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UTILISATION OF DIETARY ENERGY BY POULTRY. 
II. *-Effects of Indigestible Organic Matter and Protein on the 

Utilisation of Metabolisable Energy for Growth 

By J. DAVIDSON, I. McDONALD, J. MATHIESON and R. B. WILLIAMS 

Rations compounded from individual. cereals or from mixtures of cereals were fed to 
. growing cockerels. When the levels of protein and metabolisaQle energy were closely con­
trolled, the effect of indigestible material up to levels likely to be encountered in practice 
did not appear t o have a consistent effect on the utilisation of metabolisable energy. for 
gain in tissue energy, a lthough a maize plus wheat diet which had the lowest content of 
indigestible material proved superior to other rations tested. 

A ra tion based on oats which contained the highest level of indigestibJe matter, gave 
poor growth, although utilisa tion of metabolisable energy for gain was normal. The poorer 
growth was a ttributed to reduced food intake owing to its relative unpalatability and bulk. 

When fed a diet containing a critical content of protein with an amino-acid imbalance, 
the birds tended to compensate by consuming more food and thus more energy than was 
normal for their weight <.lnd the excess energy was lost as heat. 

Introduction 

Dietary metabolisable energy (ME) is transformed in the body either to heat energy or 
tissue energy in proportions depending on the balance of nutrients in the diet. Thus it is 
important that the balance of nutrients is such as to promote a maximum production of tissue 
energy. In the experiments to be described, a study has been made of some dietary factors 
affecting the utilisation of ME for tissue gain in chicks up to 4 weeks old and in young table 
cockerels up to 12 weeks old. The degree of utilisation was measured by determining the 
amounts of energy, protein and fat laid down in the birds. 

Experimental (Expts. 1- 3) 

A nalytical methods 

Body analysis.-Chicks were prepared for analysis as follows: the alimentary tract was 
removed from the bird and cleaned of food and faecal residues; surplus water was removed 
with filter paper and the tract returned to the bird. After being weighed, the' empty' bird 
was put through a household meat mincer and the weighed mince dried in a freeze-dryer to a 
sponge-like' cake containing about 2% of water. This material was weighed, sampled for 
determination of dry matter and then minced again. The resultant material was stored in 
screw-cap bottles with waxed liners until required for analysis. 

Older birds were dealt with in a similar way but it was necessary to take only a portion of 
the minced material for freeze drying. 

Protein was determined by the Kjeldahl method with mercuric oxide catalyst. 
Fat was estimated by a ' warm extraction' procedure, the Soxhlet thimble being suspended 

above the boiling diethyl ether. 
C aloriftc value was determined by bomb calorimetry. 
Diet analysis.-Proximate analysis and the determination of pentosans and cellulose were 

carried out by the methods of the A.O.A.C.,1 starch and sugars by the anthrone method of 
Clegg,' and prediction of the metabolisable energy content of feeds by that of Carpenter & Clegg. 3 

Indigestible organic matter (10M) was taken as IO% of the sum of crude protein plus crude fat, 
96% of the pentosans' and 100% of the cellulose and unaccounted material some of which would 
be lignin. 

Effect of feeding equal amounts of metabolisable energy from predominantly maize and predominantly 
barley diets (Expt. I) 

Diets 

In this experiment two diets were fed which differed in their ratios of crude protein to energy . 
• Part I : J. Sci. Fd Ag,ic. , 1957, 8, '73 
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FIG. s.- Efficiency of utilisation of dietary tnetabolisable energy in E xpt. 

where F is the average weekly food consumption per bird in g. or the average weekly ME con­
sumption per bird in kcal., W is the estimated average weight of the bird during the week in g., 
a, band c are constants and logarithms are to the base ro. 

From this equation it can be seen that uptake is related to body weight raised to a power 
which decreases with growth of the bird. 

Fifteen such equations were calculated from the results obtained in Expt. S, one for each 
group of birds, but it was found they could be combined into a single equation for each set of 
three groups on a given diet. Further analyses showed that the same values for constants 
band c could be used for each diet but values for a were different (see Table XV). The bulk 
of the individual values in the results from which the equations were derived fall within 12-14% 
of estimates made using the equations. 

Table XV 

Values for the constants i It the equation 
F = aWb - clogW 

Diet Values of constant a 
F = foocr---- F = ME in 
intake, g. intake, kcal. 

D 0'325 0'962 
E 0'342 0'923 
F 0 '350 0 '93 1 
G 0'352 0 '971 
H 0'35? 0'')98 

In each insta nce{b = 1·60 ( ± 0-°7) 
c = 0'174 ( ± 0'0 13) 

Table XVI 

Relative consumptions at any given weight in Expt. 5 

Diet and characteristics Relative consumptions 
NO.-- M E . Protein, 0/0 Food- ME Protein 

kcal. / kg. Weeks Weeks 
1-6 6-12 

D 2950 23'5 :2 1 ·6 95 104 104 
E 2700 2 1·6 '9'9 100"1 IOb*t IOO*t F 2660 2 1 "3 19'[ 102 10[ T 100 
G 2760 '9'7 18'0 103 105 94 
H 2790 ' 7'7 15"7 105 109 84 

• Differences not significant 

On the basis of the equations and with food consumption on diet E taken as 100, the com· 
parative consumptions of feed, ME and protein at the same live weights on diets D, F, G and H 
were computed and are shown in Table XVI. 
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446 LOVE & HARALDSSON- EXPRESSIBLE FLUID OF FISH FILLETS. XI 

20 60 100 140 180 220 260 300 340 380 
FREEZING TIME,min. 

FIG. 3.-Concentration of deoxyribose nucleic acid phosphorus in the expressible fluid of thawed cod fillets frozen 
at different speeds in the laboratory (Experiment 2, 1959) 

The identity of • peak B' is established. from the hislotogical sections in Fig. 4 

t::. _ b. Pre-ri/l:or 
C---O Post -rigor 

post-rigor fillets. If such a phenomenon occurred at all in the present work it was completely 
masked by the presumed 'initial temperature effect' noted above. 

In the post-rigor curve, Fig. 3, there are well-marked peaks Band C in the usual locations­
see introductory section. As stated previously' it is fortuitous if an experimentally determined 
point coincides exactly with a maximum DNAP value, because the freezing times of the different 
layers depend on the thickness of the fillets; it can be seen that there is here no point exactly 
at peak B. The histological sections showed that the ice at II min. (post-rigor curve) was all 
intracellular (Fig. 4A) , at 47 min. mostly intracellular with some cell damage (4B) and at IIS min. 
all extracellular (4C). The true peak B therefore does lie somewhere between the latter two points.' 

The pre-rigor curve has just one high peak at 200 min. The remarkable fact shown by the 
histological sections is that it is in fact peak B and not C as might have been supposed. Unlike 
in Fig. I, the pre-rigor DNAP level at about 80 min. is higher than that of the post-rigor DNAP, 
but this is doubtless the influence of the very high pre-rigor peak B in the second experiment­
the heights of the pe~ks vary greatly in different experiments.' 

Histological examination.-When the sections of the quickest-frozen fish are compared, 
three facts stand out: in the pre-rigor fish (Fig: 4D) the ice is lobulated (rosette-shaped) not 
roughly circular as in post-rigor fish (4A) , the ice crystals are smaller, and there is actually a 
smaller proportion of ice to tissue. . 

Taking the ice patterns near the peak B maximum, it can be seen that in pre-rigor fish (4E) 
virtually an the freezing is intracellular at a freezing time of 200 min. , while the proportion of 
extracellular freezing in the post-rigor fish (4B) is already considerable at 47 min. in this experi­
ment. Beyond peak B, all freezing is extracellular in the post-rigor fish (4C) frozen in IIS min., 
while at 290 min. pre-rigor (4F) there is still some intracellular freezing, although the greater 
part of the ice has ' formed extracellularly. 

While the disposition of the ice in the slowest frozen pre-rigor group was different from that 
in the other pre-rigor groups, the amount of ice measured histologically was the same, being 
considerably less than in the post-rigor groups (see Discussion). It is improbable therefore 
that rigor had set in in the pre-rigor fillets frozen in 290 min. 

Two blocks of fish were sectioned from each of the five pre-rigor and post-rigor fillets frozen 
at each speed: the other sections which have not been illustrated support the same conclusions. 
Some of the slowest-frozen pre-rigor sections showed all-extracellular freezing, some showed 
mostly intracellular freezing: Fig. 4F is noteworthy in illustrating the two types together, 
sharply demarcated. 

Thus, as Piskarev et al. tO have concluded, the concept of quick and slow freezing as defined 
by the size or location of ice crystals is meaningless unless the physiological state of the muscle 
is taken into account. 

J. Sci. Food A~ric., 12, June, 1961 
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A B c 

D E F 

FIG. 4.-Sections of frozen fish relating to Experiment 2 

Pictures Band E correspond with' peak B' in post· and pre-rigor fish. respectively, but note that the freezing times are veey differeDt 

Post-rigor: freezing time, min. A Il, B 47. C 115 
Pre-rigor: D 6f. E zoo, F 290 

I 

Discussion 

The experiments show that the pattern of ice-crystal formation in pre-rigor and post-rigor 
fish is not the same. Concurrently with a preliminary report of the work" there appeared 
a paper by Piskarev & co-workers IO describing similar effects in fresh-water fish. They found 
that freezing pre-rigor muscle at -250 resulted in smal1 intracel1ular ice crystals, while if the 
same material were held for 6 days in ice before freezing (post-rigor), the ice crystals were large 
and extracel1ular. 

A complete explanation for the phenomenon necessitates a better knowledge of the 
mechanism of the growth of ice-crystals in biological systems than at present exists, but it is 
possible at this stage to suggest some alternatives. 

Intracellular freezing 

Lusena & Cookll have pointed out that, in the slow freezing of biologIcal tissue, the ice 
phase is essential1y continuous as water moves through the tissues to support crystal growth. 
In rapid freezing, however, the ice phase is discontinuous, perhaps because the rate of crystal 
growth in the tissue exceeds the rate of moisture movement. 

In the present work it has been shown that where there is intracel1ular freezing, the ice 
crystals in pre-rigor muscle are more numerous than those in comparable post-rigor mllscle, 

J. Sci. Food Agric., 12, June, 1961 
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Table I 

Production and use of kaffiYcoYII ill S'oll th Africa 

(short tons) 

P roduction 
Use 
Domestic 

Human consumption 
Not commercially processed 
Processed to meal, fl our, etc. 
Beer production 

Anima l feeds 
Seed 

Export 
Waste and loss 

Total 

1955/ 56 1956/ .17 1957/ 58 

154. 800 1 8 1,100 

4800 6000 9100 
7°00 7500 9700 

1 29,600 ]5 1 ,300 1.18.700 
2000 2500 2 4 0 0 

290 0 2900 3 roo 

'46,300 17°,800 ]83.000 

800 1300 38,200 
7700 gooo 9600 

• E stimates 

1958.159 
2()5 . g o 0 * 

14,800 
9 300 

179,900 
2 ()Qa 

3 100 

209.700 

56,5°0 
11 ,000 

of this is used for home brewing since purchases by municipal breweries represent only 12-15% 
of the whole, in spite of the steep rise in municipal beer production in urban areas in recent years. 
This is partly due to the fact that there has been an increasing tendency to use maize products 
instead of unmalted kaffircorn grain in brewing on a large scale, many breweries today using 
kaffircorn only in the form of malt (Table II). 

Table II 

Use of kaffircorn by municipal breweries 

Year Beer production Raw materials used (short t ons) 
(millions of gal.) Kaffircorn Kaffircorri Maize 

grain malt products 

1954/55 25'6 7710 '5,569 5828 
1955/56 3°·2 4538 ]7.204 10,70 4 
1956/ 57 34.8 5892 16,34' l 'l ,2 I:l 

1957/ 58 4°'5 5139 1 8 ,100 14,005 

1958 / 59 44'0 3566 19,669 19,860 

Besides that taken in the form of beer, a further 8-9% of the domestic use of kaffircorn 
is for human consumption, either without any prior treatment or after processing into breakfast 
or baby foods. , Animal feeds account for less than 1% of the crop, whilst none is processed 
to starch or other industrial products. Grain sorghums are also used extensively for brewing 
in other parts of Africa, as well as in China' but, in contrast to the Union, the greater part of 
the crop in these countries is consumed in the form of unfermented foods. In the United 
States of America grain sorghums aregrown chiefly for animal f~eding, although a certain amount 
is processed to starch for food and industrial uses. 

As part of our studies on the use of kaffircorn in the brewing of kaffir beer in South Africa, 
the nutritive value of the grain and of the malt and beer produced from it have been deter­
mined. A considerable amount of work on this subject was done in the forties by Golberg and 
his co-workers', • but the beers which they examined were either home brewed or were municipal 
or mine beers brewed on a small scale under rather primitive conditions in the early days of 
the industry. The present work was undertaken primarily to provide figures for beer as brewed 
on a large scale at the present time. 

Experimental 

Materials 

Typical samples of kaffircorn of the short red, white, birdproof, Martin and Hegari varieties 
were obtained from the Potchefstroom Agricultural College. The remaining samples were 
mixed grain of commercial origin. 

J . Sci. Food A~ric. , 12, June. 1961 
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in the preparation of some breakfast foods, for which purpose it is ' cured' by subjecting it to 
much higher temperatures. This treatment causes a substantial loss of thiamine, but does not 
affect the other two vitamins. The breakfast foods prepared from kaflircorn consist essentially 
of a mixture of malt and grain flour, with some additional bran. The analysis of one such 
preparation is shown in Table Ill. 

Table IV 

Changes in vitamin content of kaffircor1L during malting aud curing 

Thiamine Riboflavin Nicotinic acid 
I'g.jg. dry basis 

Series I Grain 5"5 1'2 4° 
Malt, dried only 5"2 :2'0 37 
Malt, cured 2 '5 2 '2 38 

Series II Grain 6 ' 2 1·6 40 
Malt, dried only 8'5 2'2 37 
Malt. cured 3'5 2'4 40 

Composition of kaffir beer 

Since the bulk of the kaflircorn produced in South Africa is consumed in the form of beer, 
the nutritional value of this product and the changes which OCCur during brewing are of particular 
interest. Table V summarises the analyses of 21 samples of beer collected between 1954 and 
1960 from nine municipal breweries which are amongst the largest and most modern in the 
industry. During the past 10 years there have been important changes in the proportions of 
raw materials used in brewing kaflir beer. As malts of improved diastatic power have become 
available, there has been a steady decrease in the ratio of malt to adjunats used. In addition 
many breweries have changed over, partly or wholly, from the use of unmalted kaflircorn meal 
as adjunct to maize meal or grits. These changes have not yet become stabilised and there are 
still considerable differences in the raw materials used in different breweries. These are to 
some extent reflected in the differences in the composition of the beers examined. 

Table V 

Composition of municipal kaffir beers 

pH 
Alcohol ('Yo w j v) 
Solids ('Yo w j v) 

Total 
Insoluble 

Nitrogen ('Yo w j v) 
Total 
Soluble 

Thiamine (I'g. j loo mI.) 
Riboflavin (I'g.jloo mI.) 
Nicotinic acid (I'g. j loo mI.) 
Ascorbic acid (mg. j loo mI.) 

R ange Mean 

0'°59- 0 '137 
O'OIO- O'O J 7 

2 0-2 30 

27- 1 70 

130 - 660 
0 ' 01 - 0'15 

0'°93 
0'01 4 

93 
56 

315 
0'04 

No. of 
analyses 

JO 

17 

17 
6 

16 
9 

21 
21 
21 

The values obtained in the present study for the ascorbic acid content of the beers are much 
lower than those found by Levy & FoxI3" and Fox & Stonel 3/> who reported 0'2-1'2 mg. ascorbic 
acid per 100 ml. These authors, however, found considerable interference due to extraneous 
reducing substances in their determinations by the indophenol method, and although they 
attempted to eliminate this by working between pH I and 2, it is possible that the values they 
obtained were still too high. This is supported by the fact that guinea-pig experiments showed 
kaflir beer to be practically devoid of antiscorbutic activity.'ab In spite of this it is frequently 
stated that kaflir beer in the quantities consumed, provides a useful amount of ascorbic acid 
in the diet of the Bantu. According to our figures, however, it would be necessary to consume 
on an average 17 gallons of beer a day to provide the minimum requirement for an adult of 
30 mg. of ascorbic acid. This is far in excess of the normal consumption of 2- 8 pints. 

J. Sci. Food A~ric., 12, June, 1961 
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Table VII 
Changes in quantities of B vitamins during brewing of kaffir beer 

Stage of Quantity Vitamin content Total vitamin Increase (+) or 
brewing of (I'g.jg. wet wt.) content (mg.) decrease (-) % 

material Thiamine Ribo- Nicotiruc Thiamine Ribo~ Nicotinic Thiamine Ribo- Nicotinic 
flavin add flavin acid flavin acid 

Brew I 

Lactic acid fermentation 
~aw materials 

Kaffircorn · 
malt 360 lb. 4' 70 3'10 39'5 770 5 10 64Go 

Maize grits 45 lb. 2'50 0'36 (0·6 50 8 '40 

820 518 6600 
Product 

Sour 300 gal. 0'64 0 ' 29 4'6 870 400 6260 +6 - 23 -5 

Mashing 
Raw materials 

Sour 300 gal. 0·64 0"29 4'6 870 400 6260 
Maize grits 1800 lb. 2'5 0'36 6'9 2040 290 5650 
Kaffircorn 

malt 540 lb. 4'7 3 '1 39'5 IlSO 760 9090 

4060 '450 2],600 

Product 
Mash 1670 gal. 0'49 0 '18 4'0 3720 '370 30.300 - 8 - 5 +40 

Alcoholic jerme-ntation 
Raw materials 

Mash 1670 gal. 0'49 0'18 4'0 3720 '370 30.300 
Yeast 5 lb. 46 29 355 105 66 760 

3825 1436 31•060 
Products 

Beer 1550 gal. 0'20 0' 27 1'7 1410 1900 11.900 

Spent grain 1310 lb. 0 '33 0'53 7"9 200 320 4700 

1610 2220 16,600 -58 +54 -47 

Overall gain or loss on vitamins in raw materials (%) - 60 +43 -'30 

Brew 2 

Lactic acid fermentation 
Raw materials 

Kaffircorn 
malt 180 lb. 5"4 2'7 43 440 220 3500 

Product 
Sour 450 gal. 0 *28 0'33 1'2 570 675 2450 +30 + 207 - 30 

Mashing 
Raw materials 

Sour 450 gal. 0*28 0'33 1'2 570 675 2450 
Maize grits 1800 lb. 3'4 0'19 3'9 2780 155 3180 
Kaffircorn 

malt 760 lb. 5"4 2'7 43 1860 920 '4.800 

5 210 '750 20.430 
Product 

Mash 1700 gal. 0.30 0·19 2' 4 23z0 '470 18.500 -55 - 16 -9 

A lcoholic fermentation 
Raw rna terials 

Mash 1700 gal. 0'30 0·19 2'4 2320 1470 18,500 
Yeast 5 lb. 34 32 248 76 73 563 

2396 l543 19,063 
Products 

Beer 1600 gal. o'z7 0'28 2'3 1960 204 0 16,700 
Foam 8 gal. 23 5"4 27 835 196 980 
Spent grain 880 lb. 0'50 0'50 7'4 200 200 2960 

2995 2436 20,640 +25 +58 +8 

Overall gain or loss based on vitamins in raw materials (%) - 42 +78 -6 
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respectively, during the fermentation of their beer. They used no culture yeast and the fer­
mentation was brought about by the wild yeasts on the malt. It is probable therefore that the 
vitamin production of the yeasts present in their fermentation was quite different from those 
used in the brews studied here. 

Another factor which may influence the vitamin content of the beer is the nature of the raw 
materials used. As can be seen from Tables III and VII, maize grits contain only about one­
tenth as much nicotinic acid and riboflavin as does kaffircorn grain. From this point of view, 
the present tendency to use the former as an adjunct instead of the latter is unfortunate, par- , 
ticularly from the point of view of the nicotinic acid content of the beer, since there is little or 
no synthesis of this factor during brewing. It is probably significant that the five beers which 
were found in the present study to have the highest nicotinic acid (> 500 /1-g. / IOO mI.) were 
brewed either solely from kaffircorn malt and grain or with less than IO% of maize products. 
The preference for maize grits is based partly on price and partly on the fact that it gives a beer 
with better body and texture than does kaffircorn grain. It may be necessary to consider 
whether these factors are not outweighed by the lowered nutritive value of the beer. 

Conclusions 
Kaffir beer has always been regarded not merely as an alcoholic beverage but also as a food 

for the Bantu. The present study confirms the earlier findings that it is of considerable value 
as a source of B vitamins in the diet. It has also shown, however, that the raw materials and 
methods employed in its manufacture may influence the vitamin content considerably. Any 
attempts to introduce improved methods of brewing should therefore take into consideration 
the effect these may have on the nutritive value of the beer. 
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Table I 
A mino·acid composition oj kaffircorn grains aHd malt 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 
Cystine/ 2 
Tryptopban 
Amino-acid N as 

% of t otal N 

Amino-acid, g./IOO g. of grain or malt 
Short red Wbite Birdproof Short red 

grain grain grain malt 
(1'36% N) (1'79% N) (1,63% N) (1'47 % N) 

0'623 0'953 0' 783 0'857 
0'288 0'378 0'333 0'3;8 
0'356 0'473 0'458 0'393 
1'54 2'3' 1'99 1,62 
0'697 0'945 0,826 0'775 
0'280 0'334 0'308 0'285 
0'7'7 1'08 0'919 0'738 
0'386 0,608 0'525 0'436 
0' 1 74 0'137 0'176 0' 1 22 

0'308 0'504 0'429 0' 348 
0'975 1'54 1'30 0'989 
0'358 0'492 0'461 0'368 
0'407 0-581 0'51 I 0 '44° 
0'2 10 0-241 0 -244 0'259 
0-208 0-274 0-242 0 '226 

0'477 0'72 1 O·61I 0'460 
0'101 0-103 0']52 O'III 

0'154 0'138 0' 123 0'099 

Amino-acid, g./IOO g. of crude protein 
(N X 6'25) 

Short red -Whi~;:d±p::-:r::oo=f - S"'h"o·rt red 
grain 

7'33 
3'39 
4'19 

18,! 

8'20 

3'29 
8'44 
4'54 
2 '05 

3'62 
II'S 
4'21 

4' 79 
2'47 
2'45 
5'61 
1'19 
I ·B I 

80'0 

grain grai n malt 
8'52 7'69 9'31 
3'38 3'27 3'46 
4'23 4'50 4'27 

20'6 19'5 17.6 
8'45 8'Il 8'42 
2'99 3'02 3'10 
9,65 9'02 8'02 
5'43 5' 15 4'74 
1 ' 22 1'73 1'33 

4'5
' 

4'21 3'78 
'3'7 12'7 10,8 
4' 40 4' 53 
5'19 5'02 
2' 1 5 2'40 

2'45 2'38 
6'44 6'00 

1'49 
1-21 

1'21 
J·08 

the free and combined states.'" An interesting feature of the results is the high proportion 
of proline present, This reflects the high content of prolamines which comprise 46-60% of the 
proteins in the malt and grain,l" 

The values obtained in the present study are in close agreement with those of Close & NaveslO 

except in the case of arginine where our figures (5,<>:-6'4 g, / IOO g, of crude protein) are some­
what higher than theirs (3 ,8-3'9 g./ IDO g,) , Most other workers have also reported lower values, 
ranging from 2'9 to 4'4 g./ IOO g, for this amino-acid, an exception being Chitre and his co­
workers" whose figures (5·6-6'5 g,/ IDO g,) are of the same order as ours, In general the values 
for the essential amino-acid contents of sorghums reported from different parts of the world 
are very similar, One exception is the value of 24'1- 25'2 g./ IOO g, of crude protein for leucine 
reported by Adrian3 which is very much higher than the values of 8'9-15'4 g. / IOO g, found by 
all other workers induding ourselves, 

From the point of view of human nutrition, kaffircorn is deficient in lysine which is present 
to the extent of only about half the estimated requirement for infants and adults, viz., 3'2-5 '6 g./ 
100 g, of protein.l' The next limiting amino-acid would appear to be methionine, the content 
of which approaches the minimal requirements of 0'9- 1'5 g./ IDO g, protein,l7 While the con~ent 
of tryptophan is not very much greater than the estimated requirement , it is considerably 
higher than that in maize, so that consumption of kaffircorn grain or malt helps to make good 
the deficiency of this amino-acid in a diet in which maize is the staple food, as in the case of the 
Bantu of South Africa, 
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STUDIES ON EGG SHELLS. XVI.*-Variations in Shell Thickness 
over Different Parts of the same Shell 

By C. TYLER 

Variations in shell thickness over the surface of the egg have been studied in a number 
of normal and abnormally thin shells. There is far less variation around the latitudes of 
the egg than there is longitudinally. Different birds give, for normal shells, different 
patterns of thickness from pole to pole. but for anyone bird the pattern is usually fairly 
constant. The most frequent general pattern is one in which the broad-and narrow caps 
each have a thickness greater than most intermediate latitudes, but the minimum value 
may fall in different positions in different eggs. 

Abnormally thin shells seem to deviate from the normal pattern for the same bird, but 
it will be necessary to carry out more work on this before reliable conclusions can be drawn. 

With a collection of eggs, the thickness of one latitude is highly correlated with the 
thickness o f another latitude and it is possible to calculate from assumed values for one 
latitude the pattern for the rest of the shell. 

Various methods for obtaining an accurate value for mean shell thickness by using a 
sample of measurements have been compared. 

Introduction 
A method of dismantling an egg shell whereby variations over the surface of the shell 

may be studied in relation to a number of characteristics has been described by Tyler. 1 The 
present paper is concerned with studies on the variations in shell thickness in normal shells and 
abnormally thin shells. 

Experimental 
Material 

The 52 normal shells studied came from the eggs from IS birds of various breeds. ranging 
from single eggs up to a clutch of 8. In some cases a number of clutches was available from 
the same bird. The shells varied in mean thickness from 241 to 371 f.I. and. therefore. covered 
a very wide range. One bird. in addition to laying a few normally shelled eggs. produced a 
succession of twelve thin-shelled eggs and these were also studied. as well as six thin-shelled 
eggs from a variety of other birds. 

Methods 

The method of dismantling the shell and making the measurements was fully described 
·in .an earlier paper,l It is sufficient to state here that the shell is divided into six latitudinal 

• Part X v: J. Sci. Fd Agric., 1961 , 12, 281 
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around the latitude giving the lowest mean thickness and that gi"ing the highest mean thickness 
for eggs X/ I and I/ I. This serves to underline the very great differences between latitudes 
compared with the small variations within a latitude. Because of this, the remainder of the 
results will be considered in terms of mean values for each line of latitude which will give the 
pattern of variation from pole to pole, or in terms of mean values for each pair of lines of latitude 
taken from one collar. 

FIG.l TH ICKEST MEAN LATITUDE 

" oJ) 
oJ) THICKEST MEAN l ATITUDE 

'" 5 300 

;; 

280 

THINNEST MEAN LATITUDE II! 

260 

ROUNO THE EGG 

FIG. I.-Latitudinal variations foy the latitudes with the lowest mld highest mean shell ,th ickness (,..,.) 
Eggs XI ! and II ! 

Patterns of thickness for normal shells 

The results are set out in Figs. 2-13. Fig. 2 shows the results for four eggs taken from 
four separate birds and exhibits four patterns which are quite different: The shell thickness 
of egg II8/ 1 shows a fairly steady increase from the broad pole A to the narrow pole H , whilst 
I I I increases, then decreases, then increases again. The other two, X II and 129/ 1, each give 
similar patterns from the broad end to past the waist, then they differ considerably. In Figs. 3- 5, 
patterns for two-egg clutches are shown for five birds. Again, different birds give different 
patterns, but , generally speaking, the two eggs from one clutch are fairly similar. A three-egg 
clutch was obtained from bird 124 (Fig. 6), and two of these gave very similar patterns but the 
third was different. However, this difference was chiefly associated with a thickening of the 
shell in a band at one particular point. 

Bird 503 (Fig. 7) gave a five-egg clutch and there were no great differences in pattern , 
except for egg 503/ 4 which was entirely different , and bird 502 (Fig. 8) yielded an eight-egg 
clutch in which seven eggs were surprisingly similar in pattern, except for one measurement , 
but egg 502/ 4 was very different. 

Two separate two-egg clutches were obtained from bird 500 and all these four eggs were 
very similar in pattern (Fig. 9) and again, bird G gave two four-egg clutches separated by a 
single egg. It will be seen that the general patterns of most of these were very much alike 
(Figs. 10 and II) . Finally, three successive three-egg clutches from bird H (Figs. 1 2 and 13) 
gave patterns which were exceedingly variable from egg to egg. 

Despite the vastly different patterns, particularly between birds, it is nevertheless clear 
that, in the majority of cases, the caps of the egg shell are thicker than the remainder, but 
that the thinnest part is not always in the same latitude. Sometimes it is nearer to the broad 
pole, sometimes nearer to the narrow pole, and sometimes at the equator. 
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300 
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(m 
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(220) 
J 

300 240 
(200) 

BROAD NARROW BROAD NARROW 

FIGS. 2-7,-Variations in shell thickness (IL) from the broad to the narrow pole of normally shelled eggs 
Single digits after the bird number indicates eggs from only one clutch. Two digits indicate two or more clutches

l 
e.g., 2.3 is the third 

egg of the second clutch. Bracketed values on the scale of Fig. 7 refer only to egg 503/4. 

Patterns of thickness for thin shells 

It must be borne in mind that the measurements on the thin shells were made in an entirely 
different manner and are expressed as mg, of Ca/cm,> For purposes of comparison, it can, 
however, be stated that, very approximately, a piece of normal shell, say 300 ft thick, would give 
about 250 mg, of Ca/cm,' Thus the shells under consideration are very thin, 

In most of the thin-shells of bird L (Fig, 14), it would appear that the pattern is roughly 
similar to the general one for normal eggs, namely, both caps thicker than the intervening shell, 
but again the thinnest portion is not always in the same relative position. However, when 
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FIGS. 8-13.- Variations in shell thickness (IL) ['Yom the broad to the narrow pole of normally shelled eggs 
Sing1e digitS after the bird number indicate eggs from only one clutch. Two digits indicate two or more clutches, e.g., 2.3 is the third egg 

of the second clutch. Figs, 8 and 9 have 16 readings from pole to pole, while Figs. 10- %3 each have only 14 readings. 

the normal shells from this same bird are examined (Fig. IS). it is seen that the pattern' is quite 
different, for here there is a thicker ridge below the equator and the narrow pole is usually the 
'thinnest part of the shell. It is impossible to predict how the thin shells would have developed 
if development had not been stopped, but there is no doubt that the p<).ttern for the normal 
shells of this bird is entirely different from the pattern for the thin shells, Fig. 16 shows the 
patterns for a selection of other thin-shelled eggs and it is evident that there can be a consider­
able degree of vari~tion, 
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Furthermore, it must not be forgotten that with thin-shelled eggs the variation within 
collars is also much larger than it is for normally shelled eggs, 

Thickness relationships in different parts of the shell 
In order to study this problem, the mean thicknesses of each of the two caps and six collars 

have been set down for each of the 52 normal eggs and a correlation coefficient calculated for 
the relationship between cap A and the adjacent collar B, Similar correlation coefficients have 
been calculated for all other combinations (see Table III), It will be seen that the readings are 
duplicated on each side of the diagonal but this is merely to make clearer the calculation of the 
column means, The values in anyone column refer to the relationship of the cap or collar 
shown at the head of that column to the other caps and collars, 

Table III 
Correlation coefficients for the relationships between the thickness of shell in different caps and colla ys and of these 

to mean shell thickness (M) . 

Normal shells (52) 
A B C D E F G H M 

A 0'946 0,868 0,830 O' 79[ 0,686 0,696 0'7 l6 0,859 
B 0'946 0'921 0,848 0,809 o'68[ 0,672 0-'655 0,863 
C 0,868 0'921 0'970 0'9[7 0'796 0'796 0'746 0 '95' 
D 0,830 0,848 0'970 0'964 0,854 0 .85 1 0'803 0'974 
E O'79[ o'8og 0'917 0 '964 0'933 0,887 0 ' 794 0'974 
F 0,686 o '68[ 0'796 0,854 0 '933 0'939 0 ' 766 o'g2l 

G o '0g7 0,672 0 '796 o,85[ 0,887 0'939 0,883 0'92 3 
H 0'716 0,655 0'746 0' 803 0'794 0'766 0,883 Q·8jz 

Means of 
columns 0'791 0'790 0,859 0,874 0,87 1 0,808 0,8,8 0'766 0'9[5 

(Column M is not the mean of the rows but the correlation coefficient between mean shell th ickness and each 
individual cap and collar thickness) 

Abnormally thin shells ([2) 
A B , C D E F G H 

A 0'998 0'993 0 '990 0'986 0'986 0'985 0'983 
B 0'998 0'997 0'994 0'990 O'99[ 0'988 0'978 
C 0'993 0'997 0'999 0'997 0'997 0'995 0'986 
D 0'990 0'994 0'999 0'999 0'999 0'998 0'98 7 
E 0'986 0'990 0'997 0'999 0'999 0'998 0'987 
F 0'986 0'991 0'997 0'999 0 '999 0'998 0'984 
G 0'985 0'988 0'995 0'998 0'998 0 '998 0 '99' 
H 0'983 0'978 0'986 0'987 0'987 0'984 0'992 

Means of 
columns 0'989 0'991 0 '995 0'995 0'994 0'993 0'993 0'985 

It is important to make it quite clear at the outset, that , since the shells cover a wide range 
of thicknesses, and since any adjacent collars do not differ greatly in comparison with their 
total thickness, then high and significant values are to be expected for the correlation coefficients, 
Thus it is the trends of the correlation coefficients rather than their magnitudes or their signi­
ficance, which are of importance, The values are directly comparable because all are based on 
52 pairs of readings, 

The first point to be noted is that, with few exceptions, for all collars the correlation co­
efficient between any two collars or between a collar and a cap, becomes smaller the further they 
are apart-a finding first noted by Olsson, 3 This is very well illustrated with collars D and E 
which lie immediately on each side of the equator of the egg, This finding is, of course, not 
surprising, but when cap H is considered, it will be seen that the rule does not hold, Collars E 
and F in close proximity to cap H give correlation coefficients lower than those for collar D 
which is further away, Cap A shows exactly the same relationship as the coilars, namely, 
a decreasing correlation cofficient with increasing distance apart, except in its relationship to G 
which is slightly greater than to F and a larger increase again to H, It would thus appear that 
the cap H which is at the narrow pole, does not fit in with the relationships shown to each other 
by other parts of the shell. 
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assumed values of the D collar. It would appear that calcification starts at the poles first 
and that even in the thinnest shell, the broad pole has slightly more calcium than the narrow 
pole. As calcification proceeds, the difference in favour of the broad pole becomes more and 
more pronounced. -It must , however, be remembered that all these shells are still very thin 
so that no conclusions may be drawn as to what would happen with normal shells from this bird. 

Measurement of shell thickness 
The results obtained here are also useful in helping to decide how many measurements are 

required to obtain a reliable value for mean shell thickness and also whether particular points 
should be measured instead of taking points at random. 

To test this, egg X/I, which showed considerable variation from pole to pole, was studied 
and ten readings from all the available 306 were taken at random. This was repeated for eight 
samples. Each of these eight samples were then bulked to give four samples of 20, then two 
of 40 and, finally , one of 80 readings. The values are given in Table V and may be compared 
with the mean for the 306 readings, namely, 342'2 !1- which will be referred to as the true value. 
It will be seen that some samples, even one of 40 pieces, vary from the true value and that the 
large sample of 80 readings gives a result which is +6'3 !1- in error. 

Table V 
Shell thickness (1-') : measurements based on random samples of ten m~asureme1lts a1td combinations oj these 

(Egg X / I) 

_~. ___ Number of sample 
3 4 5 

354'4 347 ' 7 356'7 353'2 

353'0 

348'5 

6--~ 

338 '1 343'4 

345"7 

344'3 

8 

342 '4 

True value based on 306 measurements = 342'2 IJ. 

Since it is known that variations along lines of latitude are very small, it should be possibie 
to get a reliable result by taking a set of measurements along a line of longitude. This has been 
done for egg X/ I for eight different lines of longitude with certain minor variations (see 
Table VI) . For this particular egg, along any line of longitude, one measurement was available 
for each pole, one measurement from each of two caps, and two measurements from each of 
six collars. Using these 16 measurements (column a), it is seen that the individual lines of 
longitude give fairly consistent mean values, but trat the maximum and minimum difference 
from the true value are +7'0 !1- and +3·5!1-. This is caused by the extremely thick shell at 
each pole and, clearly, since these are only two isolated points on the whole surface, they should 
not carry so much weight, and it is best to ignore them. The fact that such measurements 
are very often anomalous when compared with the rest of the shell supports this. Taking the 
same measurements less the two poles, gives values (column b) which vary from the mean by 
a maximum of +3'2!1- and a minimum of +0'3!1-' These are an improvement on the previous 
method. 

In addition to the poles being anomalous, it is true to say that the caps themselves tend 
to be thicker than the rest of the shell and since the cap is usually much smaller in area than 
the smallest collar, these, too, should not be allowed to carry too much weight. Therefore, 
the 12 results taken only from collars have been calculated (column c) and here the maximum 
error is -3'2 !1- and the minimum -0·6!1-. There is thus little to choose between the second 
and third method and hence it would seem reasonable to use the one needing the smaller number 
of measurements, namely, 12 measurements spread out at intervals of 0'5 cm. along a line of 
longitude with the two centre ones 0'25 cm. on each side of the equator. This compares very 
favourably with the 80 random measurements which might or might not give a better value. 
Olssons suggested five longitudinal measurements and from his diagram it has been possible 
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Table VI 

Shell thickness (fL): evalHal'ian of mean thickness by measurements made along eight different lines of longitude 

(Egg X / I) 

Methods: (a) 16 measurements, including a single measurement for each pole 
(b) 14 measurements, i.e., exc1uding the values for the poles 
(c) 12 measurements, i.e., as (b) and. in addition, excluding the other measurements made on the 

caps 
(d) measurements, as in Olsson's method 3 

Longitude Method 
«ij (b j-- - (c) (d) 

348'9 345" 34"0 345'8 
4 348'9 345" 34"4 344'2 
7 349'2 345'4 34[ '2 344'6 

10 346'7 343'0 339'0 34,,8 
'3 345'7 34"9 339'0 339'6 
, 6 348'! 344'3 34"0 345'2 
'9 346'4 34 2'6 339'3 34"4 
22 349'0 345' 2 34"6 346'4 

True value based on 306 measurements = 342*2 fL 

to select the measurements made on egg X/ I which are nearest to the points where he made 
his measurements, In Table VI these values are given for the same eight longitudes (column d) 
and it will be seen that the maximum error is +4'2 ft and the minimum -0'4 ft ' 

None of the four methods set out in Table VI nor the random measurement of 80 pieces 
gives a really serious error, Methods using a series of longitudinal readings obviously have an 
advantage over the random measurements in that far fewer readings are -required, Owing to 
the fact that the readings at the poles are often widely different from the rest of the shell, it 
seems reasonable to omit these, 

Many workers have taken measurements round the waist, The mean value of 24 such 
measurements of egg X/ I was 333'9 ft which is 8'3 ft less than the true value, This 'is a larger 
error than most of the other methods give and from the evidence of the various patterns it is 
clear that measurements round the waist could be greatly in error as a method of assessing the 
mean shell thickness, 

It may be argued that if a series of points along a line of longitude are to be taken, then, 
to obtain a really accurate result, the value for each point should be weighted by multiplying 
by the latitudinal circumference passing through that point before adding the values and taking 
the mean, This is true in theory, but in practice it can be shown to be unnecessary. If each 
collar is supposed to be devoid of longitudinal curvature, then it, is easy to calculate the area 
of shell represented by each of the six collars, Thus, taking collar D as unity, the collars have 
approximately the relative areas shown in Table VII, The values for the two caps have been 
calculated on the assumption that the two caps were about average size, Using these factors 
in relation to the two caps and six collars 6f shell X/I, the mean value was 341 f' and the mean 
value without these factors was 342 ft' Other eggs gave similar results. Furthermore, using 
larger and smaller factors for the two caps which might vary in size from egg to egg made no 
more than a difference of about 2 ft in the final result, There is thus nothing to be gained from 
weighting the longitudinal readings according to collar size, This is explained by the fact that, 
although variation occurs along a longitude, it is usually relatively small when compared with 
total thickness, 

Table VII 

Approximate ratios of collar and cap areas (collar D as unity) 

Cap or collar Ratio Cap or collar Ratio 
A 0 '25 E 0'90 
B 0·65 F 0'75 
(' o'go G 0'45 
D 1'00 H- 0- 2 5 

Thus, apart from measurements round the waist, all the methods normally used give very 
good results and there is no reason to suppose that tests on other eggs would reveal anything 
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different. A series of 6 - 12 measurements along a line of longitude, ignoring the poles, seems 
to combine accuracy with speed, if a mean value for shell thickness is required. This, however, 
is based on the assumption that for some reason the weight per unit area of true shell , as recom­
mended by Tyler & Geake4 is not to be used. If the pattern of variation from pole to pole 
is required, then readings taken at each pole plus about 12 equidistant readings along a line 
of longitude will be very satisfactory. 

Conclusions 
The results reported in this paper suggest · that variations in shell thickness are worthy of 

closer study and that uniformity along lines of latitude for normal eggs may make it possible to 
reduce considerably the number of readings required and thus enable far more eggs to be con­
sidered in a given time. In the light of the present work, the following problems seem to be 
worthy of consideration : 

(I) The problem of uniformity of pattern for eggs laid by the same bird and differences 
between birds. 

(2) The problem of the pattern as hens build up the shell and whether this is constant at 
all stages of shell formation. 

(3) The problem of changes in thickness during incubation. 
(4) The problem of the thickness pattern and cracking. In relation to this last problem, 

it is well known that most measurements of breaking strength have been related to mean shell 
thickness or to some criterion assumed to represent this, such as percentage shell or the specific 
gravity of the egg. The considerable variations in thickness in different parts of the same 
shell suggest that some parts may crack far more easily than others and hence mean thickness 
and general breaking strength may give quite misleading results. Work is already in progress 
on this problem. 
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STUDIES ON EGG SHELLS. XVII.*-Variations in Membrane 
Thickness and in True Shell Nitrogen over different Parts of the 

same Shell 

By C, TYLER 

Variations in membrane thickness and in total, insoluble and soluble nitrogen in the 
true shell over different parts of the same shell have been considered. 

For membrane thickness the variations around any particular latitude were much 
sma1ler than variations along any longitude. Variations around any one collar were great er 
for membrane thickness than for shell thickness and greater for total nitrogen than for mem­
brane thickness. 

• Part XVI : preceding paper 
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HUGHES-CHEMICAL STUDIES ON THE HERRING, V 481 

was 19'6 mg, / loo g, while that from the fish cooked for S h, was 61'0 mg./1Oo g, The increase 
represents ammonia produced from unknown sources during cooking, Hydrolysis of the un­
cooked extract caused an increase in ammonia of 81 'S - 19'6 = 61'9 mg,/ 1Oo g, which represents 
ammonia formed by hydrolysis (or decomposition during hydrolysis) of extractable components 
present in the cooked fish, Hydrolysis of the S-h, extract caused a much greater rise in 
ammonia; 170,8 - 61 '0 = 109'8 mg,/ roo g, The difference between the increase on hydrolysis 
of the S-h, extract compared with the uncooked extract (109'8 - 61'9 = 47'9 mg,/ 100 g,) 
represents' hydrolysis-produced ' ammonia derived from components which became available 
for extraction during cooking, It is unlikely that the hydrolysis of gelatin would produce this 
amount of ammonia, Table V shows the results obtained when whole herring skin and scales 
were analysed, It will be seen that an abnormally 4trge quantity of ammonia was produced 
when the skin was hydrolysed, suggesting that there are components in the skin which yield 
ammonia under these conditions, It is possible that these components become increasingly 
available for extraction along with the gelatin during cooking, and this could account for the 
, hydrolysis-produced' ammonia which is formed during cooking, 

Table IV 
Comparison of rales of production of T,E ,N, and gelatin (as hydroxyproline) 

in herrillg processed under various conditions 
(results as m g.f loo g,) 

Condition Processi ng Processing Increase in Increase in Rat io 
of fish t emp., OF time, h. T,E.N. hydroxyproline A/B 

(A) (B) 
Nobbed 23° 7" 1'6* 4'4 
Skinned 240 19 4'1 4'6 

after 250 36 7'9 4'5 
brining 260 56 12'3 4'6 

Nobbed 220 8'5 2'0 4'3 
Brined 23° 26'5 6'2 4'3 

240 58'5 14'0 4'2 
250 87'5 23'3 3.8 
260 13 1 -0 33'5 3'9 

Nobbed 240 0'5 37f g' 7f 3,8 
Unbrined 240 1'5 84 28'5 3'9 

240 2'5 '3' 34'3 4'0 
240 3'5 160 40'9 3'9 
240 4'5 184 48' 2 3'9 

• Increase compared with fig'uTe at 212 0 F 
t Increase compared with 0 h. processing 

Table V 
A mina-acids and ammonia produced by hydrolysis of herring skin and scales 

(results g./100 g, dry weight) 

Amino-acid Skin Scales Amino-acid Skin Scales 
Aspartic acid 4'58 4'07 Hydroxyproline 3'56 4'47 
Threonine , ,65 2'07 Pro line 7'04 8'49 
Serine 2·65 3.61 Tyrosine 0' 78 1,85 
Glutamic acid 5'53 5'95 Phenylalanine 2 ' 24 2'50 
·Glycine and alanine 16'43 16'99 Methionine 1 ' 27 1'5 1 
Valine 2'08 1,86 Lysine 2'79 3'1 8 
Isoleucine 1'27 0'97 Histidine 0·89 1 ' 21 
Leucine "45 2'3° Arginine 4'08 3'44 

Ammonia 3'44 0'75 
• As glycine 

An interesting point which emerges from Table I can be seen by comparing the glycine 
content of the hydrolysed and unhydrolysed extracts from the uncooked fish, A large increase 
occurs which suggests that there is a peptide present in the fish with glycine as its major 
component, 

Further evidence that the increase in T ,E.N. which occurs during cooking is derived from 
changes in the connective tissue is given by the results of the following experiments, 
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