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SUMMARY 

1. In most instances, birds developing crooked keels will do so 
before maturity. Most of the keel deformities appear be- 
tween the 6- and 12-week age. 

2. The bend in the keel occurs slightly more frequently to the 
right than to the left. 

3. Chemical analyses of the breast and leg showed that the 
breast bones of 8-week-old crooked keeled birds have a 
lower percentage of dry ash than do the breast bones of 
straight keeled birds. No difference was found in the ash 
content of the leg bones of the two groups of birds. 

4. Crooked and straight keeled birds of the same breeding 
showed no difference in rate of growth or in fecundity. 

5. Males showed both a slightly higher incidence of crooked 
keels and a greater degree of deformity. 

6.  The season of hatching seemed not to influence the tendency 
to develop crooked keels. 

7.  The age at which chicks started to roost, the sharpness of 
the perches, and the degree to which the chicks used the 
perches all influenced the expression of the heritable dif- 
ferences in tendency to develop crooked keels. 

8.  The tendency to develop crooked keels was definitely shown 
to be inherent but the expression of the inherent qualities 
was found to be determined largely by the early roosting 
conditions. 
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PHYSIOLOGIC AND GENETIC STUDIES OF CROOKED 
KEELS IN CHICKENS1

D. C. WARREN 

PRACTlCAL SIGNIFICANCE 

The sternum is that part of the skeleton forming the floor 
of the thoracic cavity. The blade-like portion of the sternum 
which is set between the heavy breast muscles in the bird is 
called the carina or keel, and its external edge is referred to as 
the sternal crest. The sternal crest may readily be traced by 
passing the hand along the ventral surface of the thorax. 

In passing the hand over the sternum in the living bird, the 
sternal crest normally may be traced as forming a straight line 
between the hypocleidium forming the tip of the clavicle and 
the zyphoid process of the sternum. It is, however, a matter of 
common knowledge among poultrymen that the breast bone 
frequently shows considerable deformity in shape. 

With an increasing interest in the factors influencing qual- 
ity in market poultry in this country, the problem of deformities 
of the breast bone becomes one of considerable practical sig- 
nificance. Badly deformed breasts detract from the appearance 
of the dressed bird and this condition is already meeting a mar- 
ket discrimination in the sale of both live and dressed birds. 
Figure 1 is a photograph of a group of White Leghorn cock- 
erels showing the degree to which the crooked keel may de- 
form the bird. 

Very little study has been made of the factors responsible 
for deformities of the keel although the opinion prevails rather 
generally among poultrymen that crookedness of the keel is 
due to nutrition and roosting conditions during growth. The 
belief that nutrition of the bird is an important factor in pro- 
ducing crooked breast bones has probably arisen from the ob- 
servations in studies on D-avitaminosis, where the crookedness 
of the keel was one of the diagnostic features of rickets in 
chickens. The fact that the crooked keel frequently occurs in 
flocks of chicks reared on adequate diets would indicate that 
nutrition cannot be the major factor in the production of de- 
formities of the breast bone. 

From 1926 to 1935 studies of physiologic and genetic factors 
responsible for the crookedness of the keel of chickens have 
been carried out at the Kansas Agricultural Experiment Sta- 
tion. Most of the studies have been with the White Leghorn 
breed, although a few others have been given consideration. 
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PHYSIOLOGIC STUDIES 

AGE AT APPEARANCE OF DEFORMITY 

In most of the data here presented, the condition of the keel 
at 6 months of age was the basis of classification. It will be 

shown that some birds developed crooked keels after this age, 
but the percentage not showing the deformity until after they 
were 6 months old was small. The difficulty of satisfactorily 
holding large numbers of males after this age was the decisive 
factor in the termination of the examinations at the 6-month 
age in most of the experiments. 
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In 1931, 90 chicks from the strain being selected for the 
presence of crooked keels were examined at 1 day and 5, 8, 12, 
16, 20, and 24 weeks of age for the condition of the keel bones. 
Eighteen died before the study was completed and 19 showed no 
deformity of the keels during the period. None of the 53 in- 
dividuals which later developed crooked keels showed any evi- 
dence of the deformity as day-old chicks and the 5-week de- 
scription was not found dependable since classification was dif- 
ficult and the condition at this age seemed to bear little rela- 
tionship to the adult condition. In Table I, the results of the 
study are given. For this group of birds, those developing de- 
formed keels did so in the first 20 weeks. In each sex, over half 
of those eventually showing crooked keels did not develop the 

deformity until after 12 weeks of age. In addition to an in- 
crease in the percentage of crooked keels, there was also an ac- 
companying change in the degree of the deformity, the crooked- 
ness frequently becoming more evident with age up to maturity. 

In other groups of females, the changes in the condition of 
the breast bone were followed between 2 and 18 months and 
between 2 and 10 months of age. Because of the difficulty of 
holding large numbers of mature males without heavy losses 
from fighting, these observations were restricted to females. 

The data in Table II are the result of examinations of five 
groups of hens at various ages. At six months of age, Leghorn 
females are approximately sexually mature. The data in the 
table give the number and percentage of straight keeled birds 
in the various groups at the different ages and also the number 
and percentage of birds showing the various degrees of the de- 
formity. The decreasing percentage of straight keels as the 
birds age indicates the age at which the deformity appears. The 
increasing percentage of very crooked keels at the later exami- 
nations indicates the tendency for the degree of deformity to 
become greater with age. 

It is believed that the differences in the percentage of crooked 
keels in the groups of birds recorded in Table II have an heredi- 
tary basis. A considerable number of the birds developed the 
deformity of the keel after 2 months of age in some of the groups 
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and in the case of the unselected stock there was an increase in 
percentage of crooked keels after 6 months of age. It is noted 
that in the stocks selected for the presence of the crooked keeled 
condition most of the deformities had developed before the age 
of 2 months. 

Any changes which took place with age were usually in the 

direction of increased degree of crookedness or increased per- 
centage of birds showing crooked keels. Occasionally a bird 
would show a crooked keel at one description and later fail to 
show the deformity, but in these instances the previous descrip- 
tion usually indicated that the crookedness was only slightly 
developed. The condition of the bird would cause some varia- 
tion in the classification of the degree of crookedness, since the 
development of heavy muscular tissue on the breast would tend 
to obscure slight deformities. In no case did a keel showing a 
pronounced crookedness ever become straight. 

The recording of relatively few birds developing crooked 
keels after 6 months of age does not agree with the report of 
the Wisconsin Agricultural Experiment Station. ² It was re- 
ported that over 50 percent of females receiving no fish liver 
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oil or irradiated yeast were found to have developed crooked 
keels after October 1. In other lots where vitamin D was sup- 
plied, the percentage of crooked keels developing after this 
date was considerably higher than reported in Table II. The 
birds supplying the data in Table II were kept in open front 
houses and fed 1 percent cod liver oil in the ration during the 
winter. 

There exists considerable variability as to the age of devel- 
opment of crooked keels, although a large majority of those 
showing the deformity will do so by the time they are 6 months 
old. As is later indicated in this discussion, the early roosting 
condition is an important factor. 

In figure 2 are shown the breast bones of several chicks at 
8 weeks of age. At this age, the bones are largely cartilaginous 
in structure. Very little calcification of the keel had taken place, 
but some breast bones shown in the figure were much deformed. 
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It therefore would seem that the factor responsible for the de- 
formity of the keels may have its effect before much calcifica- 
tion of the bone takes place, while in other birds the keels are 
largely in the adult condition before the crookedness appears. 

DIRECTION OF CROOKEDNESS

It will be shown later that the crooked keels probably are 
the result of a combination of early roosting conditions and in-
herent tendencies. Thus, the deformity is probably the result 
of the pressure of the roost on a breast bone which is inherent- 
ly deficient in its structure. With these conditions, it would 
seem probable that the direction of the bend in the keel would 
be entirely the result of chance. 

In Table III, a summarization is made of the direction of the 
crookedness of the keels of birds from several types of matings. 
The terms right and left as used here are based upon the rela- 
tionships of the bends to the right and left side of the body of
the chicken. In some birds, there may be more than one bend
in the keel which results in doubt as to how the record should 
be made. However, in most cases, the crook is definitely in one 
direction as is shown in figures 2 and 3.

The results show that there was a tendency in most matings 
for the bend more frequently to be to the right. The deviation 
from a 1 to 1 ratio was statistically significant in most of the 
calculations. In some of the groups given in Table III the pre- 
ponderance in favor of the crook to the right was as much as 68
percent and 32 percent to the left, when 289 birds were consid- 
ered in one case and 224 in another. In a total of over 1,000 
birds, the percentage having the bend to the right was 62.11
and to the left 37.89.  The writer has no satisfactory explana- 
tion for this tendency. The only plausible clew is that it in 
some way might be associated with roosting positions. If the 
lighting conditions in the brooder houses were such that many 
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birds would place their breasts on the perches at a more or less 
oblique angle, the difference might result. However, the direc- 
tion of the source of light with respect to the location of the 
perches was so varied in the brooder houses, that this explana- 
tion would seem improbable. 

The tendency of the crookedness to be in one direction more 
frequently may be of the same nature as the asymmetry of poly- 
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dactyly. A number of workers have noted that the extra toe may
appear only on one foot, and if this is the case, the right foot is
more frequently the one where the fifth toe is missing. 

D-AVITAMINOSIS³ AND CROOKED KEELS

D-avitaminosis frequently results in deformities of the keel 
bone. This fact early led to the consideration of the idea that 
crooked keels observed in this study were in some way asso- 
ciated with defective calcium metabolism even though the ration 
was adequate. It early was recognized that the tendency toward 
crooked keels was heritable but it was thought that the heri- 
table condition might be a defective calcium metabolism. 

A number of tests were carried out to determine whether 
the strain having a high percentage of crooked keels showed 
any less efficient calcium and phosphorus metabolism than did 
the strain relatively free from crooked keels. 

In 1927, analyses were made of the pooled blood from 5 adult 
laying females, with and without crooked keels, to determine 
whether the calcium and phosphorus content would differ in 
the two types of birds. The amount of phosphorus and calcium 
in the blood was practically normal and identical in the two 
groups. The analyses showed 3 mg. of phosphorus and 21 mg. 
of calcium in 100 cc. of plasma for the crooked keeled females 
and 3 mg. of phosphorus and 20 mg. of calcium for those with 
straight keels. Thus it cannot be said that the analyses showed 
any evidence of defective calcium or phosphorus metabolism 
in the birds with crooked keels. 

A more critical test was carried out in the fall of 1932, when 
analytical studies were made of the skeleton and blood of 8-
week-old straight and crooked keeled strain chicks reared on 
a rachitic and an antirachitic diet. 

The rachitic ration used was that proposed by Hart, Kline 
and Keenan4 and the adequate ration was the one regularly used 
for rearing chicks at Kansas State College in 1932. The two 
rations were: 

The chicks were kept in batteries and allowed no direct sun- 
light. Fifty-one chicks from the crooked keeled strain and 60 
from the straight keeled strain were used. These two strains 
had been selected during 5 generations for crooked and straight 
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keels, respectively. The chicks were individually pedigreed, 
each hen’s chicks being equally divided between the two rations, 
rachitic and adequate. Thus, 30 chicks from the crooked keeled 
strain and 30 from the straight keeled strain each were placed 
on the vitamin D-deficient ration and 21 and 30 chicks from the 
crooked and straight keeled strain, respectively, were started 
on the vitamin D-adequate ration. After 4 weeks feeding, no 
evidence of rickets was seen in the lots fed the D-deficient ra- 
tion and in order to bring on the desired condition more rapidly, 
all cod liver oil was removed from the supposedly rachitic ra- 
tion. After 2 weeks on this ration, several of the chicks devel- 
oped the unsteady gait characteristic of rickets and at the 6-
week age, the keel condition and the rachitic characteristics 
were recorded. The 0.2 percent cod liver oil was again added to 
the rachitic ration at the 6-week age and the D-deficient groups 
were fed that ration until the 8-week age. The intention was 
to keep the chicks on a ration near the border line between 
rachitic and nonrachitic. At 8 weeks, the analytical studies 
were made using the leg and breast bones and pooled blood of 
5 birds in each analysis. An approximately equal representa- 
tion of the sexes was included in each lot. The results of the 
analytical studies are given in Table IV. Since among the chicks 
of the crooked keeled strain, both straight and crooked keeled 
individuals were found at 8 weeks on each of the rations, the 
four groups were analyzed separately. The straight and crooked 
keeled chicks from the straight keeled strain reared on the 
rachitic diet were also analyzed separately as were the straight 
keeled individuals of this strain on the D-adequate ration. Keels 
from chicks from both strains reared on the rachitic ration 
are shown in figure 2.

Considering first the percentage of ash in the leg bones 
(Table IV) there is a striking difference between those reared 
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on the D-deficient and D-adequate diets. Among the different 
groups on each of these diets, however, no significant differences 
were found in the percentage of ash in the leg bones. The anal- 
yses of leg bones of chicks from the two strains were very simi- 
lar. 

The analyses of breast bones gave quite different results 
from those of leg bones. As in the case of the leg bones, the 
breast bones of the chicks on the D-deficient diet showed a much 
lower percentage of ash than did those of the D-adequate diet. 
Also, the keels of the chicks from the two different strains but 
on the same diet gave rather widely differing analytical results. 
The keel bones of crooked keeled rachitic-diet chicks of the 
straight keeled strain contained 19.9 percent ash, while the cor- 
responding bones of crooked keeled chicks from the crooked 
keeled strain on the same diet contained only 16.8 percent ash. 
A similar difference was found between the straight keeled 
chicks from the two strains when on the rachitic diet. Those 
from the crooked keeled strain had 24.7 percent ash in the 
breast bones while those from the straight keeled strain had 
27.8 percent. 

In those birds on the D-adequate diet, the crooked keeled 
chicks from the crooked keeled strain showed considerably less 
ash in the breast bones than either the straight keeled chicks 
from the crooked keeled strain or the straight keeled individuals 
from the straight keeled strain. 

The analyses of the blood for calcium and phosphorus are 
in fairly good agreement with the ash analysis of breast bones. 
The product of the calcium and phosphorus content of the blood 
has frequently been used in the diagnosis for rickets, and is 
given in the last column of Table IV.   In general, the straight 
keeled chicks showed a higher content of calcium and phos- 
phorus than did those with crooked keels, when the two were 
kept on the same diet. 

The results in Table IV may be interpreted as follows: The 
ash analyses of the leg bones show no evidence of defective cal- 
cium metabolism in the crooked keeled strain. Analyses of the 
breast bones indicate a defective calcium deposition in this por- 
tion of the skeleton of birds of the crooked keeled strain when 
compared with those of the straight keeled strain. This fact 
was especially well brought out when the chicks were reared on 
a rachitic diet. The analyses of the breast bones of chicks on 
the rachitic diet also indicated rather strikingly that those from 
the crooked keeled strain possessing crooked and straight keels 
at the 8-week age differed rather widely in the ash content of 
their breast bones. The same was true of the chicks of the 
straight keeled strain and although practically all of the chicks 
of this strain would have had straight keels when on an ade- 
quate diet, many, when on a rachitic diet, developed crooked 
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keels, which, when analyzed, showed a lower ash content than 
did their straight keeled sibs. The question may be raised 
whether the crooked keeled condition in the straight keeled 
strain chicks on the rachitic ration is comparable to the crooked 
keeled condition in the crooked keeled strain chicks reared on 
an adequate diet. It would seem, however, that the rachitic diet 
acts as an indicator in bringing out genetic differences in the 
straight keeled strain which would not be noted when on an 
adequate diet. 

These results may be taken to indicate that although selec- 
tion has made the straight and crooked keeled strains to differ 
genetically, neither strain is homozygous for the genetic fac- 
tors involved. The straight keeled bird appearing in the crooked 
keeled strain, although differing some in ash content of its 
breast bone from a straight keeled bird of the straight keeled 
strain, also shows an ash content differing from that of the 
crooked keeled bird of its own strain. 

An examination of 6-week-old chicks on the rachitic diet 
was made to determine the rate at which the crooked and 
straight keeled strain came down with rickets. In the straight 
keeled strain, 12 showed the characteristic unsteady rachitic 
gait while 13 appeared normal. In the crooked keeled strain, 
6 exhibited the rachitic gait and 22 were normal. It was thought 
that if the calcium metabolism of the crooked keeled strain was 
defective, chicks of this strain would be more susceptible to the 
effects of a D-deficient diet and quickly develop rickets. The 
observed difference, which is probably not significant, would 
indicate that the outward signs of rickets are no more easily 
developed in the crooked keeled strain than in the straight 
keeled strain. It is known, however, that the unsteady gait is 
not a critical test for the rachitic condition. 

At the 8-week age, 17 of the chicks of the crooked keeled 
strain on the rachitic diet had crooked keels and 10 had straight 
keels, and 9 of the chicks of the straight keeled strain had 
crooked keels and 14 had straight keels. Of the chicks on ade- 
quate diet, 8 of the crooked keeled strain had crooked keels and 
9 had straight keels. The straight keeled chicks on the adequate 
diet all had straight keels except one which showed a slight 
crookedness. 

Earlier tests had shown no significant differences in the 
total calcium content of the blood of adults from the crooked 
and the straight keeled strains. The possibility was considered 
that although the blood of the two strains might carry the same 
amount of calcium, there might be a difference in that available 
for bone formation. Therefore, a comparison was made of the 
percentage of diffusible calcium in the blood of the two strains. 
Individual analyses were made for diffusible calcium in the 
blood of 5 six-month-old cockerels from the crooked keeled 
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strain and 5 from the F1 generation of the cross of crooked by 
straight strain. The incidence of crooked keels differed widely 
in these two groups but the percentage of diffusible calcium was 
very similar. The mean percentage of diffusible calcium for the 
cockerels of the crooked keeled strain was 59.8 and for the F1
generation cockerels was 55.5. This difference is probably non- 
significant and is in the direction opposite the expected one, if
the available calcium were the limiting factor in the production 
of straight keels. 

The general results of this phase of the study are that blood 
analyses show no evidence of a defective calcium metabolism 
in the crooked keeled adults. Insofar as superficial character- 
istics of rickets are indicative, the crooked keeled strain chicks 
are no more susceptible to rickets than are those of the straight 
keeled strain. The breast bones of crooked keeled chicks did 
show a lower rate of calcification than did those of chicks with 
straight keels. 

CROOKED KEELS IN RELATION TO GROWTH AND FECUNDITY 

It seems probable that the tendency to develop crooked keels 
although inherent, is due to a defective execution of those physi- 
ological processes associated with bone formation. If this be 
true, then it is possible that development in general might be 
inferior in the crooked keeled individuals. 

Comparisons were made of the growth of chicks at 8 weeks 
in four strains where both crooked and straight keels were 
found at maturity. All chicks being compared were hatched at 
the same time and reared under as nearly identical conditions 
as was practical. Since some of them did not develop crooked 
keels until after the 8-week age, it was not known at the time 
of weighing how they would be classified as to keel condition. 
Individual weights were taken and results on males were not 
included since they were sold at the 8-week age at which time 
they could not be classified accurately with respect to keel con- 
dition. 

The data on growth of four strains of White Leghorns are 
given in Table V. These strains differed with respect to the in- 
cidence of crooked keels. It is seen that in all four strains the 
crooked keeled females averaged heavier than did those having 
straight keels. The data certainly provide no support for the 
view that the factor responsible for the crooked keels in any 
way handicaps the chick in growth. In fact, the strain 2 showed 
a significant difference in favor of the crooked keeled birds. The 
other differences are too small to be statistically significant. 

Asmundson5 had previously found that there was no rela- 
tionship between straightness of the keel and total egg pro- 
duction. He did state, however, that there was some evidence 
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that crooked keeled females started to lay earlier than did those 
with straight keels. Patterson and Quisenberry stated that 
straight keeled females laid better than females either with 
slightly or decidedly crooked keels. They also found that birds 
with decidedly crooked keels did not lay so well as did those 
with slightly crooked keels. Patterson and Quisenberry did not, 
however, present any data in support of their statements. In 
Table V, also will be found data on the influence of crooked 
keels on the pullet year fecundity. Only those females having 
a full year's production were considered. The annual egg pro- 
duction of pullets of the same strain with and without crooked 
keels was very similar. None of the differences in fecundity be- 
tween the straight and crooked keeled pullets were statistically 
significant, indicating that egg production is not influenced by 
the possession of a crooked keel by a bird. The results in Table 
V would seem to indicate that the factors responsible for crooked 
keels have no deleterious effects on the birds growth or fe- 
cundity. 

SEX AND CROOKED KEELS

The data under the heading of the genetic nature of crooked 
keels were summarized to determine the influence of sex on the 
tendency to develop the deformity. A comparison was made 
of the percentage of crooked keels in individuals of the two sexes 
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from several types of matings. These results given in Table VI
show that in most of the matings the males showed a higher 
percentage of crooked keels than did the females. In some cases, 
the difference in favor of the males was statistically significant. 

Not only did the males in the same matings show crooked 
keels more frequently than did the females, but there was also 
a greater degree of deformity in the males showing crooked 
keels. In some matings, the birds were placed into three arbi- 
trary classes, slightly crooked, crooked, and very crooked. In 
945 birds so classified, the ratio of very crooked to slightly 
crooked keels was approximately 3 to 1 in the males and 2 to 1 
in the females. These results and those in Table VI would indi- 
cate that there is a slight sexual dimorphism with respect to the 
expression of crooked keels in the chicken, the males showing 
the greater tendency. 

Schroeder7 has shown that there is a significant sexual di-
morphism in the calcification of shaft bones in chicks. His work 
indicated that males had a lower rate of calcification of the leg 
bones than did females. This fact might account for the males 
showing a greater tendency to develop the deformed keels, since 
a lower rate of calcification might make them more susceptible 
to the deforming influence of the perches. 

HATCHING SEASON AND CROOKED KEELS

Inasmuch as it was found that there was considerable varia- 
bility in the incidence of crooked keels, the data for the matings 
in which there was selection for crooked keels were arranged 
to determine the influence of the month of hatching. In Table 
VII, the data from the crooked keeled matings for 1927 to 1931
were segregated on the basis of the month of hatching. Since 
management conditions varied somewhat from year to year, 
dependable comparisons probably can only be made of chicks 
hatched in the different months of the same year. The range of 
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months during which hatching was done was not the same for 
all years. It cannot be said that the data in Table VII show any 
consistent trends with respect to the incidence of crooked keels. 
There was rather wide variability in the monthly percentages 
of crooked keels, but some of this may be due to the fact that 

the data for the two sexes were not segregated. It may be stated 
that the variations in season of hatch insofar as they are rep- 
resented in the data presented, do not appear to influence the 
incidence of crooked keels. 

INFLCENCE O F  ROOSTING CONDITIONS 

Although the idea has been rather generally accepted that 
too sharp perches would cause crooked keels, very little pub- 
lished information is available to substantiate the opinion. 
Platt8 reported that chicks placed in battery cages at 3 weeks 
of age with and without perches differed widely as to the inci- 
dence of crooked keels. Two lots without perches had no 
crooked keels, while three lots provided with perches showed 
66, 64 and 44 percent crooked keels when 8 weeks old. Platt9 

also reported that the width of the perch was a factor influenc- 
ing the incidence of crooked keels. 

It had been found in this study that under uniform roosting 
conditions, the incidence of crooked keels differed rather wide- 
ly in different strains. However, it also was observed that the 
incidence of crooked keels varied considerably in the same 
strains and it was believed that the roosting conditions might be 
a factor. 

Chicks With and Without Perches.-Experiments were 
planned to test the influence of roosting conditions on the in- 

IET n/a




cidence of crooked keels. In Table VIII, are given the results 
of rearing chicks under the two extremes of roosting condi- 
tions. In one group, the chicks were provided with low sharp 
edged perches (1 inch by 1 inch) at 2 weeks of age. In the other 
group, no perches were provided during the period of the ex- 
periment, and all equipment upon which chicks might roost 
was removed from the pen in which they were confined. In the 
two experiments, the data for which are given in Table VIII, the 
chicks were all reared in a battery brooder with no perches for 
the first 2 weeks. The chicks were individually pedigreed and 
each hen’s chicks were equally divided between the sharp-roost- 
and no-roost-pens. In the 1932 experiment, the chicks were kept 
in small pens (4 x 8 feet) with hardware cloth floors, while in 
1933 the chicks were placed in larger pens with concrete floors 
covered with straw. It is difficult to get chicks to make use of 
perches until they are 3 or 4 weeks old. 

In the 1932 experiment (Table VIII),  it  will be seen that at 
the 16-week age, chicks of the crooked keeled strain (5 genera- 
tions of selection) had 100 percent crooked keels when reared in 
a pen carrying sharp roosts. Chicks of the same parentage but 
reared without any roosts were almost 100 percent with straight 
keels. Under the same conditions, chicks from the F1 genera- 
tion of crossing the straight and crooked keeled strains gave 
27 percent crooked keels when provided sharp roosts and 100 
percent straight keels when kept without roosts. 

In 1933, a comparison was made of chicks with and without 
roosts, from the crooked and straight keeled strains (after 6 
generations of selection). The percentage of crooked and 
straight keels was recorded at the 12- and 24-week age. The 
only difference between the conditions here and those in the 
1932 experiment was that the chicks here were on concrete 
floors instead of hardware cloth and the pen was considerably 
larger. Being allowed more room, the chicks spent less time on 
the perches during the day and thus the incidence of crooked 
keels was reduced. 

The difference between the incidences of crooked keels in 
the roost and non-roost lots in the crooked keeled strain is less 
striking than in the previous experiment. The roosting condi- 
tions here were not such as to give nearly so high a percentage 
of crooked keels in the crooked keeled strain at either the 12- 
or 24-week age. At 12 weeks of age, most of the non-roost 
chicks had straight keels, but many of them developed crooked 
keels between the 12- and 24-week age, although no perches 
were provided in that period. The chicks of the straight keeled 
strain remained 100 percent straight at the 24-week age wheth- 
er kept on sharp perches or without perches. 

Age at Starting Roosting.-In order to determine at what age 
chicks were most susceptible to the effect of sharp perches in 
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producing crooked keels, chicks were placed on 1 x 1 inch roosts 
at varying ages. The stock used was the strain selected six gen- 
erations for the presence of crooked keels. The data for this 
strain in Table VIII show a high percentage of crooked keel 
developing in the birds when sharp perches were provided at the 
4-week age and very few crooked keels when roosting was not 
permitted. The results of the experiment on the influence of 
age are given in Table IX.  All chicks were kept in a wire floored 
battery with no perches until 4 weeks old, after which they 
were moved to 4 x 8 foot pens with wire floors. When the chicks 
reached the age desired, each hen's offspring were equally di-
vided between the roost- and non-roost pens. The roosts were 
made of 1 x 1 inch material placed across low upright supports. 
At the 12-week age, all chicks were moved to a larger room with 
a straw covered concrete floor and the roosting groups were 
again provided with 1 x 1 inch perches. These conditions were 
maintained until the birds were 24 weeks old when the data 
given in Table IX were taken. These data show a very definite 
trend toward a smaller percentage of crooked keels the later 
in life the chicks were provided sharp perches. When the chicks 
were placed on sharp perches at the 4-week age, over 90 per- 
cent of the chicks developed crooked keels while they showed 
20 percent or less when not allowed roosts until 12 weeks old. 
Although showing considerably less crooked keels than when 
allowed perches at 4 weeks of age, it did not seem to make much 
difference whether they were provided at 6 or 8 weeks of age. 
There was a rather sharp drop-off in percentage of crooked 
keels when perches were withheld until the chicks were 10 to 12 
weeks old. Although the data in Table IX are somewhat meager, 
they do indicate rather definitely that the incidence of crooked 
keels, in a strain having a tendency to develop crooked keels, 
can be controlled largely by modification of the roosting con- 
ditions. 

In Table X, data are recorded as to the incidence of crooked 
keels in two strains (unselected for keel condition) when groups 
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from each strain were maintained under slightly differing con- 
ditions. All chicks were kept in battery brooders without 
perches until 4 weeks old and then transferred to pens provided 
with sharp perches (1 x 1 inch). From each strain, one group 
was placed in a small wire floored pen (4 x 8 feet) and another 
in a larger (8 x 10 foot) pen with a straw covered concrete floor. 
The restricted conditions in the small wire floored pen caused 
the chicks to spend considerably more of the day-time period 
on the perches. In Table X, the wire floored pens are referred 
to as restricted quarters and the concrete floored pens as less 
restricted quarters. Although the numbers are too small for 
the exact percentages of crooked keels secured to have much 
significance, the data are in agreement in pointing to the con- 
clusion that crowding may be a factor increasing the incidence 
of crooked keels. 

These results seem to indicate that, in stocks having a ten- 
dency to produce crooked keels, the incidence of the deformity 
will vary widely, depending upon the age at which perches are 
provided and the crowding of the chicks in the pen. It should be 
kept in mind that the perches utilized were much sharper than 
normally would be used. 

GENETIC STUDIES 

In the foregoing study, we have shown that the early roost- 
ing conditions are of considerable importance in the expression 
of the crooked keeled condition. However, evidence was se- 
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cured early pointing strongly to the view that the inherent con- 
stitution of the bird also was of importance. 

SELECTION RESULTS 

In 1926, it was first observed that families of White Leg- 
horns carried at the Kansas Agricultural Experiment Station 
varied greatly in the incidence of crooked keels. In 1927, the 
first generation of selection for the presence and absence of 
crooked keels was initiated. The mating of crooked keeled 
males by crooked keeled females from a family showing a ten- 
dency toward crooked keels gave 49 crooked keeled offspring 
to 12 straight keels. A mating of straight keeled individuals 
from a family giving few crooked keels gave 49 straight keels 
and 2 crooked keels. Since the management of the two lots of 
offspring was identical, these rather marked differences in the 
first generation of selection could be attributed only to genetic 
differences in the parent stock used in the two matings. In 
Table XI, are given the data for later generations of selection 
between the years 1928 and 1932. In each generation of the 
crooked keeled strain, the crooked keeled individuals from the 
families having the highest incidence of crooked keels were 
mated and the same procedure was followed in selecting for 
straight keels. The 5 generations of selection accomplished 
virtually nothing in the straight keeled strain. There was little 
opportunity for bringing about any change in the strain since the 
percentage of crooked keels was never more than 13 in either 
sex in any generation. There was an increase in percentage 
of crooked keels in the crooked keeled strain, but the higher in- 
cidence cannot be attributed entirely to selection since in the 
earlier generations of selection the influence of roosting con- 
ditions was not fully appreciated and the care was not exer- 
cised to get the chickens to make use of the perches as soon as 
possible. For any one year, the roosting conditions were the 
same for the two strains, the chicks of each hatch of the two 
strains being reared in the same brooder rooms. During the 
years 1928 and 1929, the chicks were all started in 10 x 12 foot 
brooder houses and in later years they were kept in battery 
brooders for the first 4 weeks and then transferred to a brooder 
house with a straw covered floor and low perches carrying 2-inch 
strips. It is quite possible that the increase in incidence of 
crooked keels in the later generations of the crooked keeled 
strain was due to the change in management. Under the discus- 
sion of the influence of roosts, it was shown that after six gen- 
erations of selection the crooked keeled strain could be varied 
from near 0 to near 100 percent of crooked keels depending 
upon the roosting conditions. In Table VIII, it is shown that 
when the chicks from the straight keeled strain were placed on 
sharp roosts at 2 weeks of age, the keels remained straight at 
24 weeks of age. Unfortunately, it was not possible to carry 
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the straight keeled strain beyond 1933. The deleterious effects 
of inbreeding resulting from the type of matings necessary in 
selection virtually eliminated the strain. It was, therefore, not 
determined whether the straight keeled strain would remain 
relatively free from crooked keels even when placed on sharp 
perches early and kept under crowded conditions, thus causing 
the chicks to spend much of the daytime period on the perches. 
It seems to be well demonstrated by the data in Table XI that 
under the usual management conditions, the crooked and 
straight keeled strains differed widely in the incidence of 
crooked keels. A few crooked keels usually appeared in each 
generation of the straight keeled strain and the crooked keeled 
strain gave approximately only 75 percent crooked keels unless 
kept in crowded quarters with sharp roosts from an early age. 

DIFFERENCES IN UNSELECTED STRAINS 

In addition to the matings between the selected straight and 
crooked keeled strains, certain other stocks were mated which 
also indicated the heritability of the tendency to grow crooked 

breast bones. In Table XII, are given the first generation re- 
sults of matings among three strains of White Leghorns car- 
ried at the Kansas Agricultural Experiment Station. The two 
pure strain chicks, A and C, were compared with the offspring 
of reciprocal matings between the two strains. It is seen that 
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strain A gave a much higher percentage of crooked keels in 
both males and females than did strain C and that the F1 gen-
eration offspring were somewhat intermediate between the two 
parental strains with respect to the incidence of crooked keels. 
The fact that the female offspring from the mating of strain A
males by strain C females showed a higher incidence than did 
the reciprocal cross might be taken as evidence for sex-linked 
factors being involved. However, the males of this mating also 
showed more crooked keels than did those of the reciprocal 
mating, thus indicating that the difference between the recip- 
rocal crosses was due to genetic differences in the parental stock 
used rather than to sex-linked factors. The slight difference in 
incidence of crooked keels in the female offspring of reciprocal 
matings of strains A and B (bottom of Table XII) is in the di-
rection opposite of that found in the matings of strains A and C, 
thus indicating that sex-linked factors are probably not respon- 
sible for the differences in keel condition between the strains 
crossed. The keel condition of the males is not recorded in the 
matings of strains A and B since the males were disposed of 
when 8 weeks old, before the keel condition could be accurately 
classified. 

The results shown in Table XII indicate rather definitely 
that the differences in incidence of crooked keels in the three 
strains, A, B, and C, are heritable. These three White Leghorn 
strains were mated to the same strains of Barred Plymouth 
Rocks in another investigation and the incidence of crooked 
keels was recorded in the hybrids. No data were available on 
the tendency toward crooked keels in the Barred Plymouth Rock 
strain. Six breeding pens were made up carrying one Barred 
Rock male and 4 females from each of the three White Leghorn 
strains. Thus, the hybrid offspring from the three groups of 
White Leghorn females were half sisters. The keel condition 
of the male offspring was not recorded since they were sold be- 
fore being old enough to classify. After producing hybrids for 
a few weeks, the Leghorn females were mated to males of their 
respective strains giving pure strain chicks to be compared 
with the hybrids. The management and roosting conditions 
were the same for all chicks listed in Table XIII.  The rank of 
the three groups of hybrids with respect to incidence of crooked 
keels is the same as that of the three pure strains of Leghorns 
giving rise to them. The rank of the three groups of pure Leg- 
horns in Table XIII is the same as that shown in Table XII.
The data given in Tables XII and XIII were secured in two suc- 
cessive years but in each case the rank of the three strains 
of Leghorns was in the order of A-C-B with respect to inci- 
dence of crooked keels. Even though the genetic constitution 
of the Barred Plymouth Rock males with respect to keel condi- 
tion is unknown, the incidence of crooked keels among the three 
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groups of hybrids indicates that the differences in keel condi- 
tion in the three Leghorn strains have an inherent basis. The 
Leghorn strain B here listed was the straight keel selection 
line. 

F1, GENERATION OF CROSSES BETWEEN STRAINS SELECTED 
FOR PRESENCE AND ABSENCE O F  CROOKED KEELS 

In Table XIV, are given the results of reciprocal crosses be- 
tween the strains selected for straight and crooked keels after 
6 and 8 generations of selection. Under the heading 1932 mat- 
ings, the data on the incidence of crooked keels in the two se- 
lected strains being crossed are given along with the results of 
the reciprocal matings. In 1932, the chicks were all encouraged 
to use perches at 4 weeks of age, but the perches were 2-inch 
strips instead of 1-inch ones as were used in 1934. The 1934 
chicks were also more crowded than were the 1932 chicks. The 
percentage of crooked keels among the chicks of the F1 gen- 
eration in 1932 is more like that of the straight keeled strain 
while in 1934 the F1 generation chicks showed an incidence of 
crooked keels similar to that of the crooked keeled strain. The 
difference in roosting conditions in 1932 and 1934 is probably 
responsible for the variation of dominance in the F1 generation. 
In each case, the F1 generation showed an incidence of crooked 
keels intermediate between that of the two strains being crossed. 
The results of the reciprocal matings of the two selected strains 
offer no support for the view that sex-linked factors are re- 
sponsible for the differences in keel condition of the straight 
and crooked keeled strains. 
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BACK CROSSES

In Table XV, are given the data from back crosses of F1
generation females to males of the straight and crooked keeled 
strains. These matings were made in 1933 and the F1 genera- 
tion females were secured from the matings given in Table XIV. 
Since both straight and crooked keeled females were produced 
in the F1 generation, both kinds were used in the back crosses. 
The chicks listed in Table X V  were provided 1 x 1 inch perches 
at 4 weeks of age, but under less crowded conditions than the 
1934 F1 generation chicks. The back crosses to the crooked 
keeled strain males gave a higher percentage of crooked keeled 
offspring than the back crosses to the straight keeled strain 
males as would be expected if the tendency to develop crooked 
keels were inherent.

It is of interest to note that in the back crosses to the crooked 
and straight keeled strain males (Table XV), the crooked 
keeled F1 generation females gave a higher percentage of 
crooked keeled offspring than did the straight keeled females 
from the same generation. The crooked and straight keeled F1
generation females were mated to the same males, thus the two 
groups of offspring being compared were half brothers and sis- 
ters. These results may be interpreted to indicate that the 
crooked and straight keeled birds in the F1 generation had a 
different genetic constitution and that observed differences were 
not due to differences in the environment encountered by in- 
dividual birds. When the influence of roosting condition on the 
expression of crooked keels was demonstrated, it was at first 
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thought that the few crooked keels in the straight keeled strain 
and the few straight keels in the crooked keeled strain after 
several generations of selection might be due to differences in 
roosting habits of the exceptional birds. The differences in the 
reaction of crooked and straight keeled F1 generation birds in- 
dicate, however, that after six generations of selection, the 
straight and crooked keeled strains were not homozygous for 
the genetic factors conditioning crooked keels. The results of 
chemical analyses given in Table IV also show that these 
crooked and straight keeled birds in the same strain differed 
physiologically as expressed by differences in ash content of 
breast bones. 

This view is further supported by a test of the few straight 
keeled birds appearing in the crooked keeled strain after six 
generations of selection. Such straight and crooked keeled sis- 
ters were mated to the same crooked keeled male, the former 
giving 73 and 59 percent crooked keels in daughters and sons, 
respectively, while the latter gave 79 and 73 percent crooked 
keels. 

In view of the failure after six generations of selection to 
make the two strains homozygous for the factors controlling 
the chick’s ability to grow a straight keel when permitted to 
roost at an early age, it would seem that the inherent tendency 
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had more than a monofactorial basis. Since the roosting con- 
ditions play such an important part in the expression of the 
genes favoring the development of crooked keels, it seems un- 
wise to attempt to place the crooked keeled condition on a spe- 
cific factorial basis. It is believed that the data here presented 
demonstrate that the tendency to develop crooked keels during 
growth is inherent but requires early roosting on sharp perches 
to bring the genes into full expression. It is to be expected that 
a condition which probably has its basis in the mineral metab- 
olism of the bird would have a complicated genetic foundation. 

DISCUSSION 

The crooked keeled condition usually develops during the 
growth of the chick, although a few birds do not show the de- 
formity until after reaching sexual maturity. Males show a 
slightly higher incidence of crooked keels than do females. This 
sexual dimorphism may be a result of a slower rate of calcifica- 
tion of the skeleton in the male chicken. Schroeder10 reported 
that sexual differences in rate of calcification were present in 
the growing chicks. Statistical treatment of the available data 
also indicates that the keels are more frequently bent to the 
right than to the left. 

The tendency to develop crooked keels probably has its basis 
in a defective calcium-phosphorus metabolism. This view is 
supported by the finding that the ash content of the breast bones 
of crooked keeled chicks is less than that of straight keeled 
chicks. The leg bones of the same two groups of chicks fail to 
show any difference in ash content. However, crooked keeled 
strain chicks do not appear to be any more susceptible to rickets 
than do straight keeled chicks, when kept on a rachitic diet. 
Blood analysis also fails to reveal any rachitic tendencies in 
crooked keeled birds. 

The apparent deficiency of mineral deposition in the keels 
of crooked keeled chicks does not seem otherwise to have a dele- 
terious influence on the bird. Both growth and egg production 
tendencies appear to be uninfluenced by the presence of crooked 
keels. The fact that leg bones of crooked keeled chicks are nor- 
mal for ash content while the breast bones are deficient would 
indicate that the deformity is due to an insufficiency of mineral 
deposition in the one portion of the skeleton rather than a gen- 
eralized deficiency in the birds' metabolism. Since the effects 
are SO localized, crooked keels could not be expected to influence 
the birds in a deleterious manner. 

The studies on the influence of roosting conditions show 
that there is in crooked keels an excellent example of the inter- 
action of heredity and environment. The expression of the 
genes responsible for the tendency to develop crooked keels is 
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influenced greatly by the type of roosting conditions provided 
the chick. To state it in another manner, it may be said that 
the chick’s resistance to the deforming tendency of perches is 
inherent, but the degree of resistance is dependent upon the 
severity of the roosting conditions encountered. Two factors 
found to have an influence are age at starting roosting and the 
amount of time spent on the perches. The latter is conditioned 
by the amount of crowding to which the chicks are subjected. 
Platt¹¹ also found that the sharpness of the perches is a factor 
of importance. The character here studied is similar to the ab- 
normal abdomen in Drosophila which requires a special mois- 
ture environment for its expression. In the case at hand, the 
tendency to develop crooked keels requires a certain combina- 
tion of factors such as age at starting, amount of time spent on 
perches, and the sharpness of perches, to permit its expression. 
This favorable combination of environmental factors, combined 
with a deficiency of deposition of minerals in the breast bone, 
results in the deformity being studied. 

It is to be expected that such a complicated set-up would 
present a complex genetic problem. The dominance or reces- 
sive relationship of the crooked keeled condition seems to be 
influenced by the type of roosting conditions provided. It is 
shown that by variation of the roosting conditions, the strain 
selected for the presence of crooked keels could be made to vary 
from 0 to practically 100 percent for the incidence of crooked 
keels. The fact that after six generations of selection and prog- 
eny testing for crooked keels, the few appearing straight keeled 
birds seemed to be of a genetic constitution differing from that 
of the crooked keeled individuals in the strain, is evidence that 
the mode of inheritance is not simple. 

In view of the many complicating factors, it seems unwise 
to attempt to place the inheritance of the tendency to develop 
crooked keels on a definite factorial basis. The fact that under 
normal roosting conditions the crooked keeled strain would 
show an incidence of 60 to 80 percent crooked keels and the 
straight keeled strain an incidence of less than 10 percent is 
satisfactory evidence that the tendency is inherent. 

Under practical conditions, in strains where the tendency 
to develop crooked keels is prevalent, selection against the ten- 
dency should be exercised. The prevention of roosting too early 
in life and the provision of wide roosting poles will also mate- 
rially aid in controlling the tendency. 

IET n/a



