e t t e r adapted for walking 
whereas the smaller ones e i t h e r f l u t t e r across the ground often r e s t 
i ng on the t a r s i - the pattern with storm-petrels and diving p e t r e l s -
or they s h u f f l e along i n a r a t h e r duck-like fashion and i n a highly 
unstable manner with t h e i r wings folded but r a i s e d and often out
spread as i f to improve t h e i r balance ( F i g u r e 1 5 ) • 

T h i s i s the usual p a t t e r n with shearwaters. The large a l b a t r o s s e s , 
on the other hand, can stand e r e c t f o r considerable periods, an 
a b i l i t y they share only with the giant fulmars of the genua Macronectes. 
The s m a l l e r fulmars, while able to stand, do not remain standing for 
long, but soon subside onto t h e i r t a r s i . With a l b a t r o s s e s the erect 
posture i s u s u a l l y r e s t r i c t e d to standing or "marking time" during 
d i s p l a y s ; when moving d i r e c t i o n a l l y they adopt a more h o r i z o n t a l 
posture. Macronectes can move quite f a s t without doing t h a t . The 
s p e c i e s best adapted to walking are those spending the greatest length 
of time ashore and Macronectes i s the only P r o c e l l a r i i f o r m b i r d that 
feeds on land. 
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Owen (1866) . pointed out that walking and perching b i r d s u s u a l l y 
have short and broad pelves which provide broad bases for the l e g s . 
I t might therefore be expected that the width of the p e l v i s at the 
acetabulae would be p r o p o r t i o n a l l y greater i n a l b a t r o s s e s and giant 
p e t r e l s than i n s m a l l e r s p e c i e s but t h i s i s not so i n the range of 
m^aterial examined during the present study. Nevertheless, i n view 
of the l a c k of m o b i l i t y of the femur, the distance apart of the legs 
and f e e t may be c o n t r o l l e d not so much by the distance apart of the 
hip j o i n t s i . e . the p e l v i s width, but i n the distance apart of the 
knees. The l a t t e r may be r e l a t i v e l y greater i n large species because 
the femora are more outwardly d i r e c t e d to c l e a r the short wide r i b 
cage than a p p l i e s i n some of t h e smaller b i r d s such as the shear
waters where the r i b cage i s narrower. 

The postures of pietrels on land are a f f e c t e d by a v a r i e t y of 
f a c t o r s . For s t a b i l i t y the centre of g r a v i t y must l i e behind the 
toes and i s dependent on the r e l a t i v e lengths of the l e g bones, the 
movements of which these are capable, the p o s i t i o n of the acetabulum 
on which the body i s pivoted and other f a c t o r s l i k e the thickness 
and s t r e n g t h of the l e g bones. The ^neml shape of the skeleton 
as i t a f f e c t s the underslinging of the v i s c e r a may a l s o be important. 

A dead p e t r e l ' s l e g s are u s u a l l y s t r e t c h e d back s t i f f l y to l i e 
along-side the t a i l while the femora are pulled down u n t i l they are 
at r i g h t angles to the body axis.- T h i s i s a- consequence of the 
greater strength of the l e g r e t r a c t o r s to that of the p r o t r a c t o r s . 
T h i s a p p l i e s to the dead Pachyptilar t u r t u r but i h l i f e the movements 
of t h i s b i r d ' s femora are f a r more r e s t r i c t e d . They a r e d i r e c t e d 
forwards iDut can move downwards only through ilDOut 10 degrees i n the 
s a g i t t a l plane. Very l i t t l e adduction or abduction i s p o s s i b l e . 
The t i b i o - t a r s i have greater m o b i l i t y and can be brought forward 
u n t i l a t about 90 degrees to the long a x i s of the body, but because 
of the, short femur and the p l a c i n g of the acetabulae rather to the 
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r e a r of the p e l v i c g i r d l e , the l e g s are i n e f f e c t pivoted w e l l back 
towards the caudal end of the body. P a c h y p t i l a t u r t u r cannot there
fore stand e r e c t with i t s t i b i o - t a r s i and t a r s i - m e t a t a r s i i n l i n e 
without f a l l i n g forward. I n s t e a d i t adopts a squatting p o s i t i o n and 
r e s t s on i t s t a r s i as an extension of the webbed f e e t . This and I 
other prions cannot adopt an e r e c t posture l i k e that figured f o r 
P. v i t t a t a by Milne-Edwards, ( 1 8 6 7 - 6 8 ) , p l a t e 5 0 . 

The s i t u a t i o n i n other p e t r e l s has not been examined but the 
importance of the lengths of the l e g bones i n determining posture 
are p a r t i c u l a r l y evident i n the long-legged genera of storm-petrels ! 
l i k e Pelagodroma ( F i g u r e 1 5 ) . Here the femur i s very short but the 
t i b i d - t a r s u B very long. The r a t i o of femur:tibiastarsus:mid-toe I 
and claw i s 1 . 0 : 3 . ^ 1 2 . 3 : 2 . 1. T h i s may be compared with, for instancej 
the g u l l Larus hautlaubi ( 1 . 0 : 2 . 0 : 1 . 0 : 0 . 9 ) , which stands e r e c t with 
i t s l e g s a t r i g h t angles to the body a x i s or P a c h y p t i l a t u r t u r where 
the r a t i o s a r e 1 , 0 : 2.V;1 . 5 : 1 . 8 . I f the femur has as l i t t l e 
freedom of movement i n Pelagodroma as i n P a c h y p t i l a , then i t s 
crouching posture i s understandable. The legs are placed so f a r 
back that the t i b i a e an(i t a r s i need to be f l e x e d to swing the centre 
of g r a v i t y behind the toes. 

I n a l b a t r o s s e s the femera are r e l a t i v e l y long and the post-
acetabula i l i a f a i r l y short so that the l e g as a whole occupies a 
r a t h e r forward p o s i t i o n r e l a t i v e to the trunk. I n D. epomophora 
the l e g element r a t i o s are 1 . 0 : 2 . 1 : 1 . 1 : 1 . 5 ( c . f . those of the g u l l 
above). Other f a c t o r s may a l s o be involved i n giving the increased 
s t a b i l i t y on lamd such as the l a r g e webbed fe e t and the t h i c k l e g s ; 
the c a r r i a g e i s r a t h e r goose-like, as shown i n Figure 1 5 . 

I f there i s a c a u s a l connection between p e l v i s shape i n p e t r e l s 
and t h e i r postures on land, the nature of t h i s connection i s not 
c l e a r . 
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I t seems l i k e l y that the v a r i a t i o n s i n proportions of the p e l v i c 
bones are part of a range of modifications to a b a s i c s t r u c t u r e to 
f i t the b i r d s for d i f f e r e n t modes of l i f e . At the one extreme are 
s m a l l forms -well adapted for l i f e a t sea, almost incapable of 
walking on land but able to dig burrows there using motions r a t h e r 
s i m i l a r to those employed when swimming; at the other extreme are 
l a r g e forms adapted to s a i l i n g i n the a i r and swimming on the surface j 
of the sea and to a l i f e ashore there they breed and move about 
f r e e l y but do not burrow. 

V a r i a t i o n s i n p e l v i s shape may i n tiirn have influenced the 
shape o f the eggs but how could t h i s be brought about? Rensch 
( 1 9 ^ 7 ) s t a t e d that the p e l v i c c a v i t y was involved but did not 
e l a b o r a t e . However i t seems p o s s i b l e that the egg before acquiring 
i t s hard s h e l l could be moulded by the v e n t r a l part of the p e l v i c 
g i r d l e . B r a d f i e l d ( 1951) found that a "membraneous" egg removed 
from the oviduct when the s h e l l membranes had been secreted and held 
together only by these, i s shaped s i m i l a r l y to other eggs l a i d by 
ihe aam^ fowl so that the f a c t o r s a f f e c t i n g egg shape i n the hen 
apparently operate during or before the egg reaches the isthmus. 
As already mentioned, B r a d f i e l d thought that an important f a c t o r 
was the muscle at the end of the isthmus next to the s h e l l gland 
which i s somewhat s p h i n c t e r - l i k e and could shape the caudal end of 
the egg a t t h i s stage. The hen's egg remains i n t h i s part of the 
oviduct f o r about an hour whereas i t remains i n the adjacent s h e l l 
gland for about 20 hours during the f i r s t part of which the egg 
undergoes a i n c r e a s e i n volume probably due to the uptake of water 
by the albumen. 

I f the shape of the egg i s given a f i n a l adjustment while l y i n g 
i n the p e l v i c c a v i t y , t h i s must occur during or a f t e r the f i n a l 
s w e l l i n g . I t i s not c l e a r i f while i n the isthmus the e£g i s f a r 
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F i g . 1 6 . P e l v e s of P e l a g o d r o m a m a r i n a in l a t e r a l and 
d o r s a l v i e w ( A & B ) . 

P e l v e s of D i o m e d e a c a u t a & P. m a r i n a in 
c a u d a l v i e w in r e l a t i o n to t h e b r e a d t h s of t h e i r 
eggs ( C & D ) . 
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enough caudal to experience pressure from the p e l v i s but i f the 
process- i n p e t r e l s i s s i m i l a r to t ^ a t i n the domestic hen, i t c e r t a i n 
l y could be a f f e c t e d during i t s f i r s t hours i n the s h e l l gland when 
the egg i s pressed Up against the curved v e n t r a l region of the 
sacrum and between the pubes. 

F i g u r e l 6 attempts to r e l a t e the s i z e of the egg to the s i z e of 
the p e l v i s i n two examples a t the extremes of the s i z e range. I n C 
the diagram shows how the egg of an a l b a t r o s s can f i t i n t o the p e l v i c 
c a v i t y . I t i s embraced for much of i t s g i r t h by the arms of the 
pubes. That the p e l v i s may be involved i n shaping the egg seems 
f e a s i b l e here but as the egg i s symmetrical, i t would seem necessary 
t h a t i t should be r o l l e d on i t s long a x i s during the shaping process 
perhaps concurrently with the s w e l l i n g . According to Greenwood 
( 1 9 6 ^ ) the twisted chalazae are formed during r o t a t i o n of the egg 
i n the s h e l l gland* 

I n c o n t r a s t , i n the small s p e c i e s l i k e the storm-petrel figured 
i n 16 a, b and d, the egg i s so l a r g e compared with the p e l v i c 
g i r d l e that i t i s d i f f i c u l t to see how t h i s part of the skeleton 
could i n f l u e n c e the forming egg'. But while the po s t e r i o r arms of 
the p e l v i s are r e l a t i v e l y s t i f f i n s k e l e t a l preparations they are not 
so i n l i f e or i n specimens preserved i n s p i r i t . Here they are 
f l e x i b l e and r e a d i l y pressed open. Thus- they could conceivably be . 
involved i n moulding the egg even i n these small forms, though t h i s 
seems l e s s l i k e l y than i n the l a r g e ones. 

Whether the p e l v i s i s d i r e c t l y involved i n shaping the eggs of 
p e t r e l s or whether^"these have already a t t a i n e d t h e i r f i n a l shapes 
before reaching the p e l v i c c a v i t y cannot be determined on the 
present evidence. I t may be that the p e l v i s only has an e f f e c t 
with the l a r g e r s p e c i e s and that i n the small ones the i n i t i a l , 
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TABLE X I I : STANDARD WING LENGTHS (cm) AND SHELL 
THICKNESSES (mm) IN PETRELS. 
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Species 

l b 
2b 
5 
8 

11 
12 
14 
17a 
18 
19a 
20 
22a 
23b 
25 
26 
27b 
33 
36 
38a 
i f l 
l f2a 
if 3a 
^3 
49 
50 
5ifa 
57 
59b 
60 
62 
6Jfb 
66 
67a 
68e 
69b 
71c 
72 
74 
75 
76 

77 
78a 
79b 
80 
82 
83a 
8it 

Mean Wing 
Length 
61 . 6 
6 5 . 7 
5^ .7 
5O06 
i f 8 . 0 
5 3 . 7 
4 9 . 8 
3 1 . 3 
3 1 . 0 
2 6 . 4 
2 6 . 0 
3 1 . 7 
3 0 . 6 
30 .3 
3 0 , 2 
2 9 . 0 
2 6 . 2 
23 .3 
2 2 , 9 
2 1 . 6 
2 1 . 4 
19 .2 
18 .2 
20 .3 
37 .3 
5 5 . 5 
3 2 . 4 
2 9 . 2 
3 0 . 4 
2 7 . 4 
2 3 . 7 
2 0 . 9 
2 0 , 8 
1 7 . 9 
1 3 . 7 
15 .8 
1 6 . 5 
1 1 . 7 
1 2 . 1 
17 .8 
1 5 . 7 
15 .6 
15 .3 
1 4 , 4 
13 .6 
12 .3 
11 .4 

S h e l l 
Thickness 

.57 

.58 

.57 
. .50 

.42 

.48 
^ .58 

.39 

.35 
,33 
,27 
,31 
,26 
.30 
.31 
.27 
.25 
.22 
,20 
.20 
.24 
,23 
,20 
,19 

.35 

.36 
,27 
.34 
,33 
,28 
.26 
.25 
,23 
.12 
.15 
,14 
,12 
,12 

. .17 
.15 . 
,13 
.13 
.14 
,23 
,17 
.19 

S h e l l Wt. 
Egg Wt. 

7.8 
8 ,0 
8 ,9 
7 .7 
7o5 

' 7 ,9 
9.3 
8.3 
7 .5 
8 .5 
7 .2 
7 .1 
5 .9 
6 ,3 
6 ,9 
6 ,2 
6 ,6 
5.8 
5.8 
5 .9 
7 .1 
6 .7 
6 ,4 
6 ,5 
6 ,9 
7 ,5 
7 .5 
6 ,9 
7 .2 
7 .6 
7»4 
7 ,1 
7 ,5 
7 .1 
5 .5 
6 ,0 

% 

5 = 
5. 
6. 
6< 
6. 
5< 
5. 
6.3 
7 ,1 
6 .8 
6 ,5 
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9. VARIATIONS IN- S»ELL THie \ 

Schonwetter ( l o c . c i t ) l i s t e d the thicknesses of the eggshells for 
most s p e c i e s of Tubinares and i n Table X I I h i s data are given together 
with the mean female wing lengths. The l a t t e r are taken from Appendix 
A except f o r those f o r s p e c i e s 2b , Diomedea exulans chionoptera, which 
are from T i c k e l l ( i n l i t t ) . There i s a c l o s e c o r r e l a t i o n between 
s h e l l t h i c k n e s s and standard wing length ( r = +0 ,963 ; P < , 0 0 1 ) and 
when the data are p l o t t e d (Figure 17) i t w i l l be seen that they suggest 
the e x i s t e n c e of a l i n e a r r e l a t i o n s h i p between the two v a r i a b l e s , at 
l e a s t f o r s m a l l to medium-sized s p e c i e s . The points for the large 
s p e c i e s show a considerable s c a t t e r and more data would be required to 
show whether the r e l a t i o n s h i p continues to be l i n e a r at t h i s end of the 
s i z e range. On the assumption that i t i s and omitting the three 
s p e c i e s of Pelecanoides, the r e l a t i o n s h i p between the kh remaining 
s p e c i e s i s given by:-

Y = ,011 + ,01X (15) 

where Y = s h e l l t h ickness i n mm. and X = female wing length i n cm, 
A study of Figure 17 shows t h a t : -
1 , The Pelecanoides, s p e c i e s 8 2 , 83a and 8^, l i e rather away from the 
p l o t s for other p e t r e l s i n the same s i z e range. This i s a consequence 
of t h e i r unusually short wing lengths: as w i l l be shown below, t h e i r 
s h e l l t h i c k n e s s are s i m i l a r with those of other p e t r e l eggs of s i m i l a r 
s i z e , 
2o The shearwaters, P u f f i n u s , s p e c i e s 57 , 60 , 62 , 6^ ,̂ 66 , 67 and 68 , 

aire p l o t above the trend l i n e except 59 i»e» they have t h i c k e r s h e l l s 
than other p e t r e l s of s i m i l a r wing lengths. The reverse i s true of 
the gadfly p e t r e l s , Pterodroma, s p e c i e s 2 2 , 2 3 , 27 , 33 , 36 and 38 

except 25 and 26 which l i e on the l i n e : they have s l i g h t l y thinner 
s h e l l s than other p e t r e l s oif s i m i l a r wing lengths. These d i f f e r e n c e s 
are borne out by the r a t i o s of s h e l l weight to egg weight i n column k 

of the t a b l e . For Puffinus these r a t i o s range from 6 .9 to 7'3% 

whereas for Pterodroma they l i e between 5 .8 and 7 . 1 ^ . 

I t i s d i f f i c u l t to see how these d i f f e r e n c e s can be adaptive. 
B i r d s of both genera normally l a y on s o i l e i t h e r on the surface (many 
Pterodroma and some Pnffinus s p e c i e s ) or underground (many Pnffinus 
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, s p e c i e s and some Pterodromas) and s h e l l s of s i m i l a r thickness and 
t h e r e f o r e strengths would seem to be required. However, i t has been 
shown ( S e c t i o n 6 . 2 ) that shearwater eggs tend to be r a t h e r long and 
t h i n whereas gadfly p e t r e l s l a y more s p h e r i c a l eggs. Egg shape and 
s h e l l t h i c k n e s s may thus be c a u s a l l y l i n k e d . I f , for example, the 
egg i n the s h e l l gland of a shearwater experiences greater pressure 
than does the egg of a Pterodroma then the calcium secretory c e l l s may 
be s t i m u l a t e d to produce more s h e l l m a t e r i a l while the forming egg 
i t s e l f i s experiencing greater compression. Thus a t h i c k e r s h e l l 
could become, a s s o c i a t e d with a more elongate egg, A s i m i l a r reasoning 
might e x p l a i n the i n c r e a s e i n s h e l l thickness with i n c r e a s i n g s i z e 
throughout the order, as the bigger birds l a y longer eggs (Figure 11 
above). Furthermore Bourne ( i n l i t t ) points out that the shape of a 
shearwater egg might be a f f e c t e d by increased pressure generated during 
swimming a t the time of formation of the egg i n these aquatic species 
as contrasted with the s i t u a t i o n i n the more a e r i a l gadfly p e t r e l s . 

I t seems u n l i k e l y that these v a r i a t i o n s i n s h e l l thickness are 
concerned with permeability to water though they may have some e f f e c t 
on the passage of carbon dioxide and oxygen to and from the embryo. 
The shearwaters with t h e i r t h i c k e r s h e l l s l a y mostly underground where 
the humid conditions i n the 'burrows would appear to decrease moisture 
l o s s through the s h e l l pores compared with that experienced by eggs l a i d 
on the s u r f a c e . 

5, Three of the fulmars, Macronectes, Fulmarus and Daption, species 
14, 17a and 19a , show the g r e a t e s t deviations from the trend l i n e . 
T h e i r s h e l l s are unusually t h i c k . The data for T h a l a s s o i c a , species 
18 , are inadequate, being based on only one egg, Pagodroma, species 
2 0 , however, shows no divergence from the norm i n respect of s h e l l 
t h i c k n e s s . 

Fulmars are surface n e s t e r s , often l a y i n g on hard rocky ledges 
l a c k i n g s o f t nesting m a t e r i a l for cushioning t h e i r eggs, Macronectes, 
whose eggs have the t h i c k e s t s h e l l s of any p e t r e l , often nests i n 
shallow p i t s on the ground but may a l s o l a y among rocks. The value of 
a t h i c k e g g s h e l l here could be i n giving the egg greater strength, a 
requirement that i s necessary with fulmars breeding on hard substrates 
but unnecessary for other large s p e c i e s of p e t r e l s l i k e the a l b a t r o s s e s 
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as t h e i r eggs are cradled i n peat or earthen cups whose shapes make i t 
d i f f i c u l t f or the b i r d s i n a d v e r t e n t l y to apply t h e i r whole weight to 
the egg. 

There are no data on s h e l l strengths for p e t r e l s but Romanoff 
(1929) e s t a b l i s h e d a d i r e c t r e l a t i o n s h i p between breaking strength and 
s h e l l t h i c k n e s s i n the domestic hen. Furthermore he a l s o found that 
the breaking strength of the s h e l l was lower when pressure was applied 
along the short a x i s of an egg than when, applied along the long a x i s . 
Thus the elongate egg of Macronectes giganteus, shape index 63 , would 
be more e a s i l y broken than the more rounded eggs of the smaller fulmars, 
shape i n d i c e s 6 7 - 7 1, and would accordingly need greater strengthening. 

The g r e a t e r body weights of the l a r g e r species have a l s o to be 
considered here. Egg breakage i s one cause of nesting f a i l u r e and 
while some l o s s e s a r i s e through eggs r o l l i n g out of nests on steep 
h i l l s i d e s , more often the pressure that causes breakage a r i s e s through 
the b i r d s themselves. An a l b a t r o s s that a c c i d e n t a l l y allows i t s foot 
to r e s t on the egg and t r a n s f e r s i t s weight to that foot, squashes the 
egg immediately, at l e a s t i f the egg i s at an e a r l y stage of develop
ment and the v i s c o s i t y of i t s contents low. Such accidents are l i k e l y 
to a r i s e i n the c o l o n i e s during i n t r a s p e c i f i c disputes. The l a r g e r 
the s p e c i e s the greater the danger from such accidents for even i f the 
s t r e n g t h of p e t r e l s h e l l s per u n i t thickness i s not uniform throughout 
the order i t seems most u n l i k e l y that the l a r g e r birds have eggs con
s t r u c t e d of m a t e r i a l s so much stronger than the small ones as to o f f s e t 
the d i f f e r e n c e s i n body weight e,g,:-
Hydrobates p e l a g i c u s , body weight 28g ; s h e l l thickness 0,12mm, 

P u f f i n u s p u f f i n u s , body weight ^06g ; s h e l l thickness 0,28mm. 

Diomedea exulans, body weight 7270g; s h e l l thickness 0.58mm. 

I t would be u s e f u l to have f u r t h e r data for T h a l a s s o i c a and some 
for Fulmarus g l a c i a l o i d e s to see whether these c l i f f - n e s t i n g p e t r e l s 
a l s o l a y t h i c k - s h e l l e d eggs, Pagodroma a l s o nests among rocks and 
the apparent exception as regards s h e l l thickness here i s perhaps 
s u r p r i s i n g . This may be a consequence of i t s low body weight, but 
f r e s h determinations of s h e l l t hickness would seem d e s i r a b l e here. I t 
i s i n t e r e s t i n g to note that Kartaschew (I96O, c i t e d by Kuroda, I963) 
s t a t e s that the egg s h e l l s of the auk U r i a aalge are t h i c k e r i n those 
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populations nesting on rough rocky s u b s t r a t e s than i n those that nest 
on smooth rocky s u b s t r a t e s . 

Thick s h e l l e d eggs must a l s o be b e t t e r i n s u l a t e d against heat l o s s 
than t h i n s h e l l e d ones of the same s i z e , shape and composition and 
B e l o p o l ' s k i i (I96I) considered the t h i c k calcium l a y e r i n the s h e l l of 
the Northern Fulmar to be an adaptation to breeding at sub-zero temper
a t u r e s . As fulmars are p r i m a r i l y polar s p e c i e s , t h i s reasoning could 
apply g e n e r a l l y to these b i r d s , the obvious anomaly being Pagodroma 
which breeds i n colder conditions than any other fulmar, s u f f e r s con
s i d e r a b l e n e s t i n g l o s s e s through the cold (Brown, I966), and yet appears 
to have an egg s h e l l no t h i c k e r than other p e t r e l s of the same s i z e , 
Oceanites oceanicus, ( s p e c i e s 69) the most southerly breeding burrowing 
p e t r e l , a l s o l a y s an egg that i s not abnormally t h i c k - s h e l l e d ; indeed, 
l i k e most of the storm p e t r e l s , the p l o t s for s h e l l thickness i n Figure 
17 l i e below the trend l i n e , r a t h e r than above i t . 

I n Figure I 8 s h e l l t h i c k n e s s e s have been plotted against egg 
lengths and breadths for the sp e c i e s i n Table XII» I t w i l l be seen that 
the r e l a t i o n s h i p s between these v a r i a b l e s and s h e l l thickness are 
l i n e a r . The Pelecanoididae now plot i n accordance with the other 
p e t r e l s but again the fulmars, s p e c i e s 14, 17a, 18 and 19a tend to l i e 
off the trend l i n e s because of t h e i r t h i c k s h e l l s , Diomedea i r r o r a t a , 
s p e c i e s 5 , a l s o seems to l a y a t h i c k - s h e l l e d egg. Perhaps t h i s too i s 
an adaptation to counter increased r i s k of breakage for t h i s i s a ground 
n e s t i n g a l b a t r o s s which l a y s on a rocky substrate (Loomis, I 9 I 8 ) . 
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I 0 o THE CAPACITIES OF PETREL EGGS. 

The s h e l l o f an egg i s not an i n e r t c o n t a i n e r f o r the d e v e l o p i n g 
c h i c k b u t becomes i n c r e a s i n g l y permeable t o carbon d i o x i d e as i n c u 
b a t i o n proceeds and c o n t r i b u t e s c a l c i u m t o the embryo d u r i n g the o s s i 
f i c a t i o n o f c a r t i l a g e . N e v e r t h e l e s s , i n the hen, the s h e l l l oses only 
about 6^ o f i t s i n i t i a l d r y weight d u r i n g i n c u b a t i o n (Tangl and 
Hammerschlag, I908) so t h a t measurements of the cont e n t s of the egg 
seem more a p p r o p r i a t e than weights of i n t a c t eggs when comparing the 
r a t e s o f development between s p e c i e s . 

The w e i g h t s o f the egg c o n t e n t s are r e a d i l y o b t a i n e d by s u b t r a c t i o n 
of the s h e l l w e i g h t s from the t o t a l w e ights o f f r e s h eggs b u t , as has 
been p o i n t e d o u t , much o f the data on weights i s d e r i v e d from eggs t h a t 
were n o t known t o be n e w - l a i d or t h a t were t e s t e d f o r t h i s by f l o t a t i o n 
or o t h e r means» The sample means are t h e r e f o r e underestimates of the 
t r u e means f o r the p o p u l a t i o n s concernedo Egg c a p a c i t i e s or i n t e r n a l 
volumes a r e , on the o t h e r hand, r e a d i l y measured i n the l a b o r a t o r y from 
i n t a c t eggshells» T h i s has been done i n the course of the prese n t 
s t u d y f o r samples of eggs from 36 p e t r e l s pecies or sub-species by 
r u n n i n g a l c o h o l i n t o t h e i r s h e l l s from a burette» To ensure t h a t a i r 
was n o t t r a p p e d between fragments o f membrane, the egg was shaken 
v i g o r o u s l y w i t h a f i n g e r over the opening, when about two t h i r d s f u l l 
of a l c o h o l . Successive measurements of the same eggs gave readings 
n o t v a r y i n g by more than - 0 » 2 mlo 

Rather than use the means of the c a p a c i t i e s so obt a i n e d i t was 
thou g h t b e t t e r t o e s t i m a t e t h e c a p a c i t y of the h y p o t h e t i c a l mean-sized 
egg f o r each species and sub-species, i„eo o f eggs having the mean 
dimensions l i s t e d i n Appendix Ao 

The method used was t h a t o f Coulson (I965) which i s based on 
m o d i f y i n g the e q u a t i o n of an e l l i p s o i d 

V = °| or V = 0 . 5 2 3 6 b \ 

by a c o r r e c t i o n f a c t o r K which a l l o w s f o r the egg being of l e s s 
volume t h a n t h a t o f a t r u e e l l i p s o i d , i o e . 



TABLE X l l l . EGG CAPACITIES (ml). EGG WEIGHTS ( g ) . 

INCUBATION AND NESTLING PERIODS (days) IN PETRELS 

(Sample s i z e s In parentheses) 

SPECIES EGG CAPACITY EGG WEIGHT INCUBATION NESTLING INCUBATION 
PERIOD PERIOD + NESTLING 

l a . 381(48)* 430(48)* 79(5) 240(2) 319 
lb. 370(41)* 416(41) 79.3(35) 236(17) 316 
2b. 436(28)* 488(28) 78.4(163) 278(35) 356 
2c. 373(87) 420(87)* 68(1) - -
3a. 242(11) 273(11)* - - -
4. 305(43)* 343(43)* - - -
7. 226(8) 250(100) - - -
8. 261(50)* 291(100) 65.6(75) C.140 C.206 
9. 247(9) 278(9)* - - -
10. 254(14) 285(14)* 64.4(95) c. 165 C.229 
12. 219(6) 246(6)* C.65 139(2) C.204 
14. 213(80) 243(80)* 59.4(11) c. 105 c. 164 
15, 205(10)* 232(10) - 108(7) -
16. 91(13)* 103(13) 43.5(7) 51(6) 94.5 
17a. 92(3) 103(3)* 43.3(9) 47(24) 95 
19a. 56(3) 62(42) 45(47) 48.9(15) 94 
20. 42(21)* 47(21) 43.2(12) 51(7) 94 
22a. 78(4) 87(4)* 53(1) c.105;131(2) 155-184 
25. 92(3) 101(3)* C.59 102(1) C.161 
27b. 70(5) 74(89) C.51 - -
30. 5 0 ( ? ) * 56(?) C.53 - -
31b. 50(3)* 55(3)* 52.4(15) 92(32) 144 
33. 56.5(11) 61(11)* - - -
41. 31(16)* 34(16)* 46(1) - -
42a. 33(3) 37(3)* C.56 - -
43a. 28(5) 33(23) 44.8(10) 50.5(22) 95.3 
45. 24(12) 26(12)* - 50.0(139) -
57. 105(3) 116(3)* C.55 c.l05;84 139-160 
58b. 70.5(2) 79(2)* - 92(3) -
60. 88(13) 95(25) C.56 96.7(53) c. 153 
62. 77(5) 85(13) 53(24) 94(18) 147 
64b. 53(14) 58(10) 51.3(43) 69.3(53) 121 
67b. 27(11)* 29(30) 49(54) 75(41) 127 
68f. 26(10)* 28.5(10)* 54(4) 72(3) 126 
69a. 9.6(6) 10.4(6) c.40(9) 52(1) C.92 
71c. 12.3(10) 13.4(10)* C.50 57.3(40) C.107 
74. 6.0(10) 6.6(10)* 39.8(36) 62.8(32) 103 
78a. 9.2(4) 10.0(100) 41,5(7) 66.5(5) 108 
79b. 8.9(4) 9.8(4)* 42(61) 64(53) 106 
82. 22(6) 25(6)* - - -
83a. 13,5(27)* 15(27) c.56 53.7(54) c.UO 

* Corrected figure. 
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V = Oo5236 B^LK o.., (16) 

For each egg, t h e r e f o r e , the c a p a c i t y i n ml ( V ) , b r e a d t h i n cm (B) and 
l e n g t h i n cm (L) were measured and hence K was determined. The mean 
valu e s o f K f o r 36 species are g i v e n i n column 13 of Appendix A t o g e t h e r 
w i t h t h e c a p a c i t y o f t h e i r average egg. I t w i l l be n o t i c e d t h a t the 
K v a l u e s approach q u i t e c l o s e l y t o u n i t y , i . e . the eggs themselves are 
n e a r l y t r u e e l l i p s o i d s . 

The d e t e r m i n a t i o n s have been cross-checked i n v a r i o u s ways and 
c o r r e c t e d v a l u e s f o r egg wei g h t s and egg c a p a c i t i e s are shown i n Table 
X I I I . I n the f i r s t p l a c e , as t h e p e t r e l egg s i n k s when f r e s h , i t s 
c a p a c i t y must be l e s s t h a n i t s w e i g h t when f r e s h . Some o f the data 
i n Appendix A i n d i c a t e the r e v e r s e and have had t o be c o r r e c t e d . 
Secondly, on the assumption t h a t t h e s p e c i f i c g r a v i t y of the co n t e n t s 
of a f r e s h egg i s the same i n p e t r e l s as i n the hen, i . e . 1.035 

(Romanoff and Romanoff, 19^9)* the c a p a c i t i e s and weights can be c r o s s 
checked i f the s h e l l w e i g h t s are known. The l a t t e r were o b t a i n e d 
e i t h e r by d i r e c t measurement o f museum specimens or from Schonwetter 
(I96G), Then:-

Egg w e i g h t (g) = 1.035 Egg Capacity (ml) + S h e l l Weight (g) .... (17) 

T h i r d l y , t h e v a l i d i t y o f t h e c o r r e c t e d f i g u r e s was c o n f i r m e d by the 
use o f e q u a t i o n s ( 9) and (10) above:-

(9) Egg Weight = .55LB^ - 3o29 ( f o r eggs weighing more than 20g,) 

(10) Egg Weight = .53LB^ ( f o r eggs wei g h i n g l e s s than 20g.) 

The f i g u r e f i n a l l y used has been determined on the ba s i s of the 
r e l a t i v e s i z e s of the samples i n v o l v e d and on t h e i r r e l i a b i l i t y ; 
w hether, f o r example, the we i g h t s were known t o be those of new l a i d 
eggs as w i t h R ichdale's data f o r Diomedea b u l l e r i and f o r some of the 
i n f o r m a t i o n c o l l e c t e d by the w r i t e r . 

R e c a l c u l a t e d f i g u r e s are i n d i c a t e d by an a s t e r i s k i n Table X I I I 
b u t many have needed no a d j u s t m e n t . Thus f o r species 7, Diomedea 
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b u l l e r i , t h e egg we i g h t s from the measured c a p a c i t i e s are 252g as 
opposed t o a mean weig h t o f 250g-for-100 eggs measured i n the f i e l d , 
and f o r s p e c i e s 78a, Oceanodroma l e u c o r h o a , the weight c a l c u l a t e d from 
(17) i s 10.1g, from (10) l O o O g , whereas f i e l d data from 100 eggs gave 
a mean v a l u e .of l O o O g . 

The most obvious d i s c r e p a n c i e s i n the raw data l i s t e d i n Appendix 
A are those i n which egg c a p a c i t i e s are the same or g r e a t e r than egg 
weights,, Thus f o r sp e c i e s k^, P a c h y p t i l a t u r t u r , e i t h e r weight or 
c a p a c i t y must be wrong and d e s p i t e the l a r g e s i z e o f the sample i t was 
concluded t h a t p a r t - i n c u b a t e d eggs must have been presento A new 
" b e s t - e s t i m a t e " has been made from the measured c a p a c i t i e s . Species 
331 Pterodroma i n e x p e c t a t a , i s a s i m i l a r example; the new c a l c u l a t e d 
w e i g h t o f 6lg based on 11 c a p a c i t y measurements compares w i t h a f i g u r e 
o f 5805 g deduced from e q u a t i o n ( 9)o 

The d i s c r e p a n c i e s i n the data f o r species 3a» Diomedea Co ca u t a , 
seem irreconcilable» 52 egg dimensions and 11 egg c a p a c i t i e s were 
measured by the w r i t e r , the s i x egg weights coming from the l i t e r a t u r e 
or from d a t a on museum shells„ The weights are c l e a r l y too lowo They 
are l o w e r t h a n the f i g u r e c a l c u l a t e d from (9) and f u r t h e r m o r e the 
measured c a p a c i t y (2k2ml.) i s g r e a t e r than the mean weight (238g). 

However, t h e c o r r e c t e d w e i g h t based on the c a p a c i t y and a s h e l l weight 
of 23g i s 273g as a g a i n s t t h a t c a l c u l a t e d from (9) of 258g, The 6% 
d i f f e r e n c e i s excessive i n view o f the r e l a t i v e l y l a r g e samples used 
f o r d e t e r m i n i n g dimensions and capacities» I t seems l i k e l y t h a t the 
weigh t d e r i v e d from dimensions i s nearer the t r u e mean weight but on 
the data p r e s e n t l y a v a i l a b l e a r e l i a b l e e s t i m a t e does not seem t o be 
possible.. The f i g u r e s f o r t h i s species have t h e r e f o r e been o m i t t e d 
i n c a l c u l a t i n g the mean v a l u e f o r egg c a p a c i t y t o egg we i g h t below. 

For s p e c i e s 3I and 4 1 , ' l a c k i n g data on egg weights or c a p a c i t i e s 
b u t f o r which t h e r e are u s e f u l f i g u r e s on development times needed f o r 
d i s c u s s i o n i n s e c t i o n 11, the egg weights and c a p a c i t i e s have been 
c a l c u l a t e d d i r e c t l y from t h e i r mean dimensions and Schonwetter•s data 
f o r t h e w e i g h t s o f t h e i r s h e l l s . 

The c a p a c i t i e s o f the eggs of the a l b a t r o s s e s 8 and 10 c o u l d not 
be determined d i r e c t l y owing t o the l a c k of s u i t a b l e m a t e r i a l . They 
have been e s t i m a t e d from e x t e r n a l volumes g i v e n by F r i n g s (196l)o 
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He a l s o gave the egg wei g h t s l i s t e d i n Appendix A but as the eggs were 
3 and 2 weeks o l d when measured, t h e i r mean weights must have been 
lowered a c c o r d i n g l y . T h e i r c a p a c i t i e s have been c a l c u l a t e d by sub
t r a c t i n g t h e mean volumes o f t h e i r s h e l l s from t h e i r t o t a l volumes. 
I n b o t h i n s t a n c e s the s h e l l w eights are 2 2 g , and w i t h s h e l l d e n s i t y of 
2 . 0 ( t h i s b e i n g t h e mean of the data from the e g g s h e l l s o f t h r e e p e t r e l 
s p e c i e s ) , t h e i r s h e l l volumes are 11 ml. The r e s u l t i n g f i g u r e s c r o s s 
check w e l l w i t h w e i g h t s c a l c u l a t e d from e q u a t i o n (16). 

R e - c a l c u l a t e d egg wei g h t s h e l p t o e x p l a i n some of the d e v i a t i o n s 
from t r e n d l i n e s n o t e d i n p r e v i o u s s e c t i o n s . Thus i n F i g u r e 6, species 
^kt Macronectes g i g a n t e u s , would now p l o t w i t h i n the 9551̂  confidence 
l i m i t s and f o u r o t h e r species would a l s o f a l l c l o s e r t o the r e g r e s s i o n 
l i n e though one, s p e c i e s 10, would l i e f u r t h e r away. I n F i g u r e 8 , 

r e l a t i n g wing l e n g t h s t o egg w e i g h t s , the p o s i t i o n s of p e t r e l s 33, 15, 

^k and 71c l y i n g below the l i n e would be improved and i n F i g u r e 9» 

r e l a t i n g egg w e i g h t t o LB^, a l l the p o i n t s below the l i n e would be 
bro u g h t onto or c l o s e t o i t . I n Table V, the r e c a l c u l a t e d egg weight 
f o r s p e c i e s 33 would r e s u l t i n an egg weight t o LB^ value o f 
i n s t e a d o f .473i the former b e i n g much c l o s e r t o the mean value f o r a l l 
s p e c i e s . 

I t i s i n t e r e s t i n g t o note t h a t the r e c a l c u l a t e d weights f o r the 
two s m a l l p e t r e l s 71c, Pelagodroma marina and 7k, Hydrobates p e l a g i c u s 
suggest egg weig h t t o body weight r a t i o s o f 2 8 5 ^ and 2k% r e s p e c t i v e l y . 
The former i s the h i g h e s t v a l u e f o r t h i s r a t i o so f a r determined f o r a 
p e t r e l . 

F i n a l l y , the r e l a t i o n s h i p between mean egg c a p a c i t y and mean egg 
wei g h t can be c a l c u l a t e d from Table X I I I , For 37 species the mean 
v a l u e o f : -

^ ^ P f L ^ y . ^ " = 0.900 (18) 
Egg Weight i n g 

the s t a n d a r d d e v i a t i o n about the mean be i n g - 0.017. 
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11„ DEVELOPMENT RATES OF PETRELS. 

The development of a p e t r e l from zygote t o bree d i n g a d u l t takes 
c o n s i d e r a b l y l o n g e r than t h i s does w i t h most o t h e r b i r d s and the l a r g e r 
p e t r e l s t a k e l o n g e r t o reach m a t u r i t y than the s m a l l e r ones. Thus 
w h i l e t h e mean age a t f i r s t b r e e d i n g f o r the medium s i z e d species 
P u f f i n u s t e n u i r o s t r i s i s 5.3 years f o r females and 6.6 years f o r males 
( S e r v e n t y , 1967)« f o r Diomedea epomophora the females do not breed 
u n t i l about 8 years o l d and the males from 9 t o 11 years o l d ( R i c h d a l e , 
I95G; Westerskov, 1963)0 On the i n f o r m a t i o n p r e s e n t l y a v a i l a b l e the 
main e x c e p t i o n t o such l o n g p e r i o d s of i m m a t u r i t y i s Pelecanoides 
u r i n a t r i x , which R i c h d a l e (1965a) found may breed when o n l y 2 years o l d . 

The t i m e e l a p s i n g between f e r t i l i s a t i o n and egg l a y i n g i n p e t r e l s 
i s unknown. This i s p a r t l y due t o the d i f f i c u l t y of e s t a b l i s h i n g when 
e f f e c t i v e c o i t i o n occurs and p a r t l y because, i n those species t h a t 
i n d u l g e i n pre e g g - l a y i n g exoduses, c o p u l a t i o n p o s s i b l y occurs a t sea, 
the egg b e i n g d e p o s i t e d v e r y soon a f t e r the females r e t u r n t o the 
n e s t i n g ground. 

The p r e s e n t d i s c u s s i o n i s r e s t r i c t e d t o a c o n s i d e r a t i o n of the 
r a t e s o f development from egg l a y i n g up t o t h e time of the young b i r d ' s 
f i r s t f l i g h t , t h a t i s , d u r i n g the i n c u b a t i o n and n e s t l i n g p e r i o d s . 
V a r i o u s i n v e s t i g a t o r s have at t e m p t e d t o u n r a v e l the r e l a t i o n s h i p s 
between these p e r i o d s and egg w e i g h t , body w e i g h t , the food reserves of 
the egg and s i m i l a r v a r i a b l e s b ut adequate i n f o r m a t i o n on the P r o c e l -
l a r i i f o r m e s was l a c k i n g . Recent r e s e a r c h has p r o v i d e d new data 
e n a b l i n g some e a r l i e r comments o f Warham (196^) and of Lack (I967) t o 
be e l a b o r a t e d , 

11,1. I n c u b a t i o n Periods i n P e t r e l s , 

The i n c u b a t i o n p e r i o d s of b i r d s have been f r e q u e n t l y d i s c u s s e d , 
the most comprehensive c o m p i l a t i o n on the s u b j e c t being t h a t o f 
B e r g t o l d ( I 9 I 7 ) , a l t h o u g h some o f h i s data are u n s a t i s f a c t o r y by pre s e n t -
day s t a n d a r d s , H e i n r o t h (1922) discussed i m p l i c a t i o n s o f the v a r i 
a t i o n s i n i n c u b a t i o n p e r i o d s found among b i r d s and r e p t i l e s and r e 
viewed p r e v i o u s work. Needham (1963) used B e r g t o l d ' s data t o compare 
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development r a t e s o f b i r d s w i t h those of mammals. Kendeigh (19^0, 
1952, 1963), Huggins and Huggins (19^1), Skutch (19^+5), Nice (195**) are 
among those who have discussed p h y s i o l o g i c a l and e c o l o g i c a l f a c t o r s 
a f f e c t i n g i n c u b a t i o n p e r i o d s and Lack (195^, I967, and i n press) has 
a l s o d e a l t w i t h the problem and i t s s i g n i f i c a n c e t o p o p u l a t i o n 
r e g u l a t i o n . 

W i t h a c l u t c h s i z e of one the i n c u b a t i o n p e r i o d of a p e t r e l egg i s 
r e a d i l y d e f i n e d as the time e l a p s i n g between e g g - l a y i n g and the c h i c k ' s 
complete s e p a r a t i o n from i t s s h e l l where i n c u b a t i o n has been r e g u l a r 
and u n i n t e r r u p t e d ( H e i n r o t h , l o c . c i t . ) . Because many species are noc
t u r n a l when on l a n d , l a y underground and d e s e r t f r e s h eggs r a t h e r 
r e a d i l y when d i s t u r b e d , i t i s o f t e n d i f f i c u l t t o e s t a b l i s h a c c u r a t e 
l a y i n g d a t e s . This i s much e a s i e r w i t h s u r f a c e - n e s t i n g species a l t h o u g h 
Hacronectes, b e i n g r a t h e r t i m i d , i s an e x c e p t i o n here (Warham, I962) . 

An a d d i t i o n a l c o m p l i c a t i o n a r i s e s from a tendency f o r the b i r d s t o 
leave t h e i r eggs uncovered f o r one or more days be f o r e resuming i n c u 
b a t i o n . T h i s may i n c r e a s e , decrease, or have no e f f e c t on the time t o 
h a t c h i n g depending on the ambient temp e r a t u r e , the s t a t e of development 
of t h e embryo a t the t i m e , and s i m i l a r f a c t o r s . Many authors who have 
been unable t o i n s p e c t nests d a i l y make no r e f e r e n c e t o p e r i o d s d u r i n g 
which the eggs were uncovered b u t o t h e r s l i k e Roberts (19^0), Richdale 
(1965a, 1965b), Davis (1957)'and T i c k e l l (1962) do, the l a s t making a 
d i s t i n c t i o n between "apparent" and " t r u e " i n c u b a t i o n p e r i o d s i n the 
p r i o n P a c h y p t i l a d e s o l a t a . I n the c o l d environment of Signy I s l a n d 
(shade temperature 20-50°F d u r i n g the summer) where he worked, incuba
t i o n t i m e was a p p a r e n t l y inci'eased by as l o n g as the eggs were l e f t 
uncovered and w i t h o u t causing h a t c h i n g f a i l u r e . F u r t h e r s o u t h , 
Roberts (^^kQ) found t h a t eggs of Oceanites oceanicus hatched a f t e r 2 

days d i e s e r t i o n . Temporary breaks i n i n c u b a t i o n occur both among 
p e t r e l s d i s t u r b e d by man and under e n t i r e l y u n d i s t u r b e d c o n d i t i o n s 
(Wairham, 1956b) and i n s u r f a c e - n e s t e r s as w e l l as w i t h burrowers. 
S u r f a c e - n e s t e r s t h a t leave t h e i r eggs unattended, however, u s u a l l y l o s e 
them t o p r e d a t o r s . The ex c e p t i o n s here are species b r e e d i n g on 
t r o p i c a l i s l a n d s l a c k i n g s u i t a b l e p r e d a t o r s and i n c l u d e P u f f i n u s 
p a c i f i c u s and P. n a t i v i t a t i s . While the eggs of p e t r e l s o f p o l a r 
r e g i o n s l e f t uncovered may be k i l l e d by f r e e z i n g , those of t r o p i c a l 
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p e t r e l s may be k i l l e d by o v e r h e a t i n g . 
Thus i t i s v e r y d i f f i c u l t t o make c o r r e c t i o n s f o r days when eggs 

are uncovered, T i c k e l l ( l o c c i t . ) s i m p l y deducted the days d u r i n g 
which the eggs were uncovered i n a r r i v i n g a t the t r u e i n c u b a t i o n p e r i o d s 
and the same has been done i n the prese n t study t o a d j u s t the data o f 
Roberts ( 1 9 ' f O ) and Davis ( 1 9 5 7 ) t o enable meaningful comparisons t o be 
made. Other v a r i a b l e s such as the stage of development of the embryo 
a t the t i m e when the egg i s uncovered cannot be a l l o w e d f o r . This may 
be q u i t e i m p o r t a n t s i n c e w i t h d omesticated b i r d s the heat o u t p u t o f the 
embryo i s c o n s i d e r a b l e and i n c r e a s e s r a p i d l y from about h a l f way through 
the i n c u b a t i o n p e r i o d . 

The apparent i n c u b a t i o n p e r i o d s are o f t e n spread over a wide range. 
That the spread of t r u e i n c u b a t i o n p e r i o d s i s much narrower may be seen 
from the f o l l o w i n g t a b l e 

TABLE XIV THE RANGES OF THE APPARENT AND TRUE INCUBATION PERIODS 
IN PETRELS. 

( A l l times i n days: numbers of d e t e r m i n a t i o n s i n parentheses) 

Species Apparent C o r r e c t e d True Mean Coeff. A u t h o r i t y 
range range & S .D. of Var, 

l b - 7 7 - 8 1 ( 3 5 ) 7 9 . 3 - 0 . 9 9 1 o 2 5 R i c h d a l e , 1 9 5 2 . 

2 b - 7 5 - 8 2 ( 1 6 3 ) 7 8 . 4 - 1 , 1 7 1 , 4 9 T i c k e l l , i n press 
8 - 6 3 - 6 8 ( 7 5 ) 6 5 o 6 i 1 , 1 8 1 , 8 0 Rice & K e n y o n , 1 9 6 2 

1 0 - 6 2 - 6 8 ( 9 5 ) 6 4 , 4 - 1 , 0 2 1 , 5 8 Rice & K e n y o n , 1 9 6 2 

l i f - 5 8 - 6 1 ( i i ) 5 9 o 4 Warham, I 9 6 2 

2 0 - ( 1 2 ) 4 3 , 2 - 0 . 8 5 1 . 9 7 Brown, I 9 6 6 

3 1 b 5 0 - 5 6 ( 1 5 ) - - Wingate,pers,comm. 
k^a 4 2 - 5 0 ( 2 2 ) ( 1 0 ) 4 4 , 8 i 0 . 5 6 1 , 2 5 T i c k e l l , 1 9 6 2 ^ 

6 2 - 5 2 - 5 5 ( 2 4 ) S e r v e n t y , 1 9 6 ? 

Gkb ^ ^ 7 - 5 5 ( ^ 3 ) . - - H a r r i s , I 9 6 6 

Ik 3 8 - 5 0 ( 3 6 ) 3 8 - 4 2 ( 3 6 ) 3 9 . 8 - 0 , 9 1 2 . 2 9 Davis, 1 9 5 7 

These dat a i n d i c a t e t h a t the time r e q u i r e d f o r development o f the 
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embryo t o h a t c h i n g i s s p e c i e s - s p e c i f i c and t h a t i n d i v i d u a l v a r i a t i o n 
from b i r d t o b i r d w i t h i n a species i s not g r e a t . This may r e f l e c t 
c o n s t a i i c y o f i n c u b a t i o n ( a p a r t from o c c a s i o n a l temporary d e s e r t i o n s 
a l r e a d y d i s c u s s e d ) r e s u l t i n g i n the supply t o the eggs of a r a t h e r 
c o n s t a n t amount of he a t , or development processes whose r a t e s are n o t 
g r e a t l y a f f e c t e d by te m p e r a t u r e . The data i n the t a b l e do not suggest 
any d i f f e r e n c e s i n the spread of i n c u b a t i o n times between t r o p i c a l 
s p e c i e s ( 8 , 10, 31) , temperate (16, 6 2 , 7k) or p o l a r species (43a, 20) 
nor between h i g h l y m i g r a t o r y .ones l i k e 6 2 , Sk and 20 or r e l a t i v e l y 
s e d e n t a r y ones l i k e 1 4 and 31'» but more i n f o r m a t i o n i s needed. 

O c c a s i o n a l l y one of a s e r i e s o f d e t e r m i n a t i o n s of the l e n g t h s of 
i n c u b a t i o n p e r i o d s i n p e t r e l s proves t o be e x c e p t i o n a l l y s h o r t . Dunnet 
(pers.comm.) has p r o v i d e d a s e r i e s o f i n c u b a t i o n p e r i o d s f o r Fulmarus 
g l a c i a l i s . They were: 43, 47, 47, 49, 49, 50, 50, 50 and 50 days and 
he noted t h a t t h e 43 day p e r i o d was t h a t o f the b i r d t h a t was the l a s t 
t o l a y and t h a t the p e r i o d c o u l d have been s h o r t e r but c o u l d not have 
been l o n g e r . T i c k e l l (I962) d i s c u s s i n g a r a t h e r s i m i l a r i n s t a n c e w i t h 
P a c h y p t i l a d e s o l a t a p o i n t s out t h a t s h o r t i n c u b a t i o n p e r i o d s c o u l d be 
a consequence of egg r e t e n t i o n i n the o v i d u c t . 

The narrow spread o f i n c u b a t i o n p e r i o d s w i t h i n a species i s not 
u n i v e r s a l among b i r d s . I n s m a l l p a s s e r i n e s , f o r i n s t a n c e , the spread 
i s r e l a t i v e l y wide. Thus f o r the House Wren T r o g l o d y t e s aedon s t u d i e d 
by Kendeigh (1952) i t v a r i e s from I 3 - I 6 days and f o r the Song Sparrow 
Melospiza melodia 12 t o I5 days ( N i c e , l937.)o These v a r i a t i o n s occur 
w i t h b i r d s t h a t do not incubaite c o n t i n u o u s l y as do p e t r e l s . Thus 
Kendeigh ( l o c . c i t . ) showed t h a t the a t t e n t i v e p e r i o d s of House Wrens on 
t h e i r eggs numbered from 2 4 t o 79 per day, t h e degree of a t t e n t i v e n e s s 
b e i n g i n f l u e n c e d by the a i r t e m p e r a t u r e . Such d i s c o n t i n u o u s i n c u b a t i o n 
and the consequent f l u c t u a t i o n s i n egg temperature, p a r t i c u l a r l y w e l l 
shown by Huggins (1941), seems t o be one of the main reasons f o r the 
v a r i a b i l i t y o f i n c u b a t i o n p e r i o d s i n these and ot h e r s m a l l b i r d s . 

11.2, I n c u b a t i o n Periods and Egg Capacity. 

Table X I I I l i s t s the a v a i l a b l e data on mean i n c u b a t i o n p e r i o d s i n 
t h e P r o c e l l a r i i f o r m e s t o g e t h e r w i t h the sample s i z e i n each case. The 
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f i g u r e s have been c o r r e c t e d f o r i n t e r m i t t e n t i n c u b a t i o n where p o s s i b l e . 
Data f o r egg c a p a c i t i e s and egg weights c o r r e c t e d as de s c r i b e d i n 
s e c t i o n 10 are i n d i c a t e d w i t h an a s t e r i s k . 

Data f o r i n c u b a t i o n and n e s t l i n g p e r i o d s are from the f o l l o w i n g 
sources: 
l a Sorensen (1950a); l b R i c h d a l e (1952); 2b T i c k e l l ( i n p r e s s ) ; 
2c Swales ( I965); 8 & 10 Ricie & Kenyon (I962); 12 Sorensen (1950b); 

1 4 & 15 Warham ( I962); 1 6 Prevost (1958, 1964); 17a Dunnet ( p e r s , 
comm.) and F i s h e r (1952); I9a Pinder ( I966); 20 Brown ( I966); 22a 

Warham (1956); 25 Warham (19^7); 27b O l i v e r (1955); 30 Ashmole i n 
Lack ( I966); 31b Wingate (pers,comm.); 4 1 P a u l i a n (1953); 42a 

R i c h d a l e (1965b); 43a T i c k e l l (I962); 45 Richdale (1965b); 57 Rowan 
(1952) and E l l i o t t (1957); 58b Warham (1958); 60 Richdale (I963); 

62 S e r v e n t y (I967); 6 4 b H a r r i s ( I966); 67b Snow (I965) and H a r r i s 
( i n l i t t . ) ; 68f G l a u e r t (1946); 69a Roberts (1940); 7lc Richdale 

.(1965a); 74 Davis (1957); 78a Huntingdon i n Palmer (I962); 79b A l l e n 
(1962) and H a r r i s ( i n l i t t , ) ; 83a Richdale (1965a), 

I n F i g u r e I 9 mean i n c u b a t i o n - p e r i o d s are p l o t t e d a g a i n s t mean egg 
c a p a c i t y . A l l the a v a i l a b l e data are p l o t t e d but on l y those d e r i v e d 
from s e v e r a l d e t e r m i n a t i o n s are numbered. Despite the s c a t t e r t h e r e 
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 between egg c a p a c i t y and i n c u b a t i o n p e r i o d 
( r = •1-0.9370; P < ,001), 

H e i n r o t h (1922) p o i n t e d out t h a t w h i l e , w i t h i n a group, t h e r e may 
be a r e l a t i o n s h i p between the l e n g t h o f the p e r i o d o f i n c u b a t i o n and 
the s i z e o f the egg as shown by F u r b i n g e r ( I 8 8 8 ) , t h e r e are many excep
t i o n s . Thus gannets of the genus Sula, t h a t l a y eggs weighing I O 6 , 65t 

68 a n d 5 8 g,all ha t c h these i n 4 1 - 4 5 days (Nelson i n Lack, I967) . 

F i g u r e I9 shows t h a t the r e l a t i o n s h i p i s not e n t i r e l y c o n s t a n t w i t h i n 
the T u b i n a r e s , Thus species 1 6 , Fulmarus g l a c i a l o i d e s , a l t h o u g h l a y i n g 
almost e x a c t l y the same sized'eggs as 17a, F, g l a c i a l i s , has an i n c u 
b a t i o n p e r i o d a v e r a g i n g 5 days s h o r t e r than t h a t b i r d . 

The p u b l i c a t i o n o f Pre v o s t ' s d a t a f o r g l a c i a l o i d e s t h a t brought t o 
l i g h t t h i s anomaly i n i n c u b a t i o n p e r i o d s was one of the causes t h a t s et 
the p r e s e n t i n v e s t i g a t i o n i n t r a i n . Indeed, a l l the ful m a r s (14, 1 6 , 
17a, 19a and 20) have r a t h e r s h o r t i n c u b a t i o n p e r i o d s f o r eggs o f t h e i r 
r e s p e c t i v e s i z e s . T h i s i s brought out r a t h e r b e t t e r i n F i g u r e 20 
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where logarithmic axes are used and i n Figure 21 where the incubation 
periods are plotted against mean female body weight. The s i t u a t i o n of 
the fulmars i n t h i s r espect i s discussed more f u l l y i n s e c t i o n 11 .12 
below. I t i s i n t e r e s t i n g to note that another A n t a r c t i c s p e c i e s , 69a 
Oceanites oceanicus, a l s o shows evidence of having an atypica;ily short 
incubation period. Although l a y i n g an egg 60$̂  l a r g e r than that of 74, 
Hydrobates p e l a g i c u s , i t appears to have a s i m i l a r incubation period to 
that b i r d yet breeds i n much more severe c l i m a t i c conditions. However, 
the data for Oceanites are based on very small samples and included 
s e v e r a l i n s t a n c e s where incubation was interrupted (Roberts, 1940), 

Returning to Figure 19 i t w i l l be seen that s e v e r a l species show 
the r e v e r s e tendency to that of the fulmars; having longer incubation 
periods than other p e t r e l s of s i m i l a r s i z e . Most divergent are 31b 

Pterodroma h a s i t a t a cahow, 67b Puffinus I h e r m i n i e r i s u b a l a r i s and 68f 

P u f f i n u s a s s i m i l i s tunneyi. The data for the l a t t e r are not e n t i r e l y 
s a t i s f a c t o r y and there may w e l l have been some suspension of incubation. 
On the other hand a l l three are r e l a t i v e l y sedentary b i r d s , the two 
l a t t e r a t l e a s t v i s i t i n g t h e i r burrows outside the breeding season 
(Snow, 1965; Warham, 1957) . A l l three are birds of t r o p i c a l or warm 
temperate seas; one, P. I h e r m i n i e r i breeds a t about 9 monthly i n t e r v a l s 
at the Galapagos while P. a s s i m i l i s i s a winter breeder i n south-western 
A u s t r a l i a . Thus i t seems p o s s i b l e that s e l e c t i o n has favoured more 
l e i s u r e l y r a t e s of development i n these s p e c i e s compared to the other 
Puffinus s p e c i e s (62 and 64) plotted i n the f i g u r e , which are migratory. 
These show high l y synchronised patterns of egg l a y i n g and desert t h e i r 
young towards the end of the r e a r i n g period apparently i n order to 
s t a r t t h e i r p o s t - n u p t i a l breeding migration (Marshall and Serventy, 
1956; H a r r i s , I 9 6 6 ) . 

Figure 20 enables a comparison to be made with the graph drawn up 
by Worth (1940) who p l o t t e d egg volume against incubation period on 
logarithmic axes for s p e c i e s from hummingbirds to o s t r i c h e s and attemp
ted to provide e c o l o g i c a l reasons for deviations from h i s trend l i n e . 
The r e g r e s s i o n l i n e i n Figure 20 has been drawn up without using the 
data f o r the fulmars; these are i n d i c a t e d s e p a r a t e l y . From the data 
f o r the other 14 p e t r e l s i t i s found that when Y = mean egg capacity i n 
m i l l i l i t r e s and X = mean incubation period i n days then:-
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l o g Y = 6 .116 l o g X - 8.8536 o (19) 

or l o g egg c a p a c i t y i n ml = 6,116 l o g i n c u b a t i o n p e r i o d i n days - 8,8536. 

L i k e w i s e t h e r e g r e s s i o n of l o g a r i t h m of i n c u b a t i o n p e r i o d on l o g a r i t h m 
o f egg c a p a c i t y i s : 

l o g X = 0,1524 l o g Y + 1.4666 (19a) 

i . e . l o g i n c u b a t i o n p e r i o d i n days = 0,1524 l o g egg c a p a c i t y i n ml + 
1,4666. 
No sp e c i e s p l o t s more than 5 days away from the r e g r e s s i o n l i n e b ut 
c l e a r l y more dat a from a wider range o f b i r d s i s needed t o show t h a t i n 
p e t r e l s g e n e r a l l y a p a r t from the fu l m a r s a l i n e a r r e l a t i o n s h i p holds 
between these v a r i a b l e s . 

Worth's d a t a ( p a r t l y from B e r g t o l d , I 9 I 7 ) i n c l u d e d f i g u r e s f o r o n l y 
t h r e e s p e c i e s of p e t r e l and these d i s a g r e e w i t h those used i n the present 
s t u d y f o r t h e same b i r d s . N e v e r t h e l e s s , he noted t h a t a l l t h r e e were 
slow t o develop f o r the s i z e o f t h e i r eggs and t h a t they p l o t t e d w e l l 
away from h i s t r e n d l i n e . The l a t t e r does not agree w i t h t h a t i n F i g u r e 
20 which i s i n c l i n e d more s t e e p l y t o the Y a x i s than Worth's l i n e . 
T h i s d i f f e r e n c e does not a r i s e because he used egg volume r a t h e r than 
egg c a p a c i t y as has been done i n F i g u r e 20, The egg volume exceeds 
the c a p a c i t y by the volume of the s h e l l and t h i s , i n p e t r e l s , amounts 
t o about 3% t o 5^ of the egg c a p a c i t y . I f volumes were used i n s t e a d 
o f c a p a c i t y the slope of the r e g r e s s i o n l i n e i n Fi g u r e 20 would not be 
a l t e r e d s i g n i f i c a n t l y a l t h o u g h , owing t o t h e i r t h i c k s h e l l s , the fulmars 
would p l o t s l i g h t l y f u r t h e r away from the t r e n d l i n e . 

I t i s pro b a b l e t h a t had b e t t e r data been a v a i l a b l e Worth would have 
found t h a t a f a m i l y o f curves was needed t o express the r e l a t i o n s h i p s 
between egg volume and i n c u b a t i o n p e r i o d as i s shown by the graphs f o r 
egg w e i g h t a g a i n s t i n c u b a t i o n p e r i o d s f o r s e a - b i r d s presented by Lack 
( 1 9 6 7 ) , The p e t r e l s thus form a separate group when these v a r i a b l e s 
a r e compared and the penguins t o o f a i l t o p l o t near Worth's curve, being 
a l s o slow t o develop. They p l o t a l o n g a r e g r e s s i o n l i n e p a r a l l e l i n g 
t h a t o f the p e t r e l s b ut they Have s h o r t e r i n c u b a t i o n p e r i o d s r e l a t i v e 
t o the s i z e s o f t h e i r eggs. Again, as i n the p e t r e l s , one group 
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c o m p r i s i n g s p e c i e s of the genus Eudyptee stands a p a r t from the o t h e r s 
i n h a v i n g s h o r t e r i n c u b a t i o n p e r i o d s r e l a t i v e t o t h e i r egg s i z e s . 

Worth was unable t o e x p l a i n the slope of h i s curve on b i o l o g i c a l 
grounds. The slope r e l a t e s i n c r e a s e i n i n c u b a t i o n p e r i o d s per u n i t 
time t o a f o u r t h power i n c r e a s e i n egg volume. The corresponding l i n e 
f o r p e t r e l s i n F i g u r e 20 i s even stee p e r r e l a t i n g egg c a p a c i t y t o the 
s i x t h power o f the i n c u b a t i o n p e r i o d . E v i d e n t l y t h i s i s due t o a com
pound r a t e o f change between the two v a r i a b l e s but the b i o l o g i c a l b a s i s 
o f these r a t e s seems obscure. Needham (1931» 1963) had a l r e a d y con
s t r u c t e d a s i m i l a r curve based on egg weights and p o i n t e d out t h a t the 
t r e n d l i n e showed t h a t i f egg weig h t was i n c r e a s e d by one thousand times 
the i n c u b a t i o n p e r i o d i s o n l y i n c r e a s e d by about f o u r t i m e s . For 
p e t r e l s , because of the d i f f e r e n t s l o pe t o the l i n e , the comparable 
i n c r e a s e i n i n c u b a t i o n p e r i o d would be o n l y about t h r e e t i m e s . 

Worth ( l o c . c i t ) suggested a number of e c o l o g i c a l reasons t o e x p l a i n 
d e v i a t i o n s from the expected times from l a y i n g t o h a t c h i n g a c c o r d i n g t o 
egg volume. He thought t h a t f a s t r a t e s were l a r g e l y a consequence of 
s e l e c t i o n i n the face o f heavy p r e d a t i o n and he drew a t t e n t i o n t o the 
l o n g i n c u b a t i o n p e r i o d of Fulmarus g l a c i a l i s , s u g g e s t i n g t h a t t h i s would 
make an i n t e r e s t i n g s u b j e c t f o r p h y s i o l o g i c a l s t u d y . 

Huggins and Huggins ( 1941) , r e v i e w i n g p r e v i o u s work, agreed t h a t 
t h e r e was a p o s i t i v e c o r r e l a t i o n between egg weight or egg volume and 
i n c u b a t i o n p e r i o d s . They p o i n t e d out some of the d e f i c i e n c i e s i n 
p r e v i o u s s t u d i e s and suggested t h a t the c o n s i d e r a b l e v a r i a t i o n found i n 
i n c u b a t i o n p e r i o d s f o r eggs of s i m i l a r s i z e s l a i d by d i f f e r e n t species 
were most l i k e l y due t o the inadequacies i n the data r a t h e r than b e i n g 
the r e s u l t o f a d a p t i v e responses t o e c o l o g i c a l f a c t o r s . 

The p r e s e n t work c o n f i r m s t h a t the c o r r e l a t i o n s h i p between i n c u 
b a t i o n p e r i o d and egg s i z e a p p l i e s a l s o i n p e t r e l s , w i t h the fulmars 
d e v i a t i n g f u r t h e s t from the g e n e r a l t r e n d . What i s not c l e a r i s 
whether the f u l m a r s have r e t a i n e d a p r i m i t i v e p a t t e r n of s h o r t incuba
t i o n p e r i o d s and have been a b l e t o c o l o n i s e the p o l a r r e g i o n s because 
o f t h i s p r e - a d a p t a t i o n w h i l e o t h e r p e t r e l s have evolved l o n g e r incuba
t i o n p e r i o d s as they came t o c o l o n i s e temperate and t r o p i c a l seas 
(perhaps i n t h e face o f a l e s s p l e n t i f u l food s u p p l y ) ; or whether the 
o r i g i n a l p e t r e l s had l o n g i n c u b a t i o n p e r i o d s and the f u l m a r s were able 
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t o adapt t o t h e p o l a r c o n d i t i o n s o f s h o r t b r e e d i n g seasons but w i t h 
l o n g day l e n g t h s by speeding up t h e i r r a t e s o f development. 

The l a t t e r a l t e r n a t i v e seems^the more p r o b a b l e . That l o n g i n c u 
b a t i o n p e r i o d s are p r i m i t i v e as proposed by H e i n r o t h ( l o c c i t , ) seems 
r a t h e r l i k e l y i n view o f the l o n g p e r i o d s i n v o l v e d i n the development 
o f r e p t i l e s and the t r e n d f o r more advanced b i r d groups t o s h o r t e n 
i n c u b a t i o n p e r i o d s . Maybe the f u l m a r s r e p r e s e n t a r e l a t i v e l y r e c e n t 
development i n the P r o c e l l a r i i i i a e and are s t i l l e v o l v i n g more r a p i d l y 
t h a n o t h e r p e t r e l s . These are the b i r d s t h a t most o f t e n prove t o be 
ex c e p t i o n s t o g e n e r a l r u l e s r e l a t i n g v a r i a b l e s l i k e wing l e n g t h t o body 
w e i g h t , body s i z e , s h e l l t h i c k n e s s and so on, w h i l e the o n l y P r o c e l l a r i -
i f o r m b i r d known t o be expanding i t s range d r a m a t i c a l l y i n r e c e n t times 
i s the N o r t h e r n Fulmar ( F i s h e r , 1952, I966) . 

11 ,3° I n c u b a t i o n Periods and Body S i z e , 

11,3.1, I n c u b a t i o n Periods and Female Body Weights, 

L a r g e r p e t r e l s l a y l a r g e r eggs which take l o n g e r t o develop t o 
h a t c h i n g t h a n those of s m a l l e r p e t r e l s , ' The c o r r e l a t i o n between mean 
female body w e i g h t and mean i n c u b a t i o n p e r i o d f o r I5 n o n - f u l m a r i n e 
species i s h i g h l y s i g n i f i c a n t ( r = +0,9586 and P <,001) and the data 
are p l o t t e d on l o g a r i t h m i c axes i n F i g u r e 21, 

T h i s f i g u r e a g a i n . b r i n g s but the s p e c i a l p o s i t i o n o f the f u l m a r s -
Macronectes ( 1 4 ) , F, g l a c i a l i s ( I7) and F. g l a c i a l o i d e s (16) , Daption 
(19) and Pagodroma (20) , The r e g r e s s i o n of body weight i n grams (Y) 
on i n c u b a t i o n p e r i o d i n days (X) f o r the I5 n o n - f u l m a r i n e species i s 
g i v e n by:-

l o g Y = 8,0496 log-X ^ 11.3270 , , , (20) 

or l o g body wei g h t i n g = 8,0496 l o g i n c u b a t i o n p e r i o d i n days -
11.3270, L i k e w i s e the r e g r e s s i o n of X on Y from the same data i s : -

l o g X = 0,1141 l o g Y + 1.4325 (20a) 
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or l o g incubation period i n days = 0.11^^1 l o g body weight i n g + 1.if325. 
Allowance can be made f o r the f a c t o r of weight by considering the 

v a r i a t i o n s i n incubation time per u n i t weight of ad u l t . The r e l a t i o n 
ship between th a t v a r i a b l e and female adult weight i s shown i n Figure 
22 which i s based on columns2.on^ k of the f o l l o w i n g t a b l e : -

TABLE XV DEVELOPMENT RATES TO BIRTH OF PETRELS. 

Species Body Wt. 
(kg) 

Inc. Period 
(days) 

Incubation 
time/kg of 
adult (days) 

B i r t h Wt. 
(g) 

l a 7.801 79 9.9 
l b - 79.6 - . 300 
2b 7.270 78.4 9.3 3 4 0 

8 2.934 65.6 22,4 160 
10 2.852 6 4 , 4 22.6 150 

k,^^k 39'k 1 4 . 4 215 
16 0.741 43.5 58.7 72* 
17a 0,699 4 8 . 3 69.1 76 
19a 0.407 45.0 111 45 
20 0 . 2 4 4 43.2 177 33* 
31b 0.344 52.4 152 38* 
k^ 0.181 4 6 256 2 4 * 

43a 0.153 44.8 . 293 23 
62 0.635 53 .83 59* 
6 4 b 0.406 51.3 126 45 
.67b 0.168 49 292 21* 
68f . 0.116 54 4 6 6 2 4 * . 

7k 0.028 39»8 1 4 2 1 5 
, -78a 0 o 0 4 8 4 1 . 5 865 7* 

79b 0 . 0 4 4 4 1 . 8 950 7.5 ^ 

• Calculated value 

This f i g u r e brings out the di f f e r e n c e i n development rates between 
small and large p e t r e l s as measured by the times to produce u n i t weight: 



100 

1 10 100 1000 10000 
I N C U B A T I O N ( G E S T A T I O N P E R 1 0 D / K I L O O F A D U L T I N D A Y S 

Fig.22. A D U L T W E I G H T v. D E V E L O P M E N T T I M E TO B I R T H P E R 
K I L O OF ADULT IN P E T R E L S & P L A C E N T A L S . 



85. 

i t takes f a r lottg^er- for-a stGrm-petrei to produce unit weight of storm-
p e t r e l than- f o r arr aibartrosB-to produce u n i t weight of a l b a t r o s s . Unit 
weight of the- two animffls are not of course equivalent^ untt-' weight of 
the s m a l l e r species- includiTrg-a -greater- d i T e r s i t y o f ' t i s s u e s and organs 
- more d i f feTent±at±-on '- than u n i t weigiit 'of - t i i e l a r g e r - s p e c i e s and 
presumably t h i s diifference i s mainly responsible for the longer time 
needed by s m a l l p e t r e l s to produce u n i t weight. 

This method of p l o t t i n g the data follows Needham (I963) who worked 
on the g e s t a t i o n periods of pl a c e n t a l mammals. His data were exten
sive and ranged over s i x orders of magnitude from mice to elephants and 
although there was a good deal of s c a t t e r , a l i n e a r r e l a t i o n s h i p held 
when the data were p l o t t e d on logarithmic axes. His regression l i n e 
has been dotted i n on Figure 22 and i t w i l l be seen that the two l i n e s 
have s i m i l a r slopes but t h a t they i n t e r s e c t at a point representing a 
body weight of about 5OO grams. On these data, a p e t r e l and a placen
t a l weighing about 5OO grams w i l l produce u n i t weight of b i r d or mammal 
at the same r a t e . Within the size range of the p e t r e l s , large ones 
produce u n i t weight more q u i c k l y than do s i m i l a r sized mammals whereas 
p e t r e l s below about 5OO grams body weight take longer to produce u n i t 
weight than do p l a c e n t a l mammals of equivalent s i z e , 

11,3.2 Incubation Periods and B i r t h Weights, 

The r e l a t i o n s h i p between incubation period and body size can also 
be i n v e s t i g a t e d by comparing b i r t h weights and incubation periods. 
These are given i n Table XV and p l o t t e d i n Figure 25 which shows, not 
only the data f o r p e t r e l s , but also s i m i l a r curves drawn up by Needham 
( l o c o c i t , ) f o r bi r d s (using Bergtold's data) and f o r mammalian b i r t h 
weights and ge s t a t i o n periods using data from Przibram (I927) and 

i 
o thers. B i r t h weights f o r p e t r e l s have been taken from Brown (I966); 
Davis, 1957)5 H a r r i s , (I966); Rice and Kenyon, (I962); Eichdale, 
(I952, ^^6k)', Roberts- (19^0) and Warham, (1962), Hatching weights 
f o r other species have been estimated by taking 7051̂  of the mean value 
f o r f r e s h egg weight as t h i s was found to be the average value f o r 
hatching weights f o r the eleven species whose b i r t h weights have been 
recorded, Needham's b i r t h weights f o r bir d s were calculated as 7% 
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of the, f r e s h egg weight. 
Needham's curves f o r birds and placentals substantiate his con-

elusion t h a t (a) the time t o make a given weight of b i r d i s always less 
than t h a t required t o make a given weight of mammal and (b) that the 
prolongation of the incubation time caused by r a i s i n g the hatching 
weight a given amount i s less than the prolongation of the gestation 
time caused by r a i s i n g the b i r t h weight by the same amount. The l a t t e r 
holds too f o r p e t r e l s but Figure 23 shows that i n other respects these 
bir d s stand.in a rather d i f f e r e n t r e l a t i o n s h i p to the mammals f o r 

i . Placental mammals and p e t r e l s of b i r t h weights 30 to 40 
grams take about the same time (c , 50 days) from conception 
to b i r t h so t h a t the time to make u n i t weight of e i t h e r 
animal i s about the same, 

i i . Petrels w i t h b i r t h weights greater than 40 grams take less 
time from conception t o b i r t h than do mammals of equivalent 
b i r t h weights, 

i i i . P e trels w i t h b i r t h weights below about 30 grams take longer 
to develop to hatching than s i m i l a r sized placentals do to 
develop to b i r t h . They take longer to make u n i t weight of 
b i r d than do mammals of the same size - the reverse s i t u a t i o n 
to Needham's fi n d i n g s f o r birds as a whole, 

ivo Judging by Bergtold's data, p e t r e l s take about twice as long 
to reach a given hatching weight as do the members of other 
b i r d orders. 

As has already been pointed out Bergtold's data were not e n t i r e l y 
r e l i a b l e and the curve that Needham drew represents a s i m p l i f i c a t i o n of 
the true p o s i t i o n , A series of curves i s needed, as drawn by Lack 
(1967) f o r sea-birds. Nevertheless, b e t t e r data seem u n l i k e l y to 
upset the above conclusions and although the Casuaritformes, the Mega-
podiidae ( F r i t h , 1959) and the Fregatidae (Nelson, I967) also have very 
long incubation periods, p e t r e l s develop more slowly f o r t h e i r size 
than any other group of bird s and i t would be i n t e r e s t i n g to be able to 
extend the comparison to include the monotremes and r e p t i l e s , but t h i s 
has not been possible i n the present study. 
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11,3.3, Incubation Periods and Female Wing Lengths, 

As i t has been shown tha t female wing lengths may be used as a 
measure of female body weights i n p e t r e l s , wing lengths also bear a 
r e l a t i o n s h i p to incubation periods s i m i l a r t o that borne by body weight. 
The measurement used i s the cube of the wing length i n decimetres, 

" 3 
When incubation period and (mean female wing length) are p l o t t e d loga
r i t h m i c a l l y the r e s u l t i s a curve s i m i l a r to that of Figures 20 and 21, 

The fulmars and the two small shearwaters 67b and 68f again l i e to 
e i t h e r side of the l i n e whose equation i s s -

log Y = 7,1651 log X - 11.1220 (21) 

where Y = (mean female wing length i n decimetres)^ and X = incubation 
period i n days, 

and l o g X = 0,125 log Y + 1 ,569̂ + , (21a) 

or l o g incubation period i n days = 0.125 log (mean female wing length 
i n decimetres)^ + 1.569^, 

These equations are both derived from the data f o r the H non-
fulmarine species and f o r a l l I9 species the c o r r e l a t i o n between log 
incubation period and log (mean female wing l e n g t h ) ^ i s high, 
r = +0.813 and P < ,001, 

11,4, Possible mechanisms f o r a l t e r i n g incubation periods. 

I f n a t u r a l s e l e c t i o n has operated on the lengths of incubation 
periods i n p e t r e l s , by what means have these changes been effected? 
There are several p o s s i b i l i t i e s : 

i . Increase rates of c e l l d i v i s i o n or increase c e l l s i z e , 
i i . Produce smaller eggs while r e t a i n i n g the same body size: 

such eggs w i l l then take less time to develop to the 
hatching stage. 

i i i . Produce eggs of the same size but w i t h reduced yolks so that 
hatching must take place sooner than formerly. 
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i v . Produce eggs w i t h the same sized yolks but hatch the chick 
at an e a r l i e r stage and carrying l a r g e r yolk reserves i n the 
yolk sac. 

V. Retain the egg i n the body c a v i t y before l a y i n g , 
v i . Increase the temperature of the egg during incubation. 
Whether the rates of c e l l d i v i s i o n or the sizes of the c e l l s them

selves have been increased i n fulmars i s not known. The only data 
relevant to t h i s aspect appear t o be those of Byerly, Helsel and Quinn 
(1938) - c i t e d i n Worth (1940)- - which suggest that between d i f f e r e n t 
breeds of hens and ducks the rates of c e l l d i v i s i o n i n the eggs are the 
same but the sizes of the c e l l s vary from species to species so that 
the d i f f e r e n t breeds have d i f f e r e n t incubation periods. Worth (loc.cit.) 
however, states t h a t i n the evo l u t i o n of the domestic fowl a bigger egg 
has been evolved without a concomitant increase i n the incubation period. 

Fulmars do not seem to have shortened t h e i r incubation periods by 
the device of producing smaller eggs. Apart from Macronectes, which 
may perhaps lay a smaller egg than normal f o r a b i r d of i t s size (point 
14 i n Figure 6 ) , the remaining fulmars, i n c l u d i n g those that have the 
sh o r t e s t incubation periods, l a y eggs t h a t are quite t y p i c a l as regards 
weights and dimensions (points 16, 19a and 20 i n Figures 6 and 10), 

Furthermore, as already emphasised, the low p l o t f o r Macronectes i n 
Figure 6 may be a consequence of inadequate data on body weight. 

I f eggs were hatched at a less advanced stage of embryonic develop
ment than customary among other p e t r e l s i n order t o shorten incubation 
periods an increase i n n e s t l i n g period would be expected unless the 
chicks also l e f t f o r the sea i n a less advanced state or compensation 
occurred during t h a t period i n the form of accelerated development. 
There i s l i t t l e evidence that p e t r e l chicks ever fledge prematurely 
except f o r the example given by B e l o p o l ' s k i i (section 11,12 below) but 
i t seems qui t e possible that some p e t r e l s are born at a less advanced 
stage than others. This i s indi c a t e d by the way that a l l the surface 
nesters, the fulmars included, guard t h e i r young f o r f a r longer than 
the two or three days customary among the burrowing forms and by other 
evidence discussed i n section 11,6, Some compensation may also occur 
as among fulmars both incubation and n e s t l i n g periods are short 
(11,12) . 
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Egg r e t e n t i o n i n the body c a v i t y before l a y i n g would c l e a r l y 
shorten the apparent incubation period. I t i s now known that i n at 
le a s t s i x p e t r e l s e i t h e r the females or both sexes remain at sea u n t i l 
s h o r t l y before l a y i n g (Warham, 1964) and egg r e t e n t i o n might be feasible 
without impairing the adul t s ' feeding a b i l i t y , p a r t i c u l a r l y i n food-
r i c h areas l i k e the Southern Ocean, Cuckoos are w e l l known f o r t h e i r 
a b i l i t y t o delay egg l a y i n g (Stresemann, 1927-3^; Liversidge, 1961) 
but whether such a device i s used by fulmars i s unknown. I t i s perhaps 
relevant here to note the f i n d i n g s of Brody and Henderson (1927, i n 
Brody, 19^5) t h a t , w i t h the domestic f o w l , increase i n temperature of 
the egg such as would occur i f i t were retained i n the s h e l l gland has 
the greatest e f f e c t on embryo development when occurring at an early 
stage. The a t y p i c a l l y short period of 43 days f o r a Northern Fulmar 
mentioned previously may also be noted. An examination of the embryos 
of new l a i d fulmar eggs f o r comparison w i t h those of other p e t r e l s 
would r e a d i l y resolve t h i s matter but such eggs have not been available 
t o me i n the course of the present study, 

11,5. Egg and Body Temperatures I n Petrels. 

As d i f f e r e n t i a t i o n and development involve many chemical processes 
d i f f e r e n c e s i n egg temperatures w i l l a f f e c t development r a t e s , at least 
w i t h i n l i m i t s , and Bergtold (1917) suggested that the body temperature 
of the parent b i r d was the most important f a c t o r c o n t r o l l i n g incubation 
time. He attempted t o show that large b i r d s have lower body temper
atures than small ones and that members of the more hig h l y evolved 
groups have higher body temperatures than those belonging to more p r i 
m i t i v e groups. Kendeigh (19^0), who used rates of gaseous exchange of 
the eggs to measure rates of growth of t h e i r embryos, also i n v e s t i g a 
ted the e f f e c t s of temperature on the development of the House Wren, 
He also thought t h a t i n t e r - s p e c i f i c differences i n incubation temper
atures might a f f e c t the lengths of t h e i r incubation periods even 
though the d i f f e r e n t species might be adjusted to p a r t i c u l a r incubation 
temperatures, 

Huggins ( I94I ) determined the egg temperatures of 37 species 
belonging t o 11 orders of b i r d s . The data were obtained under n a t u r a l 
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conditions and no s i g n i f i c a n t differences were found i n the average 
temperatures from order t o orders The mean f i g u r e of 34^0°C had a 
standard d e v i a t i o n of 2,28°C, He concluded that there could be 
l i t t l e d i f f e r e n c e i n the average body temperatures of the incubating 
b i r d s and tha t other f a c t o r s must c o n t r o l the lengths of the incuba
t i o n periods, I r v i n g and Krog (1956) found no s i g n i f i c a n t difference 
i n egg temperatures among 7 species of A r c t i c birds from those deter
mined by Huggins and they noted the low v a r i a b i l i t y i n r e s t i n g body 
temperature among the 29 Alaskan birds they studied. Neither they 
nor Huggins had data f o r p e t r e l s but re c e n t l y some members of t h i s 
order have been examined and consideration of t h e i r egg and body tem
peratures seems appropriate. 

Unfortunately there i s l i t t l e q u a n t i t a t i v e data on the e f f e c t s of 
d i f f e r i n g temperature regimes on incubation periods and none f o r 
p e t r e l s . Kendeigh (1940) calculated that f o r a House Wren whose eggs 
are normally hatched at 35°C i n 13 days, the incubation period at 
32.2°C and 37.8°C would be 18 and 10 days resp e c t i v e l y ; that i s , a 
f a l l and r i s e of 2.8°C would lead to a l t e r a t i o n s of +kC^ and -23^ i n 
incubation period. F r i t h ( i n Nice, I962) provides an example of the 
e f f e c t of temperature on incubation i n the megapoce Leipoa o c e l l a t a 
whose eggs are l a i d i n a mound of decaying vegetation. They hatched 
i n summer a f t e r about 57 days at 33°C, took up to 90 days i n l a t e 
autumn but i n an incubator at 37.7°C hatched i n 44 days, though pre
maturely and wit h t h e i r yolk sacs s t i l l attached. F r i t h (1959) 

ascribed such differences i n incubation periods to the differences i n 
temperature l e v e l s w i t h i n the mounds. These data from two very d i s 
s i m i l a r species suggest that quite small changes i n egg temperature 
may r e s u l t i n s u b s t a n t i a l changes i n incubation periods. 

The a v a i l a b l e data f o r p e t r e l s are given i n Table XVI, The 
fi g u r e s used are as f a r as possible those of birds that were incuba
t i n g or otherwise reasonably i n a c t i v e . 
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Species Body Temp. Egg Temp. Reference 

2 

7 
D.exulans 
D . b u l l e r i 

8 D.nigripes 

39.6 (11) 

39.5 (3) 
38.1 (10) 36,4 

D.immutabilis 37.5 (10) 36.0 10 
16 F.glacialoides 38,8 (23) 29.3 (4) 

19a D.capensis 39.1 (29) 29.6 (10) 

20 P.nivea 38.7 (26) 26.0 (9) 
38a P.hypoleuca 38.2 (10) 

49 B.bulweria 37 .8 (10) 

43a P.desolata 38.6 (43) 

45 P . t u r t u r 39.9 (28) 

59b P.pacificus 39 .5 d D 34.3 (10) 

62 P . t e n u i r o s t r i s 40.9 (37) 
P . n a t i v i t a t i s 38.1 (10) 

64a P.puffinus 37 .0 (4) 
69a O.oceanicus 38.8 (10) 
78a O.leucorhoa 37-2 (14) 22.5 (9) 

Eydoux & Souleyet, I838. 

Warham, unpublished. 
Howell & Bartholomew, 

1961a. 
I I n 

Etchecopar & Prevost, 
1954; Prevost, 1964, 

Prevost. 1964. 

i b i d . 
Udvardy, I963. 

I I 

T i c k e l l , 1962. 

Earner, 1956. 
Howell & Bartholomew, 

1961b. 
Earner & Serventy, 1959. 
Howell & Bartholomew, 

1961b. 

I I I I 

Roberts, 1940. 

Folk, 1951. 

I n discussing e a r l y work on body temperatures Simpson (I912) 

pointed out that determinations made on birds dragged on board at the 
end of f i s h i n g l i n e s were l i k e l y t o be abnormal because protracted 
struggles involve heat production. Nonetheless, the data obtained by 
these methods do not show any marked r i s e compared w i t h those i n Table 
XVI. Thus two specimens of P r o c e l l a r i a a e q u i n o c t i a l i s had r e c t a l 
temperatures of 40.8 and 39.7°C, f i v e of Daption capensis averaged 
40.7°C, two of P r o c e l l a r i a cinerea 39.6°C, two of Macronectes 39.7°C, 
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while 9 specimens of Diomedea exulans and D, chlororhynchos had mean 
temperatures of 40,7°G. A sin g l e specimen of Hydrobates pelagicus 
th a t a l i g h t e d on the deck of a ship was found by Simpson to have a 
cloac a l temperature of 39.8°C. Folk (1949, 1951), Earner (1956), and 
Farner and Serventy (1959) have shown that there i s a s i g n i f i c a n t 
d i f f e r e n c e i n the body temperatures of p e t r e l s that are incubiating and 
those on the surface s h o r t l y a f t e r a r r i v a l or s h o r t l y before t h e i r 
departure i n the e a r l y morning. Incubating birds have lower temper
atures than a c t i v e ones and i t i s the temperature of the i n a c t i v e b i r d 
t h a t w i l l be closest t o tha t of the incubated egg. 

An analysis of the body temperatures given i n Table XVI suggests 
th a t p e t r e l s have s i g n i f i c a n t l y lower body temperatures than other 
b i r d s f o r which data are a v a i l a b l e . Indeed, the only other b i r d group 
to show lower body temperatures than the p e t r e l s are penguins of which 
the four species l i s t e d by King and Farner ( I 9 6 I ) have body temperatures 
ranging from 37»7 t o 38,1°C. These birds also have long incubation 
periods. 

The mean body temperature w i t h standard error of the 17 species of 
p e t r e l l i s t e d i n Table XVI i s 38,65 - 0,2425°C (A) 
and the sample means have a normal d i s t r i b u t i o n about that f i g u r e . 

The mean temperature w i t h standard e r r o r of the 28 species of 
non - P r o e e l l a r i i f o r m b i r d s l i s t e d i n King and Earner's Table V I I I i s 
40.02 i 0.1313°C (B) 

The mean temperature w i t h standard e r r o r of the 70 species of 
non - P r o c e l l a r i i f o r m b i r d s l i s t e d i n King and Earner's Table IX i s 
41.25 - 0,1410°C , (C) 

I f A and B are compared the difference between the means i s 
i , 37°C and the standard e r r o r of the difference i s G,2758°C, This 
d i f f e r e n c e i s thus h i g h l y s i g n i f i c a n t , P < ,001, Likewise i f A and C 
are compared, the di f f e r e n c e between the means i f 2,60°C while the 
standard e r r o r of the dif f e r e n c e i s 0,28o6°C, and here again the mean 
temperatures are s i g n i f i c a n t l y d i f f e r e n t w i t h P •< ,001. 

On t h i s evidence t h e r e f o r e , i t seems that p e t r e l s do have lower 
body temperatures when a t re s t than other birds apart from penguins 
and f o r both these groups of sea-birds Bergtold's hypothesis, that body 
temperature i s an important f a c t o r c o n t r o l l i n g incubation periods, 
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seems to require f u r t h e r i n v e s t i g a t i o n , Nice (1962) using data from 
fewer species than given i n Table XVI also commented on the association 
of p r o t r a c t e d incubation periods w i t h low body temperatures i n pe t r e l s 
while Brown-Sequard (1854) had long before drawn a t t e n t i o n to body 
temperatures of p e t r e l s captured o f f the Cape of Good Hope which he 
thought s u r p r i s i n g l y low i n view of t h e i r a c t i v e habits. 

Few determinations of the temperatures at which p e t r e l s ' eggs are 
incubated have been obtained. Determinations reported by Etchecopar 
and Prevost (1954); Prevost (1964) and Folk (1949, 1951) suggest that 
the egg temperatures of p e t r e l s may be considerably lower than those of 
the species studied by Huggins ( l o c c i t , ) . With Prevost's b i r d s , a l l 
A n t a r c t i c species, the ranges of egg temperatures were wide - 21,4 -

31.6°C f o r Pagodroma; 22.9 - 33.6°C f o r Daption and 27,2 - 33.0°C f o r 
Fulmarus g l a c i a l o i d e s . These were much greater than the ranges of 
the body temperatures and suggest that the eggs were g e t t i n g cooled, 
perhaps as a r e s u l t of human i n t e r f e r e n c e , s h o r t l y before measurements 
were taken. The ambient temperatures were s l i g h t l y below zero and the 
wind strengths about 6 to 8 metres per second so that cooling e f f e c t s 
could have been h i g h l y important and, i n conjunction w i t h d i f f i c u l t 
f i e l d c o n d i t i o n s , may explain the v a r i a t i o n s and low figures obtained. 

I t seems probable therefore t h a t the true egg temperatures f o r 
these three species when undisturbed were closer to the maxima recorded 
by the French workers. This b e l i e f i s reinforced by the data on the 
albatrosses Diomedea ni g r i p e s and D, immutabilis and the shearwater 
Puffinus p a c i f i c u s given by Howell and Bartholomew (1961a; 1961b) who 
found t h a t egg temperatures were not s i g n i f i c a n t l y d i f f e r e n t from those 
of the incubation patches. The ambient temperatures under cloudy 
skies were about 21°C when the measurements were made so that cooling 
e f f e c t s would have been much less important here. Furthermore, the 
t r o p i c a l species studied by Howell and Bartholomew may have been more 
accustomed t o the near approach of human observers and therefore less 
prone t o l i f t from t h e i r eggs than Etchecopar and Prevost's b i r d s . 

I f egg temperatures of the order given by Folk and Etchecopar and 
Prevost are r e a l l y t y p i c a l of p e t r e l s then the whole question of the 
temperature range w i t h i n which p e t r e l eggs develop c a l l s f o r i n v e s t i 
g a t i o n . These egg temperatures are close t o the p h y s i o l o g i c a l zero 
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f o r the domestic hen of 26,7°C given by Funk and B i e l l i e r (1944) 

Such low temperatures, i f not a r t i f a c t s , would make the abbreviated 
incubation periods of the southern fulmars even more remarkable. I n 
discussing h i s r e s u l t s Folk (1951) pointed out that they helped to 
explain the long incubation periods he found f o r Oceanodroma leucorhoa. 

Data on the A n t a r c t i c Skua Stercorarius skua maccormicki, a b i r d 
t h a t also incubates at low ambient temperatures, are perhaps relevant 
here. The birds had a mean body temperature of 4l,2°C and t h e i r eggs 
a mean temperature of 35«9°C at Wilkes S t a t i o n , A n t a r c t i c a , That i s , 
the eggs were only about 5''3°C below th a t of the body temperature of 
the incubating b i r d (Eklund and Charlton, 1958), 

The range i n temperature of the skua eggs was quite wide, some 
16,5°C, which the authors ascribed t o the frequent changes of the 
adults on the eggs, i . e , to cooling by the ambient a i r . The range of 
temperature i s less than that found by Etchecopar and Prevost, the 
di f f e r e n c e perhaps r e f l e c t i n g i n part the more severe c l i m a t i c con
d i t i o n s a t Point Geologie than at Wilkes, 

Embryos developing w i t h i n an egg and w i t h i n a placenta c l e a r l y 
have many features i n common but i t i s nevertheless rather s u r p r i s i n g 
to f i n d animals as d i s s i m i l a r as mammals and pe t r e l s having such 
s i m i l a r w e i g h t - s p e c i f i c development rates i n the period before b i r t h . 
However Nice ( I962) , who compared the development of behaviour i n the 
Song Sparrow w i t h t h a t of the domestic mouse, found many correspondences 
i n the lengths of the stages through which both progressed t o indepen
dence. Again, the s i m i l a r i t i e s and differences i n the r e l a t i o n s h i p s 
between metabolic rates of passerine and non-passerine bir d s and of 
mammals (the curve of body weight t o standard metabolic rate on loga
r i t h m i c axes f o r non-passerines clos e l y approximates that of mammals) 
also suggest that the r e l a t i o n s h i p s between these variables are fun
damentally s i m i l a r i n the two animal classes (Brody, 1945; Lasiewski 
and Dawson, I967) , That an albatross has a f a s t e r rate of development 
than a p l a c e n t a l of s i m i l a r size may be a response to the r e s t r i c t i o n s 
of the c l e i d o i c egg and p a r t i c u l a r l y to the b i r d embryo's i n a b i l i t y to 
eli m i n a t e waste products which are excreted i n the mammal through the 
maternal kidneys, as Needham ( l o c . c i t , ) suggested f o r birds i n general. 

I t might appear that the r e l a t i v e l y low body temperatures of 
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placentals and p e t r e l s compared w i t h those of higher b i r d groups could 
account f o r some of the s i m i l a r i t i e s seen i n Figures 22 and 23. 
P e t r e l s , w i t h a mean r e s t i n g body temperature of 38,6°C, compare with 
the mean value of 37,8°C given by Morrison and Ryser (1952) f o r 56 
species of p l a c e n t a l mammals and 4l,2°C f o r 70 species of birds (King 
and Earner, I 9 6 I ) , Placentals thus approach more nearly to pe t r e l s 
i n t h e i r body temperatures so t h a t i t seems possible that body temper
ature c o n t r o l l i n g the temperatures of homologous chemical processes i n 
the embryo mammal and p e t r e l , could be an important f a c t o r i n deter
mining t h e i r developmental r a t e s . Nevertheless the data do not enable 
a c l e a r - c u t conclusion to be drawn. I n the f i r s t place, while the 
body temperatures of the two groups are rather s i m i l a r suggesting a 
d i f f e r e n c e i n r e s t i n g metabolism of only about 10% (Rodbard, 1950), 
the temperatures of t h e i r embryos may be rather d i f f e r e n t f o r whereas 
the mammalian ones are jacketed at a constant temperature w i t h i n the 
maternal body the p e t r e l embryos l i e e x t e r n a l l y . Even though the egg 
f i t s snugly i n t o what almost amounts to a pouch and probably l i e s on 
the f e e t of the parent rather than d i r e c t l y on the often cold substrate,, 
the egg must develop a t a temperature below that of the parent. 

Unfortunately the egg temperature data i n Table XVI are somewhat 
ambiguous. Even i f those of Folk and Prevost are too low i t w i l l be 
seen th a t the temperatures of the eggs of species 8 and 10, both 
t r o p i c a l albatrosses, are above that of 34,0°C determined by Huggins 
(1941) f o r bird s i n general. These data suggest t h a t , at least i n 
these two species, low egg temperatures cannot explain t h e i r long 
incubation periods. Yet f o r a t h i r d species, 59b, Puffinus p a c i f i c u s , 
breeding on the same i s l a n d as the albatrosses, the egg temperature 
was two degrees lower. The anomaly may be more apparent than r e a l . 
The albatross eggs were w e l l incubated so that t h e i r embryos may have 
been producing a considerable amount of metabolic heat and i t i s 
suggestive that the body temperatures of brooded, recently hatched 
young were s i g n i f i c a n t l y higher than those of the brooding adults 
(Howell and Bartholomew, 196lb)o The shearwater egg measurements 
were made on eggs lackin g v i s i b l e embryos; t h i s may explain t h e i r 
markedly lower temperatures. 

Furthermore, even were the mean egg temperatures f o r p e t r e l s 
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s i g n i f i c a n t l y lower than the mean egg temperatures f o r other b i r d s , 
t h i s would not enable a meaningful comparison to be made. For one 
t h i n g Huggins ( l o c . c i t . ) showed that w i t h most of the birds studied by 
him, the eggs were subjected t o a f l u c t u a t i n g temperature regime as 
were those of the A n t a r c t i c Skua studied by Eklund and Charlton already 
discussed. These conditions are quite d i f f e r e n t to those under which 
the p e t r e l egg develops. Petrels s i t very t i g h t l y and incubation i s 
continuous apart from the occasional absences already discussed. 
Howell and Bartholomew (1961b), f o r instance, found that the eggs of 
Puffinus p a c i f i c u s varied by only 0,6°C i n three hours continuous 
recording. Thus a comparison of the e f f e c t of temperature on incuba
t i o n between p e t r e l s and other birds would involve comparing f l u c t u a t 
i n g w i t h steady s t a t e s . Furthermore, due to the increasing l i b e r a t i o n 
of metabolic heat by the embryo, the temperature of the egg tends t o 
r i s e throughout incubation (Ecclesmeyer, 1907 i n Needham, 1963; 
Kendeigh, 1940) and p e t r e l s , u n l i k e some other b i r d s , do not seem to 
apply themselves any less c l o s e l y t o t h e i r eggs i n the l a t e r stages 
of i ncubation than they do a t the s t a r t of t h i s process. And i n some 
sea-birds t h i s r i s e may be considerable, though again there are no 
data f o r p e t r e l s . During the 28 days incubation of the Ant a r c t i c 
Skua, Spellerberg (1966) recorded a gradual r i s e i n mean egg temper
ature from about 28°C to 39°C, 

Recently McNab (I966) has revived the idea t h a t small bijrds have 
higher basal metabolic rates and temperatures than large ones (as 
proposed by Bergtold, 1917) and he has modified the equation r e l a t i n g 
basal metabolism to body weight of King and Farner ( I 9 6 I ) to r e l a t e 
body weight and body temperature. The data i n Table XVI, however, 
do not support the idea t h a t smaller p e t r e l s have higher r e s t i n g 
temperatures than large ones ( r = + 0 . I 5 I ; P > 0 , 1 ) , although any 
such tendency might be expected to show p a r t i c u l a r l y c l e a r l y i n a 
group w i t h so wide a range of body s i z e . S i m i l a r l y Udvardy (1953) 

could f i n d no r e l a t i o n s h i p between body temperature and body weight i n 
the 541 specimens of 67 species that he measured. Likewise there 
seems t o be no c o r r e l a t i o n between body temperature and weight i n 
p l a c e n t a l mammals (Morrison and Ryder, 1952 modifying Rodbard, 1951) 

whereas "Figure 23 would suggest t h a t , i f temperature i s an important 
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f a c t o r a f f e c t i n g g estation periods, small mammals would have higher 
body temperatures than large ones, and even higher perhaps than those 
of small p e t r e l s . 

An a d d i t i o n a l complication i n comparing development rates 
between mammals and p e t r e l s i s that the mammalian foetus, at least i n 
the r a t , has a s i m i l a r w eight-specific metabolic rate t o that of the 
adul t but lower than t h a t of the newly born r a t (Kleiber, Cole and 
Smith, 1943), whereas the p e t r e l embryo i s i n i t i a l l y p o i k i l o t h e r m i c 
and only gradually a t t a i n s a measure of homeothermy during incubation 
and at the same time must raise i t s metabolic rate accordingly. 

I t seems th e r e f o r e , that despite the s i g n i f i c a n t l y lower body 
temperatures of p e t r e l s and the conjunction of low temperatures w i t h 
extended incubation periods found among r e p t i l e s and monotremes, the 
present data are i n s u f f i c i e n t to determine to what extent long incuba
t i o n periods are the r e s u l t of low temperatures during development 
w i t h i n the egg and to what extent to g e n e t i c a l , size and other f a c t o r s . 
Measurements of p e t r e l egg temperatures throughout incubation would be 
rev e a l i n g while attempts at a r t i f i c i a l incubation at d i f f e r e n t temper
ature regimes would also throw l i g h t on t h i s aspect of the problem, 

11.6. Incubation Periods and Egg Composition. 

As the yolk comprises the main food reserve f o r the embryo the. 
l a t t e r cannot remain f o r long w i t h i n the s h e l l once the yolk has been 
consumed. Both a l t r i c i a l and precocial chicks hatch before t h i s 
stage i s reached but the yolk reserves c a r r i e d by the hatchlings i n 
t h e i r y o l k sacs are generally f a r lar g e r i n a l t r i c i a l than i n precocial 
species of s i m i l a r body weights. 

Pycraft (1914) seems to have been one of the f i r s t t o suggest that 
the size of the yolk supply l a r g e l y governed the length of the incu
bati o n period. 

The composition of b i r d s ' eggs and the r e l a t i v e proportions of 
y o l k , albumen and s h e l l have been examined by several workers, whose 
f i n d i n g s were discussed by Heinroth (1922), Romanoff and Romanoff 
(I949) and Nice (I962), 

The Romanoffs gave a table f o r 10 a l t r i c i a l and 10 precocial 
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s p e c i e s r e l a t i n g the weights of the egg components t o the weights o f 
the i n t a c t egg. These data may be summarised as f o l l o w s : -

% Yolk % Albumen % S h e l l 
A l t r i c i a l s 12-2? 68-79 5-10 

P r e c o c i a l s 32-^0 50-56 8-H 

These a u t h o r s a l s o p o i n t e d out t h a t the p r o p o r t i o n s o f the component 
p a r t s v a r y w i t h t h e s i z e o f the eggo I n g e n e r a l , f o r b o t h p r e c o c i a l s 
and a l t r i c i a l s , l a r g e r eggs have r e l a t i v e l y s m a l l e r y o l k s and more 
w h i t e and s h e l l than s m a l l e r ones. This e v i d e n t l y a p p l i e s both i n t r a -
and i n t e r - s p e c i f i c a l l y f o r w i t h the domestic hen l a r g e eggs c o n t a i n 
s m a l l e r y o l k s r e l a t i v e t o t o t a l egg weight than do s m a l l ones ( C u r t i s , 
1911). 

Data f o r 12 s p e c i e s of p e t r e l are l i s t e d i n Table X V I I and p l o t t e d 
i n F i g u r e s 2.k A and B. The f i r s t f i g u r e shows how the weights of the 
p a r t s v a r y w i t h t h e weights o f the eggs and the second, f i g u r e presents 
the same i n f o r m a t i o n on a percentage b a s i s . The graphs are based on 
s m a l l samples and the t r e n d l i n e s are drawn i n by eye. The c o r r e l a 
t i o n s are good. For egg weight t o y o l k weight r = + 0,9977» f o r egg 
weig h t t o albumen wei g h t r = + 0.9988 and f o r egg weight t o s h e l l 
w e i g h t r = + 0.9523. P < .001 i n each i n s t a n c e . 

My data and those o b t a i n e d by co l l e a g u e s were taken from f r e s h l y 
l a i d eggs which were hard b o i l e d , c o o l e d , and then separated i n t o 
s h e l l w i t h i t s u n d e r l y i n g membrane, the albumen, and the y o l k . Each 
component was then weighed. B o i l i n g r e s u l t e d i n a l o s s of weight o f 
about 1-3$̂  o f the t o t a l egg weig h t and as t h i s l o s s i s b e l i e v e d t o be 
ma i n l y due t o l o s s of water from the albumen the f i g u r e f o r t h a t com
ponent was i n c r e a s e d by the d i f f e r e n c e between the f r e s h egg weight 
and the b o i l e d egg weig h t as recommended by C u r t i s ( I 9 I I ) . The 
l a t t e r a u t h o r a l s o discussed ways of assaying egg co m p o s i t i o n and 
a l t h o u g h her methods gave g r e a t e r accuracy than t h a t adopted here, they 
would be d i f f i c u l t t o use i n the f i e l d . The h a r d - b o i l i n g procedure 
g i v e s r e s u l t s t h a t seem adequate f o r an i n i t i a l e x amination of trends 
and the data f o r the eggs analysed by me do not show much v a r i a t i o n 
a l t h o u g h a l l the samples are s m a l l . 



a 80 

so 100 ISO 300 

wt. of egg (g) 

2 

B 

s h e l l 

so 100 ISO 200 2S0 

W t . of egg (g) 

FIG.24. C O N S T I T U E N T S OF P E T R E L E G G S . 



99. 

TABLE X V I I : THE COMPOSITION OF SOME PETREL EGGS 

Species No. Fresh S h e l l White Yolk 

7 D . b u l l e r i 

1^ M.giganteus 

16 F . g l a c i a l o i d e s 

17a F . g l a c i a l i s 

19a Docapensis 

20 P.nivea 

27b P.neglecta 

58c P . n i g r i p e n n i s 

59a P . p a c i f i c u s 

62 P . t e n u i r o s t r i s 

67 P . I h e r m i n i e r i 

71c P.marina 

w t ( g ) (g) (g) % (g) % 

3 247 0 5 18.2 160.8 64 . 9 68.5 27.7 

5 233.8 26.2 11 . 2 142 . 5 61 .0 65.0 27.8 

9 11.2 10,9 61.6 59.6 30.5 29.5 

if 97.0 9.6 9.9 58.7 60.6 28.7 29.5 

10 67.3 7.6 11.2 38.5 57.0 21 . 4 31.8 

6 56.8 5.5 9.7 31.9 56.2 19.4 34.1 

3 68.7 5.2 7.5 38.5 56.2 25.0 36.3 

1 2 . i t 5.6 23.6 55.4 26.6 39.0 

3 76.9 6.1 7.9 45.7 59.5 25.1 32.6 

1 80.0 8.5 10.6 43.5 54,4 28.0 35.0 

6 25.7 2.0 7.8 14 .8 57.5 8.9 34.7 

2 20 , 6 1.6 8.0 10.9 . 52,7 8.1 39.3 

(Data f o r species 14, 16, 19a and 20 from Etchecopar and Prevost 
(1954); those f o r 17a, 62 and 67 i n p e r s o n a l communications from 
Drs. Dunnet, Serventy and H a r r i s r e s p e c t i v e l y ; the remainder 
d e t e r m i n e d by the a u t h o r . ) 
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F i g u r e 24 shows t h a t the t r e n d s noted by the Romanoffs i n o t h e r 
b i r d groups a l s o a p p l y among the P r o c e l l a r i i f o r m e s . I n c r e a s i n g egg 
s i z e i s accompanied by i n c r e a s e i n a b s o l u t e weight o f a l l the t h r e e 
components b u t r e l a t i v e t o the f r e s h weight o f the i n t a c t egg the 
amounts o f albumen and s h e l l i n c r e a s e whereas t h a t o f the y o l k decreases. 

Nice ( l o c . c i t . ) , commenting on Etchecopar and Prevost's data f o r 
penguins and p e t r e l s , s t a t e s "We do not know whether the l a r g e amount 
of y o l k i s an a d a p t a t i o n t o extreme c o l d or i s a c h a r a c t e r i s t i c of 
these o r d e r s t h r o u g h o u t t h e i r range. I t may i n d i c a t e t h a t penguins 
and a l b a t r o s s e s and perhaps p e t r e l s are r e a l l y more s e m i - p r e c o c i a l 
than s e m i - a l t r i c i a l " . The data i n Table X V I I do not suggest t h a t 
h a b i t a t temperatures have any b e a r i n g on y o l k q u a n t i t y among the T u b i -
nares. On the b a s i s o f t h e i r egg co m p o s i t i o n these b i r d s l i e nearer 
t o the p r e c o c i a l c a t e g o r y than t o t h a t o f the a l t r i c i a l s . But these 
terms are d i f f i c u l t t o d e f i n e p r e c i s e l y f o r the s t a t e s o f m a t u r i t y of 
newly-hatched c h i c k s form a continuum between the extreme p r e c o c i t y o f 
the young megapode t h a t can f l y w i t h i n a few hours of b i r t h , i s homeo-
th e r m i c and r e c e i v e s no p a r e n t a l c a r e , t o the passerine w h o l l y depen
dent on i t s p a r e n t f o r food and most of i t s warmth f o r some c o n s i d e r 
a b l e t i m e b e f o r e the a c q u i s i t i o n o f homeothermy and independence. 

These two c a t e g o r i e s have been s u b d i v i d e d i n v a r i o u s ways e,g, 
by Portmann (1938), Verheyen (1948), Needham (1950), Nice (1962) and 
o t h e r s . K i n g and Farner (I96I) c o n s i d e r them i n r e s p e c t o f thermo
r e g u l a t i o n o n l y , p o i n t i n g out t h a t from the s t a r t of i n c u b a t i o n t h e r e 
i s a g r a d u a l change i n the t h e r m o r e g u l a t o r y c o n t r i b u t i o n s of the 
a d u l t s and the young t o the eggs or young, Nice ( l o c . c i t . ) used 
a d d i t i o n a l c r i t e r i a : whether the eyes were open a t b i r t h , the body 
naked o r down covered, the c h i c k a b l e t o move about w i t h i n the f i r s t 
day or so, and so on. For Farner and Serventy (1959) the b u r r o w i n g 
P u f f i n u s t e n u i r o s t r i s and P a c h y p t i l a t u r t u r are p r e c o c i a l s as they 
a t t a i n homeothermy w i t h i n a day or so a f t e r h a t c h i n g , N i c e , on the 
o t h e r hand, c a t e g o r i s e d the p e t r e l c h i c k as e i t h e r " s e m i - p r e c o c i a l " 
or " s e m i - a l t r i c i a l " , the l a t t e r b e i n g down-covered and unable t o 
leav e the n e s t f o r some time a f t e r b i r t h , the former b e i n g born w i t h 
eyes open, down-covered and s t a y i n g i n i t s n e s t though a b l e t o walk, 
e.g. g u l l s and t e r n s . 
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The Tubinares are p r e c o c i a l i n a c q u i r i n g homeothermy soon a f t e r 
h a t c h i n g , u s u a l l y b e i n g born b r i g h t - e y e d , c l a d i n down, soon a b l e t o 
p e r f o r m a v a r i e t y of comfort and e x p l o r a t o r y movements and n o t , as f a r 
as i s known, l e a r n i n g from t h e i r p a r e n t s how t o f i n d food f o r them
s e l v e s . They are a l t r i c i a l i n b e i n g able o n l y t o s h u f f l e around 
d u r i n g t h e i r f i r s t few days i n the n e s t , born w i t h l i m b s p o o r l y deve
l o p e d , needing a l i t t l e warmth and a c o n s i d e r a b l e amount of care from 
t h e i r p a r e n t s , w h i l e g r o w t h , m a t u r a t i o n and l e a r n i n g are necessary 
b e f o r e the c h i c k can fend f o r i t s e l f . 

Thus i t i s a m a t t e r of what c h a r a c t e r s are used and what weight 
i s g i v e n t o these as t o how p e t r e l s s h o u l d be c l a s s i f i e d i n r e s p e c t of 
t h e i r m a t u r i t y a t b i r t h . T h e i r r e l a t i v e i m m o b i l i t y i n t h e i r e a r l y 
days seems t o be m a i n l y a consequence of the need f o r a s e a - b i r d t o 
n e s t on l a n d whereas most p r e c o c i a l s nest and feed on the ground. For 
the p r e s e n t purpose I propose t o t r e a t the p e t r e l s as s e m i - p r e c o c i a l . 

Even w i t h i n t h i s r a t h e r homogeneous order t h e r e are d i f f e r e n c e s 
among s p e c i e s i n t h e degree of m a t u r i t y a t b i r t h . Whereas many 
burrowers a c q u i r e homeothermy w i t h i n 2 days of emerging from t h e i r 
eggs, the s u r f a c e n e s t e r s seem t o take l o n g e r , perhaps weeks t o reach 
t h i s s t a g e , and t h e y a l s o t e n d t o be born w i t h r a t h e r t h i n n e r coats of 
down than the b u r r o w i n g species ( R i c h d a l e , 19^3 and pers. o b s e r v a t i o n s ) . 
The young Pelecanoides i s l i k e w i s e c l a d i n i t i a l l y i n t h i n down w i t h a 
bare p a t c h on the crown and i s brooded f o r a t l e a s t a week ( R i c h d a l e , 
1965a). The s t a t e of the down of the a l b a t r o s s h a t c h l i n g suggests 
t h a t i t i s born a t an e a r l i e r stage of development than the c h i c k of a 
b u r r o w i n g p e t r e l . T h i s , and the i n c r e a s e i n the l e n g t h of the guard 
stage w i t h i n c r e a s e i n body s i z e , may be a consequence of the con
c o m i t a n t r e d u c t i o n of y o l k r e l a t i v e t o egg w e i g h t . Small p e t r e l s w i t h 
y o l k y eggs may thus be s a i d t o be more p r e c o c i a l i n b o t h these f e a t u r e s 
as w e l l as i n t h e i r a b i l i t y t o c o n t r o l t h e i r body temperatures. 
U n f o r t u n a t e l y , a l t h o u g h t h e r e are good data on the l e n g t h of the guard 
stage f o r s u r f a c e n e s t e r s (16 days f o r D a p t i o n ; I8 f o r F , g l a c i a l o i d e s ; 
9 f o r Pagodroma; 20 f o r Macronectes; 17 f o r D . i m m u t a b i l i s ; I9 f o r 
D . n i g r i p e s ; and kO f o r D,epomophora) t h e r e i s l i t t l e i n f o r m a t i o n on 
t h e p e r i o d d u r i n g which b r o o d i n g i s necessary. Towards the end of 
the guard stage and sometimes l o n g b e f o r e t h i s , c h i c k s are found 
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s i t t i n g beside t h e i r p a r e n t s . Prevost (1964) b e l i e v e s t h a t homeo
thermy i n the s o u t h e r n f u l m a r s i s o n l y a t t a i n e d s h o r t l y b e f o r e the end 
of the guard s t a g e . I f t h i s s h o u l d be so then these p e t r e l s are born 
a t an e a r l i e r p h y s i o l o g i c a l stage of development, a t l e a s t as f a r as 
t h e r m o - r e g u l a t i o n goes, than b u r r o w i n g s p e c i e s . On the o t h e r hand 
Howell and Bartholomew ( I 9 6 I ) p r o v i d e data t h a t i n d i c a t e the a t t a i n 
ment o f homeothermy i n the young Diomedea n i g r i p e s and D.im m u t a b i l i s 
w i t h i n a few days of h a t c h i n g and w e l l b e f o r e guarding has ceased. 

The d a t a i n Table X V I I do n o t suggest t h a t the r e l a t i o n s h i p s 
between egg s i z e and egg c o m p o s i t i o n among p e t r e l s are markedly d i f 
f e r e n t from those e x i s t i n g among'other p r e c o c i a l s . The y o l k weights 
o f seven o f the t e n p r e c o c i a l s l i s t e d by the Romanoffs are very s i m i l a r 
t o those p r e d i c t e d from the curves i n F i g u r e 24 f o r p e t r e l eggs of 
s i m i l a r s i z e s : they conform q u i t e w e l l w i t h ^ t h o s e o f duck and game 
b i r d s , f o r i n s t a n c e . But two s p e c i e s , Emu (Dromaius n o v a e h o l l a n d i a e ) 
and O s t r i c h ( S t r u t h i o camelus), have s u b s t a n t i a l l y l a r g e r y o l k s than 
would be expected f o r h y p o t h e t i c a l p e t r e l eggs of s i m i l a r w e i g h t s . 
Another p r e c o c i a l species w i t h a much b i g g e r y o l k supply than a 
p e t r e l ' s egg of s i m i l a r w e i g h t i s t h a t of Megapodius whose eggs, con
t a i n i n g 6251̂  o f y o l k by w e i g h t , are more y o l k y than those of most 
r e p t i l e s (Meyer, 1930) . 

From the d i r e c t d e t e r m i n a t i o n s of y o l k weights g i v e n above and 
by c a l c u l a t i n g the values f o r o t h e r species u s i n g the t r e n d l i n e of 
F i g u r e 24A i t i s p o s s i b l e t o g a i n some ide a of the r e l a t i o n s h i p between 
the i n i t i a l w eight of the. y o l k and the l e n g t h of the i n c u b a t i o n p e r i o d 
i n p e t r e l s . The c a l c u l a t e d data are as f o l l o w s : -

T A B L E X V I I I : CALCnLATED Y O L K WEIGHTS FOR PETREL EGGS. 

Species Yolk Wt. I n c u b a t i o n 
(g) p e r i o d ( d a y s ) 

2b D.exulans 132 78 
8 D , n i g r i p e s 80 66 

10 D , i m m u t a b i l i s 79 64 
31b P . h a s i t a t a I 8 52 
43a P.desolata 12 45 
64b P . p u f f i n u s 19 51 
74 H.pelagicus 5 40 
78a O.leucorhoa 6 41 ,5 
79b O,castro 6 42 
67b P . I h e r m i n i e r i 12 52 
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The combined da t a are s e t out on l o g a r i t h m i c axes i n F i g u r e 25. 
The f u l m a r s are a g a i n i n d i c a t e d s e p a r a t e l y w h i l e the i n c u b a t i o n p e r i o d 
f o r Pagodroma i s t h a t g i v e n by Prevost (196^^) f o r the l a r g e form 
s t u d i e d by him o f about kO days and not f o r the s m a l l e r one s t u d i e d by 
Brown (I966). I t w i l l be seen t h a t t h e r e seems t o be a l i n e a r 
r e l a t i o n s h i p between the l o g of y o l k weight of the newly l a i d egg and 
the l o g of the time between l a y i n g and h a t c h i n g a t l e a s t f o r the non-
f u l m a r i n e species whereas the l a t t e r have s h o r t e r i n c u b a t i o n p e r i o d s 
t han the r e s t r e l a t i v e t o y o l k s i z e . The s i m i l a r i t y of t h i s f i g u r e 
t o those o f F i g u r e s 20 and 21 w i l l be noted. Figures 24 and 25 show 
t h a t the s h o r t i n c u b a t i o n p e r i o d s of the ful m a r s are not a consequence 
of t h e i r eggs h a v i n g r e l a t i v e l y s m a l l y o l k s which would f o r c e h a t c h i n g 
t o occur e a r l i e r . E i t h e r the r a t e of development of these eggs i s 
f a s t e r or t h e c h i c k s h a t c h c a r r y i n g l a r g e r reserves i n t h e i r y o l k sacs 
than do o t h e r p e t r e l s o f e q u i v a l e n t s i z e or one or more of the a l t e r 
n a t i v e s d i s c u s s e d i n s e c t i o n 11,4 above a p p l y . 

The r e l a t i o n s h i p i n d i c a t e d by F i g u r e 25 c o u l d r e f l e c t a causal 
a s s o c i a t i o n between y o l k w e i g h t and i n c u b a t i o n p e r i o d but any such 
a s s o c i a t i o n must be q u i t e d i f f e r e n t from t h a t of o t h e r p r e c o c i a l 
s p e c i e s as these h a t c h eggs o f s i z e s s i m i l a r t o those of p e t r e l s i n 
much l e s s time than the l a t t e r . Thus w h i l e the s i z e of the y o l k 
s u p p l y may have an i m p o r t a n t b e a r i n g on i n t e r - s p e c i f i c v a r i a t i o n i n the 
l e n g t h o f i n c u b a t i o n p e r i o d s t h i s does not e x p l a i n the abnormal l e n g t h 
o f these p e r i o d s i n p e t r e l s g e n e r a l l y . I t must be p o i n t e d o u t , how
ever, t h a t no i n v e s t i g a t i o n of the q u a l i t y of the y o l k s of p e t r e l eggs 
has been made; c o n c e i v a b l y these c o u l d have a h i g h e r f a t and energy 
c o n t e n t t h a n those o f o t h e r b i r d s and enable the embryo t o remain 
l o n g e r w i t h i n i t s s h e l l . I t i s known t h a t t h e r e are d i f f e r e n c e s i n 
the l i p i d c o n t e n t s o f y o l k s (Romanoff and Romanoff, 19^9; Kuroda, 
1963) even though i t has been p o s s i b l e t o exchange y o l k and albumen 
between eggs o f d i f f e r e n t s pecies w i t h o u t i n t e r f e r i n g w i t h normal 
development (Ermanov, 1934 i n Needham, 1950) , 

Assessment of the r o l e of the y o l k i n the development time t o 
h a t c h i n g o f the p e t r e l egg i s h i n d e r e d by the l a c k of i n f o r m a t i o n 
c o n c e r n i n g t h e p r o p o r t i o n of y o l k s t i l l unused and r e t a i n e d i n the y o l k 
sac a t t h e time of h a t c h i n g . I n the p r e v i o u s d i s c u s s i o n i t has been 
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assumed t h a t comparable p r o p o r t i o n s are r e t a i n e d by the d i f f e r e n t 
h a t c h l i n g s . C l e a r l y i t would be b e t t e r t o r e l a t e the l e n g t h s of the 
i n c u b a t i o n p e r i o d s w i t h the w e i g h t o f y o l k a c t u a l l y consumed between 
l a y i n g and h a t c h i n g , or t o some more p r e c i s e measure o f energy con
sumption. 

P e t r e l c h i c k s c o n t a i n a y o l k reserve a t b i r t h and t h i s c o u l d be 
of p a r t i c u l a r v a lue t o the young of b u r r o w i n g forms t h a t are l e f t 
u n a t t e n d e d a t two o r t h r e e days o l d . P a r e n t a l v i s i t s f o r the purpose 
of f e e d i n g the c h i c k tend t o be e r r a t i c perhaps because l o n g d i s t a n c e s 
are covered i n the quest f o r f o o d , so t h a t an energy r e s e r v e e a r l y i n 
l i f e when the s m a l l c h i c k i s p r o b a b l y l o s i n g heat a t a h i g h e r r a t e than 
a t any subsequent time (due t o i t s h i g h s u r f a c e area t o body weight 
r a t i o ) c o u l d be of s u r v i v a l v a l u e . Reid and B a i l e y (I966) have demon
s t r a t e d a s i m i l a r f u n c t i o n f o r the y o l k reserves h e l d by the young 
A d e l i e Penguin ( P y g o s c e l i s a d e l i a e ) , This can s u r v i v e f o r 6 days i f 
i t s p a r e n t s are delayed from f e e d i n g the c h i c k by rough seas or by long 
t r e k s over f a s t i c e . 

The albumen o f an egg holds i n i t s c o l l o i d a l m a t r i x about two-
t h i r d s o f the d e v e l o p i n g embryo's water s u p p l y (Gray, I926 i n Needham, 
1963) as w e l l as i m p o r t a n t s t o r e of p r o t e i n . By the time of h a t c h i n g 
t h i s w a t e r s u p p l y i s exhausted. B i r d s ' eggs, u n l i k e the h i g h l y 
l e c i t h a l eggs of r e p t i l e s , cannot absorb s i g n i f i c a n t amounts of water 
t h r o u g h t h e i r s h e l l s , Needham ( l o c . c i t , ) b e l i e v e d t h a t b i r d embryos 
are s h o r t o f water, not o n l y needing a l l t h a t can be h e l d i n the 
albumen, b u t a l s o u t i l i s i n g the f a t t y a c i d s of the y o l k as energy 
sources because these produce water on combustion. 

P e r s o n a l o b s e r v a t i o n s of newly hatched p e t r e l s do not suggest t h a t 
the young storm p e t r e l or p r i o n , born from an egg w i t h a low albumen 
c o n t e n t , and the a l b a t r o s s , born from an egg w i t h a h i g h albumen con
t e n t , d i f f e r n o t i c e a b l y i n the wetness of t h e i r down. Nor have I 
ever n o t i c e d any s u r p l u s water i n the d i s c a r d e d e g g s h e l l s a t t h i s t i m e . 
Thus i t seems pro b a b l e t h a t i n p e t r e l s too the water supply i s exhaus
t e d by the time t h a t i n c u b a t i o n i s complete. 

S e v e r a l p o s s i b l e advantages are gained by the l a r g e r species i n 
s e c r e t i n g l a r g e r amounts o f albumen around t h e i r egg y o l k s . Despite 
a s l i g h t r e v e r s a l of the tendency among the f u l m a r s , i t seems c l e a r 
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t h a t the l a r g e r the b i r d the l o n g e r must be the time taken t o reach a 
g i v e n stage o f development. I n c r e a s e d time w i t h i n the s h e l l means 
i n c r e a s e d time d u r i n g which u n c o n t r o l l a b l e l o s s of water t h r o u g h the 
s h e l l o c c u r s . Thus the l a r g e r the egg the g r e a t e r the water s t o r e 
r e q u i r e d f o r development. I n a d d i t i o n , the l a r g e r the egg and the 
l o n g e r the development b e f o r e h a t c h i n g the g r e a t e r the q u a n t i t y of 
water needed t o d i l u t e the n i t r o g e n o u s and o t h e r t o x i c p roducts o f 
combustion. A c t i n g t o l e s s e n water l o s s i n l a r g e r eggs are t h e i r 
t h i c k e r s h e l l s ^ w h i c h may perhaps r e t a r d passage of water outwards,and 
the reduced r a t i o s of s u r f a c e area t o weight (Dunn, 1922 i n Needham, 
1963) . I n a d d i t i o n , low egg temperatures would be expected t o lessen 
water l o s s as demonstrated by Kendeigh (1940) i n h i s study of the 
House Wren, 

The p r o x i m a t e cause o f the r e g u l a r t r e n d s i n egg co m p o s i t i o n 
demonstrated here may l i e i n the mechanics of egg p r o d u c t i o n . Although 
t h e r e appear t o be no data on o v i d u c t s i z e i n b i r d s , i t i s known t h a t 
the r e l a t i o n s h i p s o f many organ weights t o body weights conform t o 
a l l o m e t r i c formulae b u t t h a t the slopes of the curves r e l a t i n g these 
v a r i a b l e s d i f f e r (Brody, 19^5; Rensch, I 9 6 6 ) . That i s , the d i f f e r e n t 
organs do n o t i n c r e a s e i n s i z e a t the same r a t e w i t h i n c r e a s i n g body 
s i z e . The albumen o f an egg i s s e c r e t e d i n response t o pressure on 
the e p i t h e l i a l c e l l s of the magnum so t h a t the i n s e r t i o n of a f o r e i g n 
o b j e c t l i k e a b a l l b e a r i n g r e s u l t s i n the p r o d u c t i o n of an "egg" w i t h 
the o b j e c t a t i t s c e h t r e . Thus i f the l a r g e r y o l k s r e l e a s e d by the 
l a r g e r p e t r e l s are passed i n t o o v i d u c t s t h a t are s l i g h t l y s m a l l e r 
r e l a t i v e t o these y o l k s t h e r e w i l l be more pressure between the e x t e n 
s i b l e w a l l s o f t h e o v i d u c t and the y o l k . This w i l l r e s u l t i n 
i n c r e a s e d s t i m u l a t i o n of the s e c r e t o r y c e l l s , a g r e a t e r d e p o s i t i o n of 
albumen and of s h e l l , and a more elongated egg, 

1 1 . 7 . The N e s t l i n g Periods of P e t r e l s , 

The time t h a t elapses from the l i b e r a t i o n of the p e t r e l c h i c k 
from the e g g s h e l l t o i t s f i r s t f l i g h t - the n e s t l i n g or f l e d g l i n g 
p e r i o d - v a r i e s between about 50 t o 280 days. The s m a l l e r species 
u s u a l l y f l y a t an e a r l i e r age than the l a r g e r ones do but those w i t h 
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the s h o r t e s t n e s t l i n g p e r i o d s are not the species t h a t are s m a l l e s t 
i n s i z e . 

The a v a i l a b l e d a t a are s e t out i n Table X I I I , Mean values 
based on samples of v e r y v a r i e d s i z e are g i v e n i n column 5 and the 
t o t a l time between egg l a y i n g and the date of f i r s t f l i g h t i n the 
f i n a l column of the t a b l e . 

P r e c i s e i n f o r m a t i o n on n e s t l i n g p e r i o d s i s not as e a s i l y o b t a i n e d 
as i s t h a t f o r i n c u b a t i o n periods and i s seldom determined t o w i t h i n an 
accuracy o f more than h a l f a day; more u s u a l l y the i n d i v i d u a l f i g u r e s 
are a c c u r a t e t o - 1 day. Furthermore, the n e s t l i n g p e r i o d as d e f i n e d 
above may n o t be the age a t which the c h i c k reaches the sea. Most 
c h i c k s do achieve t h a t on t h e i r f i r s t f l i g h t but sometimes they a l i g h t 
on the b r e e d i n g grounds and t h e i r f i n a l d e p a r t u r e may be delayed 
a c c o r d i n g l y . T h i s occurs w i t h s u r f a c e n e s t e r s l i k e Macronectes and 
the a l b a t r o s s e s ( p e r s o n a l o b s e r v a t i o n s ) and can then be e a s i l y over
l o o k e d . I n p r a c t i c e , the n e s t l i n g p e r i o d i s o f t e n taken as the age 
a t which t h e c h i c k disappears a f t e r having reached the a p p r o p r i a t e 
s t a t e o f development. E r r o r s are even more l i k e l y w i t h b u r r o w i n g 
s p e c i e s as the young b i r d s leave under cover of darkness and some, 
f a i l i n g t o g e t away b e f o r e dawn, take r e f u g e i n burrows a t lower a l t i 
tudes where they may remain f o r s e v e r a l f u r t h e r days b e f o r e f i n a l l y 
d e p a r t i n g . Thus re c o r d e d n e s t l i n g p e r i o d s p r o b a b l y tend t o under
e s t i m a t e the b i r d s ' t r u e ages when they reach the sea. 

For a g i v e n s p e c i e s the n e s t l i n g p e r i o d s are more v a r i a b l e than 
i n c u b a t i o n p e r i o d ; ranges and v a r i a b i l i t y are shown i n Table XIX. 
The mean c o e f f i c i e n t o f v a r i a t i o n i n n e s t l i n g times f o r the 1 2 species 
l i s t e d i s 4 , 6 7 which compares w i t h a mean c o e f f i c i e n t of v a r i a t i o n i n 
i n c u b a t i o n p e r i o d s f o r 7 species from Table X I I of 1 , 6 6 . 

Because of co n t i n u o u s i n c u b a t i o n and the l i m i t e d i n t r a - s p e c i f i c 
range o f body temperature the embryo develops i n a very u n i f o r m 
environment and i t s energy s u p p l y i s f i x e d a t the time of f o r m a t i o n o f 
the egg. The c h i c k , on the o t h e r hand, develops f o r most of i t s time 
exposed t o a f l u c t u a t i n g m i c r o - c l i m a t e , i t s energy i n t a k e v a r y i n g w i t h 
p e r s o n a l c h a r a c t e r i s t i c s of i t s p a r e n t s and w i t h c l i m a t i c and o t h e r 
f a c t o r s a f f e c t i n g t h e i r food s u p p l y . Thus a g r e a t e r v a r i a b i l i t y i n 
n e s t l i n g p e r i o d s i s t o be expected. The weather a t the time when the 
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TABLE XIX: RANGES OF VARIATION IN NESTLING PERIODS IN PETRELS. 
( A l l times i n days) 

pecies N Range Mean + S.D. Coeff. 
of Var, 

A u t h o r i t y 

l b 17 216-252 236 + 
1 0 , 6 4 , 4 9 R i c h d a l e , 1952, 

2b 35 263-303 2 7 7 . 7 
+ 

2 , 8 1,01 T i c k e l l , i n l i t t . 
17a 24 4 1 - 5 7 4 7 , 1 

+ 
4 , 0 8 , 4 9 F i s h e r , 1952, 

19a 15 4 7 - 5 2 4 8 , 8 + 
1 = 5 2 . 9 9 P i n d e r , I 9 6 6 . 

20 7 4 8 - 5 4 5 0 , 7 
+ 2,1 4 , 1 4 Brown, I 966 , 

43a 22 4 2 - 5 4 5 0 , 5 
+ 

2 , 8 5 , 6 4 T i c k e l l , 1962, 

4 5 139 43-56 50.0 + 
2 , 5 5 . 0 0 R i c h d a l e , 1965b. 

60 53 86-106 9 6 , 7 
+ 

4 , 7 4 , 8 6 R i c h d a l e , I 9 6 3 . 

64b 53 62-76 6 9 . 3 
+ 

3 , 0 4 , 2 7 H a r r i s , I 966 , 

71c 40 5 2 - 6 7 5 7 » 3 
+ 

2 , 8 4 . 8 9 R i c h d a l e , 1965a, 

7 4 32 56-73 6 2 , 8 + 
3 o 5 5 o 5 7 Davies, 1 9 5 7 o 

83a 9 4 7 - 5 9 5 3 . 7 
+ 

2 . 5 4 , 6 5 R i c h d a l e , 1965a, 

b i r d s are ready t o leave a l s o p l a y s a p a r t . Calms or gales tend t o 
de l a y d e p a r t u r e and l e n g t h e n n e s t l i n g p e r i o d s , an e f f e c t t h a t i s most 
r e a d i l y d e t e c t e d among s u r f a c e n e s t i n g species l i k e Macronectes 
(Warham, I 962 ) and Diomedea epomophora; the l a t t e r ' s c h i c k s may 
r e q u i r e a wind speed of a t l e a s t B e a u f o r t Scale 3 f o r t h e i r f i r s t 
f l i g h t ( R i c h d a l e , 1952) , 

The p a t t e r n o f growth i n the n e s t l i n g i s g e n e r a l l y s i m i l a r t o t h a t 
o f von B e r t a l a n f f y ' s t h i r d type (where m e t a b o l i c r a t e i s p r o p o r t i o n a l 
t o a f i g u r e i n t e r m e d i a t e between body weight and body weight^"'''^ ) 
i n which the curve f o r w e i g h t i n c r e a s e i s of a decaying e x p o n e n t i a l 
p a t t e r n w i t h o u t any p o i n t o f i n f l e x i o n whereas the curve f o r l i n e a r 
g r o w t h e,g, t h a t o f the wing, i s S-shaped w i t h a p o i n t o f i n f l e x i o n 
(von B e r t a l a n f f y , 1957) . However, the weight of a growing p e t r e l 
c h i c k g e n e r a l l y l e v e l s o f f a t a f i g u r e w e l l above t h a t o f a d u l t weight 
and then d e c l i n e s somewhat t o f l e d g i n g . Departure g e n e r a l l y occurs 
when the c h i c k i s 5 t o 10$̂  h e a v i e r than the a d u l t . During growth a 
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c o n s i d e r a b l e - am^unrt- o f depot" f a t i s l a i d down- b u t t h i s does n o t seem t o 
have been measured p r e c i s e l y i n - a n y p e t r e l and i n the l i g h t o f r e c e n t 
work on t h e Swalloff H i mndo T u s t i c a ( R i c k l e f s , T968) , where the excess 
in- w e i g h t reached by' t ^ e ' n e s t l x n g B above that^ o f 'the a d u l t can--all be 
accounted f o r by t h e a c c u m n l a t i o n - o f w a t e r in - the t i s s u e s , t h e q u e s t i o n 
o f t h e peak weights- o f p e t r e l s needs f u r t h e r i - n v e s t i g a t i o T i , Lack ( i n 
p r e s s ) d i s c u s s e s the r o l e o f these f a t r e s e r v e s and H a r r i s ( i n press t ) 
d e t a i l s o f growth r a t e s i n p e t r e l s o f the genus P u f f i n u s , 

A p a r t from i t s w e i g h t the f l e d g l i n g ' s dimensions are almost those 
o f the a d u l t . Some s l i g h t f e a t h e r growth o f t e n f o l l o w s f l e d g i n g and 
c h i c k s may f l y w i t h down s t i l l a d h e r i n g t o t h e i r bodies but i t seems 
t h a t t h e development o f the f l i g h t f e a t h e r s i s no t m a i n l y dependent on 
th e s t a t e o f nourishment o f the ybung b i r d b ut r a t h e r t o h e r e d i t a r y 
f a c t o r s (Lack, i n p r e s s ) , a t l e a s t i n P u f f i n u s p u f f i n u s . 

1 1 . 8 . N e s t l i n g P e r i o d and Egg S i z e . 

F i g u r e 2 6 shows the r e l a t i o n s h i p between mean n e s t l i n g p e r i o d 
and mean egg c a p a c i t y f o r 2 9 s p e c i e s . The data come from Table X I I I . 
A l l a v a i l a b l e data a r e p l o t t e d b u t o n l y those p o i n t s based on exact 
d e t e r m i n a t i o n s o f n e s t l i n g p e r i o d are numbered. 

The c o r r e l a t i o n between these v a r i a b l e s f o r 24 species 
( r = + 0 . 9 5 3 5 ; P < , 0 0 1 ) and the d i s t r i b u t i o n o f the p o i n t s suggest 
a l i n e a r r e l a t i o n s h i p , p a r t i c u l a r l y i f the p l o t s f o r the f u l m a r s 
(boxed i n the f i g u r e ) are o m i t t e d . The e q u a t i o n f o r the r e g r e s s i o n 
l i n e , which i s based on f i g u r e s f o r the 1 9 n o n - f u l m a r i n e s p e c i e s , i s : 

T = 0,496X + 5 2 , 6 1 , , ( 2 2 ) 

where Y i s the mean n e s t l i n g p e r i o d i n days and X i s the mean egg 
c a p a c i t y i n m i l l i l i t r e s . 

There i s a good d e a l o f s c a t t e r about the t r e n d l i n e b ut the most 
marked d e v i a t i o n s are f o r the f u l m a r s which p l o t f a r below the l i n e . 
They have much s h o r t e r n e s t l i n g p e r i o d s than would be expected on 
b a s i s o f t h e i r egg s i z e s judged by the r e l a t i o n s h i p between these 
v a r i a b l e s i n o t h e r p e t r e l s . Thus the N o r t h e r n and Southern Fulmars 
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(16 and 17) succeed i n r e a r i n g t h e i r c h i c k s i n around 50 days whereas 
two s p e c i e s t h a t l a y eggs of s i m i l a r s i z e s t o t h e i r s , Pterodroma 
l e s s o n i (25) and P u f f i n u s g r i s e u s (60) r e q u i r e n e a r l y 100 days t o do 
t h i s . The f o u r s p e c i e s o f medium-sized f u l m a r s a c t u a l l y take l e s s 
time t o r e a r t h e i r young than do the storm p e t r e l s (69-79) a l t h o u g h 
these a r e much s m a l l e r b i r d s l a y i n g much s m a l l e r eggs. Other species 
t h a t p l o t w e l l below the l i n e a r e the two p r i o n s (43 and 45) and an 
a l b a t r o s s (12) , The p l o t f o r the l a t t e r (P. p a l p e b r a t a ) i s based on 
on l y two n e s t l i n g p e r i o d d e t e r m i n a t i o n s and the t r u e p i c t u r e may be 
d i f f e r e n t b u t i t i s i n t e r e s t i n g t o note t h a t a p a r t from one of the 
p r i o n s ^ a l l the p e t r e l s t h a t p l o t w e l l below t h e t r e n d l i n e are breeders 
i n h i g h a l t i t u d e s where the seasons are s h o r t but days l o n g . 

F i g u r e 26 does not show the lowest n e s t l i n g p e r i o d s recorded i n 
p e t r e l s . These a l s o concern f u l m a r s . They are the mean value o f 
46 days f o r the l a r g e form o f Pagodroma n i v e a s t u d i e d by Prevost (1964) 

and the range of 35 t o 45 days f o r Fulmarus g l a c i a l i s b r e e d i n g i n the 
Barents Sea r e g i o n a c c o r d i n g t o B e l o p o l ' s k i i ( I96I ) and discussed i n 
s e c t i o n 11,12 below. 

The b i r d s t h a t p l o t f u r t h e s t above the l i n e c o n s i s t o f th r e e 
storm p e t r e l s (74, 78 and 79) , a shearwater (67) and a g a d f l y p e t r e l 
(31) . A l l i n h a b i t temperate or t r o p i c a l seas and a l l are non-
m i g r a t o r y , d i s p e r s i n g r a t h e r than moving r a p i d l y a f t e r b r e e d i n g t o 
c o n t r a - n u p t i a l areas. The o n l y storm p e t r e l t o p l o t below the l i n e 
i s Oceanites oceanicus (69)» a h i g h l y m i g r a t o r y A n t a r c t i c breeder. 
A l t h o u g h t h i s l a y s an egg o f s u b s t a n t i a l l y the same s i z e as Oceanodroma 
l e u c o r h o a ^ t h e A n t a r c t i c b i r d succeeds i n r e a r i n g i t s c h i c k t o f l y i n g 
i n o n l y 7851̂  of the time needed by the o t h e r s p e c i e s . However, o n l y 
one d e t e r m i n a t i o n o f n e s t l i n g p e r i o d has been made. The data f o r 
Pterodroma macroptera are u n s a t i s f a c t o r y , E l l i o t t (1957) e s t i m a t e d 
the n e s t l i n g p e r i o d a t about IO5 days a g a i n s t which the two d e t e r 
m i n a t i o n s o f 128 and 134 days g i v e n by Warham (I956) seem ve r y h i g h . 
They were o b t a i n e d w i t h the h e l p o f l i g h t k e e p e r s and c o u l d r e p r e s e n t 
t h e upper extreme of a wide range of values but a mean c l o s e r t o 
E l l i o t t ' s e s t i m a t e seepas more l i k e l y t o be c o r r e c t . The p e t r e l s 
whose p l o t s l i e c l o s e t o the l i n e show an i n t e r m e d i a t e c o n d i t i o n 
between the r a p i d development of the fu l m a r c h i c k and the slow develop-
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ment of non-migratory warm-water species., They include four highly 
migratory shearwaters ( 5 8 , 6 0 , 62 and 64) at l e a s t three of which 
desert t h e i r c h i c k s towards the end of the n e s t l i n g period iapparently 
i n order to begin t h e i r great migrations. Puffinus g r a v i s ( 5 7 ) would 
probably a l s o plot i n t h i s category but the a v a i l a b l e data for n e s t l i n g 
period ( c . I 0 5 and 8k days) are anomalouso Pterodroma l e s s o n i ( 2 5 ) , 

which f a l l s c l o s e to the trend l i n e , i s probably best regarded as non-
migratory a s , l i k e P. macroptera, i t i s absent from i t s nesting grounds 
f o r only about two months (Warham, 1 9 6 ? ). I t s p o s i t i o n i s however 
only based on a s i n g l e determination f o r n e s t l i n g period. 

Because of the wide s c a t t e r about the regression l i n e , equation 
22 i s u n l i k e l y to have much p r e d i c t i v e value o More information i s 
needed p a r t i c u l a r l y from the l a r g e r p e t r e l s of the genus P r o c e l l a r i a 
and from the mollymawks i n the genus Diomedea for the r e l a t i o n s h i p 
between egg s i z e and n e s t l i n g period to be adequately e l u c i d a t e d . 

1 1 , 9 . N e s t l i n g Periods and Body S i z e . 

Large p e t r e l s take longer to r e a r t h e i r young to fledging than 
s m a l l ones do and f o r I ' f s p e c i e s f o r which there are adequate data on 
body weight and n e s t l i n g period r = + 0 . 9 5 0 8 ; P < , 0 0 1 , These two 
v a r i a b l e s are not, however, l i n e a r l y r e l a t e d . Plotted on a r i t h m e t i c 
axes the points appear to l i e along a curve but the r e l a t i o n s h i p i s 
complicated by the s i t u a t i o n among the fulmars which r e a r t h e i r chicks 
more r a p i d l y than do other p e t r e l s of s i m i l a r weights. The samis 
p i c t u r e emerges when (mean wing length)"^ i s plotted against n e s t l i n g 
period, ' 

The data are plotted on logarithmic axes i n Figure 2 ? , Body 
weights are from Table XX and Appendix A but the f i g u r e s used are the 
means for a d u l t s of both sexes, not for females only as i n previous 
diagrams. This makes no s i g n i f i c a n t d i f f e r e n c e to the species plots 
but does provide l a r g e r samples for the f a c t o r of body s i z e . Some 
weights have been c a l c u l a t e d from standard wing lengths using equation 
3 . Only the points based on accurate determinations are numbered. 

Logarithmic p l o t t i n g emphasises the data at the extremes of the 
ranges of values and i t w i l l be seen that for species with n e s t l i n g 
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periods of 50 to 60 days there i s l i t t l e , i f any, c o r r e l a t i o n between 
the two v a r i a b l e s o The fulmars are i n d i c a t e d separately: i n respect 
of body weights these b i r d s have very short n e s t l i n g periods. Their 
p o s i t i o n i s s i m i l a r to that obtained when incubation periods and body 
weights are compared - Figure 2 1 . 

A trend l i n e has been i n s e r t e d by eye using the data for a l l 
s p e c i e s except the fulmars. I n r e l a t i o n to t h i s l i n e i t w i l l be seen 
that while most of the shearwaters ( 5 8 , 6 0 , 6 2 , 6 ? and 68 ) and two 
gadfly p e t r e l s ( 2 5 and 3 I ) l i e c l o s e to the l i n e , the large a l b a t r o s s e s 
(1 and 2 ) , the prions (̂ +3 and ^5)» one shearwater ( 6^) and a diving 
p e t r e l ( 8 3 ) do not. 

The l a r g e a l b a t r o s s e s take f a r longer to produce f l y i n g young from 
t h e i r h a t c h l i n g s than they would i f the growth rate conformed to the 
trend l i n e . The p r i o n s , d i v i n g p e t r e l and Pnffinns puffinus show the 
reverse tendency, r a i s i n g t h e i r young more q u i c k l y r e l a t i v e to t h e i r 
body s i z e than would be expected. Furthermore, two of the f i v e storm 
p e t r e l s (71 ahd 6 9 ) have r e l a t i v e l y short n e s t l i n g periods while the 
others ( 7 ^ , 78 and 7 9 ) , as Figure 26 a l s o i n d i c a t e s , have r e l a t i v e l y 
long ones. These v a r i a t i o n s tend to follow those found with incuba
t i o n periods but i t i s not c l e a r why Puffinus puffinus should be so 
a t y p i c a l compared with other migratory shearwaters. The unexpectedly 
short n e s t l i n g period of Pelecanoides i s discussed i n the next s e c t i o n . 

I n general, the r e l a t i o n s h i p between n e s t l i n g period and adult 
weight tends to r e f l e c t that between n e s t l i n g period and egg capacity 
but p a r t l y because egg s i z e and body s i z e are not l i n e a r l y r e l a t e d , 
n e i t h e r are body s i z e and n e s t l i n g period. 

To allow for the f a c t o r of body s i z e the r e l a t i o n s h i p between 
n e s t l i n g time per u n i t weight of adult and adult weight has been 
examined i n Figure 28 where the l i n e r e l a t i n g incubation time per u n i t 
weight of adult to the same v a r i a b l e i s a l s o shown (see Figure 2 2 ) . 

The data are from Table XX. 
A l i n e a r r e l a t i o n s h i p e x i s t s between the two v a r i a b l e s but the 

r e g r e s s i o n l i n e r e l a t i n g n e s t l i n g period per unit weight to body 
weight, which i s 

I = 2 , 3 5 ^ 9 - 1 ,200X ( 2 3 ) 
n 
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(where Y = log mean adult weight i n g and X^ = log mean n e s t l i n g 
period per k i l o of adult i n days) does not coincide with that repre
s e n t i n g the r e l a t i o n s h i p between incubation period per u n i t weight 
and adult weight. This i s 

Y = 1 , 9 1 4 5 - 1 .099X^ (24) 

where X^ = incubation period per k i l o of adult i n days. The two l i n e s 
have d i f f e r e n t g r a d i e n t s , that for n e s t l i n g time corresponding with a 

- 1 , 2 0 
power r e l a t i o n s h i p of X ° , that for incubation times corresponding 

- 1 1 0 

with one of X^ ' , The data for n e s t l i n g times per u n i t weight are 
a l s o more dispersed about the reg r e s s i o n l i n e ( r = - 0 , 9 9 7 8 for incuba
t i o n times, n = 2 0 ; r = - 0 , 9 0 7 5 for n e s t l i n g times, n = 24). 

This d i f f e r e n c e i n slope means that the rate of production per 
un i t weight of p e t r e l during the n e s t l i n g period i s l e s s than that 
during incubation. Figure 28 shows a l s o that the fulmars ( 1 6 , 1 7 , 19 

and 2 0 ) produce u n i t weight more r a p i d l y than other p e t r e l s of s i m i l a r 
s i z e s . The two large a l b a t r o s s e s (1 and 2 ) diverge most markedly for 
whereas during incubation they produce u n i t weight of a l b a t r o s s more 
r a p i d l y than any other p e t r e l and the data plot very close to the 
r e g r e s s i o n l i n e , i n the n e s t l i n g period they produce u n i t weight more 
slo w l y , t a k i n g about 30 days per kilogram i n s t e a d of the 18 days per 
kilogram needed to conform with the re g r e s s i o n l i n e . That they plot 
so f a r from that l i n e i s not due to inadequate data. Those for 
s p e c i e s 2 are good and while only two n e s t l i n g periods are a v a i l a b l e 
for subspecies l a they show a clo s e agreement with a longer s e r i e s for 
the subspecies l b and they could not p o s s i b l y be short enough to bring 
the point f o r t h i s s p e c i e s onto or near the regression l i n e . Even 
so, these b i r d s s t i l l produce more e f f i c i e n t l y on a we i g h t - s p e c i f i c 
b a s i s than s m a l l e r p e t r e l s which i s one advantage of large s i z e . The 
storm p e t r e l s ( 6 9 - 7 9 ) a l s o a l l l i e to one side of the regression 
l i n e and suggest that a t t h i s end of the s i z e s c a l e a l s o e f f i c i e n t l y 
f a l l s away. 
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TABLE XXs DEVELOPMENT RATES TO FLEDGING•IN PETRELS 
(Sample s i z e s i n parentheses) 

Species Body Weight 
(kg) 

N e s t l i n g Period 
(days) 

Nestling Time 
/ kg Adult 

(days) 

l a 8.389 (14) 240 (2) 28.6 

2b 8.190 (105) 278 (35) 33 .9 

12 2.838 (10) 139 (2) 49 .0 

15 if. 052 (9) 108 (7) 26.7 

16 0.739 (18) 51 (6) 69 

17 0.762 (32) 47 (24) 62 

19 0,^15 (45) 49 (15) 118 

20 0,260 (27) 51 (7) 196 

31 0.3^^ (1*) 92 (32) 267 

if3a 0.159 (124) 50 ,5(22) 318 

^5 0.132 (100) 50 (139) 379 

58 0,632 (19*) 92 (3) 146 

60 0.787 (100) 97 (53) 123 

62 O0635 (54) 94 (18) 148 

ek\> 0,if23 (18) 69 (53) 164 

67b 0.163 (13) 75 (41) 460 

68 f 0.116 ( 2 5 » ) 72 (3) 621 

69 0.03^ (10) 52 (1) 1529 

71c 0.047 (100) 57 (40) 1219 

7^ 0.028 (50) 63 (32) 2243 
78a 0.0^8 (66) 66.5 (5) 1385 

79b 0.043 (12) 64 (53) 1488 

83a 0.124 (100) 5̂ + (5^+) 433 

• C a l c u l a t e d Value, 
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1 1 . 1 0 . N e s t l i n g Periods and Incubation Periods. 

P e t r e l s with short n e s t l i n g periods a l s o tend to have short 
incubation periods, as shown by Lack ( I 9 6 7 ) . For 14 species for which 
adequate data are a v a i l a b l e (Table X I I I ) the c o r r e l a t i o n between these 
two v a r i a b l e s i s s i g n i f i c a n t with r = +O .9508; P < , 0 0 1 . The data 
are d i s p l a y e d on a r i t h m e t i c axes i n Figure 2 9 . They suggest a c u r v i -
l^.near r e l a t i o n s h i p . 

The c o r r e l a t i o n between incubation and n e s t l i n g periods shown i n 
the preceding s e c t i o n s may r e f l e c t d i r e c t c a u s a l r e l a t i o n s h i p s . Thus 
a s m a l l egg would be expected to^hatch sooner than a large one i f only 
because l e s s m a t e r i a l has to be converted i n t o l i v i n g t i s s u e . L i k e 
wise, the s i z e of the h a t c h l i n g w i l l vary according to the s i z e of the 
egg from which i t i s produced and other f a c t o r s being equal, the time 
to complete development to adult s i z e would be expected to r e l a t e to 
t h i s i n i t i a l s i z e a t hatching. Hence with small p e t r e l s that produce 
large eggs r e l a t i v e to t h e i r body s i z e s a greater proportion of the 
t o t a l time from l a y i n g to fledging would be expected to be devoted to 
incubation than with a large p e t r e l which l a y s an absolu t e l y l a r g e r 
egg but one that i s sm a l l e r r e l a t i v e to body s i z e and therefore pro
duces a r e l a t i v e l y small c h i c k . I n that case the proportion of time 
spent i n incubation should be sm a l l e r i n respect of t o t a l development 
time. 

Figure 29 i n d i c a t e s that t h i s i s ge n e r a l l y true, so that the 
l a r g e r s p e c i e s l i e to the r i g h t of and above the smaller ones. Thus 
for the large s p e c i e s 2 (D, exulans) the n e s t l i n g period i s about 3 » 6 

times that of the incubation period; for medium-sized spe c i e s 62 

(P. t e n u i r o s t r i s ) only about 1 , 8 times as long, while the chick of the 
sm a l l s p e c i e s 79 ( 0 . c a s t r o ) i s i n tjhe nest only 1 , 5 times as long as 
i t i s i n the egg. Nevertheless, t h i s cannot be the whole s t o r y as 
otherwise the points i n Figure 29 would a l l plot neatly along a curve 
of an ascending exponential type. 

I t w i l l be seen that the sp e c i e s that l i e close to the o r i g i n 
include not only the s m a l l e s t ones - the storm p e t r e l s ( 7 4 , 78 and 79) 

- but a l s o the much l a r g e r medium-sized fulmars ( 2 0 , 1 6 , 19 and 17 ) 

with P a c h y p t i l a desolata ( 4 3 ) , Oceanites oceanicus ( 6 9 ) may r i g h t l y 
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belong among t h i s group but the data are inadequate. 
I t i s i n t e r e s t i n g to note that on the evidence a v a i l a b l e , the 

c l o s e l y r e l a t e d fulmars F, g l a c i a l i s ( 1 7 ) , and F, g l a c i a l o i d e s ( 1 6 ) , 

each of which r e q u i r e s about 95 days from egg l a y i n g to produce a 
fledged c h i c k , do not achieve t h i s i n quite the same way. With 
g l a c i a l o i d e s the n e s t l i n g period i s shorter than the incubation period 
whereas i n g l a c i a l i s the r e v e r s e seems to hold. Their egg and body 
weights, however, are almost e x a c t l y the same, 

Pelecanoides occupies a p e c u l i a r p o s i t i o n . I t i s unnumbered i n 
Figure 29 as the data are only approximate but i s i n d i c a t e d there by 
a t r i a n g l e . With t h i s b i r d the r a t i o of the n e s t l i n g to incubation 
periods i s about 1,0 despite the small egg r e l a t i v e to body s i z e 
( s e c t i o n 7 . 1 ) . On the b a s i s of i t s egg capacity t h i s species should 
have an incubation period of around 44 days (equation 19) r a t h e r than 
the 56 days of Richdale's estimate. Again, while the plot f o r the 
n e s t l i n g period a g a i n s t egg c a p a c i t y places Pelecanoides quite close 
to the trend l i n e , t h i s too i s unexpected. As the egg i s s m a l l , the 
h a t c h l i n g must a l s o be small so that longer time should be needed for 
development to adult s i z e . Part of the explanation for the l a t t e r 
anomaly may be that the chick does not fledge above adult weight as 
most p e t r e l f l e d g l i n g s do (Richdale, 1965a; Lack, i n press) so that 
i t s s t a t e on departure may not be t r u l y comparable with those of other 
P r o c e l l a r i i f o r m e s , Furthermore, according to Lack's reasoning ( I967 

and i n the following s e c t i o n ) the inshore feeding of t h i s b i r d allows 
more frequent chick meals leading to a rapid growth rate during the 
n e s t l i n g period, 

11 ,11 , D i s c u s s i o n on Development Rates, 

I t has been shown i n the previous s e c t i o n that there are under
l y i n g r e g u l a r i t i e s i n the times taken by d i f f e r e n t s p e c i e s of 
Tubinares to produce fledged young. These times are c o r r e l a t e d with 
body s i z e and egg s i z e . No p e t r e l , as f a r as i s known, can r a i s e a 
f l y i n g c h i c k from the egg i n l e s s than about 95 days. For the very 
larg e s p e c i e s about a year i s required. 

I f i t i s assumed that the r e l a t i o n s h i p s demonstrated above r e f l e c t 
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fundamental o r d i n a l c h a r a c t e r i s t i c s of the p e t r e l s c o n t r o l l e d by a 
common genetic c o n s t i t u t i o n that i s a l s o responsible for t h e i r common 
morphological f e a t u r e s , then i t would seem that the lengths of these 
developmental phases are capable of modification i n the course of 
n a t u r a l s e l e c t i o n . 

The most notable exceptions to general trends i n development 
r a t e s are shown by the fulmars, s p e c i e s 14, I 5 , 16, I7, I9 and 20. 
Unfortunately there i s l i t t l e information f o r T h a l a s s o i c a (I8) but 
Orton (1968) i n d i c a t e s that 13 weeks elapse from egg l a y i n g to chick 
departure, so that e v i d e n t l y i n T h a l a s s o i c a development i s a l s o rapid. 
These are a l l b i r d s that breed i n or c l o s e to the polar regions 
although the A r c t i c F, g l a c i a l i s has spread south i n recent years while 
Macronectes may have sp e c i a t e d and spread north r e c e n t l y to lower l a t i 
tudes i n the Southern Ocean, A l l these b i r d s breed i n the open on 
f l a t ground or on c l i f f ledges and c a v i t i e s among rocks that provide 
l i m i t e d s h e l t e r from the weather. I n these high l a t i t u d e s summers 
are s h o r t but the summer days are long. 

Recent s t u d i e s of two A n t a r c t i c s p e c i e s , Daption capensis by 
Pinder (I966) and Pagodroma nivea by Brown (I966) show that while the 
dates of re-occupation of the breeding s i t e s are c o r r e l a t e d with the 
dates of break up of the pack i c e , the peak of egg l a y i n g i s remarkably 
constant from year to year, a l l the eggs being l a i d within a week on 
e i t h e r s i d e of the mean date. This synchrony i s a l s o seen i n the 
hatching dates. The r i g i d time table suggests that the period during 
which breeding i s p o s s i b l e (when day length i s adequate, surface 
plankton p l e n t i f u l , the feeding grounds a v a i l a b l e at a convenient 
d i s t a n c e from the nest s i t e and the l a t t e r safe from i c i n g or snowing 
up) i s l i m i t e d , Maher (1962), Prevost (1964), Brown (I966) and 
Pinder ( l o c c i t , ) have a l l discussed aspects of the environmental 
problems faced by these b i r d s and Prevost a l s o examined the micro
climate of the nesting s i t e s . 

Such r e s t r i c t e d breeding seasons are p a r a l l e l e d by those of 
hig h l y migratory p e t r e l s l i k e Puffirius t e n u i r o s t r i s which seem to be 
able to perform t h e i r v a s t f l i g h t s only by speeding up the breeding 
c y c l e s and a c t u a l l y d e s e r t i n g their-xrafled^ed-chicks, The Daption 
chi c k f l i e s a t the end of February and the Pagodroma and Th a l a s s o i c a 



117. 

c h i c k f l i e s about the same time and these, together with those of 
F, g l a c i a l o i d e s (Prevost, 1964) and Macronectes giganteus (Warham, 
1962) seem to reach the sea when the food supply i s at a maximum i f 
the s t a t e of the s u r f a c e plankton sampled i n Foxton's study (Foxton, 
1956) a p p l i e s a l s o to the foods of- these s p e c i e s . 

Polar conditions appear to give the p e t r e l s l i t t l e room for 
manoeuvre i n breeding timetables, - They are prevented from l a y i n g any 
e a r l i e r than they do by the danger of i c e or snow blockage of t h e i r 
nest s i t e s , by the short days and extensive s e a - i c e that c u r t a i l s 
photo-synthesis and, a t the end of the season, by the return of these 
conditions and the annual descent of the plankton. Were these birds 
to r e q u i r e the normal times for development c h a r a c t e r i s t i c of other 
p e t r e l s of the same s i z e i t seems u n l i k e l y that s u c c e s s f u l breeding 
could occur, A shearwater or gadfly p e t r e l the s i z e of F. g l a c i a l o i d e s 
r e q u i r e s about I 5 0 days to produce f l y i n g young from i t s new l a i d egg; 
the fulmar does t h i s i n about 60^ of that time. Such abbreviated 
breeding seasons appear to be adaptations developed for breeding i n a 
marginal environment whose e x p l o i t a t i o n i s p ossible only on the b a s i s 
of prompt e x p l o i t a t i o n of a seasonal f l u s h of food and nest s i t e s . 

There i s evidence too that among the fulmars there are d i f f e r e n c e s 
i n the development times; that the adjustment to l o c a l conditions has 
not been uniform. For Daption capensis there i s apparently l i t t l e 
evidence of v a r i a t i o n s with l a t i t u d e , the b i r d s studied by Prevost 
( 1 9 6 4 ) at Pointe Geologie (66°S) having s i m i l a r incubation and n e s t l i n g 
periods to those at Signy I s l a n d (60°S) i n v e s t i g a t e d by Pinder ( I 9 6 6 ) . 

On the other hand there may be s i g n i f i c a n t d i f f e r e n c e s between the 
populations of Pagodroma at Pointe Geologie and at Mawson and Davis 
(68°S) as may be seen when Brown's and Prevost's data for these two 
b i r d s are compared (Table X X I ) , Whereas Daption at the two breeding 
p l a c e s does not d i f f e r i n body s i z e , Pagodroma at the two A n t a r c t i c 
mainland s i t e s does. Relevant data a r e ; -
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TABLE XXI: DEVELOPMENT TIMES IN TWO POPULATIONS OF PAGODROMA 
(Sample s i z e s i n parentheses) 

Body Wt. Egg Wt. Incubation N e s t l i n g 
S i t e (g) (g) period period 

(days) (days) 

Pointe Geologie 347 (6) 59.6 (6) c,40 46 (6) 

Mawson anc^ Davis 244 (13) 47,4(21) 43,2 51 (7) 

Despite the s m a l l s i z e of the samples the data do i n d i c a t e that 
a r e a l d i f f e r e n c e e x i s t s between the two populations. The Pointe 
Geologie b i r d s succeed i n r a i s i n g t h e i r young i n l e s s time than the 
b i r d s of the smaller form, ' The data are r e i n f o r c e d by the annual 
time t a b l e a t the two s t a t i o n s , for the birds a t Pointe Geologie 
succeed i n g e t t i n g t h e i r c h i c k s to sea by about the same date (6 March) 
as those a t Mawson and Davis despite the former's l a y i n g about 5 days 
l a t e r than the l a t t e r . Even were the r e a r i n g periods of the two 
forms i d e n t i c a l , that the l a r g e r form takes the same time would i n d i 
cate an e f f e c t i v e a c c e l e r a t i o n of development s i n c e l a r g e r p e t r e l s 
take longer to develop. There i s no evidence that the chicks at 
e i t h e r s t a t i o n f l y a t d i f f e r e n t stages of development and although 
the eggs of the l a r g e r form are l a r g e r , producing l a r g e r hatchlings 
they bear a lower r a t i o to the body weight of the birds that l a y them 
(165^) than obtains with those of the smaller form ( ^ ^ % ) . The reason 
for the l a t e r l a y i n g at Pointe Geologie appears to be due to somewhat 
more severe c l i m a t i c conditions at that time than at the two other 
breeding p l a c e s . 

I t seems c l e a r that Pagodroma^ the s m a l l e s t of the fulmars and 
yet the most southerly breeding perhaps of a l l birds - f l o c k s have 
been seen around a mountain top about 415 km, from the sea by Fuche 
and H i l l a r y (1958) - has e x p l o i t e d a considerable capacity to speed 
up both incubation and c h i c k r e a r i n g . The l a t t e r could be a con
sequence of p a r e n t a l access to a r i c h food supply but t h i s could 
hardly a f f e c t incubation periods unless p a r t i c u l a r l y high energy 
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m a t e r i a l s are incorporated i n the egg. I t seems more l i k e l y that the 
major f a c t o r i s g e n e t i c , that s e l e c t i o n has been severe and operated 
on a s p e c i e s with the p o t e n t i a l to adjust development times to a con
s i d e r a b l e extent. I t would be i n t e r e s t i n g to have data on the 
breeding c y c l e s at the inland colonies of Pagodroma such as those seen 
by Lovenskiold ( I 9 6 O ) to l e a r n i f these b i r d s , faced with energy con
suming . f l i g h t s of 200 km and more between t h e i r nests and the sea, 
have modified t h e i r development r a t e s s t i l l f u r t h e r . 

I n s p e c t i o n of Figure 26 shows that r e l a t i v e to egg s i z e (or 
c a p a c i t y ) Pagodroma ( 2 0 ) does not deviate from the r e g r e s s i o n l i n e 
more than do other small or medium s i z e d fulmars which a l l have very 
s i m i l a r n e s t l i n g periods. Perhaps t h i s means that i n t h i s respect 
adaptation has proceeded to i t s l i m i t and that any f u r t h e r a c c e l e r a t i o n 
i s impossible unless the c h i c k s leave the nest at an e a r l i e r stage of 
development, as may perhaps obtain with fulmars of the Barents Sea 
d i s c u s s e d l a t e r . As regards incubation periods (Figure 2 0 ) i t w i l l 
be seen that r e l a t i v e to egg s i z e Pagodroma ( 2 0 ) , Daption ( 1 9 ) and 
F. g l a c i a l o i d e s ( 1 6 ) show equivalent degree of adaptation whereas 
F. g l a c i a l i s (I7) shows l e s s . However, data on incubation periods 
for the form of the l a t t e r b i r d breeding at the northern fringe of i t s 
range a t about 80°N are not a v a i l a b l e . 

These conclusions run counter to those of Maher ( I 9 6 2 ) who d i s 
cussed food and climate i n r e l a t i o n to the breeding cy c l e of Pa^odroma 
at Cape H a l l e t t . He c o l l e c t e d no*data on incubation or n e s t l i n g 
periods but estimated the t o t a l time involved as being from 1 0 0 - 1 2 0 

days. He was apparently unaware of Prevost's determinations and does 
not seem to have appreciated the importance of body s i z e or he would 
not have compared development r a t e s of Pagodroma with Oceanites and 
concluded that Pagodroma has not shortened i t s incubation period or 
r a t e of development i n adapting to'the A n t a r c t i c , 

Evidence from the A r c t i c also•suggests that fulmars i n that region 
have speeded up t h e i r development r a t e s i n adapting to a marginal 
h a b i t a t . The data, summarised by B e l o p o l ' s k i i ( I 9 6 I ) are unfortun
a t e l y r a t h e r inadequate and not always c o n s i s t e n t . According to work 
quoted by t h i s author the n e s t l i n g period of F. g l a e i a l i s i n the 
Barents Sea ranges from, 35-45 days which i s considerably shorter than 
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the European data given i n Table X I I I . Furthermore, i t seems that 
the duration of the n e s t l i n g period may be longer for e a r l y hatched 
c h i c k s than for l a t e r hatched onesi This shortening of the n e s t l i n g 
period seems to be i n part at l e a s t due to the descent of the chicks 
to the sea before they reach a d u l t ' s i z e and before they are able to 
f l y . 

I t i s not c l e a r what advantage t h i s system o f f e r s as i t seems 
most u n l i k e l y that the parents feed t h e i r c hicks once they leave the 
nest and u n l i k e l y too that s e l f - f e e d i n g could be e f f e c t i v e i n the 
absence of f l i g h t . Perhaps i t i s b e t t e r to experience a period of 
f a s t i n g at sea and remain i n open water during the f i n a l stages of 
maturation r a t h e r than freeze- on the nesting ledges while the b e l t of 
sea i c e widens below even though the parents may continue bringing 
food. On the other hand these colonies apparently experience condi
ti o n s more extreme than those i n much of the A n t a r c t i c for B e l o p o l ' s k i i 
reports that l a y i n g takes place with ambient temperatures as low as 
-25°C. The p o s s i b i l i t y of e a r l y nesting i n Novaya Zemlya i s a t t r i 
buted to the f l y i n g powers o f the fulmars which give them access to 
adequate high energy foods beyond the edge of the i c e and at great 
d i s t a n c e s from the nesting p l a c e s . • This author a l s o s t a t e s that the 
n e s t l i n g period of the F, g l a c i a l i s i s s h o r t e r i n regions with more 
severe c l i m a t e s and t h i s he believed a p p l i e s not only to t h i s sea b i r d 
but to others breeding i n the Barents Sea region such as the Kittiwake. 

Macronectes appears to have a c c e l e r a t e d both i t s egg and chick 
development. This i s l e s s A n t a r c t i c i n i t s range than the other 
fulmars p r e v i o u s l y discussed and the main populations breed at lower 
l a t i t u d e s on e i t h e r s ide of the A n t a r c t i c Convergence, At Macquarie 
I s l a n d a t l e a s t M, giganteus i s present a t i t ^ nest throughout the 
year so that these b i r d s would seem to be subj e c t to comparatively 
l i t t l e pressure for a c c e l e r a t i n g development a t the present time. Yet 
once acquired the b e n e f i t s of ishortehed neatUng periods seem u n l i k e l y 
to be r e l i n q u i s h e d . I t seems possible that during the Pleistocene 
Macronectes experienced s e l e c t i o n pressures s i m i l a r to those operating 
on the A n t a r c t i c . s p e c i e s today and that the shortened n e s t l i n g periods 
evolved then have s i n c e been r e t a i n e d . 

Lack (1967) has suggested that i t i s the inshore feeding sea birds 
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which have the s h o r t e s t incubation and n e s t l i n g periods. He has 
extended t h i s hypothesis to the P r o c e l l a r i i f o r m e s by assuming that the 
frequency of feeds given to the chicks i s a measure of the feeding 
range of the parents. He draws a t t e n t i o n to the frequency of chick 
feeding i n Pelecanoides, the c h i c k ' s rapid r a t e of growth and i t s 
departure a t only about adult weight. 

This hypothesis cannot be tested a t present as f a r as i t a p p l i e s 
to p e t r e l s g e n e r a l l y owing to inadequate data but while a high frequency 
of v i s i t s to the ch i c k s by the parents c e r t a i n l y implies a l i m i t e d 
feeding range, the reverse i s not n e c e s s a r i l y true and Serventy (I967) 
provides evidence that i n Puffinus t e n u i r o s t r i s (which does not feed 
i t s c h i c k f r e q u e n t l y ) much of the food i n the adult's stomach on 
a r r i v a l has been caught only a few hours before. Furthermore, the 
fulmars, with t h e i r outstandingly rapid development r a t e s , are not 
n e c e s s a r i l y inshore feeders. At l e a s t one of these breeds 200 k i l o 
metres i n l a n d and i t seems most u n l i k e l y that birds at these high-
l a t i t u d e n e s t i n g places have longer incubation or n e s t l i n g periods 
than those breeding on the A n t a r c t i c c o a s t l i n e . 

Lack ( i n press) has taken h i s i n v e s t i g a t i o n of the growth rate i n 
p e t r e l s f u r t h e r p a r t i c u l a r l y i n respect of the food supply a v a i l a b l e 
during the breeding seasons. He b e l i e v e s that these b i r d s , as an 
a l t e r n a t i v e to a l t e r i n g t h e i r c l u t c h s i z e , have adapted t h e i r growth 
r a t e s to the l o c a l food conditions. Development i s discussed i n the 
l i g h t of the f a t r e s e r v e s l a i d down by the chick, the presence or 
otherwise of a desertio n period, body s i z e and other f a c t o r s . He 
comments on the r a p i d development of the fulmars and i n t e r p r e t s t h i s , 
as I do, as an adaptation to polar conditions. 

The evidence on development r a t e s f or p e t r e l s of warm and t r o p i c a l 
seas suggests a d i f f e r e n t s i t u a t i o n . I t has been shown i n s e c t i o n 
11,2 that r e l a t i v e to egg s i z e a t l e a s t two non-migratory warm water 
p e t r e l s have long incubation periods while f i v e non-migratory t r o p i c a l 
or temperate zone s p e c i e s a l s o take unustially long to re a r t h e i r 
c h i c k s r e l a t i v e to t h e i r egg s i z e . 

Very recent information ( H a r r i s , i n press, b) i n d i c a t e s the 
p l a s t i c i t y of the n e s t l i n g period i n Oceanodroma c a s t r o . At the 
Galapagos I s l a n d s he found that 19 chicks flew a t a mean age of 70 days 
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i n the hot season whereas 25 c h i c k s were ashore for a mean period of 
78 days i n the cold season, t h i s being a spec i e s that breeds throughout 
the year a t t h i s s t a t i o n (Snow and Snow, 1967). Yet at Ascension 
I s l a n d 53 c h i c k s of the same sp e c i e s flew on average a t age 64 days 
( A l l a n , 1962), Incubation periods, on the other hand, are the same 
at both p l a c e s . 

The above considerations i n d i c a t e that the times needed for 
incubation and chick r e a r i n g have been subjected to modification i n 
the course of evolution at l e a s t i n some p e t r e l genera. Incubation 
period appears to be l e s s p l i a b l e than n e s t l i n g period but modificat
ions of the one are often accompanied by modifications to the other so 
that common genetic f a c t o r s may be involved. I t seems l i k e l y that 
long incubation periods are the o r i g i n a l condition i n t h i s order and 
that the fulmars have been helped i n t h e i r invasion of the polar 
regions by t h e i r a b i l i t y to speed up development times. Indeed i t 
may w e l l be that t h i s trend to shortened development times has operated 
widely during the evolution of the order and that the s i t u a t i o n with 
sedentary t r o p i c a l s p e c i e s represents a r e t e n t i o n of the p r i m i t i v e 
s t a t e r a t h e r than i t s modification from one where development r a t e s 
were f a s t e r . 
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1 2 . GENERAL DISCUSSION 

I t has been shown i n previous s e c t i o n s that throughout the 
P r o c e l l a r i i f o r m e s harmonious r e l a t i o n s h i p s e x i s t between body s i z e and 
a number of v a r i a b l e s such as the dimensions of body p a r t s , egg weight 
and growth r a t e s : these r e l a t i o n s h i p s can be described by a s e r i e s of 
e m p i r i c a l equations^ Some v a r i a b l e s are l i n e a r l y r e l a t e d to body 
s i z e but more u s u a l l y the part i s a parabolic function of the whole and 
the r e l a t i o n s h i p can be represented by means of a logarithmic or power 
equation. Thus the r e l a t i o n s h i p of standard wing length i n c e n t i 
metres ( y ^ ) to mean female body weight i n grams (x) i s given by 
equation ka:~ 

= 4 . 9 0 x ° ° 2 9 (i.a) 

while f r e s h egg weight i n grams (y^) i s r e l a t e d to mean female body 
weight i n grams (x) as f o l l o w s : -

= 0 . 8 5 9 x ° ° 7 ' (6) 

The importance of body s i z e i n determining the dimensions of 
p a r t s and organs i s explored f u r t h e r i n Figure 30 where a s e r i e s of 
v a r i a b l e s i s plotted against body weight on logarithmic axes i n 
a d d i t i o n to the curve r e l a t i n g egg weight and body weight from Figure 
6. These a d d i t i o n a l curves r e l a t e the weights of the dry skeleton i n 
grams (y ) ; the standard lengths of tarsus and culmen i n m i l l i m e t r e s 
(y. and y ) ; the lengths of the cleaned bones of the forearm: % c 
humerus (yj^) • ulna (y^) and manus (y^) i n m i l l i m e t r e s , to mean body 
weight (x) i n grams» The r e g r e s s i o n l i n e s a r e s -

^s 

^ t 

^c 

0 , G 3 5 x ' ' ° ' ' . . . . . . . . . . . ( 2 5 ) n = 10 species 

5 . 7 x ° ° ^ ' ' . ( 2 6 ) n = 43 species 

^.^x^°^'^ o . . . . . . . . . . . . . o ( 2 7 ) n = 41 species 
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if „ 3 x ° ° ^ ^ . . o (28) n = 20 species 

8 . 6 x ° ° ^ ° 0 . 0 . . . (29) n = 16 species 

Tiius the s i z e s of at l e a s t seven body components are r e l a t e d to 
body s i z e by means of a l l o m e t r i c equations of the form 

bx^ 

where "b" i s the i n t e r c e p t on the y a x i s (the value of y when x i s 
u n i t y ) and "a" i s the value of the r a t i o of rate of change of organ 
s i z e with body s i z e , the "equilibrium constant" or " p a r t i t i o n 
c o e f f i c i e n t " between the part and the body. 

The data on which Figure 30 i s based are somewhat heterogeneous. 
Further study w i l l undoubtedly show that the values of both constants 
i n the a l l o m e t r i c equations need some s l i g h t modification. The 
number of s p e c i e s from which the data have been drawn are i n d i c a t e d 
beside each equation but whereas for some v a r i a b l e s l i k e t a r s a l and 
culmen lengths the f i g u r e s used are the means from long s e r i e s , for 
others such as s k e l e t a l weights and lengths of the wing bones only a 
s i n g l e determination has been made for some s p e c i e s . The data for 
standard wing lengths and bone lengths come from the l i t e r a t u r e c i t e d 
i n s e c t i o n 3» from Table I and Appendix A. These data have been 
supplemented with a d d i t i o n a l measurements including determinations of 
s k e l e t a l weights. 

Of the eight v a r i a b l e s egg weight shows negative allometry 
("a" < 1) and so too do wing and t a r s a l lengths ("a" = 0 ,33 for 
isometry when comparing lengths and a three-dimensional v a r i a b l e ) . 
The remaining lengths show p o s i t i v e allometry ("a" > 0 , 3 3 ) , S k e l e t a l 
weight a l s o shows s l i g h t p o s i t i v e allometry with "a" = 1 , 1 . Here the 
s k e l e t a l weight i n c r e a s e s r e l a t i v e to body s i z e with i n c r e a s i n g body 
s i z e . But the exponent figure i s only s l i g h t l y above the value of 
u n i t y at which the part bears a constant r a t i o to body s i z e , i , e , i s 
isometrico 

The spread of the points about the regression l i n e s v a r i e s . For 
s k e l e t a l weights and the lengths of the bones of the forearm the spread 
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i s s m a l l , f o r culmen and t a r s a l l e n g t h s , much g r e a t e r . The v a r i a t i o n s 
f o r t a r s a l l e n g t h s are o n l y p a r t l y dufe t o the long-legged species i n 
t h e Hydrobatidae and f u r t h e r work may show t h a t t h e r e i s a change of 
g r a d i e n t a t the lower end of the s i z e range i n t h i s v a r i a b l e . Culmen 
l e n g t h s v a r y too as species of s i m i l a r weight can have s i g n i f i c a n t l y 
d i f f e r e n t v alues f o r t h i s v a r i a b l e , r e f l e c t i n g d i f f e r e n c e s i n b i l l 
f orm n o t a d e q u a t e l y d e s c r i b e d by a s i n g l e measurement. For i n s t a n c e , 
i n P u f f i n u s the b i l l tends t o be l o n g and s l e n d e r , i n Pterodroma 
s h o r t e r and deeper, hence i n b i r d s of s i m i l a r s i z e from the two genera, 
even i f the same amount o f m a t e r i a l has gone i n t o making the b i l l , t h i s 
i s n o t r e v e a l e d by a s i n g l e l i n e a r measurement. Here i s anothe r 
i n s t a n c e where c l o s e r s t u d y and f u r t h e r measurement may be expected t o 
r e v e a l g e n e r i c d i f f e r e n c e s i n the a l l o m e t r i c c o n s t a n t s . 

The l e n g t h s of the humerus and u l n a are so close t h a t on the data 
f o r the 20 species measured i n c o m p i l i n g e q u a t i o n 28, a common r e g r e s 
s i o n l i n e seems adequate. The o n l y species i g n o r e d i n w o r k i n g out 
t h a t r e l a t i o n s h i p i s Pelecanoides u r i n a t r i x . This b i r d , so s h o r t -
winged f o r a p e t r e l o f i t s body s i z e , has abnormally s h o r t humerus, 
u l n a and raanus as p o i n t e d out i n ' s e c t i o n 5.2 above. 

I t i s i n t e r e s t i n g t h a t s k e l e t a l weights v a r y almost i s o m e t r i c a l l y 
w i t h body w e i g h t . S k e l e t a l w e i g h t s were a l s o i s o m e t r i c a l l y r e l a t e d 
t o body wei g h t s i n the F e l i d a e s t u d i e d by Davis ( I 9 6 2 ) . However, i n 
the p e t r e l s the l a r g e r species have i n c r e a s i n g l y pneumatised bones and 
these must p l a y a major p a r t i n keeping down s k e l e t a l w e i g h t . The 
main bones s t i l l unpneumatised i n the a l b a t r o s s e s are those of the h i n d 
l i m b . I n view o f the severe s t r e s s e s t o which these are s u b j e c t 
d u r i n g l a n d i n g s ashore i n the absence of s t r o n g winds (due t o i m p e r f e c t 
f l i g h t c o n t r o l and h i g h wing l o a d i n g s ) , f u r t h e r r e d u c t i o n o f s k e l e t a l 
w e i g h t s by p n e u r o a t i s a t i o n may w e l l be i m p o s s i b l e w i t h o u t an unaccept
a b l e i n c r e a s e i n c a s u a l t i e s due t o l i m b breakage. The p a r t i t i o n 
c o e f f i c i e n t o f 1.1 suggests t h a t t h i s i s b a r e l y p o s s i b l e up t o the 
p r e s e n t l i m i t o f body s i z e . 

F i g u r e 30 a l s o shows how the c o n t r i b u t i o n s o f t h e separate wing 
bones v a r y i n a s e r i e s o f p e t r e l s of i n c r e a s i n g s i z e . A l l t h r e e 
segments i n c r e a s e w i t h p o s i t i v e a l l o m e t r y w i t h i n c r e a s i n g body s i z e 
b u t the manus i n c r e a s e s more s l o w l y than the o t h e r two major bones so 
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t h a t a p o i n t i s reached where the l e n g t h s o f humerus and u l n a exceed 
t h a t o f the complex o f bones c o m p r i s i n g the hand. I n consequence, 
w h i l e t h e wings o f the l a r g e r s p e c i e s are l o n g e r than those o f the 
s m a l l ones, the r e l a t i v e c o n t r i b u t i o n s t o t h i s r e s u l t o f the humerus 
and u l n a are g r e a t e r than those o f the manus, as e s t a b l i s h e d i n s e c t i o n 
5.1, T h i s seems t o be an example of a widespread tendency i n s e r i a l 
organs f o r t h e d i s t a l p a r t s t h a t develop l a s t t o grow a t a lower r a t e 
t han t h e p r o x i m a l ones and t o be -more v a r i a b l e i n s i z e . There seem 
t o be p r o x i m a l - d i s t a l g r a d i e n t s o f d i f f e r e n t i a t i o n c o n t r o l l e d by growth 
genes so t h a t the p a r t s o f the organ c l o s e s t t o the body o b t a i n more 
m a t e r i a l f o r growth d u r i n g ontogeny than do the d i s t a l p a r t s . Examples 
of s i m i l a r compensation e f f e c t s are g i v e n by Rensch (I966) who p o i n t s 
out t h a t t h i s i s a l s o e v i d e n t i n the p r o p o r t i o n s of the bones of the 
hand i n man analysed by W h i t e l y and Pearson (I9OO), The tendency f o r 
the d i s t a l wing elements t o be more v a r i a b l e w h i l e the p r o x i m a l ones 
are more s t a b l e and l e s s " r e s p o n s i v e " t o e n v i r o n m e n t a l e f f e c t s , has 
been n o t e d among o t h e r b i r d groups ( F i s h e r , 1955). 

Such changes i n the form of" the wing s k e l e t o n w i t h changing body 
s i z e have r e s u l t e d i n a l t e r a t i o n s t o the modes of f l i g h t which are thus 
c o r r e l a t e d w i t h body s i z e . The s m a l l species have a more g e n e r a l i s e d 
type o f f l i g h t , b e a t i n g t h e i r wings f r e q u e n t l y and g l i d i n g l e s s and 
f o r s h o r t e r d i s t a n c e s than the l a r g e r ones. Compare, f o r i n s t a n c e , 
the r e l a t i v e l y h i g h w i n g - s t r o k e frequency o f s m a l l shearwaters l i k e 
P u f f i n u s a s s i m i l i s w i t h t h a t o f a l a r g e shearwater such as C a l o n e c t r l s 
diomedea which g l i d e s so w e l l t h a t i n the words of Meinertzhagen ( i n 
Lowe, 1925) "When th e y r i s e from the water they s i m p l y open t h e i r 
wings and g l i d e . Not once d i d I see a wing f l a p when t a k i n g the a i r . " 
There may be some minor d e v i a t i o n s from t h i s t r e n d (see Murphy, 1936 

and Kuroda, 1954 f o r d e s c r i p t i o n s o f the modes o f f l i g h t i n these 
b i r d s ) b u t g e n e r a l l y , b o t h w i t h i n f a m i l i e s and genera and thro u g h o u t 
the o r d e r as a whole, the l a r g e r the b i r d the more p r o g r e s s i o n i s by 
p l a n i n g and g l i d i n g and the l e s s f r e q u e n t l y are the wings a c t u a l l y 
beaten f o r t h i s purpose. 

As a l l the v a r i a b l e s i n F i g u r e 30 are r e l a t e d t o body s i z e they 
are a l s o r e l a t e d t o each o t h e r . I n a s e r i e s of p e t r e l s graded accor
d i n g t o s i z e the dimensions of t h e i r p a r t s change a c c o r d i n g t o a 
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r e g u l a r p a t t e r n ; they are a f u n c t i o n of body s i z e i t s e l f and the form 
o f t h e a d u l t animal changes a c c o r d i n g l y . 

The e x i s t e n c e o f these a l l o m e t r i c r e l a t i o n s h i p s between c e r t a i n 
p a r t s and the whole emphasises the homogeneity of the b i r d s t h a t con
s t i t u t e t h e o r d e r P r o c e l l a r i i f o r m e s , An e x t e n s i o n of the a n a l y s i s t o 
o t h e r c h a r a c t e r s would be expected t o r e v e a l t h a t many of these are 
a l s o r e l a t e d a l l o m e t r i c a l l y t o body s i z e . Then, g i v e n the value of 
any one v a r i a b l e f o r a p a r t i c u l a r p e t r e l , the o t h e r v a r i a b l e s c o u l d be 
d e t e r m i n e d ; Adolph ( 1 9 5 9 ) d i d t h i s f o r 32 p h y s i o l o g i c a l p r o p e r t i e s of 
6 s p e c i e s o f mammal. He found t h a t f a c t o r s l i k e u r i n e o u t p u t , 
v e n t i l a t i o n r a t e , t i d a l volume, b a s a l oxygen consumption and b r a i n , 
h e a r t , l i v e r and a d r e n a l w e i g h t s were a l l l i n k e d t o body weight a l l o 
m e t r i c a l l y and were t h e r e f o r e r e l a t e d t o each o t h e r . L i k e w i s e 
Needham ( 1 9 3 4 ) has shown t h a t i n metazoan animals the changes i n water 
and o t h e r chemical c o n s t i t u e n t s t h a t occur d u r i n g growth bear a l l o 
m e t r i c r e l a t i o n s h i p s t o the body weights a t a p a r t i c u l a r t i m e . 

The d e m o n s t r a t i o n of " r u l e s " c o n c e r n i n g the r e l a t i o n s h i p s between 
organ s i z e and body s i z e i n the p e t r e l s i s not i n i t s e l f a demonstra
t i o n o f an i n t i m a t e p h y l o g e n e t i c r e l a t i o n s h i p between the animals 
concerned f o r t h e r e i s an o v e r a l l r e l a t i o n s h i p , u s u a l l y of n e g a t i v e 
a l l o m e t r y , between the organ weights and body weights of b i r d s and 
mammals as a whole, sometimes c a l l e d "Welcker's r u l e " . These r e l a t i o n 
s h i p s have been e l a b o r a t e d by Brody ( 1 9 ^ 5 ) and Rensch ( 1 9 4 8 ) , among 
o t h e r s . To e s t a b l i s h t h e uniqueness o f t h e r e l a t i o n s h i p s among 
p e t r e l s would r e q u i r e a more d e t a i l e d a n a l y s i s t o show t h a t the a l l o 
m e t r i c c o n s t a n t s are s i g n i f i c a n t l y d i f f e r e n t t o those r e l a t i n g the 
p a r t i c u l a r v a r i a b l e w i t h body s i z e i n o t h e r groups. This i s not 
p o s s i b l e here w i t h o u t expanding the p r e s e n t study unduly and because 
d a t a on o t h e r b i r d s , e q u i v a l e n t t o thoise a v a i l a b l e f o r p e t r e l s , are 
n o t r e a d i l y a v a i l a b l e . 

Some comparisons are p o s s i b l e however. Thus the egg weight t o 
0 , 7 1 

body w e i g h t r e l a t i o n s h i p f o r p e t r e l s ; y = 0 , 8 5 9 x ° may be 
compared w i t h t h a t determined by Brody ( 1 9 4 5 ) f o r a wide range of 
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b i r d s of many c l a s s e s where y = 0 , 2 5 7 x , The p a r t i t i o n c o e f f i 
c i e n t s here are v e r y s i m i l a r and the d i f f e r e n t "b" values may be 
a s c r i b e d t o the g e n e r a l l y l a r g e s i z e s of p e t r e l eggs r e l a t i v e t o those 
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of the b i r d s t h a t l a y them compared w i t h the s i t u a t i o n w i t h b i r d s i n 
g e n e r a l . A l s o , as noted ( s e c t i o n 7.4), Amadon's a l l o m e t r i c equations 
r e l a t i n g egg dimensions t o body weights f o r b u n t i n g s and q u a i l have 
q u i t e d i f f e r e n t v alues f o r b o t h a l l o m e t r i c c o n s t a n t s than has the 
c o r r e s p o n d i n g e q u a t i o n f o r p e t r e l s , 

A l l o m e t r y i s b e l i e v e d t o r e s u l t from the o p e r a t i o n o f genes or 
gene complexes which c o n t r o l development r a t e s (Huxley, 1932). Where 
the r e l a t i o n s h i p s h o l d t h r o u g h o u t growth or throughout a t a x o n , i t i s 
assumed t h a t a l l t h e members share a common g e n e t i c f a c t o r c o n t r o l l i n g 
the g r owth g r a d i e n t s and the p o i n t a t which they cease t o o p e r a t e , i . e . 
when gro w t h i s complete and anabolism and c a t a b o l i s m are balanced . 
(von B e r t a l a n f f y , 1957). The a c t i o n s of the genes r e s p o n s i b l e must 
be mediated t h r o u g h s p e c i f i c g rowth substances, hormones, enzymes and 
s i m i l a r agencies and some common c o n t r o l operates t o l i n k t h e i r a c t i o n 
w i t h body s i z e . I n o t h e r words, organ s i z e i s not o n l y c o r r e l a t e d -
w i t h body s i z e b u t these two v a r i a b l e s may be c a u s a l l y l i n k e d . 

Thus when n a t u r a l v a r i a t i o n and s e l e c t i o n produces a change i n 
body s i z e changes o f p r o p o r t i o n s i n i n d i v i d u a l s t r u c t u r e s due t o the 
o p e r a t i o n o f g e n e - c o n t r o l l e d a l l o m e t r y , i . e . t o a l l o m o r p h o s i s , a u t o 
m a t i c a l l y f o l l o w . A l t h o u g h the change i n body s i z e i s a d a p t i v e the 
a l t e r e d s i z e or shape of the organ may or may not have a d a p t i v e v a l u e . 
L i k e w i s e , i n c r e a s e i n body s i z e may r e s u l t i n the appearance o f 
s t r u c t u r e s f o r which the p o t e n t i a l was presen t i n the a n c e s t o r but 
which c o u l d n o t be m a n i f e s t u n t i l body s i z e i t s e l f had i n c r e a s e d . A 
w e l l known example i s the e v o l u t i o n o f excessive horns i n t h e T i t a n o -
t h e r e s (Osborn, 1929). I f such excesses prove t o be s u f f i c i e n t l y 
dysgenic t h e y may ca n c e l out the b e n e f i t s a c c r u i n g t o the species by 
i t s i n c r e a s e d s i z e and such animals w i l l then be removed by n a t u r a l 
s e l e c t i o n . S e l e c t i o n may a l s o operate on the a l l o m e t r i c r a t e s them
s e l v e s w h i l e organs and t i s s u e s may be ab l e t o respond d i r e c t l y t o 
the p h y s i o l o g i c a l needs o f the body and v a r y a l l o m e t r i c a l l y w i t h o u t 
any change i n g e n e t i c composition,-

i C o n t r o l o f body s i z e has been shown i n some i n s t a n c e s t o be 
th r o u g h a s i n g l e gene but a c c o r d i n g t o Rensch ( I 9 6 6 ) more o f t e n t h e r e 
are s e v e r a l genes t h a t i n i t i a t e growth g r a d i e n t s d u r i n g ontogeny. 
Where a m u t a t i o n causes these genes t o le n g t h e n the time d u r i n g which 
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the growth g r a d i e n t i s o p e r a t i v e , f o r example by p e r m i t t i n g a growth 
p r o m o t i n g hormone t o c i r c u l a t e f o r l o n g e r or by d e l a y i n g the onset o f 
m a t u r i t y , then a l a r g e r a n i m a l may r e s u l t and s e l e c t i o n c o u l d f a v o u r 
such e f f e c t s . The l a r g e r a n i m a l w i l l be m o r p h o l o g i c a l l y d i f f e r e n t 
from i t s predecessors t h r o u g h the o p e r a t i o n o f the genes c o n t r o l l i n g 
a l l t he gr o w t h g r a d i e n t s i n the body. Thus a harmonious complex of 
changes i n morphology, anatomy and p h y s i o l o g y r e s u l t s . 

M u t a t i o n and n a t u r a l s e l e c t i o n however, may a l t e r the values of 
e i t h e r o f t h e two a l l o m e t r i c c o n s t a n t s . The slopes of the r e g r e s s i o n 
l i n e s and/or the s i z e o f the i n t e r c e p t on the y a x i s may be a l t e r e d . 
T h i s i s perhaps the r u l e r a t h e r than the e x c e p t i o n i n a l l o m o r p h o s i s so 
t h a t l a r g e s p e c i e s a r e n o t merely a l l o m e t r i c a l t e r a t i o n s o f s m a l l e r 
ones. The g r a d i e n t s a l s o o f t e n change d u r i n g ontogeny, p a r t i c u l a r l y 
a t b i r t h . Another example i s the change of g r a d i e n t t h a t occurs 
towards the lower l i m i t o f s i z e i n the r e l a t i o n s h i p between egg weight 
and a d u l t w e i g h t i n ' b i r d s (Huxley, 1927; s e c t i o n 7.1 above). 

I n some p h y l o g e n e t i c sequences such as t h a t of the horse, p h y l o 
g e n e t i c a l l o m e t r y c l o s e l y f o l l o w s t h a t of o n t o g e n e t i c a l l o m e t r y so 
t h a t t h e a l l o m e t r i c c o n s t a n t s d u r i n g growth of a re c e n t species and 
between r e l a t e d f o s s i l species are s i m i l a r (Robb, 1935). This i s 
a p p a r e n t l y n ot u s u a l , and does not seem t o ap p l y among p e t r e l s where 
the s t a n d a r d wing l e n g t h , f o r i n s t a n c e , o f the growing c h i c k s does n o t 
f o l l o w t h e same g r a d i e n t of growth as between species a l t h o u g h the "a" 
val u e i s r a t h e r s i m i l a r up t o the p o i n t when the c h i c k ' s weight 
reaches t h a t of the a d u l t . F u r t h e r examination and comparisons are 
needed, however, of o t h e r v a r i a b l e s b e f o r e any g e n e r a l i s a t i o n s i n 
t h i s r e g a r d are p o s s i b l e . 

I t seems l i k e l y t h a t many o f the curves t h a t have been drawn t o 
r e l a t e organ s i z e and s i m i l a r v a r i a b l e s t o body s i z e i n whole classes 
o f a n imals are a c t u a l l y composite curves. This i s i n d i c a t e d , f o r 
i n s t a n c e , i n some o f the r e l a t i o n s h i p s f i g u r e d by Brody ( l o c . c i t . ) . 
These v a r i a t i o n s i n growth g r a d i e n t s suggest t h a t i n e v o l u t i o n many 
l i n e s o f animals have been a b l e t o d e v i a t e t o some e x t e n t from the 
s t r a i t j a c k e t o f a l l o m e t r y . Among storm p e t r e l s , f o r i n s t a n c e , 
Oceanodroma and Hydrobates have t i b i o t a r s i whose p r o p o r t i o n s are 
"normal" f o r t h e i r body s i z e , i . e . agree w i t h the a l l o m e t r i c r e l a t i o n -
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s h i p o f e q u a t i o n 26 whereas i n the genera Pelagodroma, Oceanites, 
F r e g e t t a and N e s o f r e g e t t a these bones are g r e a t l y e l o n g a t e d and t h e i r 
a l l o m e t r i c r e g r e s s i o n l i n e a g a i n s t body weight i s d i f f e r e n t . I t i s 
shown i n F i g u r e 30 by the s h o r t l i n e f o r t a r s u s measurements. N a t u r a l 
s e l e c t i o n f a v o u r e d the development of long - l e g g e d forms i n the Hydro-
b a t i d a e e v i d e n t l y as an a d a p t a t i o n t o a mode of l i f e t h a t i n v o l v e s a 
dancing f l i g h t c l o s e t o the s u r f a c e o f the sea. Here s t i l t - l i k e legs 
t i p p e d by webbed f e e t n o t o n l y a c t as balan c e r s but a l s o a c t t o fend 
o f f from the sea's s u r f a c e w h i l e the body and wings are c a r r i e d w e l l 
up and a v o i d being caught beneath b r e a k i n g c r e s t s , A glance a t the 
two l i n e s f o r t a r s a l l e n g t h s i n the f i g u r e suggests t h a t i n the e v o l u 
t i o n o f the lo n g - l e g g e d forms a change of "b" has occurred w i t h o u t a 
c o r r e s p o n d i n g change i n "a", as has happened i n the e v o l u t i o n of o t h e r 
v e r t e b r a t e and i n v e r t e b r a t e l i n e s (White and Gould, 1965)» However, 
the l o n g - and s h o r t - l e g g e d forms are connected v i a species o f i n t e r 
mediate t a r s a l l e n g t h s . Because no body weights are a v a i l a b l e f o r 
these s p e c i e s t h e i r p o s i t i o n s are not shown i n Figure 30, the data 
b e i n g merely c a l c u l a t e d from o t h e r known parameters l i k e wing l e n g t h . 
Data f o r l o n g - l e g g e d forms were n o t used i n c a l c u l a t i n g e q u a t i o n 26. 

Some o f the p h y s i o l o g i c a l consequences o f i n c r e a s e i n body s i z e 
where a l l o m e t r i c a l growth r a t i o s are i n v o l v e d have been discussed by 
Rensch ( I966) , Large b i r d s have lower b a s a l m e t a b o l i c r a t e s than 
s m a l l ones and b a s a l metabolism i s r e l a t e d a l l o m e t r i c a l l y t o body weight 
w i t h "a" = 0,743 f o r b i r d s above about 100 grams a c c o r d i n g t o King and 
Farner ( I 9 6 I ) . Large p e t r e l s w i l l l i k e w i s e have lower b a s a l m e t a b o l i c 
r a t e s than s m a l l ones and, i n consequence of lower oxygen consumption, 
r e s p i r a t i o n , h e a r t - b e a t r a t e s and blood pressure are c o r r e s p o n d i n g l y 
reduced i n the l a r g e forms w h i l e , due t o the l e s s i n t e n s e m e t a b o l i c 
processes, the p e r i o d s o f o n t o g e n e t i c development are l o n g e r and p o s t 
n a t a l growth slower than w i t h s m a l l e r s p e c i e s . This a p p l i e s n o t on l y 
t o p e t r e l s ( s e c t i o n 11) but t o b i r d s g e n e r a l l y and t o mammals, Rensch 
a l s o shows t h a t , a s a r u l e , s e x u a l m a t u r i t y i s a t t a i n e d sooner i n s m a l l 
animals than i n l a r g e ones b u t t h a t the l a t t e r have l o n g e r l i f e spans. 
The a v a i l a b l e evidence f o r p e t r e l s c e r t a i n l y s u p p o r t s the f i r s t o f 
these p r o p o s i t i o n s and what l i t t l e evidence we have on l o n g e v i t y would 
f i t w i t h the i d e a t h a t a l b a t r o s s e s , f o r example, l i v e l o n g e r than the 
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storm p e t r e l s . Newell (1949) p o i n t e d out t h a t i n c r e a s e or decrease 
of body s i z e may be a by-product o f s e l e c t i o n f o r delayed s e x u a l 
m a t u r i t y on the one hand or f o r r a p i d growth on the o t h e r , 

Bachmann (1943) developed a mathematical formula c o r r e l a t i n g the 
tempo o f ontogeny and mean age t o p r e d i c t the major events of the 
l i f e c y c l e s o f a n i m a l s . W i l l i a m s (1957) a l s o developed a t h e o r y of 
senescence which c o r r e l a t e s delayed morphogenesis w i t h delayed senes
cence and s e v e r a l w o r k e r s , e.g. Loeb and N o r t h r o p (1917)« found a 
c o n n e c t i o n between the d u r a t i o n o f l i f e and the temperature regimes 
under which animals l i v e , those a t the lower temperatures l i v i n g l o n g e r 
than th6se~at the h i g h e r one, the ^ f o r d u r a t i o n o f l i f e b e i n g 
a p p r o x i m a t e l y 2 . 

No d e t e r m i n a t i o n s of m e t a b o l i c r a t e s f o r p e t r e l s have been pub
l i s h e d a l t h o u g h i t i s hoped t h a t some w i l l soon be a v a i l a b l e . However, 
i f r e s t i n g body temperatures i n p e t i ^ e l s are indeed lower than those of 
o t h e r b i r d s , so to o w i l l be t h e i r m e t a b o l i c r a t e s . Thus t h e i r l i f e 
processes as a whole may w e l l be r u n n i n g a t a reduced tempo compared 
w i t h more advanced b i r d s and i n t h i s event the slow growth r a t e s , l o n g 
p e r i o d s o f i m m a t u r i t y , low annual m o r t a l i t y and h i g h l o n g e v i t y become 
more e x p l i c a b l e . 

Low metabolism would be advantageous i n the e x p l o i t a t i o n of 
environments w i t h i r r e g u l a r food r e s o u r c e s , a l l o w i n g the b i r d s t o 
c r u i s e f o r l o n g p e r i o d s between meals and e x t e n s i v e f a s t ashore d u r i n g 
the b r e e d i n g season. The l a r g e r the b i r d the lower the b a s a l metabo
l i s m , the more e f f i c i e n t energy u t i l i s a t i o n . 

The concept t h a t p e t r e l s t r u c t u r e conforms t o a ground p l a n 
e x p r e s s i b l e i n p a r t by a s e r i e s o f a l l o m e t r i c growth e q u a t i o n s and i n 
which body s i z e has been a major d e t e r m i n a n t has i m p l i c a t i o n s i n the 
s t u d y o f the phylogeny o f the o r d e r . I f t h i s i s indeed a monophyletic 
group, except perhaps f o r the P e l e c a n o i d i d a e , s i z e changes c l e a r l y have 
been dominant t r e n d s i n t h e e v o l u t i o n and these would l e a d t o changes 
i n shape, modes o f f l i g h t and i n the s i z e ranges of the foods a v a i l a b l e 
t o t h e d i f f e r e n t s p e c i e s . 

Was the a n c e s t r a l form l a r g e and the r a d i a t i o n m a i n l y towards the 
e v o l u t i o n o f s m a l l e r forms; medium-sized, l e a d i n g t o b o t h l a r g e r and 
s m a l l e r forms; or s m a l l , l e a d i n g t o p h y l e t i c s i z e increase? 
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I t seems i m p o s s i b l e t o judge the c o r r e c t answer t o t h a t q u e s t i o n 
but t h e l a s t p o s s i b i l i t y seems t o r e s t on l e s s tenuous evidence than 
the o t h e r two. On t h i s view the ancestor of the order may be e n v i s 
aged as a s m a l l b i r d h a v i n g many of the f a c i e s of the present s h o r t -
legged s t o r m p e t r e l s such as Oceanodroma or Hydrobates, From t h i s a 
s u c c e s s i o n o f l a r g e r forms evolved p r o b a b l y d u r i n g q u i t e a s h o r t p e r i o d 
as r a d i a t i o n r a p i d l y proceeded t o e x p l o i t a p e l a g i c environment where 
few o t h e r b i r d s o f f e r e d c o m p e t i t i o n . S e l e c t i o n f a v o u r i n g i n c r e a s e d 
s i z e would be accompanied by a s s o c i a t e d changes i n morphology, develop
ment and p h y s i o l o g y a c c o r d i n g t o the r u l e s t h a t govern the r e l a t i o n 
s h i p s between body organs and body s i z e i n r e c e n t s p e c i e s , genera, and 
f a m i l i e s , f o r these r u l e s must have been o p e r a t i v e i n t h e i r p h y l o -
g e n e t i c a n c e s t o r s . 

I t i s w e l l known t h a t t h e r e has o f t e n been a tendency towards 
i n c r e a s i n g s i z e i n the course of e v o l u t i o n . This was i n v e s t i g a t e d by 
Cope (1896) and "Cope's Rule" has s i n c e been found t o a p p l y i n many 
l i n e s o f descent not o n l y i n v e r t e b r a t e s b u t a l s o i n i n v e r t e b r a t e s 
( N e w e l l , 1949; Rensch, 1959)» I n many of these i n s t a n c e s of p h y l e t i c 
s i z e i n c r e a s e or " p h y l e t i c g r o w t h " , t o use Newell's t e r m i n o l o g y , the 
r a t i o of the p a r t t o t h a t of the whole remains constant over l o n g 
p e r i o d s o f the phylogeny. This i s e v o l u t i o n a r y a l l o r o e t r y or a l l o 
morphosis (Huxley, Needham and L e r n e r , 1945) . I n a sequence w i t h an 
adequate f o s s i l r e c o r d many o f the a l l o m e t r i c constants can be d e t e r 
mined. L i k e w i s e the p a l a e o n t o l o g i s t may be able t o use a l l o m e t r i c 
f o rmulae t o determine the s i z e s of organs or p a r t s of e x t i n c t species 
whose f o s s i l remains are i n c o m p l e t e , u s i n g - a n a l y s i s of a s e r i e s of 
r e c e n t r e l a t e d animals as a b a s i s f o r deductions about a r e l a t e d 
p h y l o g e n e t i c s e r i e s , Gould ( I966 ) has r e c e n t l y reviewed s i z e changes 
and o t h e r aspects of a l l o m e t r y and summarises the b e n e f i t s r e s u l t i n g 
from s i z e i n c r e a s e . 

I f t h e h y p o t h e s i s t h a t p h y l e t i c s i z e i n c r e a s e has been the major 
t r e n d i n the e v o l u t i o n of the P r o c e l l a r i i f o r m e s i s c o r r e c t , we should 
expect t h a t present-day s m a l l forms would r e t a i n more p r i m i t i v e char
a c t e r s i n t h e i r anatomy, p h y s i o l o g y and behaviour than the l a r g e r 
f o rms. There i s some evidence t h a t t h i s i s so. Thus i t has a l r e a d y 
been p o i n t e d out t h a t a n a t o m i s t s Forbes ( I 8 8 I ) and Lowe (1925) 
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concluded t h a t the Hy d r o b a t i d a e , p a r t i c u l a r l y the s h o r t - l e g g e d forms, 
are l e s s s p e c i a l i s e d than the l a r g e r p e t r e l s and supposedly r e t a i n 
more o f the c h a r a c t e r s possessed by t h e i r e x t i n c t common a n c e s t o r from 
which b o t h P r o c e l l a r i i d a e and Hydrobatidae must have been d e r i v e d . 
Lowe d e s c r i b e d and c o n t r a s t e d a number of ana t o m i c a l f e a t u r e s not noted 
by Forbes t h a t s u p p o r t the s e p a r a t i o n of the storm p e t r e l s as a whole 
( i n c l u d i n g b o t h l o n g - and s h o r t - l e g g e d genera) from o t h e r p e t r e l s and 
which emphasise the g e n e r a l i s e d c h a r a c t e r s of storm p e t r e l anatomy. 
O l i v e r (1945) discussed f u r t h e r d e t a i l s of p e t r e l o s t e o l o g y , p a r t i c u 
l a r l y the form of the p e l v i s and vomer and he too concluded t h a t the 
storm p e t r e l s are the most p r i m i t i v e group w i t h Macronectes and the 
a l b a t r o s s e s r e p r e s e n t i n g the extreme p o i n t s o f e v o l u t i o n i n the o r d e r , 
Kuroda (1954) emphasised the d i f f i c u l t i e s encountered i n t r y i n g t o 
sep a r a t e a d a p t i v e from non-adaptive c h a r a c t e r s . He suggested t h a t the 
a n c e s t r a l p e t r e l may have been a s m a l l a q u a t i c type perhaps s i m i l a r t o 
the Oligocene H y d r o r n i s n a t a t o r and t h a t the Pelecanoididae was an 
e a r l y development i n the subsequent a d a p t i v e r a d i a t i o n . Kuroda 
envisaged the Hydrobatidae as bei n g an e a r l y development i n the p h y l o 
geny and p o i n t s out t h a t though- these and the Diomedeidae form con
t r a s t e d extremes each can be connected w i t h the P r o c e l l a r i i d a e by some 
c h a r a c t e r s . The Diomedeidae he considered t o have a r i s e n as an o f f 
shoot o f the main l i n e b e f o r e the d i f f e r e n t i a t i o n o f the P r o c e l l a r i i d a e 
p r o p e r b u t a f t e r t h e e v o l u t i o n o f l a r g e s i z e d forms i n the l i n e l e a d i n g 
t o the sh e a r w a t e r s . 

There i s some evidence t o o from ontogeny t h a t the storm p e t r e l 
form o f b i l l i s a more g e n e r a l i s e d and t h e r e f o r e presumably more 
a n c i e n t t y p e . The o b s e r v a t i o n s o f Fleming (194lb) t h a t the form of 
the newly hatched p r i o n resembles t h a t o f the a d u l t storm p e t r e l , have 
a l r e a d y been mentioned and o t h e r p e t r e l s e,g, Pterodroma i n e x p e c t a t a 
a l s o pass t h r o u g h a storm p e t r e l stage i n the ontogeny of the b i l l . 
The newly hatched c h i c k s o f Diomedea exulans and D, epomophora a l s o 
have down-curved beaks r a t h e r l i k e those of o u t s i z e storm p e t r e l s . 

The f o s s i l r e c o r d , so v a l u a b l e i n t r a c i n g phylogeny i n many 
groups, e.g. the ammonites s t u d i e d by Newell (1949)9 seems o f l i t t l e 
v a l u e f o r t h e p e t r e l s . The o l d e s t may be a s h e a r w a t e r - l i k e form 
H y d r o r n i s n a t a t o r o f the Oligocene w h i l e by the end o f the Miocene 
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many present-day genera had appeared - Fulmarus, Oceanodroma and 
P r o c e l l a r i a as w e l l as P l o t o r n i s d e l f o r t r i i which may be a member of 
the now e x t i n c t assemblage t h a t l i n k e d the l a r g e forms l i k e C a l o n e c t r i s 
and P r o c e l l a r i a w i t h Diomedea. The l a s t i s known from the P l i o c e n e . 
T h i s f o s s i l r e c o r d i s r a t h e r poor b u t does suggest t h a t the e v o l u t i o n 
o f the d i f f e r e n t genera may have been q u i t e r a p i d and t h a t most 
f a m i l i e s and genera are r e l a t i v e l y o l d . 

B e h a v i o u r a l l y , the l a r g e r species show the most complex p a t t e r n s . 
Thus t h a t o f D, exulans i s more e l a b o r a t e than t h a t o f D. b u l l e r i and 
t h i s i n t u r n i s more e l a b o r a t e than t h a t of the s m a l l e r P h o e b e t r i a 
p a l p e b r a t a . The l a t t e r genus was regarded as being the most p r i m i t i v e 
o f the a l b a t r o s s e s by Murphy (1936). The storm p e t r e l s , though 
l i t t l e s t u d i e d , seem t o have v e r y simple d i s p l a y s and t h e i r r e p e r t o i r e 
o f v o c a l i s a t i o n s i s n o t as e x t e n s i v e as t h a t o f l a r g e r forms though 
perhaps more so than t h a t o f Pelecanoides u r i n a t r i x which appears t o 
have the l e a s t complex song o f any p e t r e l - more p u f f i n - l i k e ( s i c ) 
t h a n p e t r e l - l i k e t o the a u t h o r ' s ear. The medium-sized bur r o w i n g 
forms Pterodroma and P u f f i n u s a l s o have e x t e n s i v e v o c a l r e p e r t o i r e s , 
b u t l e s s complex perhaps than P r o c e l l a r i a , w h i l e t h e i r d i s p l a y s are 
m a i n l y s i m p l e . 

That the simple behaviour of n o c t u r n a l species i s not due merely 
t o t h e i r n o c t u r n a l h a b i t s which would make the e v o l u t i o n o f complex 
d i s p l a y s i n v o l v i n g v i s u a l s t i m u l i u n l i k e l y i s supported by the s i t u 
a t i o n among the f u l m a r s . These show a l a r g e range of s i z e , are 
q u i t e a c t i v e by day b u t use r a t h e r s i m i l a r g a p i n g , mutual p r e e n i n g and 
head waving a c t i o n s t o the b u r r o w i n g species t h a t are a c t i v e on la n d 
o n l y a f t e r d a r k . Here too Hacronectes, the g i a n t of the f u l m a r s , 
seems t o use more complex behaviour p a t t e r n s than the s m a l l e r species 
and i s the o n l y p e t r e l a b l e t o feed b o t h a t sea and on l a n d . Nor do 
my o b s e r v a t i o n s o f the s m a l l e r p e t r e l s under good v i e w i n g c o n d i t i o n s , 
e.g. P u f f i n u s g r i s e u s a t Snares I s l a n d (Warham, 1967a) s u p p o r t the 
view t h a t the s m a l l e r s p e c i e s ' a p p a r e n t l y l e s s complex behaviour 
merely r e f l e c t s the d i f f i c u l t y of w a t c h i n g behaviour a f t e r dark. 

B r a i n s i z e may have a b e a r i n g on t h i s q u e s t i o n of simple versus 
complex p a t t e r n s o f be h a v i o u r . I n a p h y l o g e n e t i c s e r i e s o f i n c r e a s 
i n g s i z e b r a i n s i z e g e n e r a l l y bears a n e g a t i v e l y a l l o m e t r i c r e l a t i o n -
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s h i p t o body s i z e , the l a r g e r animals having r e l a t i v e l y s m a l l e r but 
a b s o l u t e l y l a r g e r b r a i n s . There are no data on p e t r e l s but rough 
measurements of c r a n i a l c a v i t i e s suggest t h a t a s i m i l a r r e l a t i o n s h i p 
h o lds i n t h i s o r d e r and t h a t the a d u l t Diomedea epomophora has a b r a i n 
about 20 times as capacious as t h a t of the a d u l t P a c h y p t i l a t u r t u r . 
The d i f f e r e n c e i s a l s o shown by the r e l a t i v e l y l a r g e heads o f s m a l l 
forms l i k e storm p e t r e l s and p r i o n s as compared w i t h those i n a l b a 
t r o s s e s and g i a n t p e t r e l s - compare f o r i n s t a n c e A and C i n F i g u r e I 5 , 

A l t h o u g h s m a l l e r r e l a t i v e t o body s i z e the l a r g e r b r a i n s o f the l a r g e r 
s p e c i e s , w i t h t h e i r g r e a t e r numbers of g a n g l i o n c e l l s and d e n d r i t i c 
c o n n e c t i o n s , would be expected t o a l l o w the c o n t r o l and performance o f 
c o r r e s p o n d i n g l y more complex a c t i v i t i e s and g r e a t e r l e a r n i n g a b i l i t y . 
Few people have succeeded i n keeping p e t r e l s i n c a p t i v i t y and no 
e x p e r i m e n t a t i o n has been done on these b u t t h e r e i s a c o n s i d e r a b l e 
body o f i n f o r m a t i o n s u p p o r t i n g the id e a t h a t l a r g e r animals perform 
b e t t e r a t l e a r n i n g and memorising than do r e l a t e d but s m a l l e r s p e c i e s , 
and t h i s may w e l l a l s o h o l d w i t h p e t r e l s . Furthermore, w h i l e b r a i n 
s i z e i n b i r d s u s u a l l y e x h i b i t s n e g a t i v e a l l o m e t r y w i t h i n c r e a s i n g body 
s i z e , the f o r e b r a i n may grow w i t h p o s i t i v e a l l o m e t r y thus f i t t i n g the 
l a r g e r animals even b e t t e r f o r the performance of complex t a s k s . 

T h i s evidence from v a r i e d sources f i t s the view t h a t Cope's Rule 
has operated i n the phylogeny o f the p e t r e l s . I t i s suggested t h a t 
the s m a l l , s h o r t - l e g g e d storm p e t r e l s may be c l o s e s t t o the o r i g i n a l 
a n c e s t o r from which the v a r i o u s f a m i l y groups evolved and t h a t w i t h i n 
these f a m i l i e s i n c r e a s e i n s i z e has been the r u l e d u r i n g the course 
o f e v o l u t i o n . Whereas i n many l i n e s o f descent the e a r l y , s m a l l e r 
members of the s e r i e s have tended t o di s a p p e a r , t h i s has happened l e s s 
f r e q u e n t l y w i t h t h e p e t r e l s . I n s t e a d , the e a r l y members o f the or d e r 
have tended t o c o - e x i s t w i t h the l a r g e r d e r i v e d forms, presumably 
because o f the c o n s i d e r a b l e range o f h a b i t a t s a v a i l a b l e and t h e 
d i f f e r e n t s t y l e s o f f l i g h t and f e e d i n g t h a t were consequent upon 
i n c r e a s e s i n body s i z e . 

P a r t l y because of the s t r o n g mate and s i t e t e n a c i t y i n s e a - b i r d s 
i n g e n e r a l and i n p e t r e l s i n p a r t i c u l a r , i t i s q u i t e c o n c e i v a b l e f o r 
one p o p u l a t i o n of a form t o s p e c i a t e w h i l e another one does n o t , owing 
t o chance v a r i a t i o n and t o e n v i r o n m e n t a l d i f f e r e n c e s experienced by 
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the two p o p u l a t i o n s . The r e a l i t y o f such i s o l a t i o n i s shown by the 
presence today o f two e v i d e n t l y separate p o p u l a t i o n s (one bree d i n g i n 
the d r y season, the o t h e r i n the wet) of Oceanodroma c a s t r o a t the 
Galapagos I s l a n d s ( H a r r i s , i n p r e s s , c ) . Once d i v e r s i t y o f s i z e has 
been a c h i e v e d , i n t e r - s p e c i f i c c o m p e t i t i o n would be expected to maintain 
or even i n c r e a s e the d i f f e r e n c e s as the b i r d s developed more s u b t l e 
m o d i f i c a t i o n s t o anatomy, behaviour and g e o g r a p h i c a l range t o f i t them 
s t i l l b e t t e r f o r t h e i r p a r t i c u l a r n i c h e s . 

Howard (1950) b e l i e v e d t h a t the common ancestor of the P e l e c a n i -
formes and P r o c e l l a r i i f o r m e s must have o r i g i n a t e d w e l l back i n the 
Cretaceous. I n view o f the l o n g p e r i o d of time e l a p s i n g s i n c e then 
and o f t h e p a u c i t y of s e a - b i r d f o s s i l s i n g e n e r a l , d i r e c t evidence f o r 
the e a r l y o r i g i n s o f the p e t r e l s may never be a v a i l a b l e . That p h y l o 
g e n e t i c growth has been a m a i n s p r i n g of the e v o l u t i o n i n the group i s 
a d m i t t e d l y s p e c u l a t i v e , w i t h some o f the evidence capable o f d i f f e r i n g 
i n t e r p r e t a t i o n s , and the h y p o t h e s i s i s put f o r w a r d merely as one 
p o s s i b i l i t y . 

S e l e c t i o n towards decreased body s i z e might be expected t o occur 
as an a d a p t a t i o n t o f i t s p ecies f o r l i f e i n the p o l a r r e g i o n s where 
s h o r t b r e e d i n g seasons c a l l f o r r a p i d growth i n the young. As has 
been shown, Pagodroma c o u l d not have e x p l o i t e d i t s A n t a r c t i c , niche 
unless i t s young had s u f f i c i e n t l y r a p i d growth r a t e s t o complete t h e i r 
development d u r i n g the i c e - f r e e p e r i o d . Here l a r g e s i z e , though 
f a v o u r a b l e f o r heat balance, would have been d e t r i m e n t a l unless growth 
r a t e s c o u l d have been a c c e l e r a t e d t o an a p p r o p r i a t e degree or some 
b e h a v i o u r a l or p h y s i o l o g i c a l a d a p t a t i o n evolved (e,g, those adopted by 
Aptenodytes f o r s t e r i ) t o make l i f e p o s s i b l e i n the inc l e m e n t c l i m a t e s 
o f t h e A n t a r c t i c s p r i n g and autumn. 

While I know of no evidence f o r s u g g e s t i n g Pagodroma's descent 
from a l a r g e r a n c e s t o r i t i s noteworthy t h a t t h i s b i r d e x h i b i t s the 
g r e a t e s t i n t r a - s p e c i f i c range of body s i z e among p e t r e l s . There i s 
a c o n s i d e r a b l e v a r i a t i o n t o o i n the s i z e of the b i r d s among the th r e e 
p o p u l a t i o n s o f Fulmarus g l a c i a l i s . Furthermore, marked s e x u a l 
dimorphism i n body wei g h t s and dimensions occurs among f u l m a r s . The 
males are the l a r g e r sex and the d i f f e r e n c e i s marked i n Hacronectes 
(Bourne and Warham, I966) so t h a t the sexes are r e a d i l y separated i n 
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the f i e l d on t h i s c h a r a c t e r . E v i d e n t l y the p o t e n t i a l f o r changing 
body s i z e i s w e l l developed i n the P r o c e l l a r i i d a e . 

The e x i s t e n c e o f a l l o m e t r i c t r e n d s among the p e t r e l s a l s o has 
taxonomic i m p l i c a t i o n s f o r i f a l t e r a t i o n s i n absolute s i z e b r i n g f o r t h 
complex changes i n shape or p r o p o r t i o n s o f p a r t s then these c o r r e l a t e d 
v a r i a b l e s cannot be used as independent taxonomic c r i t e r i a . Gould 
(1966) p r o v i d e s some r e l e v a n t examples. I n the p e t r e l s , a n o t o r i o u s l y 
d i f f i c u l t group t a x o n o m i c a l l y , the widespread occurrence of a l l o m e t r y 
would seem t o c a l l f o r a m u l t i v a r i a t e approach t o the a n a l y s i s of 
t o t a l shape and Gould ( l o c . c i t . ) has g i v e n reasons why t h e l a b o u r 
i n v o l v e d i n such a method may be j u s t i f i e d . 
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13. CONCLUSIONS. 

1, The homogeneity o f form and s t r u c t u r e among the b i r d s c o m p r i s i n g 
the P r o c e l l a r i i f o r m e s t h a t i s apparent from an examination o f 
t h e i r e x t e r n a l anatomy i s supported by the r e s u l t s of the present 
s t u d y . The P e l e c a n o i d i d a e however show a number of c h a r a c t e r s 
w h ich s e t them w e l l a p a r t from o t h e r p e t r e l s . 

2, The homogeneity i s shown by the harmonious r e l a t i o n s h i p s t h a t 
h o l d t h r o u g h o u t the o r d e r between many v a r i a b l e s and body s i z e . 
These r e l a t i o n s h i p s can be d e f i n e d by means of a l l o m e t r i c equa
t i o n s whether they concern bone l e n g t h s , organ weights or develop
ment r a t e s . As a l l the v a r i a b l e s are r e l a t e d t o body s i z e , a l l 
are r e l a t e d t o one a n o t h e r . Because o f t h i s i t i s p o s s i b l e t o 
use a v a r i a b l e l i k e s t a n d a r d wing l e n g t h as a measure o f body 
w e i g h t , 

3, T h i s homogeneity i s thought t o be l a r g e l y due t o a common g e n e t i c 
i n h e r i t a n c e which c o n t r o l s growth g r a d i e n t s i n ontogeny and 
d u r i n g the e v o l u t i o n of s i z e changes. Through the i n f l u e n c e of 
these g r a d i e n t s , harmonious and q u a n t i t a t i v e s h i f t s of p r o p o r 
t i o n s have accompanied changes i n body s i z e so t h a t the shapes of 
animals i n e v o l u t i o n a r y sequences i n t e r g r a d e , 

4, The e a r l y p e t r e l s may have been s m a l l b i r d s from which something 
a k i n t o the p r e s e n t spectrum of forms arose e a r l y i n the h i s t o r y 
o f t h e order when p e t r e l s expanded t o occupy niches then l a r g e l y 
u n e x p l o i t e d by b i r d s . The present range o f species i s thus seen 
as r e p r e s e n t i n g stages i n the e v o l u t i o n towards l a r g e r forms. 
Owing t o the d i v e r s i t y o f niches a v a i l a b l e and the d i v e r s i t y of 
f e e d i n g and f l y i n g methods t h a t became p o s s i b l e w i t h the s h i f t s 
i n p r o p o r t i o n s o f body p a r t s d u r i n g and a f t e r t h i s r a d i a t i o n , 
r e p r e s e n t a t i v e s o f s m a l l and i n t e r m e d i a t e - s i z e d forms were able 
t o p e r s i s t cheek by j o w l w i t h the d e r i v e d l a r g e r ones. Only i n 
the s i z e range between the l a r g e P r o c e l l a r i a shearwaters and the 
s m a l l a l b a t r o s s e s i s t h e r e a gap i n the s i z e range today. The 
r o l e s i n the marine ecosystems o r i g i n a l l y played by t h a t group 
may perhaps be f i l l e d today by gannets and penguins. I n t e r 
p r e t a t i o n s o f the processes l e a d i n g t o the p r e s e n t range of s i z e 
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i n t he o r d e r , o t h e r than t h a t of p h y l e t i c growth, are p o s s i b l e 
howevero 

5. While p e t r e l s seem t o be a v e r y c o n s e r v a t i v e group w i t h many 
present-day forms r e t a i n i n g the c h a r a c t e r s of t h e i r f o s s i l 
a n c e s t o r s , some l i n e s seem t o be more p l a s t i c . Among the fulmars 
a c t i v e s p e c i a t i o n may be proceeding now. I n t h i s group of 
genera, d e v i a t i o n s from t h e ground p l a n of p e t r e l form and growth 
are f r e q u e n t and these are i n t e r p r e t e d as the r e s u l t o f s e l e c t i o n 
o p e r a t i n g on the genes c o n t r o l l i n g a l l o m e t r y t o f i t these b i r d s 
f o r l i f e i n environments t h a t are o n l y m a r g i n a l l y t o l e r a b l e . 

6. The P r o c e l l a r i i f o r m e s e x h i b i t some p h y s i o l o g i c a l c h a r a c t e r s t h a t 
may be p r i m i t i v e . Among these are t h e i r low r e s t i n g body temper
a t u r e s and p r o b a b l y low b a s a l r a t e s of metabolism. These may be 
i m p o r t a n t causes of t h e i r slow r a t e s of development, t h e i r l o n g 
p r e - b r e e d i n g p e r i o d s and t h e i r h i g h p o t e n t i a l f o r l o n g e v i t y . Low 
i n t e n s i t y of metabolism may have been an i m p o r t a n t f a c t o r f a c i l i 
t a t i n g t h e i r r a d i a t i o n i n t o r e g i o n s where the food supply i s 
u n r e l i a b l e , p e r m i t t i n g l o n g p e r i o d s of f a s t i n g a t sea and, d u r i n g 
the b r e e d i n g season, on l a n d . That t h e i r embryonic development 
r a t e s seem t o p a r a l l e l , t h o s e of mammals r a t h e r than those of 
o t h e r b i r d s may be connected w i t h the low body temperatures a t 
which the eggs are i n c u b a t e d . 

7. P e t r e l eggs show a tendency t o become more elongate w i t h i n c r e a s 
i n g s i z e . The causes o f t h i s tendency and i t s a d a p t i v e v a l u e , 
i f any, are n o t c l e a r . 

8. The t h i c k n e s s of a p e t r e l e g g s h e l l v a r i e s i n a r e g u l a r manner 
t h r o u g h o u t the or d e r but the s u r f a c e n e s t i n g fulmars l a y t h i c k e r 
s h e l l e d eggs than o t h e r species of s i m i l a r s i z e , perhaps because 
t h e y l a y on r o c k y s u b s t r a t e s where e x t r a s t r e n g t h i s b e n e f i c i a l . 

9. The c o m p o s i t i o n of the eggs of p e t r e l s changes i n a r e g u l a r 
manner w i t h t h e i r s i z e , s m a l l eggs c o n t a i n i n g a h i g h percentage 
of y o l k . With i n c r e a s i n g s i z e the p r o p o r t i o n of y o l k decreases 
w h i l e t h a t of the albumen i n c r e a s e s . This change may be 
n e c e s s i t a t e d by the water requirements of the embryo which i n 
l a r g e r eggs takes l o n g e r t o reach the h a t c h i n g stage so t h a t 
u n c o n t r o l l e d water l o s s w i l l be c o r r e s p o n d i n g l y g r e a t e r . 
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lOo I n c u b a t i o n p e r i o d s are much l e s s v a r i a b l e than n e s t l i n g p e r i o d s 
and a r e p a r t i a l f u n c t i o n s of egg and body s i z e but the p e t r e l s 
h a v i n g the most r a p i d r a t e s of development are not the s m a l l e s t 
s p e c i e s but b i r d s n e s t i n g i n p o l a r r e g i o n s where the br e e d i n g 
season i s s h o r t but the summer days are l o n g . 

1 1 . On a w e i g h t - s p e c i f i c b a s i s the l a r g e r p e t r e l s are more e f f i c i e n t 
i n the p r o d u c t i o n o f young than are the s m a l l e r ones. 

12. Many o f the above c o n c l u s i o n s can o n l y be t e n t a t i v e a t t h i s 
s t a g e ; they emphasise the need f o r f u r t h e r work and p o i n t t o the 
e x i s t e n c e of some c o n s i d e r a b l e gaps i n the dat a . These gaps are 
a s s o c i a t e d p a r t i c u l a r l y w i t h species i n the genera Halocyptena, 
F r e g e t t a , N e s o f r e g e t t a , B u l w e r i a , C a l o n e c t r i s , T h a l a s s o i c a and 
P r o c e l l a r i a , 
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15. SUMMARY. 

1. A s t u d y has been made of the range of body s i z e i n the 
P r o c e l l a r i i f o r m e s and of the consequences of t h i s t o the s i z e s 
o f c e r t a i n body p a r t s , o f t h e eggs and o f development r a t e s . 

2. Body s i z e may be measured i n terms of s t a n d a r d wing l e n g t h 
(= manus l e n g t h + l e n g t h o f l o n g e s t p r i m a r y f e a t h e r ) , but the 
c o r r e l a t i o n between wing l e n g t h and body weight i s n o n - l i n e a r . 
That between s t a n d a r d wing l e n g t h (cm) and the cube r o o t o f the 
body w e i g h t ( g ) i s l i n e a r , however:-

^y~hody weight = 0,29 wing l e n g t h - 0,58 

and so are the l o g a r i t h m s of body weight (g) and wing l e n g t h (qm):-

l o g body wei g h t = 3«557 l o g wing l e n g t h - 2,231 

T h i s can be r e - w r i t t e n i n the power form as:-

wing l e n g t h = if,898 body weight°°^^. 

3. The v a r i a t i o n s i n s t a n d a r d wing l e n g t h , i . e . the d i s t a l element 
o f the wing, are r e g u l a r . R e l a t i v e t o the wing as a whole t h i s 
element becomes p r o g r e s s i v e l y s h o r t e r w i t h i n c r e a s i n g s i z e . 
These changes i n p r o p o r t i o n s are i n t u r n c o r r e l a t e d w i t h modes 
of f l i g h t . The s m a l l storm p e t r e l s , w i t h r e l a t i v e l y l a r g e 
d i s t a l elements i n comparison t o the i n n e r elements of t h e i r 
w i n g s , e x h i b i t c o n s i d e r a b l e a g i l i t y i n f l i g h t and beat t h e i r 
wings f r e q u e n t l y ; the g r e a t a l b a t r o s s e s , w i t h r e l a t i v e l y s h o r t 
d i s t a l segments., e x h i b i t reduced m a n o e u v r a b i l i t y but the l o n g 
i n n e r segments of t h e i r wings generate s u b s t a n t i a l l i f t and the 
b i r d s progress m a i n l y by s a i l i n g , 

4. P e t r e l species are not u n i f o r m l y d i s t r i b u t e d by s i z e w i t h i n the 
o r d e r . The s i z e - d i s t r i b u t i o n curve i s bi-modal l a c k i n g any 
members i n the 375-425mm c l a s s of wing l e n g t h . On the assump
t i o n - reasonable i n view of t h e i r many s i m i l a r i t i e s and i n t e r -
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g r a d i n g of c h a r a c t e r s - t h a t the p e t r e l s comprise a monophyletic 
group ( w i t h the p o s s i b l e e x c e p t i o n of the Pelecanoididae) then 
t h e r e must once have been p e t r e l s i n the m i s s i n g s i z e c l a s s , A 
comparison of the s i z e - d i s t r i b u t i o n curve w i t h t h a t of present 
day sea b i r d c o m p e t i t o r s of p e t r e l s suggests t h a t gannets, boobies 
and medium-sized penguins may now be occupying the niche once 
a v a i l a b l e t o the m i s s i n g p e t r e l s . 

5. Egg weight ( g ) and female body weight (g) are r e l a t e d , but not 
l i n e a r l y . A l o g a r i t h m i c p l o t shows t h a t s -

l o g egg weig h t = 0„708 l o g 9 body weight - O.O65 

which can be r e - w r i t t e n i n the form o f an a l l o m e t r i c e q u a t i o n ; -

egg wei g h t = 0,859 9 body weight°°''°^ . 

L i k e w i s e a l i n e a r r e l a t i o n s h i p holds between the cube r o o t o f the 
egg wei g h t ( g ) and the square r o o t o f the standard wing l e n g t h 
(mm):-

^y~egs weight = OAO wing l e n g t h -^2.51 

6. The r e l a t i o n s h i p between egg weight (g) and egg dimensions (cm) 
f o r 26 s p e c i e s was found t o be:-

2 
egg weight = 0,55 l e n g t h x b r e a d t h - 3.29 

and 
egg wei g h t = 0,53 l e n g t h x b r e a d t h ^ . 

The f i r s t e q u a t i o n i s more a c c u r a t e when computing weights f o r 
eggs g r e a t e r than 20g, the second g i v i n g more a c c u r a t e estima
t i o n s f o r eggs l i g h t e r than 20g, 

Egg dimensions (cm) are a l s o r e l a t e d t o body w e i g h t s : -

l o g LB^ = 0,689 l o g 9 body weight + 0,265 



o r ; -
l o g 9 body weight = ^ Ak7^ l o g LB^ - 0,376 . 

7. Egg shape v a r i e s i n a r a t h e r r e g u l a r manner w i t h body s i z e and 
egg s i z e . S m a l l e r species have more s p h e r i c a l eggs. However, 
b i r d s o f the genus P u f f i n u s tend t o l a y more elongate eggs and 
those o f the genus Pterodroma l e s s elongate ones than do ot h e r 
p e t r e l s of s i m i l a r s i z e . W i t h i n a species t h e r e i s no evidence 
of any c o n s i s t e n t v a r i a t i o n i n egg shape between the d i f f e r e n t 
races or sub-species. 

8. Egg l e n g t h s (mm) and egg breadths (mm) are r e l a t e d t o wing 
l e n g t h s : -

egg l e n g t h = 6 , 6 6 / ~ 9 wing l e n g t h - ^+7.02 

egg, b r e a d t h = ^.9? /~9 ving l e n g t h - 22.^5 

and as egg l e n g t h i n c r e a s e s a t a g r e a t e r r a t e i n pa s s i n g up the 
s i z e range than does egg b r e a d t h , so b i g g e r eggs are more e l o n g 
a t e than s m a l l e r ones. 

9. F a c t o r s i n f l u e n c i n g egg shape i n p e t r e l s may i n c l u d e (a) the 
need i n those of s m a l l species t o conserve heat and m o i s t u r e by 
r e d u c i n g s u r f a c e a r e a , (b) a n a t o m i c a l and p h y s i o l o g i c a l r e s t r i c 
t i o n s concerned w i t h the making, t r a n s p o r t , and l a y i n g of eggs 
which are l a r g e i n r e s p e c t o f the s i z e of the b i r d ( o v e r 25$̂  of 
the body wei g h t i n the s m a l l e s t p e t r e l s ) and ( c ) a n a t o m i c a l 
a d a p t a t i o n s f o r s p e c i a l i s e d f l i g h t and swimming. Of these both 
(b ) and ( c ) seem most r e l e v a n t and the shape and spread of the 
p e l v i s i s c o r r e l a t e d w i t h egg shape and w i t h body s i z e . The 
s m a l l e r p e t r e l s have wide pelves and rounded eggs, the l a r g e 
s p e c i e s narrower pelves and narrower eggs. The eggs may perhaps 
be g i v e n t h e i r f i n a l shape w h i l e h e l d between the pubes d u r i n g 
the l a y i n g down of the s h e l l V I n a d d i t i o n , i n l a r g e species 
the o v i d u c t s may be s m a l l e r r e l a t i v e t o t o t a l body s i z e and t o 
the s i z e s o f the y o l k s so t h a t g r e a t e r pressures are e x e r t e d on 
the f o r m i n g eggs causing t h e i r e l o n g a t i o n d u r i n g t h e i r passage 
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c a u d a l l y . 
10, L a r g e r eggs have t h i c k e r s h e l l s than s m a l l e r ones, the r e l a t i o n 

s h i p between s t a n d a r d wing l e n g t h (cm) and s h e l l t h i c k n e s s (mm) 
bei n g s -

s h e l l t h i c k n e s s = 0,11 + 0.01 9 wing l e n g t h . 

V a r i a t i o n s w i t h i n t h i s g e n e r a l t r e n d are t h a t P u f f i n u s spp. have 
t h i c k e r and Pterodroma spp. t h i n n e r s h e l l s than o t h e r p e t r e l s o f 
s i m i l a r s i z e s . S i g n i f i c a n t l y t h i c k e r too are the s h e l l s o f the 
f u l m a r i n e genera Macronectes, Fulmarus and D a p t i o n , p o s s i b l y as 
an a d a p t a t i o n t o n e s t i n g on hard s u b s t r a t e s where e x t r a s t r e n g t h 
i n t h e s h e l l may be advantageous. 

11. The i n t e r n a l c a p a c i t y o f a p e t r e l ' s egg (ml) i s c o r r e l a t e d w i t h 
i t s dimensions and w i t h i t s weight (g) when f r e s h : -

egg c a p a c i t y = 0,900 egg w e i g h t . 

12. Data on i n c u b a t i o n p e r i o d s are g i v e n . These range from k^ t o 
79 days. I f allowance i s made f o r the p e r i o d s d u r i n g which the 
eggs are uncovered, the time from l a y i n g t o h a t c h i n g i s r a t h e r 
c o n s t a n t f o r any p a r t i c u l a r s p e c i e s . I n c u b a t i o n p e r i o d s (days) 
are c o r r e l a t e d w i t h egg c a p a c i t y ( m l ) : -

l o g egg c a p a c i t y = 6,116 l o g i n c u b a t i o n p e r i o d - 8.8536 

b u t t h i s r e l a t i o n s h i p does not h o l d f o r f u l m a r s which have 
s h o r t e r i n c u b a t i o n p e r i o d s than o t h e r species l a y i n g s i m i l a r 
s i z e d eggs. 

13, I n c u b a t i o n p e r i o d s (days) v a r y a c c o r d i n g t o body s i z e (g) but 
n o n - l i n e a r l y : -

l o g 9 body weight = 8,0^96 l o g i n c u b a t i o n p e r i o d - II . 327O 

and:-
l o g 9 wing l e n g t h ( d e c i m e t r e s ) = 7.I65I l o g i n c u b a t i o n 

p e r i o d (days) - 11.1220 



H 6 . 

On a w e i g h t - s p e c i f i c b a s i s the s m a l l e r p e t r e l s are much l e s s 
e f f i c i e n t a t p r o d u c i n g u n i t weight than are the l a r g e r ones. 
P e t r e l s take about t w i c e as l o n g t o reach a g i v e n h a t c h i n g weight 
as most o t h e r k i n d s of b i r d s . 
However, the f u l m a r i n e species do not f i t these f o r m u l a e , t h e i r 
i n c u b a t i o n p e r i o d s are s h o r t e r than i n d i c a t e d by the g e n e r a l 
t r e n d s f o r body s i z e . How t h i s speeding up of development i s 
a c h i e v e d i s not c l e a r . 

14, Body temperatures of p e t r e l s , on the data p r e s e n t l y a v a i l a b l e , 
are low and average 38.65°C, s i g n i f i c a n t l y lower than the mean 
of k0o02°C f o r n o n - p e t r e l s p e c i e s . Data on egg temperatures 
are scarce and u n s a t i s f a c t o r y but i t seems probable t h a t these 
t o o are low and t h i s may have a b e a r i n g on the l o n g i n c u b a t i o n 
p e r i o d s . Low body temperature seems more l i k e l y t o be a r e t e n 
t i o n o f a p r i m i t i v e c o n d i t i o n r a t h e r than an e v o l u t i o n a r y 
n o v e l t y and i s presumably a s s o c i a t e d w i t h low b a s a l metabolism. 
I f so, the l a t t e r may have formed a p r e - a d a p t a t i o n f i t t i n g 
p e t r e l s f o r a p e l a g i c e x i s t e n c e where a c a p a c i t y f o r s u s t a i n e d 
f a s t i n g enables p e n e t r a t i o n t o areas n o t a c c e s s i b l e t o b i r d s 
w i t h h i g h e r r e q u i r e m e n t s f o r energy i n t a k e , 

15, The c o m p o s i t i o n of p e t r e l eggs v a r i e s i n a r e g u l a r manner accor
d i n g t o t h e i r s i z e . I n c r e a s i n g s i z e i s accompanied by an 
i n c r e a s e i n the p r o p o r t i o n of albumen and a decrease i n t h a t of 
y o l k . S h e l l composes 7.5 t o 11̂ ,̂ albumen 53 t o 65^ and y o l k 
28 t o 39% o f the f r e s h egg w e i g h t . These data are i n l i n e w i t h 
s i m i l a r s i z e d eggs of p r e c o c i a l species such as ducks. Yolk 
w e i g h t s are c o r r e l a t e d ( i n l o g terms) w i t h i n c u b a t i o n p e r i o d s 
b u t a g a i n the f u l m a r s are a t y p i c a l and t h e i r r a p i d development 
t o h a t c h i n g i s not a consequence of reduced y o l k r e s e r v e s . 

16, N e s t l i n g p e r i o d s are more v a r i a b l e than i n c u b a t i o n p e r i o d s and 
range from 50 t o 278 days. 
The days e l a p s i n g from h a t c h i n g t o c h i c k d e p a r t u r e are c o r r e l 
a t e d w i t h egg c a p a c i t y (ml) a c c o r d i n g t o the f o r m u l a : -

N e s t l i n g p e r i o d = 0.^96 egg c a p a c i t y + 52.61 
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and i s a l s o c o r r e l a t e d i n l o g terms w i t h body w e i g h t . I n both 
r e s p e c t s f u l m a r s are a t y p i c a l having s h o r t e r n e s t l i n g p e r i o d s 
than o t h e r p e t r e l s o f s i m i l a r s i z e s . As o b t a i n s d u r i n g i n c u 
b a t i o n , the n e s t l i n g time per kg of a d u l t i s much l e s s f o r l a r g e 
than f o r s m a l l p e t r e l s b ut i n g e n e r a l the r a t e of p r o d u c t i o n per 
u n i t w e i g h t i s l e s s than d u r i n g the i n c u b a t i o n p e r i o d . 

17. The d u r a t i o n of the i n c u b a t i o n 'and n e s t l i n g p e r i o d s are r e l a t e d 
f o r a p a r t i c u l a r s p e c i e s , those w i t h s h o r t n e s t l i n g p e r i o d s have 
a l s o s h o r t i n c u b a t i o n p e r i o d s . The f u l m a r s , b r e e d i n g i n p o l a r 
r e g i o n s , develop o v e r a l l f a s t e r than o t h e r p e t r e l s and t h i s i s 
b e l i e v e d t o be an a d a p t a t i o n t o a s h o r t b r e e d i n g season w i t h 
l o n g summer days. I n one f u l m a r (Pagodroma) t h e r e i s evidence 
t h a t some d i f f e r e n c e s i n development r a t e s occur between popula
t i o n s and these may be connected w i t h l o c a l c l i m a t i c c o n d i t i o n s . 
N e s t l i n g p e r i o d s f o r n o n - m i g r a t o r y t r o p i c a l p e t r e l s are l o n g 
r e l a t i v e t o t h e i r egg s i z e s and i n g e n e r a l w i t h p e t r e l s , develop
ment a f t e r h a t c h i n g seems t o be more f l e x i b l e i n response t o 
e n v i r o n m e n t a l c o n d i t i o n s than development r a t e s w i t h i n the egg. 

18, The s i z e s of a t l e a s t 7 body components - s k e l e t o n weight ( y ) , 
s 

l e n g t h s of t a r s u s ( y . ) , of culmen ( y ) , of humerus ( y . ) , of u l n a 
t c n 

( y ^ ) , and of manus ( y ^ ) and egg weight ( y ^ ) are r e l a t e d t o body 
we i g h t a l l o m e t r i c a l l y : -

0 . 8 9 9 x ° - 7 ' ^e 

y = 0.035x''°'' 
6 

y^ = 8,6x 

where x i s mean body weight i n grams, 
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Egg w e i g h t , s t a n d a r d wing l e n g t h and t a r s a l l e n g t h s e x h i b i t 
n e g a t i v e a l l o m e t r y w h i l e s k e l e t a l weights v a r y almost i s o m e t r i c -
a l l y w i t h body w e i g h t : the remainder show p o s i t i v e a l l o m e t r y . 
As a l l these v a r i a b l e s are r e l a t e d t o body weight they are a l s o 
r e l a t e d t o each o t h e r so t h a t p e t r e l s t r u c t u r e conforms t o a 
ground p l a n e x p r e s s i b l e i n p a r t by a s e r i e s of a l l o m e t r i c 
r e l a t i o n s h i p s i n which body s i z e i s a d e t e r m i n i n g f a c t o r . The 
u n d e r l y i n g mechanisms may be a common gene or gene complex which 
c o n t r o l s growth g r a d i e n t s and the stages a t which growth o f the 
v a r i o u s p a r t s ceases. 
I t i s p o s t u l a t e d t h a t p h y l e t i c s i z e i n c r e a s e has been a dominant 
f e a t u r e i n the e v o l u t i o n of the order as i n some b e t t e r known 
l i n e s of descent and t h a t the group may have a r i s e n from some 
s m a l l g e n e r a l i s e d a n c e s t o r perhaps having many of the c h a r a c t e r s 
o f s t o r m p e t r e l s l i k e Oceanodroma but the evidence f o r t h i s view, 
based on morphology, ontogeny and beha v i o u r , i s r a t h e r sparse 
and m a i n l y c i r c u m s t a n t i a l . 
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