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HEADDEX

There is seldom so close a correlation between the chemi··
cal analysis of a soil and its productivity that inferences can
safely be drawn from the analytical results alone. So far as
analytical results are concerned very productive land may differ
so little fron1 unproductive that no distinction can be made. The
difference between the two soils depends upon something besides
the small and possibly uncertain differences shown by the analyses. Factors not in any way indicated by the analyses may be
the determining ones. The mineralogical features of soils may
have a general rese1l1blance or they may differ greatly and yet
both the soils be productive.
Our loams and adobe soils are very different, with some features in common and both may be good productive soils. The
loams contain practically four constituent 111inerals-quartz,
felspar, calcic carbonate and clay. The adobes are finer in texture, mor'e clayey, often rich in calcic carbonate and are often
rather intractable. The origi11 of the two may be quite different, yet the adobe, a less desirable soil, 111ay be very producti·ve.
This statement contelnplates them in their natural condition, i. e., without the aid of fertilizers or amendments. The
yield of wheat is possibly the most universally applicable measure that can be adopted. The soil treated of in this bulletin
and in Bulletin 319, yields, in average years, from 35 to 65
bushels per acre. The largest crop that I have harvested was
66 bushels per acre, but a yield as high as 80 bushels has been
recorded for similar land. Our land did not make favorable
response to chemical manures and to the application of 11itrate
the response was in some cases very adverse.
RESPONSE OF OUR LAND TO FERTILIZERS

It luay be a question whether these conditions are favorable ones under which to study factors that may affect the productiveness of the soil. In this case the conditions relative to the
On fanner occasions I have felt that the faithful and interested aid of nlY
In this "\:~;ork
the labor has been divided. Earl Douglass has followed the carbon clioxid and
the cultural treatJnent of the plots; C. E. 'Vail has done Illost of the nitrogen and
potash work; and J. YV. Tobiska has done practically all of the soil analyses.
'This division has not been so strictly adhered to that cordia.l cooperation has
ill any dt\gree been interfered "\vith.

tl~sistants called for special 'nlention in token of nlY appreciation.
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amounts of plant foods present were so nearly optimum that
the addition of phosphorus or potassium produced no effect
upon the growth, period of ripening, or yield. The potassium did
affect the quality of the grain produced. On the other hand,
the addition of Chile saltpetre at the rate of 250 pounds per
acre was sufficient to make so marked a difference in the plants
as to be a matter of comment by the casual observer. It caused
hard, shrunken berries and materially reduced the yield of one
variety and did not materially increase any yield. The alTIOunt
of l1itrate added may seem large to some, being equal to 10
parts of nitric nitrogen per million parts of soil, but we thought
we were adding very moderate quantities as we kne,v that soil
from this field actnally developed as much as 325 p. p. 111. under
fallo,,, cultivation.
THE LIMITS OF ANALYTICAL ACCURACY

It suggests itself very often that our analytical results are
wholly inadequate to give any trustworthy information in respect to these questions. The amount of nitric nitrogen added,
10 p. p. m. of the soil, is only 0.001 percent, but this was far
beyond the advisable amount to add. In the case of nitrogen
our methods are very exact, but it is evident that even in this
case they are taxed to give results that are significant and this
is true (to a greater extent) even in regard to the phosphoric
acid and potash. These factors cannot be omitted, but the productiveness of any soil is very dependent upon its physical properties and the weather. The skillful farmer who is thoroughly
acquainted with his soil may do much in maintaining a good
physical condition, but even in this he may be defeated by the
,veather.
Ordinarily we think of the plants as obtaining the mineral
elements necessary to their development from the solutions of
those that occur in the soil; in other words, the water in a soil
in which, for instance, it may constitute 15 to 17 percent of its
weight, is a dilute solution of these mineral elements. How this
solution has been effected is not clear. The water that falls as
rain or is added as irrigating water may be the solvent, in
which case we should have an aqueous solution, but this can
scarcely ever be the case, for, as soon as it dissolves salts of
any kind, the reaction becomes complex and the equilibrium of
the solution is probably constantly being disturbed. This solution is similar to a nutrient solution which is constantly being
renewed. Whether it is formed rapidly enough to supply the
plants continuously with enough foods to meet their needs de-

JaYt., 1.930

EFFECTS OF CLOVER AND ALFALFA IN ROTATION

5

pends partly upon the rate of solution and its movements in
the soil and partly upon the extent of the root system.
There are changes taking place in the soil that promote the
solvent action of water. The changes which organic matter
undergoes, whether added as manure, or as simple remnants
of the vegetation produced on the soil, are constantly furnishing carbonic and other acids that may playa part in determining the character of the solution, more particularly its concentration.
IVluch has also been said about plants excreting through
their roots acids other than carbonic acid, which have been
supposed to act upon the soil particles as solvents. Hence \ve
have the conventional 1 percent citric acid as a solvent in imitation of this. This, being an organic acid and in a weak solution, is thought to give us results that. correlate with the productive capacity of the soil. The root hairs of the plants are
pictured as attaching themselves to the soil particles and described as acting upon them by acid excretions.
There is no question about the activity of the root hairs,
but whether this is the manner in ,vhich they act may be a
question and I do not know \vhat proofs support these clailTIS,
nor ho,"v satisfying they may be.
SALTS ABUNDANT IN OUR SOILS

In our soils the ,vater-soluble portion is much greater than
usual, o\ving to the lack of leaching in the past \vith the consequent accumulation of the decomposition products of the
constituent minerals. These often fOrlTI strong efflorescences
completely covering the soil \vith a "rhite coating vvhich is collectively designated \vhite alkali. It is sometimes desirable to
wash these soils to obtain these soluble salts for analytical
studies, but the results are al\vays involved in some doubt, espeeially if one attempts to apply them to questions of productiveness. We have done much vvork of this sort, but the question
had in view was always what bad effects they may produce.
There are so many instances of exeellent crop results in the
presence of large quantities of these soluble salts that \ve have
eome to believe that in themselves thev are usually not in the
least harmful in our case.
"
"The preparation of these ,vater-soluble salts presents S0111e
difficulties aside fron1 the mechanical ones. There is no crite.rion by ,vhich one can \vith certainty judge ,,,hen the san1ple
has been washed sufficiently. 'iV e have tried various procedures, none of which is wholly satisfactory. In some cases I
have taken the disappearance of the chlorin fron1 the filtrate,
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ill others that of the sulfuric acid, as indicating a sufficient degree of exhaustion. Either point is often difficult to attain. It
is to be borne in mind that we are not in these cases concerned
with a few hundredths of 1 percent, but vvith quantities up to
12 or more percent of the sample. It has not been uncommon
for us to use 20 or 25, sometimes 40 liters of water, and to continue the extraction for 10 or 11lore days. This is a laborious
business and one is far frolll satisfied vvith the results; they represent too 11luch. ..i\ny soil treated ,vith 25 liters of ,vater in
successive portions of, say, 2 liters each will give up such
amounts of salts as to render the results unreliable if vve attempt to apply thenl as a basis of judgnlent in regard to the
producti ve capacity of the soil.
A different vie,;v 111ay be taken of the case, i. e., in very
many instances in vvhich such amounts or soluble salts are found
in tIle soil they are associated with 11lore \vater than nlay be
desirable, and this is a continuing condition in the presence of
abundant soluble salts, \vhich can easily be demonstrated to react strongly 'i'Olith the soil particles.
Sadie chlorid, for instance, is so good as always present
in these so-called alkalis and a solution of this salt acts strongly
on finely divided felspar, elilllinating potash principally, but
also other salts. It is quite certain that a similar reaction takes
place \vhen \ve treat a soil salnple in the vigorous fashion that
has been described, but the extent to vvhich this takes place
would be difficult to ascertain and probably varies vvith each
individual case.
III cases vvhere there is no excess of \vater these salts are
not absent, but sil1lply less abundant or perhaps only less apparent. The solution in the soil may be as concentrated as in other
cases, but probably not, as the accu111ulation of water is generally accompanied by translocation of salts from other lands.
This fact leaves us in doubt as to hovv we are to consider
the potash, for instance, that we may find in the extracts of
alkaline soils, i. e., \vhether it belongs to the solution proper
or has been taken fronl the soil proper in the individual case.
'Ve find potash so generally present in our ground waters that
it would be 11lisleading to make exeeptions. In 108 ground
\vaters that I have looked over there is not an analysis in which
potash does not appear, and it fails to appear in only 5 analyses
out of 116 soil extracts. The alllounts that appear are often 3
or more perc~nt of the extract or, in case of waters, of the
dried residue. The significance of these percentages depends,
of course, upon the percentage of the extract or amount of resi-
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due. In the analyses referred to, the water-soluble portion
ranged from 1 to 12 or more percent and the potash in the
analyses ~rhen computed on the soils is certainly worthy of consideration in every problem concerning crop production.
The occurrence of potash is in strong contrast with that
of phosphoric acid, which oceurs only seldom and then in small
quantities. Here again the ground and drain waters may sho"tN
its presence, but it is usually absent, at least not reported.
POTASH IMPORTANT IN CROP PRODUCTION

'The part played by potash in the production of crops is
apparently of great importanee and the volume of the crop
agrees more closely ,vith the supply of potash than "vith that
of phosphoric acid or of nitrates. While these three are indispensable, the volun1e of the crop correlates more closely vvith
the potash available than with the other t~TO. In the case of
,vheat the grain will tend to mealiness ,vhen a relatively excessive amount of potash is present, but to a flinty condition
,vith an excessive supply of nitrogen. In the latter case the
volume of the crop is likely to be depressed.
These statelnents eoncerning the prevalent occurrence of
potash in our soil solutions have not been made \vith any reference to the allegation that seed of hard \vheat varieties imported into Colorado produces soft \vheat. They have in this
connection, however, some interest as vve find that the Inealiness or softness of wheat is greatly affected by an abundant
supply of potash, and these facts go a great \vay to~rard furnishing a satisfactory explanation of this very generally observed fact.
ACID EXTRACTION OF SOILS

The question of how to aseertain the alnount and relative
quantities of plant foods in a soil available at any given time
has gi ven investigators a good deal of concern. I think that
nearly all of them agree that aeid extraction is not a very good
method, for even a vveak aeid, fifth-normal nitric acid for instance, is not a very good imitation of the processes that are
going on in the soil. Even ~Tater, used as has been deseribed
in the extraction of the total solids soluble in this n1enstruum,
fails to give a faithful representation of conditions as met ~Tith
by plant roots in that soil. In such extractions \ve frequently
have used from 40 to 80 times the vveight of soil extracted and
eontinued the operation for 10 to 14 days. It required this
excessive treatment to reduce the chlorids or sulfates, as the
case n1ay have been, to negligible quantities in the solution and
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sometimes to brillg about deflocculation of the clay-a condi.tion that should usually be attained in washing an alkali soil.
Such a procedure has but little or no object in the examination
of an ordinary soil in regard to its supply of soluble mineral
C011stituents. The soil particles are themselves attacked and
the soluble salts extensively changed in quantity and possibly
in quality also.
It is a question whether the available lllineral constituents
of a soil actually exist in dilute solution in the soil, but we suppose they do and may be caused to diffuse into the solution if
this be greatly increased for a brief period and then ren10ved.
This may be our most advisable procedure, our nearest approach
to the actual conditions existing in a freshly taken sample; but
it leaves a great deal to be desired. Even in this way we probably alter the ratios and obtain too ll1uch in solution. Still vve
have used this method on our salllples vvithout drying them.
making a ll10isture determination to enable us to bring our results to a dry basis. The methods used are those adopted by
the Bureau of Soils, U. S. D. A., some years ago.
OUR PROBLElVI

Our problenl, to deternline to vvhat the benefits of a rotation of alfalfa or clover are due, is in its gross features, not
so very complex. Perhaps the most evasive question would be,
what are the mechanical effects. A good stand of alfalfa nlay
be taken as 250,000 plants per acre. A "good stand," according to actual counts, varies from 125,000 to 525,000. The roots
of alfalfa are seldom less than 6 feet long and often 10 or lllore
feet, and vary in size from 14 to 21;2 inches in diameter. I think
that we may assume ]/~ inch diameter and 7 1/2 feet long as a
fair, average, alfalfa root in our soils. Clover roots are conlparatively slllall and 11luch shorter than the alfalfa.
It is evident that it would be somewhat presulllptuous to
attempt to give any estimate of the mechanical effects of a crop
of alfalfa on any ordinary soil. We have not only the penetration of the soil by the roots, but the additional fact that each
hole thus made is filled with organic matter, very active while
living and well distributed when dead and decaying. While ,ve
do not know all of the effects produced, \ve are satisfied that
they are considerable and beneficial and in no case to be left out
of the reckoning. The fact is we take these for granted even
if we cannot give any nUlllerical measure for them.
ALFALFA

AND

MICRO-ORGANISMS

vVhat the effect upon the microbiological factors of the
soil may be can "be approached only indirectly in our work and
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our inferences are not in harmony with what I infer to be the
generally prevailing views in regard to this relation. As we
have chosen the carbon dioxid in the soil atmosphere as our
rough measure of this relation, we may be allowed to specify
what we understand this factor is considered to be, i. e., that
it is due largely to the micro-organisms, much more so than
to the plants. The neighborhood of the plant roots is considered an area of very active microbiotic activity, much greater
than would be the case if the plant were not present. If the
plant or any part of it dies it falls a prey to putrefactive
c.hanges and this process may be going on simultaneously with
the growing of the crop.
In these \vays the organisms are believed to be more active producers of carbon dioxid than the plants, even though
SOlne organisIns c.an use the carbon dioxid as a source of energy, diminishing the apparent production. These questions
do not fall in our province, but we have followed the variations
of the carbon dioxid in soil, both fallow and planted to alfalfa~
clover, vvheat, mixed grasses and corn (maize). These relations are subsequently given in detail. Carbon dioxid is not
considered among the plant foods in the soil because it occurs
in the air and is n1ainly, if not wholly, taken up and elaborated
into nevv eompounds in the leaves. This is not the case with
the nitrogen, potash, or phosphoric acid used by such plants as
alfalfa and wheat. These are the usual substances added to
a poor soil to make it more productive. We are not concerned
vvith any theory of fertilization, only \vith the big facts generally accepted and abundantly proved that the addition of
these substances to soils of low productive capacity increases
the production and this is the object of a rotation of crops.
This may be effected by improving the sanitary conditions
of the soil, by the possible addition of nitrogenous organic
material, and by increasing the amount of soluble potash and
phosphoric acid.
THE EFFECTS OF GROWING CROPS-CLOVER AND ALFALFA

The grovving of a crop, especially one that is removed from
the land, cannot add to the total amount of potash or of phosphoric acid in the soil. It might cl1ange the availability of these
in the soil, i. e., change the forn1 in which they are present, but
so far as the quantity is concerned, every crop ren10ved from
the land diminishes the amounts of these two elements that may
be present. If the rotation benefits the soil by producing a contrary effect, it must be in some other way than by a direct addition of them. This matter stands differently with the nitrogen.
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The wheat and other grasses, however, depend upon the nitrogen in the soil for their supply of this element, as well as for
the other needed elements, and cOllsequently tend to reduce
the amounts present.
The legumes, i. e., the clover and alfalfa in this case, are
different in that they serve as hosts for certain organislns, by
virtue of vvhose presence they are enabled to draw upon the
atmospheric nitrogen for a portion of their supply. In the absence of these organisms these plants, like other green plants}
use the soil nitrogen for their grovvth and their requirements
are very big. TIley are heavy-feeding plants; dry alfalfa hay
carries about 9 percent of ash, and a little more than 2 percent of
nitrogen. For every 4 1/ 2 tons of hay, 213 pounds of potash and
40 pounds of phosphoric acid (P~05) are removed from the soil.
This amount of I1ay contains in round I1umbers 200 pounds of
nitrogen. The average crop of alfalfa in former years ,vas
actually 4 J/ 2 tons, but has fallen to about 3 1/2, according to my
best infornlation.
As \rve have these three food elements almost exclusively
in view ,ve ,;yill consider only these. It is evident that ,ve are
taxing ordiI1arily good soils heavily when we withdraw ,vith
every 41/2 tons of hay ren10ved the above an10unts of plant foods.
This nitrogen, however, comes partly from the air and partly
from the soil. I have never met with any apparently ,veIl-based
estimate of hovv n1uch is obtained from the respective sources
and it does not matter to us, for our question is in regard to
the amount of nitrogen in the soil after the crop has occupied
it for 2 or more years. The general view is that the soil is
actually richer in nitrogen after than before the crops "\vere
grown. This is a very natural inference from the facts that
the leaves are constantly falling off and collect on the surface
of the ground and also that in making hay there is a big loss,
seldom less and often very much more, than 20 percent of the
total green crop. The leaves carry, as a rule, rather more than
3 percent of nitrogen and are very rich in ash-12 to 15 percent. It seem-s self evident that in this way a good deal of nitrogenous organic matter is actually added to the soil. The surface soil, scraped up with the remnants of these leaves and
stems in it, is found to be actually a little richer in nitrogen
than surface soil without this debris, so this inference is not
unreasonable even though its application in the explanation of
the benefits accruing to the soil due to the rotation is not justified by its quantity. This subject will be treated in detail in
another section. The present object is to point out definitely
the objects of this study, for I have stated that in their big
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features they are not very complex and this makes it evident
that no attempt is to be made at exhaustiveness or detail.
The question of potash used has somewhat the same complexion as that of nitrogen in that it is freely appropriated.
Clover is not extensively grown in Colorado, though it does
vvell in most sections. The composition and ash content is nearly
like alfalfa. Water-free clover hay, Colorado grown, carries
ash, 10.63 percent; alfalfa, 9 to 10 percent; crude protein, 14.18
percent; alfalfa, 14 to 15 percent. The ash of clover hay carries
potash (K~O), 26.80 percent; alfalfa hay, 28.0 percent.
The
alfalfa ton for ton, carries rather more of both nitrogen and
potash than the clover and will produce more tons of hay. They
are both heavy feeders and excellent members of a rotation.
'The potash in the soil presents different questions from
those presented by nitrogen. In every soil there is a definite
amount present which is seldom or ever increased by Ylatural
causes, whereas the nitrogen is not a fixed quantity, but one
that varies continuously in quantity present and in its form. All
plants require that this nitrogen be prepared for them. Most
plants require that it be presented to them in the fornl of
nitrates, \vhich is effected by the soil organisms. SOllle of these
organisnls gather the atmospheric nitrogen and through their
agencies it becomes available for plant growth. No such thing
as this can happen in the case of the potash. The sum total is
there to begin \vith and debarring its removal in the form of
crops, it practically all remains there. A little may be renloved
by drainage, but this amount is small.
lVIINERAL

CONSTITUENTS l\1UST BE SOLlTBLE

Plants obtain the whole of their lllineral constituents from
solutions aBd if the whole of the potash in the soil \vere insoluble, plant~~ would not grow in it. Hovv much potash lllUst be
brought and held in solution at anyone time in order for alfalfa
or potatoes~ for instance, to make a maximum gro\vth, I do not
know. Nor have I any notion of \vhat percentage of the soluble potash presellt is actually appropriated by either of these
crops. I cannot believe that a Inaximum crop can be groV\Tn V\Tith
an amount of soluble potash present V\Thich is barely sufficient
to furnish the amount required by the crop. I have seell the
statement that very dilute solutions will suffice so long as the
total requirement is met. Our problem does not require any
consideration of this question.
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The potential supply of potash in our soils is abundant.
Our average lies between 2.25 and 2.50 percent of the airdried soil. Air-dried may be taken as meaning about 3 percent
of moisture. The percentages given indicate that an acre-foot
of our soil contains from 45 to 50 tons of potash (K~O). Of
course, this is not soluble in water, at least not quickly. In ordinary language this is insoluble and must be brought into
solution by some means before plants' can use it. Weathering,
a name used to designate a series of changes or decompositions
brought about by climatic condition, cultivation, manuring, even
\vith potash-free manures, prepares this potash for the use of
plants.
I have said that only small amounts of potash are lost by
drainage, even though the potash to be available to the plants
must be soluble in water. Any loss of this sort is prevented
by the properties of the decomposition products of the soil then1selves, \¥hich hold a good deal of this substance loosely, not so
firmly that it cannot be obtained by the plant, but firmly enough
to prevent its being carried away by the ordinary vlater supply.
This function is exercised by the compound particles built up in
the soil, often called aggregates. In most of our soils these
aggregates are not very firm and excessive water breaks then1
up and our soil puddles and bakes. The rotation may make
potash available, but it cannot add potash.
THE

PHOSPHORIC

ACID

The questions presenting themselves in connection with
phosphoric acid may be interesting, but are perplexing. Most
of our soils are fairly vvell supplied with it-from 0.10 to 0.18
percent in most soils. A few are richer and many poorer.
When the crop is removed from the land, as is often the case
with our alfalfa, a great deal of phosphoric acid is lost from
the soil. These are practically the rough features of our problems succinctly recapitulated.
The sanitary conditions of the soil we understand to be the
suppression of pathogenic fungi or other micro-organisms that
have been detrimental to the crops we desired to grow or to an
increase of beneficial micro-organisms. This work is entirely
beyond our province. The mechanical condition of the soil
which is improved refers to its tilth. Of this we have no measure, nor can we specify in what it definitely consists, though
aeration and the forming of soil aggregates are certainly parts
of it.
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The legumes in particular have been considered as increasing the supply of nitrogen by direct addition to it. No stress
has been laid upon their indirect effects by improving the sanitary conditions of the soil and thereby permitting a subsequently
'increased fixation and nitrification of this element to the advantage of succeeding crops.
The potash (K:!O) has not been considered as playing any
in1portant and direct part in the benefits produced. Alfalfa
plants are very heavy feeders upon this element, a crop of 41/~
tons removing n101"e than 213 pounds per acre. This question
is not involved, as the nitrogen question is, by any possible increase £ron1 the atmosphere or other source. The soil has a
fIxed potential supply and the question is whether this potential
supply can be n1ade an actual one rapidly enough to meet the
demands of succeeding crops in such lueasure as to give an
increase.
We do not kno\v the optimum ratio between the total available supply and the requirements of a maximum crop, other
conditions being more favorable than the minimum limiting
condition. One of the general properties of soils is a power to
remove potash from solutions enabling them to prevent the 1"e1110val of this element from the soil by moving "vater but not
to prevent plants from obtaining it. In connection ,,,ith this
property, perhaps only another feature of it, is the exchange
of soda or lime for the potash that it takes up. 'rVe may explain by this property the fact that our drain ,vaters contain
principally calcic and 111agnesic sulfates and sodic carbonate
\vith only a little potash salts of any kind. This statement applies in general to our return \vaters. The local reader must
bear in lnind that vvhile the general facts applying may be universal, the semi-arid conditions of ·Colorado present a very
marked case in vvhich \ve have an accun1ulation of soluble salts.
Our irrigating is confined to the gro,ving season of our crops
and is aimed to supply then1 with only the necessary amount of
1110isture for their development, including the seasonal rainfall
\~rhich is in the total only light, or ,ve "Tould not have a semiarid condition. For the greater part of the year there is not
Inoisture enough to lTIOVe the products of the ,veathering of the
soil particles to any considerable distance do,vl1"rard in the
soil. There is very little of our soil that, under favorable conditions, fails to show the efflorescence of \vhite salts, designated
as white alkali, which n10ves up and do,vn in the soil and may
1110ve entirely out of it, but the potash involved in the changes
is prevented by the soil itself from participating freely in these
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movell1ents, so it happens that the effioresc.ences contain sulfates of lime, magnesia and soda princ.ipally, but oc.c.asionally
small amounts of potash up to perhaps 3.5 percent calculated
as sulfates, and the drain waters, c.aleie and magnesic. sulfates
and sodie carbonate sOllletill1es ,vith a little potash. The ground
vvaters are usually intermediate in the composition of the salts
held in solution, but even these carry only small alll0unts of
potash. These salts participate only slightly in the ll10vements
of the salts in the soil, being held in loose combination by the
soil partieles, and are available to the plants.
vVe have stated the potential supply or the total potash in
our soils to constitute froll1 2.25 to 2.5 percent of their weight.
We have also referred to the process of weathering "Thereby
the so-called alkalis, alllong ,vhich potash is seldom present are
produced. "Te have also stated that the potash vvith which
plant gro,vth or erop produetion is eoncerned is held in sonle
kind of cOlllbination by the soil partieles. NOlle of these statements intin1ates that the potash in the soil takes no part in the
c.hanges produced by vveat11ering or deeon1position. In Part I,
Section II, of this bulletin \rve have set forth tllat this is not
the case, but on the contrary that it is the element most largely
involved in these changes. We shall c.ome baek to this subj ect.
l

The phosphorie acid, like the potash, is. for a given soil. a
quantity that may be diminished but not increased by any system of rotation. There are questions of its availability. If a
rotation of crops improves this condition of crop production it
must be by enabling the succeeding crop to obtain more readily the amounts needed by it. I do not recall having seen any
statements concerning the manner of action of any crop on this
factor. The solubility of the various forms of phosphoric acid
or its salts in the soil has been discussed by very 111any writers.
Our soils everyv\There contain soluble salts, principally sulfates,
but also carbonates. Our ground and drain \vaters contain sodic
carbonate; our river waters vvithin their mountain sections, carbonates of lime, nlagnesia, potash and soda.

PHOSPHORIC

ACID

IN

SOIL

SUFFICIENT

Our soils are no\vhere deficient in calcium. On the contrary, it is common for thelll to carry from 1.5 to 6.5 or lllore
percent of calcic carbonate, occasionally sulfate, even in great
excess. The deportment of the phosphates in our soils has not
been made out. Our observations on the effects of phosphates
applied to the soil have not been in aceord with those observed
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else\vhere and we have no explanation to offer for the fact. The
explanation cannot be formulated to the effect that we have an
abundance of phosphoric acid in our soil. If \~/e have, the
standards adopte-d as criteria in this matter do not apply in our
case. This may be true. I recall having seen the statement
that plants could satisfy their needs for phosphoric acid from
a solution carrying no more than 1 part per million, but the
general notion concerning the amount in an ordinarily productive soil is, for the lo\vest limit, 500 parts per million and 1,000
parts for a modicum. vVe have applied super-phosphate to
soils sho,ving the lovver limit or scarcely more than this vvith
no advantage whatever. The only conclusion that ,ve could
drav'l ,vas the very evident one, that the quantity present in the
soil was sufficient, ,vhether it V\Tas in accord with the dicta of
the authorities or not. Perhaps the claim that very dilute solutions of phosphates are sufficient to satisfy the denlands of
plants, may be nearer the truth than the linlits given. It is certain that the application of 15 p. p. m. of soluble phosphorus,
34.5 p. p. In. of phosphoric acid, to the soil ,;vith vvhich V\Te have
experimented in this study, produced no increase of crop 'and
produced no effect upon its date of 111aturing, or its quality.

PLANTS PREPARE THEIR OWN FOOD

There relnains another consideration, to ,vit; the action
of the rotation crop through its o\vn activities in bringing about
ne\v conditions. An old explanation of ho,v crops feed \vas that
they excreted substances, acids, that attacked the soil particles
and brought-the food elements into solution. We have for a long
time assunled that a 1 percent solution, of citric acid inlitated
this action quite well. This \vould appear to be an arrangement
for the supply of the plant's necessities, but "\vould not offer any
explanation of the decided benefits accruing to succeeding crops,
,vhich is the question with ,vhich vve are concerned, unless the
acid excreted brought more of the specific plant foods into solution than could be used by the plant in question.
The etching figures on a polished surface of lin1estone are
accepted as proof of these acid excretions, but \vhether they are
other than an aqueous solution of carbon dioxid is still in doubt
so far as I kno,,,. Whether there be any other acid excreted
by the roots or not, \ve are fully justified, as sho\vn in p'art I
of this bulletin, in stating that carbon dioxid is given off by
the roots in large quantities, sufficient to 11laintain a quantity
equal to upwards of 1 perc.ent, 1.5 to 1.7 percent, of the soil
atmosphere, notvvithstanding the lively diffusion of this gas
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from the surface of the soil. This was shown by experiments
made in 1921, 1922 and 1923. The atmosphere at 6.5 feet above
the surface contained approximately 0.04 percent, while that
at the surface of the fallow ground, but under a covering of
two thicknesses of canvas, was approximately 0.15 percent, or
four times as much.
PRELIMINARY OBSERVATIONS

ON CARBON DIOXID

Part I presented the results of a prelinlinary series of observations on the development of carbon dioxid in the soil at
different depths in fallo\v ground for three seasons and in
cropped land for two seasons. The fallo\v land ,vas not irrigated; the cropped land was irrigated. The record of temperature and rainfall vvas obtained froln the station record. The
second section of Part I presents a study of the action of carbon
dioxid and \vater on felspar, with a fevv experinlents to shovl
its action on the soil and subsoil, \vhich are highly calcareous.
This discu:,sion was presented because of the fundanlental in1portance of the facts.
SCOPE

OF THIS

WORI{

Part I presents only the fallo\v and the effects of clover
and mixed grasses on the soil atmosphere. We shall in this part
extend these observations to the effects of alfalfa, wheat and
corn and also include clover and falloy\T. Further vve shall present an extended series of total and nitric nitrogen determinations, a study of the exchange values of the soil, the effect of
the rotation upon the water-soluble potash in the soil, and a
brief study of the deportn1ent of the soil after the crops have
been plowed uncleI' and the soil cultivated fallow. The points
that we shall try to present will be the study of the amount of
carbon dioxid developed in these plots and the duration of the
effects of the crop in this regard; also the amount of nitrogen,
total and l1itric, for a short period. We shall further endeavor
to present the effects of these crops upon the fixing and nitrifyjng capacity of the soil. 'iVhile vve lay stress upon the effects
of this rotation on the relations of these crops to the soil nitrogen, we shall also present the effects upon the amount of potash
soluble in water.
SANITARY CONDITIONS OF SOIL

While we believe the sanitary and mechanical conditions
of the soil to be of primary importance, we cannot present any
study of these features except as they may be indicated by the
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effects of the rotation in the fixing and nitrifying power of the
soil. Beyond this we shall be compelled to confine ourselves
largely to purely chemical considerations, which, in fact, are
inadequate.
CON"VENTIONAL TO CONSIDER NITROGEN FIRST

In this connection it certainly will be conventional to give
nitrogen the first place, though it presents many difficulties. It
is not unvarying in its quantity present in the soil; on the contrary, it is constantly being added to and removed from the
soil. Further, it is a question in what form plants take it from
the soil, but in the main there is only one form to be considered
a,nd that is nitric acid or nitrates. Whatever nitrogen may be
present in the soil, its significance is simply an indication of the
possible supply of nitrates by its conversion into these salts
which are not at all permanent in the soil. They may be used
up almost completely by growing crops, by the soil flora, or they
may be removed by water.
In our experiments we have not used land that has been
heavily manured in the past, nor such as is rich in humus,
'~lhich might enrich the soil in comparatively stable forms of
nitrogen. The nitrogen in our soils seems to be very reactive
and subject to rapid variations. Its distribution is so capricious
that it is very difficult, ahnost impossible, to be sure that a sample taken in a field is really representative. At one time I took
150 samples from a block of land 5 by 30 feet, or a I-foot core
from the center of each square foot. The minimum found was
0.11016 percent and the maximum 0.1455 percent. The difference is 0.0354 percent a11d occurred in 2 adjacent square
feet. The average total nitrogen found in other samples of this
field is 0.1448 percent, very nearly the same as that found as
the n1aximum in our 150 samples whose average is 0.12631 percent. The history of the particular plot sampled s110uld be
knovvn before too much confidence should be entertained in using the results in judging of changes even in adjoining la11d.
ALFALFA AND NITROGEN

In an attempt to form a definite estimate in regard to the
effects of alfalfa upon the nitrogen content of the land occupied by it, we were compelled to choose a piece of land that had
been in alfalfa for 4 years and before that had been used as a
pasture or rather a run for horses. While this land is separated
from that just discussed by only some 300 feet, it is different
soil and has a different past. It, however, was the best available.
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This ,vas sampled systematically throughout the season of
1926 on 53 different dates. The first foot was taken in 2 samples, each 6 inches. The average of these is 0.1327 percent for
the total nitrogen. This is only a little higher than the avel'age found for our 150 samples, i. e., 0.1263, and is a little lower
than the average of general samples from the adjoining land.
We cannot obviate this weakness in our data, but we believe it
to be no more serious than the variations found in different
sets of samples taken fron1 this field itself. It is unfortunate
that ,ve 11ave no analyses giving the nitrogen content of this
soil 5 and 6 years ago. They ,vould make our data l11uch luore
satisfactory. As it is the data shovv the present state of affairs
and vve can only assume that it was formerly not unlike the rest
of the land, which I believe to be correct within reasona,bIe lin1its. These statements relate to the total nitrogen and have no
reference to the nitric nitrogen and would have no value if they
\vere intended to refer to it.
The portion of the alfalfa field sampled was about 2 acres
in size which was sampled in 5 lines, 3 parallel to its shorter
side and 2 diagonals. A core was taken in each line every 10
paces, approximately 30 feet apart, and 8 cores were united to
form a sample. Fifty-three sets were taken to the depth of 1
foot and 7 sets to a depth of 6 feet.
WHAT OlTR SAMPLES REPRESENT

It is unfortunate, as already intimated, that this whole set
of samples represents nothing more than the facts obtaining
in this soil during the season of 1926, after the land had been
in alfalfa for 4 years, preceded by pasturing or use as a run for
horses for several years, possibly 12 or even 15 years. We do
not know what the supply of total nitrogen was previous to
laying it down to alfalfa, and for reasons already given \ve
cannot compare it ,vith any other plot in this respect. These
data do shovv, however, the amou11t and distribution of both
the total and nitric nitrogen in this soil after its being in alfalfa
for 4 years, for each successive 6 inches to a depth of 6 feet with
a separate sample representing the loose soil and plant debris
scraped off the surface of the soil.
We here give the averages obtained for the total nitrogen
in adjacent land sampled to a depth of 1 foot. This land is level
and is all of the same type and, from a general standpoint, of
the same character. General samples of this soil taken over a
period of several years is 0.1558 percent, to a depth of 1 foot;
for 150 samples taken on same date, 0.1263, and for the 53 saln-
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pIes taken for this field that had been in alfalfa for 4 years it
is 0.1327 pereent.
It has been stated that the data given for total nitrogen
apply only indirectly to the nitric nitrogen which is the form
taken up by plants and the nitrogen designated as total must
be changed to this form before it has any value as a plant food.
'This change in the soil is accomplished by certain organisms
and the total nitrogen is only a potential supply for the plants.
This change is accomplished rapidly in some soils and more slowly in others; besides all nitrogen is not equally easily nitrifiable.
The anlount actually available at any time during the
grovvth of the crop will depend upon the efficiency of the soil to
effect this change. These nitrates are easily soluble in water
and therefore available to the plants; further, the soil aggregates have little or no power to retain them and therefore water
111ay, if sufficient in quantity to cause drainage, move them
downward and even out of the soil.
CROPS

AND

NITRIFICATION

It is also claimed that some plants favor the gro\vth and
activity or efficiency of these organisms while others are antagonistic to them and so tend to prevent the forlnation of nitrates.
Grasses in general are supposed to sustain the latter relation to
them. All growing plants tend to reduce the amount of nitrate~
in the soil by using them up. This, in some cases, applies to
the micro-organisms as well as to our cultivated crops. The
amount of nitrates found at any time under any crop is simply
the amount that survives appropriation by the crop and other
losses.. If its formation has been prevented by the growi11g
crop, as is claimed to be the case in son1e instances, another
problen1 is presented.
There Inay be very considerable differences in the amounts
of these salts present in the same land occupied by gro\ving
plants and free from them. In short stretches of rows "vhere
no stand has been obtained the nitrates are apt to be hig11; for
instance, in a fallow spot in a beet field, in samples taken between the rows, we got 28 p. p. m. nitric nitrogen, equivalent
to 168 pounds of sodic nitrate per million of soil, or in this case
in the top 3 inches of the soil; \vhereas we found bet\,reen the
beets in the row from 0.75 to 5 p. p. n1., the latter amount being
equal to 30 pounds of sodic nitrate in the same amount of soil.
But in our alley between the beet plots we obtained 35 p. p. m.,
equivalent to 210 pounds of sodic nitrate. These facts justify
us in using great caution in interpreting the results obtained
unless we are acquainted with the cultural 11istory of the sample and its local conditions as well.
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The cultural treatment of this land since 1919 as furnished
by Dr. Robertson of the department of agronomy is as follows:
HI:20
19:21
1922
1~):2:3
1~)24

] 925
1926
1927
19~8

SUn1111er fallow.
,Vinter rye.
Clover.
Spring wheat.
Spring wheat.
Began our experin1ents.
Continued them.
Plowed under crops, also plowed fallow 23 Septen1 bel'.
Part of land planted to spring- wheat and observations
on fixation, nitrification and soluble potassium eontinued.

The following tables give the total and nitric nitrogen in a
4-year-old alfalfa field, and in Section 300, a fallow after 2 years
in wheat; also in Section 100, contemporary observations on
fallow and alfalfa plots.

