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BIOMETRIC STUDIES OF BIRDS IN THE ORDER PROCELLARIIFORMES

1, INTRODUCTION

The Procellariiformes are mainly pelagic sea-birds
inhabiting every ocean., Some aré restricted to warm
tropical seas while others feed in open leads between

ice'floes° One member of the order, Pagodroma nivea breeds

further south than any other vertebrate: except 1te parasite

Stercorarius skua and under conditions so severe that few

if anj invertebrates can withstand them.

_ The size range among the Procellariiformes is.greater

- than that obteining in any other order of birds. Smallest

are storm-petrels like Hydrobetes pelagicus and Halocyptena

microsoma with wing spans of about 30 cm and weights of about

30 g; largest Diomedea exulans and D,'epombphora whose wing
spans approximate to three metfes and bbdy weights average
some eight.k-ilos° BetWeeh these extremes are about 95 species
oflsmall, medium-sized end large birds and in most of the oceans,
-particularly in the Southern Hemisphere where the order is best
‘represented, species of differing size share common feeding end
~Breeding~grounds.

The present study was undertaken to examine the extent of
- this great range in body size and its consequences to certain
aspects of~morphology; Breeding biology and egg size.
-Inveetigations of the relationships between body size, egg size
and development times are simplified in this order as a single
egg comprises the clutch and if that is lost re-laying is very
infrequent. With only one egg to hatch and one chick to rear
a comparison of facets of.the breeding cycle like incubation

and nestling periods can be meaningful although data on these



are still inadequate or 1ack1ng for most species in the order.
It was anticipated that the decrease in size from the
Diomedeldae to the Hydrobatidae would be accompanied by
correlated changes in egg size and in times needed for
development of the young° It'wes hoped that if regular
relatibnehips could be established betieen the different
~variables these could be ueed'to predict statistics for species
not yet measured or even fof some now extinct. To a considerable
degree these expectations havé been fulfilled but more data
areAneéded<before full advantage can be taken of the relationships
discovefed.~ The present study is thus‘a preliminary one which
indicates many- other profitable lines of research and, as might

be expected, exposes more problems than it solves.

: . 2. NOMENCLATURE.
2.1 The use of the word "Petrel".

Throughout -this study the words petrels, Procellariiformes
and Tubinares heve been regarded as synonyms. This reverts to
the custom among early workers on the group whereas in recent.
years-thereehasTbeen a tendency to use "petrel" in a more
reetricted and often ill-defined sense so that we read of
"albatrosses, shearwaters and petrels" rather than of

"albatrosses, shearwaters and other petrels".

2.2 Family and Generic,Names.

The family and generic names used follow the form and
sequence set out in the letter by Alexander et al (1965) which
was drawn up by W.R.P. Bourne in conjunction with the writer

aﬁd‘qther workers on petrels. The scheme is as follows:-



Order PROCELLARIIFORMES

1, Family Diomedeidae 3. Family Hydrobatidae
Diomedea ‘ Oceanites
Phoéebetria ‘ Garrodia

| Pelagodroma
‘Fregetta

2. Family Procellariidae Nesofregetta
Macronectes Hydrobates
Fulmarus - Halqézgtena
Thélassoica 6ceéhoaromé
Daption ‘

Pagodroma | 4L, Family Pelecanoididae
Pterodroma ' Peledandides
Halobaena |

Pachxptila

Bulweria

?rocellaria

Calonectris

Puffinus

3, THE DATA.

2,1 Sources of the Data.

This study leans heavily on published measurements,
notably those for standard dimensions. These have been taken
from much of an extensive literature rélating to the
Procellariiformes and have included particularly the taxonomic
and anatomical studies of Milne-Edwards (1867-68); Forbes
(1882); Loomis (1918); Mayaud (1932); Falla (1940); Flemirng
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(19%#1a--and b); Fleming-&hd:Serventy (1943); Mathews and Hallstrom.
(1943) <ﬁurphy and Irving (1951); Murphy and Harper (1921);
.Hﬁrfhy~and Pennoyer (1952); Murphy and Snyder (1952); Murphy
(1§52); Austin (1952);  Kuroda (1954); - Schonwetter (1960) and

of Bbilfne and Warham (1966). Thsse~data have been supplemented
Ibygmateria; gleaned from field stsdies of which those of Falla (1937);
Roberts (1940); Bierman siid Voous (1950); Soremsen (1950);
Richdale (1950, 1952, 1963, 1965a -and b); Hagen (1952); Fisher
(1952); Paulian~(1953); Prévost (1953a and b, 1958, 1964);

Rand (1954); Warham (1956, 1958, 1962)3; Davis (1957);

Holgersen (1957); Tickell (1960, 1962); Rice and Kenyon (1962);
Brown (1966); Harris (1966); and Pinder (1966) have proved the
most useful. - :

Finally, theistaﬁﬂﬁrd texts of Godman (1907-10); Mathews
(1912); Bent (1922); Murphy (1936) and Palmer (1962) have
provided more data. 5j6$her ﬁﬁépfmation has been made available by
colleagues currently active i ‘sea-bird research and by various
people who, at the_author's_instigation, have collected appropriate
data when in a position to do so. This assistance is acknowledged
in Section 1k,

Some major gaps'in the data have been filled by the author
from museum material, from field observations and measurements, and
from work done during the preparation of "A Handbook of Australian
Sea-birds" (Serventy, Serventy and Warham, in press). Methods of
meésuring non-standard dimensions and other variables are

described below in the appropriate sections.
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3.2. Summary of the Data.

Some of the more important measurements-are-given in Appendix A,
To save unnecees&ry repetltion of scientific names- in-the text: each
‘species has been given a number. Within each genus the largest:
birds are listed first. Gaps in the sequence of numbers refer. to
species- for which there has- been inadequate information for use in
the present study. '

‘For the -purpose-  of the kind of o6mp&risohs-&ttempted-hére~i§ is
-desirable-tO»compare~samples-from~homogeheouaopopo;étions; .- where -.
relevant, measurements-are given for~eaohﬂsub-speciéawand‘these‘ope
indicated by suffix letters. . No investigation of the walidity of
such sub-species has been made or is impliéd—and forther research
- will probably show that some are-invalid and even that some- raceq
| have been ascribed to the wrong species.-

The  final -data--will show -many gaps- ard--to- takeAadvantage of the

figures that are available small- s&mples have sometimes been used -

not'possibleMtOwderive~st&ndardmdeviations‘for~themmas-neithervthese
nor the raw data-were given in the original- papers.. In consequoncé'
only the means-and ranges-have usually beenmavailable-and-the~sténdard‘
deviation of a- regresslon has- therefore -been calculated from-species
means. = Hence confidence limits around & regression indicate reaid-
ual differences between species-after the regressional component of

the difference has been extracted and not the variability of indjivid-

uals within species around the regression.
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b, THE MEASUREMENT OF SIZE IN PETRELSo.

wEoﬁmshouldwthewaize~of~awbird henmeasuréd? By -total length,
vby'the*length<ofmgwsingleuappendageylby-sunfaéeware&y-by-bodylweight? ‘
All possibilities seem to -have-some: shortcomings- but perhaps body
weight is-thp~most-usefu1fmethod of»measuriﬁg size -as this is known
to show.good correlation with metabolic needs and haswimport&né,beqr-,
ings on the mode of flight-.and on the maximum eize attainable. -

Unfortunately the -body- weight of a bird is far from constant.
Variations—occur during the annual cycle'and—werghts -can increase-
:dramatically over~qu1te~short<perlods e.g. before-migration. For

tpiSWre&sonwthe~fatwfreemweights»havefbeen used for some studies-of

":,éeight variations in small passerines. Petrels show-at least-as:

‘vgre&t~&~r&nge-of variation-in~weightaduring the course of a- year or

- breeding season--and this- too seems~méstly to be due-to the depositioen
f;&nd utilisation of subcutaneous and depét fat., Ideally therefofe,
beodyaweights~ahould be the fat-free weights of birds with empty
T{stomachso There are no figures for fat-free weights of petrels and
i in view of. the 1arge ‘8lze- of—many of them it -seems most unlikely th?t

“such figures -&r8«-going to be avallable in the foreseeable future

- although those of beach-wrecked birds may approxmmate,to fat-free

L weights. In practice, the- data -for body weights used here are from

?.samples of’ mixed provenance.- A serles -made on--the breeding grounds

{ may consist -of birds- that have just been relieved . of incubation duties
5-by their mates after a week or more--of fasting and may thus-be under-
:.weight, or of others-that have-recently arrived with full-stohachs
and extensive~f&t-reserve87~or.awmixture~of~thesenand~of non-brgedéna.
Birds caught at-sea-may-have~iittle or much depot fat but those
collected- exhausted -on the -beaches-are-usually thinﬁand underweight.
The sort of variation that may occur is indicated by data for the

medium sized petrel Puffinus tenuirostris (Serventy et al, in press).
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A sample of 32»femélesmweighed-at the start of incubation had a
mean ~wei~ght""off689gand a further sample of 22 females at the end of
incubation a mean weight 20% lower at 55ig. Fisher (1967) has
recentlyﬁaisnussgg~Weight variations- during the breeding season in
one of the North Pacific albatrosses.

Given~large-eﬁ6ugh samples“the5e4differences-should tend to
average -out around.a mean somewhat above the fat-free value-and such
-& figure seems- to be-theumost-practicable—measure'for compariig body
size in petrels. In this studyg~where»data—have-been-&vailable from
samples- taken -at different times of the year, the figures have been
pooled in order to3shooth out fluctu&tibns due to varying fat content
and -similar causes- - ' '

Other measurements were-investigated which might correlate with
the mean values for body weights throughout the- order. Total body
length is not suitable for this purpoée as it varies in skins with the
mé&h—ﬁer-of-'prqparation° Tail length is a rather small dimension and
not easily measured-in live birds but standard wing length proved more
suitaBleog  This~isrthe~distance-from the carpal joint to the tip of
the longe;¥-priﬁary-When the:folded wing is- flattened-against a rule
and is in éffecf the-length of the most distal - of the three segments
of the wing, being the- length-cf the hand plus- that of the longest '
attached feather. - Successive measurements of a- series-of wings
showed that an accuracy of about + 2% was achieved when the same
person did the measurwing and-ébéﬁt + 3% when different persons: made
the measurements. Wing length is not subject to much variation
during the year or, if this -occurs (due-to moult and :abrasion), it can
usually be detected at the-time of measuring -and such under-sized -
examplgs;eliminated from the détao Furthermore, there is much good

‘information on wing lengths in the literature that can be utilised.
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~Nevertheleeewwthis~meaaurement-haé~some~dis&dvantageew The:
'mOst;important is probably the- occurrence of shrinkage during drying
B8O -that the mean length of a sample taken from live birds may--be -
.eigniflcantly :greater than- th&t for & similar-sized sample of study
sklns° - There is little publlshed information on this but Tlckell
(1962) gives some—flgures for the-prion Pachyptxla .desolata which" show

differences of up to 2% between- the- valuee- for llve—an& preserved
" material from the same -breeding- plaeesw~  Similér figures h&ve-been 
obtained. from-material collected recently &%~the»8nares Islands '

(Warham- 1967&).. With the medlum-slzed petrel Pterodroma inexpectata

'-the shrink&geiin wing length after 6 months drying amounts to between
1 and 13%. B

' Unless the 1ndicatlons given by these -tweo-species are atypic&l

1t seems -that errore~due to this factor,-averaging about 13%,- will
have no sign1£icant~effect og—the'conclu81onsrdrawn<here}~ The»degréé
, oﬁferror dﬁe~to shrinkage- and- to the use of both preserved and live ,
"materlal is-of a smalier order -than those differences in-wing lengths—

between species ﬁhat are postulated as having blological significance.
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" 5. RELATIONSHIPS BETWEEN BODY WEIGHT AND STANDARD WING -LENGTH.

5.1, Changes in Size of the Wing Elements with Body Weight.
Thewrel&tionahip~betweeﬁ"mean body weight and mean standard wing

length for-4i-species -of petrel is shown in Figure 1. - The data come

from Appendix-A. Body weights are for-adult females except in

genera like Puffinus and Pterodroma where long series of measurements

have -failed to demonstrate sexual- differences.

There-is- a correlation between mean body weight«gpd»mean wing
length but evidently this is not linear. There is séme~scatter #sr
expected with biological~d&ta and particularly where,-as here, many
of the sample sizes are small.and both living and preserved~materia1
has beed used. Thewregression-line has -been drawn by eye.

The curve - indicates that as the standard-winngength»incre&ses«
the-rate -of .change of body weight also increases, the ratio of body
weight to wing length being much lower -with small'speciQSAthan with
large- ones.- - This«fatio is--about 0.3 for a-petrel weighing 50g, for
one weighing 500g about 1.8, and for one of 5,000 about 8.8. Thus,
although with 1ncreasxng size the-distal elements of the wing increase
absolutely in length, these-increases-are progressively smaller in
comparison with the increasing body weight.

The wing measuréments in Figure 1 represent only a part of the
whole wing but despite‘tpi&,-theAregulér variation-in the length of
this segment in comparison with the body weight seems likely to be
correlated with the modes of flight of the various species.

Small petrels-ha%é"rel&tivéli‘bro&d.wingsmwhich‘are~not_excess-
ively attenuated compared with the- length of the bird's bodys
Albatrosses,- at the other end of the size -range, have narrow-wings of
high aspect ratio whose total iengths are high compared -with the body

length, The other groups in the order lie at various points between
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these-two extremes. h ?
| The lengths of the three-wing elements for & small sample of
petrels- of various sizes-in set out in Tablé I. where data-by the-
anatomist W. A. Forbes- (1882) for -the lengths of the wing bones are
combined with the lenéths of the distal segmenfs-(: standard wing

length) from Appendix A.

TABLE 1I.

Lengths of wing segments and body weights in petrels.
(Bone lengths from Forbes, 1882, all in mm,)

B.W. B.W.
Species a b c d atb:c a:b:d - a+b+d g asbed

2b, D.e.chionoptera 428 417 290 601 1.0:1.0:0.7 1,0:1.0:1.4 1446 7270 5.03
6a. D.m.melanophris 259 262 202 521 A1.0:1.O:0.8 1,0:1.0:2,0 1042 3515  3.37
14, n.siganteds 243 236 212 498 1.0:1.0:0.9 1.0:1.0:2.0 977 4114 k.21
S3. P.cinerea 13h 132 127 334 1.0:1.0:0.9 1,0:1.0:2.5 600 1026 1.7
60. P.griseus 81 83 84 304 1.0:1.0:1.0 1,0:1.0:3.6 468 787 1.68
64b.  P.p.puffinus 729 72 86 237 1.0:0.9:1.1 1,0:0.9:3.0 388 406 1.05
71¢. P.m.maoriana 27 24 37 161 1.0:0.9:1.4 1.0:0.9:6.0 249 47  0.19
74, H.pelagicus 26 24 3% 117 1.0:0.9:1.2 1.0:0.9:4.5 167 28 0.17
78a. 0.1l.leucorhoa 35 35 k42 156 1.0:1.0:1.2 1.0:1.0:4.6 266 48 0.18
83a., P.u.chathamensis 43 33 44 123 1,0:0.8:1.0 1.0:1.0:2.9 199 12k 0.62

a = humerus; b = ulna; ¢ = manus; d = manus plus feathers.

The table shows the following trendst——
1. The lengths-of the--humerus-and ulgawafewapproximatelywequ&l‘in

all species throughout the order .as .pointed out by Féx_"hés‘(loc° cit.).

The position of Pelecanoides urinatrix is rather different and is



.
discussed separately in section 5.3 below.
2o | The coatribution of the manus to the total length of the arm
varies -fairly regularly, ~,=la£ger-species%having-relatively short-
-er~hands-than- the--smaller ones. _
3 The contribution of the hand plus the attached feathers, i.e.
"the-standard wing length, to the total length of the wing also varies
consistently. In the larger species this contribution is relatively
small being  about -equal to,the-combihed length of the two. inner
}%egmentS»whereas-in~fhe smaller spéciés the lengths of the distal
éegmeﬁts~are two or three times the combined.length of humerus and

ulnas --The-exception is -again Pelecanoides-.

L.  The total length of the wings of petfels»from body to wing tip
-cannot readily be ascertained from skins and there are few field
data. However, an estimate of this for comparative purposes can-be
gb%ained}by adding humeral, ulnal and standard wing lengthé,as,has
Keén doné in column a+b+d of Table 1. In the last column of that
table the mean body weight iﬁ-gramSWhas been- divided by this
estimate of total wing length. It will be seen that uqit wing
length in the:l&rge'specieSMcarries much more weight than it does-
in the small- ones.-

Even ignoring.spegieslwvariations in the widths of the wings-
relative to their length, it seems clear that the high figure for
the weight per unit length of w1ng in the large species- are<correlat-
ed with higher wing 1aad1ngs per -Burface areas Thus Oceanites
oceanlcus, one-of the smallest petrels and- which has-a standérd wing
length of 153mm and- welghs~}4g has a-wing loading of about 0.32 g- /

cmz, compared with %te 69 g/ cm2 for Macronectes -giganteus- and-

1.20 g/cm for Diomedea exulans (Mawsen, in Falla, 1937).

MawsonAalsougifes~meanuwidths-for wings of these- species
- compared with their total length. They -are for Oceanites 30% of
~"the total length, for Macronectes 22% and for Diomedea about 14%.
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'}The~arm bones-of -small storm-petrels.are-strong and little-if at
all pneumatised. This is- presumably a-consequence of the low-wing
loading which would not require.-a lightening of the-skeletpn;and—with
‘the mode of flight which is different to that of largevpetfels°
Stofm-pgtrels~are~agilemand erratic fliers.;capabie of rapid changes
in course and of beating their ﬁiiég &t-quitevhigh:frequenéies-agd
through con51derable amplitudeo ‘This kind of flight must subject
.the w1ng skeleton to considerablé- bendlng stress and necessitate
strong- .arm bones-s .

-Because ofutheir-low:higg~loading the wing needs to provide
little 1ift in- the -small petréls compéred to the situation in the
“large species, so that it is not surprising that the-inner elemeats
of the wing - those mainly respensibie for iift‘- are reduced in
- storm-petrelso However, -manoeuvrability is essential for . téking
| the small planktonic organisms that comprise their food from the

surface of a restless sea. Hence the 1mportance of the: d}stal
elements of the wing :which seem mainly responsible for propulslon
and in conjunction with the tail, for steerlngc ‘

At the other-end of the size scale the albatrosses rely on
“hHighspeed gliding in zones- of strong wind. When they beat their
wings-it is-through shellow amplitudes while in calms, when
gliding is impossible, the birds settle onto the surface of the sea.
They have high aspect-ratio wings- capable- of generating considgrgble
1ifE PHE“inner elements of the wing, the-humerus--and ulna-with

-m%heir attached feathers, provide this. The distal element of the
wing is .reduced, as'is the tail, and so too is‘the manbeuvrability

. of the bird and its eapacity to propel itself by wing be&ts.
Concurrently;~and~6ffsett1ng the-increased wing loading, the bones of

“'the- forearm- and of much of the skelefon are extensively pneumatised.
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TABLE II: WING LENGTHS AND BODY WEIGHTS IN PROCELLARIIFORMES

S S
pecies ?25) zg§ oo f - Wedight | - -

7. D.bulleri 52,0 (3109) 3012 (3109)~ - - Al bk

8. D.nigripes 50.6 (499) 2934k (1389) 14,32
12. P.palpebrata 53,7 (2109) 2838 (1609)-- -14,16
16. F.glacialoides = 32.9 (219) 741 (109): 9.05 - -
17a. F.g.glacialis 31.3 (459) 699 (129)- - 8,48 -
18. T.antarctica 31.0 (269) 627 (219) - 8,56
19a. D.c.capensis 26,4 (159) ko7 (229)-. - - 741
21, P.incerta 32,1 (5409) 522 (5439)- 8.05
32. P.ultima 28.1 (94oQ) 360 (1309) 7.11
33, ~ P.inexpectata 26.2 (10009) 316 (8609) - 6.81 -
35, P.mollis 25.3 (14609) 254 (14609) - 6033
38a. P.h.hypoleuca 22.9 (7759) 176 (769) - 5,60
41,  H.caerulea 21.6 (3199) 181 (1009) - - 5.66
L2a, P.v.vittata 21,4 (4299) 196 (7059) 5.81
43, P.d.banksi 19.2 (129) 153 (129) 5.35
44, P.salvini 19.0 (1899) 154 (18d9)-- - - 5.36
ks, P.turtur 18.2 (10009) 132 (10089) - - - 5.09
60, P.griseus 30.4 (10009)- 787 (10059) 9.23
62. P.tenuirostris 27.4 (L409Q) 635 (229) 8.59
64b. P.p.puffinus 23,7 (2009) ko6 (329) 7.41
69a. 0.0oexdéperatus 15.3 (650%) 34,3 (1039) 3.25
70.  G.nereis 13,0 (1009)  29.5 (10d9) 3,09
71c; P.m.maoriana 15.8 (219) 47,0 (10099) 3.61
73a. F.g.leucogaster 16,2 (2udQ) L6.0 (2409) 3.58
74, H.pelagicus 1.7 (3959) 28,0 (5009) 3,04
78a, 0.l.leucorhoa 15,6 (940Q) 4L8.0 (6609) 3.63
8%a, P.u.chathamensis 124 (10059) 4,98

12.3

(10009)
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5.2 Linear relationships derived from Wing Lengths and Body Weights.

Figure- 1 does ndt reveal any easily computed relationship-and
it is--perhaps unlikely that a-measurement of a linear dimension would
be directly-reiatedtto body -weight, a three dimensional variable.

A better fit for a linear-relationship might be expected if the cube
of the‘wing_lenéthmw&s compared -with body weight or the cube root
of body weight with wing length.

This has been done in Figure 2 for the data in Table II and
for 27-species. - These data have been-more-cfitically selected than
those-used- in constructing Figure 1. They are restricted to species
for which at least 10 measurements are available of both standard
wing length and body weight. For many species the samples are large
_.and as- far as- pessible only data.from female birds has been included.
However; figures from samples of mixed sex-are~uséd in genera like
Puffinus and Pterodroma where- long series of measurements have failed
to reveal any sexual- dimorphism in wing length.

| The cube root of the body weight and the standard wing length
are highly correlated (r = +0.993 and P <.001). - -Where Y is the- -
dﬁbg root of the -body weight in g and X the mean wing length in cm
then the equdtion for the regression line derived by the method of
least squares is:-

Y = 0029X = 0658 ceiieiiaerenieeces coneenerenenss (1)

3 body weight in g 0.29 me&n: w1ng length:-in cm = 0,.58.

This regression line has-a standard deviation of 0, 443F and 95%
confidence limits are'shown on either side of the regression line.
ﬁnfortunafely, for maﬁy species, individual data are not

available but only the-mean values S0 that it is not p0581ble to
provide standard deviations for each sample but only a-figure for
the combined samples. The curve would have been more useful had

it shown the varying confidence limits over the whol& range of body
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- weights, - ,
" The régression of X on Y is:-
251 G 1 U ¢-) B
or mean w1ng length in em =-3.38 3/mean body weight in g + 2.39.
The standard deviation is- 1.34 cm
‘ The<w1ng lengths and body weights of Table II have also been
examined after transformation 1nto logarlthms. Again a linear
relationship obtains- as revealed by Figure 3. '
'Thé*log:log~plot tends to spread out the points- towards the extremes
of the range so that the regression.line; while reflecting a highly
significant correlétign between the two variables, is not identical
with that obtained when plotting the cube root of body weight against
.gstandardeingflengtﬁ.i
When Y = log mean-body weight in g, and X = log mean wing length in
cm, then |
= 3.357X = 2:23% cecoo SeDe =0.116  co0ecoes (3)

i.e. log body -weight in g =-3.357 log- wing length in cm - 2,23%"
and X = 0.287Y + 0.0.690 coove SeDo =-00034curcoees (&)
i.e. log wing length in cm = 0,287 log body weight in g + 0,690
These .two equations -can be transformed into the power form giving:-

Body weight = 0,00587 wing length e 357.,....... (3a).

Wing length = Qe 287 (ba).

-

4898 body. weight e0 covoesceo
The different estimates re‘ating body weight &nd-wing length
glven by the series-of equatlons typified by (1) and (3) will be

apparent from the following computations.

Hypothetical wing length (cm) - 10 50 | 100
Bquation 1 =~~~ -srse. L ; '

‘Mean body-weight. (g) C12e6 - -?2724 23188
'95% confidence limits (g) - 3.4 - 31,1 - 422713232 23187-23189
Equation 3 '

Mean body weight (g) 13,4 2974 30470

95% confidence limits (g) = 7.8 = 13.7  1743-5074%  17840-52020
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The plots for four more species of'-greatly differingISiZé

(2b. Diomedea exulans; 24. Pterodroma phaeopygia; . 67b. Puffinus

lherminieri and 81a. Oceanodroma tethys) for which extensive data

became available toward the completion of this study (Tickell, in
press and Harris, ‘in press, a, b and ¢) all falliﬁithih the above

confidence limits.

5.3, The Position of Pelecanoides urinatrix.

The only species for which adequate data are available and which
have been omitted when calculating ‘the above.relationships are those

for sﬁbSpecies 8%a of the Ccmmon‘Diying Petrei, P. urinétrix, mgrked

separately in Figure 2.

The Pelecanoididae comprise a group of sméll, fast-flying and
mainly coastal species which are the most atypical members of their
order in many respects and which show such a series of characters
convergent with those of the Alcidae that one. investigator believed
that they rightly belonged to that family (Verheyen, 1958b).

Pelecanoides is short-winged and has a fast whirring flight under-

taken close to the surface of the sea and it feeds by diving or . . ..

flying‘straight'into'the water.

-

An examinatlon of the data in Table I shows that P. urinatrix

has the shortest ulna, relative to the other wing bones, of any of-
the petrels listed.  Furthermore, whereas species listed of similar

size e.g. Pelagodroma marina have a relatively huge distal element,

that of Pelecanoides is considerably reduced in comparison. Thus

the short wings characteristic of this species are the rESu}gﬂpf.q.“:\
relative reduction in length of both.the ulna and the hand withf@ts,_,

attached feathers compared with other petrels of similar size.
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This is well shown-in'Figures~2-and-3uwhere the only adequate-
data for any member of the family, that from Richdale (1965a) is
plotted from a sample of 100 animals of mixed sexes. - In respect of
standard wing length P, urinatrix lies well outside the curve derived

from the data from the 6ther 26 species. This is also evident from
Figureil but is less-obvious there. No doubt data from other member
of thepgenus, when available, would show that all diving petrels sharP

thesgiqhébacterb;

S.4, Discussion. ,

Figures 2 and 3 show that for all families of the
Procellariiformes apart from the Pelecanoididae standard wing lengthsi
can be -used to~measure-50dy size via either the cube root or~logarithﬁ
of the body weight. The mean body weights pef-species for a random
sample of species each represented by a large sample of birdq, ﬁillv
fall in the range:- _ )

(0.291 wing length in cm - 0.58 + 0.82)7g.
Body weights are-available for oﬁiy a limited number of petrels but
the above formula perﬁits-weights to be calculated for the many species
whose wing lengths areukhown. )

‘The main cause of deviations from the regression lines of Figures
2 and 3 seems likely to be real, specific and presumably adéptive
differences in the relationslips between the.-two. variables.- This may
apply, for instance, to Macronectes which field observations, TablefI,
and Mawson's—figurergiven above- -all suggest, has a rather high wing
loading for a bird of its wing length. '

Apart fromyfhé«expected scatter‘customary with biological data,

_ there are other possible causes -of deviation of minor importance here.
Thus in some-instances sample sizes are small (e.g. body weights for

only 10 Phoebetria palpebrata) and these data may have had a skewed

distribution about the mean. Occasionally too, where samples of
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mixed sex have been used (e.g. with:Diomedea bulleri), the prémise

that no- sexual dimorphism in 8ize exists may be incorrect. However,
the inclusion of samples of mixed sexes appears to make little
difference to the plots About the regression line in the few instances

where the data are adequate to test this.

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

The sizes of the many species comprising the order Procellar-
iiformes‘aré not randomly distributed over.the rangg; About 70% of
them have standard wing lengths of from 150 to 350 mm, whereaé the
total range of size judged on this variable is from about 110 to 700m;.
The distribution of the species by size, using standard wing length
as-an index of size for 84wépeeieéwof petrel, is shown in Figure 4
-whose -data are taken from Appendix-A. Class intervals of 50mm -have
been used and where & -species consists- of several races whose -wing
dimensions place-them in different class-intervals, each interval
has been allocated a "half animal", -as-appropriates.

The,fréquency polygon shows. a marked- bimodal form with no species
at all in the class 375 to 425 mm, - Nichols (1914), who was perhaps
the first to attémpt an explanation for fhe great -diversity iq gsize
among the petrels, also presented a frequency polygon (based 6? body
length minus tail) for 97 of the birds then considered distinétuspec;es.
He omitted-thé Pelecanoididae but these are included in Figure 4. '
His polygon has--the same form as in my figure but while he describes
how in mixed feeding flocks the smaller species are satisfied "with
the crumbs left by the larger ones" and how the smaller speciesineéf
in the protection of holes and crevices while the larger ones, not

needing protection, nest in the open, he makes no comment about the
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gap in the size classes. - TOuNichols~it-was~perfectiy obvious
that the-.great range of size-among the birds relieves pressure.of
competition. Murphy, who published alongside Nichol's paper a
photograph taken in- the South Atlanti¢ in which ni#e pétrel~specic$

-are distinguishable round one food source,’eiéboréﬁed'on-Nichoi's |
ideas-many years later.. In his-scholarly "Oceaﬁic Birds of South
America™ (1936 p. 475) he pointed out that the varying range of size
fand-varying styles of flight and feeding shown by the members of the
order exemplify Osborn's principle of adaptive radiation. Murphy .
emphasised that in a relatively uniform environment like the upper
surface of the sea, once selection started to sort out different
sizé types, their varying relationship to the available food and to
thgirenemieéwwould rapidly accelerate trends- towards diversification.

That intra-ordinal competition has~p1ayed~a major part in the
evolution of the Procellariiformes- seems -a reasonable- hypothesis

~although other explanations-are possible but the evidence that .

- competition is-lessened- because of the diversity of -size among the
gpecies is mainly circumstantial, Th&t—m&ny-species today will feed
cheek by jowl but in different~ways~oh a common food source (usually
provided by man) does:- not necessarily mean that the birds also- avoid
competition in the course- of their normal-lives at sea and theré is
certainly quite a large overlap in the foods taken. Nevertheless it

“'is clear that generally speaking, albatrosses eat-different things
from storm petrels and prions .and thesé-differeﬁces seem likely to

" extend, though perhafswto.a-leBSwm&rked-degrée1 to all petrels -~

sharing the-s&me-foraging-rangeo

A start has been made at comparing the foods- of two closely
related speciesvbf similar size and breeding biology - the molly-

mawks Dioﬁedea melanophris and D. chrysostoma. These often nest

close to Qgch other, sometimes in mixed colonies, without hybrid-

ising.
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Tickell (1964)- has demonstrated significant differences in the foods
taken by-memﬁerslof these~mollymawﬁs~resorting to the same island to
_breed, although therewwasma~considerable-ovérlap. Other studies of
the foods of petrels are in-prdgressy

If the Procellariiformes (except perhaps the Pelecanoididae)- are
an ancient -and monophyletic group, as- seems probable; on account of
thehomogeneity of their behaviour; modes of life and anatomy, then~Ln:
the course -of their radiation there must once have been some--species |
"in. the missing size range of wing length class- 375-425mm- Why did
thes&ﬁisappear? Did some other sea-bird group oust those petrels
perhaps- under conditions quite different from those- obtaining -now
'&ndg having occupied the niche, prevent its reoccupation by any
other Procellariiform birds? Was the size-frequency curve shce more
normal -and the bimodality a consequence of the replacement of petfels
by other sea-birds? A

With a view to investigating the possibility of pastzinter-
ordinal competition an attempt has-beenmméde in Figure-b4-to establish
the present distribution by size of pelagic-sea-birds other than
petrels, Such birds: are potential if not actual competitors for
‘present-day Procellariiformes-though-their consumption of foods  upon
which petrels are dependent are in most cases unknown.

This comparison is fraught with difficulties. For flying
species standard wing length has-again been used- as- an-index of body
“size and this may not be very reliable for so -wide a-variety of birds

belonging to two different orders-- the Pelecaniformes-and
Charadriiformesw. Furthermore,- the lack of quantitative data on
food and feeding méans- that-the separation of birds in these orders
into pelagic and coastal species-is-difficult and in some - cases-
rather arbitrary as a species-may be pelagic at one season -and -an
inshore feeder at another. Nevertheless some fairly clear cut

distinctions are possible; ~ gulls and terns, for example, are
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" unlikely competitors for sea-going petrels. ‘The species regarded
a8 pelagic here include all the tropic- and frigate-birds- (Phaetjpn
and Fregata-spp.), all the gannets and boobies except Suila .

variegata and S. nebouxii, six terns (Sterna- paradisea, S.anaethetus,

S fuscata, -Anous stolidus, A, tenuirostris-and A. mlnutus), three

gulls (Rissa tridactyla, R. brevirostris and Laruq;plplxican), the

skuas-Stercorarius--skua and S- longicaudus, and the auks- Alle alle

and Fratercula-arctica.

Impoftant~and highly pelagic in the southern oceans -are ten

'species~of penguin-whose food include Euphausia-and Munida and
cephalopods'known to be eaten also by~pétréls:iﬁ those regibns.
However, to bring flightless, water-dwelling penguins inté a scheme
based on;ﬁing-length or any other measure of body size runs into

Berlous difficulties by virtue of these blrds' -special mode of life

énd’hmllleux° They must, however, be included in the comparison in
view of thelr concentration, like the petrels, in the southern oceans
‘ where Both orders-may well have originated. Indeed, they may have-'
.co-existedvfor the whole of their history if, as some believe, the
petrels and theﬁpenguins»have—arisen-from a common ancestor. And
although penguins can take prey unavailable to the surface feeding
petrels some competition does-exist today- and may have- been more
severe in the past. |

An attempt has-been made to try and ejuate- the-ten species-of
penguins that are significantly pelagic in their feeding range (i.e.
omitting Sgheniscus~and~Eudzgﬁula)<with-hypothftifal petrel s—pepies-.~I
This has-been done by taking the body length of théﬂpenguin and -worke'
ing out what .standard wlng length would sustain a petrel having thaﬂ
body length. This very crude -comparisen makes-a King Penguin

Aptenodytes patagonica as equivalent in size to a Royal Albatross -and

it has been counted as a flying bird of wing length of that species.
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Similarly, the smaller penguins of the large genus: Eudxgtes -become
equivalent to smaller albatrosses in size.

. The result of this evaluation of the number -and siéeudistrib-
ution oanon-Procellariiform pelagic species-that migﬁt competgﬂwith
the petrels is shown in the dotted frequency polygon in Figﬁrefhw»
It will be seen from the positions of the-peaks in the two polygons
that the non-Procellariifornm species appear to-be predominate in
size classes not favoured by petrels. This is particularly
noticeable in th3»350-450mm-group-where in the-absence of any petrels
species of small penguins and boobies pré&ominate»

In view of the difficulties involved in making meaningful
comparisons, difficulties not restricted to thogevmentione&jabo&%—
should one not compare population sizes or even biomass f&fhérltﬁ&ﬁ
merely the numbers of species? - conclu51ona drawn from a, compafison
of the two polygons must be- considered as suggestlve only.

Furthermore the fossil Plotornis delfortrii Milne-Edwards 1878 of

the Middle Miocene, believed to be- the remains-of a petrel

(Lambrecht, 1933) may have-been a member of the missing size class.
The fos§il tarsometatarsus is 70.5mm long and this suggests a body
welght of around 2,000 g (Figure 30) so that the bird may have been

a llttle 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-have-reached maturity-and obtained .a-partner female

petrels lay one-egg each breeding season. While one race of the-

tropicél Puffinus lherminieri breeds at about nine monthly intervals

(Snow, 1965), most petrels breed-anmually except for the two largest

Diomedea exulans- and D. epomophoré~and perhaps- D. chrysostoma

(Tickell, 1967)- .which breed biennially. The-eggs are-large in
relation to the birds that produco them, the contrast being most
pronounced in the small storm-petrels and prions-where the eggs may
represent a- quarter of the laying bird's weight.

The ratio between egg weight and female body weight varies in a
uniform manner throughout the order and ranges from about 6% to 25%.
The relationship between these two variates is shown in Figure 5.
This is based on the ﬁigures from the 19 species for which-adeqﬁate
data are available listed in-Tabie III where the~samplc-sizee are
indicated in parentheses. The data include only those species for
which at least 5 egg.and 5 body weights-are available but most
sampies are considerably larger than- this. Female .body weighta

have been used except in such genera as Puffinus and Pterodroma

where sexual dimorphism in" weight seems to be absent: here the

samples are often of mixed sexes.
Table-III includes useful data from Richdale--(1964) who

discussed the-relationship-between -egg-weight: to body weight among
eight species -of petrels. Earlier references to this éubjept
include Murphy (1936) and Marshall and Serventy (1956) while Lack

(in press), in a discussion of the growth rate in Procellariiformes,



TABLE III. EGG WEIGHTS AND BODY WEIGHTS IN PROCELLARIIFORMES
Mean Mean Egg Wt.
Species Egg Wt. Body Wt. Body Wt. Log. Egg Log. Body Log. Egg Wt.
(g) (g) YA wt, wt. Log. Body Wt.
1a., D.e,epomophora  425(15) 7801(5Q) 5.7 2.6284 3.8927 0.675
2b. D.e.chionoptera 467(6) 7270(53%) © 6.k 2.6693 3.8615 0.691
7. D.bulleri 250(100)  3004(3109) 8.3 2.3979 3.4829 0.706
8. D.nigripes 291(100)  2934(1389) 9.7 2.4639 3.4675 0,71
10. D.immutabilis 278(20) 2852(134Q) 10.1 2.4u48 3.4551 0.708
14, M.giganteus 237(12) 4114(59) 5.8 2.3747 3.6142 0.657
16, F.glacialoides 103(33) 751(109) 14,0 2.0128 2.8698 0.701
19a. D.c.capensis 62(42) 407(229) 15.2 1.7924 2.6096 0.687
20. P.nivea 47(21) 244 (13Q) 19.3 1.6721 2.3874 0.700
33. P.inexpectata 53(8) 316(860%) 16.8 1.7243 2.4997 0.690
38a. P.h.hypoleuca 33(7) 176(7659) 18.7 1.5185 2.2455 ’ 0.676
43a, P.d.banksi 33(23) 153(12qQ) 21.6 1.5185 2.1847 0.695
44, P.salvini 32(12) 154(1899) 20.8 1.5051 2.1875 0.688
4s, P.turtur 24(56) 132(10009) 18.2 1.3802 2.1206 0.651
60. P.griseus 95(25) 787(10059) 12.1 1.9777 2.8960 0.683
62. P.tenuirostris 85(13) 635(229) 13,4 1.,9294 2.8028 0.688
64b., P.p.puffinus 58(10) 406(329) 14,4 1,7665 2.6085 0.677
71¢. P.m.maoriana 12(54) 47(10009) 25.1 1.0719 1.6721 0.641
78a. 0.l.leucorhoa 10(100) 48 (6609) 21.0 1.0043 1,6812 0.597
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also-deals ‘with the relationship in general- terms. Heinroth
(1922) presented a large amount of data-on relative egg-weights for
many birds which were re-examined by Huxley (1927), but little

information on petrels was then available.

509 .
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Fig.5. BODY WEIGHTS AND EGG WEIGHTS IN PETRELS.
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The shape of the curve in Figure 5 resembles that presented
by Huxley based on Heinroth's data for 432 species of birds weigh-
ing from 2 to 90,000 grams. The points in Figure 5 are not evenly
scattered over the siﬁe-range-but reflect the bimodal distribution
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 smaller samples, fit satisfactorily to the upper portion

of the curve. | )
| When ghe logarithms of the data from Figure 5 are examined
they are~foﬁnd to be highly correlated (r = +0.983; P <. .001). and
they plot about a straight line - Figure 6.

Where Y = log egg weight in g and X = log body weight in g,
then the equation of the regression line, calculated by the method
of least squaréég—is:-

Y = 0,708X - 0.065 Cvecerece-eans N )
and the points have a standard deviation in log terms about this
line of 0.495.

The straight line relationship of these variables plotted
logarithmically indicates that the rate of change in egg weight
with body weight is constant throughout the order. The relation-
ship appears to be-an- instance of allometry as--described by Huxley
(1932) but of the negetive kind. The implications of allometric
growth and relationships are discussed later in section 12.

Equation (5) can be re-written in the form:-

Yy = 0.859}{0070.:8..oo.o.e.-.........-.....................'(6)

or egg weight in g = 0.859 mean body ‘weight in g 0. 708

Thus egg weight in petrels is a function of power of female body

weight quite close to that usual where a parameter varies with

0.667)

the area of the body surface (body weight This suggests



25.

that egg size may be a function of the surface area of some organ
like the secretory part of the oviduct or perhaps qlmply egg width,
although presumably other factors are also involved;

The last column of Table III shows that:-

log -Egg-Weight - 0.680
log Body Weight
this ‘being the mean of the ratios- for the 19 species listed.
The range is 0.597 - 0.711 and the standard deviation about the mean
0.026. Thus 95% of the means of these samples for this ratio lie
between 0,680-+ 0.052.

Huxley (1927) found on plotting Heinroth's egg and body weight

A /2.

data- on logarithmic axes that the curves for birds in 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
(y) in respect of log body weight (x) was of the form y= bxz/3
whereas at the lower end it was y = bx1; that is, for the smaller
birds the egg size increased- linearly up to a limit after which the
rate of cﬁénge~waswreduced and‘apﬁroximated to a two-thirds power
or a "surface area"- relatiohship. |
Huxley speculated that two antagonlstic processes- might be
at work here, one favourlng growth of egg weight in linear
proportlon to body weight, the other restricting growth of egg weight
to a linear proportion to surface of the body or egg. To maintain
an egg size directly proportional to body weight might be biologicallj
advanﬁageou; but physiologically impossible so that with larger birds
- the increase in relative egg size became proportional to the increase
in surface area.-
At a late stage in the present study additional information

became available for two small petrels - 79a Oceanodrbma castro
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and 81a- 0. tethys (Harris, in press c), These data have been
included in Figure 6 but not used in calculating equations (5) or (7).
It will be seen that three of the storm-petrels (78, 79 and 81) lie in
positions that suggest a steepening of the curve at the lower end of
the size scale and this is strengthened when further data are
calculated using equations (3) and (11) for other storm-petrels for
which field data are lacking. On the other hand, a cross check by
Aﬁay of the relationship between egg dimensions and body weight that

is made in section 7.4 below indicates that the southern genera,

Oceanites, Fregetta and Pelggodroma, all long-legged and of which
only species- 71 is shown in Figure 6, do conform to the general

trend amcng the Procellariiformes. Only the short-legged forms

like Hydrobates-and Oceanodroma differ and do so in such a way that
their eggs repfesent a lowerxproportion of the body weight than
prediéted from equation (5).

It is interesting to note that this change, if real, between
a body weight 10 ond body weight -66 relationship, occurs at
around the 100 é figure for body weight. So too does Huxley's
curve for birds as a whole. These facts indicate that some basic
mgchanism may be- at- work here and effective in many or all orders
of birds despite the very different absolute proportions that single
eggs beaf-to the  weights of the birds which produce them. Up to
about 100 g body weight the members of a series increase their egg
sizes-linearly with body weight, after which they are adjusted down-
wards and increase-only at a two-thirds power rate of body weight
i.e. egg weight becomes a partial function of metabolic rate which
varies as the surface area of the-bp&ya

Some of the scatter in Figure 6 about the regression line may
not be merely a natural consequence of using biological data.

That for species 1a and 14 may be due to inadequate sample size but



TABLE IV. WING LENGTHS, EGG WEIGHTS AND EGG CAPACITIES
IN__PETRELS
Species Mean Wing 2 ’ Wing Mean Egg 3 /Egg Egg
No. Length Length’ Weight Weight Capacity
(mm) (g) (ml)

1a 624L(89) - L25(15) - 399(5)

1 616(129) 24,82 416(41) 7.46 -

2c 603(49) - - - 365(87)

3a 557(49) - - - 242(11)

7 520(3199) 22.80 250(100) 6.30 226(7)

8 506(1389) 22.49 291(100) 6.66 -

9 504 (59) - - - 247(9)
10 4L87(599) 22,02 278(20) 6.53 -
12 516(149) 22.72 240(7) 6.21 219(6)
14 L98(59) 22.32 237(12) 6.19 220(3)
15 497(109) 22.29 232(10) 6.14 216(6)
16 329(219) 18.14 103(13) L.69 -
17a 313(L59) - - - 92(3)
19a 264(159) 16.25 62(46) 3.96 56(3)
22a 317(4599) - - - 78(4)
26 303(2849) - - - 92(3)
27b 290(209) 17,03 74(89) 4,20 70(5)
33 262(10059) 16.19 53(8) 3,76 56(11)
38¢ 228 (24aQ) 15.10 37(41) 3.3h -
L2a 214 (L209) - - - 33(3)
L3a 192(129) 13,86 33(23) 3.21 28(5)
by 190(18s%) 13,78 32(12) 3.17 -
4s 182(10009) 13,49 24(56) 2.88 24(12)
51 374(509) 19.34 127(9) 5.03 -
57 324 (2339) ‘- - - 105(3)
59b 292(20809) 17.09 59(19) 3.90 -
60 304 (10009) 17.44 95(25) L.56 88(13)
62 274 (409) 16.55 85(13) 4,40 77(5)
64b 237(2009) 15.39 58(10) 3,87 53(14)
68f 173(2509) - - - 32(8)
69a 153(6509) - - - 9.5(6)
71a 157(139) - - - 12(3)
71b 158(219) 12.57 11.8(54) 2.28 -
74 117(3909) - - - 6(10)
78a 156 (94IQ) 12.49 8.8(45) 2.06 9.2(4)
79b 153(500%) - - - 8.9(4)
83a 123(10009) 11.09 15(27) 2.47 -
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could also reflect a real and.adaptive deviation from the general
trend with -these- species-laying somewhat smaller eggs than other
petrels of similar size., The data for 83a Pelecanoides urinatrix

are-ehown-éeparately in the figure and they were not used. in
calculating equations (5) or (7). 'Although~the figures for egg
weights are inadequate, it seems- clear that this bird lays eggs
smdiler than usual for a bird of its body weight. This anomaly is

' discussed later in sections 7.3, 7.4 and 11.10.

7.2' Egg Weight and Wing Length Relationships.

As a correlation has been established between standard wing
length and the cube root of the body weight, thére should also be
a correlation between some power of the wing ieﬁgih-and éggnweight.
Using data from Table IV (where theﬂamplé~sizééware inmpgrentheses)
a direct plot betﬁeen~me&nuegg weight and meannwing-leégﬁh for 'ﬂ.Jf
23 species produces--the- exponential- type: curve-of Figure-7A. A'very
similar curve results- if mean.egg.capacity (i.e.- the internal volume
of the egg shell) is plotted against mean-.standard wing length for
27 species - Figure- 7B, The- species-represented-in the- two graphs.
are rather different but the forms of the curves are essentially -the
same g5 would be expected in view of the close relationship of egg
capacity to egg weight.

In order to establish a linear .relationship-it was-necessary to

fconvert 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 is shown in Figure 8. A

}

i
!

linear relationship is also obtained when logarithms of egg weight
and standard wing length are compared. When Y = 3’mean egg weight
in g and X = 2/nean female wing length in mm, then:-



7t Y=0-40X—2-51.
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Fig.-8. 2/MEAN ¢ WING LENGTH AND }/MEAN EGG WEIGHT IN
PETRELS.
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Y = 040X = 2651 cecovcenscssnsessssanccsnsnoees (8)
and the points have a standard deviation about the- regression of
0.015 /.

The -scatter about this regression line would be reduced if some
~of the dafa for egg ﬁeights~were-mdre-reliableo Sample means for
egg weights tend to be ldwer than the true means for fresh eggs
- because it is difficult in practice to ensure that all the eggs -are
-new-laid. If incubated -eggs are included the value for the mean
will be-lowered°  Recalculation of some of the data from deter-
minations of-egg capacities (Table XII)-would-brihg~many'plots'in
Figure 8 closer to the line - as explained in section 8. But some
véluea would ﬁot be affected in this way. . Those for-the storm-
petrels~would not fall closer to the line and although only 2 species
of this family are- included in Figure 8 Harris's- unpublished. data for
species-81a and 79b also plot well below and outside the 95% -
confidence limits. The—position.therefore at this end of the sige
range appears to be parallel that holding for the'eggwweight/body
weight relationship; that-is, there is a marked change in the
relationship around the lower limits for body size in petrels.
-Equation (8) therefore éppearswto give-unsatisfactory estimafea for
the vgriates where X is less than 14 and Y is less than 2.5 or where
wing length is- less than about 19 cm and egg weight less than about
168.

In Figures 7A and 8 Pelecanoides urinatrix (83a) is also shown.

'As in previous-figures-it plots-well away from the regression line.
This is mainly because of the very low values for.-wing length which
are only partly offset by the low egg weight in relation to body
weight already noted. The Pelecanoididae 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) in 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 ellipsoid.

Bergtold (1929) presented two equations, one for precocial

2, and

speéies,'ﬁarticularly the domestic hen, in which W = 0.5632 LB
_another based on data from 14 species of altricials. where W =
0.546}'LBZ. These- equations give estimates-of egg weights which
he believed accurate to 5% |

- Bergtold's formulae assume that the mean density of the eggs in
; hisjtwo~mainwgroupsvdo not-alter with size. However, the shell is
-approximately twice as dense as the contents of the fresh egg and the
weight of the'shell does- not represent a constant proportion of egg
weight but varies - with egg size.- Thus-in petrgis, small species have
shells weighing about 5.5% of the total egg weight whereas the shell
represents about 9%-of the~tot&l«weight in large omnes, &pcordithtb
~ the data given by Sch%nwetter»(1960). Schonwetter (1925) had ‘

‘ earlier«proposed a general formula-allowing for such-variations,

» W.= 0.5 (LB2_+ W) where w is the -weight of the shell, and Nice (1937)
found that this formula agreed well with her field datae- for Melospiza
"melodia; - A .
Romanoff and Romanoff (1949) .and Barth (1953) have discussed -Bergtold
and others' formulae. Barth pointed out the errors inherent in using
axial 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 in these variables- during the- course of incubation.
“He- establxshed a -formula for _e8g volume (V) based on its weight at~an}
number of days during incubation (w ) its density when freshly laid '
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4(d°)hand'the-loss~of weight per day (k):-
c Wy =»Vdo ~ kn,

This formula does-not involve the use of axial lengths and gave
accurate results thét-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 41 eggs of Lafﬁa'canusifhe specific gra#ity of the eggb

' studied varied from 1,056 for Phyllostopus- trochllus to 1.087 for

1

Haematopus -ostralegus.- : o

As already noted, errors in published figures: for:egg di&ensions’
would seem to be of a small order in terms of the presen%-study. -
However, many eggs in museum collections have been donated by,
oologists who were often biased in their choice of specimens so that
atypical eggs-are likely to be more numerous here than in similar
sized samplestgathered4at random. It is impossible to judge the
importance of this(source'of error in published data where often'oniy
the means and the-ranges- are given, but as- the samples used here are
large-and heterogeneous, the bias should not be serious. Nor has it
appeared important in the samples measured personally, where the
infrequent dwarf and giant eggs we;e omitted.

Another possible source of bi&s»is'thejproportion of surface--
laid eggs in thees&mples-from burrowing species. These are believed
ﬁejge'the products--of young birds—an& there is-evidence that these
eggs are signifieantiilhgrrower thaf those laid by older females
(Richdéie, 1952;  Serventy, 1967)., As the eggs of burrowing species
are often difficult to collect, it seems probable that a good many -
eggsjin museum collections will have-been taken from the surface and
will therefore be atypical in respect of breadth. It is 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

jthan about 1.5% the resulting errors ought not to be important for
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Desplte such shortcomings, a means of determining egg weights
from their equatorial dimensions offers several advantages. There
is already a great deal of reliable data on these dimensions and
they are comparatively easy to obtain in the field. It is far less
. easy -to find and weigh eggs that are really fresh, particularly when
' déaling with burrbwing species, and even more difficult to follow the
loss of weight &uring-incubation. To get :eiiable information on-
egg weight loss and time for the smaller bufroﬁiﬁg species-whose
tunnels are too narrow to adiit & hand would B&j§<difficu1t under-
taking though perhaps worth attempting under\éuifﬁble conditions.
Furthermore, in a group like ﬁke\Procellariiformes;-where the eggs:
are-basically similar in shép;, it shgﬁld be possible to derive a-
formula-for their weights based on their dimensions capable of pre-
dicting figures of an accuracy-a&equate for most purposes. However,
owing to the variationwithin species - in some greater than others -
reliance should not be placedaon»figuresnderiveﬁ.from-formulaemwhere
only small series of measurémehta—are~available. ’

Petrels lay elliptical oggs with a noticeable trend for the
smaller species to produce more spherical ‘eggs (seetidn4? below)

The egg shape varies from short subelliptical to ellipticalaaqd long
elliptical in the terminology used by Palmer (1962)°f‘ In tﬁié—respect
there is a reasonable uniformity throughout the order, and one that is

3.

probably. greater than that obtaining among the-Laridae studied by Barth.

The relationship between mean egg weight in. g and the mean
value for length x breadth in cm has- been investigated using the
data for 26 species-of petrel. All the samples used include at
least five measurements for each variable. Egg lengths- and breadths
were measured to O.1mm using vernier éalipers, breadth being the-
mean of two readings taken at right angles to one another at the

equator of the egg. Data drawn from the literature may be less
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TABLE V: _ EGG WEIGHTS AND DIMENSIONS
Species ‘Mean Log LB2 Log , Eg Wt.
No. Egg Wt(g):  B.W.(g) (em) LB2
1a 425(15)  3.8927(5)  783(48) - 248938 - - 0.543
1b L16(41) - 748 (54) - - 0556
2b 467(6) 3.8615(53) 829(9) - 2.9186-- - 0.563|
38 ‘238(6) . 4 75(52) 0.501
7 250(100)  3.4829(31)  445(100)  2.6484 . 0.562
8 291(100) 3.4675(138) 538(45) --2.7308 0.541
10 278(20)  3.4551(134) 526(39): -2.9216--- - 0.529
12 i240(7) - - bho(32) - - . - - 0.545}
1k 237(12)°  3.6142(5)  4k8(80) - -2.6513 - 0.529
15 232(10) - 443(32) - - - 0.524 |
16 103(13)  2.8698(10)  188(13)- - 2.2742- - 0.548 |
19a 62(42) 2.6096(22)  M5(46)~ +:2.0607 - 04539
20 42(21)  2.3874(13)  --86(13) > -1, 9345 -..-0.546
33 53(8) 2.4997(86)2  112(39) -~ 2.0507-- - 0.473
38a 33(7) 2.2455(76) 65(7) - - -1.8195 0,50k
43g 33(23) 2.1847(12) 56(42) - ~1.7482 - 0.589 | -
L 32(12)  2.1875(18) - 65(16) -1.8129 - -0.492
- b5 2k(56) 2.1206(132) 48(100) - 1.6812 - - 0.500
51 . 127(9) - 249(14) - 0.510 |
59b 59(19) - -106(48) - 0.557
60 . 95(25)  2.8960(100) 180(78)  2.2553  0.528
62 85(13) 2.8028(22) 157(100)  2.1959 0.541
64b . 58(10) 2.6085(32) 107(100) | 2.0294 0.542
7Me 12(54)  1.6721(100)  24(100) 1.3802  0.500
78a 10(100)  1.0043(66) 18(20)  1.2553  0.555
83a 15(27)  2.0923(100)  33(39) - 0.457
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accurate but errors in measuring seem unlikely to be serious for
present purposes. 'A’ :
. The *data are given in Table V where- the sampler sizes are shown

in parentheses. The variables are plotted in Figure 9 and .when’
X =-LB2 in c¢m and Y = egg weight in g, the regression line, fitted -
by the method of least squares is:-

Y = 0.550X - 3.29 T )
or mean egg weight in ‘g = 0,55 length x breadfh2 in em - 3.29g.
The -points have a standard deviation about the regression line of
6.84g. |

As the fitted line does not run through the origin a term
additional to k LB2 is included. The data in the last column of
Pable V however, show the ratios of mean -egg weight to mean LB2 for
the 25 species. .This ranges from 0.457 -0=589~with"a-mean value
for all the specieé-of 0.530 or:- '

Mean egg weight in g #-00530 LBZ'in CM  oseecsossscs (10).

Most of the figures plot close to the regression line and on
the data uséd,~equ&tion-10~givee~figures accurate to within + 3% for
16 of the 25 specieawl- Theihost-m&rked deviations are for species 71c,
78a- and 43%a-where the divergence-is- -30, -16 and -6% respectively.
These, however, are-all small species-and their divergence seems to
be mainly a- consequence of the~line:not.paséing through the--origin.
If it were drawn to do that the discrepancies would disappear but
there would be a corresponding divergence at- the upper end of the size
scale. The deviations- for these-three species disappear if formula
11 is used. The~only other- figures--that fall markedly away from the
line -are for species-33 and 3a which show a mean variation from the
theoretical value for their weights based on egg dimensions of-+9 -and
+8% respectively. Theée are prbbably‘artifacts consequent on the

small numbers of egg weights involved.- only 8 and 6 respectively.
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Equation 10 also gives estimates for egg weights that are
within + 3% of the known values. - Again there are some divergences,

the greatest being for Pelecanoides urinatrix (83a) where equation

10 gives an over-estimate by 13% for the weight. The probabdble
reason for this is that the mean weight used (14.9g) is low due to
partly incubated-eggs being included in the sample -and here Richdale
(1965a) ;- -whose - data these-are,; pointed out that most of the eggs -
were found addled or deserted so they were almost certainly under-
weight.  Other values that fall off the line are for 71c (+7%),

Lza (-9%), 33 (+ 11%), the latter-again most likely due to an

inadequate- sample as suggested by the recaiqulated’figure gﬁven in

Table XIII. The deviation for species 43a;Pachyptila-desolata is
not readily explicable-as the data are based on reésonébly lafge
samples- and the formula gives -an underestimate, Some of the
variations could be due to specific differences but it is particularli
with small eggs that discrepancies due to loss of weight are likely |
to be»most\importéhf‘as large eggs have smaller weight losses during
incubation or exposufe-per unit weight than do small ones diie to the
latter's~relatively'high surface area (Pringle and Bérott, 1937)°_

It is clear th%t the figures for mean egg weight gi#en in
Table V Qill tend to be underestimates of the true means of large
samples- of fresh eggs-owing to the likdihood of some part-incubated
eggs being included, Few of the authorities whose figures- have been
used make a point of stating that the eggs- were absolutely fresh.

No figures for the daily loss of weight of incubated or exposed
petrel eggs are available although Harris (1966) found that losses
of 12.9%, 10.8% and 9.0% occurred during the first 45-days of

incubation of three eggs- of Puffinus puffinus. It seems likely that

as with other species that have been studied,; the daily loss is fairly

constant up to the time when the egg is crackead. Furthermore,
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according to Murray (1926 in Needham, 1963) an infertile egg

loses weight at a rate comparable with a fertile one at least for the
first 16 days so that an additional biae should not be gdded-if such
eggs have been included in the samples.

Barth's figures- for loss of weight during incubation for a
variety of Charodriiform and Passerine species show that those of
Larus argentatus and L. fuscus lose about 0,.5% daily; Haematopus
ostralegus 0.7%, Sterna hirﬁndo 0.8%, Turdus pilaris 1.0% and

Phylloscopus trochilus 1.3% of their initial'weights. If comparable
-losses occur in petrels we might expect that a storm-petrel egg

5 days old wodld have lost--about 5% of its-weight and that a medium-
sized egg such--as that of Puffinus tenuirostris would have lost 2.5%.

Weight decreases of these orders could well account for a large
part of the observed deviations from the predicted weights derived
from equations 9 and 10. R

Other possible sources of error in these computations are the
smallness of some of the samples,- that no direct allowaance has been
" made for inter-specific variations-in the proportion of total weight
adcounted for by the shell and the effects of deviations in shape
from the ellipsoid, for pear-shaped or dumbell-shaped eggs, for
~ instance. :

However, the two latter have not been ignored; instead their
effects have been averaged out throughout the range of the species.
To see if greater accuracy would reult if individual- allowance was--
made for the weight of the shell the figures- for 22 of the-species in:
Table V were recalculated by subtracting the mean shell weights from
the total egg weights of the first column, The shell weights- were
taken from Schonwetter's (1960) data. The new "k" value -gained in
this way was 0.492 i.e. W .= 0.492LB2 + W, where w = weight of the
shell). This equation improves only slightly on the margin of error
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given;by~equatidn 10 and makes little difference to the values for the
most divergent -species, so that on the present data it seems not worth-
while introducing a more complicated equation which in -any event has
less value for the field worker, For greater accuracy it would be
. desirable to prepare separate equations for each species based on a
sample of -at least 100 freshly-laid and weighed eggs. These would

allow for any variations in specific gravity from one species to

- another but would still be only valid when applied to representative

samples -of eggs rather than to individual ones.

. The two equations above have somewhat different applications;
equation 9 gives estimates of egg weight with smaller errors than
10 for medium and larée?sized species, equation 10, however, is more
likely to be reliable for comﬁﬁfing the weights of eggs of small
petrels. 4

The following table shows calculated egg weights for various

species using the different formulae given above. The data came
From ApPendix A. The species are those for which good information
on wing lengths or egg dimensions are available but for which there

are no comparable figures on egg weights.
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TABLE VI: _FRESH EGG WEIGHTS IN GRAMS CALCULATED FROM DIFFERENT
EMPIRICAL FORMULAE :

_ Species A B C D E
b, D. albatrus 3h2 348 339- - -
5. D, irrorata 273 273 266 - -
6a. D. melanophris 258 268 262 276 290
110 Do chlororhynchos 215 201 197 180 245
- 12s P.-palpebrata k3 239 233 237 309
17a." E. 'glacialis -98 101 100 87 - 107
18, T, antarctica 95 88 88 80 93
22b., P, maéroptera 80 89 88 71 92
25, Ps lessoni - 96 99 . 99 78 88 .

- 30 32 30 38
35 b4 43 33 38

39, P, longirostris
41. H. caerulea-

b2, P, vittata 33 33,5 35,5 35 37
50, P, aequinoctialis 120 123 122 118 142
57. P. gravis o 102 113 112 102 103
61, P, bulleri 61 64 65 55 78
69a. 0. Oceanicus - 9.4 7.5 10,4 9.9 14
70, G. nereis 10,7 7.7 10,5 8.8 8.6
73a. Fo grallaria 12,0 10,0 12.8 12.3 17

A = calculated from Schonwetter‘'s formula, W = v}(LB2 + W)o
B = calculated—from.equation 9.
C = calculated from equation 10.

D = calculated from equation 5,

'E = calculated from equation 8.

Tested against the biggest samples- for egg weights and egg dimensions
from Table V, Schonwetter's formula using his shell weights, gives

values from - 7.5% + 4.0% below or above the actual weights.
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7s4. Body Weights and Egg Dimensions.

Theudirect‘relationship between egg weights and. egg dimensions .
established in the previous section means that a lingaf'relationshipv
also holds between the logarithms of LB2 and body weight because of
the gorrelation between log body weight and log -egg weightoV r

The relationship between log LB2 and log body weight for 24
- gpecies of petrel is shown in Figure 100. The data come from Table V
aﬁd Appendix A and show species for which there are at least ten i
determinations of both variables. - The data for species 74, 78, 79
and 83 have not been used in calculating the linear regression of
Y (log LB% in cm) on X (mean body weight in g) which is:-

Y = 0.689K + 00265  cevoveesccesncconsenanneas (11),
or loé 18% in cm = 0,689 log body weight in g + 0.265.
This point has a-standard deviation in log units about the regression
line of 0,03,

The regression of X on Y is:-

X = 1447 = 0376 cecocecvcncncncnesnnsasces  (12)0
or log body weight in g = 1.447- log LB® in cm - 0,376,

Equations- (11) and (12) can be re-written in the form:-

1.841x 0.689- '

000000 TCD0OE30600C00EESSESIESE®EOIOOSOOD (118.)0

y =
or LB® in ém = 1.841-body weight in-g 0‘689;
ahd x = 00421y 1°l+47 0000 ®6e 00 s000s0000e0600ss005900 (12&),
or body weight in g = 0.421 LBS in cm 104470

Examination of Figure 10 shows- that although most of the species

lie close to the regression line, some, notably species 14, 74, 78,

79 and 83 depart from it. The- latter, Pelecanoides urinatrix is
again atypical. Richdale (1965a)..gave the mean weight of 27 eggs as
14,9 g and the mean weight of 100 adults as-124g. Thus the egg
represents only 12% of thé body weight, a very low figure for a

petrel of that size. On the trend'general amQng petrels the eggs
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would ‘have been expected to represent .about 18% of fhe body weight.
-As-mentioned in the"previouslsectiqn, this figure for egg weight may.
be unsatisfactory -but there maj also be -a real difference~among birds
of the Pelecanoididae: they may normally produce eggs that are
smaller than those laid by other petrels of similar size, More
information is needed to clarify the position’ in this species and in
other members of the family. ‘

The situation among the- Hydrobatidae is interesting particularly
in the light of the findings about the relationship of egg weight to
body weight in.these birds Asection 7.1.).

In Figure 10 three~storm-petrels - species 69, 70 and 71 - all
lie close-to the line whereas three~others~--74¢w78 and 79 - lie well
below it. The former.are all long~legged fofms'of the southern seas, -
the latter all short-legged forms of northern .and tropical'ones.
Less complete data on other storm-petrels e.g. the 1ong-legged
Fregetta-and Nesofregetta and the short-legged Oceanodroma tetgzs
suggest that thls separ&tlon is real-and not an artifact of in--

Adequate -data.
] As LB2 is proportional to-egg weight, the implication of the
above differences in the relationship -of LBZ to body weight is that

in the- long-legged storm-petrels- (Pelagodroma, Oceanites, Garrodia

“and Fregetta) the rate of change of egg size with body size is ‘the
same as that holding among larger members-of the--order whereas with
the short-legged storm-pefreis»(szrobates and Oceanodroma) the
relationship changes-so that their egg weights bear--a lower ratio to
iheir body weights. Thus- in Hydrobates pelagicus the egg amounts to-
23.5% of the body weight of 28g while-in the long-legged Ga:fodia
nereis, with a body. -weight of 29g, the egg weight, éalculat;d from its

dimensions, represents no less than 36% of the body weight.
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As the data on body weights are mainly drawn from small samples
caution is needed in interpreting from them and before any firm
conclusions can be drawn on the differences between the two groups of
storm-petrels~(segrégated~into separate families before the work of
Lowe, 1926) better figures for body and egg weights are needed
together wiﬁh additiongl data for the remainder of the species, i.e.
72, 75, 76, 77 and 80, so that the poaition-can be- evaluated for the:
storm-petrels as a whole.

The plot for Macfonectea, species 14, is based on only 12 deter-

minations of egg weight so that small sample size could be important
here.  Otherwise; either the mean body weight is unusually high or
LB2 unusually lows However, the value for LB2 seems to be well
correlated.-with that for egg weight (Table V .and Figure 9) and as -
the-figures for egg weights and dimensions have been derived from
different eggs it appears that egg weights at least are not atypical
in respect of their dimensions. It -has also been ﬂoted in section
7.2 that Macronectes lies well below the-lipe relating bédy weight to
egg weight (Figures 5 and 6). If this were due solely to the small
éample of body weights- used (5 females only) then the mean body weight
would have to dfop from just over 4 kg to about 2.5 kg in order to fall
on to the line. It seems very doubtful if the estimated mean can be

so far from the true mean since the mean weight of eight males of thaﬂ
species is 4.2 kg while four females and five males of the sibling
M. halli average 3.6 kg and 4.4 kg respectively. Thus the divergence
from the general trend may be- due, not to inadequate ‘data, but to these
birds actually laying eggs. that are smaller and lighter in weight thad
other petrels of equivalent size. This needs testing against larger
samples of birds and their eggs.

Amadon (1943) plotted log LB2 against log body weight for two
dissimilar bird groups, the Emberizinae in the passeriform family
Fringillidae and the American quail Odontophorinae of the Phasianidae.
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Using data on body weights and dimensions for eleven species of the

buntings and seven of quail he obtained linear relationships:-

132 = 0.413 B.W. 7% (Buberizinae)
182 0.669
. = 0.577 B.W. (Odontophorinae)
2 . 1.841 B.W, 0.689 (Procellariiformes)

c.fs LB

His -formula for the Emberizinae was based on better data than that
for the quail and the maximum deviations from the known -egg weights
given by the formula were + 4%-while'even-for the quail tﬂe errors in
the calculated weights- exceeded 10% for only one species.

Amadon concluded that such formulae have real value in calculat-
ing bpdy weights from egg dimensions once the appropriate formula
have been determined for each group -and he recommended that the
relationshipa;ayould be investigated for other groups of birds. It
is notable that whereas his formula for buntings covered a range of
body weights of from only 12 to 4O g the present ones for three
families of petrels covers a range of from 48 to 7800 g.
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.8+  VARIATIONS OF SHAPE IN PETREL EGGS.

8.1 Egg Shape and Body Size.

As already noted, petrel eggs are usually elliﬁtical in shape Suﬂ
there-is a trend for small -species to produce more spherical eggs tha@
ilarge ones. Although it is possible to represent the meridian pro-
‘file of an egg accurately by mathematical formulae (Preston, 1953) the
method adopted in the present study has been to use the ratlo of the
maximum breadth and length for calculating the "shape index" -

breadthwmxu_1oo]‘
length

This measure has some disadvantages, particularly if used to compare
eggs of very different shapes, but it seems»qﬁite appropriate for-
comparing eggs among birds as homogeneous as the Procellariiformes.

Egg shape changes-in a fairly reguiar manner't&rbughout the
order and is associated with body size. Figure 11 shows the rel&tion-
iship between female wing length -and mean shape index for 55 species,
where group 1 comprises the Hydrobatidae, group 2- species of Pterodrogé,
and group 3 species of Puffinus. The4data'are=listed in Appendix A

and only thoéevspeciee-are plotted for which there are at leést 10
measurements for both variables. The average éémple containé L6
measurements for egg shape and 40 for wing length so that the consid-
““erable &catter seems likely to reflect true differences rather than to
" be a product of inadequate data. _
The points in Figure 11 suggest an underlying curvilinear trend
in shape 1ndex throughout the- order.:' The most spherical eggs (a
- sphere has a shape index of 100) "are laid by the Pelecano1didae, the
most elongate by the Diomedidae so that whereas eggs of D.- epomophora
have a shape index of 62.0 those of Pelecan01des georgicus havé one of

80.7. The position of the Pelecanoididae is not an artifact:of their
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abnormally short wings: - birds of this family still retain their
extreme position if body weight is piﬁtted against shape index. It 48
interesting to note that 100 eggs of ‘the Little Auk Alle alle, which
Verheyen (1958b) considered a relative of the diving petrels, have a
mean shape index of 70.3 so that this species would lie well away
from the Pelecanoididae if plotted on Figure 11, After the Pelecan-
oididae the next most rounded eggs (short sub-elliptical in the
terminology of Palmer, 1962) - are those of the small storm-petrels

Hydrobates and Oceanodroma and Pterodroma bnevirostris.

Within a genus there is a tendency for the smaller species to
lay eggs having higher shape indices but the correlation is not high.
Nevertheless,; the points for a genus often lie together. Thus the
10 species of Puffinus (group 3) lie to the left of the main trend,
that is; birds in this genus lay, on average, eggs that are more
elongate than others of comparable size. Similarly the birds in the
genus Pterodroma (group 2) lie to the right of the main trend because
their eggs are rather more spherical than-would be expected, The
storm-petrelsi Hydrobatidae, (group 1) also" occupy a fairly discrete
range and between these and Pterodroma 11e the genera Pachzgtlla and
Halobaena. The three species of Pelecanoides plotted lie in a
straight line above and below the storm-petrels. The group at the
lower right hand of the graph comproses the Diomedeidae with Macron-
ectes and the rest of the fulmars with Pagodroma lie in a graded
sequence to the rlght of Puffinus. The one plot for Bulweria
places this bird close to Pterodroma and both Calonectris and

Procellaria fall close to Puffinus.

The position of Pterodroma brevirostris is anomalous. A sample-

jof 19 eggs measured on Marion Island by Rand (1954) has a mean shape
iindex of 79.0, a figure that is extremely high for a bird of this size

and quite atypical for a Pterodroma - note its high plaqing in group 2
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of Figure 1i. The only other-datavavailable ar dimensions for two
-eggs listed by Schonwetter (1960) which have a mean shape index of
78.1. Rand identified his eggs as those of a dark-phase form of
Pterodroma mollis but it seems probable that they were really eggs

of P. brevirostris (Bourne, in litt. ) and they are used here om-that
assumption. Even -were they those of P. mollis they would still
plot in the same place relative to the- rest of the birds in the genus

as the wing lengths of those two petrelsiare almost the same.
Little is known of the biology of P. brevirostrls but it exhlbits f
some anatomical peculiarities -and the unusually spherical -eggs may be
connected with these. The matter is discussed further in
section 8.3.4. _ )

The-vériation in shape from-egg to -egg within a species is
considerable and some idea of the range of variation involved may
be gained from the following table where the species means,_ standhnd
deviations and coefficients of variation are -given for representative
- samples from different genera. The variances for the sh&pe 1nd1ces
of species 43, 45, 71 and 83 have been calculated from those of the
mean'egg-lengths~and breadths given by the»;uthorities cited using

the method for estimating the variance of a general function of

variables described by Davies (1949).
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TABLE VII:  INTRA-SPECIFIC VARIABILITY IN EGG SHAPE.

: Shape Coeff.,
Species No. Index S.D. of var. Authority.

i

; —r
i

1la. D, _epomophora 48 62.07 1.79 2.88 Present study

3a. D. cauta 52 63.92 3.83 6,00 " "

25. P, lessoni 26 70.93 2,84 4,00 " "
27b. P. neglecta 95 71.49 3,59 5,02 " "
43a, P. desolata 42 73.46 3.87 5,27 Tickell, 1962.
45, P, turtur 100 72.28 3.39  4.69 Richdale, 1965b
Sha. C. diomedea 46 66,33 3.72 5.62.  Present study
58a. P, carneipes 55 65.45 4,03 6416 n n

LLJ "

600 Pe sriseus 62 6"&.08 20?6 l+051 :
71c. P, marina %7100 72, hax 3014 bi34 Richdale, 1965a
83a. P. urinatrix_ 39 78508 3.95 5,06 oo "

It will be seen that, in general, the amount of variation in
shape is about the- sﬁbe from one- species to another. Why the sample
for Diomedea epomophora: shows less va:;qbility thag,the others is not
known. All the eggs came from Campbell Islandfanefmight therefore
have been expected to be rather homogeneous, but other samples in the
table e.g. those ‘for Pterodroma neglecta and Pelagodroma marlna also

came from a single breeding place and these seem to be no more
variable than mixed samples derived from several colonies.

How doep'mean egg shape vary between different populations of a
particularﬂéﬁecies? Suitable petrels for examining this are those
cosmoboliten forms that have split into e~eeries~of faces e.g.
Puffinus puffinus, Puffinusv&ssimilisg-éelagodroma marina and
Oceanodroma leucorhoa. Unfortunately a comprehensive comparison

is not possible because for none of these species are adequate data
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available for -all the populations but if a size-effect on-egg shape
is present it must be slight as the available data in the following

table show,

TABLE VIII, VARIATIONS IN EGG SHAPE BETWEEN POPULATIONS.

(Sample sizes in parenthesis)

Wing length Shape index

mm

Puffinus puffinus -

mauretanicus 246 (10) 69.8 (23)

opisthomelas. 237 (49)  67.2 (46)

puffinus 237 (20) 68.8 (100)

yelkouan - | 233 (21) . 70.3 (100)
Puffinus assimilis

haurakiensis ‘ 192 (16) 69.1 (7)

‘slegans 190 (94) 70.0 (2)

kermadegehisis. . 190 (8) 68.9 (9)

assimilis 183 (5) 68.2 (28)

‘baroli . 179 (15) 69.4 (55)

tunneyi 173 (25) 68.7 (13)
Pelagodroma marina

hxpoleucé 161 (20) 73.5 (25)

maoriana 158 (21) "72.4 (100)

dulciae ' 157 (13) 72.8 (28)
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8.2, Variations in Egg Lengths and Breadths.

Toxexamine the variations in egg shape with body size further,
the mean egg lengths and breadths from which the shape indices used
in Figure 1 were derived have been plotted against female mean wing
length. A curvilinear relationship was indicated which could be
‘trahsformgd to linearity by plotting the square roots of the wing
lenéths aéainst egg lengths and breadths - Figure 12,

The same 52 species are represented here as in Figure 11, except’

that the three Pelecanoides included in that figure have been omitted.
A linear relationship is also apparent when egg dimensions and wing
lengths are plotted on logarithmic axes because of the linear relation-
ship that exists between the logarithms of egg weighﬁ and wing length
{(sectlon 7.2. above),

Whlle there is a- good deal of variation about the regression.
_linés~of Figure 12, the two-egg dimensions and the square roots of
female mean wing l?ngths are highly correlated (Bareaidths = +0,987;
rlengths = +0986 ;P «<0.001 in both.

When Y1 = mean egg length in mm, Y2 = mean egg breadth in mm and
X = square root of female mean wing length in mm, then
"' = 6.66X = 47,02 euiiiiuiiiiiioniicnteiioseoos (13)
and the points have & -standard deviation around this line of 3.96mi.
T, = 397K = 22045 aerenininiiniioninenisaseenes (14
where the points have a standard deviation about the line of 2.44mm. .
The slopes of the regression lines differ and the greater the

distance between the two slopes for any particular value of wing

:ength, ‘the smaller the shape index.
Where the tWO llnes cross- when produced 1ength equals breadth and

shape 1ndex«- 100, The hypothetical petrel laying such an egg has

1

X = 9 33 mm, i.e. a wing iength of about 87 mme.
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The regressions of X on Y1 and‘Y2 based 65 the~égme"d&t&~are:-
X = 0,146 Ty + 73710 coocccrcsonconcosionscaccs (13a)
or mean female wing length = 0.146 mean egg length in mm + 7.310
and the line has a—étandard deviation of 0.583mm.
Similarly
Xi= 06285 ¥, + 5.957  ciiovniiacicicnccnacanoans  (1ha)
or mean wing length = 0.245 mean egg breadth + 5.957 and this
equatlon has -a standard deviation of 0.600mm.

If the egg lengths and breadths are plotted against wing lengths
using lqgamx@hm1c~axes, they also fall along straight lines but as
in Figiie'ﬁa the line for egg length/wing length haféggﬁifeper slope
than the“corrésﬁonding one for egg breadth. Egg/increases at a
greater rate 1n Ta531ng up the size scale than does egg breadth.
Thus egg shape index decreases with 1ncrea51ng body size because the
lengths of the eggs increase at a more rapid rate thén their breadths.

Within the different genera however, the relative importancé of
variations in lengths and breadths differs. This accounts, for
instance, for the positions of birds of the- genera Puffinus and
Pterodroma in Figure 11, If mean egg lengths and breadths- are
calculated -from equations 13a and tha from their wing lengths it is
found that 9 out,af the 11 species of Pterodroma plotted in Figure 11
have egg lengths that are shorter than those predicted from the
formula while egg breadths are greater than those predicted. Thus
the shape indices are higher than expected for birds of their size.
Both length and breadths are involved here in plac1ng these birds to
the right of the general trénd in Figure 11. "

The situation is different in Puffinus. Here both lengths and
breadths are grééter than given by formulae 13a and lhia but the
deviations from the-predicted figures for lengths aré;about three
times those for breadths, hence these eggs are, on the whole, longer

than predicted and their shape indices are lower.
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The presence of such variation suggests that rather than attempt
to construct general equations relating body size to -egg dimensions
for the whole order, it would be more profitable to do this on a
' generic or family basis. This does not seem worthwhile at the
present time but might be feasible when better figures are available
allowing tight confidence limits to be established.

In the following table, however, an attempt has been made to
calculaté-atandard wing lengths for various petrels for which good
data on egg siz9s exist (Appendix A) but for which published

i@formation on wing lengths are inadequate.

Column'A;is the calculated figure using equation 13

B n n " n " " 14
cC n n " " " " 13a
D " " " " " (1] 14 a

Sample sizes for wing lengths are in parentheses.
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TABLE IX. FEMALE WING LENGTHS (mm) CALCULATED FROM
EGG_DIMENSIONS USING EMPIRICAL FORMULAE.

Species A B c D Actual

1la. Dse, epomophora 656 638 643 626 624 (8)

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

L. D. albatrus 599 592 588 = 583 550 (2)
6b, D.m, impavida 504 kg7 L96 kg2 511 (3)
10.  D. immutabilis 550 535 546 527 4B7 (5)
Le. Pe belcheri . 201 208 203 210 578 (6)
51.  Ea westlan 377 381 b 378 367 (2)

686:$12423_g§§1911;§ 220 212 221 213 183 (5)

The same - equation can also be-used~t0»calculate mean egg
dimensions providing that adequate data are available on wing
. lengths, The following -are some predicted dimensions for species
‘about which little or nothing is published on their eggs:-

. TABLE X. SOME PREDICTED EGG DIMENSIONS CALCULATED FROM

WING LENGTHS USING-EMPIRICAL FORMULAE, Shape
Species Wing length;ggg Dimensions Igdqﬁ.
3c. Diomedea cauta 556 (32) 110.6 x 71.5 64.6-;
21. Pterodroma incerta - 321 (54) 72.3 x 48.7 6743
32. Pterodroma ultima 282 (44) 64.8 x 44,2 : 68,2
k8. Bulweria fallax 2k2 (9) 56.6 x 39.3 .  69.4
65. Puffinus huttoni 222 (17) 52.2 x 36.7 70.3
- Oceanodroma matsudeirae 184 (127) 43.3 x 31.4- 7245
- Q. markhami 173 (53)  40.6 x 29.7 = 73.3
- Qg tristrami 182 (130) L2,7 x.31.0 7247

(All dimensions in mm. sample sizes in parentheses.)
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8.3. Factors influencing Egg Shape in Petrels.

Whether similar trends correlating egg shape with body size
occur in other bird orders has not been investigated. Suitable
groups for such an examination would be the Anseriformes and
Strigiformes.' In the Sphenisciformes the trend is either absent ;
or i1l defined. As in the petrels, the largest penguin Aptenodytes :
forsteri lays the longest eggs, shape index 69.2, but the one lay- ?
ing the most rounded eggs, shape index 83.5, is also a large species,
Pygoscelis'papua.‘ Indeed, all the Pygoscelid penguins lay eggs
with higher shape 1ndlces than those of the smallest member of the

order - Eudyptula minor.

In the petrels there may well be no direct causal explanation of
the correlation, but it seems appropriate to consider factors that
could be operating to link body size and egg shape. Perhaps the
most likely are:-

1.. Small petrels lay rounded eggs to conserve heat loss, this
being mpsf necessary with small eggs owing to the operation of the
"surface-volume law",

2e That the increasingly elongate eggs in the bigger species is

a consequence of anatomical and physiological restrictions concerned
with making, transporting and laying eggs which are large in respect
of the size of the bird.

3. That egg shape is a by-product of anatomical adaptations for
specialised modes of flight and swimming, and particularly of the

shape of the pelvis.

8e341e
Egg Shape and Heat Loss.

The importance of this factor can only be discussed in general

terms because data are lacking on heat loss in petrel eggs.
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In the domestic hen, experimental evidence shows that heat loss is
proportional to surface area and unless the porosity of petrel eggs
varies-with their size, as is quite possible, it seems reasonable to
suppose that heat loss will also be reduced in spherical as opposed
to elongate eggs of the-same weight which have different surface
areas. However, the difference in the rate of heat loss between
egge of the same weight but of shape index 60 and shape index 80 -
the range found in the Procellariiformes - would seem to be small.

Nevertheless it has been established that the eggs of these
sea-birds are unusually resistant to chilling (Matthews, 1954) and
thic may well have survival value for eggs which are sometimes left
uncovered. In the burrowing species, incubation stints are
'generclly long, shared by both sexes, and a delay in nest relief is
often followed by the on-duty partner's disappearance, presumably to
feed.. The egg does not necessarily suffer if the other partner
arrives within a reasonable time and in:temperate'climates such eggs
can be left uattended for several days without being killed. The
situation is- different with Antarctic species-where the exposure of
the egg in the burrow may result in freeging of the embryo in a
relatively short time. In these éxtreéme circumstances, a spherical
egg, with . better heat retentionAmay~5e§marginally better adapted to
the chiiling that results from perhaps quite short delays during
changeovers between partners and which could readily result in nest-
ing failure.

Rounded eggs arc~not specially characteristic of hole-nesters
among petrels as they tend to be among land birds. *Compgfé'frgm
Figure 11 the position of the surface-nesting fulmars-witﬁ those of
the burrowing shearwaters: the latter lay longer eggs- than do

cliff-nesting Pagodroma, Daption and Fulmarus- of similar sizes while

species of Pterodroma, a genus including numerous surface nesters,

lay eggs that tend to be more spherical than those laid underground
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by similar-sized shearwaters.

Despite such theoretical considerations there seems to be no
evidence that the production of eggs of high shape index is an
adaptation to colder climatic conditions. On the contrary, most of
the present-day species producing rounded eggs inhabit temperate
regions; whether this applied also during the main radiation of the

order is unknown.
8.3.2. Egg Shape and the Mechanics of Egg Production.

How-and where the egg is shaped in the oviduct has been the
subject of much discussion and there is no data for petrels.
Romanoff and Romanoff (1949) reviewed the work done on the subject up
to that date. The oviduct has an inner circular muscle and an outer
longitudingl one and their operation on the plastic egg before the
shell is secreted could explain most of the variations in shape but
just which part of the oviduct is primarily responsible for giving
the: egg ité'?ihél form is not clear, even in the much-~studied hen,
Some’ researcners e.g. Pearl (1909) thought that even though the egg 15
ovoid before reaching the "uterus" or shell gland, the muscular
activity of the latter region determined its-final shape. Curtis
B1914) in Needham, 1963 believed that the shape was determined
continuously throughout the oviduct during and after the addition of
the albumen. Bradfield (1951) sﬁggested that as the muscles at the
end of the isthmus (where the shell membranes-are laid down) adjacent
to the shell gland are sphincter-like, there would be a tendency for
the egg, after having received its albumen in the magnum, to he
squeezed to a p01nt at its caudal end during the secretion of the
shell membranes.

It has often been pointed out that the diameter of the oviduct
could be important in determining the egg's final shape. A small
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egg passing loosely down the oviduct might retain the original
spherical shape of the yolk core around which the albumen and subse-
quent layers are secreted. An egg passing down a.tight oviduct |
would tend to be squeezed into an elongate shape dée to the pressure
of the oviduct muscles and that of the surrounding tissues and organs.
This could explain why the first eggs laid by a bird on breeding for
the first time are often narrower than those it lays in subsequent

seasons, €.g. in the Kittiwake (Rissa tridactyla) as shown by Coulson

(1963), the passage of the first clutch slackening the oviduct so
that subsequent eggs are less compressed but would not explain why
the last egg of a clutch tends to resemble the narrow egg laid by a
young bird.

\ It has been shown in previous sections that in passing from
small to large species in the Procellariiformes, the lengths of the
distal segments of the wings increase in a negatively allometric
manner. S0 too do their egg sizes; that is, although bigger birds
lay bigger eggs, these are progressively smaller relative to the size
of the birds that produce them.

The diameter of the oviduct may well change in a similar way
throughout the order. Everything else being equal, if this change
were exactly parallel to the change in egg size, then egg shape might
remain the same, but if not, the oviduct would be either progressively
tighter or looser with increasing size. Thus- the decrease of shape
index with size could be a consequence of the eggs being passed down
oviducts where the lateral pressures from the muscles and surrounding
organs were increasingly great, moulding the eggs into an increasingly
elongated form. Support for this hypothesis is given by the way in
which the fall in shape index.with increasing body size is more a

consequence of increasing length then of decreasing breadth (8.2

above).
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Here the flndlng “of Pearl and Curtis (1916) seen relevant°
They noted that in the domestlc fowl the smaller the egg the broader :
it -was in proportion to its length 80 that. dwarf eggs with small yo%ks
tended to be spherical. ,JThey consideged that one reason for this was‘
that the oviduct, a tube with elastic walls, offered more resistance
to the passage of a large than of a small body. They considered that
the degree of pressure applied to the egg Aepended on the diameter of
the cross -section of the duct and on the relative tonus of the two
sets of muscles in the.oviduct wall, In hens there was no '
correlation between egg length and breadth and this led Pearl and
Surface (1914) to conclude that the two sets of muscles acted
independently.

The mechanics of the laying process itself may also be
indirectly involved, In the hen, and in a number of other birds,
the egg passes down the oviduct with its pointed end leading (i.e.
caudal) but it is nevertheless laid blunt end first (Ernst, 1885 and
other referencCss in Needham, 1963). Bradfield (1951) using radio-
graphy, has shown that in the hen the egg enters the shell gland
pointed end caudal where it lies-high up in the pelvic cavity and close
to the vertebral column, When the- shell has been<deposi€e&:the egg
is lowered until clear of the pubes and swung through 180° iﬁ the
horizontal plaﬁeo It is then raised again, this time with the blunt
end caudal, and is laid dews from this position about an hour later.

Whether rotation occurs before egg laying with petrels is not
recorded and &lthéugh egg collectors in the past often expressed .eggs
from petrels that were ready to lay, they have not recorded whether
theeggs were delivered blunt end first. It may be that their ellipt=
ical shape makes rotation unnecessary, though why this occurs in the
hen has not been adequately explained. However, if rotation is nec-
essary, it would be in the smaller species where the egg is relatively

huge 20 to 25% of the body weight - that rotation might be most
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difficult, if only on account of the sheer size of the object to be
moved. A spherical egg would then be advantageous because its
relative shortness would not only require less lowering to clear the
ischia and pubes (and although the pelvis is deeper in the smaller
species it is also more open caudally) but less energy would also be

involved in turning such an egg in the oviduct.

8433, Egg Shape and Pelvis Shape.

Nicholsky (1893) suggested that birds laying round eggs
usually melntain a vertical posfure in which the weight of the egg
counteracts the pressure of thejwalls of the ovary and that those
which lay oval eggs usually maihtain a horizontal posture during
which the weight of the egg "assists the pressure of the ovary",
Rensch (1947) pointed out that this trend was also associated with
the shape of the pelvis; birds like owls, buzzards and kingfishers
that lay near-spherical eggs and maintain vertical postures also
have deep pelves. In contrast, birds like grebgs and geese, that
lay elongate eggs, have shallower pelves and a horizontal carriage.

The connection between posture and pelvic shape in petrels is
almost the reverse of that described by Rensch. Here the épecies
thatvhave the most upright posture, the albatrosses and giant petrels,
have rather elongated pelves whereas the birds that have the most
horizontal carriages tend to have deep pelves that are also very
‘wide and open caudally. 4

On the other hand the connection between pelvis shape and egg
shape in the Procellariiformes agrees with that of Rensch's examples;
the petrels that lay the most spherlcal eggs also have the deepest
pelves and vice versa.

The condition of the pelvié has been examined in 27 species from‘

all the four families of the order. Skeletal material in the

o
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Fig.13. Pelvis of Diomedea exulans in lateral &

dorsal view showing method of measuring pelvic
depth and lateral spread, and position of the

acetabulum.
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Brifish queum (Natural History) and the Canterbury Museum has been
measgred:and published diagrams by Milne-Edwards, (1867-68);
Forbes (1882), : Mayaud (1932) and Kuroda (1954,-1955) have also
been utilised. ' 1 |

Figure 13 shows the dlmen51ons that have been measured. Thus
a/b has been taken_as~an index of the depth of the pelvis and e/b
as an indei'of its width and lateral spread, The higher the value
of e/b the greater the spread of the pubes and distal portlons of
the ischla. _ _ o

The dgtaqre not derived from iarge»samples»and there is a
cohsiderabie amount of variation between skeletons of the same
species.‘ This is partly due to natural variation but also to
distortion of the skeletons during and after thelr preparatlon.
Another source of error arise from the fact that much of the data
is from unsexed skeletons. ’
How much sexual dimorphism there is in the size of the pelvis in
petrels is not clear, but this could be relevant in groups like the
fulmars where the sexes are of different sizes.

The data are given in Table XI and in Figure 14 the depths and

spreads of the pelves are plotted against the mean shape indices.
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TABLE XI. PELVIC ANGLES OF PETRELS.
Species No., in Depth Lateral Egg Shape
: Sample (a/b) spread _ index.
_ (e/b)

1@ D. epomophora - L 0.46 0.35 62,0
3a D.c. cauta L - 0.42 0.37 6303
10 D, immutabilis 1 0.41 04,33 63.5
1% M. giganteus 5 0.47 0.41 : 63.3
17 Fog. rodgersi 1 0.lk 001 68.1
25 P. lessoni 1 0,60 0.56 7101
26 P."solandri 1 0.59 0.70 74,2
33. P, inexpectata 3 0.66 0.46 71.2
34 P, brevirostris 1 0.73 0.58 79.0
45. P, turtur n 0.67 0.60 72.8
50 P. aequinoctialis 1 0.43 - 6508
51 P. westlandica 2 0.46 0.43 66.7
Sha C.d., borealis 1 0.59 0.39 68.2
55 C. leucomelas 2 0.48 0.45 ' 64,5
57 P. gravis 1 0.36 0031 6L, 4
58 P. carneipes 2 0.43 0.35 66.2
59b P.p.chlororhynchos 1 0.43 0.38 66,2
60 P. griseus B 6 0.37 0.30 6. b
62 P, tenuirostris: 6 0.38 0,37 6602
64b P.p. puffinus 1 0.37 - 68,8
64c P,0, mauretanicus - 1 0.43 - 69.8
68e P.,a. baroli 1 0.53 0.4 69,4
71¢ P.m. maoriana 4 0.75 0.52 72.h4
74 H, pelagicus 1 0.82 . 059 76.3
78a P.l. leucorhoa 1 0,87 0,50 734
79 0O,.,c. castro 1 0.50 0.42 73,0
8%a P.u. chathamensis 3 0.53 - 78.0

Despite a wide scatter to the points, pelvis depth and breadth
are correlated with shape index (r = +0.731 and + 0,820 respectively;
| P < .001 in both instances). That is, species laying the most
spherical eggs have generally deeper pelvés which are spread more
widely caudally, whereas those laying elongate eggs mostly have

shallow pelves which are also narrow caudally.
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‘The ffénd'is not wholly consistent. Although the blrds that
lay the eggs with the lowest shape indices have shallow and narrow
pelves, these are.neither as shallow or as narrow as those of certain
médium-sined'petrels of the genus ﬁuffinus, nd%ably gravis,

| tenuirostris, g;iseus and puffinus. These are all birds whose egs

lengths place them along the upper limit for wing length in Figure 123%
they have unusually long legs with low shape indices for blrdQ of |
‘their sizes.
Kuroda (1952) correlated the form of the pelvis in petrels, and
particularly in the shearwaters, with their modes of life. He
. showed tnat the shearwaters with long narrow pelves are those that
ractively swim and dive for food. These have a long postacetabular
‘iiium4to act as attachment for théylnrge muscles needed to provide
a powerful back stroke for the feet.. These aquatic forms include

‘P griseus,_P.-tenuirostris and P, Euffinus. At the other end of

-'the-: ranggjére shbérwaters having relatively-shoft and broad pelves

Tand short post-acetabular ilia. These birds are highly aerial,

, aeldom dlve when feedlng, and show adaptations in the arm bones and
-'elsewhere for & ‘primarily aerial life. This category is best
;exemplified by Caionectris.

- Kuroda Has two intermediate categories (a) the partially
aquatic shearwaters pacificus and grav1s with long narrow pelves
?and long post-acetabular ilia but better adapted to gliding and
Eéiling thaf the griseus-tenuirostris group and (b) an intermediate

group, particularly carnei es, whose pelvis is fairly narrow but
whose post-acetabular ilium has proportions intermediate between
the: aquatic and aérial condition. '

L earing ih mihd that both Kuroda's and my data are often based
- on sMmall samples; his categories fit in quite well with the egg
ggﬁgse?- ﬁéiéié shape relationships shown in Figure 14. The most
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gquatiCABPéd;es, griseus, tenuirostris and puffinus all have low
shape indiceﬁ in réépect of wing length and pelvis depth, ahd to a
lesser extent, pelvié breadth. The partially aquatic and intermed-
iate species have slightly higher shape indices in relation to wing
length and pelvis shape while Calonectrls has still higher shape

indices relative to these variables.

| Thus: it would seem to be a reasonable hypothesis that egg shape
in shearwaters is associated with" the shape of the pelves which in
turn have been modified during evolution to fit the birds for an
aquatic, aerial or intermediate mode of life at sea.

In the small storm-petrels and prions the advantage of a deep
and open pelvis is not clear and examination of further material
seems to be required, but the condition may be associated with the
need for giving wide attachments to the leg and tail muscles
particularly in the long-legged species. These use their feet to
fend off the water when "walking on the waves" during feeding and
their tails, capable of rapid twistings, are clearly of value when
making the-erratic, dancing actions involved in snatching small food
items from the surface of the-sea.. In addition, the deep pelvis
'may help in providing a wide fastening for muscles of the ventral
body wall supporting the viscera and particularly the huge egg which
. may have to be-held there for some time before laying.

Why albatrosses and giant petrels have shallow pelves is again
not clear. For both these groups--walking is important, so that
good movements of pronation of the-legs are required. Although they
can swim well, they seldom submerge deeply nor do they burrow, so
that the very strong retractors found in the burrowing and diving
species would not be necessary. Furthermore their tails are short
and apart from Phoebetria little used for steering. Thus the more

generalised form of pelvis may reflect the more generalised function-
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ing of the legs in these birds.
The relationship between pelvis shape and egg shape in

Pterodroma brevirostris is particularly interesting. For a

Pterodroma the shape index is very high but so too is the pelvib
depth and the lateral spread of the pubes and ischia.. The data do
-not plot atypically in Figure.1k. Not only the pelvic girdle is ‘
unusual. The sternum is short, very deeply keeled gnd deeply notched
-anteriorly, while the hypapophyses of the dorsal vertebrae are very

iong, compared with P. inexpectata and P. solandri (figured by

Kuroda, 1955) though no longer than those of P. macroptera (pers.‘

obServatiops). The hypapophyses are bigger even than in Puffinus

tenuirostris and P. griseus. If Kuroda's reasoning is correct,

this should reflect a diving mode of life in this species.

The -larger petrels are usually better adapted for walking
whefeas-the émal1er ones either flutter across the ground often rest-
ing on the tarsi - the pattern with stormfpetrels and diving petrels -
~or they shuffle along in a rather duck-like fashion and in a highly .
unstable manner with their wings~folded but raised and often out-

. spread as if to imprbve their balance (Figure 15),

This is the usual pattern with shearwaters. The large albatrosses,

" on the other hand, can stand erect for considerable periods, an
ability they share only with the giant fulmars of the genus Macronectes.
The smaller fulmars, while able to stand, do not remain standing for
long, but soon subside onto their tarsi. With albatrosses the erect
posture is usually restricted to standing or "marking time" during
displays; when moving directionally they adopt a more horizontal
posturé. Macronectes can move quite fast without doing thaé. The
species best adapted to walking are those spending the greatest length
of time ashore and Macronectes is the only Procellgriiform bird that

feeds on land.
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Owen (1866). pointed out that walking and perching birds usually
“have short and broad pelves which provide broad bases- for the legs.
It might therefore be expected that the width of the pelvis at the
acetabulae would be proportionally greater in albatrosses and giant
petrels than in smaller species but this is not-so in the range of
material examined during the present studye. Nevertheless, in view
of the lack of mobility of the femur, the distance apart of the legs
and feet may be éontrolled not so much by the distance apart of the
‘hip joints i.e. the pelvis width, but in the distance apart of the
knees. The latter may be relatively greater in large species because
the femora are more outwardly directed to clear the short wide ribd
cage than applies in some of the smaller birds such as the shear-
waters where the rib cage is -narrower.

- The postures of petrels on land are affected by a variety of
fae{pr&; - For stability the centre of gravity must lie behind the
toes:and is dependent on the relative lengths of the leg bones, the
movemenfs-of which these are Capable,«the position of the acetabulum
on which the body is pivoted aﬁd'othér factors like the'fhickness
and strength of the leg bones. The @neml shape of the skeleton
as it affects the underslinging of the viscera may -also be important.

A dead petrel's legs are usually stretched back stiffly to lie
along-side the tail while the femora are pulled down until they are
at right angles to the body axis.: This is a- consequence of the
greatér strength of the leg retractors to that of the-protractors.
This applies to the dead Pachyptilgfturtur but inh life the movements

of this bird's femora are far more restricted. ‘They are directed
forwards but can move~downwards~onl;¢through dbout 10 degrees in the
sagittal plane. Very little adduction.or abduction is possible.
“The tibio~tarsi have greater mobility and can be brought forward
until at about 90 degrees to the long axis of the body, but because
of the short femur and the placing of the acetabulae rather to the
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rear of the pelvic girdle, the legs are in effect pivoted well back
towards the caudal end of the body. Pachyptila turtur cannot there-

fore stand erect with its tibio-tarsi and tarsi-metatarsi in line

without falling forward. Instead it adopts a squatting position and

rests on its tarsi as an extension of the webbed feet. This and g

other prions cannot -adopt an erect posture like that figured for

P. vittata by Milne-Edwards, (1867- 68), plate 50, :
The situation in other petrels has not been examined but the |

importance of the lengths of the leg bones in determlnlng posture

are particularly evident in the long-legged genera of storm-petrels

like Pelagodroma (Figure 15). Here the femur is very short but the
,tiﬁio-tarsﬁs.very longe. The ratio of femur:tibia:tarsus:mid-toe

and ¢law is 1.0:3.4:2.3:2.1, This may be compared with, for instance;
the gull Larus-hautlaubi (1.0:2.0:1.0:0.9), which stands erect with
its legs at right angles to the body axis or Pachyptila turtur where
the ratios are 1.0:2.4:1.5:1.8. If the femur has as little

._freedom of movement in Pelagodroma as- in Pachyptila, then its

crouching posture is understandable. The iegs are placed so far
back that the tibiae and tarsi need’ to be: flexed to swing the centre
of gravity behind the toes. ) '
In albatrosses the femcra are relatively long and the'post-'
acetabula ilia fairly short so that the leg as a~whole«occupies a
rather forward position relative to the trunk. 1In D. epomophora
the leg element ratios-are 1.0:2.1:1.1:1.5 (c.f. those of the gull

gbove). Other factors may also be involved in giving the increased

stability on lamd such as the large webbed feet and the thick legs;
the carriage is rather goose-like, as shown in Figure 15,
If there is a causal connection between pelvis shape in petrels

and their postures on land, the nature of this connection is not

clear,
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It seems likely that the variations in proportions of the pelvic
bones are part of a range of modifications to a basic structure to
fit the birds for different modes of life. At the one extreme are
small form5~well adapted for life at sea, almost incapable of
walking on land but able to dig burrows there using motions rather
similar to those employed when swimming; - at the other extreme are
large; forms adapted to sailing in the air and swimming on the surface;
of the sea and to a life ashore there they breed and move about
freely but do not burrow.

Variations in pelvis-shape may in turn have influenced the
shape of the eggs but how could this be brought about? Rensch
(1947) stated that the pelvic cavity was involved but did not
elabérate. However it seems possible that the egg before acquiring
its hard shell could be moulded by the ventral part of the pelvic
girdle. Bradfield (1951) found that a "membraneous" egg removed
from the 6viduct when the shgll membranes had been secreted and held
together only by these, is shaped similarly to other eggs laid by
the Aﬁmg fowl so that the factors affecting egg shape in the hen
apparently operate during or before the egg reaches the isthmus.

As already mentioned, Bradfield thought that -an important factor

was the muscle at the end of the isthmus next to the shell gland
which is somewhat sphincter-like and could shape the caudal end of
the:egg at this stage. The hen's-egg remains in this part of the
oviduct for about an hour whereas it remains in the adjacent shell
gland for about 20 hours during the first ﬁarf of which the egg
undergoes -a- -25% increase-in volume probably due to the uptake of water
by the albumen.

If thérshape of the egg is given a final adjustment while lying
in the pelvid cavitj, this must occur during or after the final

Bwelling. It is not clear if while in the isthmus the egg is far
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Fig.16. Pelves of Pelagodroma marina in lateral and
dorsal view (A & B).

Pelves of Diomedea cauta & P.marina in

caudal view in relation to the breadths of their
eggs (C & D).
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énqugh caudal to experienée pressure from the pel#is but if the
process- in petrels is similar to that in the domestic hen, it certain-
1y could be affected during its first hours in the shell gland when
the egg is pressed up against the curved ventral region of the

sacrum and~between the pubes.

Figure 16 attempts to relate the size of the egg to the size of
the pelvis in two examples at the extremes of the size range. | In C
- the diagram shows how the egg ef an albatross can fit into the pelvic
cavity; | It is embraced for much of its girth by the arms of the
pubes. That the pelvis may be involved in shaping the egg seems
 feasible here but as the egg is symmetrical, it would seem necessary
~that it should be rolled on its long axis during the shaping process
i perhaps concurrently with the swelling. According to Greenwood
"(1964)- the .twisted chalazae are formed during rotation of the egg
1n the shell gland, ‘

. - In contrast, in the small species like the storm-petrel figured
in 16 a, b and d, the egg is so large compared with the pelvic
| girdle that it is difficult to see how this part of the skeleton
could inflﬁence;the-forming egg. But while the posterior arms of
the pelvis ére relatively stiff in skeletal preparatidgs-they are not
80 in life or in specimens preserved in spirit. Here they are
flexible and readily pressed open. Thus~they could conceivably bee
iinvolved in moulding the egg even in these small forms, though this
‘seems less. likelj than in the large ones.

Whether the pelvis is directly involved in shaping the eggs of
petrels or whether “these have already attained their final shapes
before reaching the pelvic cavity cannot be determined on the
present evidence. It may be that the pelvis only has an effect
: w1th the larger species and that in the small ones the initial,
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TABLE XII: STANDARD WING LENGTHS (cm) AND SHELL
THICKNESSES (mm) IN PETRELS.

Species Mean Wing Shell Shell Wt,%
Length Thickness Egg Wt.

1 61.6 «57 7.8
2b 65.7 .58 8.0
5 54.7 - « 57 8.9
8 50.6 , . 50 7.7
11 48,0 - Wb2 7.5
12 53.7 . S .h8 © 7.9
14 Lg.8 .58 9.3
17a 31.3 «39 8.3
18 31.0 . «35 7.5
19a 26.4 <33 8.5
20 26.0 .27 7.2
22a 31.7 .31 7.1
23b 30.6 .26 5.9
25 ‘ 30.3 © .30 6.3
26 }O,Z ) 931 609
27b 29.0 - W27 6.2
33 26.2 .25 6.6
36 23.3 .22 5.8
38a 22.9 .20 5.8
4 21.6 .20 5.9
L2a 21.4 2k 7.1
k3a 19.2 .23 6.7
ks 18.2 ' .20 6.4
kg 20.3 .19 6.5
50 37.3 .3k 6.9
Sha 35.5 «35 7.5
57 32.4 . .36 7.5
59b 29.2 27 6.9
60 30.4 o3k 7.2
62 27.4 33 7.6
641 . 23.7 .28 7.4
66 20.9 .26 7.1
67a 20.8 .25 7.5
68e 17.9 .23 7.1
69b 1307 012 5"5
710 1508 915 650
72 16.5 : o1k 5.7
74 1.7 .12 5.7
75 12.1 .12 - 6.7
76 17.8 17 6.4
77 : 15.7 ' 5. 6.0
78& 15.6 .13 5.5
79b 15.3 013 5.5
80 1.4 b 6.3
82 13.6 .23 7.1
83a 12.3 .17 6.8
6.5

84 1.4 .19



%

9. --VARIATIONS -IN-SHELL THICKNESS -AMONG PETREL EGGS.

O

Schonwetter (loc.cit) listed the thicknesses of the eggshells for
most species of Tubinares and in Table XII his data are given togefher
with the mean female wing lengths. The latter are taken from Appendix

A except for those for species 2b, Diomedea exulans chionoptera, which

are from Tickell (in litt). There is a close correlation between
shell thickness and standard wing length (r = +0.963; P < .001) and
when the data are plotted (Figure 17) it will be seen that they suggest
the existence of a linear relationship between the two variables, at
least for small to medium-sized species. The points for the large
species show a considerable scatter and morfe data would be required to
show whether the relationsﬁ?p continues to be linear at this end of the
size range. On the assumption that it is and omitting the three

species of Pelecanoides, the relationship between the 44 remaining

species is given by:-
Y = 2011 4 cOTX eeeoneneat e e eeeaeenes Ceeeerteearaeaea. (15)
where Y = shell thickness in mm. and X = female wing length in cm.
A study of Figure 17 shows that:-
"1, The Pelecanoides, species 82, 83a and 84, lie rather away from the

plots for other petrels in the same size range. This is a consequence
of their unuéually short wing léngths: as will be shown below, their
shell thickness are similar with those of other petrel eggs of similar
size. | -
2. The shearwaters, Puffinus, species 57, 60, 62, 64, 66, 67 and 68,
:ére plot above the t;eﬁd line except 59 i.e. they have thicker shells
than other petrels of similar wing lengths. The reverse is true of
the gadfly petrels, Pterodroma, species 22, 23, 27, 33, 36 and 28
except 25 and 26 which lie on the ‘line: they have slightly thinner
shells than other petrels of similar wing lengths. These differences
are borne out by the ratios of shell weight to egg weight in column &
6f the table. For Puffinub these ratios range from 6.9 to 7.5%
whereas for Pterodroma they lie between 5.8 and 7.1%.

It is difficult to see how these differences can be adaptive.
Birds of both genera normally lgy on soil either on the surface (many

Pterodrbma and some Puffinus species) or underground (many Puffinus

67.
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. species and some Pterodromas) and shells of similar thickness and
therefore strengths would seem to be required. However, it has been
shown (Seétion'6,2) that shearwater eggs tend to be rather long and
 thin whereas gadfly petrels lay more spherical eggs. Egg shape and
shell thickness may thus be causally linked. If, for example, the

egg in the shelllgland of a shearwater experiences greater pressure
than does the egg of a Pterodroma then the calcium secretory cells may
be stimulated to produce more shell material while the forming egg
itself is experiencing greater compression. Thus a thicker shell
could bedomg/assogiated with a more elongate egg. A similar reasoning
might explain the increase in shell thickness with increasing size
throughouﬁ the order, as the bigger birds lay longer eggs (Figure 11
above). Furthermore Bourne (in 1litt) points out that the shape of a
shearwater egg might be affected by increased pressure- generated during
swimming at the time of formation of the egg in these aquatic species
as contrasted with the situation 'in the more aerial gadfly petrels.

It seems unlikely that these variations in shell thickness are
concerned with permeability to water though they may have some effect
on the passage of carbon dioxide and oxygen to and from the embryo.

The shearwaters with their thicker shells lay mostly underground where
the humid conditions in the ‘burrows would appear to decrease moisture
loss through the shell pores compared with that experienced by eggs laid
on the surface. . :

3. Three of the fulmars, Macronectes, Fulmarus and Daption, species

14, 17a and 19a, show the greatest deviations from the trend line.
Their shells are unusually thick. The data for Thalassoica, species
18, are'inadequate, being based:on only one egg. Pagodroma, species
20, however, shows no divergence from the norm in respect of shell
thickness.

Fulmars are surface nesters, often laying on hard rocky ledges
lacking soft nesting material for cushioning their eggs. Macronectes,
whose eggs have the thickest shells of any petrel, often nests in
shallow pits on the ground but may also lay among rocksol The value of
a thick eggshell here could be in giving the egg greater strength, a
requirement that is necessary with fulmars breeding on hard substrates

but unnecessary for other large species of petrels like the albatrosses
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t

as their eggs are cradled in peat or earthen cups whose shapes make it
‘difficult for the birds inadvertently to apply their whole weight to
the egg.

‘ There are no data on shell strengths for petrels but Romanoff
(1929) established a direct relationship between breaking strength and
shell thickness in the domestic hen. - Furthermore he also found that
the breaking strength of the shell was lower when pressure was applied
along the short axis of an egg than when applied along the long axis.

Thus the elongate egg of Macronectes giganteus, shape index 63, would

be more easily broken than the more rounded eggs of the smaller fulmars,
shape indices 67-71, and would accordingly need greater strengthening.
The greater body weights of the larger species have also to be
considered hers, Egg breakage ‘is one cause of nesting failure and
while some losses arise through-eggs rolling out of nests on steep
hillsides, more often the pressure that causes breakage arises through
the birds themselves. An albatross that accidentally allows its foot
to rest on the egg and transfers its weight to that foot, squashes the
egg immediately, at least if the egg is at an early stage of develop-
ment and the viscosity of its céntenté low, Such accidents are likely
to arise in the colonies during intraspecific disputes. The larger
the species the greater the danger from such accidents for even if the
strength of petrel shells per uﬁit thickness is not uniform throughout
the order it seems most unlikelj that the larger birds have eggs con-
structed of materials so much stronger than the small ones as to offset
the differences in body weight eaé,:-f
Hydrobates pelagicus, body weight 28g; shell thickness 0.12mm.

Puffinus puffinus, ‘body weight 406g; shell thickness O.28mm.

Diomedea exulans, body weight 7270g; shell thickness 0.58mm.

It would be useful to have further data for Thalassoica and some

for Fulmarus glacialoides to see whether these cliff-nesting petrels

also lay thick~-shelled eggs. Pagodroma also nests among rocks and
the apparent exception as regards sheil thickness here is perhaps
surprising. This may be a consequence of its low body weight, but
fresh determinations of shell thickness would seem desirable here. It
is interesting to note that Kartaschew (1960, cited by Kuroda, 1963)
states that the egg shells of the auk Uria aalge are thicker in those
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populations nesting on rough rocky substrates than in those that nest
on smooth rocky subsfrateso

Thick shelled eggs must also be better insulated agaiﬁst heat loss
than thin shelled ones of the same size, shape and composition and
Belopol'skii (1961) considered the thick calcium layer in the shell of
the Northern Fulmar to be an adaptation to breeding at sub-zero temper-
atures. As fulmars are primarily polar species, this reasoning could
apply generally to these birds, the obvious anomaly being Pagodroma
which breeds in colder conditions than any other fulmar, suffers con-
siderable nesting losses through the cold (Brown, 1966), and yet appears
tovhave an eggshell no thicker than other petrels of the same size.

Oceanites oceanicus, (species 69) the most southerly breeding burrowing

petrel, also lays an egg that is not-abnormally thick-shelled; indeed,
like most of the storm petrels, the plots for shell.thickness in Figure
17 lie below the trend line, rather than above it,

In Figure 18 shell thicknesses have been plotted against egg
lengths and breadths for the species in Table XII. It will be seen that
the relationships between these variables and shell thickness are
linear, The Pelecanoididae now plot in accordance with the other
petrels but again the fulmars, species 14, 17a, 18 and 19a tend to lie

off the trend lines because of their thick shells, Diomedea irrorata,

species 5, also seems to lay a thick-shelled egg. Perhaps this too is
an adaptation to counter increased risk of breakage for this is a ground

nesting albatross which lays on a rocky substrate (Loomis, 1918).
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10. THE CAPACITIES OF PETREL EGGS.

‘The shell of an egg is not an inert container for the developing
chickvbut-becbmes increasingly permeable to carbon dioxide as incu-
bation proceeds and contributes calcium to the'%mbryo during the ossi-
fication of cartilage. Nevertheless, in the hen, the shell loses only
about 6% of its initial dry weight during incubation (Tangl and

‘Hammerschlag, 1908) so that measurements of the contents of the egg

‘seem more appropriate than weights of intact eggs when comparing the

rates of development between species.

.The weights of the egg contents are readily obtained by subtraction

" of the shell weights from the total weights of fresh eggs but, as has

been pointed out, much of the data on weights is derived from eggs that
were not known to be new-laid or that were tested for this by flotation
or other means. The sample means are therefore underestimates of the
frue means for the populations concerned. Egg capacities or internal

volumes are, on the other hand, readily measured in the laboratory from

" intact eggshells. This has been done in the course of the present

study for samples of eggs from 36 petrel species or sub-species by
running alcohol into their shells from a burette. To ensure that air
was not4trapped between fragments of membrane, the egg was shaken
vigorously with a finger over th§ opening, when about two thirds full
of alcohol. Successive measurements of the same eggs gave readings
hot varying by more than Z0.2 m,
' Rather than use the means of the capacities so0 obtained it was
thought better to estimate the capacity of the hypothetical mean-sized
egg for each species and sub-species; i.e. of eggs having the mean
dimensions listed in Appendix A.

The method used was that of Coulson (1963) which is based on
modifying the equation of an ellipsoid:-
T 2

[

or V = 005236B2L

°

<

1
Nl &
o
o

by a correction factor K which allows for the egg being of less

volume than that of a true ellipsoid, i.e.



TABLE XIII. EGG CAPACITIES (ml), EGG WEIGHTS (g),

INCUBATION AND NESTLING PERIODS (days) IN PETRELS

(Sample sizes in parentheses)

SPECIES EGG CAPACITY EGG WEIGHT INCUBATION NESTLING INCUBATION
PERIOD PERIOD + NESTLING
la. 381(48)* 430(48)* 79(5) 240(2) 319
1b. 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)* - - -
. 305(43)* 343(43)* - - -
7. 226(8) 250(100) - - -

. 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.20%
14, 213(80) 243(80)* 59.4(11) c.105 c.l6a
15, 205(10)* 232(10) - 108(7) -
16. 91(13)* 103(13) 43,5(7) 51(6) 94.5
17a. 92(3) 103(3)* 48.3(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. 50(7)* 56(7) c.53 - -
3lb, 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.105;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(109) 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.110

* Corrected figure.
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V = 0.5236 BZLK Ceesessaeeon cosesaans cieesascoas (16)

'.Fof each egg, therefore, the capacity in ml (V), breadth in cm (B) and
length in cm (L) were measured and hence K was determined. The mean
ivalues of K for 36 species are given in column 13 of Appendix A together
with the capacity of their average egg. It will be noticed that the

K values approach quite closely to unity, i.e. the eggs themselves are
nearly true ellipsoids.

The determinations have been cross-checked in various ways and
corrected values for egg weights and egg capacities are shown in Table
XIII. In the first place, as the petrel egg sinks when fresh, its
capacity must be less than its weight when fresh. Some of the data
in Appendix A indicate the reverse and have had to be corrected. |
Secondly, on the assumption that the specific gravity of the contents
of a fresh egg is the same in petrels as in the hen, i.e. 1.035
- (Romanoff and Romanoff, 1949), the capacities and weights can be cross-
A'chécked if the shell weights are known. The latter were obtained
either by direct measurement of museum specimens or from Schonwetter

(1960) . Then: -
Egg weight (g) = 1.035 Egg Capacity (ml) + Shell Weight (g) .... (17)

Thifdly, the ﬁalidity of the corrected figures was confirmed by the

use of equations (9) and (10) apove:-
(9) ﬁgg Wéight = 955LB2 - 3,29 (for eggs weighing more than 20g.)
({O) Egg Weight = °53LB2 (for eggs weighing less than 20g.)

The figure finaliy used has been determined on the basis of the

relative sizes of the samples involved and on their reliability;

whether, for example, the weights were known to be those of new laid

egge as with Richdale's data for Diomedea bulleri and for some of the

information collected by the writer. ,
Recalculated figures are indicated by an asterisk in Table XIII

but many have needed no adjustment. Thus for species 7, Diomedea
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bulleri, the egg weights from the measured capacities are 252g as
opposed to a mean weight of 250g-for-100 eggs measured in the field,

and for species 78a, Oceanodroma leucorhoa, the weight calculated from

(17) is 10.1g, from (10) 10.0g, whereas field data from 100 eggs gave
a mean value of 10.0g. : - '

The most obvious discrepancies in the raw data listed in Appendix
A are those in which egg capacities are the same or greater than egg

weights., Thus for species 45, Pachyptila turtur, either weight or

capacity must be wrong and despite the'large size of the sample it was
concluded that part-incubatéd eggs must have been present. A new
"best-estimate" has been made from the measured capacities, Species

33, Pterodroma inexpectata, is a similar example: the new calculated

weight of 61g based on 11 capacity measurements compares with a figure
of 58.5 g deduced from equation (9).

The discrepancies in the data for species 3a, Diomedea c. cauta,

seem irreconcilable. 52 egg dimensions and 11 egg capacities were
measured by the writer, the six egg weights coming from the literature
or from data on museum shells. The weights are clearly too low. They
are lower than the figure calculated from (9) and furthermore the
measured capacity (242ml.) is greater than the mean weight (238g).
However, the corrected weight based on the capacity and a shell weight
of 23g is 273g as against that calculated from (9) of 258g. The 6%
difference is excessive in view of the’ relatively large samples used
for determining dimensions and capacities. It seems likely that the
weight derived from dimensidns is nearer the true mean weight but on
the data presently available a reliable estimate does not seem to be.
possible. The figures for thisZSpecies have therefore been omitted
in calculating the mean value for egg capacity to egg weight below.

For species 31 and 41, ‘lacking data on egg weights or capacities
but for which there are useful figures on development times needed for
discussion in section 11, the egg weights and capacities have been
calculated directly from their mean -dimensions and Schonwetter's data
for the weights of their shells.

The capacities of the eggs of the albatrosses 8 and 10 could not
be determined directly owing to the lack of suitable material. They

have been estimated from external volumes given by Frings (1961).
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He also gave the egg weights listed in Appendix A but as the eggs were
3 and 2 weeks old when measured, their mean weights must have been
lowered accordingly. Their capacities have been calculated by sub-
tracting the mean volumes of their shells from their total volumes.
In both instances the shell weights are 22g, and with shell density of
2.0 (this being the mean of the data from the eggshells of three petrel
. species), their shell volumes are 11 ml. The resulting figures cross-
check well with weights calculated from equation (16).

Re-calculated egg weights help to explain some of the deviations
from trend lines noted in previous sections. Thus in Figure 6, species

14, Macronectes giganteus, would now plot within the 95% confidence

limits and four othér species would also fall closer to the regression
line though one, species 10, would lie further away. In Figure 8,
relating wing lengths to egg weights, the positions of petrels 33, 15,
14 and 71c¢ lying below the line would be improved and in Figure 9,
relating egg weight to LBZ, all the points below the line would be
brought onto or close to it. In Table V, the recalculated egg weight
for species 33 would result in an egg weight to LB2 value of ;544
instead of .473, the former being much closer to the mean value for all
species.

It is interesting to note that the recalculated weights for the
two small petréls 71¢, Pelagodroma marina and 74, Hydrobates pelagicus
| suggest egg weight to body weight ratios of 28% and 24% respectively.

The former is the highest value for this ratio so far determined for a

petrel.
Finally, the reiationship between mean egg capacity and mean egg
ﬁeight can be calculated from Table XIII. For 37 species the mean

value of:-

Egg Capacity in ml ' 1
Egg weight ing L 09900 0 O ® 0 0 0 & & ¢ 4 0 0 060 0 s s 000G e 0 s (8)

the standard deviation about the mean being : 0.017.
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11. DEVELOPMENT RATES OF PETRELS.

. - The development of a petrel from zygote to breeding adult takes
considerably longer than this does with most other birds and the larger
:peyrels take longer to reach maturity than the smaller ones. Thus
‘while the mean age at first breeding for the medium sized species

Puffinus tenuirostris is 5.3 years for females and 6.6 years for males

- (Serventy, 1967), for Diomedea epomophora the females do not breed

until about 8 years old and the males from 9 to 11 years old (Richdale,
‘ 1950; ’Westérskov, 1963). On the information presently available the
main exception to such long periods of immaturity is Pelecanoides
nurinatrix, which Richdale (1965a) found may breed when only 2 years old.
The time elapsing between fertilisation and egg laying in petrels

is unknown. This is partly due to the difficulty of establishing when
effective coition occurs and partly because, in those species that
indulge in pre egg-laying exoduses, copulation possibly occufs at sea,
the egg being'deposited'very soon after the females return to the
‘nesting'ground.

The present discussion is restricted to a consideration of the
rates of development from egg laying up to the time of the young bird's
first flight, that is, during the incubation and nestling periods.
Various investigators have attempted to unravel the relationships
between these periods and egg weight, body weight, the food reserves of
the‘egg‘and similar variables but adequate information on the Procel-
lariiformes was lacking. Recent research has provided new data
_enabling some earlier comments of Warham (1964) and of Lack (1967) to

be elaborated.

11.1. Incubation Periods in Petrels,

The incubation periods of birds have been frequently discussed,
the most comprehensive compilation on the subject being that of
Bergtold (1917), although some of his data are unsatisfactory by present-
day standards. Heinroth (1922) discussed implications of the vari-
ations in incubation periods found among birds and reptiles and re-

viewed previous work. Needham (1963) used Bergtold's data to compare
kX
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development rates of birds with those of mammals. Kendeigh (1940,
1952, 1963), Huggins and Huggins (1941), Skutch (1945), Nice (1954) are
among those who have discussed physioiogical and ecological factors
affécting‘incubation periods and Lack (1954, 1967, and in press) has
also dealt with the problem and its significance to population
regulation.

With a clutch size of one the incubation period of a petrel egg is
readily defined as the time elapsing between egg-laying and the chick's
complete separation from its shell where incubation has been regular
and uninterrupted (Heiﬁroth, lggigiio)a Because many species are noc-
turnal when on land, lay underground and desert fresh eggs rather
readily when disturbed, it is often difficult to establish accurate
laying dates. This is much easier with surface-nesting species although
Macronectes, being rather timid, is an exception here (Warham, 1962),
An additional complication arises from a tendency for the birds to
leave their eggs uncovered for one or more days before resuming incu-
bation. This may increase, decrease, or have no effect on the time to
hatching depending on the ambiént temperature, the state of development
of the embryo at the time, and similar factors. Many authors who have
been unable to inspect nests daily make no reference to periods during
which the eggs were uncovered but others like Roberts (1940), Richdale
(4965a, 1965b), Davis (1957) and Tickell (1962) do, the last making a
distinctioh between "apparent" and "true" incubation periods in the

ﬁrién Péchfﬁﬁilé desolata. 'In the cold environment of Signy Island

(shadeé temperature 20-50°F during the summer) where he worked, incuba-
tion time was apparently increased by as long as the eggs were left
unicovered and without causing hatching failure. Further south,

Roberts (1940) found that eggs of QOceanites oceanicus hatched after 2

dé§s desertion. Temporary breaks in incubation occur both among
petrels diSturbed by man and under entirely undisturbed conditions
(ﬁﬁfhém, 1§56b) and in surface-nesters as well as with burrowers.
Sﬁrfdce-nestérs that leave their -eggs unattended, however, usually lose
them to p}édétorso The exceptions here are species breeding on
tropical islands lacking suitable predators and include Puffinus
Eacificué and P, nativitatis. While the eggs of petrels of polar
regions left uncovered may be killed by freezing, those of tropical




petrels may be killed by overheating.
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Thus it is very difficult to make corrections for days when eggs

are uncovered,

which the eggs were uncovered in arriving
and the same has been done in the present
Roberts (1940) and Davis (1957) to enable

made.,

at the time when the egg is ﬁncovered cannot be allowed for,

Other variables such:as the stage

Tickell (loc.cit.) simply deducted the days during

at the true incubation periods
study to adjust the data of
meaningful comparisons to be

of development of the embryo

This may

be quite important since with domesticated birds the heat output of the

embryo is considerable and increases rapidly from about half way thfough

the incubation periédo

The apparent incubation periods are often spread over a wide range.

That the spread of true incubation periods is much narrower may be seen

from the following table:-

TABLE XIV THE RANGES OF THE APPARENT AND TRUE INCUBATION PERIODS

IN PETRELS.

(A1l times in days: numbers of determinations in parentheses)

Species Apparent Corrected True Mean Coeff. Authority
range range & S.D, of Var,

1b - 77-81 (35) 79.3 2 0.99 1.25 Richdale, 1952.

2b - 75-82(163) 78.4 £ 1,17 1.49 Tickell, in press
8 - 63-68 (75) 65.6 = 1,18 1.80 - Rice & Kenyon,1962
10 - 62-68 (95) 64.4 I 1,02 1.58 Rice & Kenyon,1962
14 - 58-61 (11) 59.4 Warham, 1962
20 - b2-44 (12) 43,21 0.85 1.97 Brown, 1966
31b 50-56 (15) - - Wingate,pers.comm,
43a 42-50 (22) k=46 (10) 44,8 I 0.56 1.25 Tickell, 1962

62 - 52-55 (24) Serventy, 1967
64b §7-55 (43) - - Harris, 1966

74 38-50 (36) 38-k2 (36) 39.8 £ 0.91 2.29 Davis, 1957

&

These data indicate that the time required for aevelopment of the
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embryo to hatching is species-specific and that individual variation
from bird to bird within a species is not great. This may reflect
constancy of incubation (apart from occasional temporary desertions
already discussed) resulting in the supply to the eggs of a rather
constant amount“of heat, or development processes whose rates are not
greatly affected by temperature. The data in the table do not suggest
any differences in the spread of incubation times between tropical
species (8, 10, 31), temperate (16, 62, 74) or polar species (43a, 20)
nor between highly migratory:ones like 62, 64 and 20 or relatively
sedentary ones like 14 and 31, but more information is needed.
Occasionally one of a series of determinations of the lengths of
incubation periods in petrels proves to be exceptionally short. Duﬁnet
(persocommq).has provided a series of incubation periods for Fulmarus
glacialis, They were: 43, 47, 47, 49, 49, 50, 50, 50 and 50 days and
he noted that the 43 day period was that of the bird that was the last
to lay and that the period could have been shorter but could not have
been longer. Tickell (1962) discussing a rather similar instancé with

Pachyptila desolata points out that short incubation periods could be

a consequence of egg retention in the oviduct.

The narrow spread of incubation periods within a species is not
universal among birds. In small passerines, for instance, the spread
is relatively wide. Thus for the House Wren Troglodytes aedon studied
by Kendeigh (1952) it varies from 13-16 days and for the Song Sparrow
Melospiza melodia 12 to 15 ddys (Nice, 1937)., These variations occur
with birds that dé not incubate‘continuously as do petrels., Thus
Kendeigh (loc.cit.) showed that the attentive periods of House Wrens on
their eggs numbered from 24 to 79 per day, the degree of attentiveness

being influenced by the air temperature. Such discontinuous incubation

and the consequent fluctuations in egg temperature, particularly well
shown by Huggins (1941), seems to be one of the main reasons for the

variability of incubation periods in these and other small birds.
11.2. Incubation Periods and Egg Capacity.

Table XIII lists the available data on mean incubation periods in

the Procellariiformes'together with the sample size in each case. The
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figures have been corrected for intermittent incubation where possible.
Data for egg capacities and egg weights corrected as described in
section 10 are indicated with an asterisk.
Data for incubation and nestling periods are from the following

sources:

1g Sorensen (1950a); 1b-Richdale (1952); 2b Tickell (in press);

2c Swales (1965); 8 & 10 Rice & Kenyon (1962); 12 Sorensen (1950b) ;
1% & 15 Warham (1962); 16 Prévost (1958, 1964); 17a Dunnet (pers.
comm,) and Fisher (1952); 19a Pinder (1966); 20 Brown (1966); 22a
Warham‘(1956); 25 Warham (1967); 27b Oliver (1955); 30 Ashmole in
Lack (1966); 31b Wingate (pers.comm.); 41 Paulian (1953); 42a
"Richdale (1965b); 43a Tickeli (1962); 45 Richdale (1965b); 57 Rowan
(1952) and Elliott (1957); SBb Warham (1958); 60 Richdale (1963);

62 Serventy (1967); 64b Harris (1966); 67b Snow (1965) and Harris

(in 1itt.); 68f Glauert (1946); 69a Roberts (1940); 71c Richdale
‘(1965a); 74 Davis (1957); 78a Huntingdon in Palmer (1962); 79b Allen
(1962) and Harris (in 1litt.); 83& Richdale (1965a).

» InvFiguré 19 mean incubation periods are plotted against mean egg
capacity. All the available data are plotted but only those derived
from several determinations are numbered. Despite the scatter there
is a significant correlation between egg capacity and incubation period

"(r = +0.9370; P <.001).

" Heinroth (1922) pointed out that while, within a group, there may
bé a relationship between the length of the period of incubation and
the size of the egg as shown by Fiirbinger (1888), there are many excep-
tions. Thus gannets of the genus Sula, that lay eggs weighing 106, 65,
68 and 58g, all hatch these in 41-45.days (Nelson in Lack, 1967).

Figure 19 shows that the relationship is not entirely constant within
the Tubinares. Thus 5peciesi169 Fulmarus glacialoides, although laying
:almost exactly the same sized eggs as 17a, F. glacialis, has an incu-
bation period averaging 5 dayé shorter than that bird.

The publication of Prévoét's data for glacialoides that brought to

light this anomaly in incubation periods was one of the causes that set
the present investigation in train. Indeed, all the fulmars (14, 16,
17a, 19a and 20) have rather short incubation periods for eggs of their

respective sizes. This is brought out rather better in Figure 20
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ihere logarithmic axes are used and in Figure 21 where the incubation
- periods are plotted againét mean female body weight. The situation of
the fulmars in this respect is discussed more fully in section 11,12
below. - It is interesting to note that another Antarctic species, 69a
Oceanites oceanicus, also shows evidence of having an atypically short
incubation period. Although laying an egg 60% larger than that of 74,

Hidrobates'gelagicus, it appears to have a similar incubation period to

that bird yet breeds in much more severe climatic conditions. However,
the data for Oceanites are based on very small samples and included
several instances where incubation was interrupted (Roberts, 1940).
Returning to Figure 19 it will be seen that several species show
the reverse tendency to that of the fulmars; having longer incubation
periods than other petrels of similar size. Most divergent are 31b

Pterodroma hasitata cahow, 67b Puffinus lherminieri subalaris and 68f

Puffinus assimilis tunneyi. The data for the latter are not entirely

satisfactory and there may well have been some suspension of incubation.
On the other hand all three are relatively sedentary birds, the two
latter at least visiting their burrows outside the breeding season
(Snow. 1965; Warham, 1957). All three are birds of tropical or warm

temperate seas; one, P. lherminieri breeds at about 9 monthly intervals

at the Galapagos while P. assimilis is a winter breeder in south-western

Australia. Thus it seems possible that selection has favoured more
leisurely rates of development in these species compared to the other
Puffinus species (62 and 64) plotted in the figure, which are migratory.
These show highly synchronised patterns of egg laying and desert their
young towards the end of the rearing period apparently in order to
:start their post-nuptial breeding migration (Marshall and Serventy,
1956; Harris, 5966)° '

.Figure 20 enables.a comparison to be made with the graph drawn up
by Worth (1940) who plotted egg volume against incubation period on
logarithmic axes for species from hummingbirds to ostriches and attemp-
ted to provide ecological réasons for deviations from his trend line.
The regression line in Figure 20 has been drawn up without using the
data for the fulmars; these are indicated separately. From the data
- for the other 14 petrels it is found that when Y = mean egg capacity in
-millilitres and X = mean incubation period in days then:-
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log Y = 6.116 log X - 8.8536 ovvvvrnrnennncnnnes (19)

or log egg capacity in ml = 6.116 log incubation period in days - 8.8536.
Likewise the regression of logarithm of incubation period on logarithm
of egg capacity is:

1og X = 0.152% 1og ¥ + 1.4666 cvevnvnevnenannnn.. (19a)

i.e. log incubation period in days = 0.1524 log egg capacity in ml +
1.4666. '

No species plots more than 5 days away from the regression line but
clearly more data from a wider range of birds is needed to show that in
petrels generally apart from the fulmars a linear relationship holds
between these variables.

Worth's data (partly from Bergtold, 1917) included figures for only
three species of petrel and these disagree with those used in the present
study for the same birds. Nevertheless, he noted that all three were
élow to develop for the size of their eggs and that they plotted well
away from his trend line. The latter does not agree with that in Figure
20 which is inclined more steeply to the Y axis than Worth's line.

This difference does not arise because he used egg volume rather than
egg capacity as has been done in Figure 20, The egg volume exceeds

the capacity by the volume of the shell and this, in petrels, amounts

to about 3% to 5% of the egg capacitj° If volumes were used instead

of capacity the slope of the regression line in Figure 20 would not be
altered significantly although, owing to their thick shel;s; the fulmars
would plot slightly further away from the trend line.

It is probable that had better data been available Worth would have
found that a family of curves was needed to express the relationships
between egg volume and incubation period as is shown by the graphs for
egg weight against incubation periods for sea-birds presented by‘Lack
(1967). The petrels thus form a separate group when these variables
are compared and the penguins too fail to plot near Worth's curve, being
also slow to develop. They plot along a regression line paralleling
that of the petrels but they Have shorter incubation periods relative
to the sizes of their eggs. ‘Again, as in the petrels, one group
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comprising species of the genus Eudyptes stands apart from the others
in having shorter incubation periods relative to their egg sizes.

Worth was unable to explain the slope of his curve on biological
grounds. The slope relates increase in incubation periods per unit
time to a fourth power increase in egg volume. The corresponding line
for petrels in Figure 20 is even steeper relating egg capacity to the
sixth power of the incubation period.  Evidently this is due to a com-
pound rate of change between the two variables but the biological basis
of these rates seems obscure. Needham (1931, 1963) had already con-
structed a similar curve based on egg weights and pointed out that the
trend line showed that if egg weight was increased by one thousan& times
the incubation period is only increased by about four times. For
petrels, because of the different slope to the line, the comparable
increase in incubation period would be only about three times.

Worth (loc.cit) suggested a number of ecological reasons to explain
deviations from the expectéd times from laying to hatching according to
egg volume, He thought that fast rates were largely a consequence of
selection ih the face of heavy predation and he drew attention to the

long incubation period of Fulmarus glacialis, suggesting that this would

make an interesting subject for physiological study.

Huggins and Huggins (1941), reviewing previous work, agreed that
there was a positive correlation between egg weight or egg volume and
incubation periods. They pointed out some of the deficiencies in-
previous studies and suggested that the considerable variation found in
incubation periodé for eggs of similar sizes laid by different species
:were most'likely due to the inadequacies in the data rather than being
the result of adaptive responses to ecological factors.

: The present work confirms that the correlationship between incu-
bation period and egg size applies also in petrels, with the fulmars
déviating furthest from the general trend. What is not clear is
whether the fulmars have retained a primitive pattern of short inéuba-
tion periods and have been able te colonise the polar regions because
of this pre-adaptation while other petrels have evolved longer incuba-
tion periods as they came to colonise temperate and tropical seas
'(perhaps in the face of a less plentiful food supply); or whether the

original petrels had long incubation periods and the fulmars were able
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to adapt to the polar conditions of short breeding seasons but with
long day lengths by speeding up their rates of development.

The latter alternative seems‘'the more probable. That long incu-
bation pefiods are primitive as proposed by Heinroth (loc.cit.) seems
rather likely in view of the long'periods involved in the development
of reptiles and the trend for more advanced bird groups to shorten
incubation periods. Maybe the fulmars represent a relatively recent
"development in the Procellariidae and are still evolving more rapidly
than other petrels. These are the birds that most often prove to be
exceptions to general rules relating variables like wing length to body
weight, body size, shell thickness and so on, while the only Procellari-
iform bird known to>be expanding its range dramatically in recent times

is the Northern Fulmar (Fisher, 1952, 1966).
1.3, Incubation Periods and Body Size.
11.3.1. Incubation Periods and Female Body Weights.

lLarger petrels lay larger eggs which take 1onéer to develop to

: hatching than those of smaller petrels.” The correlation between mean
female body weight and mean incubation period for 15 non-fulmarine
species is highly significant (r = +0.9586 and P- <.001) and the data
are plotted on logarithmic axes in Figure 21. ‘

This figure again. brings out “the special position of the fulmars -
Macronectes (14), F. glacialis' (17) and F. glacialoides (16), Daption
(19) and Pagodroma (20). The regression of body weight in grams (Y)
on incubation period in days (X) for the 15 non-fulmarine species is

given by:-
logY = 800‘*’96 1°g:x-1103270 ©oo0eo0ooceeece 60800000 (20)

or log body weight in g = 8.0496 log incubation period in days -
11,3270, Likewise the regreséion of X-on Y from the same data is:-

108 x = 001141 logY+1oI+325 © 000888 00006600000O0GOGO (Izoa)
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or log incubation period in days = 0.1141 log body weight in g + 1.4325,

Allowance can be made for the factor of weight by considering the
variations in incﬁbation time per unit weight of adult. The relation-
ship between that variable and female adult weight is shown in Figure
22 which is based on columnsZend 4 of the following table:-

TABLE XV DEVELOPMENT RATES TO BIRTH OF PETRELS.

Species Body Wt. ~ Tnc. Period Incubation Birth Wt.
(kg) (days) time/kg of (g)
adult (days)

a 7.801 79 ' 9.9 -
1b - 79.6 - 300
2b . 7.270 7284 9.3 340
8 2,934 65.6 22.4 160
10 2.852 6k . b 22.6 150
A kb 59,4 W4 215
16 0,741 43,5 58.7 72*
17a 0.699 . . 48.3 69.1 76
19a 0,407 45,0 111 45
20 0.244 kz,2 .. . 179 . 33
31b 0.344 52.k4 152 38
b1 0.181 46 256 2l
b3a 0,153 44,8 . 293 23
62 10.635 53 | 83 59%
6lb 0.406 51.3 126 b5
. 676 - 0,168 b9 292 21%
© 68f...  0.116 - sk L 466 ok,
S T 0,028 39.8 k21 5
~.78a  0.048 k1.5 -85 .7
79b 0.0k R 950 . 7.5 ..

A}

- * Calculated value

This figure brings out the difference in development rates between

small and large petrels as measured by the times to produce unit weight:



vw———+—— Placentals

10

ADULT WEIGHT IN KILOS

«01

) 10 100 1000 10000
INCUBATION & GESTATION PERIOD /KILO OF ADULT IN DAYS

Fig.22. ADULT WEIGHT v. DEVELOPMENT TIME TO BIRTH PER
KiLO OF ADULT IN PETRELS & PLACENTALS.



- 85,

it takes far-longer—for—a-storm=petrel to produce unit-weight of storm-
petrel than for am-albatross to produce unit weight of -albatross. -Unit
‘-weight.of‘the”tWO“anim&lsmare*nct”of*coursewequivaient;w&nitmweight-of
the smaller species including a-greater diversity-of-tissues  and-organs
i“more”differeuttation“a"thanmuntt“weight”of“the"larger~species-and~
presumably thisdifference is mainly -responsible for the longer time
needed by small petrels to produce unit weight.

This method of plotting the data follows Needham (1963) who worked
on the gestation periods of placental mammals. His data were exten-
sive and ranged over six orders of magnitude from mice to elephants and
although there was a good deal of scatter, a linear relationship held
when the data were plétted on logarithmic axes. His regression line
has been dotted in on Figure 22 and it will be seen that the two lines
- have similar slopes but that they intersect at a point representing a
body weight of about 500 grams. On these data, a petrel and a placen-
tal weighing about 500 grams will produce unit weight of bird or mammal
at the same rate. Within the size range of the petrels, large ones
produce unit weight more quickly than do similar sized mammals whereas
petrels below about 500 grams body weight take longer to produce unit

weight than do placental mammals of equivalent size.
11.3.2 1Incubation Periods and Birth Weights.

The ;elationship between incubation period and body size can also
be investigated by comparing birth weights and incubation periods.
These are given in Table XV and plotted in Figure 23 which shows, not
only the data for petrels,; but also similar curves drawn up by Needham
(loc.cit.) for birds (using Bergtold's data) and for mammalian birth
weights and gestation periods using data from Przibram (1927) and
-oéherso Birth weights for petrels have been taken from Brown (1966);
Davis, 1957); Harris, (1966); Rice and Kenyon, (1962); ﬁichdale,
(1952, 1964); Roberts~ (1940) and Warham, (1962). Hatching weights
for other species have been estimated by taking 70% of the mean value
for fresh egg weight as this was found to be the average value for
"hatching weights for the eleven species whose birth weights have been
fecordedo Needham's birth weights for birds were calculated as 75%

PR
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of thg;fresh egg weight. -

Needham's curves for birds and placentals substantiate his con-

clusion that (a) the time to make a given weight of bird is always less

than that required to make a given weight of mammal and (b) that the

prolongation of the incubation time caused by raising the hatching

weight a given amount is less than the prolongation of the gestation

time caused by raising the birth weight by the same amount.

holds too for petrels but Figure 23 shows that in other respects these

birds stand. in a rather different relationship to the mammals for

i.

ii.

iii.

iv,

Placental mammals and petrels of birth weights 30 to 40
grams take about the same time (c.50 days) from conception
to birth so that the time to make unit weight of either
animal is about the same.

Petrels with birth weights greater than 40 grams take less

time from conception to birth than do mammals of equivalent

birth weights.

Petrels with birth weights below about 30 grams take longer

>to develop to hatching than similar sized placentals do to

develop to birth. They take longer to make unit weight of
bird than do mammals of the same size = the reverse situation
to Needham's findings for birds as a whole.

Judging by Bergtold's data, petrels take about twice as long
to reach a given hatching weight as do the members of other

bird orders.

As has already been pointed out Bergtold's data were not entirely

reliable and the curve that Needham drew represents a simplification of

the true position. A series of curves is needed, as drawn by Lack
(1967) for sea-birds. Nevertheless, better data seem unlikely to
upset the above conclusions and although the Casuarilformes, the Mega-

podiidae (Frith, 1959) and the Fregatidae (Nelson, 1967) also have very

long incubation periods, petrels develop more slowly for their size

than any other group of birds and it would be interesting to be able to

extend the comparison to include the monotremes and reptiles, but this

has not been possible in the present study.

The latter
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11.3.3. Incubation Periods and Female Wing Lengths,

As it has been shown that female wing lengths may be used as a
measure of female body weights in petrels, wing lengths also bear a
relationship to incubation periods similar to that borne by body weigﬁt°
The measurement used is the cube of the wing length in decimetres.
| When incubation period and (mean female wing lengtii‘)3 are plotted loga-
rithmically the result.is a curve similar to that of Figures 20 and 21;
The fulmars and the two small shearwaters §7b and 68f again lie to A

either side of the line whose equation is:-
IOSY = 701651 lOgX-11.1220 0oee08 0000800000 0000 (21)

where Y = (mean female wing length in decimetres)3 and X = incubation

period in days.
and log X = 0,125 1og Y + 1.5694 c.ivecvvnncneenenss. (212)

of log incubation period in days = 0.125 log (mean female wing length
in decimetres)3 + 1.5694,

Thése equations are both derived from the data for the 14 non-
fulmarine -species and for all 19 species the correlation between log
incubation period and log (mean female wing length)3 is high,

r = +0.813 and P < .001.

11.4., Possible mechanisms for altering incubation periods.

If natural selection has operated on the lengths of incubation
periods in petrels, by what means have these changes been effected?
There are several possibilities:

i. Increase rates of cell division or increase cell size.

ii. Produce smaller eggs while retaining the same body size:
' such eggs‘will then take less time to develop to the

hatching stage.
iii. Produce eggs of the same size but with reduced yolks so that

hatching must take place sooner than formerly.
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iv, Produce eggs with the same sized yolks but hatch the chick

at an earlier stage and carrying larger yolk reserves in the
yolk sac.

v .Retain the egg in the body cavity before laying.

vi. Increase the temperature of the egg during incubation.

Whether the rates of cell division or the sizes of the cells them-
'selves have been increased in fulmars is not known. - The only data
relevant to this aspect appear to be those of Byerly, Helsel and Quinn
(1938) - cited in Worth (1940). - which suggest that between different
breeds of hens and ducks the rates of cell division in the eggs are the
same but the sizes of the cells vary from species to species so that ~
the different breeds have different incubation periods. Worth (loc.cit.)
however, states that in the evolution of the domestic fowl a bigger egg
has been evolved without a concomitant increase in the incubation period.

Fulmars do not seem to have shortened their incubation periods by
the device of producing smaller éggs° Apart from Macronectes, which
may perhaps lay a smaller egg than normal for a bird of its size (point
14 in Figure 6), the remaining fulmars, including those that have the
shortest incubation periods, lay eggs that are quite typical as regards
weights and dimensions (points 16, 19a and 20 in Figures 6 and 10).
Furthermore, as already emphasised, the low plot for Macromectes in
Figure 6 may be a consequence of inadequate data on body weight.

If eggs were hatched at a less advanced stage of embryonic develop-
ment than customary among other petrels in order to shorten incubation
periods an increase in nestling period would be expected unless the
chicks also left for the sea-in a less advanced state or compensation
occurred during that period in the formiof accelerated development.
There is little evidence that petrel chicks ever fledge prematurely
except for the example given by Belopol'skii (section 11.12 below) but
it seems quite possible .that. some petrels are born at a less advanced
stage than others. This is indicated by the way that all the surface
nesters, the fulmars included, guard their young for far longer than
the two or three days customary among the burrowing forms and by other
evidence discussed in section 11.6. Some compensation may also occur

as among fulmars both incubation and nestling periods are short

(11.12).
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Egg retention in the body cavity before laying would clearly
shorten the apparent incubation period. It is now ‘known that in at
least six petrels either the femalesor bqth sexes remain at sea until
shortly before laying (Warham, 1964) and egg retention might be feasible
without impairing the adults' feeding ability, particularly in food- '
rich areas like thé Southern Ocean. Cuckoos are well known for their
ability to delay egg laying (Stresemann, 1927-34; Liversidge, 1961)
‘but whether such a device is used by fulmars is unknown. It is perhaps
relevant here to note the findings 6f Brody and Henderson (1927, in
Brody; 1945) that, with the domestic fowl, increase in temperature of
the egg such as would occur if it were retained in the shell gland has
the greatest effect on embryo development when occurring at an early
stage. The atypically short period of 43 days for a Northern Fulmar
mentioned previously may also be noted. An examination of the embryos
of new laid fulmar eggs for comparison with those of.otﬁer petrels
would readily resolve this matter but such eggs have not been available

to me in the course of the present study.
11.5. Egg and Body Temperatures in Petrels.

As differentiation andldevelopment involve many chemical processes
differences in egg temperatures will affect development rates, at least
within 1limits, and Bergtold (1917) suggested that the body temperature
of the parent bird was the most important factor controlling incubation
~time. He attempted to show that large birds have lower body temper-
atures than small ones and that members of the more highiy evolved
groups have higher body temperatures than those belonging to more pri-
mitive groups. Kendeigh (1940), who used rates of gaseous exchange of
the eggs to measure rates of growth of their embryos, also investiga-
ted the effects of temperature on the deve10pment of the House Wren.

He also thought that inter-specific differences in incubation temper-
atures might affect the lengths of their incubation periods even
though the different species might be adjusted to particular incubation
temperatures.

Huggins (1941) determined the egg temperatures of 37 species

belonging to 11 orders of birds. The data were obtained under natural
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conditions and no significant differences were found in the average
temperatures from order to order. The mean figure of 543000 had a
standard deviation of 2.28°C. He concluded that there could be
little difference in the average body temperatures of the incubating
birds and that other factors must control the lengths of the incuba-
tion periods. Irving and Krog (1956) found no significant difference
in égg temperatures among 7 species of Arctic birds from those deter-
mined by Huggins and they noted the low variability in resting body
temperature among the 29 Alaskan birds they studied. Neither they
nor Huggins had data for petrels but recently some members of this
order have been examined and consideration of their egg and body tem-
peratures seems appropriate.

Unfortunately there is little quantitative data on the effects of
" differing temperature regimes on. incubation periods and none for
petrels. Kendeigh (1940) calculated that for a House Wren whose eggs
are normally hatched at 3500 in 13 days, the incubation period at
32.2°C and 37.8°C would be 18 and 10 days respectively; that is, a
fall and rise of 2.8°C would lead to alterations of +40% and -23% in
incubation period. Frith (in Nice, 1962) provides an example of the

effect of temperature on incubation in the megapoce Leipoa ocellata

whose eggs are laid in a mound of decaying vegetation. They hatched
in summer after about 57 days at 33003 took up to 90 days in late
‘autumn but in an incubator at 27.7°C hatched in L4 days, though pre-
maturely and with their yolk sacs sfill attached. Frith (1959)
ascribed such differences in incubation periods to the differences in
temperature levels within the mounds. ' These data from two very dis-
similar species suggest that quite small changes in egg temperature
may result in substantial changes in incubation periods.

The available data for petrels are given in Table XVI. The
figures used are as far as possible those of birds that were incuba-

ting or otherwise reasonably inactive.
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TEMPERATURES OF INCUBATING PETRELS AND THEIR EGGS.

TABLE XVI.
(Numbers of determinations in parentheses)
Species Body Temp. Egg Temp. Reference
°c °c
2 D.exulans 39.6 (11) Eydoux & Souleyet, 1838.
7 D.bulleri 39.5 (3) Warham, unpublished.
8 D.nigripes 28.1 (10) 36.4 Howell & Bartholomew,
1961a.
10 D,immutabilis ‘37,5 (10) 36,0 " ’ n
16 F.glacialoides 38.8 (23) 29.3 (&) Etchécopar & Prévost,
| | 1954; Prevost, 1964.
19a D.capensis 39,1 (29) 29.6 (10) Prévost. 1964,
20 P.nivea 38.7 (26) 26.0 (9) ibid.
38a  P.hypoleuca 38,2 (10) Udvardy, 1963.
49  B.bulweria 37.8 (10) "
Lza P.desolata 38.6 (43) Tickell, 1962.
4s  P.turtur 39.9 (28) Farner, 1956.
- 59b P.pacificus 39,5 (11) 34,3 (10) Howell & Bartholomew,
’ 1961b.
62 P.tenuirostris 40.9 (37) Farner & Serventy, 1959.
P.nativitatis 38,1 (10) Howell & Bartholomew,
1961b.
64a P.puffinus 37.0 (4) " "
69a 0.oceanicus 38.8 (10) Roberts, 1940.
78a 0.leucorhoa 37.2 (14)  22.5 (9) Folk, 1951.

In discussing early work on body temperatures Simpson (1912)

pointed out that determinations made on birds dragged on board at the

end of fishing lines were likely to be abnormal because protracted

struggles involve heat production. .

Nomtheless, the data obtained by

these methods do not show any marked rise compared with those in Table

XVI.

Thus two specimens of Procellaria aequinoctialis had rectal

temperatures of 40.8 and 39.700, five of Daption capensis averaged

hO.?oc, two of Procellaria cinerea 39.6°C, two of Macronecies 39;700.
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while 9 specimens of Diomedea exulans and D. chlororhynchos had mean

temperatures of'40.7°C. A single specimen of Hydrobates pelagicus

vrthat-alighted on the deck of a ship was found by Simpson to have a
cloacal temperature of 39.8%. Folk (1949, 1951), Farner (1956), and
Farner and Serventy (1959)‘have shown that there is a significant
1difference in the body temperatures of petrels that are incuhéting and
those on the surface shortly after arrival or shortly before their
departure‘in the early morning. -~ Incubating birds have lower temper-
atures than active ones and it is the temperature of the inactive bird
:'that will be ciosest to that of the incubated egg.
| : An analysis of the body temperatures given in Table XVI suggests
that'pefrels have significantly lower body temperatures than other
birasbfqr which data are available. Indeed, the only other bird group
to show lower body temperatures than the petrels are penguins of which
the four species listed by King and Farner (1961) have body temperatures
-~ ranging from 3707'to}8,1°.c° These birds also have long incubation

‘periods. ' ' ' ‘
~ The mean body temperature with standard error of the 17 species of
 petrel listed in Table XVI is 38,65 & 0.2425%°C vevuvrnnenonnns (a)
and fhe sample means have a normal distribution about that figure.
, The mean temperature with standard error of the 28 species of
non-Procellariiform birds listed in King and Farner's Table VIII is
40,'02':0,131300‘;_;”_»”.”“”““”_',; .......... (B)
u The mean temperature with standard error of the 70 species of
non-Procellariiform birds listed in Klng and Farner's Table IX is
41,25 2 0,1410% (c)

If A and B are compared the difference between the means is

1,3700 and the standard error of the difference is 002758000 This
difference is thus highly significant, ‘P < ,001. Likewise if A and C
arercompared; the difference between the means if 2.60°C while the
‘ standaru error of the difference is 0.2806°C, and here again the mean
temperatures are significantly different with P << .001.

>-' Gh fhis evidence therefore, it seems that petrels'do have lower
body temperatures when at rest than other birds apart from penguins
':and for both these groups of sea-birds Bergtold's hypothesis, that body

temperature is an important factor controlling incubation periods,
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‘seems to require further investigation. Nice (1962) using data from
fewer species than given in Table XVI also commented on the association
of prétracted incubation periods with low body temperatures in petrels
Awhile Brown-Séquard (1854) had long before drawn attention to body
.temperatures of petrelé captured off the Cape of Good Hope which he
thought surprisingly low in view'of their active habits.

| Few determinations of the temperatures at which petrels' eggs are
incubated have been obtained. Determinations reported by Etchécopar
- and Prévost (1954); Prevost (1964) and Folk (1949, 1951) suggest that
' thé égg temperatures of petrels may be considerably lower than those of
the species studied by Huggins (loc.cit.). ' With Prévost's birds, all
‘Antarctic Species, the ranges of egg temperatures were wide - 21.4 -
31.6°C for Pagodroma; 22.9 - 33. 6°C for Daption and 27.2 - 33.0°C for

Fulmarus glacialoides. These were much greater than the ranges of

ithe‘body temperatures and suggest that the eggs were getting cooled,
‘pgrhapsigs é result of human interference, shortly before measurements
were taken. The ambient temperatures were slightly below zero and the
wind strengths about 6 to 8 metres per second so that cooling effects
could haée been highly important and, in conjunction with difficult
,fiéld conditions. may explain the variations and low figures obtained.

| It seems probable therefore that the true egg temperatures for
tﬁese three species when undisturbed were closer to the maxima recorded
by the French workers. This belief is reinforced by the data on the

' albatrosses Diomedea nigripes and D. immutabilis and the shearwater

Puffinus pacificus given by Howell and Bartholomew (1961a; 1961b) who

,found that egg temperatures were not sighificantly different from those
of the incubation patches. The ambient temperatures under cloudy
skies were about 21°C-when the measurements were made so that cooling
effects would have been much less important here. Furthermore, the
'tropical species_studied by Howell and Bartholomew may have been more
:v‘adcustomed to the near approach of human observers and therefore less
prone to lift from their eggs than EtchecOpar and Prevost's birds.,

If egg temperatures of the order given by Folk and Etchécopar and
Prévost are really typical of petrels then the whole question of the
temperature range within which petrei eggs develop calls for investi-

4‘gationa These egg temperatures are close to the physiological zero
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‘for the domestic hen of 26.7°C given by Funk and Biellier (19hk).
Such low temperatures, if not artifacts, would make the abbreviated
incubation periods of the southern fulmars even more remarkable. In
discuésing his results Folk (1951) pointed out that they helped to

explain the long incubation periods he found for Oceanodroma leucorhoa.

Data on the Antarctiec Skua Stercorarius skua maccormicki, a bird
that'élso incubates at low ambient temperatures, are perhaps relevant
here. The birds had a mean body temperature of 41,2°C and their eggs
a mean temperature of 35°9°C at Wilkes Station, Antarctica, That is,
the eggs were only about 5°3°C below that of the body temperature of
" the incubating bird (Eklund and Charlton, 1958).

_ The range in temperature of the skua eggs was quite wide, some
16°5°C, which the authors ascribed to the frequent changes of the
adults on the eggs, i.e. to cooling by the ambient air. The range of
temperature is less than that found by Etchécopar and Prévost, the
"differenCe perhaps reflecting in part the more severe climatic con-
ditions at Point Geologie than at Wilkes.

Embryos developing within an egg and within a placenta clearly
have many features in common but it is nevertheless rather surprising
to find animals as dissimilar as mammals and petrels having such
similar weight-specific development rates in the period before birth.
:However‘Nice (1962); who compared the development of behaviour in the
Song Sparrow with that of the domestic mduse, found many correspondences
in the lengths of the stages through which both progressed to indepen-
dence. Again, the similarities and differences in the relationships
between metabolic rates of passerine and non-passerine birds and of
mammals (the curve of body weight to standard metabolic rate on loga-
rithmic axes for non-passerines closely approximates that of mammals)
also suggest that the relationships between these variables are fun-
damentally similar in the two animal classes (Brody; 19455 Lasiewski
and Dawson, 1967). That an albatross has a faster rate of development
‘than a placental of similar size may be a response to the restrictions
of the cleidoic egg and particularly to the bird embryo's inability to
eliminate waste products which are excreted in the mammal through the
maternal kidneys, as Needham (lgg;giio) suggested for birds in general.

It might appear that the relatively low body temperatures of



95.

‘placentals and petrels compared with those of higher bird groups could
account for some of the similarities seen in Figures 22 and 23.
Petrels, with a mean resting body temperature of 380600, compare with
the mean value of 37.8°C given by Morrison and Ryser (1952) for 56
species of placental mammals and 41.2°C for 70 species of birds (King
and Férﬁer, 1961). Placentals thus approach more nearly to petrels
..in their body temperatures so that it seems possible that body temper-
ature controlling the temperatures of homologous chemical processes in
the embryo mammal and petrel, could be an important factor in deter-
mining their developmental ratés,~ Nevertheless the data do not enable
a clear-cut conclgsion to be drawn. In the first place, while the
body temperaturesvof the two groups are rather similar suggesting a
. difference in resting metabolism of only about 10% (Rodbard, 1950),
the temperatures of their embryos may be rather different for whereas
the mammalian ones are jacketed at a constant temperature within the
- maternal body the petrel embryos lie externally. Even though the egg
fits snugly into what almost amounts to a pouch and probably lies on
the feet of the parent rather than directly on the often cold substrate,
the egg must develop at a temperature below that of the parent.
Unfortunately the egg temperature data in Table XVI are somewhat
ambiguous. Even if those of Folk and Prévost are too low it will be
seen that the temperatures of the eggs of species 8 and 10, both
tropicél albatrosses, are above that of BhOOOC determined by Huggins
(1941) for birds in general. These data suggest that, at least in
‘these two species, low egg temperatures cannot explain their long

incubation periods. Yet for a third species, 59b, Puffinus pacificus,

breeding on the same island as the albatrosses, the egg temperature
was two degrees lower. The anomaly may be more apparent than real.
The albatross eggs were well incubated so that their embryos may have
been producing a considerable amount of metabqlic heat and it is
suggestive that the body temperatures of brooded, recently hatched
young were significantly higher than those of the brooding adults
(Howell and Bartholomew, 1961b). ~ The shearwater egg measurements
were made on eggs lacking visible embryos; this may explain their

~markedly lower temperatures.

Furthermore, even were the mean egg temperatures for petrels
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éignificantly lower than the mean egg temperatures for other birds,

N this would not enable a meaningful comparison to be made. For one

" thing Huggins (lgg.giﬁ.) showed that with most of the birds studied by
.;him, the éggs were subjected to a fluc%uating temperature regime as
 ‘were thqse of the Antarctic Skua studied by Eklund and Charlton already
discussed., These conditions are quite different to those under which
 the petrel egg develops. Petrels sit very tightly and incubation is
continuous apart from the occasional absences already discussed.

Howell and Bartholomew (1961b), for instance, found that the eggs of

Puffinus pacificus varied by only 0.6°C in three hoursé continuous

recording. Thus a comparison of-the effect of temperature on incuba-
1fion between petrels and other birds would involve comparing fluctuat-
ing with steady states. Furthermore, due to the increasing liberation
6f metabolic heat by the embryo, the temperature of the egg tends to
‘rise throughout incubation (Ecclesmeyer, 1907 in Needham, 1963;
Kendeigh, 1940) and petrels, unlike some other birds, do not seem to
. apply theméelves any less closely to their eggs in the later stages
of incubation than they do at the start of this process. And in some
sea-birds this risé»may be considerable, though again there are no
déta for petrels. During the 28 days incubation of the Antarctic
Skua, Spellerberg>(1966) recorded a graduai rise in mean egg temper-
ature from about 28°c to 39°C.

Récently McNab (1966) has revived the idea that small birds have
. higher basal mefabolic rates and temperatures than large ones (as
’prOposéd by Bergtold, 1917) and he has modified the equation relating
bééal metabolism to body weight of King and Farner (1961) to relate
body weight and body temperature. The data in Table XVI, however,
do not support’the idea that smaller petrels have higher resting
temperatures than large ones (r = + 0.151; P ?{0,1), although any
such teﬁdeﬁcy might be expected to show particularly clearly in a
group with so wide a range of body size. Similarly Udvardy (1953)
could find no relationship between body temperature and body weight in
the 541 specimens of 67 species that he measured. Likewise there
seems'to be no correlation between body temperature and weight in
placental mammals (Morrison and Ryder, 1952 modifying Rodbard, 1957)

wherggstiéﬁre 23 would suggest that, if temperature is an important
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factor affecting gestation periods, small mammals would have higher
body temperatures than large ones, and even higher perhaps than those
of small petrels. S

An additional complication in comparing development rates
between mammals and petrels is that the mammalian foetus, at least in
the rat, has a similar weight-specific metabolic rate to that of the
adult but lower than that of the newly born rat (Kleiber, Cole and
Smith, 1943), whereas the petrel embryo is initially poikilothermic
and only gradually attains a measure of homeothermy during incubation
and at the same time must raise its metabolic rate accordingly.

"It seems therefore, that despite the significantly lower body
temperatures of petrels and the conjunction of low temperatures with
extended incubation periods found among reptiles and monotremes, the
present data are insufficient to determine to what extent long incuba-
tion periods are the result of low temperatures during development
within the egg and to what extent to genetical, size and other factors.
Heasurements of petrel egg teﬁperatures throughout incubation would be
revealing while attempts at artificial incubation at different temper-

ature regimes would also throw light on this aspect of the problem.
11.6. 1Incubation Periods and Egg Composition.

As the yolk comprises the main food reserve for the embryo the.
latter cannot remain for long within the shell once the yolk has been
consumed. Both altricial and precocial chicks .hatch before this
stage is reached but the yolk reserves carried by the hatchlings in
their yolk sacs are generally far larger in altricial than in precocial
species of similar Body weights.

Pycraft (1914) seems to have been one of the first to suggest that
the size of the yolk supply largely governed the length of the incu-
bation period.

The compbsition of birds' eggs and the relative proportions of
yolk, albumen and shell have been examined by several workers, whose
findings were discussed by Heinroth (1922), Romanoff and Romanoff
(1949) and Nice (1962). ' .

: The Romanoffs gave a table for 10 altricial and 10 precocial



98.

species relating the weights of the egg components to the weights of

the intact egg. These data may be summarised as follows:-

% Yolk % Albumen % Shell
Altricials 12-27 68-79 5-10
Precocials 32.40 50-56 8-14

These authors also pointed out that the proportions of the component
parts vary with the size of the egg. In general, for both precocials
and altricials, larger eggs have relatively smaller yolks and more
. white and shell than smaller ones. This evidently applies both intra-
and inter-specifically for with the domestic hen large eggs contain
.smaller jolks relative to total egg weight than do small ones (Curtis,
' 1911).,
_ Data for 12 species of petrel are listed in Table XVII and plotted
in Figures 24 A and B. The first figure shows how the weights of the
parts vary with the weights of the eggs and the second figure presents
the éame information on a percentage basis. The graphs are based on
small samplés and the trend lines are drawn in by eye. The correla-
tions are good. For egg weight to yolk weight r = + 0.9977, for egg
weight to albumen weight r = + 0.9988 and for egg weight to shell
weight r = +ﬁ0.9523; P<< .001 in each instance.

| .My data and those obtained by colleagues were taken from freshly
lai& eggs which were hard boiled, cooled, and then separated into
shell with its underlying membrane, the albumen, and the yolk. Each
component was then'weighe&. Boiling resulted in a loss of weight of
about 1-3% of the total egg weight and as this loss is believed to be
mainly due to loss of water from the albumen the figure for that com-
poneht was increased by the difference between the fresh egg weight
and the boiled egg weight as recommended by Curtis (1911). The
latter author also discussed ways of assaying egg composition and
although her methods gave greater accuracy than that adopted here, they
would be difficult to use in the field. The hard-boiling procedure
gives results that seem adequate for an initial examination of trends
and fhé data for the eggs analysed by me do not show much variation

although all the samples are small.
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TABLE XVII: THE COMPOSITION OF SOME PETREL_EGGS
Species No. Fresh Shell White Yolk
wt(g) (g) (8) % (8) %

7 D.bulleri 2 24k7.5 18.2 7.4 160.8 64.9 68.5 27.7
14 M.giganteus 5 233.8 26.2 11.2 142,5 61.0 65.0 27.8
16 F.glacialoides 9 103.h 11.2 10.9 61.6 59.6 30.5 29.5
17a Féglacialis 4 97.0 9.6 9.9 58.7 60.6 28.7 29.5
19a D.capensis 10 67.3 7.6 11.2 38,5 57.0 21.4 31.8
20 P.nivea 6 56.8 5.5 9.7 31.9 56.2 19.4 3k4.1
27b P.neglecta 3 68.7 5.2 7.5 38,5 56.2 25.0 36,
38¢ P.nigripennis 1 - 42,6 2.4 5. 2%3.6 55.4 26.6 39.0
59a P.pacificus 3 76.9 6.1 7.9 45,7 59,5 25.1 32.6
62 P.tenuirostris 1 80.0 8.5 10.6 43.5 Shk.h4 28,0 35.0
67 P.lherminieri 6 25,7 2.0 7.8 14.8 57.5 8.9 34.7
71¢ P.marina 2 20,6 1.6 8.0 10.9.52.7 8.1 39.3

(Data. for species 14, 16, 19a and 20 from Etchecopar and Prévost

(1954) ;

Drs. Dunnet, Serventy and Harris respectively; the remainder

determined by the author.)

those for 17a, 62 and 67 in personal communications from
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Figure 24 shows that the trends noted by the Romanoffs in other
bird groups also apply among the Procellariiformes. Increasing egg
size is accompanied by increase in absolute weight of all the three
components but relative to the fresh weight of the intact egg the
amounts of albumen and shell increase whereas that of the yolk decreases.

Nice (loc.cit.), commenting on Etchécopar and Prévost's data for
penguins and petrels, states '"We do not know whether the large amount
of yolk is an adaptation-to extreme cold or is a characteristic of
these orders throughout their range. It may indicate that penguins
and albatrosses and perhaps petrels are really more semi-precocial
than semi-altricial“. The data in Table XVII do not suggest that
habitat temperatures have any bearing on yolk quantity among the Tubi-
nares. On the basis of their egg composition these birds lie nearer
to the precocial category than to that of the altricials. But these
terms are difficult to define precisely for the states of maturity of
néwly-hatched chicks form a continuum between the extreme precocity of
the young megapode that can fly within a few hours of birth, is homeo-
thermic and receives no parental care, to the passerine wholly depen-
dent on its parent for food and most of its warmth for some consider-
able time before the acquisition of homeothermy and independence.

These two categories have been subdivided in various ways e.g.
by Poftmann (1938), Verheyen (1948), Needham (1950), Nice (1962) and
others. King and Farner (1961) consider them in respect of thermo-
regulation only, pointing out that from the start of incubation there
is a gradual change in the thermoregulatory contributions of the
adults and the young to the eggs or young. Nice (loc.cit.) used
additional criteria: whether the eyes were open at birth, the body
naked or down covered, the chick able to move about within the first
day or so, and so on. For Farner and Serventy (1959) the burrowing

Puffinus tenuirostris and Pachyptila turtur are precocials as they

attain homeothermy within a day or so after hatching. Nice, on the
other hand, categorised the petrel chick as either "semi-precocial”
or "semi-alfricial", the latter being down-covered and unable to
leave the nest for some time after birth, the former being born with
eyes open, down-covered and staying in its nest though able to walk,

e.g. gulls and terns.
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The Tubinares are precocial in acquiring homeothermy soon after
hatching, usually being born bright-eyed, clad in down, soon able to
perform a variety of comfort and exploratory movements and not, as far
as is known, learning from their parents how to find food for them-
selves. They are altricial in being able only to shuffle around
during their first few days in the nest, born with limbs poorly deve-
loped, needing a little warmth and a considerable amount of care from
their parents, while growth, maturation and learning are necessary
before the chick can fend for itself.

Thus it is a matter of what characters are used and what weight
is given to these as to how petrels should be classified in respect of
their maturity at birth. Their relative immobility in their early
days seems to be mainly a consequence of the need for a sea-bird to
nest on land whereas most precocials nest and feed cn the ground. For
the present purpose I propose to treat the petrels as semi-precocial.

Even within this rather homogeneous order there are differences
among species in the degree of maturity at birth. Whereas many
Burrowers acquire homeothermy within 2 days of emerging from their
eggs, the surface nesters seem to take longer, perhaps weeks to reach
this stage, and they also tend to be born with rather thinner coats of
down than the burrowing species (Richdale, 1943 and pers. observations).

The young Pelecanoides is likewise clad initially in thin down with a

bare patch on the crown and is brooded for at least a week (Richdale,
1965a) . The state of the down of the albatross hatchling suggests
that it is born at an earlier stage of development than the chick of a
burrowing petrel. This, and the increase in the length of the guard
stage with increase in body size, may be a consequence of the con-
comitant reduction of yolk relative to egg weight. Small petrels with
yolky eggs may thus be said to be more precocial in both these features
as well as in their ability to control their body temperatures.
Unfortunately, although there are good data on the length of the guard
stage for surface nesters (16 days for Daption; 18 for F.glacialoides;

9 for Pagodroma; <20 for Macronectes; 17 for D.immutabilis; 19 for
D.nigripes; and 40 for D.epomophora) there is little information on

the period during which brooding is necessary. Towards the end of

the guard stage and sometimes long before this, chicks are found
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sitting beside their parents. Prévost (1964) believes that homeo-
thermy in the southern fulmars is only attained shortly before the end
of the guard stage. If this should be so then these petrels are born
at an earlier physiological stage of development, at least as far as
thermo-regulation goes, than burrowing species. On the other hand
Howell and Bartholomew (1961) provide data that indicate the attain-

ment of homeothermy in the young Diomedea nigripes and D.immutabilis

within a few days of hatching and well before guarding has ceased.

The data in Table XVII do not suggest that the relationships
between egg size and egg composition among petrels are markedly dif-
ferent from those existing among other precocials. The yolk weights
of seven of the ten precocials listed by the Romanoffs are very similar
to those predicted from the curves in Figure 24 for petrel eggs of
similar sizes: they conform quite well withéfhose of duck and game

birds, for instance. But two species, Emu (Dromaius novaehollandiae)

and Ostrich (Struthio camelus), have substantially larger yolks than

would be expected for hypothetical petrel eggs of similar weights.
Another precocial species with a much bigger yolk supply than a
petrel's egg of similar weight is that of Megapodius whose eggs, con-
taining 62% of yolk by-weight, are more yolky than those of most
reptiles (Meyer, 1930).

From the direct determinations of yolk weights given above and
by calculating the values for other species using the trend line of
Figure 24A it is possible to gain some idea of the relationship between
the initial weight of the. yolk and the length of the incubation period

in petrels. The calculated data are as follows:-

TABLE XVIII: CALCULATED YOLK WEIGHTS FOR PETREL EGGS.

Species Yolk Wt. Incubation
' (g) period(days)
2b D.exulans _ 132 78
8 D.nigripes 80 66
10 D.immutabilis 79 64
31b P.hasitata 18 52
Lzg P.desolata 12 Ls
64b P.puffinus 19 . 51
7k H.pelagicus 5 4o
78a 0.leucorhoa 6 k1.5
79b O.castro . 6 42

67b P.lherminieri 12 52
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The combined data are set out on logarithmic axes in Figure 25.

" The fulmars are again indicated separately while the incubation period
for Pagodroma is that given by Prévost (1964) for the large form
studied by him of about 40 days and not for the smaller one studied by
Brown (1966). It will be seen that there seems to be a linear
relationship between the log of yolk weight of the newly laid egg and
the log of the time between laying and hatching at least for the non-
fulmarine species whereas the latter have shorter incubation periods
than the rest relative -to yolk size. The similarity of this figure
to those of Figures 20 and 21 will be noted. Figures 24 and 25 show
that the short incubation periods of the fulmars are not a consequence
of their eggs having relatively small yolks which would force hatching
to occur earlier. Either the rate of development of these eggs is
faster or the chicks hatch carrying larger reserves in their yolk sacs
than do other petrels of equivalent size or one or more of the alter-
natives discussed in sectlon 11.4 above apply.

The relatlonshlp indicated by Figure 25 could reflect a causal
association between yolk weight and incubation period but any such
association must be quite different from that of other precocial
species as these hatch eggs of sizes similar to those of petrels in
much less time than tﬁe latter. Thus while the size of the yolk
supply may have an important bearing on inter-specific variation in the
length of incubation periods this does not explain the abnormal length
of these periods in petrels generally. It must be pointed out,; how-
ever, that no investigation of the quality of the yolks of petrel eggs
has been made; conceivably these could have a higher fat and energy
contentAthan those of other birds and enable the embryo to remain
longer within its shell. It is known that there are differences in
the lipid contents of yolks (Romanoff and Romanoff, 1949; Kuroda,
1963) even though it has been possible to exchange yolk and albumen
between eggs of different species without interfering with normal
development (Ermanov, 1934 in Needham, 1950).

Assessment of the role of the yolk in the development time to
hatching of the petrel egg is hindered by the lack of information
concerning the proportion of yolk still unused and retained in the yolk

sac at the time of hatching. In the previous discussion it has been



104,

assumed that comparable proportions are retained by the different
hatchlings. Clearly it would be better to relate the lengths of the
incubation periods with the weight of yolk actually consumed between
laying and hatching, or to some more precise measure of energy con-
sumption.

Petrel chicks contain a yolk reserve at birth and this could be
of particular value to the young of burrowing forms that are left
unattended at two or three days old. Parental visits for the purpose
of feéding the chick tend to be erratic perhaps because long distances
are covered in the -quest for food, so that an energy reserve early in
life when the small chick is probably losing heat at a higher rate than
at any subsequent time (due to its high surface area to body weight
ratio) could be of survival value. Reid and Bailey (1966) have demon-
strated a similar function for the yolk reserves held by the young

Adelie Penguin (Pygoscelis adeliae). This can survive for 6 days if

its parents are delayed from feeding the chick by rough seas or by long
treks ovér fast ice.

The albumen of an egg holds in its colloidal matrix about two-
thirds of the developing embryo's water supply (Gray, 1926 in Needham,
1963) as well as important store of protein. By the time of hatching
this water supply is exhausted. Birds' eggs, unlike the highly
ledithal eggs of reptiles, cannot absorb significant amounts of water
through their shells. Needham (loc.cit.) believed that bird embryos
are short of water, not only heeding all that can be held in the
albumen, but also utilising the fatty acids of the yolk as energy
sources because these produce water on combustion.

Personal observatioﬁs of newly hatched petrels do not suggest that
the young storm petrel or prion, born from an egg with a low albumen
content, and the albatross, born from an egg with a high albumen con-
tent, differ noticeably in the wetness of their down. Nor have I
ever noticed any surplus water in the discarded eggshells at this time.
Thus it seems probable that in petrels too the water supply is exhaus-
ted by the time that incubation is complete.

Several possible advantages are gained by the larger species in
secreting larger amounts of albumen around their egg yolks. Despite

a slight reversal of the tendency among the fulmars, it seems clear
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that the larger the bird the longer must be the time taken to reach a
given stage of development. Increased time within the shell means
increased time during which uncontrollable loss of water through the
shell occurs. Thus the ‘larger the egg the greater the water store
required for development. In addition, the larger the egg and the
longer the development before hatching the greater the quantity of
water needed to dilute the nitrogenous and other toxic products of
combustion. Acting to lessen water loss in larger eggs are their
thicker shellg)which may ‘perhaps retard passage of water outwards,and
the reduced ratios of surface area to weight (Dunn, 1922 in Needham,
1963). In addition, low egg temperatures would be expected to lessen
water loss as demonstrated by Kendeigh (1940) in his study of the
House Wren. :

The proximate cause of the regular trends in egg composition
demonstrated here may lie in the mechanics of egg production. Although
there appear to be no data on oviduct size in birds, it is known that
the relationships of many organ weights to body weights conform to
allometric formulae but that the slopes of the curves relating these
variables differ (Brody, 1945; Rensch, 1966). That is, the different
organs do not increase in size at the same rate with increasing body
size. The albumen of an egg is secreted in response to pressure on
the epithelial cells of the magnum so that the insertion of a foreign
object like a ball bearing results in the production of an "egg" with
the object at its centre. Thus if the larger yolks released by the
larger petrels are passed into oviducts that are slightly smaller
relative to these yolks there will be more pressure between the exten-
sible walls of the oviduct and the yolk. This will result in
increased stimulation ofjthe secretory cells, a greater deposition of

dlbumen and of shell, and a more elongated egg.
1.7 The Nestling Periods of Petrels,

The time that elapses from the liberation of the petrel chick
'ffom the eggshell to its first flight - the nestling or fledgling
periocd - varies between about 50 to 280 days. The smaller species

usually fly at an earlier age than the larger ones do but those with
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the shortest nestling periods are not the species that are smallest
in size.

The available data are set out in Table XIII. Mean values
based on samples of very varied size are given in column 5 and the
total time between egg laying and the date of first flight in the
final column of the table.

?recise information on nestling periods is not as easily obtained
ag is that for incubation periodsand is seldom determined to within an
accuracy of more than half a day; more usually the individual figures
are accurate to I day. Furthermore, the nestling period as defined
above may not be the age at which the chick reaches the sea. Most
chicks do achieve that on their first flight but sometimes they alight
on the breeding grounds and their final departure may be delayed
accordingly. This occurs with surface nesters like Macronectes and
the albatrosses (personal observations) and can then be easily over-
looked. In practice, the nestling period is often taken as the age
at which the chick disappears after having reached the appropriate
state of development. Errors are even more likely with burrowing
species as the young birds leaQe under cover of darkness and some,
failing to get away befére dawn, take refuge in burrows at lower alti-
tudes where they may remain for several further days before finally
departing. AThus recorded nestling periods probably tend to under-
estimate the birds' true ages when they reach the sea.

For a given species the nestling periods are more variable than
incubation period; ranges and variability are shown in Table XIX.

The mean coefficient of variation in nestling times for the 12 species
listed is 4.67 which compares with a mean coefficient of variation in
incubation periods for.7 species from Table XII of 1.66.

Because of continuous incubation and the limited intra-specific
~range of body temperature the embryo develops in a very uniform
environment and its energy supply is fixediat the time of formation of
the egg. The chick, on the other hand, develops for most of its time
exposed to a fluctuating micro-climate, its enérgy intake varying with
personal characteristics of its parents and with climatic and other
factors affecting their food supply. Thus a greater variability in

nestling periods is to be expected. The weather at the time when the
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TABLE XIX: RANGES OF VARIATION IN NESTLING PERIODS IN PETRELS.
(A1l times in days)

Species N Range Mean % S.D. - Coeff. Authority
of Var.
1b 17 216-252 236 < 10.6  b4.u9g Richdale, 1952.
2b 35  263-303 277.7 L 2.8 1.0 Tickell, in 1itt.
17a 2b  41-57 47,1 ¥ 4,0  8.49 Fisher, 1952,
19a 15 47-52 48.8 ¥ 1.5  2.99 Pinder, 1966.
20 - 7 L48-s4 50,7 £ 2.1 4,14 Brown, 1966.
43a 22 h2-sh 50.5 £ 2.8  5.6h4 Tickell, 1962.
45 139  43-56 50,0 £ 2.5  5.00 Richdale, 1965b.
60 535  86-106  96.7 + 4.7 4,86 Richdale, 1963.
64b 53 6276 69.3 £ 3,0 4,27 Harris, 1966.
7¢ 40  52-67 57,3 L 2.8  4.89 Richdale, 1965a.
7k 32 56-73 62.8 £ 3.5 5,57 Davies, 1957.
I 2.5  4.65 Richdale, 1965a.

83a ? 47-59 53,7

birds are ready to leave also plays a part. Calms or gales tend to
delay departure and lengthen nestling periods, an effect that is most
readily detected among surface nesting species like Macronectes

(Warham, 1962) and Diomedea epomophora; the latter's chicks may

require a wind speed of at least Beaufort Scale > for their first
flight (Richdale, 1952).

The pattern of growth in the nestling is generally similar to that
of von Bertalanffy's third type (wheré metabolic rate is proportional
to aifiguré intermediate between body weight1°oo and body weighto°75 )
in which the curve for weight increase is of a decaying exponential
pattern without any point of inflexion whereas the curve for linear
growth e.g. that of the wing, is S-shaped with a point of inflexion
(von Bertalanffy, 1957). However, the weight of a growing petrel
chick generally levels off at a figure well above that of adult weight
and then declines somewhat to fledging. Departure generally occurs

when the chick is 5 to 10% heavier than the adult. During growth a
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have been measured precisely ‘in any petrel and-in the light-of recent

work on ‘the Swallow-Hirundo rustica (Ricklefs, 1968), where the excess

inwweight”reéched“by“the“nestlingS“abovewthatwof“the“aduitfcanﬂali be
accounte&“for‘bymthe“accumuiationwofﬂwater“in“thE'tissues; the question
of the~peak“weight8“of*petreIS“needS»further”investigationa Lack (in
press) discusses the role of these fat reserves and Harris (in press b)
details of growth rates in petrels of the genus Puffinus.

Apart from its weight the fledgling's dimensions are almost those
of the adult. Some slight feather growth often follows fledging and
chicks may fly with down still adhering to their bodies but it seems
that the development of the flight feathers is not mainly dependent on
the state of nourishmént of the young bird but rather to hereditary

factors (Lack, in press), at least in Puffinus puffinus.

11,8, Nestling Period and Egg Size.

Figure 26 shows the relationship between mean nestling period
and mean egg capacity for 29 species. The data come from Table XIII.
All available data are plotted but only those points based on exact
determinations of nestling period are numbered.

The correlation between these variables for 2k species
(r = +0.9535; P < .001) and the distribution of the points suggest
~a linear relationship, particularly if the plots for the fulmars
(boxed in the figure) are omitted. The equation for the regression

line, which is based on figures for the 19 non-fulmarine species, is:
Y=®uh96x + 52061 #0009 6 680009 6€8&8600606060606000060600680s000e0¢000 (22)

where Y is the mean nestliﬁg period in days and X is the mean egg
capacity in millilitres.

There is a good deal of scatter about the trend line but the most
marked deviations are for the fulmars which plot far below the line.
They have much shorter nestling periods than would be expected on
basis of their egg sizes judged by the relationship between these

variables in other petrels. Thus the Northern and Southern Fulmars
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(16 and 17) succeed in rearing their chicks in around 50 days whereas
two species that lay eggs of similar sizes to theirs, Pterodroma
lessoni (25) and Puffinus griseus (60) require nearly 100 days to do

this. The four species of medium-sized fulmars actually take less

time to rear their young than do the storm petrels (69-79) although
these are much smaller birds laying much smaller eggs. Other species
that plot well below the line are the two prions (43 and 45) and an
albatross (12). The plot for the latter (P. palpebrata) is based on

only two nestling period determinations and the true picture may be
different but it is interesting to note that apart from one of the
prions,all the petrels that plot well below the trend line are breeders
in high altitudes where the seasons are short but days long.

Figure 26 does not show the lowest nestling periods recorded in
petrels. These also concern fulmars. They are the mean value of

46 days for the large form of Pagodroma nivea studied by Prévost (1964)

and the range of 35 to 45 days for Fulmarus glacialis breeding in the

Barents Sea region according to Belopol'skii (1961) and discussed in
section 11.12 below.

The birds that plot furthest above the line consist of three
storm petrels (74, 78 and 79), a shearwater (67) and a gadfly petrel
(31). All inhabit temperate or tropical seas and all are non-
migratory, dispersing rather than moving rapidly after breeding to
contra-nuptial areas. The only storm petrel to plot below the line
is Oceanites oceanicus (69), a highly migratory Antarctic breeder.

Although this lays an egg of substantially the same size as Oceanodroma

leucorhoa the Antarctic bird succeeds in rearing its chick to flying
in only 78% of the time needed by the other species. However, only
one determination of nestling period has been made. The data for

Pterodroma macroptera are unsatisfactory. Elliott (1957) estimated

the nestling period at about 105 days against which the two deter-
‘minations of 128 and 134 days given by Warham (1956) seem very high.
They were obtained with the help of lightkeepers and could represent
the upper extreme of a wide range of values but a mean closer to
Elliott's estimate seems more likely to be correct. The petrels
whose plots lie close io the line show an intermediate condition

between the rapid development of the fulmar-chick and the slow develop-
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ment of non-migratory warm-water species. They include four highly
migratory shearwaters (58, 60, 62 and 64) at least three of which
desert their chicks towards the end of the nestling period apparently
in order to begin their great migrations. Puffinus gravis (57) would
probably also plot in this category but the available data for nestling

period (c. 105 and 84 days) are anomalous. Pterodroma lessoni (25),

which falls close to the trend line, is probably best regarded as non-

migratory as, like P. macroptera, it is absent from its nesting grounds
for only about two months (Warham, 1967). Its position is however
only based on a single determination for nestling period.

Because of the wide scatter about the regression line, equation
22 is unlikely to have much predibtive.value° More information is
needed particularly from the larger petrels of the genus Procellaria
and from the mollymawks in the genus Diomedea for the relationship

between egg size and nestling period to be adequately elucidated.
11.9. Nestling Periods and Body Size.

Large petrels take longer to rear their young to fledging than

. small ones do and for 14 species for which there are adequate data on
bpdy weight and nestling period r = +0.9508; P < .001.  These two
variables are not, however, linearly related. Plotted on arithmetic
éxes the points appear to lie along a curve but the relationship is
complicated by the situation among the fulmars which rear their chicks
more rapidly than do other petrels of similar weights. The same
picture emerges when (mean wing length)3 is plotted against nestling

&

period.
The data are plotted on logarithmic axes in Figure 27. Body

weights are from Table XX and Appendix A but the figures used are the
means for adults of both sexes, not for females only as in previous
diagrams. This makes no significant difference to the species plots
but does provide larger samples for the factor of body size. Some
weights have been calculated from standard wing lengths using equation
3. Only the points based on accuréte‘determinations are numbered.
Logarithmic plotting emphasises the data at the extremes of the

ranges of values and it will be seen that for species with nestling
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periods of 50 to 60 days there is little, if any, correlation between
the two variables. The fulmars are indicated separately: in respect
of body weights these birds have very short nestling periods. Their
position is similar to that obtained when incubation periods and body
weights are compared - Figure 21.

A trend line has been inserted by eye using the data fof all
species except the fulmars. In relation to this line it will be seen
that while most of the shearwaters (58, 60, 62, 67 and 68) and two
gadfly petrels (25 and 31) lie close to the line, the large albatrosses
(1 and 2), the prions (43 and 45), one'shearwater (64) and a diving
petrel (83) do not. | o

The large albatrosses take far longer to produce flying'ydung from
their hatchlings than they would if the growth rate conformed to the
trend line. The prions, diving petrel and Puffinus puffinus show the

reverse tendency, raising their young more quickly relative to their
body size than would be expected. Furthermore, two of the five storm
petrels (71 and 69) have relatively short nestling periods while the
others (74, 78 and 79), as Figure 26 also indicates, have relatively
long ones. These variations tend to follow those found with incuba-

tion periods but it is not clear why Puffinus puffinus should be so

atypical compared with other migratory shearwaters. The unexpectedly

short nestling period of Pelecanoides is discussed in the next section.

In general, the relationship between nestling period and adult
weight tends to reflect that between nestling period and egg capacity
but partly because egg size and body size are not linearly related,

neither are body size and nestling period.
To allow for the factor of body size the relationship between

nestling time per unit weight of adult and adult weight has been
examined in Flgure 28 where the line relating incubation time per unit
weight of adult to the same variable is also shown (see Figure 22).
The data are from Table XX.

A linear relationship exists between the two variables but the
regressioh line relating nestling périod per unit weight to body

weight, which is

Y = 2.3549 - 1°200Xn PP €25
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(where Y = log mean adult weight in g and Xn = log mean nestling
period per kilo of adult in days) does not coincide with that repre-
senting the relationship between incubation period per unit weight

and adult weight. This is
Y = 1991"}5-10099xi © 0 000 O ® 0 8000000000 0008000980000 (2".’)

where Xi_= incubation period per kilo of adult in days. The two lines
have different gradients, that for nestling time corresponding with a

power relationship of X '1°20, that for incubation times corresponding

with one of Xi'1°1o° The data for nestling times per unit weight are
also more dispersed about the regression line (r =-0,9978 for incuba-
tion times, n = 20; r = -0.9075 for nestling times, n = 2k).

This difference in slope means that the rate of production per
unit weight of petrel during the nestling period is less than that
-during incubation. Figure 28 shows also that the fulmars (16, 17, 19
and 20) produce unit weight more rapidly than other petrels of similar
sizes. The two large albatrosses (1 and 2) diverge most markedly for
whereas during incubation they produce unit weight of albatross more
rapidly than any other petrel and the data plot very close to the
regression line, in the nestling period they produce unit weight more
slowly, taking about 30 days per kilogram instead of the 18 days per
kilogram needed to conform with the fegression line. That they plot
so far from that line is not due to inadequate data. Those for
species 2 are good and while only two nestling periods are available
for subspecies 1a they show a close agreement with a longer series for
the subspecies 1b and they could not possibly be short enough to bring
the point for this species onto or near the regression line. Even
so, these birds still produce more efficiently on a weight-specific
basis than smaller petrels which:'is one advantage of large size. The
storm petrels (69 - 79) also all lie to one side of the regression
line and suggest that at this end of the size scale also efficiently

falls away.
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TABLE XX: DEVELOPMENT RATES TC FLEDGING.IN PETRELS.
(Sample sizes in parentheses)
Species Body Weight Nestling Period Nestling Time
(kg) (days) / kg Adult
: (days)
1a 8.389 (1k4) 20 (2) 28.6
2b 8.190 (105) 278 (35) 33.9
12 2.838 (10) 129  (2) k9,0
15 L,052 (9) 108 (7) 26.7
16 0.739 (18) 51 (6) 69
17 0.762 (32) L7 (24) 62
19 0.415  (45) 49 (15) 118
20 0.260 (27) 51 - (7) 196
31 0.344 (1%) 92 (32) 267
43a 0.159 (124) 50.5(22) 318
ks 0.132 (100) 50 (139) 379
58 0.632 (19*%) 92 (3) 146
60 0.787 (100) 97 (53) 123
62 0.635 (54) 9k (18) 148
64b 0.423 " (18) 69 (53) 164
67b 0.163 (13) 75  (41) k6o
68¢ 0.116 (25*) 72 (3) 621
69 0.034 (10) 52 (1) 1529
71¢ 0.047 (100) 57 (40) 1219
74 0.028 (50) 63 (32) 2243
78a 0.048 (66) 66.5 (5) 1385
79b 0.043 (12) 64 (53) 1488
83a 0.124 (100) Sk (54) L33

*

Calculated Value.

113.
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11.10. Nestling Periods and Incubation Periods.

Petrels with short nesfiing periods also tend to have short
incubation periods, as shown by Lack (1967). For 14 species for which
adequate data are available (Table XIII) the correlation between these
two variables is significant with r = +0.9508; P < .001. The data
are displayed on arithmetic axes in Figure 29, They suggest a curvi-
linear relationship.

The correlation between incubation and nestling periods shown in
the preceding sections may reflect direct causal relationships. Thus
a small egg would be expected toihatch sooner than a large one if only
because less material has to be converted into living tissue. Like-
wise, the size of the hatchling will vary according to the size of the
egg from which it is produced and other factors being equal, the time
to complete development to adult size would be expected to relate to‘
- this initial size at hatching. :Hence with small petrels that produce
large eggs relative to their body sizes a greater proportion of the
total time from laying to fledging would be expected to be devoted to
incubation than with a large petrel which lays an absolutely larger
egg but one that is smaller relafive td body size and therefore pro-
duces a relatively small chick. - In that case the proportion of time =
spent in incubation should be smaller in respect of total development

time. '
| Figure 29 indicates that this is generally true, so that the
larger species lie to the right of and above the smaller ones. Thus
for the large species 2 (D. exulans) the nestling period ié about 3.6
times that of the incubation period; for medium-sized species 62

(P. tenuirostris) only about 1. 8 times as long, while the chick of the

small species 79 (0. castro) is in Uhe nest only 1.5 times as long as
it is in the egg- Nevertheless, this cannot be the whole story as
otherwise the points in Figure 29 would all plot neatly along a curve
of an ascendlng exponential type.

It will be seen that the species that lie close to the origin
~ include not only the smallest ones - the storm petrels (74, 78 and 79)
"~ but also the much larger medium-sized fulmars (20, 16, 19 and 17)
with Pachyptila desolata (43). Oceanites oceanicus (69) may rightly
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belong among this group but the data are inadequate.

It is interesting to note that on the evidence available, the
closely related fulmars F. glacialis (17), and F. glacialoides (16),
each of which requires about 95 days from egg laying to produce a

fledged chick, do not achieve this in quite the same way. With

glacialoides the nestling period is shorter than the incubation period

whereas in glacialis the reverse seems to hold. Their egg and body
weights, however, are almost exactly the same.

Pelecanoides occupies a peculiar position. It is unnumbered in

Figure 29 as the data are only approximate but is indicated there by
a triangle. With this bird the ratio of the nestling to incubation
periods is about 1.0 despite the small egg relative to body size

(section 7.1). On the basis of its egg capacity this species should
have an incubation period of around 44 days (equation 19) rather than

the 56 days of Richdale's esfimate. Again, while the plot for the

nestling period against egg capacity places Pelecanoides quite close
tc'the trend liﬁe, this too is unexpected. As the egg is small, the
hatchling must also be small so that longer time should be needed for
development to adult size. Part of the explanation for the latter
anomaly may be that the chick does not fledge above adult weight as
most petrel fledglings do (Richdale, 1965a; Lack, in press) so that
its state on departure may not be truly comparable with those of other
Procellariiforfnes° Furthermore, according to Lack's reasoning (1967
and in the following section) the inshore feeding of this bird allows
more frequent chick meals leading to a rapid growth rate during the

nestling period.

11.11, Discussion on Development Rates.

It has been shown in the previous sectipn that there are under-
lying regularities in the times taken by different species of
Tubinares to produce fledged'young, These times are correlated with
body size and egg size. No petrel, as far as is known, can raise a
flying chick from the egg in less than about 95 days. For the very
large species about a year is required.

If it is assumed that the relationships demonstrated above reflect
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fundamental ordinal characteristics of the petrels controlled by a
common genetic constitution that is also responsible for their common
morphological features, then it would seem that the lengths of these
developmental phases are capable of modification in the course of
natural selection.

The most notable exceptions to general trends in development
rates are shown by the fulmars, species 14, 15, 16, 17, 19 and 20.
Unfortunately there is little information for Thalassoica (18) but
Orton (1968) indicates that 13 weeks elapse from egg laying to chick
departure, so that evidently in Thalassoica development is also rapid.
These are all birds that breed in or close to the polar regions
although the Arctic F. glacialis has spread south in recent years while
Macronectes may have speciated and spread north recently to lower lati-
tudes in the Southern Ocean. Al]l these birds breed in the open on
flat ground or on cliff ledges and cavities among rocks that provide
limited shelter from the weather. In these high latitudes summers
are short but the summer days are long.

| Recent studies of two Antarctic species, Daption capensis by
Pinder (1966) and Pagodroma nivea by Brown (1966) show that while the
dates of re-occupation of the breeding sites are corrélated with the

dates of break up of the pack ice, the peak of egg laying is remarkably

constant from year to year, all the eggs being laid within a week on
either side of the mean date. This synchrony is also seen in the
hatching dates. The rigid time table suggests that the period during
which breeding is possible (when day length is adequate, surface
plankton plentiful, the feeding grounds available at a convenient
distance from the nest site and the 'latter safe from icing or snowing
up) is limited. Maher (1962), Prévosf (1964), Brown (1966) and
Pinder (lgg,gizo) have all discussed aspects of the environmental
problems faced by these birds and Prevost also examined the micro-
climate of the nesting sites.

Such restricted breeding seasons are paralleled by those of
highly migratory petrels like Puffinus tenuirostris which seem to be
able to perform their vast flights only by speeding up the breeding
cycles and actually deserting fheir"unfledged'chicks, ‘The Daption
chick flies at the end of February and the Pagodroma and Thalassoica
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chick flies about the same time and these, together with those of

F. glacialoides (Prévost, 1964) and Macronectes giganteus (Warham,

1962) seem to reach the sea when the food supply is at a maximum if
the state of the surface plankton sampled in Foxton's study (Foxton,
1956) applies also to the foods of these species.

Polar conditions appear to give the petrels little room for
manceuvre in breeding timetables. * They are prevented from laying any
earlier than they do by the danger of ice or snow blockage of their
nest sites, by the short days and extensive sea-ice that curtails
photo-synthesis and, at the end of -the season, by the return of these
conditions and the annual descent of the plankton. Were these birds
to require the normal times for development characteristic of other
petrels of the same size it seems unlikely that successful breeding

could occur. A shearwater or gadfly petrel the size of F glacialoides

requires about 150 days to produce flying young from its new laid egg;
the fulmar does this in about 60% of that time. Such abbreviated
breeding seasons appear to be adaptations developed for breeding in a
marginal environment whose eiploitétioﬁ is possible bnly on the basis
of prompt exploitation of a seasonal flush of food and nest sites.
There is evidence too that among the fulmars there are differences
in the development times; that the adjustment to local conditions has

not been uniform. For Daption capensis there is apparently little

evidence of variations with latitude, the birds studied by Prévost
(1964) at Pointe Geologie (66°S) having similar incubation and nestling
periods to those at Signy Island (60°S) investigated by Pinder (1966).
On the other hand there may be significant differences between the
populations of Pagodroma at Pointe Geologie and at Mawson and Davis
(68°S) as may be seen when Brown's and Préevost's data for these two
birds are compared (Table XXI). Whereas Daption at the two breeding
places does not differ in body size, Pagodroma at the two Antarctic

mainland sites does. Relevant data are:-
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TABLE XXI: DEVELOPMENT TIMES IN TWO POPULATIONS OF PAGODROMA

(Sample sizes in parentheses)

Body Wt. Egg Wt. Incubation Nestling

Site (g) (g) period period
(days) (days)
Pointe Geologie 347 (6) 59.6 (6) c. k0 L6 (6)
Mawson and Davis 244 (13) Lo, k(21) 4z,2 51 (7)

Despite the small size of the samplés the data do indicate that
a real difference exists between the two populations. The Pointe
Geologie birds succeed in raising their young in less time than the
birds of the smaller form. The data are reinforced by the annual
time table at the two stations, for the birds at Pointe Géologie
succeed in getting their chicks to sea by about the same date (6 March)
as those at Mawson and Davis despite the former's laying about 5 days
later than the latter. Even were the rearing periods of the two
forms identical, that the larger form takes the same time would indi-
cate an effective acceleration of development since larger petrels
take longer to develop. There-is'no evidence that the chicks at
either station fly at different stages of development and although
the eggs of the larger form are larger, producing larger hatchlings
they bear a lower ratio to the body weight of the birds that lay thém
(16%) than obtains with those of the smaller form (19%). - The reason
for the later laying at Pointe -Geologie appears to be due to somewhat
more severe climatic conditions at that time than at the two other
breeding places.

It seems clear that Pasodroma;'the smallest of the fulmars and
yet the most southerly breeding perhaps of all birds - flocks have
been seen around a mountain top about 415 km. from the sea by Fuchs
and Hillary (1958) - has expioitedia considerable capacity to speed
up both incubation and chick rearing. The latter could be a con-
sequence of parental access to a rich food supply but this could:

hardly affect incubation periods unless particularly high energy
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materials are incorporated in the egg. It seems more likely that the
major factor is genetic, that selection has been severe and operated
on a species with the potential to adjust development times to a con-
siderable extent. It would be interesting to have data on the
breeding cycles at the inland colonies of Pagodroma such as those seen
by Lovenskiold (1960) to learn if these birds, faced with energy con-
suming flights of 200 km and more between their nests and the sea,
have modified their development rates still further.

Inspection of Figure 26 shows that relative to égg size (or
capacity) Pagodroma (20) does not deviate from the regression line
more than do other small or medium sized fulmars which all have very
similar nestling periods. @ Perhaps this means that in this respect
-adaptation has proceeded to its limit and that any further acceleration
is impossible unless the chicks leave the nest at an earlier stage of
development, as may perhaps obtain with fulmars of the Barents Sea
discussed later. As regardé incnbatioﬁ periods (Figure 20) it will
be seen that relative to'egg'size Pagodroma (20), Daption (19) and
F. glacialoides (16) show equivalent degree of adaptation whereas

F. glacialis (17) shows less: However, data on incubation periods
for the form of the latter bird breeding at the northern fringe of its
range at about 80°N are not available. '

These conclusions run counter to those of Maher (1962) who dis-
cussed food and climate in relation to the breeding cycle of Pagodroma
at Cape Hallett. He collected no;datévon incubation or nestling
periods but estimated the total time involved as being from 100-120
days. He was apparently unaware of Prevost's determinations and does
not seem to have appreciated the importance of body size or he would
not have compared development rates of Pagodroma with Oceanites and
concluded that Pagodroma has -not shortened its incubation period or
rate of development in adapting tofthe Antarctic.

Evidence from the Arctic also‘suggests that fulmars in that region
have speeded up their development rates in adapting to a marginal
habitat. The data, summarised by Belopol'skii (1961) are unforpun-A
ately rather inadequate and not always consistent. According to work
quoted by this author thé nestling périod-of F. glacialis in the
Barents Sea ranges from 35-45 days whiéh is considerably shorter than
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the Euiopean data given in Table XIII. Furthermore, it seems that
the duration of the nestling period may be longer for early hatched
chicks than for later hatched ones. This shortening of the nestling
period seems to be in part at least due to the descent of the chicks
to the sea before they reach adult-size and before they are able\to
fly.

It is not clear what advantage this system offers as it seems
most unlikely that the parehts feed their chicks once they leave the
nest and unlikely too that self-feeding could be effective in the
absence of flight. Perhaps it is ‘better to experience a period of
fasting at sea and remain in open iater during the final stages of
maturation rather than freeze  on the nesting ledges while the belt of
sea ice widens below even though the parents may continue bringing
food., On the other hand these colonies apparently experience condi-
tioﬁs more extreme than those in much of the Antarctic for Belopol'skii
reports that laying takes place with ambient temperatures as low as
-25°C. The possibility of early nesting in Novaya Zemlya is attri-
buted to the flying powers of the fulmars which give them access to
adequate high energy foods beyond the edge of the ice and at great
distances from the nesting places. - This author also states that the
nestling period of the F. glacialis is shorter in regions with more
severe climates and this he believed applies not only to this sea bird
but to others breeding in the Barents Sea region such as the Kittiwake.

Macronectes appears to have accelerated both its egg and chick
development. This is less Antarctic in its range than the other
fulmars previously discussed and the main populations breed at lower
latitudes on either side of the Antarctic Convergence. At Macquarie
Island at least M. giganteus is present at its nest throughout the
year so that these birds would-seem to be subject to comparatively
little pressure for accelerating development at the present time. Yet
once acquired the benefits of shortened nestling periods seem unlikely
to be relinquished. It seems possible that during the Pleistocene

Macronectes experienced selection pressures similar to those operating

on the Antarctic species today and that the shortened nestling periods

evolved then havé since been retained.
Lack (1967) has suggested that it is the inshore feeding sea birds
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which have the shortest incubation and nestling periods. He has
extended this hypothesis to the Procellariiformes by assuming that the
frequency of feeds given to the chicks is a measure of the feeding
range of the parents. He draws attention to the frequency of chick

feeding in Pelecanoides, the chick's rapid rate of growth and its

departure at only about adult weight.

This hypothesis cannot be tested at present as far as it épplies
to petrels generally owing to inadequate data but while a high frequency
of visits to the chicks by the parents certainly implies a limited
feeding range, the reverse is not necessarily true and Serventy (1967)

provides evidence that in Puffinus tenuirostris (which does not feed

its chick frequently) much of the food in the adult's stomach on
arrival has been caught only a few hours before. Furthermore, the
fulmars, with their outstandingly rdpid development rates, are not
necessarily inshore feedefs° At léast one of these breeds 200 kilo-
metres inland and it seems most unlikely that birds at these high-
latitude nesting places have longer incubation or nestling periods
than those breeding on the Antarctic coastline.

Lack (in press) has taken his investigation of the growth rate in
petrels further particularly in respect of the food supply available
during the breeding seasons. He believes that these birds, as an
alternative to altering their clutch size, have adapted their growth
rates to thé local food conditions. ° Development is discussed in the
light of the fat reserves laid down by the chick, the presence or
otherwise of a desertion period, body size and other factors. He
comments on the rapid development of the fulmars and interprets this,
as I do, as an adaptation to polar conditions.

The evidence on development rates for petrels of warm and tropical
seas suggests a different situation. It has been shown in section
11.2 that relative to egg size at least two non-migratory warm water
petrels have long incubation periods while five non-migrafory tropical
or temperate zone species also take unustally long to rear their
chicks relative to their egg size.

| Very recent information (Harris, in press, b) indicates the
plasticity of the nestling period in Oceanodroma castro. At the

Galapagos Islands he found that 19 chicks flew at a mean age of 70 days
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in the hot season whereas 25 chicks were ashore for a mean period of
78 days in the cold season, this being a species that breeds throughout
the year at this station (Snow and Snow, 1967). Yet at Ascension
Island 53 chicks of the same species flew on average at age 64 days
(Allan, 1962). Incubation periods, on the other hand, are the same
at both placeé°

The above considerations indicate that the times needed for
incubation and chick rearing have been sﬁbjected'to modification in
the course of evolution at least in some petrel genera. Incubation
period appears to be less pliable than nestling period but modificat-
ions of the one are often accompanied by modifications to the other so
that common genetic factors may be involved. It seems likely that
long incubation periods are the original condition in this order and
that the fulmars have been helped in their invasion of the polar
regions by their ability to speed up development times. Indeed it
may well be that this trend to shortened development times has operated
widely during the evolution of the order and that the situation with
sedentary tropical species represents a retention of the primitive

state rather than its modification from one where development rates

were faster.
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12. GENERAL DISCUSSION

It has been shown in previous sections that throughout the
Procellariiformes harmonious relationships exist between body size and
a number of variables such as the dimensions of body parts, egg weight
and growth rates: these relationships can be described by a series of
empirical equations. Some variables are linearly related to body
size but more usually the part is a parabolic function of the whole and
the relationship can be represented by means of a logarithmic or power
equation. Thus the relationship of standard wing length in centi-
metres (yw) to mean female body weight in grams (x) is given by

equation La:-
yw = l+a9OXO°29 onoao‘oouo-oo.-oooocnoooc--c ------ e 0. (h’a)

while fresh egg weight in grams (ye) is related to mean female body
~weight in grams (x) as follows:-

Vo = o‘,859x0°71 P € -3

The importance of body size in determining the dimensions of
parts and organs is explored further in Figure 30 where a series of
variables is plotted against bodj weight on logarithmic axes in
addition to the curve relating egg weight and body weight from Figure
6. These additional curves relate the weights of the dry skeleton in
grams (ys); the standard lengths of tarsus and culmen in millimetres
(yt and yc); the lengths of the cleaned bones of the forearm:
humerus (yh), ulna (yu) and manus (yh) in millimetres, to mean body

weight (x) in grams. The regression lines are:-

ys = 00035)(101 0ceeo0o00ee00e0008O0 (25) n = 10 Species
Yy = 5.7xo°31 ceeeeioceeaneas (26) n = 43 species
y = 201XO°)+7 cesocoececescono (27) n = ‘+1 SpeCieB
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....... ceeeeons (28) n

20 species

Ih
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oo
.
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16 species

y sevescsssnssoes (29) n

m
Thus the sizes of at least seven body components are related to
body size by means of allometric equations of the form

y = bx®

where "b" is the intercept on the y axis (the value of y when x is
unity) and '"a" is the value of the ratio of rate of change of organ
size with body size, the "equilibrium constant" or "partition
coefficient" between the part and the body.

The data on which Figure 30 is based are somewhat heterogeneous.
Further study will undoubtedly show that the values of both constants
in the allometric equations need some slight modification. The
number of species from which the data have been drawn are indicated
beside each equation but whereas for some variables like tarsal and
culmen lengths the figures used-are the means from long series, for
others such as skeletal weights and lengths of the wing bones only a
singlé determination has been made for some species. The data for
‘standard wing lengths and bone lengths come from the literature cited
in section 3, from Table I and Appendix A. These data have been
supplemented with additional measurements including determinations of
skeletal weights.

Of the eight variables egg weight shows negative allometry
(ra" < 1) and so too-do wing and  tarsal lengths ("a" = 0.33 for
isometry when comparing lengths and a three-dimensional variable).
The remaining lengths show positive allometry ("a" > 0.33). Skeletal
weight also shows slight positive allometry with "a" = 1.1. Here the
skeletal weight increases relative to body size with increasing body
size. But the exponent figure is only slightly above the value of
unity at which the part bears a Eonstant ratio to body size, i.e. is
isometric.

The spread of the points about the regression lines varies. For

skeletal weights and the lengths of the bones of the forearm the Spread
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is small, for culmen and tarsal lengths, much greater. The variations
for tarsal lengths are only partly dué to the long-legged species in
the Hydrobatidae and further work may‘show that there is a change of
gradient at the lower end of the size range in this variable. Culmen
lengths vary too as species of similar weight can have significantly
different values for this variable, reflecting differences in bill
form not adequately described by a single measurement. For instance,
in Puffinus the bill tends to be long and slender, in Pterodroma
shorter and deeper, hence in birds of similar size from the two genera,
even if the same amount of material has gone into making the bill, this
is not revealed by a single linear measurement. Here is another
instance where closer study and further measurement may be expected to
reveal generic differences in the allometric constants.

The lengths of the humerus and ulna are so close that on the data
for the 20 species measured in compiling equation 28, a common regres-
sion line seems adequate. The oniy species ignored in working out

that relationship is Pelecanoides urinatrix. This bird, so short-

winged for a petrel of its body size, has abnormally short humerus,
ulna and manus as pointed 6ut in‘section 5.2 above.

It is interesting that skeletal ‘weights vary almost isometrically
with body weight. Skeletal weights were also isometrically related
to body weights in the Felidae studied by Davis (1962) . However, in
the petrels the larger species have increasingly pneumatised bones and
these must play a major part in keeping down skeletal weight. The
main bones still unpneumatised in the albatrosses are those of the hind
limb. In view of the severe stresses to which these are subject
during landings ashore in the absence of strong winds (due to imperfect
flight control and high wing loadings), further reduction of skeletal
weights by pneﬁmatisation may well be impossible without an unaccept-
able increase in casualties due to limb breakage. The partition
coefficient of 1.1 suggests that this is barely possible up to the
present limit of body size.

Figure 30 also shows how the contributions of the separate wing
bones vary in a series of petrelé of increasing size., A1l three
segments increase with positive allometry with increasing body size

but the manus increases more slowly than the other two major bones &0
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that a point is reached where the lengths of humerus and ulna exceed
_thét of the complex of bones comprising the hand. In consequence,
while the wings of the larger species are longer than those of the
small ones, the relative contributions to this result of the humerus
and ulna are greater than those of the manus, as established in section
5.1. This seems to be an example of a widespread tendency in serial
organs for the distal parts that develop last to grow at a lower rate
than the proximal ones and to be~more variable in size. There seem

to be proximal-distal gradients of differentiation controlled by growth
genes so that the parts of the organ closest to the body obtain more
material for growth during oﬁkogény than do the distal parts. Examples
of similar compensation effects are given by Rensch (1966) who points
out that this is also evident in-the proportions of the bones of the
hand in man analysed by Whitely and Pearson (1900). The tendency for
the distal wing elements to be more variable while the proximal ones
are more stable and less "responsive" to environmental effects, has
been noted among other bird groups (Fisher, 1955).

Such changes in the form oflthe*wing skeleton with changing body
size have resulted in alterations to the modes of flight which are thus
correlated with body size. The small species have a more generalised
type of flight, beating their wings frequently and gliding less and
for shorter distaﬁces than the larger ones. Compare, for instance,
the relatively high wing-stroke frequency of small shearwaters like

Puffinus assimilis with that of a large shearwater such as Calonectris

diomedea which glides so well that in the words of Meinertzhagen (in
Lowe, 1925) "When they rise from the water they simply open their
wings and glide. Not once did I see a wing flap when taking the air."
There may be some minor deviations from this trend (see Murphy, 1936
and Kuroda, 1954 for descriptibns of the modes of flight in these
birds) but generally, both within families and genera and throughout
thé order as a whole, the larger the bird the more progression is by
planing and gliding and the less frequently are the wings actually
beaten for this purpose.

As all the variables in Figure 30 are related to body size they
are also related to each other. ) Iﬁ a series of petrels graded accor-

ding to size the dimensions of their parts change according to a
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regular pattern; they are a function of body size itself and the form
of the adult'animal changes accordingly.

‘The existence of these allometric relationships between certain
parts and the whole emphasises the homogeneity of the birds that con;
stitute the order Procellariiformes. An extension of the analysis to
other characters would be expected to reveal that many of these are
4 also related allometrically to body size. Then, given the value of
any one variable for a particular petrel, the other variables could be
determined; Adolph (1959) did this' for 32 physielogical properties of
6 species of mammal. He found that factors like urine output,
vehtilation rate, tidal volume, basal oxygen consumption and brain,
heart, liver and adrenal weights were all linked to body weight allo-
metrically and were therefore related to each other. Likewise
Needham (1934) has shown that in - metazoan animals the changes in water
and other chemical constituents that occur during growth bear allo-
metric relationships to the body'weights at a particular time.

The demonstration of "rules" concerning the relationships between
organ size and body size in the petrels is not in itself a demonstra-
tion of an intimate phylogenetic relationship between the animals
concerned for there is an overall relationship, usually of negative
allometry, between the organ weights and body weights of birds and
mammals as a whole, sometimes called "Welcker's rule'. These relation-
ships.have been eiaborated by Brody (1945) and Rensch (1948), among
others. To establish the uniqueness of the relatioﬁships among
petrels would require a more detailed analysis to show that the allo-
metric constants are significantly'different to those relating the
particular variable with body size in other groups. This is not
possible here without expanding the present study unduly and because
data on other birds, equivalent to those available for petrels, are
not readily available. ‘

Some comparisons are possible however, Thus the egg weight to
" body weight relationship for petrels; Y = 0‘,859x0"71 may be
compared with that determined by Brody (1945) for a wide range of
birds of many classes where Ve = 90257xo°73° The partition coeffi-
cients here are very similar and the different "b" values may be

ascribed to the generally large sizes of petrel eggs relative to those
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of the birds that lay them compared with the situation with birds in
general., Also, as noted (section 7.4), Amadon's allometric equations
relating egg dimensions to body weights for buntings and quail have
quite different values for both allometric constants than has the
corresponding equation for petrels.

Allometry is believed to.result from the operation of genes or
géne complexes which control development rates (Huxley, 1932). 'Where
the relationships hold throughout growth or throughout a taxon, it is
assumed that all the members share a-common genetic factor controlling
the growth gradients and the point at which they cease to operate, i.e.
when growth is complete and andbolism and catabolism are balanced
(von Bertalanffy, 1957)u The actions of the genes responsible must
be mediated through specific growth substances, hormones, enzymes and
similar agencies and some common control operates to link their action
with body size. In other words, organ size is not only correlated -
with body size but these two variables may be causally linked.

Thus when natural variation and selection produces a change in
body size changes of proportions in individual structures due to the
operation of gene-controlled allometry, i.e. to allomorphosis, auto-
matically follow. Although the change in body size is adaptive the
altered Size or shape of the ofgan'may or may not have adaptive value.
Likewise, increase in body size may result in the appearance of
structures for which the potential was present in the ancestor but
which could not be manifest until body size itself had increased. A
well known example is the evolution of excessive horns in the Titano-
theres (Osborn, 1929). If such excésses prove to be sufficiently
dysgenic they may cancel out the benefits accruing to the species by
its increased size and such animals will then be removed by natural
selection. Selection may alsc operate on the allometric rates them-
selves while organs and tissues may be able to respond directly to
the physiological needs of the ‘body and vary allometrically without

any change in genetic composition.-

; Control of body size has been shown in some instances to be
through a single gene but according to Rensch (1966) more often there
are several genes that initiate growth gradients during on;ogeny°

Where a mutation causes these genes to lengthen the time during which
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the growth gradient is operative, for example by permitting a growth
promoting hormone to circulate for longer or by delaying the onset of
maturity, then a larger animal may result and selection could favour
suéh effects, The larger animal will be morphologically different
from its predecessors through the operation of the genes controlling
all the growth gradients in the body. Thus a harmonious complex of
» changes in morphology, anatomy and physiology results. _

Mutation and natural selection however, may alter the values of
either of the two allometric constants. The slopes of the regression
lines and/or the size of the intercept on the y axis may be altered.
'This is perhaps the rule rather than the exception in allomorphosis so
that large species are not merely allometric alterations of smaller
. ones, The gradients also often change during ontogeny, particularly
at birth. Another example is the change of gradient that occurs
towards the lower limit of size in the relationship between egg weight
and adult weight in birds (Huxley, 1927; section 7.1 above).

In some phylogenetic sequences such as that of the horse, phylo-
genetic allometry closely follows that of ontogenetic allometry so
that the allometric constants during growth of a recent species and
between related fossil species are éimilar (Robb, 1935). This is
apparently not usual, and does not seem to apply among petrels where
the standard wing length, for instance, of the growing chicks does not
follow the same gradient of growth as between species although the "a"
value is rather similar up to the point when the chick's weight
reaches that of the adult. Further examination and comparisons are
needed, however, of other variables before any generalisations in
this regard are possible.

It seems likely that many of the curves that have been drawn to
relate organ size and similar variables to body size in whole classes
of animals are actually composite curves. This is indicated; for
instance, in some of the relationships figured by Brody (loc.cit.).
These variations in growth gradients suggest that in evolution many
lines of animals have been able to deviate to some extent from the
straitjacket of allometry. Among storm petrels, for instance,

Oceanodroma and Hydrobates have tibiotarsi whose proportions are

"normal" for their body size, i.e. agree with the allometric relation-
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ship of équation 26 whereas in the genera Pelagodroma, Oceanites,

Fregetta and Nesofregetta these bones are greatly elongated and their

allometric regression line against body weight is different. It is
shown in Figure 30 by the short line for tarsus measurements. Natural
selection favoured the development of long-legged forms in the Hydro-
batidae evidently as an adaptation to a mode of life that involves a
dancing flight close to the surface of the sea. Here stilt-like legs
tipped by webbed feet not only act as balancers but also act to fend
off from the sea's surface while the body and wings are carried well
up and avoid being caught beneath breaking crests. A glance at the
two lines for tarsal lengths in the figure suggests that in the evolu-
tion of the long-legged forms a change of "b" has occurred without a
corresponding change in "a", as has happened in the evolution of other
vertebrate and invertebrate lines (White and Gould, 1965). However,
the long- and short-legged forms are connected via species of inter-
mediate>tarsa; lengths. Because no body weights are available for
these species their positions are not shown in Figure 30, the data
being merely calculated from other known parameters like wing length.
Data for long-legged forms were not used in calculating equation 26.
Some of the physiological consequences of increase in body size
where allometrical growth ratios are involved have been discussed by
Rensch (1966). Large birds have lower basal metabolic rates than
small ones and basal metabolism is related allometrically to body weight
with "a" = 0,743 for birds above about 100 grams according to King and
Farner (1961). Large petrels will likewise have lower basal metabolic
rates than small ones and, in consequence of lower oxygen consumption,
respiration, heart-beat rates and blood pressure are correspondingly
" reduced in the large forms while, due to the less intense metabolic
processes, the periods of ontogenetic development are longer and post-
natal growth slower than with smaller species. This applies not only
‘to petrels (section 11) but to birds generally and to mammals. Rensch
also shows that, as a rule, sexual maturity is attained sooner in small
animals than in large ones but that the latter have longer life spans.,
The available evidence for petrels certainly supports the first of
these propositions and what little evidence we have on longevity would

fit with the idea that albatrosses, for example, live longer than the
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storm petrels. Newell (1949) pointed out that increase or decrease
of body size may‘be a by-product of selection for delayed sexual
maturity on the one hand or for rapid growth on the other.

Bachmann (1943) developed a mathematical formula correlating the
tempo of ontogeny and mean age to predict the major events of the
life cycles of animals. Williams (1957) also developed a theory of
senescence which correlates delayed morphogenesis with delayed senes-
cence and several workers, e.g. Loeb and Northrop (1917), found a
connection between the duration of life and the temperature regimes
under which animals live, those at the lower temperatures living longer
J;hdﬁ%fﬁébe”éf'%hé”higher one, the:Q{O for duration of life being
approximately 2.

No determinations of metabolic rates for petrels have been pub-
lished although it is hoped that'some will soon be available. However,
if resting body temperatures iﬁ petrels are indeed lower than those of
other birds, so too will be their metabolic rates. Thus their life
processes as a whole may well be running at a reduced tempoAcompared
with more advanced birds and in this event the slow growth rates, long
periods of immaturity, low annual mortality and high longevity become
more explicable.

Low metabolism would be advantageous in the exploitation of
environments with irregular food resources, allowing the birds to
cruise for long periods betweeﬁ meals and extensive fast ashore during
the breeding season. The larger the bird the lower the basal metabo-
lism, the more efficient energy utilisation. _

The concept that petrel structure conforms to a ground plan
expressible in part by a series of allometric growth equations and in
which body size has been a majbr‘deferminant has implications in the
study of the phylogeny of the order. If this is indeed a monophyletic
group, except perhaps for the Pelecanoididae, size changes clearly have
been dominant trends in the evolution and these would lead to changes
"in shape, modes of flight and in the size ranges of the foods available
to the different species. S _

Was the ancestral form large and the radiation mainly towards the
evolution of smaller forms; medium-sized, leading to both larger and

smaller forms; or small, leading to phyletic size increase?
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It seems -impossible to judge the correct answer to that question
but the last possibility seems to rest on less tenuous'evidence than
the other two. On this view the ancestor of the order may be envis-
aged as a small bird having many of the facies of the present short-
legged storm petrels such as QOceanodroma or Hydrobates. From this a
succession of larger forms evolved probably during quite a short period
as radiation rapidly proceeded to exploit a pelagic environment where
few other birds offered competition. Selection favouring increased
size would be accompanied by associated changes in morphology, develop-
ment and physiology according to the rules that govern the relation-
ships between body organs and body size in recent species, genera, and
families, for these rules must have been operative in their phylo-
genetic ancestors.

It is well known that there has often been a tendency towards
increasing size in the course of evolution. This was investigated by
Cope (1896) and "Cope's Rule" has since been found to apply in many
lines of descent not only in vertebrates but also in invertebrates
(Newell, 1949; Rensch, 1959). In many of these instances of phyletic
size increase or "phyletic growth", to use Newell's terminology, the
ratio of the part to that of the whole remains constant over long
periods of the phylogeny. This is evolutionary allometry or #110-
morphosis (Huxley, Needham and Lerner, 1945). In a.sequence with an
adequate fossil record many of the allometric constants can be deter-
mined. Likewise the palaeontologist may be able to use allometric
formulae to determine the sizes of organs or parts of extinct species
whose fossil remains are incomplete, using-analysis of a series of
recent related animals as a basis for deductions about a related
phylogenetic series. Gould (1966) has recently reviewed size changes
and other aspects of allometry and summarises the benefits resulting
from size increase.

If the hypothesis that phyletic size increase has been the major
trend in the evolution of the Procellariiformes is correct, we should
expect that present-day small forms would retain more primitive char-
acters in their anatomy, physiology and behaviour than the larger
forms., There is some evidence that this is so. Thus it has already

been pointed out that anatomists Forbes (1881) and Lowe (1925)
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concluded that the Hydrobatidae, particularly the short-legged forms,
are less specialised than the larger petrels and supposedly retain
more of the characters possessed by their extinct common ancestor from
‘which both Procellariidae and Hydrobatidae must have been derivédo
-Lowe described and contrasted a number of anatomical features not noted
by Forbes that support the separation of the storm petrels as a whole
(including both long- and short-legged genera) from other petrels and

- which emphasise the generalised characters of storm petrel anatomy.
Oliver (1945) discussed further details of petrel osteology, particu-
larly the form of the pelvis and vomer and he too conéluded_that the
storm petrels are the most primitive group with Macronectes and the
albatrosses representing the extreme points of evolution in the order.
Kuroda (1954) emphasised the difficulties encountered in trying to
separate adaptive from non-adaptive characters. He suggested that the
ancestral petrel may have been a small aquatic type perhaps similar to

the Oligocene Hydrornis natator and that the Pelecanoididae was an

early development in the subsequent adaptive radiation. Kuroda
envisaged.the Hydrobatidae as being an early development in the phylo-
geny and points out that though- these and the Diomedeidae form con-
trasted extremes each can be connected with the Procellarlidae by some
characters. The Diomedeidae he considered to have arisen as an off-
shoot of the main line before the differentiation of the Procellariidaé

proper but after the evolution of large sized forms in the line leading

\

to the shearwaters.
There is some evidence too from ontogeny that the storm petrel

form of bill is a more generalised and therefore presumably more
ancient type. The observations of Fleming (1941b) that the form of
the newly hatched prion resembles that of the adult storm petrel, have

already been mentioned and other petrels e.g. Pterodroma inexpectata

also pass through a storm petrel stage in the ontogeny of the bill.
The newly hatched chicks of Diomedea exulans and D. epomophora also
have down-curved beaks rather like those of outsize storm petrels.

The fossil record, so valuable in tracing phylogeny in many
groups, e.g. the ammonites studied by Newell (1949), seems of little
value for the petrels. The oldest may be a shearwater-like form

Hydrornis natator of the Oligocene while by the end of the Miocene
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many present-day genera had appeared - Fulmarus, Oceanodroma and

Procellaria %s well as Plotornis delfortrii which may be a member of
the now extinct assemblage that linked the large forms like Calonectris

and Procellaria with Diomedea. The last is known from the Pliocene.

This fossil record is rather poor but does suggest that the evolution
of the different genera may have been quite rapid and that most
families and'genera are relatively old.

Behaviourally, the larger species show the most complex patterns.
Thus that of D. exulans is more elaborate than that of D. bulleri and
this in turn is more elaborate than that of the smaller Phoebetria
palpebrata. The latter genus was regarded as being the most primitive
of the albatrosses by Murphy (1936). The storm petrels, though
little studied, seecm to have very simple displays and their repertoire
of vocalisations is not as extensive as that of larger forms though

perhaps more so than that of Pelecanoides urinatrix which appears to

have the least complex song of any petrel - more puffin-like (5}2)
than petrel-like to the author's ear. The medium-sized burrowing
forms Pterodroma and Puffinus also have extensive vocal repertoires,
but less complex perhaps than Procellaria, while their displays are
mainly simple.

That the simple behaviour of nocturnal species is not due merely
to their nocturnal habits which would make the evolution of complex
displays involving visual stimuli unlikely is supported by the situ-
ation among the fulmars. These show a large range of size, are
quite active by day but use rather similar gaping, mutual preening and
head waving actions to the burrowing species that are active on land
onl& after dark. Here too Macronectes, the giant of the fulmars,
seems to use more complex behaviour-patterns than the smaller species
and is the only petrel able to feed-both at sea and on land. Nor do
my observations of the smaller petrels under gobd viewing conditions,

e.g. Puffinus griseus at Snares Island (Warham, 1967a) support the

view that the smaller species' apparently less complex behaviour

merely reflects the difficulty of watching behaviour after dark.
Brain size may have a bearing on this question of simple versus

complex patterns of behaviour. In a phylogenetic series of increas-

ing size brain size generally bears a negatively allometric relation-
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ship to body size, the larger animals having relatively smaller but
absolutely larger brains. There are no data on petrels but rough
measurements of cranial cavities suggest that a similar relationship

holds in this order and that the adult Diomedea epomophora has a brain

about 20 times as capacious as that of the adult Pachyptila turtur.

The difference is also shown by the relatively large heads of small
forms like storm petrels and prions as compared with those in alba-
trosses and giant petrels - compare for instance A and C in Figure 15,
Although smaller.relative to body size the larger brains of the larger
species, with their greater numbers of ganglion cells and dendritic
connections, would be expectéd to allow the control and performance of
correspondingly more complex activities and greater learning ability.
Few people have succeeded in keeping petrels in captivity and no
-experimentation has been done on thése but there is a considerable
body of information supporting the idea that larger animals perform
better at learning and memorising than do related but smaller species,
and this may well also hold with petrels. Furthermore, while brain
size in birds usually exhibits negative allometry with increasing body
size, the forebrain may gfow with positive allometry thus fitting the
larger animals even better for the performance of complex tasks.

This evidence from varied sources fits the view that Cope's Rule
has operated in the phylogeny of the petrels. It is suggested that
the small, short-legged storm petrels may be closest to the original
ancestor from which the various family groups evolved and that within
these families increase in size has'beén the rule during the course
of evolution. Whereas in many lines of descent the early, smaller
members of the series have tended to disappear, this has happened less
frequently with the petrels. Instead, the early members of the order
have tended to co-exist with the larger derived forms, presumably
because of the considerable range of habitats available and the
different styles of flight and feeding that were consequent upon
increases in body size.

Partly because of the strong mate and site tenacity in sea-birds
in general and in petrels in particular, it is quite conceivable for
one population of a form to Speciaté while another one does not, owing

to chance variation and to environmental differences experienced by
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the two populations. The reality of such isolation is shown by the
presence today of two evidently separate populations (one breeding in

the dry season, the other in the wet) of Oceanodroma castro at the

Galapagos Islands (Harris, in press, c¢). Once diversity of size has
been achieved, inter-specific competition would be expected to maintain
or even increase the differences as the birds developed more subtle
modifications to anatomy, behaviour and geographical range to fit them
still better for their particular niches.

-Howard (1950) believed that the common ancestor of the Pelecani-
formes and Procellariiformes must have originated well back in the
Cretaceous. In view of the long period of time elapsing since then
and of the paucity of sea-bird fossils in general, direct evidence for
the early origins of the petrels may never be available. That phylo-
genetic growth has been a mainspring of the evolution in the group is
admittedly speculative, with some of the evidence capable of differing
interpretations, and the hypothesis is put forward merely as one
possibility.

Selection towards decreased body size might be expected to occur
as an adaptation to fit species for life in the polar regions where
short breeding seasons call for rapid growth in the young. As has
been shown, Pagodroma could not have exploited its Antarctic niche
unless its young had sufficiently rapid growth rates to complete their
development during the ice-free period. Here large size, though
favourable for heat balance, would have been detrimental unless growth
rates could have been accelerated to an appropriate degree or some

behavioural or physiological adaptation evolved (e.g. those adopted by

Aptenodytes forsteri) to make life possible in the inclement climates

of the Antarctic spring and autumn. )

While I know of no evidence for suggesting Pagodroma's descent
from a larger ancestor it is noteworthy that this bird exhibits the
gréatest intra-specific range of body size among petrels.. There ié
a considerable vafiation too in the size of the birds among the three

populations of Fulmarus glacialis. Furthermore, marked sexual

dimorphism in body weights and dimensions occurs among fulmars. The
males are the larger sex and the difference is marked in Macronectes

(Bourne and Warham, 1966) so that the sexes are readily separated in
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th; field on this character. Evidently the potential for changing
body size is well developed in the Procellariidae.

The existence of allometric trends among the petrels also has
taxonomic implications for if alterations in absolute size bring forth
complex changes in shape or proportions of parts then these correlated
variables cannot be used as independent taxonomic criteria. Gould
(1966) provides some relevant examples. In the petrels, a notoriously
difficult group taxonomically, the widespread occurrence of allometry
would seem to call for a multivariate approach to the analysis of
total shape and Gould (lggogizo) has given reasons why the labour

involved in such a method may be justified.
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13,  CONCLUSIONS.

The homogeneity of form and structure among the birds comprising
the Procellariiformes that is apparent from an examination of
their external anatomy is supported by the results of the present
study. The Pelecanoididae however show a number of characters
which set them well apart from other petrels.

The homogeneity is shown by the harmonious relationships that
hold throughout the order between many variables and body size.
These relationships can be defined by means of allometric equa-
tions whether they concern bone lengths, organ weights or develop-
ment rates. As all the variables are related to body size, all
are related to one another. Because of this it is possible to
use a variable like standard wing length as a measure of body
weight. |

This homogeneity is thought to be largely due to a common genetic
inheritance which controls growth gradients in ontogeny and
during the evolution of size changes. Through the influence of
these gradients, harmonious and quantitative shifts of propor-
tions have accompanied changes in body size so that the shapes of
animals in evolutionary sequences intergrade.

The early petrels may have been small birds from which something
akin to the present spectrum of forms arose early in the history
of the order when petrels expanded to occupy niches then largely
unexploited by birds. The present range of species is thus seen
as representing stages in the evolution towards larger forms.
Owing to the diversity of niches available and the diversity of
feeding and flying methods that became possible with the shifts
in proportions of body parts during and after this radiation,
representatives of small and intermediate-sized forms were able
to persist cheek by jowl with the derived larger ones. Only in
the size range between the large Procellaria shearwaters and the
small albatrosses is there a gap in the size range today. The
roles in the marine ecosystems originally played by that group
may perhaps be filled.today by gannets and penguins. Inter-

_pretations of the processes leading to the present range of size
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in the order, other than that of phyletic growth, are possible
however, _

While petrels seem to be a very conservative group with many
present-day forms retaining the characters of their fossil
ancestors, some lines seem to be more plastic. Among the fulmars
active speciation may be proceeding now. In this group of
genera, deviations from the ground plan of petrel form and growth
are frequent and these are interpreted as the result of selection
operating on the genes contfolling allometry to fit these birds
for life in gnvironments that are only marginally tolerable.

The Procellariiformes exhibit some physiological characters that
may be primitive. Among these are their low resting body temper-
atures and probably low basal rates of metabolism. These may be
important causes of their slow rates of development, their long
pre-breeding periods and their high potential for longevity. Low
intensity of metabolism may have been an important factor facili-
tating their radiation into regions where the food supply is
unfeliable9 permitting long periods of fasting at sea and, during
the breeding season, on land. That their embryonic development
rates seem to parallel those of mammals rather than those of
other birds may be connected with the low body temperatures at
which the eggs are incubated.

Petrel eggs show a tendency to become more elongate with increas-
ing size. The causes of this tendeﬁcy and its adaptive value,
if any, are not clear.

The thickness of a petrel eggshell varies in a regular manner
throughout the order but the surface nesting fulmars lay thicker
shelled eggs than other species of similar size, perhaps because
they lay on rocky substrates where extra strength is beneficial.
The composition of the eggs of petrels changes in a regular
manner with their size, small eggs containing a high percentage

of yolk. With increasing size the proportion of yolk decreases

~while that of the albumen increases. This change may be

necessitated by the water requirements of the embryo which ih
larger eggs takes longer to reach the hatching stage so that

uncontrolled water loss will be correspondingly greater.
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Incubation periods are much less variable than nestling periods
and are partial functions of egg and body size but the petrels
having the most rapid rates of development are not the smallest
species but birds nesting in polar regions where the breeding
season is short but the summer days are long.

On a weight-specific basis the larger petrels are more efficient
in the production of young than are the smaller ones.

Many of the above conclusions can only be tentative at this
stage; they emphasise the need for further work and point to the
existence of some considerable gaps in the data. These gaps are
associated particularly with species in the genera Halocyptena,

Fregetta, Nesofregetta, Bulweria, Calonectris, Thalassoica and

Procellaria.
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15. SUMMARY.

A study has been made of the range of body size in the
Procellariiformes and of the consequences of this to the sizes
of certain body parts, of the eggs and of development rates.
Body size. may be measured in terms of standard wing length

(= manus length + length of longest primary feather), but the
correlation between wing length and body weight is non-linear.
That between standard wing length (cm) and the cube root of the

body weight (g) is linear, however:-
5 body weight = 0.29 wing length - 0.58
and ;o are the logarithms of body weight (g) and wing length (qm):-
log body weight = 3.357 log wing length - 2.231

This can be re-written in the power form as:-

Wing 1ength = 4,898 body weight0°287,

The variations in standard wing length, i.e. the distal element
of the wing, are regular. Relative to the wing as a whole this
element becomes progressively shorter with increasing size.
These changes in proportions are in turn correlated with modes
of flight. The small storm petrels, with relatively large
distal elements in comparison to the inner elements of their
wings, exhibit considerable agility in flight and beat their
wings frequently; the great albatrosses, with relatively short
distal segments, exhibit reduced manceuvrability but the long
inner segments of their wings generate substantial 1ift and the

birds progress mainly by sailing.

.Petrel species are not uniforﬁly distributed by size within the

order. The size-distribution curve is bi-modal lacking any
members in the 375-425mm class of wing length. On the assump-

tion - reasonable in view of their many similarities and inter-
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grading of characters - that the petrels comprise a monophyletic
group (with the possible exception of the Pelecanoididae) then
there must once have been petrels in the missing size class., A
comparison of the size-distribution curve with that of present
day sea bird competitors of petrels suggests that gannets; boobies
and medium-sized penguins may now be occupying the niche once
available to the missing petrels. ‘

Egg weight (g) and female body weight (g) are related, but not
linearly. A logarithmic plot shows that:-

log egg weight = 0.708 log @ body weight - 0.065
which can be re-written in the form of an allometric equation:-
0,708

egg weight = 0.859 Q body weight

Likewise a linear relationship holds between the cube root of the

egg weight (g) and the square root of the standard wing length

(mm) : -
5 / egg weight = 0.40 / @ wing length - 2,51

The relationship between egg weight (g) and egg dimensions (cm)

for 26 species was found to be:-

0.55 length x breadth2 - 3,29

egg weight

'>and

egg weight 0.53 length x breadthz.

The first equation is more accurate when computing weights for
eggs greater than 20g, the second giving more accurate estima-

tions for eggs lighter than 20g.

Egg dimensions (cm) are also related to body weights:-

log LB2 = 0,689 log @ body weight + 0.265
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or: -

log Q body weight = 1.4471 log 1B° - 0.376 .

Egg shape varies in a rather regular manner with body size and
egg size, Smaller species have more spherical eggs. However,
birds of the genﬁs Puffinus tend to lay more elongate eggs and
those of the genus Pterodroma less elongate ones than do other
petrels of similar size. Within a species there is no evidence
of any consistent variation in egg shape between the different
races or sub-species.

Egg lengths (mm) and egg breadths (mm) are related to wing
lengths: -

egg length = 6.66 / @ wing length - 47.02
egg. breadth = 3.97 ¢ 9 wing length - 22.45

and as egg length increases at a greater rate in passing up the
size range than does egg breadth, so bigger eggs are more elong-
ate than smaller ones.

Factors influencing egg shape in petrels may include (a) the
need in those of small species to conserve heat and moisture by
reducing surface area, (b) anatomical and physiological restric-
tions concerned with the making, transport, and laying of eggs
which are large in respect of the size of the bird (over 25% of
the body weight in the smallest petrels) and (c) anatomical
adaptations for specialised flight and swimming. Of these both
(b) and (c) seem most relevant ana the shape and spread of the
pelvis is correlated with egg shape and with body size. The
smaller petrels have wide pelves and rounded eggs, the large
species narrower pelves and narrower eggs. The eggs may perhaps
be given their final shape while held between the pubes during
thé laying down of the shell, -~ In addition, in large species
the oviducts may be smaller relative to total body size and to
the sizes of the yolks so that greater pressures are exerted on

the forming eggs causing their elongation during their passage
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caudally.
Larger eggs have thicker shells ‘than smaller ones, the relation-

ship between standard wing length (cm) and shell thickness (mm)

‘being:-

shell thickness = 0,11 + 0.01 @ wing length.

Variations withih this general trend are that Puffinus spp. have
thicker and Pterodroma spp. thinner shells than other petrels of
similar sizes. Significantly thicker too are the shells of the

fulmarine genera Macronectes, Fulmarus and Daption, possibly as

an adaptation to nesting on hard substrates where extra strength
in the shell may be advantageous,
The internal capacity of a petrel's egg (ml) is correlated with

its dimensions and with its weight (g) when fresh:-

egg capacity = 0.900 egg weight.
Data on incubation periods are given. These range from 41 to
79 days. If allowance is made for the periods during which the
eggs are uncovered, the time from laying to hatching is rather
constant for any particular species. Incubation periods (days)

are correlated with egg capacity (ml):-
log egg capacity = 6,116 log incubation period - 8.8536

but this relationship does not hold for fulmars which have
shorter incubation periods than other species laying similar
sized eggs. .
Incubation periods (days) vary according to body size (g) but

non-linearly:-~

log @ body weight = 8.0496 log incubation period - 11.3270
and: -
log @ wing length (decimetres) = 7.1651 log incubation
period (days) - 11.1220
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On a weight-specific basis the smaller petrels are much less
efficient at producing unit weight than are the larger ones.
Petrels take about twice as long to reach a given hatching weight
as most other kinds of bifds°

However, the fulmarine Species:do not fit these formulae, their
incubation periods are shorter than indicated by the general
trends for body size. How this speeding up of development is
achieved is not clear.

Body temperatures of petrels, on the data presently available,
are low and average 3806500, significantly lower than the mean
of 40.02°C for non-petrel species. Data on egg temperatures
are scarce and unsatisfactory but it seems probable that these
too are low and this may have a bearing on the long incubation
periods. Low body temperature seems more likely to be a reten-
tion of a primitive condition rather than an evolutionary
novelty and is presumably associated with low basal metabolism.
If so, the latter may have formed a pre-adaptation fitting
petrels for a pelagic existence where a capacity for sustained
fasting enables penetration to areas not accessible to birds
with higher requirements for energy intake.

The composition of petrel eggs varies in a regular manner accor-
ding to their size. Increasing size is accompanied by an
increase in the proportion of albumen‘and a decrease in that of
yolk. Shell composes 7.5 to 11%, albumen 53 to 65% and yolk
28 to 39% of the fresh egg weight. These data are in line with
similar sized eggs of precocial species such as ducks. Yolk
weights are correlated (in log térms) with incubation periods
but again the fulmars are atypical and their rapid development
to hatching is not a consequence of reduced yolk reserves.
Nestling periods are more variable than incubation periods and
range from 50 to 278 days.

The days elapsing from hatchiné to chick departure are correl-

ated with egg capacity (ml) according to the formula:-

Nestling period = 0.496 egg capacity + 52.61
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and is also correlated in log terms with body weight. In both
respects fulmars are atypical having shorter nestling periods
than other petrels of similar sizes. As obtains during incu-
bation, the nestling time per kg of adult is much less for large
than for small petrels but in general the rate of production ﬁer

unit weight is less than during the incubation period.

The duration of the incubation '‘and nestling periods are related

for a particular species, those with short nestling periods have
also short incubation periods. fThe fulmars, breeding in polar
regions, develop overall faster than other petrels and this is
believed to be an adaptation to a short breeding season with
long summer days. In one fulmar (Pagodroma) there is evidence
that some differences in development rates occur between popula-
tions and these may be connected with local climatic conditions.
Nestling periods for non-migratory tropical petrels are long
relative to their egg sizes and in general with petrels, develop-
ment after hatching seems to be more flexible in response to
environmental conditions than development rates within the egg.
The sizes of at least 7 body components - skeleton weight (ys).
lengths of tarsus (yt), of culmen (yc), of humerus (yh), of ulna
(yu), and of manus (ym) and egg weight (ye) are related to body
weight allometrically:-

Yo = 00899xo°71
yg = 0.035x ]
v, - 5°7xo,31\
Y, = 2,1xo°47
y, & ¥, = 4,3x0°53
- 8. 65040 |

where x is mean body weight in grams.
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Egg weight, standard wing length and tarsal lengths exhibit
negative allometry while skeletal weights vary almost isometric-
ally with body weight: the remainder show positive allometry.
As all these variables are related to body weight they are also
related to each other so that petrel structure conforms to a
ground plan expressible in part by a series of allometric
relationships in which body size is a determining factor. The
underlying mechanisms may be a common gene or gene complex which
controls growth gradients and the stages at which growth of the
various parts ceases.

It is postulated that phyletic size increase has been a dominant
feature in the evolution of the order as in some better known
lines of descent and that the group may have arisen from some
small generalised ancestor perhaps having many of the characters
of storm petrels like Oceanodroma but the evidence for this view,
based on morphology, ontogeny and behaviour, is rather sparse

and mainly circumstantial.
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APPENDIX A: BASIC DIMENSIONS OF THE PROCELLARIIFORMES
AND THEIR EGGS
Wing lengths marked * are from live material
FAM. DIOMEDEIDAE
SPECIES No. Sex Amwwm No. Sex wowmvsa ﬁwmo, zmmuAmmmvmpno mwmwm No. K omwnmw«u No. wmw
la D.epomophora 8 Q 62k 7 @ 7801 48 126.8 x 78.6 62.0 5 69720 398.6 15 425
epomophora
1 D.e.sanfordi 12 Q@ 616 . Sk 123.6 x 77.8 63.0 41 416
2b D.exulans b Q@ 601 53 Q 7270 9 131.2 x 79.5 60.6 6 L67
chionoptera o . o
2¢ D.e.dabbenena b Q@ 603 1 Q 6534 87 127.0 x 76.9 60.6 87 .9482 372.8
3a D.c.cauta b Q@ 557 2 Q 3585 52 105.9 x 67.0 63.3 11 .9710  2k1.9 6 238
3¢ D.c.salvini 32 §Q 556 8 106.0 x 69.3 65.4
4 D.,albatrus 2 550 Lz 116.0 x 74,2 63,9 2  .9708 324.6
S5 D.irrorata Lo Q@ 547 . 38 106.0 x 68.8 64.9 .
6a D.m.melanophris 7 Q@ 521 10 @ 3515 8 110.0 x 67.0 60.9
"6b D.m.impavida 3 @ 511 2 Q 2871 26 102.5 x 66.2 64,5
7 D.bulleri 31 Q@ 520* 31 d9Q 3012 100 102.1 x 66,0 64.6 8 L,9698 225.8 100 250
8 D.nigripes Lo Q@ 506 138 Q 2934 45 108.8 x 70.3 64,6 1 9670 100 291
9 D.chrysostoma 5 Q@ 504 2 Q@ 2973 40 107.0 x 67.4  63.0 9 .9699 246.8
10 D.immutabilis 5 9 487 134 Q@ 2852 39 109.2 x 69.4 63.5 1k 254 20 278
1" D.chlororhynchos uQ g9 u8o 6 9 1927 75 96.1 x 62.2 64,7
12 P.palpebrata 21 59 537 10 S Q 2838 32 101.6 x 65.8 64,8 6 .9503 218.9
13 P.fusca 13 §Q 503 5 dQ 2102 21 103.1 x 65.7 63.7




FAM. PROCELLARIIDAE 163.
SPECIES N6. Sex ﬂwnmv No. Sex wowwvse Noo. mebAmwm%mHNm MMWMM No, K omwwmw¢%,.zoo ﬂww
1%  Macronectes 19 Q 498 5 Q 4114 80 103.8 x 65,7 63.3 3  .9385 220.2 12 237
giganteus ‘ . o - . : ’ ‘

15 M,halli 10 Q@ kg7 b .9 356k 32  101.5 x 66.1 65.1 6  ,9323 216.5 10 232
16  F.glacialoides 21 Q¢ 3229 10 9 741 1% 7h.h4 x 50,3 67.6 1 .9333 92,0 13 103
17a F.g.glacialis ks Q 313 12 Q 699 100 74,0 x 50,6 68.4 3 .9282 92,1

18 T.antarctica 26 Q9 310 21 Q9 627 12 72 x. 48 66,7 ,

19a D.c.capensis 15 Q@ 264 22 Q@ ko7 46 62 x b3 69.3 3 49378 56,3 k2 62
20 P.nivea 16 Q 260* 13 Q 2kl 21 55,5 x 39,4 71,0 1 - .9600 43,3 21 47
21 Pterodroma incerta sh Q@ 321* sS4 IQ 522 A 69,5 x 52.0 .- 4

22a  P.m.gouldi b5 FQ 317 2 I Q567 37 67.4 x 48.4  71.9 b . .936h 77,6

22b P.m.macroptera 26 &9 309 5 @ 528 12 67.8 x 49.7 73.3 1 .9%20  82.6

2%3b P.e.cervicalis ‘9 dQ 306 8 65.2 x 48.0  73.6 A
.24  Bp.phaeopygia 68 Q 305 " 6 61.2 x 42.9  70.1

25 P.lessoni 28 9 303 5 @ 606 43 71.7 x 51,0 71,1 3 49439 92.1

26 P.solandri 58 Q@ 302 . 2 Q L4os 18 66.0 x 49.0 7h.2 .

27a  P.n,juana 31 @ 300 10 65.2 x 45.9  70.4 .

27b P.n.neglecta 20 9 290 96  64.2 x 46.0 71.6 5  .9515  70.2 89 .7k
28 P.r.rostrata 14 Q@ 290 2 63.5 x h2.3 66.6

29a P.a.,arminjoniana 26 Q@ 285 3 61.4 x 45,5 74,1
'29b  P.a.heraldica 67 9 277 1 69 319 29  59.1 x k2.7 72.2

30 P.alba 39 Q 276 ? 269 8  56.1 x 42,5 75.9 ? 56
31b P.h.cahow 3 Q9 261* 1 58.2 x 43.4 :

32 P.ultima ki Q 282 13 d @ 360 : : .

33 P.inexpectata aOo d e 262* 86 d 9 316 39 60.5 x 43.1 71.2 11 m,!wmom 56.5 8 53
34  P,brevirostris 179 &9 255 7 &9 324 19  56.7 x 44.8 79,0

35a P.m.mollis 146 S Q 253* 146 d 9 254 4 62.2 x 46.9  75.4




b iy

SPECIES No. Sex ﬂ““mv No. Sex mowwvsa No. zomuAmevm»no _wwwwm, fo. K omwwmw«« No. ﬁmw
36  P.c.cooki 16 d @ 233 2 Q 191 21 52.5 x 38.7 73.7
37a P.l.leucoptera 17 9 225 5 d9 179 -39 k9.8 x 37.1 745
38a P.h.hypoleuca 77 & Q@ 229 76 @ 176 7 k8.4 x 36.8 76.0
38¢c P.h.nigripennis 2h o Q 228 5 41 51.4 x 37.2  72.3 b1 37
39 P.l.pycrofti 2b & Q@ 215 9 d9¢ 159 18 48.3 x 35.5 73.5
L0  P.brevipes 22 d 9 212 L 4L8.4 x 35.1 72.5
41  H.caerulea 31 59 216 10 Jd¢9 181 16 49.9 x 36.7 73.5
L2a P.v.vittata ka2 g Q@ 214 720 9 196 12 50,0 x 36.7 73.5 3 9449 33.3
43a P.d.banksi 12 Q- 192*% 12 Q 153 L2 47.1 x 34,6 73,5 5 9477 28.0 23 33
44  p.salvini 18 5@ 190 18 JQ 154 16 50.3 x 35.9 71.4 12 32
45  P.turtur 100 & @ 182* 100 J Q@ 132 100 45,1 x 32.6  72.3 12,9566 24,0 56 2k
46  P.belcheri 6 9 178 63 47.5 x 34.8 73,3
48  B.fallax 9 & Q 242 5 &9 176
Lo B.bulweria 11 Q 203 66 2.9 x 31,2 72.7
50 P.aequinoctialis 11 Q 373 3 Q 1075 17 81.0 x 53.3 65.8
51 P.westlandica 2 Q@ 367 1 Q 1247 14 82.4 x 55,0 66,7 9 127
52  P.parkinsoni b Q@ 348 1 Q@ 1077 12 70.3 x k9.6  70.5
53 P.cinerea 11 Q 334 7 Q 1026 6 83,0 x 56.2 67.7 1 .9379 128.7
Ska C.d.borealis 10 Q2 355 70 - 73.3 x 50.0 68.2
54b C.d.diomedea 10 Q 335 70 68.1 x k5.4 66,7
Skc  C.d.edwardsi 6 @ 308 10 62.3 x bbb 71,3
55 C.leucomelas 3 Q@ 315 5 68.8 x 44,4 64,5
56 P.creatopus 55 Q@ 330 11 71.7 x 46.2 6Lk
57 P.gravis 23 d 9 32k 8 d¢®Q 873 78 80.0 x 51,5 64,4 -3 ,9468 105.2 1 105
58a P.c.hullianus 28 &9 320 1 Q 57 | 49 69.5x 46.0 66.2 . |
58b P.c.carneipes 19 d 2 315 55 69.6 x 45,5 65.4 2 .9348 70,5
59a P.p.pacificus 85 S Q 308 9 d¢Q 358 13 66.6 x 43,6 65.5 2 74




FAM: HYDROBATIDAE. 166.
SPECIES No. Sex &w“mv No. Sex mowwvsa No. zmmnﬁmmmvmwum ThaPe No. K omwwmwaw No. ,ﬁmw

69a 0O.o0.exasperatus 65 S 9 15% 10 &9 34 20 33,4 x 24,2 72.4 6 « 9334 9.6.

69b 0.0.oceanicus 51 &9 137 4O  32.7 x 23.3  71.2 S

70  G.nereis = 10 9 130 10 J 9 29 12 33,2 x 24.5  73.8

71a P.m.hypoleuca 20 Q 161 25 36,1 x 26,5 73.5 . _

71b P.m.dulciae - 13 Q@ 157 28 36.0 x 26,2 72,8 3  .9572 " 12.h4

71¢  P.m.maoriana - 21 Q 158 100 & Q 47 100  35.9 x 26.0 72,4 10 .9655  12.3 sk 12

72  F.tropica 25 & Q 165 20  36.3 x 26.1 7.9 P

7%2a F.g.leucogaster 2k g Q 162* 2k & Q L6 6 35.7 x 26.0 72.8 - 2 b

73b F.g.grallaria 12 Q 156 3 33.5 x 24,7 73.7 PR

74  H.pelagicus ° 39 4 Q 117* 50 &9 28 100 27.8 x 21.2 76.3 10  .9219 ~ 6.0

75 H.microsoma 11 Q@ 121 20 25.4 x 19.4 73.8 s N

76 O.melania 57 Q@ 178 61 36.6 x 26,7 73,0 .

77  O.furcata 19 &9 157 1 o 59 40 33.9 x 25.7  75.8 :

78a 0.1.leucorhoa 94 JQ 156 66 J Q@ 48 1100 32.7 x 24,0  73.h & .9576 = 9.2 100 10

78b 0.l.beali 57 &9 151 32 31,7 x 23.2  73.2 -

78¢c 0.l.socorroensis 25 o Qm\arm 20 30.8 x 23.1 75.0

792 O.c.bangi - 16 Q@ 155 20 ¢ 1,0 9  31.6 x 22.9  72.6 o 28 8.5

79b O.c.castro 50 & Q 153 12 & 9 L3.5] 4% 32.2 x 23.5  73.0 4 .9558 - 849 | ,

80 0O.homochroa 58 Q@ 14k : 57 29.8 x 22.8 76.5 s

81a 0.t.tethys 71 S Q@ 137 18 3 Q 26 L 28.4 x 20.9 73.6 23 5,2

81b 0.t.kelsalli b4 39 124 | 6 27.3 x 19.7  72.3




Ammo

SPECIES No. Sex _M“wm.v No. Sex u.oﬂwv.a« No. &nau%mﬂ%u&» SROPC Noo K omﬂmwaw No, ,MMV
59b P.p.chlororhynchos 208 O Q@ 292 8 g» 375 . 48 623-x 1.3 66,2 : : ..,n_w : Wm..
60 P.griseus _ 100 Q9 304 100 O 9 787 78 75.7 x 48.8 64,4 13  ,9315 88.0 25 95
61  P.bulleri 17 &9 288 h 9 37 23  65.7 x B3.3  65.9
62 P. t enuirostris 40 Q@ 274 .22 Q 635 100 71 .x 47 66.2 5 .9435 7?7.5 13 85
6ba P.p.opisthomelas b9 g Q 237 _ 38  60.9 x 41.2 67.6 |
64b P.p.puffinas - o 20 09 237 32 Q -- hbo6 100 60.9 x 1.9 68.8 14 .9421 52.7 10 58
6Lhc w%.amﬂu.wﬁmmwnﬁm 10 9 246 5 Q 517 23 61.2 x h2.7 69.8
64d. P.p.yelkoan . 21 &9 233 100 58.0 x 40.8 70.3
65 P.huttoni : 17 0@ 222 17 8 @ 364 3 58.7 x 0.2 68.5
66 P.gavia o 55 d @ 209 = 13 57.3 x 39.9 69.7
67a P.1'h. 1'herminieri 26 9 208 : 39 52.5 x 36.2 68.9 ;
67> P.1'h. subalaris 99 9 191 13 9 163 | 11 47.8 x 34.0 71.1 . 30 29
68a P.a.haurakiensis 16 J 9 192 . 7  52.6 x 36.3 69.1

| 684 P.a.assimilis - 5 &9 183 : 28 51.8 x 35.3 68,2
68e P.a.baroli 15 9 179 . 55 50.0 x 34.7 69.4
68f P.a.tunneyi 25 ¢ 9 173 10 52.3 x 35.6 68.1 8 .9351  32.4
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FAM: PELECANOIDIDAE : .

. Wing Body Wt | Mean egg size Shape - . Capacity Wt.
SPECIES No, Sex (mm.) No. Sex (g) No. (mm.) index Noo x. (m1) No. (g)
82 Hfmwuﬂbon## : . Lo g9 136 : - 120 k7,0 x 34.5 73.4 6 4 22
83a P.,u.chathamensis 100 J @ 123* 100 & @ 124 39 37.7 x 29.4 78.0 . 27 15
83¢ P.u.berard ?7 & Q 121 9 38.2 x 30.8 80.6
84 P.georgicus 8s Q 114 L Q 134 13 39.2 x 31,6 80.7




