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ERRATUM

On page 56, Part I, the statement that the
phosphate in the top four inches of plot N* increased
is due to an error in calculation in the fifth column
of Table 23. The figure 488 should read 445, thus
showing the same result as for the initial sampling
(before the application of superphosphate). The
results for plot N* therefore show that three years
after the application of superphosphate only the top

three inches of soil had increased in total phosphate,

ADDENDUM to Part IV

The determinations of extractable sulphate give
no complete indication of the sulphur status of the
plant. The purpose of determining sulphate (-SO4) was
to investigate the content of one of the major ions.
There is reason to believe that much of the ash of
land plants can be accounted for by potassium and
sulphate, and that probably holds for seaweeds also,
after allowance has been made for sodium and chlorine.
Since extractable potassium had alr=ady been determined
in this work, it was logical to determine extractable
sulphate; and this proved to be a fortunate choice.

Attempts to determine total sulphur or o
ascertaln the partition of sulphur compounds lay

outwith the scope of this work. To include
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determinations of other forms of sulphur than
extractable sulphate would have involved a very
substantial amount of chemical work. (Two choices were
open: to adopt the necessarily tedious method of
Peterson (1914) or to discover a new method and
establish the necessary protocols). Peterson's (1914)
work yielded what seems to be the only proven
technique yet devised for sulphur estimations in plants.
It does not appear to have been adopted by any other
investigator of plant sulphur. It may be mentioned
that Peterson's analytical figures were merely
indicative, having been obtained during tests of his
chemical technique; though valuable as indications,
they offer no body of data of systematic interest to
the plant physiologist.

Published determinations of actual su}phate in
plants are rare. When figures for total sulphur or
sulphate in plants have been published, they have almost
invariably been based on ash analyses; and therefore
1o have been subject to unknowable but probably serious
~analytical errors, and, where sulphate is nominally
shown, to a re-calculation which assumes that the whole
of the S 1s -803 or -S0, : such assumptions being
untenable from a physiological or biochemical point of

view,

These criticisms apply inter alia to the
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voluminous and "classical" work of J.B.Lawes and
J.H.Gilbert on ash of several crop plants; and also to
most recent work, including, for example that of Walsh
and Clarke (1945) (1) on sulphur in tomato plants.

Frager (1935) (2) described a nitric-acid
digestion method for determining total sulphur in plant
tissue and gave results for total sulphur content of
several species. No chemical protocols were, however,
given by Frazer, and the accuracy of recovery of the
plant sulphur does not seem to have been established.

In brief, the numerous published analyses which
purport to refer to plant sulphur or sulphate mostly
cannot be taken at their face value, and, except
Peterson's, none is known to me which appears relevant
to the present work.

"Extractable sulphate" was determined in the
present work by a direct method which involved no

assumptions.

ADDITIONAL REFERENCES

(Not given in bibliography to Part IV)
1. Walsh,T. and Clarke,E.J. 1945, Proc. Roy. Irish
Acad., 50, Section B, No.,11,
2. Frazer,J. 1935. Plant Physiology, 10, 529.
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PREFACE

This Thesis embodies the results of substantially
more than three years' work. The whole of this scheme of
work is original in the sense that none of it is a
repetition of earlier work published or unpublished. Use
has been made of a few established analytical chemical
methods, but most of the methods have either been devised
by me in the course of the work or have been modified by
me alone or in conjunction with a former colleague to
whom acknowledgment i1s made in the relevant place.

Much assistance has, however, been obtained from
colleagues who have given help in sampling of soils,
laying out field experiments and in recording yields of
crops. Routine soil analyses have been performed by the
Soil Laboratory of the Chemistry Dept. of the West of
Scotland Agricultural College.

All other analyses of plant and soil material have
been made by me personally or under my supervision by
assistants in the Chemistry Dept. of the College.

The work falls into four parts:

1. BExperiments on movement of phosphate in grassland
soils, with special reference to soil conditions. A

comparison/
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comparlson is made of penetration and avallablllty of
i J

ﬂ;ﬁphoéphate applled to soils differing in their degree of

J'dnatural dralnage.
2. Expéfimenﬁs onuyield-response of swedes variously
manured with phosphate. This, unpublished,work was
actually done before my registration as Ph.D. candidate
and was the origin of my interest in phosphate, and
hence of the work done under (1) above, which was the
nominal subject of the thesis,
3. Evolution of analytical methods

a) for total phosphate in soil (used in (1) above);

b) for extractable calcium in plant tissue.
These methods have been published; reprints of the papers
are attached.
4, These and recognised methods for the study of soil
conditions in relation to uptake and fate of phosphate,
calcium, and other plant nutrients were applied to a
three-years' study of tomato nutrition and yields,
1948 - 1950,

Several original conclusions are drawn and
discussed under each heading.

It will be seen that the scope of the work has
greatly widened since it was begun. The original
interest in phosphate has been extended to other plant

nutrients/
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nutrients (or elements or ions present in plants).

No similarly extensive series of analyses of
tomato tissue for (total or extractable) nitrogen,
phosphorus, potassium, magnesium, calcium, manganese
and sulphate 1s known. The observed relations of
manganese to plant health are particularly interesting.
A noteworthy finding, which also is virtually without
precedent, is the large amount of sulphur (as sulphate)
in tomato plants: the amount of sulphur was found to
exceed the amount of phosphorus, which is generally

regarded as a prime nutrient.

The applicability of the original technique for
determination of total phosphate in soil has been

extended to diverse other materials of agricultural

interest.




PART 1I.

AVAILABILITY AND PENETRATION OF PHOSPHATE
IN FIELD SOILS.




Introduction.

Many investigators have shown that the loss of
phosphate by leaching from soil is usually almost
negligible; and that phosphorus therefore tends to
accumulate in the soil horizon in which it is
incorporated. It is generally thought that penetration
of phosphates is very slow and incomplete; but little
definite information exists on the effect of soll type
or general soil characteristics which might affect the
rapidity of penetration into the soil.

From experience gained during field trips made to
sample soils for advisory purposes, the question imposed
itself why certain pasture fields should show low
"available phosphate" contents, in spite of the fact
that heavy applications of phosphates had been given in
immediately preceding years’

\ At first sight it seemed possible that the reason
for the apparent deficiency might be that an unusually
rapid phosphate "fixation" had resulted in a low
"available phosphate"” content in these soils. However,
closer examination of many of these soils; revealed
that the surface layers (0 — 3") had much more o
"available phosphate" than the lower layers (see Table uf:jk
The sampling to 9" was therefore diluting the top )

layer/
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layer, which showed itself rich in "available phosphate"
(and was presumably rich also in total phosphate), with
much soil very poor in "available phosphate”. This
dilution led to a false measure of the phosphate
accesible to the shallow roots of the pasture plants.
Many fields were thereby reported as having a very low
"available phosphate" content while in fact there was
a sufficient supply of phosphate in the surface layers
where the majority of the roots of pasture plants are
found., After this experience, fields which were to
remain under pasture were sampled for advisory purposes
to a depth of 4", These samples represented the
conditions much better and gave on the whole a-more
satisfactory estimate of the available phosphate content
of the pastureland.

The need for knowledge of phosphate penetration
is most urgent for crops, such as pasture, where
surface top-dressing is the only practical method of
manuring. For such crops an application of phosphate,
to be fully effective, should reach roots below the
most superficial layer of soil.

It seemed desirable to study in some detail the
movement of phosphate in soil under grassland
conditions and to determine the effect of soil

characteristics/
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charscteristics on this penetration. Also information
was desired as to what depth and after how long a
period the actual available phosphate content was
likely to be affected by surface applications of

phosphate.

* These pasture soils were sampled by the usual method

. of auger sampling to a depth of 9". The "available
phosphate” was estimated by the method of Williams
and Stewart (1), which is essentially extraction of
air-dry soil with 0,.5N acetic acid and determination
of the extracted phosphate by measuring the intensity
of the blue colour develdped with ammonium molybdate

and stannous chloride.
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Review of Literature.

The strongest evidence against the leaching of
phosphorus from most soils in any appreciable quantity
is uhdoubtedly the results of lysimeter studies which
with very few exceptions indicate that the loss of
phosphorus in drainage water is almost negligible.

In the classical lysimeter studies at Rothamsted,
Dyer (2) found that the annual loss of phosphorus did
not amount to more than 2 1lb., P2O5 per acre. The
Broadbalk Field experiments led Dyer to conclude that
added phosphate was generally retained in the top
layer of soil except in the farmyard-manure plot where
there was some evidence of goi¢ descent.

Hendrick's (3) lysimeter studies at Craibstone
showed that there was an annual loss of only 1 1b.

P2O5 per acre. Boram,

Higby (4%L?oﬁnd that in the check tank of his
lysimeter experiments the loss W&SVB 1b. P265 per acre
per annum and this loss was reduced to less than half
- with lime and manure treatments, alone or in combination.
Schmitt's (5) lysimeter studies in Germany on

various types of soil showed that the addition of

complete fertilisers containing equivalent amounts

of/
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of P O from either superphosphate or basic slag
resuitZd in a loss of phosphate in the drainage water
of 0.2 - 0.8Kg. P205 per hectare. The losses from
the solls receiving superphosphate and basic slag
paralleled each other in general, but slightly greater
losses occurred where superphosphate was used.

In more receﬁt lysimeter studies, Jacobson et al.
(6) in Connecticut, reported that virtually no phosphate
was leached from their soil except where heavy
applications of phosphates had been given. They pointed
out that the loss of phosphorus may be very important
in light sandy soil where heavy dressings of phosphates
are applied. The phosphorus outgo was influenced most
by Na, then by K, Mg and Ca in decreasing order.

Kardos (7), in Washington, reported a loss of 60 1b.
superphosphate (about 12 1b. of P265 ) per acre per
annum. In such studies something no doubt, depends on
the depth, situation, and other conditions of the
lysimeter - particularly whether the surface is cropped
or bare,.

Numerous other workers have studied the penetration
and availability of phosphates in soils by soil sampling
to various depths or by leaching experiments in the
laboratory. As early as 1850 Way (8) demonstrated by

percolation/



7.

percolation experiments that phosphate of soda
dissolved in water, and calcium phosphate dissolved in
dilute sulphuric acid, when passed through soil, had
all their detectable phosphate retained. Van Alstine (9)
concluded that there was no movement of phosphorus except
by erosion and crop uptake. Alway and Rost (10) showed
that the phosphate content of prairie soils steadily
decreases downwards, indicating that phosphates do not
move down readily under conditions of minimal leaching.

Crawley (11), working on the amount of phosphate
fixation in Hawaiian soils, demonstrated the tremendous
fixing powers of these soils. In his experiment, over
7 tons of double superphosphate per acre was applied on
the surface and given an immediate irrigation. The
first inch of soil retained over one half, the 3" depth
over nine-tenths and the 6" depth retained all the
phosphate applied. When an interval of 15 hours existed
before adding the water, the first inch retained over
nine-tenths of the phosphate applied. These Hawaiian
soils contain large amounts of iron and aluminium oxides.

Weidemann (12) pointed out that repeated
applications of small amounts of phosphates failed to
increase the amount of "available phosphorus" ( as

measured by the method of Truog (13) by which the soil

is/



8.
is extracted with 0.002N sulphuric acid buffered to
pH 3.0 with ammonium sulphate) in the soils which he
examined. He also found that about 400 lb. of 20%
superphosphate per acre was required to produce a
measureable increase in " available phosphorus ".

Fraps (14) and Schri¢ner and Failyer (15) showed,
not only that phosphorus is fixed by soils almost at the
point at which it comes in contact with the soil
partiéles, but that clay soils fixed phosphorus more
rapidly than did their sandy soils.

Scarseth and Chandler (16), working with a light-
textured soil, found that the amount of phosphate which
had travelled downward in the profile was too
insignificant to measure accurately. They found, however,
that although this soil contained only 6% of clay, this
clay-fraction held over 50% of the total P2O5 in the
soil; and they estimated that where superphosphate was
used over a period of 26 years, 60% of the added
phosphate was carried away in the clay fractions lost
by erosion.

Hockensmith et al., (17) found in Colorad#i that
in calcareous soils, triple superphosphate did not
penetrate below the depth at which it was placed. Theée
workers also found that the depth of application made

a/
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s marked difference in the yield of alfalfa. 4" - 6"
was the optimum depth. More recent work by Das (18)
on Indian calcareous soils has confirmed these results.

Beater (19) stated that, in the Natal soils he
examined, the movement of total P2O5 could not be
traced appreciably below the first inch from the surface,
even in the lighter soils. When the superphosphate was
buried at a given depth, even in the light soil no loss
occurred. In a heavy soil the increase in water-soluble
phosphate due to application of 800 1lb. superphosphate
per acre was negligible, whether the dressing was buried
or applied on the surface,

Brown and Munsell (20) show that 20 months after
surface application of phosphatic fertilisers on pasture
in Iowa, neither rock phosphate nor superphosphate plots
showed marked increase in the phosphorus centent below
the one inch layer. Superphosphate was almost entirely
fixed in the surface inch.

Midgley (21) studied the response of Wisconsin
permanent pasture to applications of phosphates. He
applied superphosphate at the rate of 300 and 600 1b.
per acre to old pastureland; and, after various intervals
of time, soil samples were taken at different depths

from/
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from treated and untreated plots. "Available phosphate"
was estimated on these samples by the method of Truog
and Meyer (22). His results showed that most of the
"available phosphate was retained in the surface inch
of so0il even after six months. He pointed out that
even allowing for uptake by plants the results did not
fully account for all the "available phosphate” lost

between the two and six month samplings; so he concluded

e

that phosphate fixation mustgpaken‘place. No estimations
of total phosphate, however, were attempted.

Midgley also experimented with response of pasture
to various methods of phosphate application, He found
that maximum results could not be obtained immediately
unless the superphosphate was thoroughly mixed with the
soil, Superphosphate worked into an old bluegrass
(Poa pratensis) sod gave a total increase of 71.5% more
than a similar amount of phosphate applied as top
dressing.

Midgley's leaching experiments in the laboratory
indicated that fertiliser salts mixed with superphosphate
influenced the movement of the latter through soil.
Sodium nitrate increased the movement of superphosphate,
while potassium sulphate and ammonium sulphate slightly
decreased it. Phosphate from NHy, Na and K phosphates

was/
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was more readlly leached from their soils than
phosphate from superphosphate,

Wrenshall and McKibbin (23) in Quebec, carried
out phosphorus penetration experiments on pasture
similar to those of Midgley (21). Their results
showed that in untreated soil the dilute-acid-soluble
phosphorus (as measured by the method of Wrenshall and
McKibbin (24) ) was higher in the topmost one-half inch
layer than in succeeding layers. Analyses for total
phosphorus showed a similar relationship for the
distribution of total phosphorus. They suggested that
this was due to the plants acting as pumps, bringing
up some phosphorus from the lower soil layers, and,
on being partly returned to the soil, adding phosphorus
to the upper layers where it was clésely retained, with
only a small proportion in the readily-soluble form.

A similar explanation may also hold for the findings of
Alway and Rost (10).

Sigmond (25) states that it is not always the
surface horizon of soil that is richest in P205; for,
in acid soils, natural phosphates are more easily
soluble in weak acids than in water. The fact that
the surface horizon is nevertheless usually richest

in P205 is due to the activity of plant roots, which

transport P2O5 from the lower to the upper horizons.

This/
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This effect 1s exercised particularly by the natural
vegetation of the steppe soils, which readily
accumulateg organic P2O5 in the upper horizons. This
precess 1s furthered by the calcium content of the
steppe soils protecting the phosphoric acid set free
from organic matter against leaching. 1In acid soils,
on the contrary, the leaching may be extremely
energetic, firstly, owing to the abundance of CO_. and

2

humic acids, which mobilise the P2O , and secondly

owing to the deficiency of calcium.5
Wrenshall and McKibbin (23) suggested that the
soluble phosphorus of untreated soil appears to be an
equilibrium guantity (probably not varying significantly
from year to year) approached in the treated soil after
the effectiveness of the application has worn off,
Even where heavy applications of superphosphate had
been given there was little or no penetration below the
surface one-half inch layer. This showed the very strong
fixing powers of these Quebec "brown forest" soils.
Wrenshall and McKibbin's results for increase in
the proportion of wild white clover, and of yield-
increase over untreated pasture, showed close
relationships t0 the amount of soluble phosphorus

produced by fertilisation and remaining in the soil

at/
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at the time of measurement., In pot-culture work they
found that phosphorus uptake by plants was not wholly
attributable to the utilisation of readily-soluble
phosphorus. The phosphorus obtained by the plants was
in all cases considerably more than could be accounted
for by decreases in the amount of readily-soluble
phosphorus in the soil. They suggested that a
considerable proportion of the phosphorus obtained by
the plants came from the decomposition of nucleotides
known to exist in this soil,

Metzger (26) found that phosphorus from super—
phosphate accumulated in considerable quantity at the
surface of a Kansas soil which had grown alfalfa for
14 years; when only superphosphate was given, there was
very little penetration into the soil. Marked downward
movement of phosphorus was indicated where rock phosphate
was applied.

In a later paper Metzger (27) stated that a large
proportion of the easily soluble phosphorus ( as
measured by the method of Truog (13))Which accumulated
in the same soil as a result of treatment with super-
phosphate was found in the surface 3" or 4". There

appeared to be some accumulated phosphorus to depths

of/
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of 2' or 3', however, in plots treated with rock
phosphate and farmyard-manure, and, with lime and
farmyard-manure, and to a lesser extent in the super-
phosphate plot. Potash or potash and sodium nitrate
applied with superphosphate resulted in more complete
utilisation of the phosphorus by the alfalfa plants
than did superphosphate alone,

Thor (28) in Illinois, found a marked penetration
of phosphorus, from rock phosphate, to a depth of 7-14"
in a compact soil and to depths of 16 — 24" in light-
textured soils.

Brown (29)'Pennsylvania, found that where super-—
phosphate had been applied over a period of 16 years
the available phosphate (as measured by the method of
Truog (13) ) was increased only to a depth of 2 — 3",
Rock phosphate applied in the same manner penetrated
more than 7". Field and laboratory tests all showed
a greater proportion of soluble phosphorus in rock
phosphate-treated soils than in superphosphate-treated.
Brown pointed out, however, that in most field tests
of superphosphate and rock phosphate, superphosphates
proved better,

Heck (30) found a penetration of water-—soluble

phosphorus through 5" of a Wisconsin silt-loam under

laboratory/
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laboratory conditions. He added, however, that under
field conditions the penetration would probably not be
so great. He also reports that the penetration of added
phosphate was greatest in slightly acid soils containing
little active Fe and Al, and‘least in laterites
containing large amounts of active Fe,

Stephenson and Chapman (31) working with soils
of Californian citrus groves, date gardens, and fields,
compared samples from fertilised and unfertilised areas.
Samples were drawn from the horizons 0 - 6", 6 - 12",
12 = 24", and 24 - 36", Water-soluble and acid-soluble
phosphate(as measured by the method of Truog (13) )
were determined on the samples. Their results indicated
appreciable penetration of phosphorus below the surface
foot in light - to medium - textured soils. There wa;
an indication that a more rapid penetration of
phosphorus is effected through a few heavy applications
of phosphates rather than more numerous lighter doses.
Also, where farmyard manure was used, there were
indications that the phosphorus in the manure moved
through the soil or else that some effect of organic
matter facilitates the more rapid penetration of
phosphorus. This effect of organic matter is consistent

with/
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with results found by Dyer (Z) and Metzger (27); and
also with the findings of Blair and Prince (32) who
reported greater penetration of phosphorus in manured
plots than in those receiving superphosphate.
Robinson and Jones (33) stated that phosphates
were rapidly leached from some soils in North Wales.
They found that although great improvements were
achieved on poor pasture by the application of basic
slag, improvements were not maintained and there was
a' tendency for improved pastures to revert to their
original state unless further applications of basic
slag were made. The beneficial effect of basic slag
on rough grazings in North Wales practically vanished
after 6 - 8 years. These workers examined soils from
six different locations where plots had received
a) 200 1lb. Pp0g per acre as basic slag in 1914,
b) 200 1lb. P205 in 1914 and again in 1922, and
¢c) control plots. They found that after 6 - 10 years
the added phosphorus was removed from the surface
layers which reverted to their original status. They
did not discover whether phosphorus leached from the
upper layers was lost in the drainage water or
precipitated at depths below 18". These workers
suggested a division of soil phosphorus ( in soils of

North/
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North Wales) into a) the natural phosphorus compounds
which are only subject to negligible wastage by
leaching and b) the unstable phosphorus compounds of
added dressings which are removed fairly rapidly from
the surface layers by percolating waters.

Doak (34) found that the yields of dry matter
from pasture plots in New Zealand were correlated with
the amount of phosphate in the 0 - 2" layer of soil.
His results also indicated that the penetration of added
phosphorus was much more rapid when the applications of
phosphate were heavy and infrequent than when smaller
applications are made more freguently. He also states
- "The fact that the phosphoric-acid content of the
no-phosphate treatment has showed no appreciable change
as compared with the downward tendency of the phosphoric
acid added to the other treatments supports the
contention of Robinson and Jones that the phosphorus
in the soil can be divided into two groups a) natural
stable phosphorus coﬁgsunds which are subject to
negligible wastage by leaching and b) the unstable
phosphorus compounds of added dressings which are
removed fairly rapidly from the surface layers by
percolating waters".

In a later study Doak (35) showed that during
the/
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the eight years of a trial on penetration of phosphate,
the movement of phosphorus into the 6" and 10" layers
of soil was quite appreciable. Usevof carbonate of
lime in conjunction with the phosphate fertilisers
resulted in an increased retention in the 0 - 2" layer,
of the phosphorus from superphosphate and Gafsa
phosphate but not from basic slag.

Williams (36)wbéﬁ§;}ed the phosphate status of
the 0 = 3", 3 = 6" and 6 - 9" layers of soil from
meadow hay plots which had received annual dressings
of 6 cwt. basic slag per acre with similar plots
receiving no phosphate., His results suggested that

about 65% of the total P,0- of the added basic slag

was retained by the top 3 inches of soil. About 40%

of this remained in a form soluble in 1% citric acid.
There was also some evidence of penetration of P205 to
lower layers but the data was insufficient to permit an
estimate of its extent being made.

Neller (37) in Florida, found considerable
penetration of soluble phosphate (extracted by Morgan's
(48) reagent) through a fine sand soil but only a trace
through a sandy loam. After leaching an 8" depth of
soil treated with superphosphate (20%) at the rates of
313, 625 and 1250 1b. per acre, he found that with the

fine/
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fine sand an average of 79.1% of the phosphorus was
recovered but with the sandy loam soil recovery was
only a trace - 1.6%. Rock phosphate used at the rates
of 1,000, 2,000 and 4,000 1lb. per acre ylelded an
average of 40.84 of the total phosphorus in leachates
from unlimed and 8.9¢ from limed fine sand soil. Lime
was also effective in reducing the leachate loss of
superphosphate and calcined phosphate,

Sell and Olson (38) in Georgia, stated that the
depth of phosphorus movement in the soil depends
primarily on the rate of application of phosphorus.
Heavy dressings (200 - 300 1b. P205 per acre) resulted
in a penetration to 12". The use of nitrogen and
potash reduced the penetration of phosphorus due to
increased plant growth. Phosphorus in rock phosphate
and basic slag appeared to penetrate further than
phosphorus from superphosphate or mono—ammonium
phosphate.

De Vries and Hetterschi] (39) found that the
drainage water from certain marsh soils of Holland
contained 5 - 20 p.p.m. P2O5 indicating that important
amounts of phosphate may be lost therein., The soil
water in these soils was brown, pH 4.4 and the phosphate
was probably associated with humus. Leaching of

fertiliser/
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fertiliser phosphate into lower horizons has been
proved to occur with these soils and a similar effect
has been observed with sandy héath soils,

Henderson and Jones (40) using mono-calcium
phosphate containing radio-activated phosphorus found
that soluble phosphatic fertilisers applied to the
surface of various soils did not penetrate to an
extent likely to reach the roots of plants feeding
deeply in the soil. The addition of KCl caused the
radio-active phosphorus to move down into the soil more
than where no KCl was used, but (NH4)280 4 had no
immediate effect. When mono-calcium phosphate was
applied to the surface and washed down with water
equivalent to a precipitation of 2.5", the penetration
of phosphorus ranged from 14" for Cecil clay to about
4" for Crosby silt loam,

In addition to Dyer, Stephenson and Chapman,
and Blair and Prince, (already mentioned) Spencer and
Stewart (41) and Gaarder (42) have also reported on the
effect of organic matter on the penetration of phosphorus
in the soil. All are agreed that phosphorus associated
with organic matter penetrates deeper than that in the
inofganic form. Spencer and Stewart (41) demonstrated
that certain organic phosphates escaped to a marked

degree/
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degree the fixation which occurs with phosphorus applied
in some inorganic forms. In a study which has become
almost classical, Gaarder (42) stated that in humid
and semi-humid soils containing humus, such as some
forest soils, the solubility of the phosphates depends
mainly on the relative proportions of active sesqui-
oxides and humus present, the former tending to decrease
and the latter to increase their solubility. From such
soils having only moderate sesquioxide contents and
pH 4.5 - 6.5, organically combined phosphorus may be

fo

leached sufficiently rapidly)bring about a deficiency.

A
Das (43) in India, showed that organic phosphorus
complexes were formed in the soil by the combined
action of decaying organic matter and phosphatic
fertilisers. These organic phosphates were soluble in
water, neutral in reaction and possessed colloidal
properties. They remained in a highly dispersed state
in the soil and were shown, by water-culture experiments,
to be more available to plants than the inorganic
phosphates of phosphatic fertilisers used in ordinary
farm practice, which are generally insoluble or
eventually become so on reacting with soil bases,
This fixation of phosphate by the combination
of phosphate from phosphatic fertilisers with organic

matter/
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matter has also been studied by Chaminade (44) in Irance,
He found that the colloidal forms of humus, extracted
from neutral soils by washing with a neutral ammonium
salt solution, contained a significant quantity of P205,
but very little P205 was obtained from similar extracts
of acid soils, He showed that if the soil was treated
with hydrogen peroxide before extraction, then very
little P205 was obtained in the extract.

Chaminade stated that the PZOS of these organic
complexes was not in organic combination, but was in
adsorption complexes linked to the humus through fixed
ions of calcium. These complexes were not formed at pHs
below 5.5. The P205 of the humus complexes was more
available than that of CaHPO4 and acted as a reservoir of
available phosphate which could oppose the tendﬂ%ey of
available phosphate to enter unavailable combinations,

Williams and Stewart (45) studied phosphate
fixation in a soil of the acid igneous group in
Aberdeenshire, They stated that,in this soil, phosphate
fixation took place very rapidly and was largely
complete within 7 weeks with basic slag and probably
in a few days with superphosphate and potassium phosphate,
The general trend of their results and the field
behaviour were compatible with an adsorption of
phosphate by ferric and aluminium complexes or clay

minerals./
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minsrals. They concluded that anion exchange reactions
implicating - chiefly - the mineral constituents were of
considerable importance in the phosphate relationships
of this soil.

In 1947 Glentworth (46) gave a comparison of the
phosphorus status of profiles of some Scottish
(Aberdeenshire) soils differing in their degree of
natural drainage =~ freely-drained and poorly-drained
(gleyed) soils. He suggested that there may be a loss of
phosphorus in the ground-water from the poorly-drained

soils.
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EXPERINMENTAL

The object of this work was to study the
movement and availability of phosphates in grassland
soils, It is an attempt to determine:-

1. the effect on the available phosphate content of
the surface layers of soil, when pastureland is
top-dressed with superphosphate:

2. to what depth the available phosphate content
is affected:

3. for what period of time the dressing is likely
to be effective:

4, the penetration of total P2C5

5. the effect of natural drainage conditions in

into the soil:

the soil on this penetration and availaebility
of phosphorus.

A light-textured sandy loam and a heavy clay
loam, both in Stirlingshire, were used. Essentially
the experiment consisted of plots receiving a heavy
dressing of superphosphate and control plots receiving
no phosphate, These plots were sampled at various
times and at various depths. Available and total
phosphate were determined on these samples. The

investigation/
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investigation is limited to the top 7" layer of soil,
as the main rooting region of pasture plants is
within this layer.

In this work, the soil-classification used,
which refers soils to their degree of natural drainage
is that adopted at the Macaulay Soil Research Institute,
Aberdeen., The assoclates are:-

1.. oromorphic, (0)

2. phytomorphic, (P)

3. phyto-phytohydromorphic, (P-PH)

4, phytohydromorphic, (PH)

5. hydromorphic, (HP)
in descending order from very well-drained soils to

very poorly-drained,

SOIL TYPES.

The experimental plots were laid down on
permanent pasture at Carbeth Home Farm, Killearn,
Stirlingshire, Carbeth estate is situated on a north-
facing slope at an altitude varying between 100 and
400 ft., and slopeé down northwards in broadly rolling
terraces to the Endrick Water, which runs westerly into
Loch Lomond. The terraces have an east-west trend.

Geological

The following geological annotations and soil

descriptions/
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descripticns are taken from an unpublished local survey
made for the West of Scotland Agricultural College by
Dr. R. Glentworth of the Macaulay Institute.

The solid geology of the district is 0ld Red
Sandstone formation. The overlying superficial deposits
fall into three main groups :-—

I. Boulder clay.
II. Littoral sands, gravel and water-worked drift.
III. Lacustrine laminated clay.

The experiments were carried out on groups I and

II.

I. Boulder clay area. This area occurs above the

300 ft. contour. The boulder clay im the well-drained
position is red-brown in colour, compact and of g clay-
- loam structure, and has a moderate stone content of

flat pieces of Tissile red sandstone., Some bright red
sandstone and occasional brown ochreous staining occur,

II., Littoral sands, gravel and water-worked drift. This

area llies between the 300 and 200 ft. contours, and is
separated from the boulder clay area by a fairly well-
marked escarpment of an old shore line. It can also be
separated from area III by a distinct topographical
change into a flattened condition, through a sloping,
bank, resembling a beach formation.

Area II is variable topographically and texturally.

The/
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The main belt of this area slopes down to the north,
but this is interspersed with ridges of higher land
which run in an east-to-westerly direction. The
relatively smooth slopes are underlain by sands, clay
sands and sandy clays, sometimes of grey to yellow
colour and sometimes red, similar in colour to the red
sandstone of the region. The ridge formations tend to
be gravelly, but in places appear to be of boulder clay,
and water-worked boulder clay. Looally the depressions
between the ridges and smooth slopes are filled with
heavy lacustrine clay which was probably laid down
with area III,

Soil Descriptions

Area I. Developed on Cld Red Sandstone boulder clay.
Island field: well drained slope.
a) 0.R.S. boulder clay — phytomorphic.

The dominant soil of this area is a phytomorphic
(naturally freely drained) associate with a description
as follows:-

0 - 15/18 cm. Bright brown fine loam to a very fine
| sandy loam, crumb structure, friable,
roots throughout, stones few, worms
common, damp.
15/18 = 32 ecm. Merging into red brown very fine

sandy/
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sand to silt loam, larger crumb
structure than above, but friable,
stones few, roots and worms plentiful,
damp.

32 - 110 cm. Irregular change into red brown
compact clay loam boulder clay; stones
more frequent, some large flat pieces
of fissile red sandstone and sub-angular
pieces of the same. Structure is cloddy
but laminated and is more pronounced}
with depth. The platelets tend to be
dulled when drying out, but have a
moist polished appearance when first
removed., Throughout are occasional red
specks and patches of decomposing
sandstone, and brown ochreous staining
from decomposing rock material.

Plots D, E, N and O were laid down on this type.

b) 0.R.S. boulder clay - phytohydromorphic

The phytohydromorphic PH (poorly drained) associate
has a profile description as follows:-

0 - 20 cm. Grey brown heavy loam, compact, tending
to cloddy structure; few worms and stones;
damp; roots plentiful,

20 - 120 cm./
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120 cm.

. 29.
ﬂ)mw y
Sharp’ at plough sole into mottled
clay to clay loam, with grey, red
brown, and limonite colours inter-

mingled; cloddy and compact, the large

¢lod aggregates have distinct grey-

coated surfaces., Occasional red
sandstone rocks present; the smaller
pieces are very much weathered, and
can be rubbed out into sand. Grass
roots tend to penetrate the grey
coating of the cloddy structural
aggregates to about 60 cm., but large

(£ = 1" diemeter) old dead roots occur

‘at 120 cm.. There is little change

down the profile, and the texture and
degree of compaction remain the same.
The drift is brown to red brown,
limonite—-staining, and old dead roots
are present in relatively large

quantities.

This soll 1is only of local importance and occurs at

the lower end of Island field where plots A and B

were laid down.

Area II. Littoral sand, gravel and water-worked drift.

a)/
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a) Littoral or fluvie-glacial sands—
phyto—phytohydromorbhic.
In this area the phyto-phytohydromorphic (P - PH)

soil is the most extensive and plots H and I were laid

down on this type. A typical profile description of

this soil is as follows:-

0 - 20/25 em. Red brown sandy loam to heavy sandy
loam, loose and friable with very
loosely cloddy structure; occasional
erratic fragments of quartz, acid
igneous rock, slate and pebbles; worms
few.

25 cm. + Merging into yellow and grey smeared
sandy loam becoming loamy sand and sand
with depth. Some red sandy clay
intermixed, structureless; ochreous
staining in smears.

b) Littoral or fluvio-glacial sands — phytohydromorphic.

The phytohydromorphic (PH) is gquite important:
plots K and L were laid down on this type. The profile
description is as follows:-

0 - 20 cm. Dark grey brown sandy loam, drying
grey brown, weakly cloddy structure;
roots plentiful; worms few.

20 - 45 cm./
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20 - 45 cm., Merging into creamy sandy loam to
clayey sand; more compact than above
horizon; wet; locally coloured by soft
decomposed rock and yellow sandstone;
ochreous smears; roots penetrating.

45 - 100 cm. Sticky wet clayey sand, uniformly

coloured grey.

EXPERIMENTAL PLOTS

The plots were in pairs,
The treatments consisted of:-
A plot receiving phosphates only, at the rate of
240 1b. P205 per acre as 20% superphosphate.
(This (treated) member of the pair of plots is
indicated throughout by an asterisk.)
A control plot receiving no added fertilisers, of
any kind, during the experiment,

The plots were grazed by cattle and sheep during

-

the exXperiment.

Size of Plot:-

1/40th acre - 11 x 11 sqg. yds.

Centres:—

Experimental plots were laid down at:

1./
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1. Island Field.

Soil type - 0.R.S. boulder clay
associate - phytohydromorphic (PH)
Plots - A* and B.

2. Island Field.

Soil type - 0.R.S. boulder clay
associate - phytomorphic (P)
Plots - D¥ and E.

3. Spittal Field.

Soil type — O0.,R.S. boulder clay
associate - phytomorphic (P)
Plots - N* and 0.

4., Mid Killearn Field.

Soil type - Littoral sands
associate - phyto-phytohydromorphic (P-PH)
Plots - H* and I.

5., Mid Killearn Field.

Soil type - Littoral sands
associate - phytohydromorphic (PH)
Plots -~ K* and L.

A comparison of centres 2 and 3 with 1, and of
centre 4 with 5, gives a comparison of natural drainage
conditions. Centres 2 and 3 are on similar soil-type,
but centre 3 (Spittal Field) is in poorer condition -

pasture/
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pasture is poorer, reaction of soil more acid, total
P205 content of soil lower. Centre 3 was included in
the experiment to give an indication of the effect

of pH on the availability and penetration of phosphates.

Application of Superphosphates.

The superphosphate was applied by dividing the
pldts into square yards and applying the appropriate
amount per square yard. The applications were made
on a calm day. Every care was taken to attain an
even distribution of superphosphate.

Samples:—

Samples of soil were taken at depths of 0-1",
1"=2", 2"-3", 3"4", 4"-5", 5"-6" and 6"-7". Such
samples were drawn immediately before the application
of fertilisefékgndﬁzg)various timés for 3 years

afterwards.

Method of Sampling.

A special auger was designed to enable samples
to be drawn at various depths. Essentially it consists
of a cylindrical steel tube with an adjustable collar
to give control of depth of sampling. A plunger is
fitted to enable the sample core to be removed from
the tube.

Initially/
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Initially it was hoped that the auger could be

pushed into the soil to the required depth (7"),

the core removed and divided into sections representing

definite layers of soil., It was found, however, that

this was impracticable due to the following
difficulties:~-

&) in heavy soils, and under dry conditions in all
soils, great difficulty was experienced in
inserting the auger to a depth of 7":

b)  the core of 7" was very difficult to remove from
the tube:

¢) the compaction of the core when removing it from
the auger made it impossible to divide the core
into sections representing definite layers of
soil. The compaction was much greater in the
surface layers (0-3") than in the lower layers.

It was found that the top 3" layer of soil
could be easily cored and also that with this small
core there was little or no compaction. This core
could then be divided into 3 sections representing

0-1", 1"-2" and 2"-3". The depth control was then

adjusted to 5", the auger reinserted in the hole and

the 3"-5" layer removed. This core was divided into

two sections representing 3"-4" and 4"-5", In a

similar/
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-6" -and 6"-7" layers were removed,

— M

similar way the 5

In the actual sampling of the experimental plots
the adjustable collar of the auger was set at the 3"
depth and 20 cores were taken at random over the ploti.
The collar was then adjusted to the 5" depth and the
20 cores of 3"-5" removed. Finally, adjusting the
auger to 7" depth the 20 cores of 5"-7" were removed.
Care was taken that the cores were kept in their
correct order. The composite sample of each layer
thus consisted of 20 sub-samples.

The method of sampling was tested by sampling
a 1/40th, acre plot five times, each sample consisting
of 20 cores. Available and total phosphate were
estimated on these samples. The results are given in
Tables 31 and 32. It will be seen that the mean
deviation in each case is &a reasonable figure and that
a falr degree of accuracy may be expected., It is not
claimed, however, that the layers are exactly 0-1",
1"-2", etc.; nevertheless the layers should be
comparable at each sampling.

This method of sampling to various depths had
the following advantages:-—

1. in the sampling of the actual experimental
plots, it was not practicable to dig holes

‘and/
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and draw samples from the profile:

2. random samples could be obtailned which were
representative of the whole plot. By ordinary
profile-sampling methods such a random sample
would necessitate the complete destruction of

the plot.

Chemical»Methods

Available phosphate was determined by the method
of Williams and Stewart (1). 5 g. of air-dry soil were
~extracted with 200 ml. O.5N acetic acid. Phosphate was
determined on the extract, colorimetrically, using
ammonium molybdate and stannous chloride.

Total phosphate was determined after digestion of
finely-ground soil with concentrated nitric and
sulphuric acids. Phosphate was determined in the
extract, colorimetrically, using ammonium molybdate
and metol,

This method was new, It has been published (47)
after submitting its accuracy to exhaustive tests for
which the Carbeth soils furnished most of the material.
Details of the method and of the protocol whereby its
suitability was established are given in attached

Reprint 1. forming Part III of this Thesis.
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AVATLABLE PHOSPHATE RESULTS

The available-phosphate status of the plots
before treatment with superphosphate is given in Table 2,
It is interesting to note that even before the
application of phosphate, the percentage of available

it

phosphate in the 0-1" layer of soil was everywhere
greater than in the deeper layers. This may be due to
treatment in the ordinary course of husbandry prior to

the experiment,

I. 0ld Red Sandstone Boulder Clay.

On this type of solil, present in Island and
Spittal Fields, comparisons are made of:-
a) an area which has good natural drainage conditions
(plots D* and E) and one where there is impeded
drainage (plots A* and B).
b) two areas of good natural drainage but differing
in soil reaction. Plots D* and E where pH is near 7
and plots N* and O where acidity is stronger (pH under 6).
The original available-phosphate status of these
plots shows that the percentage of readily soluble
phosphorus was highest in the poorly drained associate
and lowest in the acid, freely drained.

Results/
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Results of available phosphate determinations
are given in Tables 2,3,4,5,6,7 and 8.

It will be seen that the readily-soluble phosphate
in the control plots has remained remarkably constant
throughout the period of the experiment. There has
been a slight fall in the % available P205 in these
plots, but it would not appear to be sufficient to
account for all the phoéphate removed by the pasture in
three years.

The effect of the superphosphate dressing on the
available phosphate in the soll was most marked in the
1" and 2" layers. There is sometimes an indication of
penetration of soluble phosphorus to greater depths, but
this movement, where it exists, appears to be very slow.
Diagrams 1, 2 and 3 illustrate the results of
determinations of available phosphate on samples from
the 1", 2", 3" and 4" layers of the treated plots.

A comparison of the ¢ available P205 in the
verious layers of plots A*, D*¥ and N* (see diag. 1,2
and 3, and tables 3, 5 and 7) shows that the effect of
the superphosphate dressing in raising the ¢ available
P2O5 in the soil is much greater in plot A¥ than in
plots D¥ and N*. The results also indicate that in

plot A* (the poorly drained soil) treatment has (.. .\ Yo

increaseﬁ/
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increase bhe available phosphate down to depths of
6" — 7". In plot D* (the freely drained soil)
treatment produced no significant rise in the #
available P205 below depths of 3 — 4", The freely
drained more acid soil found in plot N¥ shows even less
effect.

In plot A*,which showed the greatest penetration
of the superphosphate into soil of this type, it was
only after two years that there was any significant

rise in the ¢ available phosphate of the 4" layer.

II. Littoral Sands,

On this soil type a comparison is made between
a moderately drained area (plots H* and I) and the
poorly drained plots K* and L.

Results of available phosphate determinations
on samples drawn from these plots are given in Tables
2,9,10,11 and 12, Diagrams 4 and 5 illustrate the
change in available phosphate content of the 1", 2",
3" and 4" layers of the treated plots throughout the
three years of the experiment.

The results on this soil are very similar to
those on the boulder clay. Here again we find that
the effect of superphosphate dressing in increasing

the/
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the available P205 mainly affects the 0 - 2" layer of
soil. The availaeble phosphate of control plots has, as
in the control plots of 0,R.S. boulder clay, remained
remarkably constant throughout the period of the
experiment.

The rise in available phosphate content was much
more marked in the wetter soil, wherein, under these
poor drainage conditions, there was a significant rise
in the ¢ available P2O at a depth of 7". Penetration,
as Judged by increase gn available phosphate content,

appears to be fairly slow, but comparatively more rapid

in the wetter soil of plot K* than in plot H¥.

The increase in available phosphste status of
these soils, resulting from a dressing of soluble
phosphates (superphosphate), is greater where poor
drainage conditions prevail. Tables 13 and 14 show the
increase in ¢ available phosphate of the 1", 2", 3" and
4" layers above the ¢ available phosphate before
application of superphosphate. The increase and
penetration of available phasphate is clearly shown to

be greater in soils with impeded drainage.
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Variation in £ available phosphate
of O — 1n’ 1n_ 2n, 2n_ 3n and 3n_ 4n layers of
soil from Plot A%,

PH.

Soil type:- 0.R.S. boulder clay -
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MG, BO, PER 100 GM. AIR -DRY SOIL

AVAILABLE PHOSHATE

CarsetH Prot D
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1947 1948 1949 190
Date OF SampLING

Diag. 2 - Variation in # available phosphate

of 0 — 1", 1"~ 2", 2"~ 3" ang 3"- 4" layers of
soil from Plot D¥*,

Soil type:- O0.R.S. boulder clay - P,
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MG RO, PER 100 GM. AIR-DRY SOIL.

AVAILABLE PHOSPHATE
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Diag. 3 - Variation in % available phosphate

of 0 — 1", 1"= 2", 2"~ 3" and 3"- 4" layers of

soil from Plot N*.

 Soil type:- 0.R.S.

boulder clay - P (acid).
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MG, BOg PER 100 GM. AIR-DRY SOIL.

AVAILABLE PHOSPHATE

701 CarsetH Prot H.

sol o - 1:
-———— 1 -2
— O 2 -3

Ll — e —— 3 -4

401

301

20

10}

o

1947 ) ] i 1950 '

1949
DaTe oF SAMPLING

Diag., 4 - Variation in % available phosphate
of 0 - 1", 1"= 2", 2"~ 3" and 3"- 4" layers of
soil from Plot H¥,

Soil type:— Littoral sands - P-PH.
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MG. BO; PER 100 GM. AIR-DRY sOIL

AVAILABLE PHOSPHATE
70 Careeth Puot K.
604 o-r
—_—— - | - ?’

5 ° 2 -3
°1 — o — 3 -4
40

2|

20f

104 T — @ — & —o
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1947 ’ 1948 ) 1949 1950

Date oF SampLING

Diag. 5 - Variation in % available phosphate
of 0 — 1n, 1" 2{"{ on_ 3n and 3n__ 4" layers of
soil from Plot K*.

Soil type:— Littoral sands - PH.
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52.
AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Tmﬂm-13.

Increases in available phosphate content, above
available phosphate content before application of

superphosphate. Soil type:— 0.R.S. boulder clay

Plot Increase in available P20g (mg./100g.) after

months ‘
Sample 2 4 10 12 15 26 38
0 — 1" layer
A¥ 364  34.6  38.6 39.0 17.4 9.9 10.4
D* 39.8 25.0 18.8 14.8 9.6 2.6 4.8
N 24,0 23.4 15.2 12,5 9.8 4,8 7.0
1 — 2" lgyer
A® 3.2 8.8 12.6 10.6 7.8  14.0 8.2
D* 0.8 1.0 2,2 f 2.2 0.6 3.8 3.3
N* 0.8 0.2 1.5 0.8 1.5 2.3 2.9
2 = 3" layer |
A% 0.6 2.9 4.5 4,5 5.1 6.3 9.7
D* 0.1 =0.1 0.6 =0.1 -0.1 1.3 1.5
N 0.3 -0.7 0.3 0.0 0.0 0.8 1.9
3 — 4" layer
A® 0.1 0.4 0.0 0.4 0.1 4.1 6.7
D* -0.5 =1.0 -1.1 -1.7 -1.,5 0.8 2.0

N 0.0 =0.8 =0.1 --0.0 0.0 1.3 1.2
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AVAILABILITY AND PENETRATION OF PHOSPHATES IN SOILS

Table:- 14,

Increase in avallable phosphate content, above

available phosphate content before application of

superphosphate. Soil type:- Littoral sands.
Plot Increase in available PoOs (mg./100 g.) after
months
Sample 2 4 10 12 15 26 38
0 — 1" layer
H* 22,2 26,8 13.4 13.9 12,5 4.0 12.2
K* 51.7  35.5 27.3 18.7 16.7 16,1 17.7
1 — 2" layer
H* 0.2 =0.4 -1.2 =0.8 0.6 3.2 0.2
RS 2.3 5.3 5.7 6.9 7.9 10.4  10.1
2 - 3" layer
K -1,0 -2.4 -0.8 =2.0 =2.0 1.8 0.0
K* -1.4 0.1 =0.7 0.1 1.9 2.7 5.1
3 — 4" layer
H* -1.0 =1.2 <0.6 -1.4 -1.7 1.2 1.0
K¥ -t.1 -1.4 -0.3 =1.2 -0.6 1.8 4,7
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TOTAL PHOSPHATE RESULTS

The results of total phosphate determinations
are given in tables 16, 18, 19, 21, 22, 24, 25, 27, 28
and 30. An estimate of the weight of air-dry soil per
acre was obtained by weighing the air-dry soil of a
number of cores of each layer, calculating the area of
the core and multiplying by a factor to give the
weight per acre. It is realised that a considerable
error is possible in this estimation and that the
results are not likely to be accurate, but they serve
to give some indication of the total weight of
phosphorus in the various layers. The total weights of
air-dry soil in the various layers are given in table
15 and the estimated total weights of P205 per acre in
tables 17, 20, 23, 26 and 29.

The results of total phosphate determinations
would indicate that there is a considerable downward
movement 6f total phosphate;and some plots provide
evidence of penetration to a depth of 7". 1In other
words, the total - as distinct from the available -
phosphate may be increased to that depth, after the

application of superphosphate.,” The rate of penetration

to/
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. , , €5 . :
to increase "total" phosphate varieus much with soil

type.

It will be recalled that increases in "available"

phosphate were seldom registered below about 4".

A.

0ld Eed Sandstone boulder clay:~

Comparison of the three centres:-—

Plot A* - poorly-drained soil;

Plot D¥ — freely-drained soil;

Plot N* - freely-drained soil but more acid reaction

than A and D*;

show the following results for total phosphate:-

1'

2.

3.

Two months after the application of suverphosphate
there was.an increase of total phosphate to a depth
of 7" in the poorly drained soil of plot A%, to 5" in
the freely drained soil of plot D¥, but only to a
depth of 3" in the acid freely-drained soil of plot N¥.

In plot D¥ there is evidence of penetration of
total phosphate to the 7" layer, six months after the
application of superphosphate; but in the more acid
soil of plot N* there was no indication of phosphate
penetration below depth of 5" even at the end of
three years.

In the freely-drained soils a high percentage of

the/
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the phosphate applied would appear to be retained
in the top three inches. In the poorly drained
soll the penetration to lower layers was much greater,
A comparison of the three plots, three years after
the application of superphosphate, shows that in the
freely drained soils of plots D* and N¥, the top four
inches of soil has been raised in total phosphate
content, but lower layers have similar total phosphate
status to that found before the application of
phosphate. In the poorly-drained soil of plot A%
there has been a considerable increase in total
phosphate content down to depths of 7" and probably
deeper.

4, The total phosphate content of the various layers
in the control plots remained fairly constant

throughout the experiment.

B. Littoral Sands and Gravels:-—

Comparison of the two centres:-—
Plot H* - moderately-drained soil;
Plot K¥ - poorly-drained soil;
show the following results for total phosphate:-
A fairly rapid downward movement and possibly a
considerable loss of phosphate, especially under poor

drainage conditions, were indicated,

1./



57.

1. The penetration of total phosphate in the
moderately drained soil of plot H* appears to have
been rapid in the early stages of the experiment.
Samples taken two months after the application of
superphosphate show a penetration to the 7" layer.

A high percentage of the phosphate is retained in
the upper layers. rurther penetration of phosphate
appears to be slower but after three years the total
phosphate content of all layers down to a depth of
7" have been increased by a considerable amount.

2. In the poorly drained soil of plot K* the results
are rather different from other centres. It will be
noted (Table 28) that after three years the total
phosphate of the various layers has almost reverted
to the original values Tound before the application
of phosphate. There must therefore have been a
considerable loss of phosphate by leaching. As in
other centres there is the tendeéncy for phosphate
to be retained in the upper layers.

3. The control plots at both centres on this soil
type show that where no phosphate was applied, the
total phosphate content of the various layers has

remained fairly constant.

It/
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It is reasonable to think that in a really
badly-drained soil there would be movement of phosphate
of a kind which could hardly occur extensively in a
well-drained soil., The soil-solution conditions and
the equilibrium between soil and soil solution would
be different; and, in a soil continuously supplied
with water, downward movement of phosphate might‘occur
to an extent that would be nearly impossible in a soil
frequently dried and re-wetted. The observed results
suggest that some such mechanisms do indeed operate in
poorly—-drained soils.

The role to be assigned to the organic matter
and its concomitants is obscure, The pairs K* L, and
H* I, do not differ significantly in percentage of
organic matter (as measured by Loss on Ignition, but
the former are black and appear more humose than do
the latter, It seems, that thevmore rapid leaching of
phosphate in plot K* may be associated with some

"mobilization" into which the organic matter enters.
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AVATLABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 17.

Plot:— A¥

Variation in total weight of phosphate per acre

in soil at various depths.

Soil type:— 0.R.S. boulder clay PH.

Depth of Weight of total P205 per acre (1b.)

sampling Interval between sampling and application

of superphosphate:

+ 1 year 2 year 3 year

0= 1" 257 444 359 323
1 = 2" 376 475 525 467
2 = 3" 389 438 499 488
3 - 4" 449 468 473 487
4 - 5" 482 485 500 511
5 - 6" 364 371 373 382
6 - 7" 363 399 408 415
+

before applicahionﬂof superphosphate
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AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 18.

Plot:—- B Treatment:— Control.

Variation in total phosphate content of samples
from various depbhs.

So0il type:- O,R.S. boulder clay PH.

Depth of mg. total P205 per 100 g. air-dry soil
sampling Date of sampling
June June August
1947 1948 1949
0 - 1" 205 215 205
1 - 2" 187 174 185
2 - 3" 156 150 150
3 - 4" 149 147 155
4 - 5" 152 140 _ 142
5~ 6" - 146 136 146

6-7" . 142 135 | 136
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AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 20,

Plot:- D¥

Variation in total weight of phosphate per acre

in soil at various depths.

Soil type:- 0,R.S. boulder clay P.

Depth of Weight of total P205 per acre (1b.)
sampling Interval between sampling and application
of superphosphate:
+ 1 year 2 year 3 year
0o-1" 394 524 491 460
1 - 2" 546 628 642 651
2 - 3" 516 573 579 572
3 - 4" 481 493 510 540
4 - 5" 503 511 524 509
5~ 6" 503 524 513 500
6-71" 52 573 543 489

+ before application of superphosphate
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AVAILABILITY AND PENETRATTION OF PHOSPHATE IN SOILS

Table:~ 21,

Plot:— E Treatment:— Control

Variation in total phosphate content of samples
from various depths.

Soil type:- O,R.S. boulder clay P,

Depth of mg. total P2O5 per 100 g. air-dry soil

sampling Date of sampling
June June August
1947 1948 1949
o~-1" 305 271 271
1 - 2" 255 245 262
2 - 3" 225 220 233
3 - 4" 215 218 200
4 - 5" 205 215 205
5 - 6" 205 | izﬁs = 210

6~ 7" 203 205 203
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67.

AVATLABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 23. _ Plot:— N¥

Variation in total weight of phosphate per acre
in soil at various depths.

Soil type:-— O,R.S. boulder clay P.

Depth of Weight of total Py05 per acre (1b.)
sampling Interval between sampling and application

of superphosphate

s
3

+ 1 year 2 year 3 year

o-1" 257 351 310 2873

1 - 2" 390 429 482 424

2 - 3" 414 417 420 451 )
3 - 4" aas-iag7 o asatt s T
4 - 5" 515 546 524 506

5 - 6" 412 409 413 403

6 - 71" 453 445 445 440

T pefore application of superphosphate
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AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 24.

Plot:— O Treatment:- Control

Variation in total phosphate content of samples
from various depths.

Soil type:- O.R.S. boulder clay P,

Depth of mg. total P205 per 100 g. air-dry soil
sampling Date of sampling
woowm e

o - 1" 175 181 184
12" 173 179 175

2 - 3" 160 176 173

3 - 4" 173 176 170

4 - 5" 175 A7 173

5~ 6" 157 - 172 170

6 — 7" 165 74 160
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70.

AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 26. Plot:— H*

Variation in total weight of phosphate per acee
in soil at various depths.

Soil type:-— Littoral sands P-FPH.

Depth of Weight of total P205 per acre (1b.)
sampling Interval between sampling and application

of superphosphate

+ 1 year 2 years 3 years
o - 1" 136 273 264 268
1 - 2" - 229 329 394 346
2 - 3" 188 255 321 2873
3 - 4" 252 327 359 368
4 - 5" 250 353 362 332
5 - 6" 228 339 299 288
6 - 7" 260 303 312 306

+ before application of superphosphate
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AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Plot:— I

Treatment:— Control

Table:— 27.

Variation in total phosphate content of samples

from various depths.

Soil Type:— Littoral sands P-PH,

Depth of mg. total P05 per 100 g. air-dry soil
sampling Date of sampling
BB s

0 -1" 111 130 119

1 - 2" 107 116 97

2 - 3" 93 96 86

3 - 4" 86 9% -89

4 - 5" 89 90 85

5 - 6" 81 85 89

6 - 7" 77 b 86
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13.

AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

 Table:— 29, Plot:— K*

Variation in total weight of phosphate per acre
in soil at various depths.

Soil type:-— Littoral sands PH.

Depth of ' Weight of total P05 per acre (1b.)
sampling Interval between sampling and application

of superphosphate

+ 1 year 2 years 3 years
0 - t" 175 266 251 214
{1 - 2" 208 282. 254 238
2 - 3" 242 267 262 232
3 - 4" 207 227 227 - 207
4 - 5" 228 228 225 220
5 - 6" 240 251 227 227

6 - 7" 245 292 262 225

+ pefore application of superphosphate
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AVATILABILITY AND PENETRATION OF PHOSPHATE IN SOILS

Table:— 30.

Plot:— L. Treatment:- Control
Variation in total phosphate content of samples
from various depths.

Soil type:- Littoral sands PH.

Depth of mg. total P205 per 100 g. air—-dry soil
sampling Date of sampling
June June August
1947 1948 1949
0 - 1" 120 102 112
1 -2" o122 96 103
2 - 3" 103 90 91
3 - 4" 91 87 81
4 - 5" 95 80 13
5 = 6" 93 80 80

6 - 7" L 92 . - 13 81




5.

DUSCUSSICON OF THE VARIATIONS IN AVAILABLE AND
TOTAL PHOSPHATE

The effect of applications of superphosphate, on
grassland, on the available phosphate status of the
soil has been found to belmost.marked in the surface
two to three inches. This is in broad agreement with
the results of other workers. Some of these earlier
results have been'already summarised and briefly
discussed (pp. 5 - 23).

An investigation of the effects of natural
drainage conditions, however, reveals that under wetter
soll conditions the available phosphate is increased to
a greater degree by the application of phosphate than
where good natural drainage exists. Downward movement
of available phosphate is also more marked in poorly
drained soils. In the drier soils there is little if
any increase in available phosphate below the 3 - 4"
layer. In the wetter soils, however, increases were
found down to a depth of 7"

~ As might be expected the application of phosphate
to the acid soil of plot N* had much less effect on
the/
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the available phosphate content, than was found in
other centres. Phosphate fixation in this soil must
be very great. Increases in available phosphate in
layers below 2" Wégngﬁmost negligible and even in the
upper layers the increase in percentage available
phosphate was not so great as in the less acid soil
of plot D¥,

In all centres the available phosphate status
of the upper layers gradually decreases but after a
period of three years the effect of the superphosphate
dressing is still considerable and might still be
expected to give increased yields of pasture,
Measurement of pasture yields was not attempted but
differences in growth between the phosphate treated
plots and control plots were always apparent.

On the basis of available phosphate content,
pénetration of phosphate would not appear to be great.
If, however, the total phosphate results are examined, it
will be seen that under some conditions phosphate
penetration must be considerable. The results also
indicate that natural drainage conditions have a marked
effect on the downward movement of phosphate.

In the 01d Red Sandstone boulder clay soil,

penetration to the 7" layer is quite marked in both

poor/
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poor and freely drained associates, where the pH is
over 6. The results suggest that penetration is more
rapid and fixation less complete in the poorly drained
soil., In the sandy loam there 1is also evidence of
penetration of phosphate to depths of 7" and more,
and under poor drainage conditions in this soil there
would appear to be considerable loés by leaching.

The results are in agreement with what could be
expected from influences of soil texture and structure.
Comparing the freely-drained associates of the heavy
boulder clay and the light sandy loam, the results
reveal a more rapid penetration in the open loosely
compacted soil.

freely-drained ,

Under acideonditions (plot N*) the results show
a greater phosphate fixation resulting in an accumulation
of the applied phosphate in the top 2 or 3" of soil.

Although there is considerable fixation of
phosphate in the upper layers the results suggest that
soon after the application of superphosphate (this lapse
of time depending, probably, on the rainfall and the
evaporation balance) there is an initial rapid
peﬁetration of soluble phosphate into the lower layers.
The amount of phosphate that was applied in these

experiments is probably greater than that normally

applied/



78.
applied in grassland fertilisation. With large
applications of phosphate, it is conceivable tnat
considerable penetration might take place before
absorption and fixation has removed most of the phosphate
from solution. This effect is most strikingly shown in
plots A¥ and H* (Tables 16 and 25). It is likely that
large applications of phosphate will promote greater
penetration in depth than an equivalent amount applied
in small doses. This result has also been found by
Doak (34) and Stephenson and Chapman (31).

The penetration of phosphate, in inorganic form,
probably depends largely on the phosphate-fixing power
of the soil and on the relative solubility of the fixed
phosphate compounds. Under the prevailing reducing
conditions of poorly drained soils, the phosphate may
not be so firmly fixed as in the freely-drained, and
losses of phosphate might be expected to be greater in
these soils,

Gaarder (42) stated that in humid or semi-humid
soils of high humus content, loss of phosphate may be
very great. Some such conditions prevail in plot K*;
and the results show that three years after the
application of superphosphate, the phosphate status of
this/
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this soil had almost reverted to its original level.

With each soil type, the comparison of poorly and
freely drained associates was carried out in the same
field of which the management and fertiliser treatment
has presumably been uniform over the whole area for many
years. Examination of the data shows that the total
phosphate content is much greater in freely drained soils,
This would suggest a considerable removal of phosphate
by leaching in poorly drained soils.,

It was found that the total phosphate of the
control plots in both soil types remained fairly constant
throughout the period of the experiment. This result
agrees with the suggestion of Robinson and Jones (33)
and Doak (34) that the phosphorus in the soil can be
divided into two groups (a) natural stable phosphorus
compounds which are subject to negligible wastage by
leaching and (b) the unstable phosphorus compounds of
added dressings which are removed fairly rapidly from
the surface layers by percolating waters.

The available-phosphate results lend support to
the contention of Wrenshall and McKibbin (23) that the
soluble phosphorus of untreated soil is an equilibrium

quantity, probably not varying significantly from year

to/
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to year and approached in the treated soil after the
effectiveness of the application has worn off, In some
of the control plots there was an indication of
phosphate penetration of residues of dressings applied
prior to the experiment, but in general the available
phosphate content of the various layers has remained
constant,

Some important points, in phosphatic manuring of
grassland, arise from the results. There is strong
evidence to show, that drainage conditions (as suggested
by Glentworth (46) ) have considerable influence on the
fate of #ppkied phosphates. A comparison of the effects
of superphosphate applied to freely- and poorly-drained
soils shows:-

1. When superphosphate is applied to a poorly-drained
soil, the increase in "available phosphate" content of
this soil is likely to be greater and of longer duration
than when a similar dressing 1s applied to a well-drained
soil, Fixation appears to be less rapid and less

complete under poor drainage conditions.

2. Application of superphosphate to poorly-drained soil
may result in increases in "available phosphate" content
down to depths of 7" or more, but, in freely-drained soil,

increases are not likely to be registered below depths

of/
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of 3" to 4" and probably even less under acid freely-
drained conditions.,
3. Downward movement of "total phosphate" is likely to
be considerable in poorly-drained soil and in some such
soils may lead to considerable loss ofL?%%gﬁhate from
the surface layers. In well-drained soil, however,
nearly all the applied phosphate will be retained in
the top 3" or 4" of soil.
4, It seems that most workers concerned with the problem
of "phosphate fixation" have been preoccupied with the
effects of soil acidity, and have therefore tended to
relate their conclusions to acidity alone.

Soils of similar acidity can be naturally drained
to varying degrees (and conversely).

Natural drainage, is equally with acidity, a soil
phenomenon., Both these phenomena will require to be
taken into account in considering the very considerable
practical aspects of phosphate utilisation by crops.

Drainage conditions define more than just the water
regime: they also determine the extent of aeration,

It is now suggested that the probable fate, of
applied phosphate, will depend not only on the soil's
acidity but also on the freedom and type of natural

drainage.
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Table:— 31.

Results of method of sampling test

Depth of mg. avallable P205 per 100 g. air-dry soil
sampling Sample
Mean Standard
1 2 3 4 5 Deviatior
o - 1" 20.2 19.4 20.5 18.4 20.0 19.7 0.8
1"~ 2" 3.9 3.6 4.2 4,8 5.0 4.3 0.6
2"~ 3" 2.3 2.3 2.0 2.3 4.1 2.6 0.8
3"- 4" 2.3 4.8 3.0 3.3 4.1 3.5 1.0
4"~ 5" 2.3 4,5 2.3 2.3 3.6 3.0 1.0
5% 6" - 1.9 3.0 2.0 3.6 3.5 2.8 0.8
6"~ 7" 2.0 1.1 2.7 3.0 3.7 2.5 1.0

Determinations of "available phosphate" were made by

me by the method of Williams and Stewart (1).
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AVAILABILITY AND PENETRATION OF PHOSPHATE IN SOILS.

Table:— 32.

Results of method of sampling tests

Depth of mg. total P205 per 100 g. air-dry soil
sampling
Mean Standard
1 2 3 4 5 Deviation
0o - 1" 243 233 243 240 233 238 5.1
1. 2" 155 151 159 154 159 156 3.4
2"~ 3" 133 131 132 121 128 129 4.9
3"~ 4" 116 116 .129‘ 119 127 122 6.0
4"~ 5" 113 120 113 111 113 114 3.4
5% 6" 108 108 112 116 106 110 4.0
6"~ 7" 107 105 105 112 106 107 . 2.9

Determinations of "total phosphate" were made by me

by my then unpublished method (see reprint: Part 11I).
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PART 1II.

FIELD EXPERIMENTS WITH PHOSPHATES APFLIED
TO SWEDES: WITH SPECIAL REFERENCE TO
SOIL CONDITIONS.




It is pertinent to cite some original results of
field trials on yields of swedes variously manured
with phosphates. These experiments were made before
the initiation of the work formally offered for Thesis

requirements.




SWEDE EXPERIMENTS, 1945

Phosphate experiments were laid down on a total of
seven associates of five soil types in Stirlingshire,
The experiments were designed to study the response of
the swede crop to dressings of phosphates on some
typical soil types and to compare the effects of
superphosphate and ground mineral phosphate and soils
varying in hydromorphic type as well as in e.g., acidity

and available phosphate.

Treatments: -
A, Control - no phosphate,
B. 0.5 cwt. P205 per acre as superphosphate.
C. 1.0 cwt. P205 per acre as superphosphate,
D

. 1.0 cwt. P205 per acre as ground mineral
phosphate,

Basal Manuring:-

2 cwt. sulphate of ammonia per acre.
15 cwt. muriate of potash per acre.
10 1b. borax per acre.

Variety: -
"Falcon" purple top swede.

Layout:- :
The experiments consisted of 4 x 4 latin

squares. The plots were 1/80 acre.



Results:—
1.  Soil Type*:- Sandy till boulder clay - PH.
Centre:- Burnhouse, High Bonnybridge.

S0il Analyses:=—

Loss on Ignition - 8.4%
pH - 6.5l
Available P205 -. - 4,2 mg, per 100 g.
Available K50 - 2.8 mg. per 100 g.

Yields per acre:-

Treatment A.b - 4 ton 9% cwt.
B. - 10 ton 1 cwt.
C. - 10 ton 10} cwt.
D. - 8 ton 5% cwt.

Mean - 8 ton 7 cwt.

1+

Standard Error - 9% cwts.

*  These soils were classified by Dr, H., Hart,

Macaulay Institute, Aberdeen.
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S0il Type®:—- Sandy till boulder clay - P.
Centre:- Woodend, High Bonnybridge.

Soil Analyses:-—

Loss on Ignition
pH

Available P2O5
Available KQO

Yields per acre:-

Treatment A. -
B. -

C. -

D. -

Mean -

Standard Error -

10.58
6.05
2.6 mg. per 100 g.
1.9 mg. per 100 g.

ton 7% cwt.
ton 6% cwt.
ton 4 cwt,
ton 11} cwt.
ton 8 cwt.

15 cwt.
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3. Soil Type:— Littoral sands - P-PH,
Centre: - Carbeth Home Farm, Killearn.

Soil Analyses:-—

Loss on Ignition - 6.2%
pH - 5.35
Available P205 - 1.5 mg, per 100 g.
Available K20 - 2.1 mg. per 100 g.

Yields per sacre:-—

Treatment A, - 9 ton 5 cwt,

B. - 17 ton.

C. - 17 ton 16 cwt,

D. - 15 ton 13 cwt;
Mean - 14 ton 19 cwt.

Standard Error - 1 3.2 cwt.
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Soil Type:-— Littoral sands - PH.
Centre: - Carbeth Home Farm, Killearn.

Soil Analyses:-—

Loss on Ignition - 8.5%

pH - 5.45
Available P20s - 3.5 mg. per 100 g.
Available K50 - 2.8 mg. per 100 g.

Yields per acre:-

Treatment A, - 12 ton 2 cwt.
B. - 16 ton 3 cwt.
c. - 16 ton 12 cwt.

D. - 15 ton 5 cwt.
‘Mean - 15 ton § cwt.

Standard Error - * 15} cwt.
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5. Soil Type:-— 0ld Red Sandstone boulder clay P.

Centre:— Carbeth Home Farm, Killearn.

Soil Analyses:-

Loss on Ignition - 8.8%

pH = b1

Available P205 - 3.8 mg. per 100 g.
Available B0 - 25.5 mg. per 100 g.

Yields per acre;:-—

Treatment A, - 20 ton 5 cwt.
B. - 20 ton 9 cwt.
c. - 22 ton 1 cwt;
D. - 20 ton 12 cwt,

Mean - 20 ton 17 cwt,

Staendard Error - T 24} cwt.
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6. Soil Type*:~ Falkirk sands - P,
Centre:- Myrehead, Polmont.

Soil Analyses:-

Loss on Ignition - 13.34
pH - 5.0
Available Pg0s - 11.5 mg. per 100 g.
Available K20 - 5.0 mg. per 100 g.

Yields per acre:-—

Treatment A, - 13 ton.
B. - 13 ton 11} cwt.
c. - 14 ton 174 owt
D. - 12 ton 11 cwt.
Mean - 13 ton 7 cwt.

Standard Error - + 13} cwt.
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7. Soil Type*:— Heavy Boulder Clay P,
Centre:— Glen Farm, Falkirk.

Soil Analyses:-

Loss on Ignition - 9.8%

pH - 5.8

Available P05 - - 6.5 mg. per 100 g.
Available K20 - 1.0 mg. per 100 g.

Yields per acre:—

Treatment A. - 11 ton 10} cwt.

. B. - 14 ton 9 cwt.
C. - 14 ton 12 cwt.

D. - 13 ton 18 cut.
Mean - 13 ton 12} cwt.

Standard Error - t 17 cwt.
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DISCUSSION OF RESULTS

The results of the swede experiments showed the
following points:-—
1. There were no significant differences between yield-
responses to the two rates of application of superphosphate.

It would appear that 0.5 cwt., P (as superphosphate) per

205
acre is a practically sufficient dressing for swedes of
which the manurial treatment is otherwise adequate.

2. The results indicate that 1.0 cwt. P2O5 as ground
mineral phosphate is hardly as effective as 0.5 cwt.

'P2O5 as superphosphate.

3. The control plots on poorly drained (centres 1 and 4)
soils gave higher yields than the corresponding plots
on the more freely drained soils (centres 2 and 3).

4, The percentage increase inyield resulting from the
addition of phosphates was greater in the freely drained -
soils (compare centres 1 & 2 and 3 & 4).

5. The results at centre 5 are rather surprising. This
soil which showed a low available phosphate centent
gave a 20-ton per acre crop without the addition of

phosphates and failed to respond significantly to
dressings of phosphates.

6. The yield of swedes was little affected (where

superphosphate was applied)by natural drainage conditions.
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The foregoing discussion may once more serve to
show the inadequacy of present-day determinations of
"available" phosphate in soil as guides to manurial
treatment and expectations of yield. Such soil tests
are based on "snap" sampling. They may therefore be
called static; at least they provide only one point on
a curve of availability, and thus give no indication of
the kinetics of nutrient equilibria; and it is upon rate
of release, rather than upon a single equilibrium
attained after an indeterminate time, that plant nutrition
in the field must usually depend.

The higher yields of swedes from the control plots
(no phosphate applied) on poorly-drained soil, as
compared with freely-drained, provides further evidence
of more complete fixation of phosphate under good
drainage conditions.

Where phosphate fixation is great, there is
reason to believe that the effect on the available
phosphate status of arable soils, of phosphate dressings
applied in the spring, will be very small by mid-season;
and it is unlikely that the resultant effect at
mid~season will be much greater with % or 1 cwt. P05
per acre dressings.

Hunter (1) has shown that a very high percentage

of the phosphate removed by a swede crop 1s absorbed
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during July.

If the demands of a crop are high at one
particular period, then the ultimate yield must be
governed by the amount of available phosphate present
in the soil and on the rate of release of available
phosphate during this period (other nutrients being in
adequate supply).

Such an explanation may account for the similar
yields y/iekdy obtained by ¢ and 1 cwt. Bp05 per acre
dressings of superphosphate in these experiments. It
seems possible that top-dressings of soluble phosphates
applied to swede crops in July might have beneficial

results.

1. Unpublished work by Dr. J. G. Hunter (Glasgow
Ph.D. Thesis, 1948).
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DEIERMINATION OF TOTAL PHOSPHATE IN SCILS,.

In order to carry out the fairly large number
of estimations of total phosphate in the Carbeth
soils, a method had to be found which would give

accurate results, be easily adapted for rapid routine

analysis and would give a measure of total or at least
i & definite category of soil phosphorus. Several methods

were tried but they were either long and tedious, or,

if more rapid, the accuracy they permitted was not
sufficient for investigational woek. The published

method (reprint I, attached) was therefore evolved.

The method has been further tested by applying
it to diverse materials other than soils, e.g. organic
manures, plant tissue, fertilisers.

Unpublished results of these analyses are given
herewith,

It can be seen that satisfactory agreement
between duplicates was uniformly obtained.

The method is therefore much more widely

applicable for estimation of total phosphorus than was

at first believed. It appears, in fact, to be generally

applicable to all kinds of agricultural materials,
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Reprinted from the Journal of The Science of Food and Agriculture, 1950, No. 4, pp. 105-107.

A COLORIMETRIC MODIFICATION

McLEAN’S METHOD FOR THE

DETERMINATION OF PHOSPHORUS
IN SOILS

OF

By A. J. McGREGOR

McLean'’s technique of extraction of soil phosphate by digestion
of soil with concentrated sulphuric and nitric acids has been
adapted to a colorimetric method of determining soil phosphate
by use of metol. The complete technique is performed with use
of glassware alone and is simple and accurate.

In order to carry out an investigation on soil phosphorus
a method had to be found which would give accurate results,
be easily adapted for rapid routine analyses, and would give
a measure of total—or at least a definite category of—soil
phosphorus. Various methods were tried but it was found
that they were either long and tedious, or, if more rapid, the
accuracy they permitted was not sufficient for investigational
work.

Hydrochloric and hydrofluoric acid extraction methods were
found to be laborious and not suited for rapid routine analyses.
Colorimetric methods, in which extracts were prepared after
sodium carbonate fusion, and the phosphorus determined on
the extracts by reduction of the phosphomolybdate, were
found to be more rapid but had several serious disadvantages,
e.g. (a) platinum crucibles were necessary for the sodium
carbonate fusion, (b) the small weight of soil (o5 g., usually)
extracted led to errors in sampling, (¢) difficulties with sodium
carbonate fusion gave incomplete extraction and (d) soluble
silicates interfered with the estimation of phosphorus in the
extracts. .

McLean’s method?! for the extraction of phosphorus is rela-
tively simple and is suitable for routine work. It was decided
to adopt this technique and to determine the amount of
phosphorus in the extract by one of the colorimetric pro-
cedures. Reduction of the phosphomolybdate by metol
(p-methylaminophenol sulphate) was found to be the method
most suitable for the range of phosphorus concentration in
the soil extracts and also that most tolerant of soluble
silicates.

McLean® showed that by boiling soil with hydrochloric acid
(b.p. 110° C.) for 48 hr. under reflux an end-point of extrac-
tion was reached. He found that a brief digestion with sul-
phuric and nitric acids gave results in agreement with results
by 48 hours’ hydrochloric acid extraction. He suggested that
the phosphorus extracted by concentrated mineral acid repre-
sents a definite category of soil phosphorus which may be
taken as the total phosphorus present in the soil. Any soil

phosphorus surviving such a digestion is probably either .

included within the soil mineral or is so insoluble as to play
no part in the secular phosphorus cycle of the soil.

Method

The method consists in digesting a sample of finely ground
air-dry soil with sulphuric and nitric acids, diluting the extract
to a known volume and determining colorimetrically the con-
centration of phosphorus in an aliquot by reduction of the
phosphomolybdate to the blue compound.

Reagents

Ammonium molybdate reagent—10 g. ammonium molybdate
(A.R.) are dissolved in distilled water and made up to 100 ml.
If heat is required to dissolve the ammonium molybdate, the
temperature should not be allowed to rise above 60°c. The

molybdate solution is filtered into a mixture of 150 ml. conc.

sulphuric acid (A.R.) and 100 ml. distilled water. Very slow *
addition of the molybdate solution and frequent shaking is
required to prevent overheating.

Metol reagent—40 g. sodium metabisulphite, 1 g. sodium
sulphite and o-2 g. p-methylaminophenol sulphate are dis-
solved in distilled water and made up to 100 ml.

Standard phosphate solution.—Solution 4 : o-1917 g. potas-
sium dihydrogen phosphateis dissolved in distilled water ; the
solution is made slightly acid with sulphuric acid and diluted
torl

Solution B :
distilled water.

100 ml. of solution A are diluted to 1 1. with

1 ml. solution 4 = o-ooor g. P,0;
1 ml. solution B = o-ooo0o1 g. P,0;

Procedure

Digestion.—4 g. finely ground soil are weighed into a 300-ml.
Kjeldahl flask. 12 ml. conc. H,SO, and 15 ml. conc. HNO,
are added. The flask is heated gently at first and then with
a slightly larger flame until the flask is filled with white fumes.
Fuming is continued for about 5 min. and the flask is then
allowed to cool. A further 5 ml. conc. HNO, are added and
the contents are again heated until white fumes appear.
Fuming is continued for 20 min.; the contents of the flask
should then be opaque white. Soils with high organic matter
content may require a further 5 ml. conc. HNO,, the digestion
being repeated as before.

The flask is allowed to cool somewhat and about 10-15 mk
distilled water are carefully added. This drives off any nitric
acid which may still be present. The contents of the flask
are transferred to a 500-ml. volumetric flask by washing with
water and decanting. When cool the extract is made up to
volume. About 50 ml. of the extract are filtered through-a
No. 42 Whatman filter paper.

Development of colour—5 ml. of the extract are measured
into a boiling tube. The extract is neutralized with 1:4
ammonium hydroxide and made up to approximately 25 ml.
with water. One drop of a 19, aqueous solution of p-nitro-
phenol is used as indicator. 5 ml. ammonium molybdate
reagent are then added and the tube is placed in a boiling
water bath for 20 min. 5 ml., metol reagent are added and
the tube is heated for a further 25 min. in the water bath.
The tube is then cooled rapidly under the cold water tap.
The contents of the tube are transferred to a 50-ml. or 100-ml.
volumetric flask, depending on the intensity of the colour
developed, and made up to volume.

M easurement of colour intensity.—The intensity of the colour
is measured using a Spekker absorptiometer with drum set
at 1-00 for distilled water. Heat filters H503 and red filters
are used. The colour is measured in a 2-cm. or 4-cm. cell
depending on the intensity. ’

Caltbration.—Calibration curves are prepared using the

. standard phosphate solution B and developing the colours as

described above. It is advisable to prepare 3 curves : (i) using
1,2, 3,4, 5, 6,7 and 8 ml. soln. B. Colours are developed,
diluted to 50 ml. and read in a 4-cm. cell; (ii) using 8, g, 10,
11, 12, 13, 14, 15, and 16 ml. soln. B. Colours diluted to
100 ml. and read in a 4-cm. cell; (iii) using 16, 18, 20, 22, 24,
26, 28, 30, and 32 soln. B. Colours diluted to 100 ml. and
read in a 2-cm. cell.

When 4 g. soil and 5 ml. extract are used, these graphs
give the following ranges: (i) 25-200 mg. PyO; per 100 g.
soil ; (i) 200—400 mg. P,0; per 100 g. soil; (iii) 400~800 mg.
P,0; per 100 g. soil.

Higher concentrations (up to 1200 mg. per 100 g.) if neces-
sary can be measured using a 1-cm. cell or by reducing the
volume of extract used in developing the colour.
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Remarks on the procedure

Range of method.—One of the advantages of the method is
the large range of concentrations of phosphate that can be
measured. For routine work it is convenient to use 4 g. soil,
dilute the extract to 500 ml., and use a 5-ml. aliquot for the
development of colour. The intensity of the colour developed
indicates which graph will be used. Thus a range of 25 to
800 mg. P,0O; per 100 g. soil can be measured without having
to repeat with smaller aliquots. In each curve the standard
error is likely to be greater with the lighter colours.

Development of colour.—The reduction of the phospho-
molybdate by p-methylaminophenol sulphate to give a blue
solution was first proposed by Leiboff,? but the method
adopted is a slight modification of a method proposed by
Allport.® A fairly strict time-table should be adhered to
when developing the colours; the time of heating has an
effect on the intensity of the colour developed.

Interference of silicates.—Silicates do not interfere with the
method, although practically no soluble silicates are left after
the digestion. In addition the metol method is fairly tolerant
of soluble silicates.

Digestion.—The digestion, which is essentially that des-
cribed by McLean,! is very simple and needs little attention ;
it was found, however, that the time of the final fuming is
important, as Table I shows. 20 min. was found to give an
end-point of extraction.

Table I

Determination of total phosphorus in soils : effect of times of fuming

Duration of Colour intensity developed*
final fuming, (Spekker readings X 100)

min, Soil 1 Soil 2 Soil 3
5 .. .. .. .. 655 730 413
0 .. .. .. .. 630 700 390
I5 .. 61°1 683 385
20 .. 61-0 68-0 378
25 613 68-0 37°5

* Averages of 4 determinations

Filtering of extract.—It will be noted that the extract is
made up to volume before filtering. This technique is not
conventional, but if care is taken in decanting and washing
the volume of precipitate and soil residue in the volumetric
flask is negligible. Several determinations were carried out
by both methods (i.e. diluting to volume before and after
filtering) with no significant difference in results. The tech-
nique adopted greatly reduces the time required for filtration,
since 50 ml. are filtered instead of 300 ml.

J.S.F.A., 1, Apr., 1950

Results

Ten digestions of each of six soils were carried out and the
phosphorus content of the extracts determined in duplicate ;
agreement was good, as Table II shows.

Table II

Determination of fotal phosphorus in soils : vesults from metol method

Soil No. P,0; per 100 g. air-dry Standard
soil, mg.: mean of deviation
10 determinations

I 1200 + 19

2 1472 + 21

3 2889 + 27

4 3213 + 25

5 4365 =+ 58

6 6930 + 59

Results from a series of comparisons of the metol technique
with McLean’s original technique are given in Table III. In

Table III

Determination of total phosphorus in soils
P,0O; per 100 g. air-dry soil, mg.*

Soil Metol method  McLean’s method
A1z 165 161
A8 309 295
Nr1 165 160
Kro 91 89
Hrz2 107 105
Kiz 78 84
A3o 213 212
Hiz .. 105 95
Mean .. 154 150

* All results are from concordant triplicate determinations

these (and in preliminary results not detailed here) the average
by the McLean technique was slightly but not significantly
lower than that given by the metol technique. Thus no
preference can be accorded to McLean’s or the present metol
technique from the point of view of attainable accuracy,
although the metol technique is appreciably neater and more
rapid than McLean’s. It avoids (1) overnight standing of the
precipitate (ii) the subsequent filtration and (iii) the operative
difficulties associated with gravimetric estimations of small
amounts of phosphomolybdate precipitate: these are a
common source of error in inexperienced hands.

The metol technique allows 24 complete estimations to be
made in an 8-hour day; about three days would be needed
for the same number of determinations by McLean’s technique.

Table IV

Determination of total phosphorus in soils : wvecovery of phosphovus

P,0; per 100 g. air-dry soil, mg.

Soil* Metol method ) ) McLean’s method . . s
T - Originally Amount Re-determined} Recovered  Originally Amount  Re-determined TRecovere@™
present added present added
457 1644 £ 20 456
762 194'7 & 20 759
Hyg7 .. 11188 4+ 15 121°9 2370 & 2-3 118-2
1523 269'8 L 24 I51°0
198-0 320:9 &+ 35 202°I
24 101 23 . 16 98 14
K12 78 { 84 {
144 218 I40 96 181 97
{ 24 238 25 . { 24 240 28
A3zo .. 213 212
144 354 I41 144 354 142
24 130 25 16 IIIX 16
Hi3z .. 105 { 95 {
144 251 146 96 189 94

* The soils are surface soils from the region of Killearn, Stirlingshire, and are of Old Red Sandstone derivation.

A30 is a boulder

clay; Hi3, H47, and K1z are littoral or fluvio-glacial sandy loams; Ki2 is a more peaty associate of the H soils.

t Mean of ro determinations for each addition of phosphate to soil H47.

determinations.
1 Mean of 20 determinations.

All results for other soils are the means of concordant triplicate
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For tests of recovery of P,O; phosphate was added as
KH,PO, (Table IV).

To the three soils K12, A3o and H13 the same weight of
phosphate was added for determinations by both methods
recorded in Table IV, but the metol method could be satis-
factorily completed on 4 g. of the phosphate—poor soils of
which 6 g. of soil needed to be used for McLean’s method
to bring the determination within its limits of sensitivity.
The added P,0; was thus reduced from 24 to 16 mg./100 g.
 This limitation did not apply to the richer soil A3o of which
4 g. were used for each method.

Using 4 g. soil per determination, the metol method is
satisfactory without dilution for soils containing from 25 to
200 mg., and by simple adaptations up to at least 800 mg.
P,0; per 100 g. of soil. ‘

Used as a routine procedure over about 18 months, the
metol method has given good agreement between duplicates.

Chemistry Department
The West of Scotland Agricultural College
Glasgow

Received June 24, 1949

‘References
1 McLean, W., J. Agric. Sci., 1936, 26, 331

2 Leiboff, S. L., J. Lab. clin. Med., 1931, 16, 495 (as quoted by

Allport?)
3 Allport, N. L., * Colorimetric Analysis,” p. 156 (London: 1945) .
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DETERMINATION CF TOTAL PHOSPHORUS IN PLANT TISSUE,
ORGANIC MANURES, FERTILISERS, ETC.

The Metol method for the estimation of total
phosphorus in soils has also been used for plant tissue,
organic manures, etc.. The procedure is similar to
that for soils. The weight of sample and the final
dilution of extract depends on the material being

analysed. Some examples are:-

1. Turnip bulbs:- 1 g. sample of turnip dry matter
is digested and the extract diluted to 500 ml. 5 ml. of
extract is used for the development of colour.

2. Dried grass:-— 1 g. sample of dried grass dry
matter 1s digested and the extract diluted to 500 ml.

2 ml. of the extract is used for the development of
colouf.

3. Organic menures:— 3 g. sample of dry matter is
digested and the extract diluted to 500 ml.. 2 - 5 ml.
of extract is used fér the development of colour,

4, Phosphatic fertilisers:- 3 g. sample is digested
and the extract diluted to 1 litre.2 ml, of the extract
is used for the development of colour, |

Agreement betweén duplicates has been found to'be

satisfactory/
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satisfactory; some typical results are given below,

Sample. Spekker readings. ZP905 Mean.

1. Turnip bulbe (dry-matter)

1. a. 7J0.0 69,5 0.282
0.281
'2 b. 69.5 69,5 0.280
" a. 54,5  53.5 0.450 |
0.451
b. 53.5 54.0 0.452
3. a. 57.5 58.5 0.405
0.408
b. 58.0 57.0 0.410 :
4, a. 58.5 58.0 ~0.400
| , 0.398
b. 58.5 59.0 0.395
5. a 56.5 56.5 0.410
0.413
b. 55.5 56.5 0.415
6. a. 51.5 50.5 0.478
| | 0.477
b. 51.5 51,0 0.475
7. a. 55.5 54.5 0.438
0.439
b. 55.0 54.0 0.440
8. a. 41.0 41,0 0.585 |
0.585
b. 41.5 _ 40.5 0.585
9. a 40.5 41,0 0.588
0.592
b. 40.0 40.0 0.595
10. a. 41.5 40,5 0.585
. 0.583
b. 41,0 41,5 0.580



4,

Sample Spekker readings % PQO5 in D.M. Mean
", a. 39.0 39.0 0.605 ,
, 0.600
b. 40.5 39.5 0.595
12, a. 43.0 44.0 0.559
0.560
b. 43.5 43.0 0.560

Dried Grass

1. a. 59.5 59.5 0.970
. 0.967

b. 60.0 60.0 0.963

2. a. 56.0 56.5 1.033
1.036

b. 56.0 56.0 1.038

Tomato Leaves (lamina)

1. a. 52.5 53.5 1.138
1.138

b. 53.0 53.0 1.138

2, a. 56.5 56.0 1.108
1.102

b. 56.0 56.0 1.095
3. a. 72.5 73.0 0.620 o
0.617

b. 72.5 72.0 0.613

4, a. 27.5 27.5 1.813
v 1.811

b. 28.0 27.5 1.808

Farmyard Manure
1. Horse manure

a. 81.5 81.5 0.310
0.310

b. 81.5 81.5 0.310

2./



Sample

2.

Spekker readings

Poultry manure
a. 45,0
b. 46.0

Liquid manure

a. 9.90 g. 76.5
b. 10.09 g. 76.0
c. 9.92 g. 77.0
d. 9.88 g. T7.5

45.5
45.5

76.5
76.0
11.0
76.5

gP205 in D.M. Mean
2.6
7 2.685
2.68

%Po05 in original

0.021
0.021
0.020
0.021

0.021



PART 1IV.

THREE SEASONS' EXPERIMENTS AND ANALYTICAL
DATA ON TOMATOES GROWN UNDER LARGE SCALE
CONDITIONS.
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Because of the fundamental uncertainties of
prediction based on any mode of soil analysis, there is
an increasing belief that leaf or tissue analysis not
only 1s more logical but does give a better guide to
crop performance. |

Tissue analysis has limitations; one of them is
that it cannot be done in advance of sowing or planting
(unless a special “crop" is sown for diagnostic
purposes). Nevertheless, for some purposes tissue
analysis is unrivalled. One of these is the study of
the nutritional status of a crop throughout its growth.
Provided that reasonable precautions are taken to avoid
much defoliation or other damage during sampling, tissue
analysis can furnish considerable insight into crop
nutrition and health; and - once sufficient data
have been collected -~ tissue analysis can often
afford a very satisfactory basis for diagnosis. Such
diagnosis can sometimes be made so early in the growth
of the crop that remedial nutrient treatment can be
applied in time to have a gratifying effect on the
yield of the crop.

It is unnecessary to enlarge here on the general

virtues and limitations of tissue analysis - still less

to/
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Lo contribute an essay to the much discussed suject
of the place of "rapid" and other tests in advisory
s0il analysis; but it is germane to say here that much
of the Thesis work relates to, and is based on, tissue
analysis.
I. Part of the thesis work has consisted of the
development of an original technique of calcium
determination suitable for application to plant tissue.
II. Another part of the work, not specifically
embodied in the thesis but largely preceding the actual
thesis work, was done in conjunctioh.with Dr.J.G.Hunter.
It, also, related to the development of techniques for
determination of several elements in small samples of
plant tissue. Some of these methods - as used in
the present work - are described in full in appendix B.
III. The major burden of Part IV of this thesis is
concerned 1) with data obtained from plant-tissue
analysis of tomatoes, and 2) with the interpretation
of those data in conjunction with yield-data and other
field observations. By means of tissue analysis a
mass of data has been obtained which throws much light
on the nutrient status of tomato plants under various

conditions and during a season lastlng several months

in/
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in each of three years,

Some of the data thus obtained are probably new:
at least in the sense that few similar sets of
observations have been published regarding tomato
cultivation.

Most previous information about sulphate and some
other constituents of plants appears to be based on
analyses of ash - wusually of whole plants, The
usefulness of such information is veiled by unknown
losses from volatilization, uptake of oxygen, and other
analytical uncertainties from which a direct extraction
or other determination performed in the wet way is
immune.

However carefully analyses of whole plants are
performed and provided with "controls", they can do no
more than yield values which are merely averages taken
on one occasion. Studies of plant nutrition are not
likely to be further advanced by techniques depending
upon the grosser forms of snap sampling. It seems that,
for future investigations of plant nutrition, much more
recourse must be had to analyses of single tissues and
parts of living plants sampled continuously throughout
a season,

A large part of the present work has been devoted

to/
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to the study of chemical means whereby such an aim can
be realised. A further large part of the work has been
an application of new and modern methods of chemical
"tissue analysis" to a study of some problems of

tomato culture,
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INTRODUCTION AND REVIEW OF LITERATURE

In commercial culture in Scottish tomato houses
a considerable loss of crop results from a check in
growth during mid season. This "check periocd" usually
occurs on the 5th - 8th trusses and sometimes on the
11th and 12th trusses. It is characterised by poor
growth and development and by poor setting of fruit
on these trusses.

After the plants are established in the border
a period of rapid growth and development follows,
The 2nd, 3rd, 4th, and sometimes 5th trusses are formed
in rapid succession. The result is a large number of
fruits set in a comparatively short period. These
numerous small fruits then grow actively and
simultaneously. It would appear that the demand on
nutrient supply becomes so great that further growth
and development of the top almost ceases. As this fruit
approaches maturity, a new phase of growth and development
occurs. The result is a second period of relatively
heavy fruit production, which in turn is followed by a
second but less intense "check period".

During these check periods it is found that the

flower/
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flower trusses become smaller, flowers fail to set
fruit and in severe cases there is a yellowing of the
truss followed by a dropping-off of immature flower
buds. The result is that from 3 to 6 trusses out of a
total of some 15 trusses, normally produced under
commercial conditions, fail to produce fruit. The loss
is severe.

This work is part of an experimental inquiry

whether, and by what means, this loss can be prevented.

Brief Survey Of Previous Work.

As a result of pot—culture work in Missouri,
Murneek (1) concluded that in the tomato plant
vegetative growth is controlled or regulated by the
fruit. He states that this control seems to be
determined by two major factors: a) the number of
fruits present on the plant and their proximity to the
growing point and b) the relative amount of the
available nitrogenous food supply.

Murneek studied the effects of fruiting on
vegetative growth. His plants were grown in sand and
soil pot-—cultures, under glass, witb different levels

of nitrogen manuring. He found that a maximum crop

of/
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of fruits had a very marked retarding effect on growth.
It is interesting to note that after the maximum
number of fruits that could be formed under a given set
of conditions had been set, other Iflowers could not be
fertilised, even with careful pollination. Murneek
described the symptoms of this check, brought about by
thedeveloping fruit, as occurring in the following order:
a) destruction of the fecundity of the blossoms, b)
decrease in the size of the floral clusters, c)yellowing
and abscission of flower buds, d) reduction and cessation
of terminal growth and e) complete exhaustion and
eventual death of 8ll parts of the plant excepting the
fruit. He pointed out that these signs are typical of a
condition of nitrogen starvation of increasing severity.

Murneek's results strongly indicate a negative
correlation between vegetative activity and fruiting.
His chemical analyses of the plant pointed to nitrogen
as a limiting factor effecting this correlation, He
suggested that the fruit is able in some way to divert
and monopolise almost all the available nitrogen in
the plant. This is understandable, since it is usual
for organisms under nutrient strain to mobilise their
resources towards reproduction.

Murneek/
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Murneek found that removal of fruits led in every
instance to a complete recovery of the terminal end of
the plant and to a marked increase in vegetativeness in
all other parts. W®hen this new growth set fruit,
vegetative growth was once more retarded.

The observations of White (2) and Owen (3) in
England are perhaps more nearly comparable with those
made under Scotilsh conditions, since the material of
both these workers was grown under glass at the
Cheshunt (Lea Valley) Experimental Station.

White (2) compared the flowering, fruiting and
rates of growth and development of plants grown in a)
completely manured soil, and b) nitrogen deficient soil.
These plants were grown (under glass) in soil beds which
had been under observation for several years. White
found that low nitrogen supply was associated with
. retardation of growth and development. His results
showed that the check to growth and development
associated with heavy fruit-bearing on the 2nd, 3rd
and 4th trusses was related to the nitrogen supply.

In nitrogen~starved plants cessation of growth was more
severe, reduction in crop of the 5th and 6th trusses was
accentuated and there was a high proportion of "retarded"
apical fruits on the 2nd, 3rd and 4th trusses. Every

characteristic/
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characteristic of fruiting considered was retarded by
low nitrogen supply, except the period of ripening of
the fruit and this was accelerated only in the lowest
trusses.

With plants’grown in potassium-deficient soil,
White found that the onset of and recovery from the
check to vegetative growth associated with heavy
fruit-bearing of the an; 3rd and 4th trusses was
accelerated by low potassium supply.

Owen's (3,4) results of composition of whole
tomato plants grown under conditions similar to those of
White, showed that the percentage of nitrogen in the
fruit was at a minimum in fruits of the 5th truss.

Owen (5) also pointed out that after heavy watering there
was a heavy fall in nitrate-nitrogen concentration in
the soil. He mentioned that in the traditional system
of "dry" growing practised in England (and to some
extent in Scotland), heavy watering is not done until
April; and, as a result, low values for nitrate which
follow are liable to persist unless nitrogen is applied.
Consequently there is the serious risk that the 5th and
b6th trusses are being laid down in the plant when the
nitrate level is unduly low. Hence (Owen concluded)
there is an imperative need to apply nitrogen

sufficiently/
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sufficiently early to eliminate this risk.

Considering these results of Murneek,'White and
Owen, it appears that nitrogen supply is closely
associated with the "check period". Moreover, there is
much reason to believe that it is the supply of
available, or useful, rather than the total, nitrogen
in soil and plant that is important in deciding the
severity and duration of the "check" and hence of the

losses of crop which ensue.
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TOMATO EXPERIMENTS, 1948.

Centre:— Law Nurseries, Carluke.

For a preliminary investigation, a typical nursery
in the Clyde area was chosen. Samples of leaves from
the plants and samples of soil from the borders were
“taken from three glasshouses at various times during
the season. It was hoped that analysis'of these samples
might give some pointer as to the cause of the "check"
or at least show the effect on the composition of the
plant.

The uppermost fully-developed leaf was used for
analysis. At each sampling 12 leaves were taken at
random over an area of the house. Samples were taken
at approximately weekly intervals over a period of two
months,

It was thought that the lamina (being the seat of
metabolic activity) might reveal changes in composition;
and that the changes occurring in the lamina of the
uppermost'fully—developed leaf might be closely
related with changes in growth of the top of the plant.

The samples on arrivel at the laboratory were

separated/
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separated into lamina and petiole. 5 g.-samples of
the fresh lamina were extracted with Morgan's (6)
reagent; and magnesium, potassium and phosphorus were
determined on the extracts. The remainder of the
lamina was dried; and manganese and nitrogen were
determined on the dry-matter. Details of chemical
methods are given leter,

Cultural Details.

The general management of the crop was undertaken

by the grower, in the ordinary way, and was not in
any sense experimental.
a) Basal manuring. Base manures were applied by the
grower two. weeks before planting, raked in and watered.
The dressing (of commercial type) was:

1 cwt. hydrated lime

1% cwt. Mason's Base manure  per"100 ft. (= 1500 sq.ft)

25 1lb. sulphate of potash
b) Top-dressing (also applied by grower).

Houses 1 and 6.

April 3rd. 30 lb. Mason's Y compouhd per 100 ft.

"

" 23rd. 30 lb. Mason's Y compound per

4] "

May S5th. 2} tons Moss litter manure

" 1"

56 1b. Bone meal

30 1b. Mason's Y compound " "

June/
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June 3rd., 16 1lb. Bone meal per 100 ft.
" 18th. 16 lb. Bone meal
" 28th. 16 1b. Bone meal
July 1st. 25 tons Moss litter manure
5 cwt. Bone meal
House 9 received the same dressings as Houses
1 and 6 but an additional dressing of 30 1b.
superphosphate and 15 1b, sulphate of potash per 100 ft.
was given in June. The top-dressing of moss litter
manure was not applied to House 9.
¢c) Varieties:
House No., 1 Money Maker
No. 6 Money Maker
No. 9 Radio

Investigations at other centres,

In addition to the lnvestigation at Law nursery,
the percentages of nitrogen and manganese were
determined on similar samples™, The results of these

determinations are given in Tables 5, 6, 7, 8 and 9.

* I have to thank Miss P. M. Browning of the
Horticulture Dept. of this College, for these additionsl

samples and for notes on the condition of the respective

Crops.
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IN DRy MATTER

1, NiTROGEN

6.0

NITROGEN
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, — — — House b.
\
—£ —a— .
Rty House q
/
/

MAY JUNE JuLy
Date oF SampLING

Diag. 1 - @ total nitrogen in dry-matter of lamina

of uppermost fully-developed leaves.



CONCENTRATION OF MacNesium (ppM. Ma. IN EXTRACTD

20

MAGNESIUM

House |.
— — ——~ House b
\ — & — House q.

MAY JUNE JuLy
Date OF SaMPLING

Diag. 2 - Concentration of magnesium in extracts™

of lamina of uppermost fully-developed leaves,

* 5 g, fresh material extracted with 100 ml.

Morgan's reagent



ConcenTraTioONn OF Potassium (m K ™ EXTRACTD

POTASSIUM

House |.
4007 — — — House 6.
' — & — House q

200

DATe OF SAMPLING

Diag. 3 - Concentration of potassium in extracts™

of lamina of uppermost fully-developed leaves.



C ONCENTRATION OF PHospHOoRrus (Ppm. P IN EXTRACT)

PHOSPHORUS

MAY JUNE JULy

Date of Sampunc

Diag. 4 - Concentration of phosphorus in extracts™

of lamina of uppermost fully-developed leaves.



MANGANESE IN DRy MATTER (MG PER 100 GM)D

MANGANESE
House |I.
— ——— House b
— & — House 9
MAY ) JUNE JULY
DATe oF SampLING
Diag. 5 - ¢ total manganese in dry-matter of

lamina of uppermost fully-developed leaves.
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Diag. 6 - Total nitrogen and extractable

magnesium in lamina of uppermost fully-—
developed leaves.
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Diag. 7 - Ratio of total nitrogen to extractable

magnesium in dry-matter of lamina of uppermost

fully-developed leaves,
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TOMATO EXPERIMENTS, 1948

Table:— 4. Centre:— Law nursery.

Soil analyses results®

Date Moisture ZLoss on  Avail, Avail...  pH
Ignition  P20s K00
% mg.7100 g.

House No. 1.°

13/3 3.4 10.8 153 86 6.54
22 /4 1.3 12.4 193 80 6.87
5/ 2.1 12.0 197 86 6.99
14/7 2.1 11.2 234 41 6.92
15/9 2.3 10.8 215 62 6.8
House No. 6.
13/3 3.8 10.3 169 80 6.73
22/4 2.1 1.4 209 86 6.80
5/6 2.1 11.4 252 132 6.89
14/7 3.6 10.7 244 50 6.84
15/9 3.2 10.1 238 94 6.84
House No..9. | \
13/ 3.6 1.2 225 84 7.11
22 /4 2.1 12.8 250 88 7.01
5/é3 2.3 12.0 308 84 7211
14/7 2.2 12.4 329 45 7.01
15/9 1.5 12.0 308 92 7.01

“ For these and subsequent similar analyses of soil, I
am indebted to Dr.C.L.Whittles and thevstaff of the
Soils Laboratory of the Chemistry Dept. W.S.A.C,

(Professor Hugh Nicol, Advisory Agricultural Chemist).
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TOMATO EXPERIMENTS, 1948

Table:— 5. Centre:- 1.

Analyses of uppermost fully-developed leaf.

Date of % Nitrogen in p.p.m. Manganese
sampling lamina D.M, | in lamina D,M,
9th April 5.57 500

13th April 6.04 410

21st April 5.68 385

5th May™ 4,62 335

24th May 5.24 120

8th June 5.32 325

17th June 4,26 A 370

23rd June 4,30 220

5th July 4,62 440

14th July™ 3.86 565

21st July™* 4.86 460

28th July™ 3.86 510

13th August 4.41 355

* mpusses in flower at these dates gave poor setting

of fruit.
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TOMATC EXPERIMENTS, 1948

Table:— 6. Centre:— 2.

Analyses of uppermost fully-developed leaf.

Date of % Nitrogen in pP.p.m., Manganese
sampling lamina D.M, in lamina D.M.
19th April 4.85 540

27th April 4.79 380

10th May™ 4.10 600
27thMay™ 4,00 610

10th June 4.59 790

17th June v 4.17 810

23rd June* 3.70 300

5th July™ . 3.78 790

15th July™ 3.39 1070

21st July 3.86 770

29th July 3.40 | 950

13th August 4.48 900

* Trusses in flower at these dates gave poor setting of
fruit. The plants had all the symptoms of a nitrogen

deficilency during mid season.,
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TOMATO EXPERIMENTS, 1948

Table:— 7. Centre:~ 3.

Analyses of uppermost fully-developed leaf.

Date of % Nitrogen in p.p.m. Manganese
sampling lamina D.M, in lamina D.M,
4th April 6.07 120

11th April 5.62 140

19th April 5.70 160

27th April 5.70 150

18th May R 4.75 130

27th May™ 3.61 490

10th June 4.82 375

17th June 4.70 355

23rd June 4,83 300

5th July™ 4,23 650

15th July™ 4,40 320

21st July 4,23 355

29th July™ 4,17 370

13th August™ 4,07 260

* Poor growth and development at these periods. Setting

of fruit was moderate.
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TOMATO EXPERIMENTS, 1948

Centre:- 4,

Analyses of wuppermost fully-developed leaf.

Date of

sampling

% Nitrogen in

lamina D.M.

p.p.m. Manganese

in lamina D,M.

4th April*
11th April
21st April
28th April
11th May
17th May
27th May
10th June*
17th June®
23rd June®
5th July™
15th July®
21st July
29th July
12th August

4,70
6.18
5.79
6.34
5.24
5.20
5.10'
4.44
3.96
4.26
5,12
4,65
4,86

4.73
4,84

140
250
150
310
445

475

670
680
750
840
500
850
645
660
640

* Poor growth and development at these periods and

“trusses flowering during these periods gave poor rields

of fruit.

month oI June.

Py, A

h!

oY

Plants were very pale and thin durings the
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TOMATO EXPERIMENTS, 1948

Centre:— 5,

Analyses of uppermost fully-developed leaf

% Nitrogen in

Date of p.p.m. Manganese
sampling lamina D,M, in}iamina D.i,
2nd April 4.33 460

11th April 6.15 360

19th April 6.11 270

27th April 4,25 240

11th May 5.21 270

18th May 5,21 250

27th May 5.26 230

10th June™ 3.74 270

17th June * 4.58 290

23rd June™® 4,23 330

5th July 5.15 240

15th July™ 4.14 270

21st July 4.55 300

29th July 4,48 270

13th August 3.96 220

* Poor growth and development at these periods but

fruit set was moderately good.

average,

Yield was well above
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NOTES ON RESULTS OF 1948 EXPERIMENTS.

1., Law Nursery.

The yield of tomatoes (probably about 30 - 33 cwt.
per 100 ft.) was definitely above average. The crop was
considerably reduced by periods of poor fruiting. In
houses 1 and 6 the "check period" was fairly severe; it
resulted in a loss of fruit over three trusses. In house
9 the "check" was less severe, affecting only 1 or 2
trusses., After the plants were established in the borders
there was a period of rapid growth with the production
of 4 or 5 trusses in quick succession., This was
followed by a period during which there was swelling of
the fruit, Some symptoms of magnesium deficiency were
noted at this stage. The top of the plant then became
thin, trusses were less vigorous than before, and,
in fact, the plant had all the appearances of a nitrogen
deficiency. As the bottom fruit ripened a new period of
growth took place at the top of the plant., Nitrogen-
deficiency symptoms disappeared and good healthy trusses
were formed, Magnesium—deficiency symptoms again
appeared and gradually became more severe towards the end
of the season,

It may be recalled that no attempt was made to

control/
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control the manuring or general culture of the tomato
plants. The manurial programme shows the heavy
applications of fertilisers normally applied to glass—
houses‘in the Clydeside. The amount of phosphate given
seems 1o be far in excess of the requirements of the
plant.

Results of tissue analyses are given in Tables
1, 2 and 3 and are illustrated in Diagrams 1, 2, 3, 4 and
5. The results showed that during the "check period"
(end of June to beginning of July) total nitrogen,
extractable phosphorus and extractable potassium were
very low, while total manganese and extractable
magnesium reached a maximum, A simultaneous rise in
total manganese and extractable magnesium is evident
just before the "check period". The appearance of
magnesium~delficiency symptoms tended to coincide with
low magnesium content in the lamina of the uppermost
fully-developed leaf.

In house 9, where the "check period" was less
severe, the total nitrogen in the lamina during this
period was higher than that in the lamina from houses
1 and 6 where the "check" was more severe., The maximum
reached by manganese during the "check" was much higher

in houses 1 and 6 than in house 9. It is not possible

to/
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to say whether these results are significant; such
differences could possibly be varietal.

2., Centres 1 - 5:~-

The results of total nitrogen and manganese found
in the lamina of the uppermost fully-developed leaf are
given in Tables 5, 6, 7, 8, and 9. There Faean indication:
that periods of poor growth and development and poor
setting of fruit were correlated with low pitrogen and

high manganese in the lamina of the leaf,

The results of the 1948 investigations indicated
that the “check period" may result from a nitrogen
deficiericy, brought about by the heavy demands of the
developing fruits. This implication of nitrogen supply
and uptake is in agreement with the findings of Murneek
(1), White (2) and Owen(5, 7) about nitrogen deficiency.

Owen’s published comment s (7, 8) about "physiological
strain", seemed to suggest that it is correlated with
magnesium deficiency. The results of 1948 investigations
do not support this contention. The tendency at Law
was towards low nitrogen and consistently high magnesium
during the "check period". This is clearly borne out
by Diagram 6 in which the levels of nitrogen and
extractable magnesium in the leaves from the three houses
are plotted. The approximate "check period", varyins in

length/
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length in the different houses 1, 6 and 9 is roughly
indicated by vertical arrows numbered to correspond.
The individual nitrogen-magnesium ratios are plotied in
Biagram 7.

An increase of total manganese in the lamina Just
before and especially during the "check period", may
also have been an indication of abnormality. The
magnitude of this increase in total manganese may be

affected by variety. Whatever the explanation of the

increase, Diagram 4 indicates that it was real. Moreover,

since the soils were nearly neutral throughout? the
increase can hardly be associated with a manganese
toxicity arising from soil acidity (see Hunter and
McGregor (9); attached Reprint III). It may therefore
be taken as having a physiological origin and meaning.
It is probably connected with "physiological strain",
though the available evidence is insufficient to
establish the exact relationship between the plant's
condition and the increase of total manganese in the

leaf,

* It can be seen (Diag. 5 and Table 4) that the

general level of manganese did vary with soil acidity

(cf. p. 145).




TOMATO EXPERIMENTS, 1949.




2.

TOMATU ZXPERIMENTS, 1949

In commercial greenhouses where the solls are
steam-sterilised there is always the fear among the
growers that their plants will grow too stronglygand,
in fact, suffer from excessive "nitrogen vigour". There
is a tendency to withold nitrogenous fertilisers until
the plants are beginning to thin at the top. The
results of the 1948 experiments showed that at the
"check period" the total nitrogen in the lamina of upper
leaves dropped to a minimum; also, the visual symptoms
all pointed to a nitrogen deficiency at this period.
There was therefore some reason to believ¢ that
nitrogenous manures Wére witheld too long. An
investigation into nitrogenous manuring seemed to be the
one most likely to yield results.

An experiment was designed to study the effects
of three levels of nitrogen manuring with soluble salts
and the importance of the time of application of nitrogen.
In some treatments the (‘soluble”) nitrogen applications
were started three or four weeks after the plants were
planted and were continued at fortnightly intervals until
the end of the season. In other treatments no nitrogen

was applied until the first signs of the "check period",

Two,/
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Two centres in Lanarkshire were chosen, one at
Springfield, Cleghorn, and the other at Kairn, Lanark.
Greenhouses 200 ft. by 16 ft. were used at both centres.
Strict control of management was maintained throughout
the time of the experiment.

The experiments consisted of four randomised

blocks of six treatments.

Size of plot:-— 32 plants per plot (8 x 4).

The plants were spaced 21" apart and 20" between the
rows at Springfield and 18" apart and 20" between the

rows at Kairn.

Size of plot harvested:- Fruit was weighed from 24

plants of each plot. The end rows of each plot were
used as buffer rows and the fruit from these plants

was not included in the yield of the plot,

Basal manuring:-— % cwt. ground limestone per "100 ft.*

Top-dressings:— Two dressings of sulphate of potash

(28 1b. per 100 ft.) were given. The first at the
beginning of April and the second at the beginning of May.
No phosphates were applied, because soil analyses

indicated/

* "100 £t." = 1500 sq. ft. (100 ft. x 15 £t. planted area)



29.
indicated that there was an abundant supply of available

phosphate in these soils,

Variety:— Kairn - 'Ailsa Craig'
Springfield - ‘'Aldourie’

Treatments: -

A, No nitrogen applied - control.

B. Fortnightly applications of % 1b. N. as sulphate
of ammonia per 100 ft. from 1st. April.

C. Fortnightly applications of 1 1b. N. as sulphate
of ammonia per 100 ft. from 1st. April.

D. PFortnightly applications of 15 1lb. N. as sulphate
of ammonia per 100 ft. from 1st. April.

E. No nitrogen applied until first signs of "check
period", then fortnightly applications of 1 1b. N.
as sulphate of ammonia pér 100 ft.

F. As for 'E' but fortnightly applications of T% 1b.
N. as sulphate of ammonia per 100 ft.

Nitrogen applications were started at 15th. May

on plots E and F.

Total nitrogen applied:-—

Plot A. -~ Nil
B. - 6 1b, N per 100 ft.
C. - 12 1b. N per 100 ft.

D. - 18 1lb. N per 100 ft.

E/
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E. - 8 1lb. N per 100 ft.
F, =12 1b. N per 100 ft.
Samples for analysis:-— Samples of soil and tissue

were taken from each plot at regular intervals during
the season. The uppermost fully-expanded leaf was used
fér -analysis, as in the 1948 experiments, 12 leaves

per sample,

The leaves were separated into lamina and petiole.
Extractable™ magnesium, potassium and phosphorus, and,
total manganese and nitrogen were estimated in the
dry-matter of the lamina, Details of chemical methods

are given in Appendix B.

* Extracts were prepared using 1 g. dry-matter and

100 ml. Morgan's reagent.
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TOMATO EXPERIMENTS, 1949

Table:— 10, Centre:- Springfield.

Yields of fruit

Treatment Plot Yield Mean Plot Mean Yield Yield per
(1p.) Yield (1b.) per plant 1lb 100ft.(cwt)

224

A, 212 217 9.04 36.94
214
217

z

B. 2 222 .2 )

18 9.25 37.70
232

2o 6 6

C. 2 ' 21 .00 ' .

221 1 9 36.77
217

210

D. 200 212 8.83 36.10
220 |
219

217 21 12
534 | 9.’ 37.33
236
195
20
199
193
Mean - 36.44 cwt., per 100 ft.

F, 199 8.29 33.84

Standard Error - ¥ 0.88 cwb. per 100 ft.




TOMATO EXPERIMENTS, 1949

Centre:— Springfield.

P 11‘

Table

)

% Nitrogen™in Lamina dry matter

Date of sampling
4/4 18/4 2/5 16/5 23/5 30/5 6/6 14/6 20/6 27/6 4/7 11/7 18/7 20/8

Plot Treat-

ment
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Diag. 10 - Concentration of magnesium in extracts

of dry-matter of lamina of uppermost fully-developed
leaves.
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TOMATO EXPERIMENTS, 1949

Table:— 16. Centre:~ Kairn,.

Yields of Fruit

Treatment Plot yield Nean plot Mean plant Yield per
1b. yield 1lb. yield lb. 100ft. cwt.

115

A, 92 112 4,67 22,27
128
110
104

B. 107 109 4,54 21.63
103
122

118
c. 196 105 4,38 20.84
0

103
D. 97 96 4,00 19.00

E. 8 103 4,30 20,49

F. 97 102 4,25 21,04

Mean

ol

20,74 cwt., per 100 ft,
Standard Error ¥ 0.89 cwt. per 100 ft.
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TOMATO EXPERIMENTS, 1949

Table:— 17. Centre:— Kairn.

Number of plants attacked by Stem Rot

(Botrytis cinerea)

Treatment % Diseased Plants
A, . 17
B. | 35
. 9
D. . | - o 44
3 5

Standard Error

A+
A




TOMATO EXPERIMENTS, 1949

Table:- 18.

Centre:- Kairn.

ats

¢ _Nitrogen™ in Lamina dry matter

Date of sampling

Plot Treatment

16/6 22/6 30/6

9/6

19/5 26/5 2/6

9/5

11/4 25/4

28/3
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Diag. 13 - ¢ Nitrogen in dry— .
of uppermost fully-developed {ergigg?r of lamina
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