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ONE FIGURE 

The late Dr. W. Christie and C. Wriedt in their series of 
experiments on pigeon genetics also worked with quantitative 
characters. I n  their first paper of 1923 “Die Vererbung von 
Zeichnungen, Farben und anderen Charakteren bei Tauben, ” 
they give an analysis of the inheritance of beak length in the 
cross Norwegian petent x Danish tumbler. They found that 
the difference between the two breeds, amounting to about 
4 mm., was due to  one main factor, with some additional minor 
factors. I n  the paper of 1927 there is an analysis of the 
inheritance of long neck feathers present in the Jacobin 
pigeon, which was crossed to Danish tumblers with normal 
feather length. In  this cross several, but not very many, 
factors were segregating. 

As an introduction to the more systematic investigations 
on size inheritance at  a pigeon exhibition in Copenhagen in 
1925, they made measurements of the circumference of breast, 
sternum length, lcg length, beak length and determination of 
body weight on a large number of breeds, the results of these 
measurements being found in the paper of 1926. In  the later 
inheritance studies only length of beak, leg and sternum 
were taken up. Crosses were made in 1925 between the large 
breed French bagadette and the smaller breeds called swallows 
and shields (combined under the name field pigeons). F, was 
backcrossed to both parent breeds and also to Danish tumblers 
and some of the offspring from the backcross were tested 
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further. The data on leg length in this cross were treated 
by Wriedt (%), but the other data from the cross were not 
taken up. Christie and Wriedt had further made crosses 
between the three breeds : Maltese, pigmy pouters arid fi-ill- 
back, of which F, material was available when Wriedt died 
in  1929 (Christie having died previously in 1927). The birds 
and data were left to the present author, who had for 2 years 
assisted in the pigeon experiments. Backcrosses were made 
by him in the last-mentioned crosses and the whole quantita- 
tive matcrial was analyzed as far as possible. A cross was 
also made between French bagadette and the small breed, 
German turbits. 

It is to be regi*etted that Christie and Wriedt were not able 
to  complete their studies on size inheritance. The present 
author has not had the opportunity to carry on the studies 
as long as is desirable nor on an extensive scale, so that the 
material is now somewhat fragmentary and the number of 
offspring regretably small. As existing knowledge of size 
inheritance in vertebrates is very scanty, the data obtained 
bring useful information on some types of size inheritance. 
The author had discussed the size problems with Christie and 
Wriedt and has thus been in contact with their views on the 
subject but he is alone responsible for the treatment of the 
matcrial and the conclusions drawn-eonclusions which may 
on some points differ from the views expressed by the late 
C. Wriedt. 

Size inheritance belongs to  the category of typical quanti- 
tative inheritance and this is a problem which is as yet in an 
unsatisfactory condition, both theoretically and as regards 
practical aspects. A complete review of the problem will not 
be given here, but some of the maiii questions iiivolved will 
be pointed out. The general result of crossing races differing 
in size has been to  obtain a more or less uniform F, and in F, 
a continuous variation between the parents with increased 
variation as compared with F, (in terms of standard deviation 
or coefficient of variation), thus indicating segregation. It 
has not been possible, however, to  isolate single factors and 
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determine their effect on size. The hypothesis of a series 
of multiple factors with equal additive effects has usually been 
accepted as the best explanation of quantitative segregations. 
Rut rarely, if ever, has this hypothesis been experimentally 
verified. Castle ('29) maintains that there is no proof fo r  
this hypothesis in vertebrates and even suggests that size 
inheritance may have quite another genetic basis than genes 
in the chromosomes, being dependent on extra-chromosomal 
cell constituents. Wriedt ( '31) also critisized this hypothesis 
as applied to vertebrates, pointing out that part of the varia- 
tion ascribed to  multiple factors was in many cases due to 
non-genetic factors. The author ('33, '34) has made some 
studies on quantitative characters in plants, especially the 
internode length of the rachis of the barley head. A series 
of factors was shown to influence this character, but it did 
not present a series of multiple factors with equal additive 
effects. The factors differed in their effect on length, in 
dominance and combining effects. The hypothesis of a series 
of multiple factors with equal additive effects is therefore 
probably too simple. Such a simplification may be justifiable 
and useful in statistical treatment of quantitative material, 
but the problem can only be finally solved by a complete genetic 
analysis, revealing the true nature of the factors and their 
single and conibiiied effects on size. This is a goal of the 
future which it is not possible as yet to realize in most 
materials. 

In vertebrates the difficulty in analyzing quantitative char- 
acters is especially large, since it is difficult and expensive 
to obtain sufficient material and it is especially difficult to get 
a large number of offspring from a single female in order to  
test her genotype. I n  pigeons this difficulty holds true also 
for  males, as a single male cannot be used with several females 
in one season. Most vertebrate material is heterozygous and 
there is not available a homozygous recessive stock with which 
segregates can be tested. I n  size crosses one cannot depend 
on a classification made only on the phenotypes of the segre- 
gates in F, or backcross. One has to try to evaluate their 



164 H. WEXELSEN 

genotypes, but the lack of adequate testers often make such an 
evaluation difficult and uncertain. But even if a complete 
genetic analysis cannot be achieved, data from vertebrates 
may be very useful and throw light on many sides of the 
problem, such as the growth and interrelationships of the 
various body parts, the dominance of various parts, the type 
of curve in F, or backcross populations. 

Castle has raised the question whether general size in 
vertebrates is at all inherited on the basis of mendelian genes. 
The material presented here cannot offer any final proof in 
one direction or the other, but, pending a final decision of the 
question, the hypothesis of chromosomal genes seems the most 
probable and useful and the data in these experiments favor 
this hypothesis. It seems also permissible then to describe 
the variations in the segregating populations in terms of a 
probable number of genetic units, all reservations being made 
as to the exact number of factors, the effect of each factor and 
the extent to which they cooperate. 

MATERIAL AND METHODS 

The following breeds have been used in the crosses : 
Danish tumblers (briefly Danish) 
Field pigeons (comprising swallows and shields) 
French bagadettes (briefly bngadette) 
Maltese 
Pigmy pouters (briefly pigmy) 
Frillback 
German turbit 

Methods used are those earlier described by Christlz and 
Wriedt. Sternum was measured from the anterior tip to the 
posterior tip of the carina. Christie and Wriedt, on the basis 
of their experiences, coiicluded that sternum was a good indi- 
cator of general size and a much more exact measure than 
weight and circumference of breast. The measurements of 
leg were taken on the front side of the left leg, from the top 
of the tibia to the proximal end of the middle toe. Beak was 
measured from the corner of the mouth to the tip of the beak. 
In table 1 is given sternum length, leg length and beak length 
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Bagadette 
Field 
Danish 
Maltese 
Pigmy 
Frillback 
Turbit 

for the breeds used in the crosses, the values being given 
separately for males and females. There is a consistent, 
though not very large sex difference in all the three body parts 
measured, the males being larger. There is no significant 
difference within each breed, but for the total material com- 
bined the difference is statistically significant and there can 
be no doubt that the males are slightly larger. As this holds 
true for sternum, leg and beak, we have here apparently an  
effect of sex on general size. I n  the cross bagadette x field 
we have kept the segregations for  males and females separate, 
but not for sternum, as the difference in the backcross was 

NUMBEBS 

d d  9 9  
9 8 

19 21 
39 35 
16 13 
3 6 
6 4 

10 14 

TABLE 1 

Sternum, leg and beak lengths 

STERNUM. LEO. BE 
C E N " I M E ~ E & S  CENTIMETERS MILL1 

d d  9 9  .Sd 9 9  dcr 

8.51 8.46 15.24 14.99 33.89 
7.18 6.98 11.03 10.72 24.55 
6.81 6.73 11.04 10.81 22.03 
8.73 8.51 15.16 14.92 27.23 
7.07 6.97 12.75 12.06 23.20 
7.60 7.25 11.52 11.20 24.83 
6.72 6.46 10.13 9.88 13.77 

LX. 
IETERS 

9 9  
33.45 
24.18 
21.50 
26.60 
23.33 
25.00 
13.21 - 

here negligible. I n  the remainder of the crosses the numbers 
were too small to allow any separation in sex groups. The sex 
variation will here cause an increased variation in the segre- 
gating populations, but if the sex ratio is normal, different 
populations may be compared without serious errors. 

THE RELATIONSHIPS O F  SIZE I N  THE THREE PARTS MEASURED 

A much discussed problem in vertebrate genetics is whether 
size is in the main dependent on factors for general body 
size or on specific factors fo r  the various organs or body parts. 
I n  rabbits, Castle (cited from Green, '31a) on the basis of 
his extensive investigations concludes that size is dependent 
mainly or solely on general size factors which influence all 
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STERNUM 
LEG 

r P 

+0.150 0.44 
+0.299 0.23 
+0.401 0.67 
$0.431 0.02 
+0.347 <O.Ol 
+0.262 0.02 
$0.400 0.01 

body parts. High correlations were found between various 
skeleton measurements : 

femur-humerus r, + 0.91 
tibia-humerus r, + 0.90 
tibia-femur r, + 0.93 

Green (’31a) found in Mus musculus, Mus bactrianus and 
crosses between these somewhat lower correlations and con- 
cluded that both general and specific size factors were operat- 
ing in this material. 

STERNUM 
BEAK 

r P 

+0.115 0.56 
+0.266 0.29 
+0.635 0.05 
+0.658 <0.01 
+0.205 0.10 
+0.002 0.87 
+0.245 0.07 

TABLE 2 

Correlations between skeleton measurements 

Danish 
Field 
Bagadette 

MATERIAL 

+0.446 <O.Ol  +0.211 0.10 
+0.214 0.26 + O . Z l l  0.16 
+0.403 0.20 +0.277 0.40 

Field pigeon 
Danish 
Bagadette 
F, (bagadette X field 
F, X field 
F, X Danish 
Fl X bagadette 

Data from Christie a 

NUMBERS 

gungen von Tauben” 

I n  table 2 are given the correlation coefficients between 
sternum-leg, sternum-beak and beak-leg, in bagadette, field 
pigeon, Danish and crosses between these. Below in the table 
are given some data from Wriedt and Christie (’26) for the 
same breeds. I n  the column next to the coefficient (r )  are 
given the values of P, that is the probability of obtaining such 
a correlation by chance alone. The numbers are in many cases 
too small but where the numbers are sufficiently lard oe a con- 
sistent but not very high, positive correlation is found. Ap- 
parently the length of sternum, leg and beak must be to  some 
degree interdependent, but there must also be a large amount 
of independent variation. As in Green’s material both general 
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and specific factors must be operating. We have also calcu- 
lated the corresponding partial correlations, but for sake 
of reducing table material, are not printed. The partial cor- 
relations are of the same order as the direct correlations but 
in general smaller. The partial correlation sternum-leg, with 
beak kept constant, is not very different from the direct cor- 
relation, being reduced especially in bagadette and F,. If the 
breeds may be taken to be homozygous for size, the correla- 
tions within breeds must be ascribed to modifications influenc- 
ing all three parts, and the major part of the correlation is 
probably due to such causes. But there is clearly also some 
genetic variation within breeds, especially in the Danish breed. 
F, was rather uniform, having a coefficient of variation of 
2.97%. The partial correlation sternum-leg is in F, + 0.318, 
which supports the view that the correlations found are for 
a large part due to modificative influences on general size. 
The correlation coefficients sternum-beak are upon the whole 
smaller than the coefficient sternum-leg and the partial cor- 
relations in the backcrosses are close to zero, pointing to the 
fact that beak is genetically rather independent of sternum. 
The partial correlation beak-leg is in F, only + 0.037, with 
sternum kept constant there is as expected little correlation 
between these two parts in genetically uniform material. I n  
the backcrosses the partial correlations are rather high, indi- 
cating genetic dependency of these two parts irrespective of 
sternum (general size). In  the pigeons one would expect 
such a situation, since selection has often been toward a type 
with long beak and long legs. 

It is evident that in these breeds we have to do with types 
not only differing in general size, but also varying in their 
parts and representing different conformations of skeletons. 
We have calculated the ratios leg : sternum, beak : sternum and 
beak: leg in the breeds and iind that the ratios vary widely. 
I n  the long-legged breed bagadette the ratio leg: sternum is 
1.80, in the short-legged frillback 1.53. The ratio beak: 
sternum is 3.12 in maltese which is a large bird with only 
medium beak length and 3.94 in bagadette which is a large bird 
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with especially long beak. Maltese also has a low ratio beak: 
leg, 1.87, having long legs combined with medium-sized beak. 
To a less degree the same is true also for pigmy which is a 
smaller breed selected for long legs. I n  the production of 
these types not only general growth factors but also specific 
factors must be active. 

DEVELOPMENT O F  STERNUM, BEAK AND LEG 

These three parts differ in their growth rate and the time 
needed for attaining complete size. Christie and Wriedt 
planned to measure the offspring at  1 month of age, but this 
was not carried through, measurements being taken at 5 to 6 
weeks, but not exactly at the same age. I n  1925 measurements 
were taken a second time in the fall to see if any increase 
had taken place after the first measurement, the result was: 

Sternum Leg Beak 
1. Measurement 7.04 12.31 26.23 
2. Measurement 7.58 12.24 26.19 
Diff erenee +0.54 +0.07 +0.04 

There is increase in sternum but not in the others from first 
to second measurement. 

I n  the backcrosses made by the author the offspring was 
measured at 3, 6 and 9 weeks of age, measurements after 9 
weeks showing that there is practically no increase after that 
age. Sternum length increases much from 3 to 6 weeks and 
also considerably from 6 to 9. Leg length increases from 
3 to 6 weeks, but only little from 6 to 9. The same is the case 
with beak in the backcrosses to frillback and turbit, while there 
is an increase from 6 to 9 weeks in  the backcrosses to pigmy 
and maltese. However, the differences between the back- 
crosses are not significant, as the numbers are too small. 

We have recorded the increases from 3 to 6 weeks arranged 
in classes after the size at 6 weeks, in order to obtain some 
information whether the larger segregates have a larger 
increase in this period. The recording shows this to be true, 
especially striking is this relation for beak. The short-beaked 
types, 17 t o  18 mm. have no increase after 3 weeks, while the 
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long-beaked types, 29 to 30 mm., have an increase of 5.3%. 
I n  leg length the increases of the lowest and highest classe, 
are 4.10 and 7.93% and in sternum length the corresponding 
values are 0.- and 28.57%. The recording also shows that beak 
has the smallest increase from 6 to  9 weeks, and sternum the 
highest increase. This means that beak completes its growth 
earliest and sternum last. General experience also tells us 
that beak is for this reason least influenced by external factors 
and therefore the most exact of the parts measured. The con- 
clusion is that the three parts measured differ in their growth 
rate and that larger size is in part obtained by the ability to 
continue growth for a longer period. 

FRENCH BAGADETTE CROSSED TO FIELD AND DANISH PIGEONS 

In  1925 matings were made between bagadette and field 
and F, was backcrossed in 1926 and 1927 to field, Danish and 
bagadette. The results from these backcrosses for leg and 
beak length are given in tables 3 and 4. In  leg length there 
is considerable increase in variation from F, to the back- 
crosses as measured by the coefficient of variation (C.V.). 
F, is somewhat below the parental mean. The data from the 
backcrosses to field and Danish are combined as the breeds 
have the same length and gave identical segregations. The 
segregations in males and females are similar. The backcross 
to field and Danish varies from the upper classes of F, to the 
upper classes of field. Wriedt ('31) concluded that leg length 
in this cross involved segregation of two to three factors. If 
there is segregation for two factors, one-fourth of the back- 
cross offspring should be genotypically identical with F, and 
one-fourth with the field parent. In  the backcross to field 
this may be true as far as numbers are concerned, but the 
individuals that fall within the range of field have quite a 
different distribution from that of the field parent. I n  the 
backcross to bagadette only the upper classes of F1 and the 
lower classes of bagadette are represented. In  this respect 
there is a distinct difference between the two backcrosses. 
If there was a regular two-factor segregation, one-fourth of 
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LVERAQE 
ZNQTA 

24.55 
23.86 
22.03 
22 -40 
33.89 
34.00 
28.46 
28.50 
26.18 
25.44 
31.18 

24.18 
23.70 
21.97 
22.17 
33.45 

28.12 
29 .oo 
25.75 
25.43 
30.53 

each backcross population should have the same range. I n  
fact only one individual out of 144 is in a class common to 
both, against an expectation of thirty-six. Evidently the 
case is more complex. Seven individuals from the backcross 

O.V. 
PEEOENT 

4.99 

2.54 

5.41 

3.29 

3.76 
5.24 
4.04 

4.37 

3.22 

3.39 

3.73 

6.19 
3.85 
3.32 

TABLE 4 

Beak tength 4 the cross bagadette X $eld 

* ) * u a ( D  
N N N N  

5 
2 1  
3 
2 

5 
14 

7 1 4  3 
4 9  
5 1  

1 

5 9 9  
7 11 

I- 

3 5  

13 
10 

3 

1 

12 

4 
Parents used 

Parents used 
Bagadette 
Parents used 

Parents used 
Fa X field 
Fa X Danish 
Fa X bagadette 

Field 
Parents used 
Danish 
Parents used 
Bagadette 
Parents used 

Parents used 
Fa X field 
F, X Danish 
F, X bagadette 

99 

F a  

NUYaEB OF I N D I V I D U A ~  WITH BEAK LENGTH 
IN Y U I I E T E B S  

- 
0 m 

- 

1 

1 
1 

5 - 

2 
7 
1 

8 - 

1 

TOTAL 
W B E &  

- 
22 
7 
36 
5 
9 
3 
13 
8 
28 
39 
22 - 
28 
13 
35 
6 
11 
5 
17 
6 
28 
35 
17 

to bagadette have been tested by crossing to Danish, one of 
these was also tested to  bagadette. The crosses with Danish 
have given forty-five. offspring. One male, 1079, gave in all 
sixteen offspring which were rather uniform and with an 
average leg length similar to F,. As Wriedt concluded this 
male must be homozygous for the main factors for leg length 
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present in the bagadette. One female, no. 1084, gave an off- 
spring with mean leg length similar to  the mean of the back- 
cross to  Danish and may have the constitution of F,. The 
other six have given values intermediate between these and 
are apparently intermediate between F, and bagadette in 
genotype as regards factors influencing leg length. One indi- 
vidual similar to bagadette and one similar to F, of seven 
tested would indicate a three-factor segregation, but the 
means of the offspring of each tested individual are unreliable 
on account of small numbers. As mentioned before both 
general and specific size factors are probably involved. It 
may well be that the factors for leg length do not produce 
the same result in large as in small segregates as regards 
general size. The difference in the two backcrosses may indi- 
cate such a situation. 

A safe conclusion seems to be: Backcrosses of F, to the 
parent races have given a large proportion of offspring 
phenotypically similar in leg length to the parent races. The 
results from backcross and from the testing of the individuals 
indicate segregation of several but not a very high number of 
genetic factors. 

I n  beak length (table 4) there is partial dominance in F, for 
short beak and in the backcross to field a large proportion falls 
within the classes of field. The backcross to Danish is similar, 
the mean lying a little lower. In  the backcross to bagadette 
four males and four females fall within the range of bagadette, 
but only in the lowest classes. The male, no. 1079, has a 
33-mm. beak and gave eighteen offspring quite uniform with 
a mean of 27.11, when. tested to Danish. It is probably 
homozygous for beak length factors and similar to bagadette. 
One female, no. 1084, gave, when tested to  Danish, an off- 
spring with a mean beak length of 25.50, which is identical 
with the mean of the backcross to Danish. It might thus be 
interpreted as having the F, genotype-but the same female 
was tested to bagadette and gave an offspring with a mean of 
32.25 as against 30.93 of the backcross to bagadette. No. 1084 
thus apparently carries factors for long beak that are not 
present in F, or is homozygous for factors for which F, is 
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heterozygous. The other tested individuals gave higher means 
of their offspring than F, backcrossed to Danish and are ap- 
parently different from F, in genotype. 

The segregation is less evident in this character than in 
leg length, there are fewer classes, the backcross populations 
are more clumped between F, and the backcross parent, all 
indicating a more complex genetic basis. As the phenotypes 
of both parents have been recovered in the backcrosses and 
probably also one individual similar to the large parent in 
genotype, there cannot be a large number of factors segre- 
gating. Also in this cross many more of the phenotype of the 
small race have been recovered, which may mean that some 
of the factors for long beak have no effect in the smaller birds 
(little general size). 

The sternum data are less reliable than the other two, 
sternum is in itself a more variable character and the measure- 
ments were taken before complete size had been obtained and 
at a little different age, which causes an increased variation. 
On the basis of our measurements at different ages we have 
corrected the values given on the maps, trying to  assign to  
each individual a ‘true complete sternum length. ’ We have, 
however, not enough measurements to draw complete growth 
curves and the corrections can only be approximate. In  F, 
there is partial dominance for long sternum, comparing F, 
at grown up age with the parent birds measured at the same 
time. I n  the backcrosses to field, Danish and bagadette the 
backcross populations cover the whole range of F,, in the 
backcross to the small r a c y  the lower classes are not repre- 
sented, while in the backcross to bagadette the highest classes 
of bagadette are represented. This may be accounted for 
by the partial dominance of long sternum. Male no. 1079 is 
similar to  bagadette also in sternum length and in cross to  
Danish gave a very uniform offspring, indicating the homo- 
zygous character of this individual. 

If the size of the three parts measured is dependent on 
specific factors and independent in inheritance, we should 
expect that the tested backcross individuals varied in their 
constitution as regards leg, beak and sternum. If me compare, 
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however, the means of the three measurements of the off- 
spring of each tested individual with the means of the back- 
cross populations (F, x Danish), we find that there is a 
definite correlation between the offspring values in  the three 
parts. Male no. 1079 is judged to be homozygous for  leg, 
beak and sternum and similar to bagadette. If size had been 
regulated only by specific factors for leg, beak and sternum, 
the chance of obtaining such a n  individual would have been 
very small (for three factors in  each part, one in 512). If 
strong linkage was involved, the chances would be increased 
but this is a much more improbable explanation than that of 
the influence of general size on the three parts. Upon the 
whole the behavior of the tested backcross individuals indicate 
a stronger dependency of the three parts than did the cor- 
relation coefficients. 

In  his mice crosses, Castle et al., ('36) found a certain size 
difference in reciprocal crosses. I n  this material there is no 
indication of differences in  reciprocal crosses. 

CROSSES O F  MALTESE, PIGMY POUTERS AND FRILLBACK 

As mentioned before, F, between these races had been pro- 
duced by Wriedt and backcrosses made by the author. The 
fertility in these crosses was low and only a limited number 
of offspring was obtained. As the experiments were being 
discontinued there was no opportunity to produce a new F, 
and make new backcrosses. But even with the small numbers 
the data give some interesting information on size inheritance 
in pigeons. 

I n  table 5 a re  presented the data on leg length inheritance 
in the three crosses pigmy x frillback, maltese X frillback and 
maltcse x pigmy. I n  all three crosses the F, exceeds the 
mean of the parents, there is partial dominance for long leg. 
Maltese is a large, long-legged bird, pigmy a small, long-legged 
and frillback a medium-sized, short-legged race. I n  the cross 
frillback x pigmy the backcross to frillback comprises thirty- 
one individuals which show a wide distribution covering the 
whole range of F, and frillback. The coefficient of variation 
is 5.07 as against 2.50 in F,. There a re  fourteen offspring with 
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a distribution like frillback and seventeen like Fl. This sug- 
gests a sharp segregation, indicating that frillback carries 
a recessive factor that gives short legs. This is supported by 
the results from the cross maltese x frillback. As maltese 
probably differ from pigmy in several size factors, several 
factors must be segregating in this cross, but in spite of this, 
we find four of nineteen individuals in the backcross to frill- 
back with typical frillback leg length, three of these falling 
in the lowest frillback class. Apparently frillback carries 
a recessive factor that is able, even in the presence of other 
factors for long legs, to produce the short-legged type. That 
the cross frillback x maltese differs from the first cross is 
evident from the fact that in the first cross the backcross to 
frillback covered the whole range of F,, while in the frillback 
X maltese cross only one individual of nineteen was within the 
range of F,. 

The 
sternum lengths of the three breeds maltese, frillback and 
pigmy are: 8.90, 7.45 and 6.96 cm. I n  the cross pigmy x 
frillback F, is completely dominant, in the crosses maltese X 
frillback and maltese X pigmy F, is a little larger than the 
parental mean. I n  the cross pigmy x frillback both back- 
crosses show a wide segregation, the coefficients of variation 
(C.V.) being 5.12 and 4.88 as against 1.71 in F,. Both back- 
crosses are rather similar with means 7.22 and 7.26 and it is 
remarkable that in the backcross to the larger type, frillback, 
seven of twenty-nine offspring have sternum lengths within 
the pigmy range, but outside the range of frillback. The 
complete dominance in F, and the result of the backcrosses 
indicate that the two races contain genetically different 
factors for long legs with complementary effects. Theoretic- 
ally the simplest case might be represented thus : 

The data on sternum length are found in table 6. 

Pigmy 
AAbb 

Fl 

F, X pigmy: 
AABb 
AaBb 
AAbb 
Aabb 

X Frillback 

AaBb 
aaBB 

F, x frillback: 
AaBB 
AaBb 
aaBB 
aaBb 
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Fig. 1 
from backcross to maltese 
no. 1788. 

a, inaltese 3 no. 1421 ; b, pigmy 0 no. 1425; c, F, 3 no. 1712 ; (1, segregate 
no. 1761; e, segregate from backcross to pigmy d 
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If the two factors are nearly similar, the two backcrosses will 
give similar results. With the small number of individuals 
and without testing this hypothesis cannot be proved, but the 
data suggests such a mechanism. 

I n  the F, of the cross maltese X frillback the two individuals 
with short sternum are probably abnormal and the remainder 
of F, lie rather close to maltese. The sixteen backcross indi- 
viduals vary from below F, to the lowest class of frillback. 

The cross pigmy x maltese represents a combination of 
extreme types in sternum, F, is here rather close to the 
parental mean. In the backcross to  maltese there is a very 
wide variation (C.V. is 6.96 as against 3.12 in F,). There are 
seven individuals below F, and three within the range of 
pigmy. This resembles the result in the cross pigmy frillback 
and strengthens the suggestion that pigmy carries some 
factors for sternum length that are not present in maltese 
or frillback and give a complementary effect. 

In  beak length there are too small differences and too much 
overlapping for any kind of analysis. 

As mentioned before these three breeds differ not only in 
general size, but in the relative size of the three organs 
measured. The cross frillback X pigmy is a cross of a 
medium-sized short-legged bird with a smaller long-legged 
bird, the ratio leg: sternum is 1.53 in frillback and 1.77 in 
pigmy and the ratios beak: leg are 2.18 and 1.96. F, has 
intermediate ratios and the backcross to frillback has ratios 
similar to frillback. I n  body conformation and way of carry- 
ing their body these two breeds are very different. Pigmy 
has a narrow body that is carried extremely upright (fig. 1 b) . 
Frillback carries its body horizontally and low. These differ- 
ences are due probably both to skeleton and muscular differ- 
ences. F, is rather similar to frillback in general body con- 
formation, but has the leg length of pigmy and is more upright 
than frillback. In  the backcross to frillback surprisingly many 
with the body conformation of frillback have been recovered. 

The difference in body conformation was even more striking 
in the cross pigmy X maltese. Both breeds are long-legged, 
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but there is a large difference in size, expressed in the large 
differences in sternum length. The ratio of their skeleton 
measurements are not very different, and the difference in 
body conformation is probably more due to muscular dimen- 
sions being different. These conformation differences cannot 
be expressed statistically, but figure 1 a and b give an idea 
of the types. While pigmy is erect, maltese is balanced the 
other way, carrying its tail high, on the point of over-balance. 
F, was intermediate and more ‘normal.’ I n  the backcrosses 
to maltese and pigmy several individuals with the typical body 
conformation of their pure-bred parents were found (fig. 1 
d and e). 

TAnLE 7 

Beak length in the cross French bagadette X German turbits 

NUMBRE O F  I N  BEAK IrENGTH 

Co!ncZasiolz. The three breeds pigmy pouter, maltese and 
frillback differ not only in general size, but also in the rela- 
tive dimensions of leg, sternum and beak. I n  F, there is 
partial and in one case complete dominance for long leg and 
long sternum. I n  the backcrosses to the parent breeds there 
is a wide segregation and the complete range of the parents 
are some times recovered, showing that a small number of 
genetic units is involved. Frillback apparently carries a 
factor which in homozygous condition produces short leg, even 
in the presence of other factors for long legs. Pigmy has 
some size factors that differ from those in maltese and frill- 
back and act as complementary to these. 



SIZE INHERITANCE IN PIGEONS 181 

The cross French bagadette x German turbit (table 7) is 
a combination of extreme types in size, the sternum lengths 
of the two breeds (males) being 8.49 and 6.72 em. At the 
same time bagadette is a bird selected for very long beak 
(male length of beak 33.89 mm.), whereas turbit is selected 
for short beak (male beak length 13.77 mm.). I n  table 7 are 
a few data from the crossing of these breeds, F, being back- 
crossed to the parents. F, was intermediate. F, X turbit 
gave eighteen individuals which fall entirely between F, and 
turbit. This cross gives us the picture of variation often 
obtained in size crosses and which is to be expected when the 
races crossed differ in a large number of factors. It is strik- 
ingly different from the crosses of pigmy, frillback and maltese 
and also from the cross bagadette X field. 

CORRELATIONS BETWEEN QUALITATIVE AND QUANTITATIVE 
CHARACTERS 

In  order to establish definitely the existence of genes for 
quantitative characters in the chromosomes one has looked 
for linkages between such characters and qualitative char- 
acters that rest on well-known mendelizing genes. In some 
cases, but not very many, such linkages have been established. 
Lindstrom ('27) proved the existence of linkage between fruit 
size and fruit color in the tomato and also found ('29) cor- 
relations between color and number of rows on the cob in 
maize, indicating linkage. Winge ( '36) found that the genes 
for I (yellow cotyledon) and probably P (dark hilum) in 
Pisum were linked with genes for seed weight. Wexelsen 
('33, '34) found that the factor R (for presence of teeth on 
the awns) in barley was linked to the factor L, for internode 
length of rachis with about 10% crossing-over. This case has 
the advantage that the quantitative character was completely 
analyzed and proved to involve two genes, one of which showed 
linkage with R and the other was independent. 

I n  vertebrates, Castle has worked extensively on this 
problem. Castle crossed small and large races of rabbits 
and found that size of the various parts were mainly or solely 
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determined by general size and showed a typical ‘blending 
inheritance.’ Castle ( ’29) crossed a large breed with the 
four dominant color genes A-a (agouti-nonagouti), D-d (in- 
tense-dilute) , E-e (black-yellow ) and En-en (English-non- 
English pattern) and a small race with the corresponding re- 
cessive genes. Comparing the various color groups with 
regard to size of the various organs, he found no significant 
differences and concluded that there was no indication of 
linkage between the color genes-which were independent and 
located in four different chromosomes-and size. Castle, 
therefore, suggested that general size may not have its 
hereditary basis in genes in the chromosomes, but in extra- 
chromosomal components of the cell. The rabbit has twenty- 
two chromosomes and as only one gene in each of the four 
chromosomes has been tested, the negative findings cannot 
be regarded as decisive. 

Green (’31 b) has worked with the same problem and ob- 
tained positive evidence in the cross Mus musculus x Mus 
bactrianus, the former being considerably larger than the 
latter. The small breed carried three dominant color factors, 
agouti, black and dilution, the large breed carried the cor- 
responding recessive genes. F, was backcrossed to the large 
breed with the recessive genes. I n  the backcross offspring 
the brown (non-black) group was significantly larger than the 
black in length of humerus, femur and tibia and in total body 
length and weight. Green concluded that there was evidence 
of linkage between the brown factor and size factors. Castle 
and co-workers ( ’36) have repeated Green’s experiments and 
corroborated his results. The segregates brown and dilute 
were found to have larger size than the types carrying the 
opposite allelomorphs. Shortear was found to have the op- 
posite effect. Shortear and dilution are in the same chromo- 
some and very close together (1 crossover in 1000). The 
tendency of dilution is more than offset by the decreasing 
effect of shortear. There are thus two closely linked genes 
with opposite effects on size. The conclusion is therefore 
drawn that the effect of color genes on size is not through 
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size genes linked to the color genes, but must be an effect of 
the color genes themselves. I n  any case the experiments of 
Green and Castle and co-workers no doubt have established 
the existence of chromosomal genes influencing size. 

The domestic pigeon has a high number of chromosomes, 
but the reports are conflicting. Christie and Wriedt ('23) 
report that Guyer and Smith found the haploid number eight 
and diploid sixteen in males and females. Oguma ( '27) found 
sixty-two in the male and sixty-one in the female, but Hance 
('33) reports to have found not over fifty among which two 
large X-chromosomes in the male and one in the female. Out- 
side of sex linked characters no linkages have been established. 
The present experiments were not planned to illuminate this 
problem, but there are some positive evidences that point 
toward linkage. 

I n  the cross Norwegian petent X Danish tumbler (Christie 
and Wriedt, '23) the inheritance of beak length was studied 
and found to be dependent on one main factor and modifiers. 
In  the same cross segregated the feather character crest (from 
the short-beaked petent) versus smooth head (from the 
long-beaked Danish). There was also segregation for the 
feather character frill on the breast (from petent) versus 
smooth breast. Crest and frill are recessive single unit 
characters independently inherited. In  F, the two groups 
'crest' (seventeen individuals) and 'no crest' (forty-one indi- 
viduals) have the average beak lengths 19.82 and 20.27 mm. 
The difference is not significant 0.45 k 0.38. In  the backcross 
there is a difference in the same direction, 0.47 k 0.23, not 
significant but suggestive. The numbers in the two groups 
were twenty-eight and thirty-four. If we combine the data 
from F, and the backcross, we get a difference 0.74 2 0.23 
which is significant. It is probable therefore that we have a 
real difference, which may be due, either to linkage of a size 
factor with the crest factor or to  an effect of the latter on 
beak length. 
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For the two groups ‘frill, and ‘no frill’ in the same material 
the situation is the same, there is a probable but not signifi- 
cant difference, 0.47 0.23, the ‘no frill’ group having the 
longer beak. 

I n  the cross Jacobin X Danish (Christie and Wriedt, ’27) 
segregated the quantitative character length of neck feathers, 
Jacobin having long and Danish normal feathers. Length of 
feathers was found to be dependent on several factors. At the 
same time there was segregation for a white pattern character 
present in  the Jacobin and consisting of white head, flights, 
tail, belly and leg feathering. The genetic basis of this char- 
acter was not quite clear, but in backcross to  Jacobin there 
was a 1 : 1 segregation for white versus colored on the various 
parts. Feather lengths have been calculated for the different 
pattern groups. In  general the birds with white have longer 
feathers than the colored ones. 

Colored White 
D Fl x Jacobin - 

Number Length Numher Length D % 
Flights 44 3.47 44 3.60 +0.13 1.61 
Tail 44 3.45 43 3.59 +0.14 8.00 
Belly leg 46 3.46 43 3.61 +0.15 1.88 
Leg 30 3.51 38 3.67 +0.16 1.78 

The differences are not significant, but suggestive and 
strongly indicate some kind of relationship between white 
pattern and neck feather length, either influence of the pattern 
factor on feather length or linkage between the pattern factor 
and factors f o r  feather length. 

I n  the cross bagadette X field segregated the recessive char- 
acter boots (from field) versus no boots (bagadette). I n  the 
backcrosses there were no size differences between these two 
groups. Likewise segregated a white pattern character and 
this did not show any correlation with size. 
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SUMMARY 

1. Length of sternum, leg and beak has been measured in 
some breeds of the domestic pigeon and shows small, but con- 
sistent sex differences, the males being a little larger. 

2. Measurements at different ages show that the beak first 
attains its maximal size, then the leg and last the sternum, 
which is therefore influenced most by external conditions. 
The larger types have a longer growth period than the 
smaller. 

3. There are positive correlations between lengths of leg, 
sternum and beak, showing that they are dependent on general 
size, and the segregations in the crosses indicate that general 
size plays an important role. Both correlations and segrega- 
tions show, however, that there must be quite an amount of 
independent variation, especially in the beak. This is sup- 
ported by the fact that among the breeds are some with about 
the same sternum length (a good indicator of general size), 
differing greatly in beak length. The breeds upon the whole 
not only differ in general size, but represent different types 
as regards the relative lengths of leg, sternum and beak. 
4. In the crosses F, is either intermediate, partially or com- 

pletely dominant for large size. 
5. Backcrosses to the parent breeds show in most crosses 

a wide segregation, covering a larger or smaller part of the 
parental range. Several, but not many, genetic factors must 
be the basis of the segregations. The frillback pigeon proba- 
bly carries a recessive factor for short leg with a major effect. 

6. There are some indications of correlations between size 
and qualitative characters, that may be due, either to linkage 
between genes for size and for qualitative characters or to the 
influence of the latter on size. 
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