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THE RELATION OF PHOSPHORUS DEFICIENCY
TO THE UTILIZATION OF FEED
IN DAIRY CATTLE
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SUMMARY
The results of an investigation, studying the problem of lowered
feed utilization in phosphorus-deficient cattle, are reported. Data
also are presented on the balance of nitrogen, calcium, and phosphorus in deficient, animals.
The observation of previous workers, that a shortage of phosphorus in the ration becomes a limiting factor in the economical
utilization of feeds, is substantiated.
The problem of feed utilization has been investigated from three
possible angles: First, the relation of phosphorus deficiency to
digestion; second, the determination of possible abnormal losses of
energy in the visible excreta of affected animals; and third, the
relation of phosphorus intake to the energy metabolism of dairy
cattle.
The results obtained would indicate that: (1) Phosphorus deficiency does not depress the digestive functions of the animal.
Lactating dairy cows in a condition of aphosphorosis were found to
digest their feed as completely as the normal control. (2) By
means of gross energy determinations of the feed and visible excreta
no abnormal losses of energy were demonstrated in the excreta of
phosphorus-deficient animals. (3) Oxygen-consumption measurements made by means of a portable metabolism apparatus indicated
a higher energy metabolism for animals in the phosphorus-deficient
condition.
A marked symptom of the low-phosphorus condition was the
failure of appetite observed in all experimental animals on the
deficient ration. This failure of appetite alone, however, would not
explain the losses in weight noted in all animals, since these losses
began while the cows were consuming sufficient nutrients to allow
for appreciable gains.
The addition of the phosphorus supplement to the deficient ration
produced an immediate response of the appetite in most cases. More
economical utilization of the nutrients consumed also resulted from
the addition of the supplement, as indicated by the gains in weight
of the experimental animals.
In using dairy cows of good producing ability it was found
possible to induce symptoms of aphosphorosis rather rapidly on
the deficient ration. A shortage of phosphorus in the ration, however, did not prove so important a limiting factor in milk production
as it did in body maintenance.
As noted by earlier investigators, the marked effect of a shortage
of phosphorus on the inhibition of œstrum was observed in the
present experiment.
I n preliminary experiments with rabbits it was not found possible
to induce symptoms of aphosphorosis at all comparable to those
observed in dairy cattle.
(3)
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It is interesting to note that, in seeking suitable low-phosphorus
roughage for use in the present investigation, in certain sections of
Kansas, prairie hay was found having as low phosphorus content
as that reported for roughages from other areas where this deficiency
disease is prevalent. Later investigation has shown that cattle in
these areas exhibit typical symptoms of the disorder and respond
readily t o the feeding of phosphorus-containing supplements.
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THE RELATION OF PHOSPHORUS DEFICIENCY
TO THE UTILIZATION OF FEED
IN DAIRY CATTLE¹
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STATEMENT OF PROBLEM
Mineral deficiencies in the rations of cattle occasion large economic losses to the live-stock industry throughout the world. While
such problems had been recognized as long ago as the middle of
the past century, it is only within the last twenty years that serious
investigation has been directed to the primary causes. The reason
for this, undoubtedly, lies in the fact that our knowledge of the
importance of minerals in live-stock feeding is of comparatively
recent origin. With a growing appreciation of the function of the
mineral elements in the ration, the relation of mineral deficiencies to
live-stock production became emphasized.
A lack of phosphorus in the forage has been demonstrated as one
of the most common types of mineral deficiency affecting the livestock industry. This condition has been found t o result from a
deficient supply of available phosphorus in the soil. Phosphorusdeficient areas now have been reported from almost every part of
the world. In the United States surveys have shown the problem
to be one of major importance in Minnesota, Montana, and the
coastal plain of Texas. I n Kansas, where the present investigation
has been carried on, symptoms of phosphorus deficiency have been
recognized in cattle maintained on upland soil in some of the southeastern counties. With increasing evidence of the widespread nature
of this problem, it is likely that few states will escape some manifestation of this disorder.
A frequent observation in cases of aphosphorosis in cattle is the
general lack of thrift and the poor condition of animals affected.
This may accompany even reasonably good feeding practices.
Where the deficiency is of long standing, anorexia, stunted growth,
and little tendency to lay on flesh are commonly observed manifestations. It has been definitely established that there is a lowered
efficiency in feed utilization. The phosphorus-deficient animal simply does not realize so much per unit of feed consumed. Eckles
(17) in discussing this problem asks, “What is the explanation of
the striking difference in the utilization of feed when the phosphorus
is increased in a ration deficient in this element?” In seeking an
answer to this interesting phenomenon the following questions may
be raised more specifically :
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1. Does the condition of aphosphorosis lower the digestibility of
the ration and prevent normal utilization of the nutrients?
2. Does the condition resulting from phosphorus deficiency interfere with metabolism to the extent that the assimilated nutrients
are not completely oxidized? It is well known that phosphorus
plays an important role in the oxidation of carbohydrates in the
body. Theiler (40) has suggested that “phosphorus plays a specific
role in cellular metabolism; has what might be called a vitamin
effect, which facilitates utilization of carbohydrate and protein in
general tissue anabolism.”
3. Another possibility is that phosphorus deficiency affects the
metabolism of the animal organism in such a manner as t o change
its rate of basal metabolism. Such a condition of increased basal
metabolism is found in certain types of goiter, which some investigators believe results from a deficiency of iodine in the diet.
It was with the hope of throwing further light on some of these
problems that the present investigation was undertaken.

REVIEW OF LITERATURE.
UTILIZATION OF FEED IN PHOSPHORUS DEFICIENCY

No attempt will be made to review the very extensive literature.

on the subject of phosphorus deficiency in live stock. This has been
made available in two excellent reviews, one by Eckles, Becker, and
Palmer (16), and another more recently by Theiler and Green (58).
Theiler and associates have made a very comprehensive study
of the relation of phosphorus to the live-stock industry. Their
investigations have been reported in a series of papers, the first of
which appeared in 1920 (39). In 1924 Theiler, Green, and D u Toit
(40), in their paper “Phosphorus in the Live Stock Industry,” definitely established the significance of a low phosphorus supply on the
growth and production of animals grazing on the veld in South
Africa. I n 1927 these workers (41) reported the experimental production of aphosphorosis in cattle with all the clinically recognizable symptoms of the naturally occurring disorder.
In a series of investigations started in 1923, and practically paralleling the work of the South African group, Eckles, Palmer, and
associates (16, 17, 54) in this country had determined experimentally that a deficiency of phosphorus was the factor involved in
the nutritional disorder which they were investigating in Minnesota.
These workers concluded that “under extreme conditions, as in the
area studied, a shortage of phosphorus becomes a limiting factor
in the economic utilization of feeds and in the growth of cattle.”
Theiler and associates (40) concluded that phosphorus was a
limiting factor in growth and voluntary food consumption and a
dominating factor in the maintenance of live weight under ordinary
conditions of veld grazing. A marked increase in the rate of
growth and the ability to lay on flesh was observed in South African
range cattle on the addition of bone meal to phosphorus-deficient
rations. Apparently the condition of the animal could be controlled
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a t will through the manipulation of the phosphorus content of the
ration fed. Records of ostephagia, live weight, and feed consumption were reported by these workers on large groups of animals, and
the results with bone meal feeding were particularly striking. The
cattle receiving bone meal ate more hay, increased more in weightin one typical experiment, practically four times as much as the
controls receiving no bone meal. Furthermore, it was noted that
although more hay was consumed by the bone-meal-supplemented
animals during the periods of more rapid increase, the difference was
not sufficient to account for the extra body weight put on. As a
result of these observations, Theiler concluded that “phosphorusfed animals utilize their food better and put on more body weight
per unit of food consumed.”
Du Toit and Bisschop (14) have continued the South African
investigations to include studies on a large scale with improved
breeds of cattle and the possibilities of grading up the native
cattle under conditions of veld grazing, in which the earlier findings
have been confirmed and extended. More recently Du Toit and
associates (15) have reported that “sheep receiving a ration deficient
in phosphorus have shown no gain in weight, lost appetite, and
shown a very low figure for the inorganic phosphorus of the blood.”
In a more rigidly controlled study of the energy requirements per
pound of gain for dairy cows on a low phosphorus ration, Eckles and
Gullickson (17) reported that a plane of feeding of a t least 1.20
per cent of that specified by the feeding standards in general use
was necessary to even maintain the live weight of experimental
animals. On the low-phosphorus basal ration the digestible nutrients required per pound of gain ranged between 6 and 15 pounds,
whereas with a phosphorus supplement added to the ration this requirement dropped to one-fifth or a range of one to three pounds
per pound of gain.
Similar results confirming the marked improvement in the general
thrift and condition of affected animals, through the simple addition
of bone meal or other phosphorus-containing supplement, have been
reported frequently in the literature from this country and elsewhere.
EFFECT OF MINERAL DEFICIENCY ON DIGESTION

Forbes and Keith (23) have reviewed the work on the influence
of phosphates on digestion. They conclude that “phosphates stand
in such a significant relation t o the digestion and utilization of food
that their excretion into the alimentary tract must be regarded as
of vital consequence.” The possible significance of phosphates in
relation to enzymatic processes in the animal body is also indicated.
The more specific evidence bearing on the effect of a lowered
mineral intake on digestibility is limited. In October, 1929, after the
present investigation had been started, Evans (90) reported the
results of a series of digestion trials with swine suffering from prolonged calcium deficiency. Twenty-two trials showed no enhanced
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effect on the digestibility of the organic constituents of the food
on adding calcium carbonate to a lime-deficient ration. One year
later Woodman and Evans (43) reported the results of a digestion
study with sheep, from which it was concluded that a deficiency of
calcium and phosphorus in the forage did not cause it t o be digested
any less efficiently.
It would seem probable that the processes of digestion are more
or less constant and little affected by dietary deficiencies of a
mineral character. This would suggest that the prolonged feeding
of a low-phosphorus ration in all probability would not materially
affect digestion. However, since there are no published data on
the coefficient of digestibility of animals in the advanced stages of
aphosphorosis, the present investigation accordingly was planned,
in one of its phases, to furnish definite information on this subject.
ENERGY LOSSES IN METABOLISM

It is the general belief that phosphorus plays an important role
in the early stages of carbohydrate and fat metabolism. Shaffer (35)
has stated that “if the view be correct that glucose oxidation takes
place via lactic acid, phosphoric acid is equally concerned with
carbohydrate metabolism.”
It has been known for some time that phosphorus compounds have
a special role in muscular contraction. The discovery of “phosphagen,” a labile form of organic phosphate, in 1926, by Eggleton
and Eggleton (18), has changed our outlook on the energy exchanges in muscle. Hill (27), in a recent review, has discussed the
newer viewpoint concerning lactic acid and phosphagen formation in
muscle.
Fiske (21) was one of the first to observe the decreased output
of urinary phosphates after sugar ingestion, and much evidence has
been advanced since, demonstrating changes in the mobile phosphate
stores of the body during active carbohydrate assimilation. It is
quite generally believed that glucose unites with phosphoric acid to
form a more easily oxidizable compound, hexose-phosphate. Furthermore, lending additional emphasis to the importance of the part
played by phosphorus in body oxidations are the “in vitro” experiments of recent years demonstrating the marked influence of phosphorus on sugar oxidating (2, 19, 36, 4 2 ) .
Since phosphorus is thought to play such an important part in
body oxidations, it would not be surprising, in a condition where
this constituent in the inorganic form frequently falls to one-fourth
of the value found in normal blood, that the oxidation processes
would be so altered as to result in the excretion of partially oxidized
products. This condition, obviously, would cause loss of energy to
the animal body. Such a loss is known to occur in diabetes, in
which the acetone bodies resulting from incomplete oxidation of
fatty acids are excreted. Also, in this connection, i t is interesting
to note that, in certain types of vitamin deficency, an increased
output of carbon has been observed in the urine of dogs and rats
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(6, 28). This increase was attributed to the elimination of partially
oxidized carbon compounds. Collazo and Munilla (11) have also
reported finding a large increase of either soluble substances in the
urine of dogs on a poly-deficient diet.
I n view of these considerations, and since there were no available
data on energy losses in the excreta of animals on a phosphorusdeficient diet, i t was thought advisable to determine whether any
such losses occurred. Gross energy determinations on the urine of
these animals were of particular interest, since the urine is especially
the vehicle for elimination of metabolic products from the body.
ENERGY METABOLISM

There is an extensive literature relating to the energy metabolism
of man and other species under normal conditions. The research
in the field of basal metabolism, as expressed under abnormal conditions, has been adequately reviewed by Du Bois (13).
The basal metabolism of cattle is obtained with difficulty, because of the uncertainty in securing a true fasting condition, due
to the complexity of the digestive tract. As a result many of the
data on energy changes in this species have been secured in the
form of metabolism measurements under “standard” conditions
other than fasting. An early review of the literature in this field
was made by Armsby (1), but the most recent and extensive compilation has been made by Brody (8).
Considerable investigation has been done on the energy metabolism in cattle on different planes of nutrition, as reported by
Benedict and Ritzman (4); Forbes, Braman, Kriss, et al. (24, 66);
Brody and coworkers (8, 9, 10); Mitchell et al. (32); and others.
In general, i t has been, observed that the heat production resulting
from the consumption of a definite amount of nutrients is less at the
lower planes of nutrition than a t the higher levels.
Benedict and Ritzman (4) have conducted very elaborate studies
on the effect of undernutrition on steers, and i t was observed by
these workers that “undernutrition in every instance had a very
pronounced influence upon the metabolism in that after a few
weeks of adjustment the total metabolism was greatly lowered.”
It is a well known fact among investigators in this field that the
rate of metabolism is changed in certain pathological conditions,
such as exophthalmic goiter and other glandular disorders. In a
few conditions, such as that mentioned, a marked increase in the
metabolic rate has been observed, while in other cases, and more
frequently, the opposite condition has been found to obtain. There
is no evidence available, however, that any energy metabolism investigations have been conducted with cattle under conditions of
disease or specific dietary deficiency.
I n the vitamin field Drummond and Marrian (12) made a prolonged study of the gaseous metabolism of rats in various states
of nutrition. Their results during progressive vitamin B deficiency
showed that the oxygen consumption remains normal until the final
stages of the disturbance.
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It has been sufficiently well established that cattle in progressive
stages of phosphorus deficiency on a liberal ration realize less per
unit of feed consumed than the normal animal. Since, as Theiler
(40) has stated, they are simply combusting the extra ration for
no useful purpose, it would seem logical t o assume that this may be
due to an increase in their basal metabolism. As there are no data
available on the energy metabolism of experimental animals in
advanced stages of aphosphorosis, it was planned to secure information on this important question.
After the foregoing review of the literature, it was decided to
divide the general plan of the investigation into three phases:
1. Determination of coefficient of digestibility.
2. Determination of metabolizable energy.
3. Study of the energy metabolism of dairy cows in a condition of aphosphorosis.

EXPERIMENTAL DATA
PRELIMINARY WORK WITH RABBITS

In an investigation of this kind laboratory experiments with
small animals are often suggestive of methods for attacking the
main problem. Starting in the fall of 1927 and continuing for 18
months, preIiminary experiments with rabbits were carried on by one
of the authors in the nutrition laboratory of the Biochemistry Division, University of Minnesota.
In this phase of the experiment 18 rabbits were used. The lowphosphorus ration fed, a t first, consisted of prairie hay, coarsely
ground oats, and cabbage. This was later modified considerably
because of limited consumption by the rabbits. In the later stages
of the experiment a typical basal ration consisted of tapioca, 80 per
cent; egg albumin, 10 per cent; ground oats, 10 per cent; salt and
calcium carbonate, 1 per cent each, fed with prairie hay and cabbage.
These ingredients making up the concentrate ration, after thorough
mixing were soaked with water and dextrinized. This ration had a
phosphorus content of less than 0.1 per cent. In spite of frequent
changes in the kind and proportion of the ingredients it was not
found possible to prepare a ration that was readily consumed by the
experimental animals.
While there was abundant evidence of undernutrition in the experimental animals, due undoubtedly to lowered nutrient consumption, a t no time was it certain that any was suffering from phosphorus deficiency in any degree comparable to the condition observed in cattles.³
The inorganic phosphorus content of the blood of the animal was
the index of phosphorus deficiency used throughout the experiment.
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While the most pronounced lowering of this constituent was observed
in lactating females, in no instance were the observed changes outside the deviations reported for normal rabbits.
Since, in this preliminary work, it was not found possible t o
develop symptoms of marked aphosphorosis in rabbits, it was decided to attempt the solution of the problem with dairy cattle. The
experiments with dairy cattle reported in this bulletin were conducted a t the Kansas Agricultural Experiment Station.
EXPERIMENTAL WORK WITH DAIRY CATTLE

In the majority of experiments reported in the literature concerning aphosphorosis in cattle the actual experimental work has been
carried out in areas where the mineral deficiency was prevalent. In
the present investigation the work was performed a t the Kansas
Agricultural Experiment Station in a section of the country where
symptoms of phosphorus deficiency had not been recognized. It
was anticipated, therefore, that some difficulty might be encountered
in obtaining feeds sufficiently low in phosphorus to insure developing the condition in dairy cattle within a reasonable length of time.
LOCATION OF LOW-PHOSPHORUS ROUGHAGE IN KANSAS

Prairie hay is a staple crop in Kansas. Much of the experimental
work on phosphorus deficiency a t the Minnesota station has involved
the use of this feed as the sole roughage in the ration. It was
thought that by consulting available soil-survey data (37) for this
state a possible source of supply from soil areas of low-phosphorus
content might be located which would serve the purpose of the
present investigation. It was ascertained from the Department of
Agronomy that upland soils in the southeastern section of the state
would in all probability yield a roughage of lower phosphorus content than any other areas so far surveyed. In September, 1929, a
tour was made of several of the counties in this area, and samples
of hay collected for analysis. The phosphorus content of these
samples is given in Table I, with a description of the soil type on
which the sample originated.
A scrutiny of the analyses presented in Table I following reveals
the fact that all samples, with the possible exception of No. IV, can
be classified as distinctly low in phosphorus. It is interesting to
compare these figures with those reported by Eckles and his associates for prairie hay from affected farms in western Minnesota.
Three different lots of this hay used in experimental work at the
Minnesota station showed an average phosphorus content of 0.09
per cent. Theiler has reported similar figures for hay from badly
affected areas in South Africa.
Samples I t o VII, inclusive, were collected in counties on the
eastern border of the Flint Hills grazing section of Kansas. Woodson county, in which samples III and IV were obtained, is definitely
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a part of this grazing area and is likewise a heavy shipper of prairie
hay to the Kansas City market. Sample III was obtained from the
barns of one of the largest shippers of prairie hay in the state.
There was some uncertainty in regard to sample IV. The county
agricultural agent reported that the owner of the farm from which
this particular sample was obtained had been complaining of bone
chewing in his cattle. When the farm was visited, however, the
owner was absent and a sample of hay was secured from his feed
lot. Since this particular farm comprised some bottom land, it was
entirely possible that the sample in question had originated there,
which would serve to explain the appreciably higher phosphorus
content.
In a majority of cases the samples originated on farms in which
the land was largely given over to grazing or the production of hay.
Such crops as were observed growing on the farms were not of a
very productive nature. Samples VIII and IX, obtained in Labette
county, were obtained on farms that appeared to give as good
chances as any of yielding a low-phosphorus hay, as judged by the
character of the crops grown, and the subsequent analyses bore out
this belief.
The surprising feature of the whole survey was the fact that a
sample of prairie hay collected in the dairy barn a t this station,
to be used as a standard of comparison, showed a lower phosphorus
content than any of the samples collected, with one exception. This
hay was being used as roughage for a team of mules owned by the
Department of Dairy Husbandry and had been cut from upland
soil on a farm about five miles west of the college.
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VARIETIES OF GRASSES I N THE PRAIRIE HAY

According to information furnished by the Department of Agronomy the grasses predominating in upland prairie hays grown in
eastern Kansas are:
Andropogon furcatus (big bluestem).
Andropogon scoparius (little bluestem).
Panisum virgatum (switch grass).
Sorghastrum nutans (Indian grass).

The hay used throughout this investigation was of the upland
grass type, and would average 90 per cent or better of the grasses
listed.

RATION USED I N THE EXPERIMENT

The ration finally decided upon, which has been used with little
variation throughout the past two and one-half years, during which
different phases of this investigation have been in progress, has been
comprised of the feeds listed and the analyses of which are presented in Table II.
The figures given in Table II show clearly that the prairie hay,
beet pulp, and cane molasses were definitely low phosphorus in composition. The blood flour was really finely ground blood meal and
showed a wider range in phosphorus content than any of the other
feeds employed. Attention is called to the high-protein content of
this feed. While possessing an objectionable odor, no difficulty was
experienced in getting the cows to consume the ration containing it,
due to the fact that with the small amount required in balancing
the ration this undesirable feature, in all probability, was masked
by the other feeds.
The grains and molasses were added with the thought of lending
as much variety to the ration as possible, and therefore enhancing
its palatability. It was readily noted that phosphorus-deficient
animals periodically suffered loss of appetite and refused more or
less of their feed, depending on the severity of their condition.
A further important reason for securing as much variety in the
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ration as possible was to exclude any variable factors other than
phosphorus which possibly might be introduced through the use of
a ration more restricted in character. It is not suggested that this
ration was complete in all other essential constitutents, but i t is felt
that, in addition to meeting the protein and energy requirements
of the animals, it was of satisfactory protein quality. Since the
cows were maintained in dry lot, receiving a full measure of insolation during most of the year, the ration probably supplied the vitamin requirements of the animal reasonably well.
Calcium and Phosphorus Content of the Ration.—The
typical ration furnished at the outset of the experiment was as follows: Prairie hay, 10 pounds; beet pulp (dry), 7 pounds; molasses,
3 pounds; blood flour, 1.6 pounds; grain mix (corn and oats), 3
pounds. It contained approximately 0.57 per cent calcium and 0.12
per cent phosphorus. With the phosphorus supplement (100 grams
monosodium phosphate) added, the phosphorus content was raised
to 0.34 per cent. While the calcium content of this ration was not
high, it was probably adequate, but it is quite apparent that the
phosphorus was present in subnormal amount. McCollum and his
associates (30) have reported that the optimum concentration of
these minerals in the ration for growing rats is 0.64 per cent calcium
and 0.41 per cent phosphorus, respectively. Considering the fact
that the rat is a faster growing animal than the dairy cow, with a
consequent heavier proportionate demand for these minerals, the
present ration probably proved adequate in the supplemented form.
ANIMALS USED IN THE DIGESTION EXPERIMENT

I n September, 1929, three grade Holsteins were selected in the
herd of a dairyman living near Manhattan and purchased for this
experiment. Following removal to the college they were held in
the veterinary hospital until the middle of October, when they were
pronounced negative to the blood test for Bang’s disease and moved
into experimental stalls in the dairy barn.
These animals had been on upland pasture all summer and had
been moved to the owner’s farm about a week before they were purchased. They carried only a fair amount of flesh and were considerably below normal in weight and height for their respective ages.
On removal to the dairy experimental barn, the cows were gradually accustomed to the low-phosphorus ration. Since it was desirable to have as hearty feeders as possible in the low-phosphorus
group, the three animals were placed under observation for about a
month as to feeding ability, and then selected for the purposes of
the experiment.
The final division was as follows:
Control cow, E-7 (receiving phosphorus supplement): A threeyear-old, weight 885 pounds, freshened September 14, 1929. A
fairly good producer that averaged approximately 30 pounds of
milk a day when started on experiment. This cow showed a nervous
disposition and during the preliminary observation period showed
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herself to be a more uncertain feeder. For these reasons she was
selected t o serve as the control in the present experiment. (Fig. 1.)
Low-phosphorus cow, E-8: A two-year-old, weight 845 pounds,
freshened September 26, 1929, averaging approximately 32 pounds
daily when placed on experiment.
Low-phosphorus cow, E-9: A two-year-old, weight 834 pounds,
freshened October 7, 1929. The outstanding producer of the lot,
averaging approximately 40 pounds daily a t the start of the experiment. (Fig. 2.)
Feeding and Management of Animals.—The cows were maintained in separate stalls of the Graves type in the experimental
barn. With the exception of the colder months, and weather permitting, the cows were in dry lot most of the time, being turned into
the barn for feeding and milking. They were fed twice a day. The
beet pulp for each day’s feeding was soaked the day before with
water to which the molasses had been added. It was felt that the
soaked beet pulp would be more palatable, but, apparently, after
the animal’s appetite began to fail, i t offered too much bulk, and
better success resulted from feeding in the dry form and adding the
molasses to the ration in somewhat diluted form. All feed refused
was weighed back and a record kept. Water and salt were available
a t all times, both in barn and dry lot. The salt was furnished in
the brick form. Shavings were used as bedding, since it was felt
that the use of the more common straw bedding might introduce
another variable.
Weights of the animals involved, with measurements of height at
withers, were taken at monthly intervals on the last three days of
each month. Daily milk weights were recorded for each cow. The
butter-fat content was determined monthly on a five-day composite
sample of each cow’s milk, taken about the middle of the month.
Close observation was maintained on the experimental animals
throughout the course of the investigation, and symptoms of abnormal appetite or behavior carefully noted.
PHASE I
DIGESTION, NITROGEN, AND MINERAL-BALANCE TRIALS

The general plan of this phase of the investigation was as follows:
1. Preliminary period of feeding on the low-phosphorus ration
until symptoms of phosphorus deficiency were evident.
2. Period of feeding in metabolism stalls during which the digestibility of the ration was determined and the nitrogen and mineral balances of the animals secured.
Since the digestibility determinations were to be made on animals
in the phosphorus-deficient condition, the major concern was to induce aphosphorosis in the experimental animals through feeding
the low-phosphorus ration. One cow, E-7, as already indicated,
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was to serve as control throughout the experiment and received
the phosphorus supplement.
As the problem under investigation was that of the relation of
phosphorus intake t o the utilization of feed, it was desirable that
the plane of nutrition be made uniform. These animals, therefore,
received a uniform intake of 110 per cent of the estimated digestible
nutrients required as prescribed by the Morrison feeding standard.
This intake was adjusted a t the beginning of each month to meet
changes in the milk production and live weight of the animals involved or as the condition of the experiment called for.
In calculating the digestible nutrients in the feeds used, the digestion coefficients as given in Henry and Morrison’s table of average digestibility of American feeding stuffs (26) were used.

Observations Made During the Preliminary Period

The three cows selected for this phase of the investigation were
started on experiment the last of October, 1929, and were accustomed to the low-phosphorus ration within a week’s time. After a
period of approximately one month’s observation on the low-phosphorus diet, the cows were selected as to appetite and general reaction to the ration. The cow E-7 (fig. 1), which was finally
selected as the control, proved a temperamental sort of feeder, while
E-8, and especially E-9 (fig. 2), responded t o the ration in a much
more satisfactory manner. Thus, strictly speaking, while E-8 and
E-9 received the low-phosphorus ration commencing November 1,
E-7, the control cow, did not begin to serve as control until the
start of the following month, when the phosphorus supplement was
supplied in the ration.
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FAILURE OF APPETITE

Throughout November and December all three cows consumed
their rations in a satisfactory manner. In January, however, the
first symptoms of diminished appetite began to appear in E-8 and
E-9, the low-phosphorus cows. Feed would be refused periodically.
The amount refused was small at first, but gradually increased
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with each lapse of appetite. By the end of February appreciable
quantities of feed were being weighed back for each of these lowphosphorus cows. No difficulty in this matter of feed consumption
was experienced a t any time with the control cow, E-7, receiving
the phosphorus supplement. As a result, this periodic failure of
appetite, which became more pronounced as the experiment progressed, can undoubtedly be explained by the deficiency of phosphorus in the ration. Theiler (40) and D u Toit (14) have reported
that phosphorus is a limiting factor in voluntary food consumption,
while Evans (20), working with swine, noted similar loss of appetite in feeding rations low in calcium, which he attributed to the
deficiency of lime.
A marked improvement in appetite followed the introduction of
phosphorus supplement into the ration of the deficient animals.
The response was immediate in practically all cases observed. This
emphasizes an important relationship between the level of phosphorus intake and its marked effect on appetite.
DEPRAVED APPETITE AND STIFFNESS

The months during this preliminary period were colder than the
average for Kansas, and the cows were kept in the barn with only
a brief period or two in the exercise yard. I n addition to the
failure of appetite already noted, the cows E-8 and E-9 developed
a craving for shavings, which formed their bedding. Early in January E-9 was observed eating shavings after approximately 70 days
on the low-phosphorus ration. This craving was not observed in
E-8 until early in the following month. Since this condition was
not noted in the control, it was regarded as an early symptom of
depraved appetite, and it was significant that both cows showed it
in more pronounced degree as the experiment advanced.
About the middle of February, after approximately three and a
half months on the experimental ration, E-9 began to show evidence
of stiffness in her gait and by the end of the month was pronounced
quite stiff. This condition showed particularly in her hind quarters,
with a marked tendency to drag her hind legs. Early in March she
began to experience difficulty in rising to her feet, and on March 8
it was decided to add the phosphorus supplement to her ration, before she became too weak. Accordingly 100 grams of monosodium
phosphate were supplied daily. The immediate response in appetite
and the early improvement in the general reaction of this cow furnished abundant evidence of the benefit derived from the increased
phosphorus intake. After receiving the phosphorus supplement for
one week the following statement was made in the record of the
experiment, “A different animal, brighter eyes, more alert, though
still stiff in gait.” At the end of two weeks it was noted that E-9
was walking better, general reaction more alert.
The characteristic stiffness of hind quarters did not become
marked in E-8 until approximately two weeks later, and on March
19 it was deemed advisable to feed the phosphorus supplement.
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This cow evidently had been weakened t o a greater extent than E-9,
for after one week's feeding of the supplement it was noted that she
was still too weak t o lead t o the scales, and the rate of phosphate
feeding was increased t o 150 grams daily. By the end of the month
considerable improvement was noted, and the rate of phosphate
feeding was reduced. Early in March this cow, also, was observed
eating dirt and chewing on rocks in the exercise lot.
RELATION OF PHOSPHORUS INTAKE TO GAIN IN WEIGHT

A consideration of the results, from the standpoint of the gains in
weight involved, brings out even more striking differences between
the normal and low-phosphorus cows. These data are presented
in Table III.

The results given in Table III cover the period, November 1 to
March 1, inclusive, for the low-phosphorus cows E-8 and E-9 and
starting a month later for the control cow E-7, since she did not
receive the phosphorus supplement until that date. Had this cow
received the normal ration a t the outset, it seems reasonable to
expect that she would have shown a more substantial gain in weight
than was observed. The 30-day period on the low-phosphorus ration
undoubtedly had an influence on the later gains in weight which this
cow was able to make. As it is, her average daily gain of 0.4 pound
is in marked contrast to the average daily losses in weight registered
by E-8 and E-9,0.6 and 0.8 pound, respectively, on the same uniform
plane of nutrition. Eckles and Gullickson (17) have reported that
a plane of feeding of a t least 120 per cent was necessary to even
maintain the live weight of phosphorus-deficient animals.
Attention is directed to the good average daily milk yield of the
three cows involved. The demand for phosphorus to maintain this
produotion, with the consequent rapid depletion of the phosphorus
reserves of the animal, was undoubtedly the determining factor in
producing the symptoms of phosphorus deficit as rapidly as the
records of the experiment indicate. Eckles, Becker, and Palmer
(16) reported the production of depraved appetite in 118 days with
cattle under controlled conditions, but the milk production of their
cows did not average nearly so high as in the present investigation.
Milk and Butter-fat Production of Experimental Cows.—
The manner in which milk production was maintained in the low-
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phosphorus cows was a matter of considerable interest. The monthly
milk and butter-fat production of the experimental cows is given
in Table IV for the period October, 1929, to September, 1930, inclusive. Even after four months of the phosphorus-deficient ration,
when these cows became so stiff and in such a weakened condition
that they could rise only with difficulty, their average daily milk
production was well maintained. It was remarkable the way these
cows persisted in production in the face of such difficulties. Theirs
must have been an unusually good inheritance, particularly in the
case of E-9, for they both proved themselves better producers than
the control cow.

Attention is directed to the marked response in production in the
low-phosphorus cows, when phosphorus supplement was introduced
into their rations the latter part of March after more than five
months on the phosphorus-deficient ration. A substantial increase
in butter-fat percentage was noted, also, in both cows, which was
not observed in the control.
While E-7 and E-8 terminated their lactations in September,
1930, E-9 continued in production until June of the following year.
Her total production for the first 365 days of her lactation was
9,879 pounds of milk containing 334 pounds of butter fat. When
it is considered that, except for the relatively short periods of phos-
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phorus feeding indicated, she was on the phosphorus-deficient ration
all of this time, the evidence would indicate that phosphorus deficiency did not play so important a role in limiting milk production
as it did in body increase.
LIVE WEIGHT AND FEED CONSUMPTION

I n Table V is presented a summary of the data concerning the
feed consumption and live weight of the experimental animals during the period preceding the digestion trials. This covers the period
November 1, 1929, to June 17, 1930, inclusive. In an even more
striking manner than was possible in Table III, is shown the marked
reaction of the low-phosphorus cows, E-8 and E-9, to an increase
or decrease in the level of phosphorus intake. It is well to recall
that the three experimental animals were fed on a plane of feeding
of 110 per cent of the estimated digestible nutrients required. It
was certain that they had an ample supply of nutrients to meet the
requirements of maintenance and milk production and allow for
some increase in body weight. This was evident from the substantial gain in weight made by the control, E-7. In marked contrast was the behavior of the low-phosphorus cows, each of which
showed a decrease in live weight for the period, November to March,
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of approximately 100 pounds. When the phosphorus supplement
was added to their rations in March, E-8 over a period of 39 days
registered a net gain of 88 pounds, or more than a 2-pound daily
increase in body weight. With E-9 the results were not so outstanding but, nevertheless, emphasized in a forceful manner the marked
influence that the level of phosphorus intake has on feed utilization,
as reflected in the animal’s live weight. Furthermore, when phosphorus feeding was discontinued for the two cows on April 27, and
not resumed again until May 16, they showed a decrease in live
weight of 36 and 21 pounds, respectively, for the 18-day period.
During the subsequent 23-day period of phosphorus feeding, substantial gains were again registered by both cows.
The effect, of progressive aphosphorosis on the animal’s appetite
has already been commented upon. It can readily be seen from
the data in Table V that, while some of the loss in weight can be
laid to the periodical failure of appetite of the animals involved, the
major cause lies elsewhere. For the period November to March
the digestible nutrients refused by the low-phosphorus cows, E-8
and E-9, represented 9.2 per cent and 2.1 per cent, respectively, of
their total intake. It was certain that they were consuming sufficient nutrients t o produce some gain in weight had the ration been
adequate in phosphorus content. This resulted when the phosphorus supplement was included in the ration.
INFLUENCE OF PHOSPHORUS DEFICIENCY ON THE BLOOD

Palmer and Eckles (33) in this country, and Theiler, Malan, and
associates (31, 41) in South Africa, have demonstrated that the
outstanding characteristic of the blood of animals in a state of phosphorus deficiency is its low inorganic phosphorus content. It has
been found that this fraction of the blood may drop to a quarter of
the normal value, even before the disease can be diagnosed clinically.
I n view of the close association of calcium and phosphorus in mineral metabolism, it is interesting, also, to note that the calcium
content is unaffected by the marked reduction in phosphorus.
I n the present investigation it was planned to check symptoms of
aphosphorosis with analyses on the blood. Inorganic phosphorus
was determined by the method of Fiske and Subbarrow (22), while
blood calcium was determined by the Kramer and Tisdall (29)
method on a single day’s sample of blood drawn in the beginning
of each month noted. The data are presented in Table VI.
The data in Table VI clearly furnish additional proof that the
cows E-8 and E-9 were in a state of phosphorus deficiency early in
February, which became more marked by the following month. It
is regretted now that earlier determinations were not obtained marking the gradual reduction in concentration of the inorganic phosphorus of the blood. These animals showed symptoms of aphosphorosis a good deal earlier than had been anticipated, and it is felt
that the good milk production of the cows involved, together with
the low-phosphorus character of the ration, has been responsible, in
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the main, for the early indications of the disorder. This also would
help to explain the very low phosphorus values observed. It will
be noted that the values for plasma calcium remain normal or even
increase somewhat.
REPRODUCTION OF EXPERIMENTAL ANIMALS

There is considerable evidence in the literature on the effect of
a deficient phosphorus supply on reproduction. This has been adequately reviewed by Theiler and Green ( 3 8 ) . A frequent observation has been the failure of œstrum in affected animals. This was
demonstrated rather strikingly in the present study. The three
cows were started on experiment November 1, 1929. The control,
E-7, receiving the phosphorus supplement, showed œstrum regularly
until she was bred on March 22, 1930. She calved in a normal
manner on December 24, 1930.
The two low-phosphorus cows behaved quite differently, E-8,
although receiving phosphorus supplement for several periods of the
experiment, as indicated in Table V, showed no manifestation of
. heat in the 11 months that she was maintained on the low-phosphorus ration. The collection of further data on this interesting
phase of phosphorus deficiency was prevented only by her death
September 26, 1930, as the result of a sugar-injection experiment
carried out on her a t the time. With E-9 the behavior was very
similar. OEstrus was not recognized in this cow in more than a
year’s time. She was returned permanently t o an adequate phosphorus ration early in December, 1930, after receiving phosphorus
supplement for several short periods in the two preceding months.
Her first observed œstrum occurred December 16, 1930. She was
bred the following month and calved normally October 10, 1931.
These observations are in accord with those of Eckles, Becker,
and Palmer (16) that the most severe cases of failure in reproduction among cows on low-phosphorus rations were the heavy-producing animals. The heavy drain of milk production upon the
mineral supply of the body is apparently manifested in a comparatively short time in the suspension of ovulation, which is resumed only when this depleted mineral reserve has been restored.
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Digestion Trial Period

The digestion trials were not run until the latter part of June,
1930. I n the interval between the first marked symptoms of aphosphorosis in the experimental animals and the period of the trials,
the low-phosphorus cows had received phosphorus supplement on
two occasions over extended periods, and i t was not until the first
part of June that they were judged t o be again in a suitable condition of phosphorus deficit. Proof of this was furnished by the
symptoms of depraved appetite, general lack of thrift, and, also,
by the blood analysis made a t the conclusion of these trials. While
the control cow, E-7, showed an inorganic phosphorus content of
8.72 mg. per 100 c. c. of whole blood, E-8 ann E-9 showed determinations of 1.34 mg. and 1.2 mg., respectively.
The cows were placed in the metabolism stalls June 17, and the
collection period was begun on June 28 a t 7 a. m. and concluded
the morning of July 8.
In order to secure complete consumption of feed during the trials,
the ration was finally adjusted as follows: Prairie hay, 4 pounds;
beet pulp (dry) , 4 pounds; molasses, 2 pounds; blood flour, 1.2
pounds; grain mix (corn and oats) , 7 pounds. The same ration
was furnished the three cows, which lessened the chances for error
in the actual weighing of each day's feed and facilitated the final
calculations. This ration proved adequate for the requirements of
maintenance and milk production for the low-phosphorus cows, but
was below the requirements for the normal cow, E-7. The final results, however, did not indicate that the general outcome of the
trials was influenced by this procedure.
Sampling of Feeds.—A sufficient supply of the several feeds
employed in these trials was set aside, and a uniform sample of
each secured for analysis a t the outset of the experiment. The supply of prairie hay was cut, mixed, and sampled for the whole trial
a t one time. All feeds were weighed separately on gram scales for
each feeding. The methods of analysis were essentially those recommended by the Association of Official Agricultural Chemists.
Management of Animals.—The metabolism stalls were built
from plans furnished through the courtesy of the Department of
Animal Industry of the University of Vermont. The cows stood
practically a t barn-floor level on a heavy grade of waterproof canvas, which was underlaid in turn with rubber matting and several
inches of shavings, The essential feature of these stalls was a large
tin apron inclosing the rear end of the stall and extending sufficiently well behind the cow to catch and direct all liquid excrement
through a -funnel-shaped opening into a container set in the floor
below.
The mangers were sufficiently deep to insure against scattering
of feed by the cow. As an additional precaution a canvas curtain
suspended from a ring was let down around each cow's head a t feeding time. Since ample time was provided in the adjustment period
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for the animals to become accustomed to their new conditions before the actual collection was started, no difficulty was encountered
from any of these sources.
The cows were fed and milked on strict schedule, and all conditions relating to the experiment were carefully controlled. Water
was furnished three times a day, and an accurate record of consumption by each cow was obtained. This water came from the
college supply and contained a trace of calcium (0.008 per cent),
but was found free of phosphorus. Body weights of the cows were
taken at the beginning and end of the trials.
Collection of Excreta.—Attendants were on duty twenty-four
hours each day. Specially constructed pails, with wooden handles
attached at right angles to the mouth of the pail, were used in catching all excrement. The particular type of metabolism stall employed
served as an added precaution against any loss or contamination
from outside sources. Each voiding was placed in a can provided
for each cow for the purpose. Since the weather was quite warm
throughout the duration of the trials, toluene was used as a preservative for both the urine and fecal excreta.
I n the morning, a t the end of each 24-hour period, each cow’s
excreta was weighed and a representative sample taken for analysis.
This sample represented 5 per cent of the feces and 2 per cent of
the urine, respectively. The milk composite, comprising 2.5 per
cent of each cow’s yield, was preserved with formalin and kept in
an ice box, as were the samples of urine. Each day’s samples of
feces for each cow were taken to the chemistry department, added
to the composite for the trial, and dried to constant weight.
The data obtained in the digestion trials are presented in Tables
VII and VIII. The analysis of feeds used in these trials appears
in Table II.
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Discussion of Data from Digestion Trials

The amounts of the different nutrients consumed, voided, and
apparently digested by each cow, together with the observed coefficients of digestibility are shown in Table VIII. The digestion
coefficients indicate that the ration employed in the trials was of
average digestibility. The digestion coefficient for the crude protein
was the lowest of any of the nutrients studied. This fact undoubtedly can be explained by the low order of digestibility of this
nutrient in three of the feeds which formed so large a part of the
ration; namely, the prairie hay, beet pulp, and molasses.
It will be observed that the coefficients of digestibility for the
carbohydrate portion of the ration, which includes by far the largest
percentage of the nutrients consumed, show very close agreement for
the three animals. This also can be said of the crude protein. For
the other nutrients the variations are not sufficiently marked t o be
regarded as outside the limits of experimental error in making
determinations of this kind.
The reasonably close agreement between the digestion coefficients
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for the three animals indicates that digestion is not impaired when
the animal is in the phosphorus-deficient condition. The observed
differences between the low-phosphorus animals and the control
are not sufficiently marked or consistent to be regarded as significant.
While a t first sight it appears that the low-phosphorus cow, E-8,
has digested her feed more efficiently than the control, on the other
hand the reverse holds true for the other member of the pair, E-9.
In such a comparison as the present, based on a single digestion
trial with three animals, the results may prove misleading, and it is
felt that the observed differences are, in a sense, more accidental
in nature than due to any actual difference in digestive efficiency
of the animals involved. I n view of the fact that both low-phosphorus cows were, relatively, in approximately the same stage of
aphosphorosis, it is felt that the mean of the digestion coefficients
for these animals more nearly represents their actual digestive
ability. These figures are given in Table VIII, and it will be observed that the average coefficients for these two cows show so small
a variation from the observed values for the control as to support
the conclusion that phosphorus deficiency does not influence the
animal's ability to digest its feed.
When the fact is considered that digestion is promoted largely
by bacterial and enzymatic action, and that phosphorus is required
in very small amounts in these processes, there is probably little
reason why a deficiency of this element in the ration should depress
digestibility. What is lacking in the ration is, undoubtedly, made
up in liberal amount from the mobile reserves of the animal.
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Discussion of Nitrogen and Mineral-Balance Data

The data relating to the nitrogen and mineral metabolism of the
experimental cows are given in Tables IX, X, and XI. The analyses
of feeds used and feces voided have already been noted in Tables
II and VII, respectively.
Since positive nitrogen balances were obtained for the normal and
low-phosphorus cows, it would indicate that the protein of the ration met their nitrogen requirements in a satisfactory manner.
The nitrogen retention was not marked in any of the animals, but
higher figures were obtained for the phosphorus-deficient cows, E-8
and E-9, than for E-7, the control. This fact was reflected in the
record of their live weights during the 10-day period of the digestion
trial. While E-7 just failed of maintaining her live weight, with a
decrease of 4 pounds, E-8 and E-9 registered small gains of 5 and
4 pounds, respectively. These figures are well within the limit of
experimental error in weighing, and when it is considered that all
three cows had lost in weight from the time they were placed in
the metabolism stalls until the start of the collection period, because of reduction in the amount of ration fed and adjustment to
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new conditions, the small positive nitrogen balances noted would
indicate that nitrogen equilibrium had been attained and some
storage was taking place.
A consideration of the mineral balance data, as summarized in
Table XI, brings out quite clearly the influence of the level of
phosphorus intake on the calcium and phosphorus metabolism in
the experimental animals. While E-8 and E-9, on a phosphorus
intake of 14.9 grams daily as contrasted with 39.6 grams for E-7,
showed negative daily balances of 4 grams and 3.5 grams, respectively, a positive balance of 5.2 grams daily was recorded for
the control. It must be concluded, therefore, that the ration, while
falling considerably short of the phosphorus requirements of the
deficient cows, proved adequate in the supplemented form and allowed for some storage. The early occurrence of depraved appetite
and other symptoms of aphosphorosis on this ration, throughout
different phases of the present investigation, are explained in large
measure by the striking character of the balances obtained. The
depletion of phosphorus reserves must have progressed a t a rapid
rate in the low-phosphorus cows, aided materially by their high
average level of milk production.
It is interesting t o note the remarkable uniformity of results for
the different paths of outgo in the low-phosphorus cows. Apparently
depletion of mineral reserves had reached approximately the same
stage for each of these cows at the time of the trial. Attention is
also called to the greater urinary excretion of phosphorus in the
case of E-7. The urine of the low-phosphorus cows, on the other
hand, was extremely low in this mineral. This further emphasizes
the extent to which aphosphorosis must have proceeded in cows
E-8 and E-9. Since the urinary phosphorus has come from the
blood, the low amounts in the urine are significant in view of the
low concentration of this mineral in the blood of these animals, as
determined a t the close of the trial and noted elsewhere.
The close association of calcium and phosphorus in metabolism
is well illustrated in the data on the calcium and phosphorus balances. It will be observed that the negative phosphorus balances
in E-8 and E-9 were accompanied by calcium balances of similar
character, though not so marked in extent. On the other hand,
the control, E-7, showed considerable storage of these minerals during the trial. It is evident that the heavy demand for phosphorus
in the deficient animals has resulted in a breakdown of skeletal
material, with consequent elimination of calcium from the body in
the urine, to a large extent.
Attention is directed to the data in Table X on the percentage
composition of the milk produced by the experimental animals.
Becker, Eckles, and Palmer (3) have reported that even under conditions of extreme and long continued shortage of phosphorus the
calcium and phosphorus content of the milk remained normal in
amount and proportion. I n the present experiment it is interesting
to note that both of the low-phosphorus cows produced milk of a
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lower phosphorus content than the control. In view of the limited
number of animals concerned, it is doubtful if any significance can
be attached to this observation. More likely i t is due to chance
and the individuality of the animals.

PHASE II
DETERMINATION OF METABOLIZABLE ENERGY

Since the digestion study showed that the low-phosphorus cows
were digesting the nutrients of the ration satisfactorily, it was necessary to look elsewhere for explanation of the lowered effectiveness
in feed utilization of the deficient cows. I n view of the important
role of phosphorus in body oxidations it was possible that in the
phosphorus-deficient condition there was a failure to carry the
oxidation of the assimilated nutrients to completion. It was, therefore, decided to determine whether abnormal energy losses could
be demonstrated in the excreta of the low-phosphorus animals. The
heat of combustion values of the feeds consumed and the visible
excreta were determined. By estimating the losses of energy in the
gases produced as a result of fermentation in the intestinal tract,
it was possible to calculate the metabolizable energy of the ration
fed.
ANALYTICAL PROCEDURE

Gross energy determinations were made on feed, urine, and feces
by means of an Emerson bomb calorimeter. Values for all feed
and feces materials were determined on 1-gram samples according
to standard methods.
The samples of milk and urine were prepared for combustion
by drying in a platinum crucible under vacuum and over concentrated sulphuric acid. Since decomposition takes place during the
drying of urine, producing losses of energy, it was necessary to make
corrections for these losses. According to Braman (7), the decomposition of ammonium carbonate is largely responsible. Therefore,
the loss of nitrogen during drying of the sample was determined
and a correction made according to information furnished by
Forbes in a private communication (energy per gram of nitrogen
lost = 5,447 calories).
While it was possible to measure satisfactorily the losses of
energy in the feces and urine of the experimental animals, it was
necessary to compute the losses, chiefly methane, arising from the
fermentation of carbohydrates in the digestive tract. This was
done according to the method suggested by Armsby (1), recognizing
the fact “that the amount of methane produced is, in general, proportional to the amount of total carbohydrates digested.”
The data concerned in the determination of metabolizable energy
of the ration used in the digestion trial are presented in Table XII.
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DISCUSSION OF METABOLIZABLE ENERGY DATA

From the data given in Table XII it will be observed that the loss
of chemical energy in the feces of the experimental animals constitutes the greatest percentage of the total loss. This represented
73 per cent of the total energy loss for the control E-7, and 72 and
76 per cent, respectively, for the low-phosphorus cows, E-8 and E-9,
or an average of 74 per cent for the deficient animals. This agrees
closely with the figure noted for the control and, in general, confirms the results of the digestion trial with these cows, which have
been discussed elsewhere.
On the other hand, it will be noted that the losses of chemical
energy in the urine form only a relatively small percentage of the
total loss of energy in the visible excreta. Furthermore there is no
consistent, significant difference between the normal and phosphorus-
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deficient condition in this respect. This indicates that there is no
abnormal loss of energy in the urine of the low-phosphorus cows
resulting from the elimination of partially oxidized materials. If
anything a higher outgo of energy is noted in the urine of the control, being approximately 9 per cent higher than the average for
the two deficient cows. It is not known what significance should
be attached to these observed differences.
In total losses of energy, the average for the deficient cows approximates closely the value observed for the control, indicating that
a higher outgo of energy through one avenue of excretion has been
counter-balanced by a lessened output through another, and that
the losses of energy in the visible excreta are in no wise heavier in
the phosphorus-deficient than in the normal animal.
It will be observed that on the same feed intake the average
metabolizable energy determined for the deficient animals was
practically identical with that of the control. This would indicate
that the lowered efficiency in the utilization of feed by the lowphosphorus cows must be sought in an increased metabolism rather
than through any abnormal losses of energy in the excreta. In
order to secure further information in regard to the energy metabolism of animals in the phosphorus-deficient condition, it was decided
to make oxygen-consumption determinations, by means of a portable
metabolism apparatus, on suitable experimental animals.

PHASE III
ENERGY-METABOLISM STUDIES

Since the digestion trials showed clearly that the phosphorusdeficient animals were assimilating the nutrients of the ration as
efficiently as the control, and, likewise, since no greater losses of
energy were demonstrated in the visible excreta, it must be concluded that the lowered efficiency of feed utilization in the lowphosphorus condition is probabIy due to a higher basal metabolism
of the animals concerned. Such a metabolism, it is expected, would
be made evident in a higher oxygen consumption and correspondingly greater expiration of carbon dioxide than in the normal condition.
The methods of determination, in the past, have been complicated
and expensive. While the accuracy of measurements with the
respiration calorimeter or respiration chamber is highly desirable,
no apparatus of this type was available a t the Kansas Agricultural
Experiment Station, and since it was not practicable to ship the
phosphorus-deficient animals to a station where such measurements
could be made, i t was necessary to resort to some other means of
measuring their energy metabolism.
I n recent years Brody and coworkers (8) have developed a
technique which has involved the direct measurement of oxygen
consumption by means of the Benedict type of portable metabolism
apparatus, adapted for use with farm animals. The respiratory
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system of the animal is connected with an oxygen spirometer by
means of a rubber sleeve pulled over the animal’s muzzle to serve
as a mask. Benedict (5), after many years of exhaustive research
in perfecting this type of machine, has stated, “The oxygen consumption of patients may be studied by this apparatus with an
accuracy fully equal to other standard methods of studying the
respiratory exchange.” A detailed description of the apparatus for
use with farm animals and the results obtained have been reported
in Missouri Research Bulletin 143 and subsequent publications
(9, 10).
Since this type of apparatus has proved entirely satisfactory for
studying the energy metabolism of dairy animals, it was decided
to make use of i t in the present investigation. Through the courtesy
of the Department of Dairy Husbandry of the University of Missouri a portable respiration machine was secured.
ANIMALS USED

Control cow, E-7 (receiving phosphorus supplement) : Senior
four-year-old, weight 977 pounds, freshened December 24,1930, and
producing approximately 40 pounds of milk per day. This animal
was not used in the actual oxygen-consumption determinations, but
she was used as a control, receiving phosphorus supplement, in all
blood analyses and in general reaction t o environmental conditions
throughout this phase of the investigation.
Two other cows receiving the low-phosphorus ration without supplement were used in these tests: E-13, senior two-year-old; weight
935 pounds, freshened December 15, 1931, and producing approximately 40 pounds of milk per day a t the outset of the experiment,
(Fig. 3.) E-16, senior two-year-old, weight 954 pounds, freshened
January 14, 1932, and producing approximately 40 pounds of milk
per day. (Fig. 4.)
While E-7 is designated as the control animal, i t was planned to
have the low-phosphorus cows serve as their own controls in the
oxygen-consumption determinations. That is to say, following the
collection of satisfactory energy-metabolism records in the phosphorus-deficient condition, these same animals, E-13 and E-16,
would be fed the phosphorus supplement and similar records obtained in the supplemented condition. In this manner i t was certain that the individuality of the animals concerned was not a
factor, and the results obtained would more accurately represent the
influence of level of phosphorus intake.
Feeding and Management of Animals.—In general the feeding of the experimental animals during this phase of the investigation was similar to that in the earlier work. The same feeds were
employed throughout, and the ration adjusted at monthly controls,
or oftener, as the conditions of the experiment demanded. For the
most part the plane of feeding was approximately 110 per cent of
the estimated digestible nutrients required, as prescribed by the
Morrison feeding standard.
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During the last eight months of the experiment, when a majority
of the energy-metabolism data were secured, the ration was comprised as follows: Alfalfa hay, 2 pounds; prairie hay, 6 pounds;
beet pulp (dry), 5 pounds; molasses (cane) , 2 pounds; blood flour,
1 pound; corn (yellow), 5 pounds; and oats, 2 pounds.
Other details of feeding and management were essentially the
same a s outlined in the plan covering earlier phases of the problem.
Training of Experimental Animals.–In making metabolism
measurements it is essential that the animals be as completely relaxed and as quiet as possible. The Missouri workers have reported
best results where the training was started with young animals.
There were some objections to starting the work with calves in the
present investigation, and, accordingly, it was decided to see what
results could be secured employing older animals.
The training of the experimental animals was started the latter
part of March, 1931. Proceeding on the assumption that “it is difficult to teach an old dog new tricks,” it was anticipated that some
little time would be required in accustoming the cows to lying down
and remaining quiet while the oxygen-consumption determinations
were being made. This was fully borne out in the period of training. It was found necessary to throw the animals every other day
for almost three months before they would respond to the commands
and remain sufficiently quiet for making the measurements.
It was observed that as these cows became more deficient in phosphorus they were more easily handled, and it required less patience
to obtain suitable records than when the animals were on the supplemented ration.
TECHNIQUE OF OXYGEN-CONSUMPTION MEASUREMENTS

All oxygen-consumption measurements were made in the experimental barn in which the cows were regularly stabled. A special
stall was constructed with wooden stanchion, in which the animal
could lie in a natural position. The stall was always well bedded,
and the animal experienced a minimum of discomfort.
All measurements were made approximately 12 hours after the
previous evening feeding and just preceding the morning feeding.
In this manner the energy metabolism of the animal was determined
under “resting conditions.” The measurements obtained did not
represent the basal metabolism of the animals involved, since this
was possible only in the post-absorptive condition. In humans this
condition is obtained 12 to 15 hours after moderate feeding, during
complete rest. With cattle, however, there is some question as to
when the post-absorptive condition is reached, the present view being that it is some time between 30 and 70 hours after feeding. In
the present investigation, where it was desired to collect frequent
records, it was obviously impracticable to submit the experimental
animals t o frequent fasts for the length of time noted. Accordingly
the practice adopted by Brody and coworkers (8) was followed of
making the measurements just before the morning feeding.
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Since the morning feeding in the experimental barn was done a t
7 o’clock, the cow whose record was to be taken was put down a t
approximately 5:30, and after a half-hour interval, when it was
certain that she was completely relaxed and a t rest, the mask was
adjusted and a t least three records, each of six minutes duration,
were run whenever possible. The mask was removed following the
completion of each record.
It was found necessary to discard a considerable number of records, representing quite a few mornings’ work, because of restlessness on the part of the cows a t one time or another. Any movement of the head or shifting of the legs was reflected in the record
recorded graphically by the Collins clock-kymograph device. An-

other undesirable habit that the cows indulged in frequently was
that of chewing the cud with the mask in position. While this indicated a degree of relaxation and comfort, which the technique of
the experiment called for, it frequently meant the loss of a record.
Notwithstanding the difficulties encountered, a sufficient number of
measurements were made to furnish a fairly satisfactory picture of
the energy metabolism of the experimental cows in the low-phosphorus and supplemented condition.
In connection with each morning’s measurements the practice was
followed of taking three temperatures (barn, spirometer, and cow),
also the barometric pressure and the weight of the animal. Frequent tests for any leaks in the apparatus were made according to
the standard Benedict pocedure.
Figure 5 shows the apparatus set up and connected to the respiratory system of the animal. As the oxygen is used up in the spirometer, the bell descends in its water seal, the course of descent being
recorded graphically on the clock-kymograph.
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Before entering into a discussion of the results obtained in the
energy-metabolism studies it would be desirable t o comment on the
general reaction of the experimental cows on the low-phosphorus
ration throughout this period. This will be helpful t o a proper
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interpretation of the data obtained in the oxygen-consumption
measurements. Therefore a record of the feed consumption, live
weight, and milk production is given in Table XIII, with a discussion in detail of the observations made throughout this period.
OBSERVATIONS ON EXPERIMENTAL ANIMALS DURING PERIOD OF
THE ENERGY-METABOLISM STUDIES

While E-7, the control, had been receiving the low-phosphorus
ration with added supplement (100 grams monobasic sodium phosphate) daily since the completion of previous phases of the investigation, E-13 and E-16 were started on this ration early in
March, 1931. These cows had been removed from a long-time
experiment on a restricted diet for use in the present experiment.
One feature of this diet was that it was below average in phosphorus
content, and the phosphorus reserves of these animals were undoubtedly a t a low ebb. This fact was borne out in the blood
analyses and the early incidence of anorexia in these cows.
Loss of Appetite.-The anorexia noted in earlier work was especially marked in the low-phosphorus cows in this experiment.
This apparently was not due to any lack of palatability in the
ration, since the data in Table XI show that E-7 was not similarly
affected. With the exception of the month of July, when this cow
went off feed as a result of sugar injection, no refused feed was
recorded for her a t any time throughout the experiment. On the
other hand E-13 and E-16 showed evidence of failing appetite after
receiving the experimental ration for less than a month. This condition was most pronounced in the case of E-13, and during the
months of April and May considerable quantities of feed were
weighed back for this cow, amounting to approximately 18 and
27 per cent, respectively, of the nutrients furnished.
With E-16, on the other hand, while depressed appetite was
evident in March, there was very little feed weighed back for her
during April. In May, however, loss of appetite recurred, and approximately 16 per cent of the nutrients were refused in that month.
During June and July, anorexia was evident in both cows but in a
lessened degree. In the latter month the feed intake was decreased
to the 100 per cent level, to reduce the waste of feed as much as
possible.
By frequent changes in the ration attempts were made to appeal
to the appetites of these cows during the periods of depressed appetite, but with indifferent success. Alfalfa was substituted for a
large part of the prairie hay, while the grain fed was increased
a t the expense of the beet pulp, but these measures served only as
temporary palliatives. It was not until the phosphorus supplement
was added, to the ration that any substantial recovery in appetite
was observed. The supplement was first added to the ration of E-13
July 21 and continued until August 20, while E-16 was fed the supplement for a short period, August 26 to September 4, inclusive.
Both cows were finally put on the supplemented ration, starting
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September 19, and received it throughout the remainder of the
experiment.
As in previous work the marked effect of the added phosphorus
was readily observed. Time and again throughout the different
phases of the investigation it has been noted that the simpIe addition of the phosphorus supplement to the ration of an animal which
has been refusing appreciable quantities of its feed usually resulted in complete consumption of the ration. And the response
in the whole animal organism was almost equally marked. The
rapidity of the improvement on the increased phosphorus intake,
with animals that have shown marked symptoms of aphosphorosis,
was in some respects analagous to the recovery noted in some types
of avitaminosis with laboratory animals, when the missing factor
was supplied.
Depraved Appetite.-Symptoms of depraved appetite were evident a t an early stage in the present work and confirm the previously
expressed belief that E-13 and E-16 were already in a condition
of low-phosphorus reserves when placed on experiment. Both cows
developed the habit of eating shavings, with which their stalls were
bedded, in the first month of the experiment. Another habit started
about the same time was that of gnawing on their stall chains.
Since the control and other animals on experiment in the same barn
did not display similar symptoms, it was assumed that these were
early indications of phosphorus deficit. About the middle of April
E-13 commenced eating dirt and chewing on rocks in the exercise
lot. These grosser symptoms of depraved appetite were not observed in E-16, however, until the latter part of May, or after approximately three months on the experimental ration. Once started,
these symptoms became more pronounced in degree with both cows,
until the phosphorus supplement was added to the ration. While
the symptoms of depraved appetite were gradually allayed with
the phosphorus feeding, there was still some evidence of abnormal
appetite present in both cows nearly three months after the phosphorus feeding was started, indicating, in a striking manner, the
extent of their aphosphorosis on the deficient ration.
While E-16 showed possible evidence of greater phosphorus reserve and better adaptability to the phosphorus-deficient ration,
in that a longer period was involved before her appetite, live
weight, and milk production were affected, on the other hand she
showed the more pronounced symptoms of the disorder when these
finally became evident. Her case was very similar to that of E-9
in the earlier phases of the investigation. Both cows showed more
resistance to the inroads of the deficiency in the early stages of the
experiment, but finally displayed the grosser symptoms in more
acute form. E-16, like E-9 eventually became quite listless, was
given to lying down considerably, and developed a lameness in her
right front leg, which responded only in the subsequent period of
phosphorus feeding.
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Live Weight.-During the period, March 6 to July 1, inclusive,
E-13 and E-16 lost 142 and 119 pounds in weight, respectively. This
is an average of more than a pound a day for the period involved.
During the same time E-7, the control, gained 75 pounds, or an
average daily gain of approximately 0.6 pound. While it is apparent that the lowered food consumption of the low-phosphorus
cows, due to loss of appetite, is partly responsible for these considerable losses in weight, i t does not account for the entire loss.
Nor does the increased consumption of nutrients, resulting from the
improved appetite following the addition of phosphorus supplement to the ration, wholly explain the substantial increases recorded
in live weight for these cows. It is apparent that there is a greater
efficiency in the utilization of feed in the phosphorus-fed animal.
Blood Analysis.-The blood analyses, presented in Table XIV,
show the inorganic phosphorus content to have dropped t o less than
3 milligrams before the end of the first month on the experimental
ration, and in E-16 it had decreased to the low value of 2.27 milligrams. It will be observed that this decrease continued until, after
approximately three months, values of 1.72 and 1.28 milligrams per
100 c.c. of whole blood were recorded for E-13 and E-16, respectively. Since these cows were showing evident symptoms of abnormal appetite a t this time, there was little question about their
being in a condition of aphosphorosis, which became progressively
severe as the experimental period advanced.
It is interesting to observe the manner in which the blood inorganic phosphorus of the deficient animal reacts to an increased
supply of readily available phosphorus in the ration. This is well
illustrated in the data given in Table XIV. Within approximately
a week's time after the supplement was added to the ration of E-13
and E-16 in the first instance, the inorganic phosphorus concentration of the blood had increased three-fold, and judging from later
results with additions of the supplement, the lower the original level
of phosphorus in the blood, the more rapid and pronounced is the
increase.
Body Temperature, Pulse Rate, and Respiration.-A limited
number of observations were made on the body temperature and
pulse rate of the experimental animals, which are presented in Table
XV. These were started with the deficient cows 10 days after
phosphorus feeding was resumed in September. In spite of the
short period of phosphorus feeding before the observations were
commenced, it was certain the cows, E-13 and E-16, were still very
much in the deficient condition. This fact was borne out by the
marked increase in pulse rate of the deficient animals as compared
with the control. This difference was gradually lessened as the
period of phosphorus feeding advanced, until approximately one
and one-half months later the pulse rate of these cows had apparently returned to normal.
No significant differences were observed in the body temperatures
of the deficient animals and the control.
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Typical oxygen-consumption charts which were used in the calculations are shown for the experimental animals in both the lowphosphorous and phosphorus-supplemented periods in figure 6. The
regularity of these charts reflects the quiet condition of the animals
during the time the records were being made. It is of interest to
observe the difference in the character of the respiration during the
contrasting periods. During the period of low-phosphorus feeding
there was a tendency for the most part to a more rapid, shallower
breathing than in the supplemented condition, depending on the
severity of the disorder.
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Reproduction of Experimental Animals.-The reproduction
of the cows in this phase of the investigation presented a picture
similar in many respects to that furnished by the animals used
in the digestion phase. There was sufficient evidence of the influence of phosphorus deficit on the rhythm of the œstrus cycle.

The control, E-7, following a normal calving (December 24, 1930),
after the digestion phase of the experiment had been completed,
displayed regular ovulation periods until bred April 6, 1931. She
calved normally the following January.
Although E-13 was started on the low-phosphorus ration early
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in March, she showed œstrum a t regular intervals until May 18,
1931. Following this there was no manifestation of heat in this
cow until August 4, which followed a period of phosphorus feeding
as indicated in Table XIII. With the increased intake of phosphorus œstrum was observed a t regular intervals until she was
bred November 25, 1931. She calved normally the following September.
The effects of aphosphorosis as manifested in the inhibition of
the œstrum were more pronounced in E-16. It was observed, also,
that this cow showed more marked symptoms of phosphorus shortage throughout the periods of low-phosphorus feeding. Started on
the phosphorus-deficient ration a t the same time as E-13, only one
period of œstrum (May 1, 1931) as observed in E-16 before the
following October, when she was bred, calving normally in July of
the following year. As will be noted in Table XIII, she had been
receiving phosphorus supplement for over a month a t the time of
breeding.
In considering the reproductive behavior of these two cows it,
seems evident that E-13, with her more pronounced lapses of appetite and more rapid decrease in milk production, as indicated in
Table XIII, did not experience so heavy draughts on her phosphorus reserves, with a consequence that ovulation was not impaired
to the extent that it was in E-16.
CALCULATIONS BASED ON OXYGEN-CONSUMPTION CHARTS

The oxygen-consumption method is sufficiently sensitive to any
muscular action on the part of the animal that considerable variation in results is to be expected. The data reported represent morning measurements when the cows appeared t o be most quiet and
relaxed. The record retained was the most uniform record of lowest
oxygen consumption. This was justified on the ground that any
restlessness or movement on the part of the subject would tend to
increase the rate of metabolism. In this manner the curve of lowest
oxygen consumption would more nearly represent the true value of
the resting metabolism of the animal. By following this method of
organizing the data throughout these studies, it is felt that the
results should indicate the relative values of the animal’s metabolism
during the periods of low-phosphorus and supplemented feeding.
The usual method of calculating the oxygen-consumption measurements based on the graph was used. This consists in measuring
the rise of the curve for a six-minute period. This rise of the
“oxygen-consumption line” is the measure of the fall of the spirometer bell for the same length of time. The bell has a standard
capacity of 165.84 ml. per mm. of height. This amount of oxygen
(at the average calorific value of 4.825 cal. per liter) equals 0.8
calorie. Therefore, 1 mm. in six minutes represents 8 calories per
hour, subject to the standard corrections for temperature, pressure,
and moisture.
,
The numerical data obtained from the calculations based on the
oxygen consumption measurements are presented in Table XVI, and
graphically in figure 7.
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DISCUSSION OF ENERGY-METABOLISM DATA

The training of the cows for the oxygen-consumption measurements was started the latter part of March, 1931, and approximately
three months of intensive training were required before satisfactory
records could be secured. The first measurements which were
deemed satisfactory were made the latter part of May. The collection of data was continued throughout the following 10-month
period.
In considering the data presented in Table XVI, and graphically
in figure 7, it should be emphasized that while the experimental
animals were fed about the 110 per cent level of nutrient intake,
loss of appetite was a factor to be contended with early in the
period of low-phosphorus feeding. This fact has been brought
out clearly in the discussion of the data given in Table XIII. With
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one or two exceptions already noted, it was only in the last nine
months of the experiment (August, 1931, to April, 1932) that E-13
and E-16 were consuming all of the feed furnished. This fact
should be borne in mind in interpreting the results of the oxygenconsumption measurements. The metabolic stimulus of food is well
recognized and has been commented on by many workers in this
field. It is reasonable, therefore, to expect that the metabolism of
these cows would have been higher than the results obtained, had
they been consuming the full amount of the ration offered in the
early months of the experiment.
Throughout the period in which these determinations were made
there was a considerable decrease in the lactation of the experimental cows. Since Brody and coworkers (9) have found that
lactating dairy cows show a metabolic level 30 to 60 per cent above
the general level of metabolism, i t might be inferred that part of
the decrease in oxygen consumption during the later stages of the
experiment could be accounted for by the lowered intensity of lactation. Brody, however, suggests that “the causative factor for the
high metabolism during lactation may not be the process of lactation as such, but chiefly the heat increment of the extra food consumption during lactation.”
In the present investigation, as noted in Table XIII, the feed
consumption was not reduced as the milk flow decreased, but was
materially increased on each occasion that phosphorus was added
to the ration because of the improved appetite of the cows. On this
basis the change in lactation level would not account for the decrease
in metabolism observed in both cows toward the end of the experiment.
It is apparent from a study of these data that there is a general
tendency for higher oxygen consumption, indicating a higher metabolism, on the part of the animals in the phosphorus-deficient
condition. With the addition of phosphorus supplement to the
ration, the metabolism tends to decline.
It will be noted that short periods of phosphorus feeding are indicated for E-13 and E-16, starting the latter part of July and
August for each cow, respectively. This was done because of the
general weakened condition of these animals and also to stimulate
their appetites. After partial recovery the phosphorus supplement
was withdrawn. A significant drop in the rate of metabolism is
indicated during this short period of phosphorus feeding. Furthermore, when the supplement was withdrawn from the ration, there
was a marked rise in the energy metaboIism of both cows. On
September 19 the two animals were again placed on the supplemented ration, which they received until the end of the experiment.
As in the previous case, this was followed by a marked decline in
oxygen consumption for both cows, indicating that the addition of
phosphorus was in some way responsible for a lowering of the
general metabolism of the individual.
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Average values for the metabolism of each cow in terms of total
heat production for 24 hours, and in relation to body weight and
surface area, have been given in Table XVI. It will be noted that
the energy metabolism for E-16 was on a higher level in both the
low-phosphorus and supplemented conditions than for E-13. This
is probably explained in part by the better appetite of E-16, resulting in a higher food consumption, especially in the periods of
low-phosphorus feeding. On the supplemented ration this difference
was not so marked.
It will be observed in Table XVI that oxygen-consumption determinations were made on both animals in the low-phosphorus and
supplemented condition a t the end of a fasting period of 72 hours
duration. As it was not practicable to repeat the fasting condition
in these animals, the observations were limited t o four determinations at the conclusion of each fasting period with the results noted.
While these data are too limited t o warrant definite conclusions,
it is interesting to note that one of the cows, E-16, showed a distinctly higher basal metabolism during the period of low-phosphorus
feeding.
The general summary of the energy-metabolism values obtained
during the period of low-phosphorus feeding gave an average figure
for the two animals of 3,034 calories per square meter and 34.3
calories per kilogram per 24 hours, while similar determinations on
these animals on the supplemented ration gave an average value of
2,701 calories per square meter and 28.8 calories per kilogram.
The higher metabolism of the phosphorus-deficient cows would
help to explain the lowered efficiency in feed utilization of animals
afflicted with this disorder. It is recognized, however, that the relatively few determinations presented in this paper are not sufficient
to establish the magnitude of the effect of phosphorus deficiency on
metabolism. For this reason additional data will need to be secured,
both as to number of animals and measurements involved, before i t
can be determined whether the increased metabolism can account
for the entire difference in the utilization of feed by the normal and
the phosphorus-deficient animal.
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