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Introduction.

A GREAT part of this paper was written in the spring of 1886, but its completion
was unavoidably delayed. This has, however, not been altogether without advantage.
Thus, in the first place, at the Naturforscher-Versammlung, held in Berlin, in
September, 1886, the greater part of the sittings of two days was devoted, in the
Section of Landwirthschafiliches Versuchs- Wesen, to the discussion of the subject
from various points of view, one of ourselves taking part; and as it seemed desirable
that the results and conclusions then brought forward by others should be considered,
we have waited for the publication of the exact figures in some cases. Again, since
the Berlin meeting, M. BERTHELOT has published some further results, to which refer-
ence should be made. And lastly, we are now enabled to give further new results
of our own.

In Part 2 of the ‘Philosophical Transactions’ for 1861, a paper was given, by
ourselves and the late Dr. PucH, “ On the Sources of the Nitrogen of Vegetation,
with special reference to the question whether plants assimilate free or uncombined
Nitrogen.” Since that time, the question of the sources of the nitrogen of vegetation
has continued to bé the subject of much discussion, and also of much experimental
enquiry, both at Rothamsted and elsewhere. Until quite recently, the controversy
has chiefly been as to whether plants directly assimilate the free nitrogen of the
atmosphere ; but, during the last few years, the discussion has assumed a somewhat
different aspect. The question still is whether the free nitrogen of the air is an
important source of the nitrogen of vegetation; but whilst few now adhere to the
view that the higher chlorophyllous plants directly assimilate free nitrogen, it is,
nevertheless, assumed to be brought under contribution in various ways-—coming into
combination within the soil, under the influence of electricity, or of micro-organisms,
or of other low forms, and so indirectly serving as an important source of the nitrogen
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of plants of a higher order. Several of the more important of the investigations in
the lines here indicated seem to have been instigated by the assumption that com-
pensation must be found for the losses of combined nitrogen which' the soil sustains
by the removal of crops, and also for the losses which result from the liberation of
nitrogen from its combinations under various circumstances.

At the meeting of the American Association for the Advancement of Science, held
at Montreal in 1882, we gave a paper entitled—* Determinations of Nitrogen in the
soils of some of the Experimental Fields at Rothamsted, and the bearing of the results
on the question of the Sources of the Nutrogen of our crops;” and again, at the
Meeting of the British Association, held at Montreal, in 1884, we gave further results
on the subject, in a paper—* On some povnts in the Composition of Soils; with results
lustrating the Sources of the Fertility of Manitoba Prairie Soils.” *

It is the object of the present paper to summarise some of our own more recently
published results bearing on various aspects of the subject, to put on record additional
results, to give a preliminary notice of new lines of enquiry, and to discuss the
evidence so adduced with reference to the results and conclusions of others which have
recently been put forward, as above alluded to.

PART 1.
RESULTS RELATING TO OTHER SOURCES THAN FREE NITROGEN.

1. Summary of previously published Rothamsted Results chiefly relating to nitric acid
wn sotls and subsoils.

Before directing attention to the new results it will be desirable, with the view of
bringing out their significance the more clearly, to give a brief 7ésumé of our previous
results and conclusions bearing on the subject.

In the last mentioned paper, after reviewing previously existing evidence as to the
sources of the nitrogen of crops, we concluded, as we had done before, that, excepting
the small amount of combined nitrogen annually coming down in rain, and the minor
aqueous deposits from the atmosphere, the source of the nitrogen of vegetation was,
substantially, the stores within the soil and subsoil, whether derived from previous
accumulations or from recent supplies by manure.

Results of determinations of the nitrogen as nitric acid, in soils of known history
as to manuring and cropping, and to a considerable depth, in some cases to 108 inches,
were given, which showed that the amount of nitrogen in the soil in that form was
much less after the growth of a crop than under corresponding conditions without a
crop. In the case of gramineous crops, the evidence pointed to the conclusion that
most, if not the whole, of their nitrogen was taken up as nitric acid from the soil and

* Afterwards revised and published in the ¢ Transactions of the Chemical Societjr’ for June, 1885,
B 2
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subsoil. In the case of leguminous crops again, the evidence was in favour of the
supposition that, in some cases, the whole of the nitrogen had been taken up as nitric
acid, but that in others that source was inadequate.

The results further showed that, under otherwise parallel conditions, there was very
much more nitrogen as nitric acid, in soils and subsoils, down to a depth of 108 inches,
where leguminous than where gramineous crops had for some time been grown.

Table I, p: 6, gives, in a condensed form, the most important of the previously
published results relating to this branch of the subject. It shows the amounts of
nitrogen as nitric acid, calculated per acre, in lbs., according to determinations made
in 'samples of soil collected in 1883, at each of 12 depths of 9 inches each, that is
down to 108 inches in all, under the following conditions :—

1. Where wheat had been grown in alternation with fallow, without any manure,
since 1850 ; that is for more than 30 years. :

- 2. On a plot where mineral manures had occasionally been applied, but no nitrogen
for more than 30 years ; where Trifolium pratense had been sown 12 times during the-
80 years, 1848-77, but in 8 out of the last 10 trials the plant had died off in the
winter or spring succeeding the sowing, in 4 without giving any crop, and in the
other 4 yielding very small cuttings; and where, consequent on the failure of the
clover, during the 80 years 1 crop of wheat and 5 of barley had been taken, and the
land had been 12 years left fallow. Trifolium repens was then sown, namely, in 1878,
1880, 1881, and 1883; and it yielded crops in 1879, 1881, and 1882, but none in
1883, when the soil samples were taken. ' ‘

--8. On 2 plots with the same previous history as that of the Trifolium repens plots
prior to 1878, but where Vicia sativa has since been sown; and where, notwith-
standing the previous failure of the red clover, the Vicia yielded fair crops in 1878,
1879, 1880, and 1881, and large crops in 1882, and in 1883, before the soil samples
were taken.

We are now able to give amended, and more complete estimates, of the amounts of
nitrogen removed per acre in the produce from the different plots, both during the
prehmmaly period up to 1877 inclusive, and during the period of the direct experl-
raents with the various leguminous plants. As each leguminous plot is only % of an
acré in area, it is obvious that calculations of the produce, per acre, can only be
approximately correct. We have, therefore, in each case taken the average yield of
three plots, 4, 5, and 6, with one and the same plant, but with somewhat different
rineral manures. Thus, plot 4 has received a mixture of superphosphate of lime and
potash sulphate ; plot 5 a mixture of potash, soda, and magnesia salts; and plot 6 the
same as plot 5, with superphospate of lime in addition. Direct determinations of
mtrogen have, in almost all cases, been made ; and we believe that the estimates of it
per acre may be considered as close approximations to the truth, and at any rate quite
sufficiently so for the purposes of illustration and of argument for which they are used.
The results are given in the following Table (I.).
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TaBLe I.-—Estimated yield of Nitrogen per acre, in lbs., in wheat alternated with
fallow, and in various leguminous crops without nitrogenous manure.

Unmanured. Mineral manures only.
Fallow-wheat. Tr@f‘oh’um repens. Vicia sativa.
Preliminary period :—Wheat and fallow, 27 years, 1851-77.. Red clover, &c., &c.,
29 years, 1849-77.
g . J
1bs. - Tbs.
Average per acre per annum . . 17 32
Experimental period.
1bs, Ibs. 1bs.
878 . . . . . . L L. 29 S0 51
1879 . .. . . . 0L © Fallow - B2 46
1880 . . . . . . . . .. 24 0 58
B Fallow - 8 - 65
1882 . . . . . ... 18 74 146
1883 . . . . . . . ... Fallow 0 101
Total, 6 years . . . . . . . | _ 71 164 467
Average annual . . . . . . . 12 27 78

The next Table (IL.) shows the amounts of nitrogen as nitric acid found in the soils
and subsoils of the several plots under the conditions above described.
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TasLe II.—Nitrogen as Nitric Acid per acre, lbs., in the soils and subsoils of some
experimental plots, without nitrogenous manure for more than 30 years.
Hoosfield, Rothamsted. Soil samples collected July 17-26, 1883.

Series I. + or —.
Unmanured. Mineral manures only. Trifolium Trifolium repens.
Depths, :e%i«ni .
Wheat- | Trifolium Viqiu Vz't:‘ia Wheat land. V;’qiw V;‘qia
repens. satva, sanva. SAt1vA, sativa.
fallowland. | "5y Plot 4. Plot 6. ' Plot 4. Plot 6.
inches. 1bs. . - 1bs. 1bs. 1bs. 1bs. 1bs. 1bs.
1- 9 1985 30-90 1216 10-22 + 11-05 — 1874 - 2068
10- 18 805 27:73 411 2:72 + 19-68 — 2362 — 2501
19- 27 2-47 844 1-37 1-08 + 597 — 707 — 736
28— 36 270 7°64 167 1-52 + 494 — 597 — 612
37— 45 1-62 907 458 2:51 + 745 — 4049 — 656
46- 54 3:57 877 6:37 4042 + 520 — 240 — 435
55— 63 384 792 716 452 + 408 — 076 — 340
64— 72 2-28 8:34 595 492 + 606 — 239 — 342
73- 81 148 827 454 481 + 679 — 373 — 846
82- 90 1-76 995 532 514 + 819 — 463 - 481
91- 99 294 916 566 6-40 + 622 - 350 — 276
100-108 1-84 951 532 6-46 + 767 — 419 — 305
Total 5240 14570 64-21 54072 + 9330 — 8149 — 90-98

These wheat-fallow and leguminous plots are absolutely adjoining; and by their
previous treatment their surface soils had become extremely poor in nitrogen. The
results have been discussed in detail in the paper in the Transactions of the Chemical
Society, and must only be briefly summarised here. Table I. shows that, for about
80 years, the Trifolium repens soil had yielded in crops nearly twice as much nitrogen
per acre as the wheat-fallow soil. Yet it is seen that, whilst the wheat-fallow soil
contained, down to the depth of 9 feet, only 52°4 lbs. of nitrogen as nitric acid per
acre, the Trifolium repens soil contained 1457 lbs. to the same depth. In other
words—the T'rifolium repens goil, from which so much more nitrogen had been
removed, contained 98'3 lbs. more nitrogen as nitric acid than the wheat-fallow soil.

Now, excepting that the leguminous crop soil had received mineral manures, and
the wheat soil had not, the characteristic difference in the history of the two plots
was, that the one had grown a gramineous crop alternately with fallow for more than
80 years, and the other had, during the same period, besides growing 6 gramineous
crops, and being frequently fallow, been sown 12 times with red clover, and, during
the immediately preceding 6 years, 4 times with white clover. That is to say, the
chief distinction was, that the one plot had, especially in the earlier and the later years,
grown a leguminous crop, whilst the other had not; and it is under these circum-
stances that the leguminous crop soil is found to contain, down to 108 inches, nearly
8 times as much nitrogen as nitric acid as the gramineous erop soil.



QUESTION OF THE SOURCES OF THE NITROGEN OF VEGETATION. 7

The difference is the greatest near the surface, but it is very considerable down to
the lowest depth. Hence it is obvious that any loss by drainage would be much the
greater from the Trifolium plot, and so the difference between the two plots was
probably in reality greater than the figures show. In both cases the actual amount is
the greatest near the surface, indicating more active nitrification ; and the excess is
much the greater in the Trifolium repens soil, doubtless due to more nitrogenous crop-
residue from the leguminous than from the gramineous crop. Indeed, about 74 lbs.
of nitrogen had been removed in the Trifolium repens crop in 1882, and none in 1883,
the year of the soil collections. On the other hand, only about one-fourth as much
was removed in the wheat crop of 1882, and the land was fallow in 1883. Unless,
however, there was considerably more nitrogen in the crop-residue than in the
removed crops of the Trifolium repens, the excess of 93 lbs. of nitrogen as nitric
acid found in the Trifolium repens soil, together with the increased amount lost by
drainage, could not have had its source entirely in the nitrification of recent nitro-
genous crop-residue. Some of the increased amount in the lower layers was indeed
doubtless due to washing down from the surface. But as, notwithstanding much
more nitrogen had been removed in crops from the leguminous than from the
gramineous crop soil during the previous 30 years, the surface soil of the leguminous
plots remained slightly richer in nitrogen than that of the gramineous plot, it cannot
be supposed that the whole of the nitrogen of the crop, and of the nitric acid found,
had its origin in the surface soil. If, therefore, nitrogen has not been derived from
the atmosphere, the conclusion must be that some has come from the subsoil.

The indication was that nitrification had been more active under the influence of
the leguminous than of the gramineous growth and crop-residue. In fact, under the
influence of leguminous growth, not only will there be increased nitrogenous matter
for nitrification, but it would seem that the development of the nitrifying organisms
will be favoured. The question is, therefore, whether part of the result be not due
to the passage downwards of the nitrifying organisms, and the nitrification of the
nitrogen of the subsoil.

The alternative was suggested, that the soil and subsoil might still be the source of
the nitrogen of the crops, but that the plants may take up, at any rate part of their
supply, in other forms than as nitric acid—as ammonia, or as organic nitrogen, for
example. It was pointed out that fungi do take up both organic carbon and organie
nitrogen ; but that, whilst existing direct experimental evidence was conflicting as to
whether green leaved plants even assimilate carbon taken up by their roots as carbonic
acid, the evidence was even less conclusive as to whether they take up either organic
carbon or organic nitrogen as such from the soil. To this question we shall recur
further on.

The next point is to compare the amount of nitrogen as nitric acid found in the
Vicio, sativa soils with that in the Trefolium repens soil.  In the first place it is to
be observed, that whilst from the Trifolium repens plot only 164 lbs. of nitrogen had
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been removed in the crops during the five years to 1882 inclusive, from the Vicia
satiwa plots 366 lbs. had been removed during the same period. Further, whilst
from the T'rifolium repens plot there was no nitrogen removed in 1883, the year of
soil sampling, from the Vicia plots 101 lbs. were removed in the crop just before the
soil sampling. It is seen that, under these circumstances, there remained, per acre, in
one of the Vicia plots 81°5 lbs., and in the other 91 lbs., less nitrogen as nitric acid
to the depth examined than in the Trifolium repens soil.

If we confine attention only to the amount of nitrogen removed in the Vicia crops
in the year of the soil sampling, and assume that there had been only as much at the
disposal of the plant as in the case of the Trifolsum plot, it is obvious that the
deficiency in the Vicia soils very nearly corresponds with the amount removed in the
crop, which was about 100 lbs. Indeed, it may safely be concluded that most, if not
the whole, of the nitrogen of the Vicia crops had been taken up as nitric acid.

But there had probably been more loss by drainage from the Trifolium plot without
growth than from the Vicio plots with growth, and with, at the same time, much
more upward passage and evaporation.

It must also be borne in mind, that the Vicia plots had, during the preceding 5
years, 1878 to 1882, yielded an average of more than 70 lbs. of nitrogen per acre, and
in the immediately preceding year (1882), 146 lbs. Further, the amounts taken up
by the plants each year must have been much greater than the amounts removed in
the crops ; for there must have been annually a large crop-residue, which would yield
nitric acid for succeeding crops. Much of these large amounts of nitrogen must
obviously have had some other source than the original surface soil, since it gained
rather than lost under the treatment. If this source were not the atmosphere, but
the subsoil, it must have been taken up, either as nitric acid, as some other product
of the change of the organic nitrogen of the subsoil, or as organic nitrogen itself.
Further, as the Vicia crops were large in the previous year, 1882, so also would their
nitrogenous crop-residue be large, and contribute correspondingly large amounts of
nitric acid for the crops of 1883. But the crops of 1883 were also large, and they, in
their turn, would leave correspondingly large mitrogenous crop-residues; leaving a
large proportion of the amount of nitrogen removed in the crops to be otherwise
provided for than by previous residue.

Lastly in reference to these experiments, it is seen that at each of the 12 depths,
down to 108 inches, the Vicia plots where there had been growth, contained less nitric-
nitrogen than the Trifolium repens plot where there had been no growth. The
difference is much the greatest in the first 18 inches, within which the Vicia throws
out by far the larger amount of root; but it is very distinct below this point, and the
supposition is that, under the influence of the growth of the Vicio, water had been
brought vup from below, and with it nitric acid. In fact, compared with the Trifolium
repens plot, the mean for the two Vicia plots showed less water in the soil down to
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108 inches, corresponding to between 6 and 7 inches of rain, or to between 600 and
700 tons of water per acre.

After this summary of previously published results we may now turn to the con-
sideration of new results of the same kind.

2. New Determinations of Nitric Acid in Soils and Subsouls.

The plots experimented upon are in the same series, with the same previous history,
as those already referred to. Trifolium repens was again selected as the weak and
superficially rooting plant; Melilotus leucantha was taken as a deeper and stronger
rooting one; and Medicago sativa, or lucerne, as a still deeper and still stronger
rooting plant. Samples of soil were taken at the end of July and the beginning of
August, 1885, from 2 places on each plot, and in each case, as before, to 12 depths of
9 inches each, equal to a total depth of 108 inches or 9 feet.

The following table (III.) shows the estimated yields of nitrogen per acre in the
different crops during the experimental period from 1878 to 1885, the year of soil

sampling, inclusive. The yields during the preliminary period have been already given
in Table L.

TaBLe IIL.—Estimated yield of Nitrogen per acre, in lbs., in wheat alternated with
fallow, and in various leguminous crops, without nitrogenous manure.

Unmanured. Mineral manures only.
Trifoli Melilotus Medicago
Fallow-wheat. :Z;oefgm Zeuio:n(;hléz sativcz.g
1bs. 1bs. lbs. 1bs.
1878 . 29 0 53 Not sown
1879 . Fallow 82 130 0
1880 . 24, 0 36 28
1881 . Fallow 8 60 28
1882 . 18 74 145 111
1883 . Fallow 0 27 143
1884 . 29 0 56 337
1885 . Fallow 97 58 233%
Total 8 years . 100 261 565 880
Average annual . 12 33 71 (110)

Thus, the wheat plot was again fallow when sampled ; the total yield of nitrogen
in the crops in the 8 years was only 100 lbs. per acre, and the average annual yield
little more than 12 Ibs.

The Trifolium repens plots, after giving no crop in either 1883 or 1884, yielded
produce containing nearly 100 Ibs. of nitrogen in 1885, before the soil sampling ; the
total yield of nitrogen in the 8 years was 261 lbs., and the average annual yield
33 lbs.

* First and second crops only; a third crop, cut after the soil sampling, yielded 37 lbs. nitrogen.
MDCCOLXXXIX.—B. C
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The deeper rooting, and freer growing Melilotus leucantho gave more or less pro-
duce in each year of the eight, large crops in 1879 and 1882, a total yield of nitrogen
over the eight years of 565 lbs. per acre, and an average annual yield of 71 Ibs.

Lastly, the still deeper rooting, and still freer growing Medicago sativa, sown first
in 1879, gave no crop in that year, only small crops in 1880 and 1881, and then
rapidly increasing amounts, until the yield of nitrogen was estimated at 337 lbs. per
acre in 1884, and at 283 lbs. in 1885 before the soil sampling, and 37 lbs. afterwards,
making a total for that year of 270 lbs. The total yield of nitrogen in the 6 years,
prior to the soil sampling, was 880 lbs.; giving an average over the 8 years of
110 lbs., or over the 6 years when there was any crop, of 147 lbs. of nitrogen per
acre per annurm. ,

Table IV. shows the amounts of nitrogen as nitric acid found in the soils and
subsoils of the different plots—in all cases caleulated into lbs. per acre.

TasLe I'V.—Nitrogen as Nitric Acid per acre, lbs., in the soils and subsoils of some
experimental plots, without nitrogenous manure, for more than 30 years.
Hoosfield, Rothamsted. Samples collected July 29 to August 14, 1885,

U od Series L + or —
nmanured. Mineral manures only. Trifolium repens.
Trifolium
Depths, fpem‘
Trifoli Melilot Medicago oor — Melilot Medi
£ IYVhef't' a :g%zzm leuialn(;flztoi sfttzvg.g Wheat land. leuf:cznzl’l:ws. sitil;g:t]?
avow and. | plot 5. Plot 5. Plot 5. Plot 5. Plot 5.
inches. 1bs. 1bs. 1bs, 1bs. 1bs. 1bs. 1bs.
1- 9 17-44 11-50 4r35 888 — 594 — 715 — 262
10— 18 367 1-38 140 111 — 229 | + 002 — 027
19- 27 276 090 212 078 — 186 + 122 — 012
28— 36 2:16 1-86 294 0-81 — 030 + 1-08 — 1:05
37— 45 1-68 708 522 099 + 540 — 186 — 609
46~ 54 1-47 11-31 621 093 + 984 — 510 —10-38
55— 63 177 1314 795 057 +11-37 — 519 —12:57
64— 72 1-83 12:63 10-08 081 +10'80 — 255 —11:82
73- 81 229 1119 966 0-70 4+ 890 — 1'53 —10'49
82— 90 2:01 1070 916 061 + 869 — 1-54 —1009
91~ 99 1-98 11-08 883 0-44: + 910 — 225 —10-64
100-108 206 9:96 10-12 041 + 790 + 016 — 955
Total . . . . 4112 10273 7804 17:04 +61-61 —24:69 —8569
Summary and control.
I-- 9 1744 11-50 435 : 888 — 594 — 715 — 262
10- 18 367 1-38 © 140 111 — 229 + 002 — 027
Mixture of an. . . . .20 14 Q1.
19-108 inches } 20:63 8802 7321 697 +67-39 14-81 81-05
Total . . . . ] 4174 100-90 7896 | 16-96 +59-16 —21-94 — 8394
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The determinations of nitric acid in the soil extracts, the results of which are
recorded in the table, as well as those given in Table II., were made in the
Rothamsted Laboratory by Mr. D. A. Louts, by ScHL®SING'S method, as nitric oxide
by the reaction with ferrous salts. For each of the twelve depths a mixture of the
samples from the two holes was prepared, and in each of these mixtures duplicate
determinations of nitric acid were made. As a control, determinations were also
made in a mixture of the samples from the 10 lower depths, the third to the twelfth
inclusive, and the results are given at the foot of the table. ‘

The first point to remark is, that there was much less nitrogen as nitric acid in the
Trifolivm repens soil in 1885, after the removal of nearly 100 lbs. of nitrogen in the
crops, than in 1883, when no crop had grown. The deficiency is the greatest in the
2 upper layers, but it extends to the fifth depth, amounting to that point, which
represents the range of the direct or indirect action of the superficial roots of the
plant, to about 61 lbs. = Below the range of this action, however, there is even more
nitrogen as nitric acid in 1885 than 1883 ; due doubtless in part to percolation from
above during the two preceding seasons without growth, and possibly in part to
percolation of the nitrifying organisms, and nitrification of the nitrogen of the
subsoil.

Let us now turn to the results obtained on the Melilotus leucantha plot. As shown
in Table III., it is estimated that, in 1882 as much as 145 lbs. of nitrogen was
removed in the crop, and samples of soil taken that autumn, to the depth of 6 times
9 inches, or 54 inches in all, showed only 845 lbs. of nitrogen as nitric acid remaining,
which was 17°8 Ibs. less than was found to the same depth in the Trifolium repens
plot which had yielded only 74 lbs., or only about half as much in the crop as the
Melilotus.

After 1882, however, the produce of the Melilotus declined very much, and in 1885
the yield of nitrogen in the crop was estimated at only 58 Ibs., against 97 lbs. estimated
to have been removed in the Trifolium repens crop. Under these circumstances the
Trifolium repens soil shows even rather less nitric acid than the Melilotus soil, in the
second, third, and fourth depths, which comprise the chief range of action of the
Trifolivam repens roots. At every depth below the fourth, however (except the 12th,
where the difference is very small), there is notably less nitrogen as nitric acid in the
Melilotus than in the Trifolium repens soil, the Melilotns having yielded so much
more in its crops in the preceding years than the Twifolium repens. To the total
depth of 108 inches there was 2469 lbs. less nitric nitrogen remaining in the Melilotus
than in the Trifolium repens soil.

Admittedly we cannot know what was the stock of nitric nitrogen in either soil at
the commencement of the growth of the season. But as during the 8 years 565 Ibs.
of nitrogen were removed in the Melilotus crops, against only 261 lbs.in the Trifolium
repens, or more than twice as much in the Melilotus as in the Trifolium repens, it
may be supposed that the Melilotus would both leave more nitrogenous crop-residue

c2
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for nitrification, and with its deeper roots, would each year the more exhaust the
nitric nitrogen especially of the lower layers. Hence, notwithstanding the much
lower yield of nitrogen in the Melilotus than in the T'rifolvum repens crop in 1885,
the lower layers of the Melilotus soil contained less nitric acid than those of the
Trifolium repens soil. There can, indeed, be no doubt, that, the Melilotus derived at
any rate much of its nitrogen from nitric acid, either within the actual range of its
roots, or, within the range of their action in causing the passage upwards of water
with its dissolved contents. Still, the figures show, that with the comparatively
limited growth in the recent years, there remained per acre about 56 Ibs. of nitrogen
as nitric acid in the 6 lower depths of the Melilotus soil.

But by far the most striking results in the Table are those relating to the Medicago
satiwa (lucerne) soil, and to the comparison between the amounts of nitric nitrogen in
the soil of the shallow rooting and weakly growing Trifolium repens and those in the
soil of the very deep and strong rooted, and very free growing lucerne.

Table III. shows that the estimated yields of nitrogen per acre in the lucerne were
in the 6 years, 18801885, respectively as follows :—28 lIbs., 28 Ibs., 111 Ibs., 143 Ibs,,
337 Ibs., and 283 1bs. That is to say, with the increasing root range, and consequently
increased command of the stores of the soil and subsoil, the yield of nitrogen in the
crop increased from 28 lbs. in the first and second years, to 837 in the fifth year;
declining, however, somewhat in the sixth year, 1885, and it did so still further in 1886.

Tt is seen that under these circumstances of very large yields of nitrogen in the crops,
there is, at every one of the twelve depths, less, and at most very much less nitrogen
as nitric acid remaining in the soil than where so much less nitrogen had been removed
in the Trifolium repens crops. The difference is distinct even in the apper layers, but
it is very striking in the lower depths. Thus, there is, on the average, not one-twelfth
as much nitric nitrogen in the lower ten depths of the deep rooting and high nitrogen-
yielding Medicago sativa soil, as in those of the shallow rooting and comparatively low
nitrogen-yielding Trifolium repens soil. Indeed, the nitric acid is nearly exhausted
in the deep rooting Medicago sativa plot; there remaining, to the total depth of
9 feet, only about 17 lbs. of nitric nitrogen against more than 100 lbs. to the same
depth in the Trifoliwm repens soil. The total deficiency of nitric nitrogen in the
Medicago as compared with the Trifolium repens soil, is seen to be 8569 lbs.
according to one set of determinations, and 83-94 lbs. according to the other.

As already said, we cannot know what was the stock of nitric nitrogen in the soil
at the commencement of the growth of the season, or the amount formed during the
growing period. But with so much more Medicago growth for several previous years, it
seems reasonable to assume that there would be much more nitrogenous crop-residue
for nitrification than in the case of the Trifolium repens plot.

But even supposing, for the sake of illustration, that each year’s growth would
leave crop-residue yielding an amount of nitrogen as nitric acid for the next crop, or
succeeding crops, approximately equal to the amount which had been removed in the
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crop, the increasing amounts of nitrogen yielded in the crops from year to year could
not be so accounted for ; and there would remain the amount of nitrogen in the crop-
residue itself, still to be provided in addition. In fact, assuming the proportion of
nitrogen in the crop-residue to that in the removed crop to be as supposed in the
above illustration, nearly 700 lbs. of nitrogen would have been required for the
Medicago crop and crop-residue of 1884 ; or if we assume the nitrogen in the residue
to be only half that in the crop, about 500 Ibs. would have been required. Doubtless,
however, some of the nitrogenous crop-residue would accumulate from year to year.

The results can leave no doubt that the Trifoliwm repens, the Melilotus leucantha,
and the Medicago sativa, have each taken up much nitrogen from nitric acid within
the soil.  But, at any rate so far as the Medicago is concerned, there is nothing in
the figures to justify the conclusion that the whole of its nitrogen can have been so
derived. It is obvious that if nitric acid were the source of the whole there must
have been a great deal formed by the nitrification of the nitrogen of the subsoil. The
alternative is—provided the atmosphere be not the source—that the deep-rooted
plant takes up nitrogen from the subsoil in some other way.

8. Percentage of Nutrogen in the Surfoace Soils of the Experimental Plots.

It has been stated in general terms that, although much more nitrogen had been
removed from the leguminous crop soils than from the fallow-wheat land, for nearly
30 years prior to the commencement of the experiments with various leguminous
plants in 1878, yet the leguminous crop surface soil remained rather richer in nitrogen
than the fallow-wheat soil. It has also been stated that, during the subsequent
years of experiment with the various leguminous plants, the surface soil had gained
rather than lost nitrogen. It will be well to give a summary of the actual experi-
mental results relating to these points.

In the first place it is to be borne in mind, as Table I. (p. 5) shows, that whilst
over the 27 years 1851-1877 inclusive, only about 17 Ibs. of nitrogen were removed
per acre per annum in the wheat grown in alternation with fallow, there was, over
the 29 years, 1849-1877 inclusive, un average of about 32 lbs., or nearly twice as
much, removed from the adjoining clover plots.

During the years 1878, 1879, and 1880, the yield of nitrogen in the wheat was
about the same as the average of the preceding 27 years; whilst in most of the
leguminous crops the yield was more than over the preceding 29 years. In the
autumn of 1880 all the plots were ploughed up, and at the end of March, 1881, before
resowing, soil samples were taken from five places on the leguminous crop-land, and
also from five on the portion of the wheat land which was then fallow. The samples
were, in each case, taken to the depth of 3 times 9 inches, or 27 inches in all.

It has already been stated that no nitrogenous manure had been applied to either
the fallow-wheat, or the leguminous crop land, for more than 30 years; but that to
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the leguminous crop land different mineral manures had occasionally been applied.

They were as follows :—

Plot 2. Superphosphate of lime.

Plot 3. Sulphate of potash.

Plot 4. Sulphate of potash and superphosphate.

Plot 5. Salts of potash, soda, lime, and magnesia,

Plot 6. As 5, with superphosphate in addition.

Soil samples were taken from each of the 5 plots, and also from 5 places directly
opposite to them on the immediately adjoining fallow-wheat land. The following
table (V.) shows the percentage of nitrogen in the fine sifted surface soil, 9 inches in
depth, as dried at 100° C., in the sample from each plot. It also shows the mean for
the five plots, the mean of determinations made on mixtures from the five plots, and
the general means of these two sets of determinations. It should be added that each
figure given is the mean of three or more determinations made by the soda-lime
method.

TaBLE V.—Nitrogen per cent. in soil samples collected March, 1881.

Nitrogen per cent. in fine surface soil, 9 inches deep. Calculated on the soil as
dried at 100° C.
Leguminous crop soils. Fallow-wheat soil.
Per cent. Per cent.
Plot 2 0-1064 00938
O 01036 0:0930
o Ao 0:0950 0:0931
S o 01100 00957
L6 0-1156 01007
Means . . . . . . 0-1061 00953
On mixture . . . . . 0-1055 0'0984
General means . . . . 01058 00969

There can be no doubt that both the leguminous crop and the fallow-wheat surface
soils had lost nitrogen during the preceding 80 years or more ; but whilst in 1881 the
surface soil of the plots which had grown many leguminous crops showed an average
of 071058 per cent. of nitrogen, that of the plot which had grown wheat in alter-
nation with fallow, and yielded over so many years only about half as much in crops,
contained only 0:0969 per cent. It may be thought that the difference is not great ;
but a glance at the details which give these means can leave no doubt that it is real ;
nor can there be any doubt that it is characteristic also. The further results will
afford confirmation of this,
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- The next point to consider is, whether the continued growth of the various
leguminous crops has reduced or increased the stock of nitrogen in the surface soils.
The foregoing Table shows that in 1881 samples were taken from each of the five
differently mineral-manured plots, but in 1882, 1883, and 1885, when samples were
taken to considerable depths for the determination of the nitric acid, either plot 4,
plot 5, or plot 6 was always selected, as on them the growth was better than on either
plot 2 or plot 3. :

The following Table (VI.) summarises the percentages of nitrogen in the surface
soils (9 inches deep) of the fallow-wheat land, of the Trifolium repens plots, of the
Vicia sativa plots, of the Melilotus leucantha plots, and of the Medicago satiwa plots,
in the years as indicated. The figures are as before in all cases the means of 2, 3,
or more determinations on each sample. In each case the results given in the first
line are the means of determinations made on the individual samples taken from
different places on the plot, those in the second line are the means of the determina-
tions made on mixtures of the individual samples, and the general means given in the
third line are the means of the results on the individual and on the mixed samples,
taken together. It may be further explained that the wheat-fallow samples were
taken in 1883 from 4, and in 1885 from 3 places on the plot. The Tr¢folium repens
samples were taken in 1882 from 2 places on plot 6, in 1883 from 2 places on plot 4,
and in 1885 from 2 places on plot 5. The Vicia sativa soils were taken in 1883 from
2 places on plot 4, and from 2 on plot 6. The Melilotus leucantha soils were taken in
1882 from 2 places on plot 5, and from 2 on plot 6, and in 1885 from 2 on plot 5.
Lastly, the Medicago sativa soils were taken in 1885 from 2 places on plot 5. The
determinations were, as before, made by the soda-lime method.
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TaBLE VI.—Percentages of Nitrogen in the fine sifted surface soils (9 inches deep),
reckoned as dryat 100° C., at different periods. Samples collected July 26-31,
1882 ; July 17-26, 1883 ; July 29-August 14, 1885.

0
1882. 1883. [ 1885. ‘ Mean.

‘Wheat-fallow land.

Per cent. Per cent. | Per cent. Per cent.

Means on individual samples . . . .o .. 0-1044 0-1006 01025

Means on mixtures of individual sa,mples .. .. 0:1026 01035 0-1031

General means . . . . . . . . .. 01035 0-1021 0°1028

Trifolium repens Jand.

Means on individual samples . . Lo 1 0'1149 ‘ 01131 0:1269 01183

Means on mixtures of individual samples .. 01131 l 01125 0-1268 01175
General means . . . . . . . . 0-1140 ;

01128 0-1269 l 0-1179

Vicia sativa land.

Mean on individual samples . . . Lo N, 01203 .. 01203
Mean on mixture of individual samples .o . 0-1178 .. 01178

General mean. . . . . . . . . .. 01191 l . ' 0-1191

Melilotus leucontha land.

Means on individual samples. . . .. .| 01095 . 01122 01109
Means on mixtures of individual samples .| 01123 01179 0-1151

General means . . . . . . . .| 01109 } . ‘ 01151 | 01180

Medicago sativa land.

Mean on individual samples . . . Lo . . 01214 01214,
Mean on mixture of individual samples . 0-1224 0-1224

General mean. . . . . . . . ] . 1 . 01219 ' 011219
i

It is seen that even the fallow-wheat soils show slightly higher percentages of
nitrogen in the autumns of 1883 and 1885 than in March, 1881 ; but the later
samples were all taken from the end of the field, the samples from which showed
somewhat higher percentages than the others even in 1881 ; and, as the figures show,



QUESTION OF THE SOURCES OF THE NITROGEN OF VEGETATION. 17

the increase was in most cases much greater on the various leguminous plots. Thus,
comparing the final means in the foregoing Table with those in Table V. (p. 14), the per-
centage in the wheat-fallow soil is 011028 against 00969 in 1881 ; in the Trifolvum
repens soil it is 0°1179, in the Vicia sativa soil 01191, in the Melilotus leucantha soil
01130, and in the Medicago sativa soil 011219, against a general mean of 0°1058 in 1881.

It should be stated that before taking the samples all above-ground growth is
carefully cut off by scissors and removed ; and that in the preparation of the soil-
samples for analysis, all roots, indeed all visible vegetable débris, is carefully picked
out ; so that the results only include the nitrogen of that part of the crop-residue
which has become thoroughly disintegrated, and may be considered as a proper
constituent of the surface mould. It may be further stated that the separated residue
from the leguminous crop soils contained more nitrogen than that from the wheat-
fallow soil.

Going a little more into detail, it is seen that the ZTrifolium repens soil shows
a mean of 01140 per cent. nitrogen in 1882, of 0°1128 per cent. in 1883, and of 01269
per cent. in 1885. That is to say, the lowést percentage is in 1883 when there had
been no growth, when there had been a whole season for the disintegration and nitri-
fication of the residue of the previous year, and when 146 lbs. of nitrogen as nitric
acid were found to the depth of 108 inches, and more than four-fifths of it below the
surface soil. On the other hand, the percentage is the highest in 1885, when nearly
100 Ibs. of nitrogen had recently been removed in the crop, and the crop-residue
would be comparatively large.

In the Melilotus leucantha soil somewhat more nitrogen was found in 1885, which
was the eighth year of continuous crop, than in 1882, which was only the fifth season,
but which yielded more than twice the amount of nitrogen in the crop, and left
considerably more visible and separated residue in the surface soil.

Lastly, of the Medicago sativa soils, we have samples only in the sixth year of the
growth, which had rapidly increased to an enormous amount in the fifth year, 1884,
and yielded very large, though somewhat less, produce in 1885. Under these
circumstances the mean percentage of nitrogen in the surface soil is 01219, or higher
than in the case of any other plant or year, excepting in the Trifolium repens soil of
the same year. This is the case notwithstanding that more visible crop-residue had
been separated from the Medicago sativa soil samples than from any of the others ;
and in fact about three times as much as from the 77ifolium repens soils of the same
year. Indeed, it was estimated that the separated residue from the Medicago sativa
soil-samples, the nitrogen in which was determined, represented a removal of about
100 Ibs. of nitrogen per acre.

Without relying on the exact figures as representing exact gains or losses of nitrogen
by the surface soils, we think it will be granted that the results are too consistent to
leave any doubt that by the growth of the leguminous crops the surface soils had
gained nitrogen, and that this gain bore some relation to the amount of growth and
removal in the crops.

MDCCCLXXXIX.—B. D
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If then the surface soils have gained in nitrogen, it is obvious that they have not
been the primary source of the nitrogen taken up by the plants. It must have come
either from above or from below the surface soil-—from the atmosphere or from the
subsoil. The evidence does indeed point to the fact, that much nitric acid results
from nitrification of nitrogen accumulated within the surface soil. But as this nitrogen
either increases or does not diminish, much of the nitric acid produced must come
from some other source than what may be called the original stock of nitrogen of the
surface soil itself. Much doubtless comes from the nitrogen of crop-residue, itself
derived from the atmosphere or from the subsoil.

Before discussing this subject further it will be well to call attention to another
remarkable experiment, showing the amount of nitrogen that may be taken up by one
leguminous plant growing on land where another had to a great extent failed.

4. Expervments on the growth of Red Clover on Bean-exhausted Loand.

The results in question were obtained in a field in which beans had been grown
almost continuously for 32 years, but had considerably declined in yield, as the
following Table will show :—

TasLe VIIL.—Quantities of Nitrogen removed per acre per annum, in lbs., in bean-
crops, over four periods of 8 years each. Geescroft Field, Rothamsted.

Average
8 years, % years, 8 years, 8 years, 39 vears
1847-1854. | 1855-1862. | 1863-1870. | 1871-1878. | &0V
1bs. Tbs. 1bs. 1hbs. 1bs.
1. Without manure . . . . . . . .| 4841 2526 912 16-36 24:79
9. With mineral manure containing potash | 60-19% 34025 2346 26°66 3536+
3. With mineral manure and nitrogen . .| 6894 3687 3505 2869 42-39

The two upper lines show the amounts of nitrogen removed per acre per annum in
the bean crops without any supply of nitrogen by manure. It will be seen that over
each period of 8 years, the plot receiving a mineral manure containing potash yielded
considerably more nitrogen than the one without any manure. In both cases, however,
there was considerable decline from the first period to the last. Further, whilst over
the 32 years the unmanured plot yielded an average of 248 lbs. of nitrogen per acre
per annum, that with the potash manure yielded 854 lbs., or nearly one-half more,
though without any supply of nitrogen from without. In the third experiment, where
besides the potash manure some nitrogen was applied, in the early years as ammonium

* Average of 7 years only, results not available for 1849.
+ Average 31 years only.
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salts and in the later as sodium nitrate, there is some, but comparatively little increase
in the amount of nitrogen in the crop.

In connection with the fact of the gradual decline in yield, it should be explained
that owing to failure of the beans there was—in the second period one year of fallow,
and one year of wheat; in the third period, one year of fallow; whilst in the fourth
period, the first crop failed, and the land was left fallow during the second, third, and
sixth seasons. The yields of nitrogen are, however, in each case, averaged for the
period of 8 years.

After the 32nd year, 1878, the land was left fallow for between four and five years.
Under these circumstances, as will be seen presently, the stock of total nitrogen in the
surface soil had become very low, direct determinations of the nitrogen as nitric acid
showed that the already existing amount of nitric-nitrogen down to the depth of
72 inches, was extremely small, whilst after several years of fallow there would be a
minimum amount of crop-residue remaining for nitrification.

On this land, exhausted for one leguminous crop, barley and clover were sown in
the spring of 1883. The clover grew very luxuriantly from the first, much interfering
with the growth of the barley.

In our paper in the ¢ Transactions of the Chemical Society,” for June, 1885, we gave the
amount of nitrogen as nitric acid found to the depth of 72 inches on the plot without
manure, in that with the mineral manure alone, in that with the mineral and nitro-
genous manure, ‘and in that with farm-yard manure. We further estimated that the
barley and clover crops would probably remove more than 200 lbs of nitrogen per acre.
The amounts have, however, since been determined, and they are as follows :—

Tasre VIII.—Nitrogen removed per acre in the barley and clover crops.

. . . 1883. 1884. 1885.
Previous condition of manuring. Bagil(;egeind Clover. Clover. Total
1bs. 1bs. Tbs. 1bs,
Without manure . . . . . . . . . 450 183-2 527 2809
Mineral manure and some nitrogen . . 572 1931 799 330-2
Mineral manure only .. . . . . . . 59-3 2064 816 3473

It should be stated that the plots, the yield of nitrogen of which is Lere given, do
not exactly correspond with those as given in the preceding Table, some of the crops
being taken together where no difference in the produce was observable. Thus half
the plot represented as without manure has been unmanured from the commencement,
that is, for nearly 40 years, the other half having received small quantities of nitrogen
to 1878 inclusive, but has since been entirely urmanured. Again, the results given
in the second line relate to the produce on the plot with the purely mineral manure
containing potash, given in Table VII. as No. 2, together with that of the plot No. 8 to

D 2
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which some ammonium salts, or nitrate had, up to 1878, been applied, but which has
received no manure since. The results given in the third line of the above Table (VIIL.),
relate, however, to a plot which has not received any nitrogenous manure from the
commencement, but was not brought into experiment until five years later than the
other plots.

Here then, in a field where beans had been grown for many years, had frequently
yielded only small crops, and sometimes failed, and the land had then been left fallow
for several years, where the surface soil had become very poor in total nitrogen, where
both surface and subsoil were very poor in ready formed nitric acid, and where there
was a minimum amount of crop-residue near the surface for decomposition and
nitrification, there were grown very large crops of red clover containing very large
amounts of nitrogen. On a plot where a purely mineral manure, containing potash,
had been applied for 27 years up to 1878, but no manure whatever since, 347 lbs. of
nitrogen were gathered, almost wholly by the clover. On a plot, on half of which
the mineral manure only, and on the other half the same mineral manure with some
ammonium salts or nitrate had been applied up to 1878, but nothing since, 330 lbs. of
nitrogen were removed in the crops. Lastly, where on half the plot there had been
no manure whatever for nearly 40 years, and on the other half ammonium salts or
nitrate to 1878, but nothing since, 281 lbs. of nitrogen were yielded in the crops.

It may be said, therefore, that about 800 lbs. of nitrogen had been gathered by the
clover growing on a soil upon which beans had yielded smaller and smaller crops, and, in
fact, had eventually practically failed, and which was very poor both in total nitrogen near
the surface, very poor in ready formed nitric acid to a considerable depth, and very poor
in nitrogenous crop-residue for nitrification. If therefore the clover had taken up its
nitrogen either wholly or mainly as nitric acid, the supply could not be due to recent
crop-residue. :

Not only was so much nitrogen removed in the crops, but the surface soil became
determinably richer in nitrogen, as the following results will show. The plots are the
same as those to which Table VIL refers; and the determinations are those made in
samples of surface soil collected in April, 1883, before the sowing of the barley and
clover, and in November, 1885, after the removal of the crops.
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TasLe IX.—Nitrogen per cent.,and per acre, in the surface soils, before and after the
growth of the barley and clover. Geescroft Field, Rothamsted.

Nitrogen in sifted dry soil.
Per cent. Per acre.
1885
1883, 1885. 1883, 1885. + or — 1883,
p.c. p.c. 1bs. 1bs. 1bs.
1. Without manure . . . . . . . . . .| 00993 | 01083 2441 2662 + 221
2. With mineral manure containing potash . .| 01087 01149 2672 2824 + 152
3. With mineral manure and nitrogen. . . .| 01163 01225 2859 3011 + 152

Without assuming that the figures represent accurately the amounts of nitrogen
accumulated per acre, it cannot be doubted that the surface soils had become con-
siderably richer. If, for the sake of illustration, we agsume that 300 lbs. of nitrogen
were removed per acre in the crops, and 200 Ibs. were accumulated in the surface soil,
we have 500 lbs. to account for as gathered by the crops, and chiefly by the clover,
within about 2 years.

In our former paper, when we assumed that perhaps 200 lbs. would be removed in
the crops, we admitted that there was in the experimental results no conclusive
evidence as to the source of so large an amount of nitrogen, but that it must
obviously have been derived either from the atmosphere or from the subsoil; and
assuming it to be the subsoil rather than the atmosphere, the question arose whether
it was taken up as nitric acid, as ammonia, or as organic nitrogen? It was pointed
out that as yet no direct proof existed that green-leaved plants did take up the
organic nitrogen of the soil as such; and that although there was more evidence
from analogy in favour of a nitric acid source than of any other, proof was equally
wanting to establish the conclusion that so much nitrogen had been available as nitric
acid. The much larger amounts now known to have been gathered by the clover
crop, of course renders this explanation still less adequate.

On a review of the whole of the results that have been adduced, it cannot be
doubted that nitric acid is an important source of the nitrogen of the Leguminose.
Indeed, so far as existing experimental evidence goes, that relating to nitric acid
carries us quantitatively further than any other line of explanation, But it is
obviously quite inadequate to account for the facts of growth, either in the case of
the Medicago sativa, grown on the clover-exhausted land, or in that of the clover on
the bean-exhausted land. There is, in fact, nothing in the results relating to the
clover experiment to justify the conclusion that there had been such a large production
of nitric acid in the subsoil, due to the increased development of the nitrifying
organisms under the influence of the leguminous growth and crop-residue, and their
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distribution, favoured by the action of the roots, and the increased activity in the
interchange of moisture and air which must take place under such circumstances.
Nor is it explicable how such large quantities of nitric acid could have been produced
as would be required for the rapidly increasing growth of the Medicago sativa, and
for the large amounts of nitrogen in it, if nitric acid had been the exclusive or even
the main source of supply.

5. Experiments on the Nutrification of the Nitrogen of Subsoils.

In our paper in the ‘ Transactions of the Chemical Society ’ already referred to, we
showed, in the case of some prairie land subsoils, that their nitrogen was susceptible
of nitrification, and that when, after repeated extraction, the action became very
feeble, or ceased, it was renewed on the soils being seeded by 0'1 gram of rich garden
mould, which would contain nitrifying organisms. Considering, however, that from
the circumstances of the collection and the transmission of those samples, the entire
exclusion of comparatively recent organic residue from the upper layers was uncertain,
it was decided to experiment in a similar way with some of the Rothamsted raw clay
subsoils. Those selected were :—

1. A mixture of samples from the third to the twelfth depths of 9 inches each, that
is representing the layer of 90 inches thick from 19 to 108 inches deep, from each of
8 out of the 4 holes from which samples were taken on the wheat-fallow land from
July 17-26, 1883.

2. Similar mixtures from the third to the twelfth depths, from the samples taken
from July 17-26, 1883, from the I'rifolium repens, and from each of the two Vicia
satiwa plots, respectively.

3. From holes opened specially for subsoil samples only, one on the wheat-fallow
land, on May 7, 1886, and one on April 16, 1886, in a field where red clover had
been sown with barley in rotation in the previous spring, but from which no crop
had yet been taken. 4

The first column of the next Table (X.) shows, for each of these samples, the
percentage of total nitrogen calculated on the dry sifted soil, as determined by the
soda-lime method; and the second column shows the quantity of already existing
nitric-nitrogen per million of fine dry soil in each case. The other columns show the
amounts of nitric-nitrogen per million dry soil, as determined by ScHL@ESING’S method,
in watery extracts made by the aid of the water pump, after successive periods of
exposure under suitable conditions as to temperature and moisture, In the case of
the wheat-fallow and leguminous crop subsoils, the results relating to which are given
in the upper two divisions of the Table, they were each seeded by the addition of
0'l gram of rich garden soil after the first period of exposure and subsequent
extraction, and again by the addition of 0'2 gram after the third period and
extraction. These experiments, with the exception of the determinations of the total
nitrogen, were made in the Rothamsted Laboratory by Mr. D. A. Louis.



QUESTION OF THE SOURCES OF THE NITROGEN OF VEGETATION. 23

In the case of the wheat-fallow, and rotation clover land samples, to which the
bottom division of the Table refers, there was a seeding with 02 gram of the garden
soil after the extraction of the already existing nitric nitrogen, and before the first
period of exposure ; and there was again a similar seeding of the “seeded ” lots, after
the third period of exposure in the case of the wheat-fallow subsoil, and after the
fourth period in that of the rotation clover land subsoil. There was also added, in
the case of the wheat-fallow subsoil after the third, and in that of the clover subsoil
after the fourth period, 0°8 gram of a mixture of 1 part potassium phosphate, 1 part
magnesium sulphate, and 5 parts calcium carbonate; the mixture containing as
impurity 0000616 gram nitrogen per gram.

TasLe X.—Results showing the amount of the Nitrification of the nitrogen of subsoils.

Nitrogen as nitric acid per million fine dry soil.

Nitro-
gen
in fine Periods of exposure. Total.
dry | Origi-
soil. nal. |
1st. ’ 2nd. k 3rd. 4th. J 5th.t

Wheat-fallow subsoils, collected July 17-26, 1883. Mixture of 8rd-12th depths.

clgzz Days. Days. 1 Days. Days. Days. Days.
Hole 1 . . . . . .| 0492 | 077 28 | *106 | 28 | -109 | 28 | -287 | 28 | 247 | 246 | ‘084 | 858 | ‘783
» 2 . . . . . .| 0562 | 048 28 | -071 | 28 | 208 | 28 | +043 28 | ‘162 | 246 | 225 | 858 709
s 4 . . . . . .| 0484 | 054 28 | 127 | 28 | 166 | 28 | -066 | 28 | 299 | 246 | 224 | 358 ‘882
Means. . . .| ‘0513 | 0'60 28 | -101 | 28 | '161 | 28 | ‘115 | 28 | 236 | 246 | -178 | 858 | 791

Leguminous crop subsoils, collected July 17-26, 1883. Mixture of 3rd-12th depths.

Trifoliwm repens. Plot 4| 0592 | 2:50 28 | ‘132 | 28 | 083 | 28 | ‘156 | 28 | -303 | 246 | -338 | 358 | 1-012

Vicia sativa. ,» 41°0508 | 163 28 | 145 | 28 | -015% 28 | -185 | 28 | 379 | 246 | ‘375 | 358 | 1099
Vicia sativa. ,» 6°03860 | 140 28 | ©108 | 28 | 079 | 28 | 176 | 28 | ‘276 | 246 | 421 | 358 | 1060
Means . . . .| ‘0487 | 1-84 28 | +128 | 28 |-059 | 28 | ‘172 | 28 | -819 | 246 | +378 | 858 | 1056

Wheat-fallow samples collected May 7, 1886, at a depth of 5 feet. Clover land samples collected April 16, 1886, at
7 feet 4 inches deep.

Unseeded | Wheat-fallow | 0768 | 0-720 | 28 | -053 | 85 | 052 | 49 | ‘107 | 129%) [312]; 241 | 524

n8eeded Clover land | -0772 | 0618 | 28 | <077 | 85 | 060 | 28 | -134 | 80 | ‘177 | 139 | ['358] | 260 | ‘806
Means . .| 0770 | 0669 | 28 | -065 | 35 | 056 | 89 |-121 | 79 | ‘245

Seeded {Wheat-fallow 0768 | 0714 | 28 | 140 | 35 | 081 | 49 | ‘118 | 129t ['858] 241 | 697

eede Clover land | -0772 | 0626 | 28 | 262 | 85 | 103 | 28 : -437 | 30 | -192 | 139 | ['580] | 260 | 1574
Means . .| 0770 | 0670 | 28 | -201 | 35 | -092 | 89 |-278 | 79 | -275

Referring to the results, it is in the first place to be observed that there is very
considerable variation in the percentage of total nitrogen in the different subsoils.

* Probably too low.

+ The number of days represents the periods of exposure, the periods of activity are uncertain.

I The figures given between brackets thus [ ] show the results obtained after the addition of the mineral mixture described
in the text.
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Indeed, so variable is the amount of nitrogen in samples of our Rothamsted subsoils
taken on one and the same plot, dependent on the varying proportions of clay, sand,
gravel, chalk, &c., that as we have fully illustrated in former papers, no estimates of
the difference in the amounts of total nitrogen, either in the subsoil of the same plot at
different, periods, or in the subsoils of plots differently manured, or differently cropped,
can be relied upon.

Again, as the amount of the “original” or already existing nitric-nitrogen is, as has
been very fully shown, greatly dependent on the description, and on the amount of
crop that has been grown, and other circumstances, it is not to be expected that it would
bear any direct relation to the richness or poverty of the subsoil in total nitrogen.

Referring to the amounts of nitric-nitrogen formed in the different subsoils, and
within the different periods of exposure, there is, as is to be expected in the case of
an action depending on the development and activity of an organism of the habits,
requirements, and mode of action of which we know but little, considerable irregularity,
both from period to period with the same sample, and within each period with the
different samples. _

Confining attention in the first place to the results relating to the wheat-fallow,
and the leguminous crop subsoils, recorded in the upper two divisions of the Table,
it will be seen that the first, second, third, and fourth periods of exposure each
comprised 28 days ; whilst the fifth period extended over 246 days, or about 35 weeks,
during a considerable portion of which, however, the soils had doubtless become too
dry for activity and nitrification. It is probable that a period of 28 days is too short
to insure the active development of the organisms, and consequent energetic nitrifica-
tion. Then again, the extraction of the soils by water under pressure must, it is to
be ‘supposed, remove some of the organisms, instead of allowing of their natural
multiplication. Comparison of the results from period to period must, therefore, be
made with some reservation.

But apart from any irregularities in the case of individual samples, or at individual
periods, if we compare for each period the mean results for the three wheat-fallow
samples, with the means for the leguminous crop subsoils, it is seen that during four
of the five periods, the leguminous crop subsoils show considerably more nitrification
than the wheat-fallow ones ; and whilst over the total period the wheat-fallow subsoils
show an average of 0-791 nitrogen nitrified per million of soil, the leguminous crop
subsoils show 1056 per million.

Again, the figures in the bottom division of the Table, relating to the wheat-fallow
and the rotation clover land samples, collected in the spring of 1886, show in all cases
comparable as to length of period, more nitrification in the clover land than in the
wheat-fallow land subsoil ; and this is so both with the unseeded and the seeded
samples. ,

Thus, then, these results with the raw, and mostly clay, Rothamsted subsoils,
containing not more than 6 or 8 parts carbon to one of nitrogen, confirm those
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previously obtained with the prairie subsoils containing much higher proportion of
carbon, in showing that their nitrogen is susceptible to nitrification, provided the
organisms, and other essential conditions, are not wanting. These new results also
consistently show that there is more active nitrification in the leguminous than in the
gramineous crop subsoils. This it must be supposed, is partly due to more active
development, and greater distribution, of the organisms themselves, under the influence
of the leguminous growth, with its excretions and residue, and partly to the greater
actual amount of such easily changeable matters.

The results are also confirmed by those of experiments made in the Rothamsted
Laboratory by Mr. WARINGTON, for the most part on quite distinct lines. Thus, in
most cases, instead of determining the amount of nitrification taking place in the
different subsoils when exposed under suitable conditions, he introduced a portion of
the subsoil into a sterilised nitrogenous liquid, and determined whether nitrification
took place ; the result being taken to show whether or not the organisms were present
in the subsoil. In the first experiments, the samples were taken with precautions to
avoid any contamination by roots or other organic matter, and the conditions of the
sterilised liquids were such as the experience of the time indicated as favourable for
nitrification. Upon these results he says (‘ Chem. Soc. Trans.,’ 1884, p. 645): “I am
disposed to conclude that in our clay soils the nitrifying organism is not uniformly
distributed much below 9 inches from the surface. On much slighter grounds, it may
perhaps, be assumed, that the organism is sparsely distributed down to 18 inches, or
possibly somewhat further. At depths from 2 feet to 8 feet, there is no trustworthy
evidence to show that the clay contains the nitrifying organism. It is however
probable that the organism may occur in the natural channels which penetrate the
subsoil at a greater depth than in the solid clay.”

Subsequently (‘Chem. Soc. Trans.,” 1887, p. 118) he experimented with a greater
variety of subsoils, taking samples from the wheat-fallow, the Zrifolium repens, the
Melilotus leucantha, and the Medicago sativa subsoils, when these were exposed for the
collection of the samples for the various experiments, our own results relating to which
we have given in some detail. TFurther, some of the samples were now taken in the
immediate neighbourhood of lucerne roots, and gypsum was added to the sterilised
liquids. |

Among the 69 trials made in this new series of experiments, there was no failure
to produce nitrification by samples down to 2 feet ; there was only one failure out of
11 trials down to 3 feet ; but below 3 feet, the failures were more numerous. Taken
at 6 feet about half the samples induced nitrification. The order of priority of
nitrification diminished from the upper to the lower depths; indicating more sparse
occurrence, and more feeble power of development and action.

Examination of the results shows, however, that quite consistently with those which
we have described, there was notably more active nitrification with the leguminous

than with the gramineous crop subsoils. Thus, compared with the results yielded by
MDCCCLXXXIX.—B. E
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the wheat-fallow subsoils, those by the white clover subsoils were more marked ; but
this was especially the case with the lucerne plot subsoils, of which more samples, and
those from a greater depth, induced nitrification. The same is also observable on a
comparison of the results obtained by the samples from the wheat-fallow plot, with
those from the rotation red clover plot.

It is then established that the nitrogenous matters of raw clay subsoils are
susceptible of nitrification, if the organisms, with the other necessary conditions, are
present. It is further indicated, not only that the action is more marked under the
influence of leguminous than of gramineous growth and crop-residue, but that the
organisms become distributed to a considerable depth even in raw clay subsoils,
especially where deep-rooted and free-growing Leguminosz have grown.

The next question is, how far, in a quantitative sense, do the results aid us in
explaining the source of the large amounts of nitrogen taken up by some leguminous
crops—as for instance in the case of the Medicago sativa grown on the clover-
exhausted land, and of the red clover grown on the bean-exhausted land.

In the case of the three leguminous crop subsoils there was, over the total period,
only about 1 part of nitrogen nitrified per million of soil; and as the subsoil to the
depth experimented on would weigh about 30 million lbs. per acre, the amount of
nitrification supposed would represent only about 30 lbs. per acre. Obviously, the
conditions of nitrification in which the samples are exposed in the laboratory are very
different from those of the subsoil 4 situ. - Thus, whilst in the case of the samples in
the laboratory, the conditions as to temperature and aération would be the more
favourable, the successive extractions by water under pressure would be liable to
remove, not only the mineral matters essential for the development of the organisms,
and for the'produd:ion of nitric acid, but the organisms themselves, whereas in the
case of the natural subsoil the tendency would be to multiplication.

Compared with the small amount of nitrification of the nitrogen of the raw clay
subsoils shown in the foregoing experiments, in which some of the conditions were
more and others less favourable than in the natural subsoil, the following results
obtained by Mr. WariNaToN ( Chem. Soc. Trans.,’ 1887, pp. 127-9), show how very
large may be the amount of nitrification of the nitrogen of such subsoils under more
favourable circumstances than those of their natural condition. Thus, he mixed raw
clay subsoil with an equal weight of coarsely powdered flint, seeded the mixture with
rich garden soil, moistened it, and placed it in a vessel allowing for free access of
washed air. Under, these conditions he found, when no mineral food was added, in
one case 2'4,and in another 3'0 per cent. of the total nitrogen of the subsoil nitrified ;
and when mineral food was added, he found in one case 4 per cent., and in another
36 per cent. of the total nitrogen was nitrified.

Indeed, the greatest difficulty in the way of the supposition that much nitrogen is
available to plants by the nitrification of the nitrogen of the subsoil, is, in fact, the
want of sufficient agration. Independently of the greater or less porosity of the sub-
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soil itself, and of the channels formed by worms, it is obvious that wherever the
rools go, water and its contents can follow ; and that, with deep-rooted plants and
free growth, there will be active movement of water, and there must be of air also,
in the lower layers of the soil. In our former paper we called attention to the fact
that in the experiments in 1882, with the greater growth of the Melilotus, there
remained in the soil less water than in that of the Trifolium repens soil, corresponding
down to a depth of 54 inches, to a loss of 540 tons per acre, or nearly 5% inches of
rain ; and again, in 1883, the Vicia sativa soil showed down to 108 inches, less water
than the Trifolvum repens soil, in amount corresponding to between 600 and 700 tons
per acre, or to between 6 and 7 inches of rain. Obviously too, the still deeper rooting,
and still freer growing Medicago sativa would remove still more water.

Although much experiment and much calculation have been devoted by several
investigators to the estimation of the degree. of aération of soils and subsoils of
different character, the data at command do not justify any very definite conclusions
on the subject. The results seem to indicate a probable range of aération from about
80 to over 50 per cent. of the volume of the soil. But these estimates do not take
into account the varying amounts of water in the soil or subsoil. In the case of the
subsoils referred to in this paper, each layer of 9 inches in depth retained from about
2 to nearly 4 inches of water, the amount varying very much according to the nature
of the subsoil, and especially according to the amount of growth, and the consequent
withdrawal of water from below, and its evaporation, chiefly through the plant, but
partly also from the surface soil. The amount must obviously also vary very much
according to the character of the season. :

It may here be observed that supposing the subsoil contained at one time, air equal
to one-third of its volume, this would not suffice for the nitrification of as much
nitrogen as was taken up for several years in succession by the Medicago sativa, or
during two years in the case of red clover on the bean-exhausted land. But the
nitrogen is not taken up all at once, though most of it will be within a few months
of the year, during which period there would be the most active withdrawal of water
from below, and evaporation by the plant and surface soil. The replacement of this
subsoil water by an equal volume of air would, however, still not suffice. The
question obviously arises, how far, or how i'apidly, the used up oxygen will be
replaced, and on this point there is very little experimental evidence to aid us. We
shall refer to the subject again further on.

6. Can Roots, by virtue of their Acid Sap, attack, and render available, the otherwise
wnsoluble Nitrogen of the Subsoil ?

Thus, then, although the evidence is clear that the nitrogen of raw clay subsoils,
which constitutes an enormous store of already combined nitrogen, is susceptible
of nitrification, provided the organisms are present, and the supply of oxygen is

E 2
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sufficient, yet the data at command do not indicate that these conditions could be
adequately available in such cases as those of the very large accumulations of nitrogen
by the red clover on the bean-exhausted land, and of the increasing and very large
accumulations by the Medicago sativa for a number of years in succession.

Accordingly, on September 3, 1885, when the holes were open for the soil sampling
on the Medicago sativa plot, a specimen of the deep, strong, fleshy root of the plant
was taken, and on examination it was found that the root-sap was very strongly acid.
The roots of three plants were then collected. Of these, No. 1 had four branches,
which were respectively— 6 feet 4% inches, 5 feet 103 inches, 3 feet 6} inches, and
2 feet 9% inches in length ; No. 2 had two branches—4 feet 10 inches and 2 feet
2 inches in length ; and No. 3 had two branches, respectively 3 feet 9 inches and
1 foot 9 inches in length.

The roots were rapidly washed in distilled water, dabbed with clean cloths, weighed,
rapidly cut into small pieces, and bruised into a pulp in Wedgwood mortars, with a
measured quantity of ammonia-free distilled water. The pulp was then put upon a
vacuum filter, and the resulting extract was made up to a given volume with pure
distilled water. It was, however, found impossible to get the extract perfectly clear
within the limited time it could be exposed to treatment without risk of change, and
hence, in these initiative experiments, it was dealt with whilst still somewhat turbid.

The dry matter, ash, and nitrogen were determined in the original root, in the root
extract, and in the exhausted root.

The important question was whether the acid root juice would take up nitrogen
from a raw clay subsoil such as that from which the Melilotus leucantha, the Medicago
sativa, and the red clover, were supposed to have derived such large quantities in some
way. Accordingly, 20 grams of subsoil from the unmanured wheat-fallow plot imme-
diately adjoining the Melilotus and Medicago sativa plots, were added to a known
quantity of the acid root extract in a stoppered bottle, well shaken, and the soil and
liquid were left in contact for some weeks, the autumn holidays intervening. It was
found, however, on examination, that the extract had lost, and the soil had gained
nitrogen, nitrogenous organic matter having been deposited.

In November, 1885, one of the Medicagy satiwva holes was reopened, and fresh
quantities of root were collected. These were prepared in substantially the same way
as before, but with much greater expedition, more persons being employed. The
roots were rapidly passed successively through 4 basins of distilled water, which was
renewed as needed.* They were then dabbed with clean dry cloths as before,
weighed, cut first into short lengths, and then into very small pieces, the whole being
kept in basins covered with glass plates us much as possible to lessen evaporation.
The weight was then again taken, a known quantity of pure distilled water added,
the whole bruised in Wedgwood mortars, and re-weighed. A

* In subsequent experiments it has been found that the wash-water did not become acid during the

process. -
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One weighed portion of the pulp was put on the vacuum filter as before, and
another was submitted to dialysis, the diluted pulp being put into a parchment paper
sausage dialyser which was then placed in pure distilled water. However, neither
the vacuum filtrate nor the dialysate was quite clear. Both these extracts showed a
less degree of acidity, and it was evident that the root was now in a very inactive
state compared with that of the specimens collected early in September. Various
qualitative examinations were made, and it was found that the extracts contained a
large amount of nitric acid. It was decided, however, that further detailed investi-
gation of the subject must be postponed until the return of the actively growing
period.

It was intended to undertake the subject in the spring and summer of 1886, but
owing to the pressure of other work nothing more was accomplished than the com-
parative testing of the acidity of the sap of the roots of a number of plants representing
very various natural families. The matter was, however, again taken up in April,
1887 ; and, benefiting by previous experience, some advance was made, but still the
attempts to entirely free the acid extract from nitrogen were not successful.

It is of interest to observe that the degree of acidity of the sap of the roots
collected in April, May, and June, that is during the periods of the most active
growth of the season, was considerably higher than in that of the roots collected in
September, 1885, after the cutting of the first crop.

The investigation is, however, at present little more than commenced, and any
further reference to the results must be postponed to some future occasion.

7. Action of Dilute Orgamic Acid Solutions on the Nitrogen of Soils and Subsoils.

In the autumn of 1885, when it was found necessary to postpone further experi-
ment with the acid root-sap, it was decided in the meantime to examine the action on
soils and subsoils, of various organic acids, in solutions of a degree of acidity either
approximately the same as that of the Medicago sativa root juice, or having a known
relation to it. The acids experimented upon were the malic, citric, tartaric, oxalic,
acetic, and formic. ‘

In the first experiments, pure water, and dilute solutions of malic, citric, tartaric,
oxalic, and acetic acids, were used ; each of the acid solutions being of approximately
the same degree of acidity as the sap of the Medicago sativa roots collected in
September, 1885, that is after the removal of the first crop, which represented the
greater part of the growth of the season. The subsoil employed was a mixture of
the sifted soil of the fifth, sixth, seventh, eighth, ninth, and tenth depths of 9 inches
each, from the unmanured wheat-fallow land immediately adjoining the leguminous
plots, and contained, as dried at 100° C., 0'047 per cent. of nitrogen.

The mixtures were made in wide-mouthed stoppered bottles, in the proportion of
200 grams of the subsoil to 1000 c.c. of the water or acid solution. After being well
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shaken, in the case of the water, the malic acid, and the acetic acid extracts, a given
quantity was drawn off at the expiration of one hour. The remainders of these, and
the mixtures of the other acid solutions, were frequently shaken, finally left to settle,
and after contact for between two and three days the extracts were decanted off, and
the soils drained on a vacuum filter. The several extracts being filtered, portions were
at once evaporated to dryness on a steam bath, and the nitrogen in them was deter-
mined by the soda-lime method. The actual quantity of nitrogen involved in each
determination was, however, so small, that recourse was afterwards had to KseLpAHL'S
method ; and comparative results led to the conclusion that those obtained by it were
the more trustworthy. Accordingly, only the general indications obtained by the
soda-lime method are here given.

In the case of the water, and of the malic and acetic acid solutions, nitrogen was
taken up after 1 hour’s contact with the raw clay subsoil ; the most being taken up
by the malic acid. In each case, after contact for between two and three days, the
amounts of nitrogen in the extract were less than after only 1 hour’s contact. There
had thus obviously been re-precipitation of nitrogenous matter at first taken up, and
as the extracts showed scarcely any remaining acidity, the explanation seemed to be
that the longer the contact, the more was the acid neutralised by the fixed bases of
the subsoil. Of the five organic acid solutions left in contact between two and three
days, the malic retained the most nitrogen; next came the acetic and tartaric, then
the citric, and lastly the oxalic.

In a second series of experiments, besides the same five acids as before, formic acid
was included. The acid solutions were however now twice as strong as those used
in the first series. In the case of the malic acid, the periods of contact were 1 hour
and 48 hours, and in that of each of the others 1 hour and 24 hours. In each case
the acidity of the solution was much reduced by contact with the subsoil, and in each
the more the longer the contact. Again the malic acid took up the largest amount
of nitrogen ; and with the malic, and the formic acids, less was found in the extracts
after the longer periods of contact. With the oxalic acid, however, in a striking degree,
and less in that of the tartaric, the amount of nitrogen taken up was greater after
24 hours’ than after 1 hour’s contact, probably owing to the precipitation of the lime
in these cases.

It was next decided, with the view of getting larger amounts of nitrogen taken up,
to make 8 series of experiments as follows :—

1. With double the quantity of subsoil to a given volume of the acid solution.

2. With double the quantity of acid solution to a given quantity of the subsoil.

3. To add a second quantity of the acid solution to the already once extracted
subsoil.

Further, it was decided to experiment with malic acid only ; and for comparison
with the results on the subsoil, to make parallel experiments with the surface soil of
the Medicago sative plot. Lastly, duplicate determinations of the nitrogen in the
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extracts were made, one by the soda-lime method, and the other by KJsrLpamL'S
sulphuric acid method.

In the following Table the results obtained in these experiments by KJELDAHL'S
method are given.

TapLe XI.—Showing the amount of the Nitrogen of surface soil and subsoil dissolved
by malic acid solution of approximately twice the acidity of the sap of the
Medicago sativa roots collected in September, 1885.

Nitrogen dissolved per million soil.

After 1 hour’s contact. After 24 hours’ contact.

400 grams soil, 1000 c.c. acid solution, each extraction.

Per million. Per million.
. First extraction . . . . . 2:43 1-82
Wheat-fallow subsoil {Second extraction . . . . 219 219
Lucerne surface soil First extraction . . . . . 9-72 851
Second extraction . . . . 608 7:59

200 grams soil, 1000 c.c. acid solution, each extraction.

., [ First extraction . . . . . 328 7:29

Wheat-fallow subsoil { Second extraction . . . . 4:03 361
Lincerne surface soil 4 First extraction . . . . . 814 10-81
{ Second extraction . . . . 435 731

First as to the experiments the results of which are given in the upper division of
the table, in which 400 grams of soil were mixed with 1000 c.c. of acid solution, in
each extraction, that is to say, after the removal of the first extract by decantation
and the filter pump, a second quantity of the acid solution was added. After
1 hour’s contact with the subsoil, the liquid remained only slightly acid, and the
amount of nitrogen taken up was very small, representing only 2-43 parts per million
of subsoil. After 24 hours’ contact the liquid was still less acid, and the amount of
nitrogen found in the extract was, calculated per million of subsoil, considerably less
than after only 1 hour’s contact.

After the addition of a second quantity of the acid solution to the already once
extracted subsoil, the liquid remained much more acid than in the case of the first
extraction, both after 1 hour’s and 24 hours’ contact. Still, the amount of nitrogen
taken up was very small ; being only 2:19 per million soil after 1 hour’s, and the same
after 24 hours’ contact. That is to say, with the greater remaining acidity in the
second extraction, there was not less nitrogen taken up after 24 than after 1 hour’s
contact. It may be observed that, under these conditions, much more total matter,
remained dissolved in the second than in the first extract.
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Turning now to the parallel results obtained with the lucerne surface soil, which,
though poor, still contained about twice and a half as much nitrogen as the subsoil, it
is seen that much more nitrogen was found in the extracts than in those from the
subsoil. At the same time the liquids after contact showed scarcely a trace of acidity,
and they were found to contain much more of other dissolved matters. In the first
extraction, after 1 hour 9:72, and after 24 hours 8'51 parts of nitrogen were taken up
per million of soil; and in the second extraction 6:08 and 7'59 parts per million.
That there was less nitrogen taken up by the second quantity of acid than by the first,
is doubtless due to the more readily soluble portion having been already removed.
Even in the second extraction of this richer, though still poor, surface soil, about
three times as much nitrogen was taken up as from the subsoil.

In the experiments so far considered, nearly the whole of the acid was neutralised
in the first extraction of the subsoil, and in both extractions of the surface soil. In
the experiments, the results of which are recorded in the lower division of the table,
only half the quantity of subsoil or surface soil was mixed with 1000 c.c. of the acid
solution ; and here, in the case of the subsoil the liquids remained distinctly acid in
the first extraction, even after 24 hours’ contact, and more strongly acid in the second
extraction. In the case of the surface soil, however, in the first extraction the
acidity was entirely neutralised, and even in the second extraction nearly so.

The figures show that considerably more nitrogen was taken up, even from the
subsoil, when twice the quantity of acid solution was used to a given quantity of it,
and when, accordingly, the extracts remained more or less strongly acid. In the first
extraction the quantities of nitrogen found in solution were, after 1 hour 3:28, and
after 24 hours 7-29, per million soil ; that is the more the longer the contact when the
liquid remained distinctly acid. In the second extraction, with still greater remaining
acidity, the amounts were 4'03 after 1 hour, and only 8'61 after 24 hours. That
notwithstanding there was much more remaining acidity, there should be less taken
up after 24 hours in the second than in the first extraction, again indicates that a
certain quantity of the nitrogen exists in a more readily attackable condition than the
remainder. It may be added, that much more mineral matter as well as nitrogen was
taken up with the larger proportion of acid solution to a given weight of the subsoil.

With the larger quantity of acid solution to a given weight of the surface soil,
much more nitrogen was taken up than under parallel conditions with the subsoil.
But, in the first extraction there was little more, and in the second even less, than
with twice the quantity of the surface soil to a given quantity of the acid solution.
In fact, there was, taking the two extractions together, even less nitrogen taken up
with the larger than with the smaller proportion of acid solution to a given weight of
soil ; but with the larger proportion there was much more mineral matter taken up,
whereby the acid would be to a greater degree neutralised. There is, both after
1 hour and after 24 hours, much less nitrogen taken up in the second than in the first
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extraction ; again showing that a certain proportion of the nitrogen of the soil is
more easily attacked than the remainder.

All the foregoing results illustrating the action of dilute organic acid solutions on
the organic nitrogen of soils and subsoils were obtained in 1885, and 1886, by Mr.
D. A. Louis, and the strengths adopted had reference to the degree of acidity of the
sap of the lucerne roots collected in September, 1885, after the main growth of the
season was past. But finding the sap so much more strongly acid in April, 1887,
that is at the commencement of the active growth of the season, it was decided to
experiment with much stronger malic acid solutions.

The following Table gives the results of experiments made by Dr. N. H. J. MILLER ;
in which the malic acid solution was of approximately 10 times the acidity of
the September, 1885, root-sap, and the mixtures were made in the proportion of
200 grams of the wheat-fallow subsoil to 1000 c.c. of the acid liquid. As before, a
portion of the extract was removed after 1 hour’s contact, and the remainder after
24 hours’. A second quantity of the acid solution was then added to the already
once extracted subsoil, and portions were examined as usual after 1 hour’s and after
24 hours’ contact.

TasrLe XIIL—Showing the amount of the Nitrogen of subsoil dissolved by a malic
acid solution of a degree of acidity much greater than that of lucerne root-sap.

Nitrogen dissolved per million soil.

After 1 hour’s contact. . After 24 hours’ contact.

11-71 7:03

Second extraction .

Wheat-fallow subsoil { First extraction 816 « 1375

Even in the first extraction more than half the acid remained unneutralised, and a
larger proportion still in the second extraction. Under these conditions of constant
excess of acid, the raw subsoil gives up considerably more nitrogen, though there
was, at the same time, much more mineral matter taken up. In the first extraction
the amounts of nitrogen taken up per million subsoil were 8:16 parts after 1 hour,
and 13°75 parts after 24 hours ; that is more after the longer contact. In the second
extraction, however, less remained in solution after 24 hours’ than after 1 hour’s
contact, from which it would appear that nitrogen once taken up had been deposited.

Obviously the conditions of experiments in which an acid solution is agitated with
a quantity of soil are not comparable with those of the action of living roots on the
“soil.  The root action would necessarily affect only a very small proportion of the
total soil. But the results recorded clearly show that the greater the acidity of the
solution, the more nitrogen is taken up, and the question arises, whether the root
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action would not effect more resolution on the surfaces actually attacked? Indeed,
this must necessarily be the case if such an action is really quantitatively an important
source of the nitrogen taken up by deep and strong rooting plants, with strongly acid
sap. In illustration of this necessity it may be stated that, even if as much as
20 parts of nitrogen were taken up per million of soil, as was the case in the last-
mentioned experiments in the first and second extractions taken together, this would
only represent 600 lbs. of nitrogen per acre to the depth examined, namely
108 inches.

Upon the whole, then, the experiments on the action of weak organic acid solutions
on raw clay subsoil, or even on a poor surface soil, have not given results from which
any very definite conclusions can be drawn, as to the probability that the action of
roots on the soil, by virtue of their acid sap, is quantitatively an important source of
the nitrogen of plants having an extended development of roots, of which the sap is
strongly acid. ’

That roots do attack certain mineral substances by virtue of their acid sap, was
established by Sacms. He sowed seeds in a layer of sand on polished marble,
dolomite, and osteolite, and he found that the polished surfaces were, so to speak,
corroded, where in contact with the roots. In regard to these results, SacHs says:
(¢ Text-Book of Botany,” 2nd English edition, p. 702) “every root has dissolved at
the points of contact a small portion of the mineral by means of the acid water
which permeates its outer cell walls.” It was to carbonic acid that SacHs attributed
the action in these cases; but there seems no reason to suppose that other acids in
the root-sap may not exert a similar action. The results which have hitherto been
published have however reference only to the taking up of mineral substances from
the soil by virtue of such an action; and so far as we are aware the possibility or
probability that the nitrogen of the soil or subsoil is so taken up has not been
considered. ' '

Provided it were clearly established that the organic nitrogen of the soil, and
especially of the subsoil, was rendered soluble by the action of the acid sap of the
root, the question would still remain, whether the nitrogenous body is merely
dissolved, and taken up by the plant as such, as the evidence at command seems
to show is probable in the case of the fungi, or whether the nitrogenous body, after
heing attacked by the acid, is subjected to further change before entering the plant ?
To this point we shall recur presently. |

Since the experiments at Rothamsted, above referred to, on the character and the
action of the root-sap were undertaken, a preliminary notice of experiments on the
nitrogenous organic compounds of the soil has been published by Dr. G. Loces
(¢ Versuchs-Stationen,” vol. 32, p. 201). He found that the hydrochloric acid extracts
of soils rich in humus left on evaporation a residue containing a large proportion of
the nitrogen of the original soil. In his notice he does not state the strength of the
acid used; but from the results it is to be concluded that it was somewhat con-
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centrated—indeed of a strength not at all comparable with that of root-sap. Then,
the soils, the results relating to which he gives, were extremely rich in nitrogen, and
in this respect again bear no comparison with the subsoils from which the lucerne,
and other p]dnts experimented upon at Rothamsted, are supposed to have taken up
much nitrogen.

Thus, whilst in LoeEs’ experiments, one of the soils acted upon contained 0-804,
and the other 0867 per cent. of nitrogen, the surface soil of the lucerne plot at
Rothamsted which yielded such large amounts of nitrogen in the crops contained
little more than 0°120 per cent., and the subsoil from which a large quantity of the
nitrogen must have been derived, only from 0704 to 0°05 per cent. Again of the
0-804 per cent. in the one soil, 0:322, or 40 per cent. of the whole was taken up by
the acid, and of the 0°367 per cent. in the other soil, 0'083 or 22'6 per cent. of the
whole was taken up. In the richer soil the relation of carbon to nitrogen was as
1878 to 1, and in the other as 11'74 to 1, whilst the relation of carbon to nitrogen
in the hydrochloric extract was in the case of the richer sml 6'8 to 1, and in that of
the other about 11 to 1.

By phospho-tungstic acid LocEs obtained precipitates from the acid extracts, which

in the case of the richer soil showed only 6'67, and in that of the other 574 carbon
to 1 of nitrogen. In reference to these results, it may be observed that this is
approximately - the relation of carbon to nitrogen in the raw clay subsoil at
Rothamsted below the depth at which it is materially affected by manuring or
cropping.
- Thus, we have found the proportion of carbon to nitrogen to be in the surface soil
of rich prairie, or permanent grass land, between 13 and 14 to 1; in that of some-
what exhausted arable surface soil, between 10 and 11 to 1; and in raw clay subsoil
about 6 to 1.

LoaEs states that he has experimented on a great variety of soils, and that he has
found in all, without exception, that the hydrochloric acid extract gives the phospho-
tungstic precipitate ; and he hopes soon to be able to report further on the nature of
the highly nitrogenous humic compound obtained. It would thus seem, however, to
be an amide or peptone body.

It is of much interest that the nature of the nitrogenous body existing in, or
dissolved out of, soils and subsoils should be determined ; and to this end it seems
desirable to act on soils with stronger acids than those hitherto employed in our own
experiments. But results so obtained can obviously have only an indirect bearing on
the special question we have in view, namely—whether roots do, by virtue of their
acid sap, attack the otherwise insoluble organic nitrogen of the soil and subsoil, and
either take it up as such, or bring it into a condition in which it is easily susceptible
to further change, and so rendered available as a source of nitrogen to the plant ?

Still more recently, MM. BErTHELOT and ANDRE (‘ Compt. Rend., vol. 103, 1886,
p. 1101,) have published the results of experiments to determine the character of the
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insoluble nitrogenous compounds in soils, and of the changes they undergo, when sub-
mitted to the action of hydrochloric acid, of various strengths, for shorter or longer
periods, and at different temperatures. The soil they employed contained 0°1744 per
cent. of nitrogen. It was therefore much richer thau our lucerne surface soil, and about
four times as rich as our wheat-fallow subsoil. It was shaken in a flask with water,
or dilute hydrochloric acid, in the proportion of 500 grams soil to 1000 c.c. liquid.
The clear liquid was just neutralised by potash, then made slightly acid, calcined
magnesia added, and the ammonia distilled off, collected, and determined. The
remaining liquid was then acidified by sulphuric acid, evaporated to dryness, and
the nitrogen determined by the soda-lime method, the result indicating the amount
of soluble amide. The following is a summary of their results, which we give in parts
of nitrogen per million soil, so as to compare with our own :—

Nitrogen per million soil.
Ag ammonia. As soluble amide.
- 18 5 2 18 5 2
hours, days, hours, hours, days, " hours,
cold. cold. at 100° C. cold. cold. at 100° C.
1. Pure water . . ‘ 17 83
10 c.c. hydrochlomo ac1d to 400 water- . . . . . .
2. (= HC1 35 gr.) . 48 875 488 27:75 3025 | 1236
3. { 50 c.c. él}é(%rfglglOTl(;&Cld to 4.«00 Water 144 914 101-0 606 905 3569
100 c.c.hydrochloric acid to 4.«00 Watel . . . . . .
4. { YL 400wa } 149 | 304 |1241 | 686 | 965 | 4303

The authors call attention to the facts, which are clearly brought to view in the
above arrangement of their results, that the amounts, both of ammonia, and of soluble
amide obtained, increase with the strength of the acid, the time of contact, and the
temperature. They point out that these are products of the action of the acid on
certain insoluble nitrogenous bodies in the soil, and that the reaction is similar to that
which they have observed in the case of urea, asparagin, and oxamid—that is with
well defined amides. The insoluble nitrogenous compounds in the soil are in fact, as
previously supposed, amide bodies. They also call attention to the fact that when the
clear, filtered, acid extract is exactly neuatralised by potash, one portion of the amide
still remains soluble, whilst another is precipitated, showing that the amides rendered
soluble constitute two groups. The fact of such re-precipitation is quite in accordance
with the results obtained in our own experiments, in which less nitrogen remained
dissolved after 24 than after only 1 hour’s contact, when, with the longer contact, the
acidity of the extract became neutralised.

A special point of interest in these results, as compared with those of Loges, is in
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the gradation of effect under the varying conditions as to strength, time, and
temperature, and in the evidence as to the proportion of the total nitrogen taken up,
which is found as ammonia. The proportion of ammonia-nitrogen to amide-nitrogen
ranges from about 1 to 5 to 1 to 3, dependent on the conditions. According to the
figures, it would seem that the proportion of the total nitrogen dissolved which is
determined as ammonia is the greater, the stronger the acid and the longer the
contact.

As in LogErs’ experiments, so in these of MM. BerTHELOT and ANDRE, the strength
of acid used was in all cases much greater than that in any of the Rothamsted experi-
ments, and very much greater than is likely to occur in any root-sap. Indeed, not
only was the soil operated upon by MM. BerrHELOT and ANDRE about four times as
rich in nitrogen as the Rothamsted subsoils, but in the most extreme case, that with
the strongest acid, and a temperature of 100° C., nearly one-third of the total nitrogen
of the soil was dissolved. Hence, although their results are of great interest as
indicating the character of the nitrogenous bodies existing in soils, and of the changes
to which they are subject when acted upon by acids, they, like those of LocEes, have
only an indirect bearing on the question whether by the action of the organic acids of
the root-sap, the insoluble organic nitrogen of the soil, and especially of the subsoil,
is rendered available as a source of nitrogen to the plant. Supposing this to be the
case, as already said, the further question still remains—whether the dissolved amide is
taken up as such, or whether it is subject to further change within the soil before
serving as food for the plant ? '

The fact that the formation of ammonia seems to be an essential element in the
reaction, points to the conclusion that at any rate part of the nitrogen liberated from
the insoluble condition is available in other forms than as soluble or dissolved amide ;
and, as our experiments show that nitric acid, as well as ammonia, is a constituent
of the root-sap, the question arises—whether the liberated ammonia is oxidated
into nitric acid before being taken up? Then, again, is the soluble amide taken up
as such, or subjected to further change, perhaps first yielding ammonia, and this again
nitric acid ? 4

On this supposition we are met again with the difficulty as to the sufficient agration
of the subsoil for such a purpose. It has already been pointed out, that such evidence
as exists on the subject clearly shows that the amount of oxygen within the soil at
any one time is totally inadequate for the nitrification of the amount of nitrogen taken
up by some plants within the season; whilst the replacement by air of the water
evaporated would still be quite insufficient. With what rapidity, or to what extent,
the oxygen of the subsoil air would be replenished from above as it is used up, there
is no experimental evidence at command to show. But whether this would take
place adequately or not, it must be supposed that it would occur to some extent.

Turning to the alternative aspect, inasmuch as the insoluble organic nitrogen of the
soil exists in the condition of amide bodies, and the chief first product of the action of
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acids is soluble amide, it is of interest to consider, whether plants can take up sucn
bodies and assimilate their nitrogen? There can be little doubt that fungi can
utilise both the organic carbon and.the organic nitrogen of the soil, though they seem
to develop the more freely when the humic matters have not undergone the final
stages of change by which the compound of so low a proportion of carbon to nitrogen
as is found in raw subsoils, has been produced.

8. Evidence as to whether Chlorophyllous Plants can take up Complex Nitrogenous
Bodues, and Assimilate their Nitrogen.

The first direct experiments to determine whether green leaved plants can take up
organic nitrogen were made in 1857 by Dr. (now Sir CraArLEs) Cameron. He
experimented with barley, in an artificial soil, and found that when urea was the
only soil-source of nitrogen, the plants grew luxuriantly, and took up much of the
nitrogen so supplied. Ammonia was not detected in the soil. Hence he concluded
that the urea was taken up by the plant as such. No reference is made to nitric acid,
and in the absence of evidence to the contrary, it is possible that nitrates were
formed, and served as the source of nitrogen to the plants.

In 1861, Professor S. W. Jornsox, of Yale, made experiments with maize in an
artificial soil, A given quantity of nitrogen was supplied, in one case as uric acid, in
a second as hippuric acid, and in a third as guanine. Compared with results in a
control experiment without nitrogenous supply, the growth was very greatly
increased ; and there was no doubt that the substances named had supplied nitrogen
to the plants. Professor JoHNsON states that the conditions of the experiments were
not such as to demanstrate that the nitrogenous organic bodies entered the plants
without previous decomposition, but from the results of CamEgRroN, and of HAMPE, he
concludes that this was the case,

In 1865, 1866, and 1867, Dr. W, Hampr (f Versuchs-Stationen,” vol. 7, p. 808,
vol, 8, p. 225, vol. 9, p. 49, and vol, 10, p. 175) made several series of experiments, all
by the water-culture method. Maize was the plant selected, and the sources of
nitrogen supply were—urea, ammonium phosphate, uric amd hippuric acid, and
glycocoll.

At first the experiments with urea were not very successful, apparently owing to
an unfavourable condition of the solutions as to mineral supply. Afterwards the
plants produced were nearly as good as those grown in a garden; ripe seeds being
formed, which, when sown, germinated.

Urea was found in the leaves, stems, and roots. Small quantities of ammonia were
sometimes found in the solutions, but only when there was some decomposition of the
roots or their excretions, and such formation of ammonia was the most prominent
after the blooming. To obviate such forication as far as possible, the solutions were in
the later experiments frequently renewed. In corresponding solutions without plants,
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ammonia was only found twice throughout the summer. Neither nitrates nor nitrites
were ever found in the solutions.

Hawmpe concluded that the urea was taken up by the plants as such, and that it
served as a source of nitrogen to them. This result he considered not inconsistent with
the view that plants, other than fungi, cannot utilise products of the plant itself, such
as the alkaloids, which they can no more assimilate as a source of nitrogen, than they
can sugar as a source of carbon. Urea being, on the other hand, a product of the
degradation of animal substance, there seemed no reason why it should not serve as a
source of nitrogen to plants.

In his experiments with ammonia HampE used the phosphate ; and small and large
maize were the plants selected. In their early stages the plants seemed to suffer
rather than to benefit by the ammoniacal supply; but eventually they gave good
growth, and produced ripe seeds, which on being re-sown germinated.

In the experiments with uric acid the same descriptions of maize were employed.
The solutions were frequently renewed, and in those which were removed ammonia
was always found, but not uric acid. But even in solutions without a plant the uric
acid rapidly decomposed. From the results it was concluded that the uric acid had
served as a source of nitrogen to the plants; though probably not directly, but by its
products of decomposition.

In the case of hippuric acid, applied as hippurate of potash, and to the same
descriptions of plant, the growth was somewhat dwarf; but seeds, which were found
to germinate, were produced. Benzoic acid was always found in the solutions after
vegetation, and also in corresponding solutions without a plant. In both cases a
mould formed on the surface, but not in the body of the liquid. The question arose
whether the benzoic acid was only formed in the solution under the influence of the
mould acting as a ferment, or whether in part in the plant itself, glycocoll being at
the same time produced, and serving as the nitrogenous supply ¢ If the latter were
the case, the action would be the convrese of that which takes place in the animal,
when benzoic acid unites with glycocoll, forming hippuric acid, which is eliminated.

Direct experiments were also made with glycocoll itself. With it, the plants were
better than in any of the other experiments. At each renewal of the solution, the
old liquid was examined both for glycocoll and for ammonia. Glycocoll was always
found, but ammonia only in very small quantity, and its occurrence was apparently
connected with decomposition of plant-substance. HampPE concluded that glycocoll
was as available as nitrogenous food to plants as nitric acid.

In 1868 Dr. P. WaGNER (¢ Versuchs-Stationen,’ vol. 11, p. 287) made experiments
iu continuation of those by HamPE above described. He repeated, with some modifi-
cations, the experiments with ammonium salts, hippuric acid, and glycin, and also
experimented with kreatin.

With ammonium phosphate good growth was obtained. Neither nitrate nor nitrite
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could be found in the plant, and it was concluded that, as in HAMPE’S experiments,
the ammonia had served as a supply of nitrogen.

When ammonium carbonate was used, nitric acid was found both in the solution
and in the plant ; and it was concluded that the ammonia had not served directly as
a supply of nitrogen.

In Hawmpr’s experiments with hippuric acid, it was proved that it served as a
supply of nitrogen to the plant; but as benzoic acid was found not only in the
vegetation solution, but in a corresponding solution without a plant, and there was,
in both cases, fungoid growth on the surface, it was uncertain whether the breaking
up of the hippuric acid had taken place only externally to the plant, under the
influence of the fungus acting as a ferment, or also within the plant itself, benzoic
acid being excreted. By excluding the access of the air, and by frequently passing
carbonic acid through the solutions, the formation of the fungus was prevented.
Benzoic acid was, however, still found in the plant-solution, but not in the solution
without a plant.

WaeNER concluded that hippuric acid was broken up within the plant itself,
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