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SUMMARY

High amounts of allophane as measured by the sodium ﬂuoiide
test were found in the brown forest soils and B horizons of podzols
developed on basalt and basalt till. High organic matter levels.and phos-
phate retention in these soils were found to be due to their high-allophane,

content.

Spruce can grow on soils with a range of physical and chemical
properties. Chemical tests have been studied for reliability in predicting
deficiency of phosphate in spruce needles, and high levels of soluble or
exchangeable aluminium in soils, particularly in Fiunary and Savary Glen
Forests. These findings led to the conclusion that aluminium toxicity
was the cause of the phosphate deficiency. In addition to direct effects

on the chemical status of other essential nutrients.

Trees responded rapidly to fertilizer giving measurable
differences in the growth. Fertilization markedly increased the amount
of (phosphorus, nitrogen and potassium)accumulate in the current year's

needles.

A comparison was made of various methods for estimating avail-
able phosphorus in soil. The choice of a particular method was dependent
upon its reproducibility and sensitivity freedom from interfering ions and

stability of colour.

The correlation coefficients between available phosphorus values
obtained by these methods, and total phosphorus in the soils, with the up-

take of phosphate by spruce trees were calculated. The resin method gave



better correlations with phosphorus uptake by spruce than other
chemical methods. The anion-exchange resin method for soil-phosphate
extraction was investigated on four different soils. The amount of
phosphorus extracted was dependent on the anionic form of the resin.

It was concluded from the results given that the strong base anion-

exchange resin affects the pH of soil-water suspensions.

The C1~ form of AER caused a decrease in the pH of all soils,

whereas the OH and HCO3

forms increased the pH of acid soils.
Phosphorus extracted by HCO3-resin was greater than Cl-resin from

acid soils.

It is thus recommended that resin in the bicarbonate form should
be used for both routine as well as more advanced analyses to test the

ability of soils to supply phosphate to plants.

The reproducibility of the ascorbic acid method was superior to
that of the stannous chloride process, in addition to having the advantages

of stable colour for a long period, and excellent colour and sensitivity.

A study was made of the possibleinterference of silicon onthe deter-
mination of phosphorus. The results indicated that a range of silicwa(Si)

concentrations do not affect the phosphorus values.

This investigation set out to devise a suitable and rapid method
for determining the silicegin soil and plant tissues. There are many
methods available varying in ‘principle and technical detail for deter-
mining silicemin soil and plant materials. Several methods have been
c;ompared and their relative efficiencies judged for accuracy and

reproducibility.
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Rapid decomposition of silicenis achieved in teflon vessels with
sealed lids to prevent volatilization losses using hydrofluoric acid at
240° + 10°C. Hydrofluoric acid and a second mineral acid is an effective
and powerful decomposing agent for the complete dissolution of silicate
materials without loss of silicon by evaporation provided the containers

are cooled at -18°C for two hr. before opening.

The boric acid is present to suppress WY interference during
analysis. The borate removes interference from excess fluoride by
forming fluoroboric acid. Silici\(Si) (present as fluorosilicic acid) can
then be determined spectrophotometrically as the yellow B-silicomolybdic
acid. The reduction of silicomylybdic acid to molybdenum blue by using
metol solution as reductant instead of 1-amino-2-naphthol-4-sulphoric
acid is also recommended. Alternatively, the silicon can be determined

directly by atomic absorption spectrophotometry.

A pH of 1.9 is recommended for solutions of molybdosilicic acid

on the ground of reproducibility.

The most important sources of interference likely to be encountered
in most work are due to phosphorus and iron. It was found that 0. 5 ppm

of silicon could be determined in the presence of 22 ppm of phosphorus.

Suppression of phosphorus was achieved by the addition of gxalic
acid solution. Mullin and Riley (1955) found that by reducing iron with
hydroxylamine hydrochloride, 0.2 ppm silicsacould be determined in

the presence of 100 ppm ferric iron with an error of less than 1%.

The growth of sitka spruce seedlings on acid soils were signifi-

cantly improved by ectomycorrhiza. Seedlings with this ectomycorrhizal
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fungus have a root system that was physiologically capable of tolerating
adverse soil conditions, and increasing absorption of essential nutrients

from low concentrations.

The uptake of nutrients from soil and litter from the relatively
large inter-root distances of trees is achieved by longevity of mycorr-
hizal roots and particularly by growth of mycelial strands into soil.

The implications of longevity for transfer in the soil are the same for
both diffusive and convective flow. Increasing nutrient uptake and
efficiency of nutrient use is only one aspect of tree growth. It has to

be integrated into such other aspects as tree demand for nutrients under
a particular situation. Increasing nutrient uptake is not likely to be of

much relevance in a situation where some other factor is limiting growth.

Mycorrhiza influence nutrient uptake, carbohydrate distribution
and growth substance production, and increase host-plant resistance to
drought, and eventually eliminate aluminium soil toxicity. A priority
should be to understand how these factors are integrated in plant growth

in soil.

Analysis of several plant polysaccharides confirmed the presence
of silicgain all pectin samples analysed and revealed i.ts presence in
potato sfarch, and it revealed the presence of phosphorus in all pectin,
andvpotato starch samples. In the latter case, the silicmwas con-

centrated in the amylopectin fraction.

The range of silictnvalues found, based on dry weight of poly-

saccharide analysed was:-



- (xdii)

(a) for pectin 1,40 - 2.30 mg g DW.
(b) for potato starch 0.47 - 0. 80 mg g -

Other samples analysed contained less than 0.10 mg g -1.
It would appear that most of the silicempresent in potato tubers is located
in the starch grain and some of the properties of potato starch traditionally

attributed to phosphate could be influenced by the silicunpresent.

The range of phosphorus values found, based on dry weight of ?

polysaccharides analysed was:-

(a) - for pectin 0.30 - 0.42 mg g

(b) for amylopectin 1.45 - 1. 93 mg g 4-1.

c for potato starch 1.30 - 1.95 mg g ,-1
p g8

Although it is doubtful whether this would place silicen(Si) in the
list of essential nutrients, there is nevertheless increasing evidence that

silicgancan produce beneficial effects on plant growth.

The results obtained in this study show that the influence of
%ilican(Si), phosphorus and polysaccharide samples for precipitating or
reducing aluminium concentration in solution could considerably, silicws
(Si) and phosphorus precipitate aluminium from solution. The percentage
of precipitated aluminium is of the order of 57.7 and 63. 6 respectively.
The influence of polysaccharide samples for precipitating or reducing
aluminium concentration in solution varied from 5.4 - 57, 6%. The highest
value was obtained for amylopectin and thé lowest value for glycogen.

The precipitation process mainly depends upon the contents of phosphorus
and silicon in the polysaccharide samples. Another significant result

from this study is that the addition of soluble siliciato soil has a
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beneficial effect, in increasing the availability of soil phosphate. It
now seems clear that this beneficial effect of silicewSi) is not because
the plant utilizes siliceminstead of phosphate, but rather because the
silicate ion displaces the phosphate ion from the surface of soil or
colloidal material, thus increasing the availability and the amount of

phosphorus.

The toxic effect of aluminium in acid soils can be overcome by
the application of lime, organic matter, phosphate or silicamin rather
oy Quotrse
large amounts orNmycorrhiza. The beneficial effects of these treat-
ments have been variously attributed to:-
1. Supplying essential elements that are deficient in the plant,
2. Changing the soil reaction to a pH range that is favourable for
plant growth,
3. Rendering aluminium inactive because of precipitation in the soil,
4, Eliminating the toxic action of aluminium.

According to the Annual Report of the Forestry Commission on
Fiunary Forest, Experimental Plots, the forest site continues to gArow
better than the pasture site, with a mean height of 2, 07 compared to
1.43 m. Survival remains excellent on both sites. Second rotation trees
are more successful in the same profile because the seedlings are

planted in the fermentation layer, i.e. the soil already contains mycorr-

hizal fungi.



CHAPTER 1

INTRODUCTION

1.1 PROBLEMS IN FORESTRY PRODUCTION ON BASALT-
BROWN SOILS

In studies of relationships between tree growth and soil
properties an understanding of soil variability and its effect on the
precision of determining these properties is essential. This is
particularly the case for assessments of capability of forest sites in
which timber production is predicted from known relationships between
tree growth and site characteristics. Many of the soils available to the
Forestry Commission for planting in Scotland are of poor quality, com-

prising peaty gleys, humic gleys, peats, and podzols with thin iron pans.

The basalt brown soils are a minor and much sought-after
commodity because their rooting depth, good structure and better
- fertility give rise to expectations of a high yielding crop with resistance
to wind throw. Since wetness, high rainfall and altitude make these soils
in general unsuited to arable farming, it might be thought they would be
among the better soils available to soft-wood forestry. This is not

always the case.

It was therefore a great disappointment to find that spruce and
sitka spruce in particular, did not do well on certain basalt brown
forest soils. Some of these soils have been planted with trees in Morvern
and on Mull. These large plantations represent a serious loss of

capital in their present state of poor growth.



The trouble was tentatively diagnosed as phosphate deficiency
and it was thought it might be due to the fixing powers of the soils high
iron content (G. Pyatt, D, B. Patterson, pers. comm., 1968). A pilot
experiment in which phosphate retention was measured on samples of
Darleith soils confirmed this prediction (Lindsay, 1969). The pilot sur-
vey was directed by D. B. Patterson (1970 - 1971), and its object was to
examine the poor and variable growth rates associated with basalt soil
types. It was conducted on a part of Fiunary Forest and correlations were
made with J.S. Bibby's (1969) soil survey on Mull, where the basalt soils
were being mapped as Darleith Association Soils (Mitchell and Jarvis,
1956). Brown forest soils and podzols are similarly affected, but analyti-
cal data correlating soil and crop growth was confined to the brown

forest soils, or ''mormal brown earths' as they are designated.

The normal brown earths were dark reddish brown with fine
sandy loam to sandy clay loam textures, usually with a very strong sub-
angular blocky structure and friable consistency becoming firm, but not
indurated in the C horizon. Slight or moderate gleying in the B and C
horizons reflected varying degrees of imperfection in the drainage, but
their situation on steep slopes allowed them to be classed as free drain-
ing Darleith series (Fullerton, }972). The soil depths varied from 45
to 100 cm depending on their slope situation. Nevertheless, even in
their deep phases the soils all exhibited shallow rooting often with a
sharp interface between the top of the B and bottom of the A horizon,

where rooting ceased (Fullerton, 1972).



Later it was revealed by foliar analysis that the spruce was
indeed deficient in phosphate (D. B. Patterson, pers. comm., 1971). The
first discovery that raised doubts about the role of the iron oxides and
suggested another interpretation for the behaviour was the identification
oflarge amounts of allophanic material, i.e. amorphous alumino-
silicates (Fullerton, 1972). This could easily be seen in the field by the

fluoride test (Fields and Perrott, 1966).

The B horizon of the peaty podzol and all horizons of the brown
forest soils in Morvern, and on Mull and most soil samples from Skye
stained the paper red. In the laboratory, the reactive soils suspended in
saturated sodium fluoride solution reached pH values between 10. 0 and 11. 5
in 30 minutes. This was not found to be the case with comparable soil
samples taken from the Pitmedden forest in Fife. Other suggestions put
forward to account for the poor growth included the possibility of nickel or
manganese toxicity (D.S. Coutts, pers. comm., 1979), due to the dis-
placement of magenisum present as forsterite (Mg2 SiO4) by nickel.

Most of the research on the trace element (Ni) has been concerned with
its effects on growth and metabolism (Mishra and Kar, 1974). Plants are
known to accumulate Ni readily and unlike most non-essential elements
(Cataldogt__a_l_., 1978), Ni is mobile in plants and tends to accumulate in
seeds (Mishra and Kar, 1974). Others thought»that the poor growth might

be due to nitrogen deficiency (D.S. Coutts, pers. comm., 1979).

Based on this background information, several lines of enquiry

r
were suggested and these are summarised below:-



(i) The high degree of aggregation might be due to allophanic
clay rather than the iron oxides, The sand fraction contained high pro-
portioris of hematite and pyroxene magnetite (Fullerton, 1972). The argu-
ment had practical relevance because if the allophanic material influenced
the soil structure (Fullerton, 1972), this might be important in agricultural
management. It might be recommended, for example, that organic matter
levels should be well maintained, or that a soil which appeared poor
because of bad drainage, was potentially fertile and worth an economic

outlay.,

(ii) If the soils were indeed susceptible to phosphate fixation,
it might be the allophanic clay rather than the iron oxide which was
primarily responsible. Liming the soil would improve phosphate availa-
bility in either case, but addition of organic matter and its preferential
fixation on the aluminous sites, would inhibit the retention of phosphate
by the soil. In view, however, of the later discovery by workers of the
Forestry Commission, that phosphate is available in the soils but deficient
in the spruce (D. B. Patterson, pers. comm., 1971), it was postulated that

aluminum toxicity might be the cause of the deflcle { and poor growth om
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Aluminium is more soluble and available to plant at soil pH values
below 5. 5. In nature as soils become more acid plants have tended to

adapt to the changed conditions (Helyar, 1978).

Acid soils are often low in essential nutrients such as P, Ca, Mg

and K as well as being high in the potentially base elements - Al and Mn.



In addition to direct effects on the levels of the soil, acidity alters the
populations and activities of the micro-organisms responsible for trans-
formations involving N, P and S in the soil, thus indirectly affecting the
availability of these nutrients to higher plants (Jackson, 1967).

1.2 A FIELD INVESTIGATION ON SITKA SPRUCE
(CHECK ON BASALT BROWN EARTHS)

1.2.1 BACKGROUND

It is proposed to test the idea that spruce check on brown earths
is due to the high content of allophane (amorphous alumino-silicate) in
the soil, i.e. to reactive aluminium, and that this in turn has a detri-
mental effect either on phosphate uptake or on phosphate metabolism.
All acid brown earths tested in Britain (H. Fullerton, 1975, unpublished
work), particularly those in the strongly leached western areas, contain
high amounts of allophane throughout the subsoil and sometimes also in
the top soil. There is no ill effect on pasture, and in woodland on most
parent materials thAe podzolising action of conifers and other tree species
could be seen as protective, i.e. they remove the allophane to lower
horizons. This can happen in less than fourteen years (Fullerton, 1975,
unpublished work). On basalt soils, however, the podzolising activity is

inhibited and the allophane content remains high throughout the profile.

The aluminium can be immobilised even on basalt soils by
chemical combination with organic matter or with silica. The aluminium
also fails to be mobilised in situations where the pH is less acid or where

the soils are relatively little leached.

The following observations from twelve forest sites prompted



this investigation:-

(a) Spruce che.ck or low yield class on basalt acid brown earths
where‘allophane is retained in upper horizons.

(b) Yield class lower than expected on non-basalt acid brown earths,
now podzolised, suggesting a slow '"getaway''.

(c) . Good growth in fertile bottom-lands, where the basalt brown
earths are well endowed with mull organic matter.

(a) Very good growth on basalt brown earths in drier eastern areas,
and correlating with low allophane content (i. e. Pitmedden Forest, Fife).
(e) Checked spruce trees have very poorly developed mycorrhiza,

while vigorous trees have plentiful mycorrhiza.

The hypothesis of H. Fullerton (1975) (unpublished work) which
was based on the above points cannot yet distinguish whether the organic
matter is too low or of the wrong kind to encourage mycorrhiza to develop
and thus allow the humus horizon to sustain the trees, or whether the

aluminium inhibits the spruce from developing mycorrhiza.

As mentioned previously, one of the early points established by
the Forestry Commission was the low amount of phosphate in the spruce
needles which could be caused by the action of the mobile aluminium on

phosphate uptake in one of the following ways:-

(i) By fixing the phosphate rather strongly in the soil.
This might not be detected by the acetic-soluble test.
(ii) By starving the tree of phosphate by precipitating

aluminium phosphate on the surface or in the outer cortex of the root.



(iii) By interfering with phosphate metabolism, e.g. by
inhibiting root elongation.

Experimental plots were set up to test some of the above factors.

1.2.2 SUMMARY OF EXPERIMENTS

. The experiments were designed to test:-

(i) Whether spruce check is the result of planting in the
mineral horizon of basalt brown earths, and whether it can be circumvented
by planting in the organic horizon.

(ii) Whether self-sown seedlings with well developed mycorrhiza
are better adapted than those raised in nursery soils to combat the con-
ditions of acid brown earths.

(iii) Whether the humus provided by the first rotation may
allow a more successful second rotation.

(iv) The effect of adding phosphate.

(v) The effect of adding lime.

Initially, two planting sites were set up:-

(a) Upland unplanted pasture: Fiunary main block
compartment (302).

(b) Cleared Norway spruce woodland: Fiunary main block
compartment (105). (Recent clear felled site).

Also included in the exercise were studies on the &ffects of the

above on the growth of:-.
(i) Nursery transplants, and

(ii) Self-sown two year old spruce seedlings.



1. 2.

1.2,

3

BASIC TREATMENTS

Species : Sitka spruce

Spacing : Plant spacing was 1.5 x 1. 5 m (5ft. x 5ft.)

Protection: All plants were dipped against Hylobious

EXPERIMENTAL TREATMENTS

Pasture plots

1. 1+1 f)klants in basalt mineral soil

2. 1 + 1 plants in organic horizon

3. As for 1 above with added phosphate
4, As for 2 above with added phosphate
5. As for 1 above with added lime

6. Self-regenerated plants in basalt

mineral soil

7. Self-regenerated plants in organic
horizon.

* See Chapter II for details, Section 2. 2. 5.

Forest plots

1. 1 +1 plants in basalt mineral soil

2. 1 +1 plants in F + L layer

3. | As for 1 above with added phpsphate
4. As for 2 above with added phosphate
5. As for 1 above with added lime

6. Self-regenerated plants in basalt

mineral soil
7. Self-regenerated plants in F + L layer

See Chapter II for fuller details.

Symbol
(1+1) BM

(1+1) BO
(1 +1) BMP
(1 +1) BOP
(1 +1) BML

(SR) BM

(SR) BO

(1 +1) BM
(1 +1) BF
(1 + 1) BMP
(1+1) BFP
(1 +1) BML

(SR) BM

(SR) BF



1.2.5 DESIGN
Randomised block experiment.
7 treatments replicated three times on each site.
3 x 3 plots. No buffers between plots.
The details are given in Chapter II, Section 2.2. 5. 2.
Plants: 378 seedling trees were planted.
1+ 1 transplants ex. nursery stock.
108 self-regenerated seedlings preferably 2 + 0 lifted from the

forest.

1.3 THE ROLE OF MYCORRHIZA

The mycorrhiza was originally viewed by Frank (1885) as a
beneficial root appendage, one which aided in the absorption of water and
nutrients from the soil. Since that time much study has been devoted to
its occurrence and effect upon the associated host plant. This concept
was challenged by'others, amongst them, the Pathologist Hartig, who
judged the mycorrhizal state to be purely a condition of parasitism on
the part of the fungus. Since then, much effort has been devoted to a
search for the significance of mycorrhiza to tree growth, and many

theories have been advanced (Harley, 1969; Marks and Kozlowski, 1973).

The prevailing view today, however, is that most forms of
mycorrhiza are beneficial to the tree (Harley, 1969; Bowen, 1973). The
relationship is viewed as truly symbiotic (Zak, 1964), in which the higher
plant gains by improved nutrition (Harley, 1969) and the fungus by

receiving a supply of carbohydrates (Harley and Lewis, 1969).

Our understanding of the mycorrhizal relationship is relatively
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advanced in the case of the ectotrophic mycorrhiza. The majority of
forest trees have ectotrophic mycorrhiza, also called ectomycorrhiza
(Trappe{, 1962), most non-woody species, including a large number of
agricultural plants have endotrophic mycorrhiza, also called endo-
mycorrhiza (Trappe, 1962). The endomycorrhiza are usually of the

vesicular-arbuscular type (Gerdemann, 1968; Kelly, 1972; Mosse, 1973).

Went (1974) found a tremendous activity of fungi in the upper soil
layers where dead leaves, branches and all other debris from the rain
forest produced a litter layer completely pervaded by tree roots, fungal
hyf\).\anand rhizomorphs., There was an intimate network of hyphae and
rhizomorphs between litter and tree roots, and most of these roots
pervading the litter were mycorrhizal. Thus it became clear that mycorr-
hiza is not just a tree root-fungus association, but that it is part of a

tripartite system (Went, 1974).

The fungi digest the litter and pass much of the extracted nutrients
back to the tree roots thereby closing a nutrient cycle (Meyer, 1974;

Went, 1974).

1.4 IMPORTANCE OF INOCULATION

Early reports on the failure of exotic pines usually came from
forest nurseries (Mikola, 1973). Afforestation trials were started by
establishing nurserie\s where seedlings suffered and died (May,l953;
Mikola, 1970), but after introduction of appropriate fungi, healthy and
vigorous seedlings with mycorrhiza were produced (Mikola, 1973; Zak,

1973). When it was discovered that exotic pines showed a need to form
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mycorrhizal associations, an annual inoculation of nursery soil was
adopted as a standard routine in several countries (May, 1953; Mikola,

1970).

In soils which have long been in agricultural use, mycorrhizal
fungi usually are not completely lacking, but the population density may
be low or the existing fungi may beloxig to less effective species (Mikola,
1973). If a forest nursery is established on such soil, introduction of new

fungal species may be beneficial (Mikola, 1970).

Inoculation may be an effective measure of improving the growth
of seedlings and development of mycorrhiza (Harley, 1969; Mikola, 1973),
but, in addition, soil properties such as acidity, fertility or organic
matter content, should be corrected in order to favour the introduced

fungi (Dominik, 1961).

At the present time, correction of soil conditions is a more
common procedure in forest nurseries on agricultural soils than attempts
to introduce new fungi (Sobotka, 1963).

1.5 ANALYTICAL PROBLEMS ASSOCIATED WITH PLANT
NUTRITION

1.5.1 PHOSPHORUS

A. Available phosphorus

The chemical technique that has received, and is still receiving,
the most attention is that of extraction with one or more solutions. The

different extracting solutions that have been recommended are legion.

The purpose of these methods has been to characterize the
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phosphorus in the soil system. There are many methods varying in
principle and technical detail. The selection of a suitable method
requires a clear understanding of the objectives behind the determination.
Other considerations to be taken into account include the properties of the
soils involved, and the accuracy and reproducibility needed. In some
instances suggestions for alternative procedures or modifications to meet

special circumstances are given as literature citations in ChapterIV.

Most soil P determinations have two distinct phases:

First, the preparation of a solution containing the soil P, and
second, the quantitative determination of the P in this solution. The choice
of a colorimetric method for determining P depends on the concentration
of P in the solution, the concentration of interfering substances in the
solution to be analyzed, and the stability of the reducing agent used.
Methods based on molybdenum biue arethe most sensitive andas a result,
are widely used for soil extracts containing small amounts of P as well
as for total P in soils. These methods are based on the principle that in
an acid molybdate solution containing phosphate ions, a phosphomolybdate
complex forms that can be reduced by ascorbic acid, stannous chloride
or other reducing agents to give an amolybdenum blue colour. The
intensity of the blue colour varies with the P concentration but is affected
also by other factors such as acidity, the presence of silicates and sub-
stances which influence the oxidation-reduction conditions of the system.

A wide variety of adaptations of this basic method has been found necessary

to cope with the conditions encountered in practice.



B. Total phosphorus

Thé determination of total P in soils involves extraction of
solubilized inorganic P and mineralized organic P and subsequent
determination of the orthophosphate in the extract (Sommers and Nelson,
1972). Selected procedures for analysis of total P in soil are described
by Jackson (1958). Perchloric acid digestion procedures are more
amenable to routine estimation of total P in a large number of soil
samples, however, these digestions are conducted commonly in either
Kjeldahl digestion flasks, or other special apparatus (Jackson, 1958)
and thus, require considerable laboratory space and equipment. There-
fore, the objectives of this study were to develop a simple procedure

for determining P i~& soils by H C1 O, digestion.

4

1.5.2  SILICOW(Si)

Only a few methods are .in general use for the determination of

silicoem-
(i) Gravimetric determination after acidic dehydration,
(ii) colorimetric determination as silico-12-molybdate
yellow or blue,
(iii) titrimetric methods involving hydrolysis of the (SiF)“(;2
ion,
(iv) analysis for silicon by the atomic absorption method.

However, since silicon is a universally distributed and major
" constituent of the earth'svcrust, its variations are very numerous and
the literature is vast. The intention here is not to be thorough, but
simply to be informative and accurate concerning essentials of the

analytical chemistry involved. A wide range of chemical methods and

13
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and procedures is found in the treatise of Kolthoff and Elving (1962).
Most of the proposed methods for the photometric determination of
silicon are based on the formation of yellow silicomolybdic acid or its
reduction product, molybdenum blue. Yellow silicomolybdi‘c acid is
formed in acid solution by reaction between silicate ions and molybdate

ions.

Silicon in materials not decomposed by the acids normally
applied is converted to acid soluble silicates by fusion or heating with an
alkali. Since, for a long time many analyses have been carried out for
the determination of silicemin several materials employing different

crucibles for decomposition of the silicate material.

Generally sodium and potassium hydroxides are used for the
decomposition of silicate material. This decomposition occurs at a
temperature much less than those required for fusions with sodium

carbonate,

Platinum, silver, and nickel crucibles were recommended for
decomposition of silicate materials in soils and plant material (Kolthoff

and Elving, 1962; Jeffery, 1970).

Hydrofluoric acid was not applied for the decomposition of samples
in which silicon is determined, because of the fear of losing silicon as
the volatile silicon tetrafluoride. A survey of the extensive lite;'ature on
the spectrophotometric determination of silicon shows only a limited
number of procedures in which hydrofluoric acid is used as decomposing

agent (Langmyh¥ and Graff, 1959). In these cases, hydrofluoric acid is
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\
applied in combination with other acids. : 3

Case (1944) used hydrofluoric acid in addition to the usual acids
to increase the rate of dissolution of certain non-ferrous alloys in which
silicon was finally determined photometrically as yellow silicomolybdic
acid. Case (1944) made the important observation that a given amount of
silicon, whether it is present as fluorosilicic acid or as hydrated silica
gives a good result when measured photometrically as the yellow silico
molybdic acid. Caseauqsed boric acid to complex the excess hydrofluoric
acid. The present investigation revealed that hydrofluoric acid and a
second mineral acid isamore powerful and effective decomposing agent

ek

for decompositionasilicate material in soil and plant samples than hydro-

fluoric acid alone..

1.5.3 COLORIMETRIC DETERMINATION INVOLVING SILICOMOLYBDIC
ACID

An extremely voluminous literature exists concerning the colori-
metric determination of silicon as silico-12-molybdate. King et al. (1955)
give a lengthy bibliography on the subject. Despite its many variations,
however, the method basically depends upon the fact that silicon is present

in aqueous solution as the momomeric silicate unit (Si(OH)4).

The determination of small quantities of silicon is made by the
formation of silicomolybdic acid and the subsequent measurement of the
light absorption of this compound, or its reduction product molybdenum

blue.

In all cases, however, the analytical conditions have been
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determined empirically and little is known concerning the reactions which
take place during the analysis. It is generally recognized that the formation
and reduction of silicomolybdic acid is dependent upon time and pH

adb &
(Strickland,A1952; Rimgbom,LA1959; Govett, 1961), and most of the investi-
gations of a more fundamental nature have been designed to determine the

most suitable values for these variables. Very little agreement has been

reached especially with regard to pH.

This unsatisfactory state of affairs makes it very difficult for the
analyst to vary conditions or to design new methods without carrying out a

fresh series of investigations.

Furthermore, phosphorus and silicon can be determined colori-
metrically under similar conditions by the formation of blue hetero-
polymolybdate complexes, but the use of organic acids such as oxalic
acid or tartaric acid (Schwartz, 1942) for masking and destro;ring the
yellow phoéphomolybdate complex will allow silicon to be determined in

the presence of phosphorus.

1.5.4 ALUMINIUM

Aluminium is determined either photometrically, after extracting
with a solution of 8-hydroxyquinoline (oxine) in chloroform (Riley, 19 58)

or by atomic absorption.

The oxine-chloroform method is one of the most common methods
A . Yo ; s
for determining Al in soil extracts or ETACNIISAN z&“ Q‘wﬁ’ﬁ Q&\&, after adjusting
the pH to 5, and complexing iron as the ferrous-dipyridyl complex., In

the absence of interfering substances, accurate analysis for Al is
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relatively simple by this method.

However, in the presence of other ions, some of which are

common in soils and clays, the exact determination of &luminium by this method

is very difficult. Thus the main requirement for satisfactory analysis is
either to separate the interfering substances from the Al, or to complex
in a non-interfering form those ions which otherwise would cause the

greatest errors in the analysis.

The colorimetric method involves the formation of a strongly
coloured lake by interacting Al with 8-hydroxyquinoline in chloroform.
In order to obtain the best results, it is important to obey the instructions
closely. In particular, it is essential that the pH of the solution before

extraction should lie in the range 4.9 - 5. 0.

This method was adopted as it stands in this investigation.

1. 6 SOIL ACIDITY AND PLANT GROWTH

Where neutral soils are acidified or acid soils are neutrdlized,
many factors of the soil environment are changed simultaneously. Some
of these changes may have no significant effect on plants and others may
be critical (Black, 1968). Factors that are critical in one soil may have ~
no significant effect in another because of differences between the soils

concerned (Russell, 1973).

Although plant species and varieties have much in common in
terms of their response, important differences may exist in individual

instances (Black, 1968). Thus both the magnitude of the effect and



18

importance of the various components may vary from one case to
another. Occasionally a diagnosis can be made from visual examination
of the plants, but usually the evaluation of soil-plant relationships under
conditions of differing soil acidity is a research problem. There is no
single, simple interpretation of titratable acidity or pH in terms of plant

response to differing degrees of soil acidity (Black, 1968).

Consequently in this study on the effect of soil pH on plant growth
three areas will be emphasised:

() toxic substance

(b) nutrient availability

(c) mycorrhiza and microbial activities

1.7 LEVELS OF CHEMICAL ELEMENTS FOUND IN SOILS
AND PLANTS

W
The bulk of thehorganic material of soils consists of the four

elements - oxygen, silicon, aluminium and iron, much as in the earth's
crust. At least 90% of the mineral matter of most soils consists of the

combined oxides of silicon, aluminium and iron (Bear, 1964).

The average chemical composition of these elements as oxide is:

(SiO2 :59.1%, Al 03 : 15, 2%, FeZO3 : 3.2%, FeO : 3.7%). The oxides of

2
aluminium and iron increase markedly when nearly all of the minerals

have undergone pedogeochemical transformations (Bear, 1964).

The oxides of calcium, magnesium, sodium and potassium each
make up about 1 - 2%, and the total of these oxides constitute about 5 - 7%

of many soils (Bear, 1964).
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(1) Silicon

Silicon is the second most abundant element of the earth's crust.
The silicon content, expressed as percentage of SiOZ, ranges from 40 - 70%
of many soils, which average about the same as for the earth's crust 59%.
The silicon percentage is decreased by dilution with organic matter in
soil with a high organic matter content. The percentage expressed as
SiOZ, range from 17.2 - 46.5%. The content of silicenin plant material
varies enormously between different species (Iler, 1979). Handreck and

Jones (1968) have given a range of silicancontents varying from 0. 08 - 4.2%

as SlO2

(ii) Aluminium

After oxygen and silicon, aluminium is the most abundant element
in the earth's crust, and in the majority of rocks and soils. The aluminium
content of soils, expressed on the basis of A1203, frequently is in the

range of 2 - 13% (Bear, 1964).

The content ranges up to 20 - 60% in highly weathered soils and
laterites (Bear, 1964), compositions qualifying such soil as bauxite.
Aluminium occurs mainly in the aluminosilicate minerals, feldspars,
pyroxenes, amphiboles and layer silicates (Hesse, 1971). As silicon is
depleted and aluminium is enriched, the molar ratio, SiOZIA1203 in soil
colloids falls from over 4 in colloids high in layer silicate to less thanl

in colloids high in allophane (Bear, 1964).

Acetic  Sauble . Al in freely drained soils has been

summarized by Mitchell (1971) as follows:-
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Depth (in) Aiuminium Extr.&QQN\
0-8 § A | 1060
13 - 19 BZ 2520
22 - 26 B3 2230
34 - 44 C 1590
volues

Acetic acid ASveghee Alnin poorly drained soils derived from

livine can be summarized as follows:-

Depth (in) Aluminium SR Apjw)
6 550
12 . 840
17 475
25 420
36 765

Plant species differ greatly in their reaction to high levels of available
aluminium. Messing (1971) showed, the content ranges of Al in
lettuce tops and roots to vary from 233 - 480 ppm Al in tops of the lettuce,

and from 910 - 1685 ppm Al in the roots of mature plants.

(iii) Iron

The iron content, expressed as percentage of Fe , makes up

. ' 203
1 - 6% of many soils, which is comparable to 7% in the earth's crust
(Bear, 1964), and 1 - 7% in various rocks. Iroﬁ is subject to an increase
in concentrationvthroﬁgh soil development processes. This is reflected
by contents of 10 - 15% in many soil colloids (Hesse, 1971). Under poor

drainage, the iron becomes reduced and in the presence of organic matter

is frequently mobilized (Bear, 1964).
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The iron contents of plant.materials, expressed as Fe (Jackson,
1958) vary from 80 - 1000 ppm in legumes and 30 - 430 ppm in grasses.
Pritchett and Llewellyn (1966) gave a range of iron contents expressed as

Fe in two year old slash pine on sandy loam soils from 56 - 85 ppm Fe.

(iv) Calcium
The calcium content, expressed as CaO, is generally in the low
range of about 1% in soils (Bear, 1964), except where it occurs in

carbonate or sulphate form.

The calcium of igneous rocks occurs mainly in the plagioclase
series of Feldspars. In soils, the high calcium end of the plagioclase
series weathers fairly rapidly (Bear, 1964). Pritchett and Llewellyn (1966)
gave a range of percentages for Ca from 0.19 - 0.37% in two year old

slash pine.

Jackson (1958) gave a range of Ca contents as follows:-

Legumes 0.2 -2.3%
Grasses 0.05 - 0.9%
Vegetables 0.07 - 1.8%

Wells (1965) gave a range of percentagesfor Ca in Loblolly pine,

of 0.13 - 0.45%.

Exchangeable calcium as milliequivalents/100 g .. soil.
High = 8.0

Low 4 3.0
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(v) Magnesium

The magnesium content of soils expressed as MgO frequently

is less than 1% in non-calcareous soils (Bear, 1964).

Exchangeable Mg as milliequivalents/100 g . soil.
High 5.0

Low 0.3

The content of Mg in plant tissue, given by Pritchett and
Llewellyn (1966) varies from 0.07 - 0.13% in two year old slash pine.

Wells (1965) : 0.05 - 0.16% in loblolly pine.

The data given by Jackson (1958) for Mg level is as follows:-

Legumes 0.1 -0.6%

Grasses 0.05 - 0.4%

Vegetables 0.02 - 0.5%
(vi) Potassium

The potassium content, expressed as KZO’ ranges between
0.05 - 3. 5% for mineral soils (Bear, 1964). Most of the agricultural
soils contain amounts ranging from 1 - 2%. The proportion of totai
potassium in soils held in soluble and exchangeable forms is usually

relatively small (Hesse, 1971).

Exchangeable K as meg/100 g soil:-
High > L0

Low < 0.1

The content of K in plant material, given by Pritchett and
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Llewellyn (1966) varies from 0.21 - 0.40% in slash pine.
Wells (1965) : 0.2 - 0. 8% in Loblolly pine.

The data given by Jackson (1958) for K levels is as follows:-

Legumes 0.5 - 4.2%

Grasses 0.2 -1.9%

Vegetables 0.7 - 4. 0%
(vii) Sodium

The content of sodium, expressed as NaZO, ranges from
0.1 - 1. 0% of many soils. This is much smaller than the average of 3. 7%

in the earth's crust (Bear, 1964).

Sodium does not seem to be an essential element for any crop.
The role of sodium in the nutrition of plants that use this element to
optimise growth is not fully known, though one of its effects is to increase

the succulence of the plant (Russell, 1973).

(viii) Phosphorus

The phosphorus content of most mineral soils falls between - -
0.02 - 0.5% P, and a general average of 0.05% (0.12% PZOS) frequently
is lrepresentative of soils, compareci to an average of 0.12% phosphorus
in the earth's crust (Bear, 1964). About half the soil phosphorus or more
‘occurs in combination with organic matter of surface soils, and the

remainder occurs in mineral or inorganic combination (Hesse, 1971).

Acetic-soluble P mg/100 g .

High > 4.5 mg

Low < 2.2 mg




24

‘Anion-exchange method, P mg/100 g:
High > 6. 6
Low <. 2.8

Total phosphorus in soil (mg/100 g ):
High > 132

Low < 44

The content of P in plant materials:
Wells (1965) : 0.10 - 0,28% in Loblolly pineaedes -
Pritchett and Llewellyn (1966) : 0.06 - 0.12% in two year old

slash pine l\\k&\l&

Shoulders and Tiarks (1980) : 0.08% - 0.38% in thirteen year old

slash pine both with and without fertilizers.

The data given by Jackson (1958) is summarized as follows:-

Legumes 0.1 - - 1.1%

Grasses 0.05 - 0. 8%

Vegetables 0.1 -0.8%

Fruits 0.1 -0.7%
(ix) Nitrogen

The quantity of nitrogen in surface soils generally ranges from
0.02 - 0.25% and is closely related to the amount of soil organic matter
present, of which N makes up approximately 5% (Bear', 1964). The nitrates,
nitrites and exchangeable ammonium, which are the forrns~availab1e for
plant nutrition and which can be extracted by neutral salt solution
(Brenner, 1965), usually make up less than 1% of the total soil nitrogen

content of mineral soils (Bear, 1964). An appreciable fraction of the
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+

4 ions substituting

nitrogen content of subsoils and rocks occurs as NH

+ . .
for K ions in micas.

Plants can take up their nitrogen either as ammonium or as
nitrate ions, and most plants probably can do either equally easily
(Russell, 1973). The main difference between these two ions is that all
nitrate in the soil is dissolved in the soil solution, whilst if the soil con-
tains much clay or humus, much of the ammonium will be present as an

exchangeable cation and hence not in solution (Russell, 1973).

The content of nitrogen in plant tissue as given by:
Wells (1965) is 0. 70 - 1. 28% in Loblolly pine.
Pritchett and Llewellyn (1966) is 0. 88 - 1. 45% in two year old

slash pine.

Shoulders and Tiarks (1980) is 1,06 - 2. 07% in thirteen year

old slash pine without, and with fertilizer.

(x) Nickel

Most rocks of the earth's crust contain nickel, the content
varying with the type of rock (Swaine and Mitchell, 1960). Contents are
high in basic eruptive rocks (basalt, gabbro) and relatively low in

acid eruptive rocks (granite): 150 ppm and 5 - 10 ppm respectively.

Soil total nickel contents vary within wide limits. The upper
and lower limits range from unanalyzable traces (in different soil types
of diverse climatic regions) to 5000 ppm (B2 horizon of a brown podzolic

soil in Scotland (Swaine and Mitchell, 1960). These variations occur
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on the one hand, in relation to the rocks on which the soils were formed
and, on the other hand, in relation to the diverse types of soils, and,
consequently, to a certain extent, in relation to the major climatic and
ecological zones (Mitchell, 1971). The quantity of nickel extracted by

2.5% acetic acid, represents about 2% of total nickel.

In Scotland, concentrations range from 0.1 ppm in an iron pan,
hydromorphic podzol on granite, to 5 ppm in brown podzolic soils - soils
richest in nickel are often derived from basic rocks and contain high con-

centration of humus (Swaine and Mitchell, 1960).

(xi) Manganese
sl

Acetic acidAcontents and total Mn levels of freely drained brown

podzolic soils have been summarized by Mitchell (1971) as follows:-

Manganese (ppm)

Depth (in) Total Extr.
2-7 S 1500 10. 5
8 -12 BZ 3000 85

18 - 22 B‘2 5000 116

26-30B -C 2000 115

35-42C 3000 126

The effect of gleying is to bring about the release of a considerable
proportion of the trace elements present in the minerals which break down

in such conditions. These are then held in the soil in a much more readily

extractable form (Mitchell, 1971).

The effect of soil drainage conditions on the contents of acetic

acid soluble Mn in soil profiles derived from olivine has been summarized




by Mitchell (1971) as follows:-

Approx. Depth (in)

6

12

17

25

38

27

Manganese ppm

70
42
25
> 100
> 100

The contents of Mn in plant materials has been summarized by

Harrod (1971) as a tentative classification of leaf manganese contents:-

Class

Deficient

Normal

Very High
Toxicity Symptoms

Normal for Crops

Leaf Mn contents (ppm in DM)
Below 40

40 - 200

1, 000 - 1, 500

above 1, 500

100 - 400

1.8 METAL TOXICITIES IN SOIL AND REMEDIAL TREAT-

MENTS

The literature on metal toxicity in plants or soils, is vast and

cannot be fully cited here. However, some reviews have been published

elsewhere (Bollard and Butler, 1966; Brown and Jones, 1975; Foy, 1974;

Q.
Foy et al., 1978’).

Toxic levels of metals in soils may be caused by natural soil

properties or by agricultural, manufacturing, mining and waste disposal

Q
practices (Brown and Jones, 1975; Foy, 1978: Foy et al., 1978‘).




28

(i) Aluminium

Aluminium toxicity is an important growth limiting factor for
plants in many acid soils below pH 5.0, but can occur at pH levels as
high as 5.5 (Foy, 1974). The problem is particularly serious in very
acid soils. Strong subsoil acidity (Al toxicity) reduces plant rooting and
increases susceptibility to drought(Foy et al., 197%5. Plants grow poorly
under such conditions. However, they often have a low content of phos-
phorus in the tissue. This can lead to the alternatives and phosphorus

deficiency (Clarkson, 1966, 1967; Foy, 1974).

(ii) Manganese

Manganese toxicity occurs in some strongly acid soils below
\
pH 5. 5 (Foy et al., 1978‘). Manganese toxicity is an important problem in
acid soils, and the element behaves similarly to Al in that its concentration
in the soil solution increases as the pH decreases (Black, 1968). Mn
generally affects plant tops more severely than roots. In addition, Mn
produces more definitive symptoms in plant tops than does Al (Foy et al.,
|\

197¢), and for a given plant, Mn accumulates in the foliage somewhat in

proportion to injury (Foy and Fleming, 1978).

(iii) Nickel

The importance of nickel is mainly to do with its toxic effects on
plant growth - some cases of nickel toxicity have been pointed out,
particularly in the brown podzolic soils, hydromorphic gley soils on
Serpentinite and Schists in Scotland (Ryan et al., 1967). Nickel toxicity
occurs naturally in some soils developed from serpentinite rocks, and low

pH (Anderson et al., 1973).




29

It is now well established that excessive availability of manganese
and aluminiuma® a dominant factorsin the low productivity of acid soils.
Other metals (for example, Ni), present in the soil in smaller amounts

and less widespread, occasionally become toxic to plants.

Soil pH is probably the most important factor and where values
are low, liming should be recommended, to change the soil reaction to a
pH range that is favourable for plant growth. Addition of organic matter
could reduce the toxicity by masking metals such as Al by surface
absorption or chelation. Attention should be paid to the fertilizer pro-

gramme in Fiunary Forest (Expt. plots).

1.9 AIMS OF THE PROJECT

The aims of the present work are:-
To devise routine and accurate methods for the determination of

P (inorganic and total) and Si in soil and plant material.

To devise methods for overcoming interferences in the above

two determinations.

To identify the main inorganic factors limiting the growth of

Sitka spruce on basalt brown earths.

The intention is to accomplish these objectives by carrying out

accurate soil analysis as well as yield measurements and needle analysis.

The aim of the field work was designed to test:-

1. Whether there is an inhibiting effect on growth due to allophane,




i.e. mobile aluminium, on phosphate uptake by trees.

2. Whether the inhibition @ffects the tree directly or indirectly by
preventing adequate growth of mycorrhiza.

3. Whether a solution may be found either by immobilising the
aluminium or creating conditions suitable for the vigorous
growth of mycorrhiza and thus bypassing the effect of aluminium

in the subsoil.

4. To assess the role of mycorrhiza in overcoming spruce check
problems.
S. To assess the possible roles of Si and some polysaccharides in

reducing aluminium toxicity

30
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CHAPTER 1II

FIELD WORK IN CONNECTION WITH FACTORS
AFFECTING SPRUCE GROWTH

EXPERIMENTAL NOTES

SUMMARY OF RELEVANT PROFILE TERMINOLOGY

Horizon nomenclature used in this work is as follows:-
Horizon of organic matter lying on the surface of the mineral
soil. It consists of Litter (L), Fermentation (F) containing many

mycorrhizal roots,and Humus (H).

Uppermost mineral horizon, in which the organic matter is

™
intimately mixed with thehorganic matter.

Eluviated layer, which when present, lies below an A or A0
horizon. The minerals are bleached, due to the removal of iron
oxides, and may be grey from a coating of organic matter. It is

designated AZ by the Scottish soil survey.

Iron pan, if present. It is designated B, by the Scottish soil

1
survey.

Usually a brighter brown than either the A or C horizon, due
either to relative enrichment in iron oxides derived from A, or
more intensive oxidation and weathering of iron oxides than is

occurring in C.

Subdivision of the B horizon. In Scottish soils it is usually an

indurated horizon. Induration is signified by X, e. g. B3X.
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C Weathering parent material, which is a hardened layer. This

may also be a CX or indurated horizon.
R Rock.

Moderate gleying, as shown by mottled soil colours of red or
brown and yellow or grey, is signified by g as in Bzg. Intensive gleying,
where all or most of the iron is in ferrous form by G as in CG. Sub-
scripts are used where it is necessary to subdivide a major horizon in

which differences in colour, texture etc. occur, as in ClG’ C2

2.1.2 SAMPLING

Samples were at first collected in plastic bags and stored moist
by putting a test tube of water into each bag and sealing it from the atmos-
phefre. While this is not a recommended procedure for the subsequent
determination of available nutrients, certain chemical changes in ion
availability are said to take place under moist storage (Jackson, 1962).
Hence, all soils were subsequently collected in brass sieve holders (2 mm)

and where ever possible, sieved and air-dried the same day.

2.1.3 ALLOPHANE TEST

This test was made on all horizons of the forest soils and was
used in field work elsewhere as a matter of routine.§ $mall sample of
soil from each horizon was placed on filter paper that had been pre—'
soaked in phenolphthalein indicator and dried. A drop of saturated
sodium fluoride solution was added to the soil and the degree of develop-
ment of alkaline pink after the elapse of a few minutes gave an indication

of the allophane content (Fields and Perrott, 1966). Organic rich soils
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tended to be slower in developing colour.

2.1.4 SELECTION OF THE PROFILE-SAMPLING SITE

The profile site for sampling Wschosen on the basis of vegetation,
micro-climate, surface drainage, proximity to trees, and any other
factors which are pertinent to identification of the profile with the soil
type. Road cuts are not the best sampling sites because they are likely

to have an overburden and a deposition of limestone dust.

2.1.5 DEEP PROFILE SAMPLE RECOMMENDED

Sampling of the profile of soil and subsoil to the full depth of
geochemical weathering is recommended in so far as possible. Interes-
ting facts of mineral weathering and soil formation are revealed by
analysis of profiles to the full depth of geochemical weathering, whether
the deeper horizons are considered apart of the soil profile proper or not.
Knowledge thus gained of the course of mineral weathering as a func(tion )
of depth is useful in the interpretation of soils, their formation and

potential fertility.

2.2 SOIL AND SITE DESCRIPTIONS

2.2.1 LOCH EYNORT FOREST (SKYE)

Rainfall - 90 in.

1. Location : » Loch Eynort Forest
Soil type :' ‘ - Brown earth
Horizon : A1
Vegetation : Sitka spruce

Rock : Basalt




Depth (in)

Yield class :

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)
Yield class :

Age

Location
Soil type
Horizon
Vegetation :
Rock

Depth (in)
Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

1-3)

(120) low yield

Loch Eynort Forest (Allt Dabhoch)
Brown earth

B

Sitka spruce

Basalt

(3 - 5)

(120) low yield

Planted 1932

Loch Eynort Forest

Brown earth

BZ

Sitka spruce

Basalt

(3 - 6) just below main roots

low yield

Planted 1932

Loch Eynort (1) Forest
Brown earth

A

Sitka spruce
Basalt

(2 - 3)
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Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock
Depth (in)

Age

. Location

Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

L.ocation
Soil type

Horizon

Vegetation :

Rock

Depth (in)

Yield class :

Age

35

low yield

Planted 1932

Loch Eynort (1) Forest
Brown earth

BZ

Sitka spruce

Basalt

(6 - 8)

Planted 1932

Loch Eynort (1) Forest
Brown earth

BZZ

Sitka spruce

Basalt

(7-9)

low yield

Planted 1932

Loch Eynort (1) Forest
Brown earth

c15

Sitka spruce

Basalt

(10 - 14)

low yield

Planted 1932




10.

L.ocation
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type

Horizon

Vegetation :

Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Loch Eynort (2) Forest
Brown earth |

Al

Sitka spruce

Basalt

(0 -3)

low yield

Planted 1932

Loch Eynort (2) Forest
Brown earth

BZ

Sitka spruce

Basalt

(5 - 8)

low vyield

Planted 1932

Loch Esrnort (2) Forest
B;own earth

C,

Sitka spruce

Basalt

(12 - 17)

low yield

Planted 1932
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11.

. 2,

Location
Soil type
Horizon
Vegetation
Rock

Yield class :

Age

Loch Eynort (2) Forest
Brown earth
0
C2’>
Sitka spruce
Basalt

low yield

Planted 1932

SALEN FOREST (ISLE OF MULL)

Rainfall - 90 in.
Location

Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age -t

Location
Soil type
Horizon
Vegetation :
Rock

Depth (in)
Yield class :

Age

Salen Forest 6
Brown earth

Al

Sitka spruce
Basalt

(0 - 13)

good yield (220)

Planted 1936

Salen Forest 6
Brown earth
Al

Sitka spruce
Basalt

(4 - 6)

good yield (220)

Planted 1936
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PLATE 1

General view of Salen Forest (Isle of Mull)



Location
Soil type
Hofizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location

Soil type

Horizon
Vegetation
Rock .

Depth (in)

Yield class :

Age

Salen Forest 6
Brown earth
BZ

Sitka spruce
Basalt

(7 -9)

good yield

Planted 1936

Salen Forest (7)
Brown earth

A1

Sitka spruce

Basalt

(0 - 3)

low yield

Planted 1936

Salen Forest (7)
Brown earth

Al

Sitka spruce
Basalt

(3 - 5)

low yield

Planted 1936
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Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil typé
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Salen Forest (7)

Brown earth
B

Sitka spruce
Basalt
(7-9)

low yield

Planted 1936

Salen Forest (1)

Brown earth
A12

Sitka spruce
Basalt

(7 -10)

good yield

Planted 1936

Salen Forest (1)

Brown earth
B3H

Sitka spruce
Basalt

(2 - 4)

good yield

Planted 1936
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10.

11.

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Salen Forest (6)

Brown earth
CX

Sitka spruce
Basalt

(14 - 21)
good yield

Planted 1932

Out bye Land (Isle of Mull)

Brown earth
A

2
Sitka spruce
Basalt
(1-3)

low yield

Planted 1936

Out bye land
Brown earth
Ay

Sitka spruce

Basalt

(2 - 4)

low yield

Planted 1936



12.

13.

14.

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)
Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)
Yield class :

Age

Out bye land

Brown earth
BlO

Sitka spruce
Basalt

(7 - 10)

low yield

Planted 1932

Out bye land
Brown earth
C24

Sitka spruce
Basalt

low yield

Planted 1932

In bye land (Isle of Mull)

Brown earth

Ay

Sitka spruce

Basalt

1-3)

good yield (220)

Planted 1936
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15.

16.

17.

.2,

L.ocation
Soil type
Horizon
Vegetation
Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation :
Rock

Yield class :

. Age

Location
Soil type
Horizon :
Vegetation
Rock

Yield class :

Age :

FIUNARY FOREST (MORVERN), NORTH WEST OF ARGYLL

In bye land
Brown earth
B

2
Sitka spruce
Basalt

good yield

Planted 1936

In bye land
Brown earth
B5

Sitka spruce
Basalt

good yield

Planted 1936

In bye land
Brown earth
c23

Sitka spruce
Basalt

Good yield

Planted 1936

Rainfall - 80 in.
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PLATE 2

General view of Fiunary Forest (50 year old)
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Location
Soil type
Horizon
Vegetation
Rock

Yield class :

Age

a

Location
Soil fype
Horizon
Vegetation
Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation
Rogk

Depth (in)
Yield class :

Age

Location

Soil type

Fiunary Forest 2. Top road
Podzolised brown earth

Aie

Sitka spruce

Basalt

Very low yield (checked)

Planted 1936

Fiunary Forest 2. Top road
Podzolised brown earth
A
H
Sitka spruce
Basalt

very low yield (checked)

Planted 1936

Fiunary Forest 2. Top road
Brown earth

BZ

Sitka spruce

Basalt

(6 - 8)

Very low yield

Planted 1936

Fiunary Forest 8. Top road

Brown earth
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Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon_
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation

Rock

Yield class :

Location
Soil type
Horizon

Vegetation

46

Al

Sitka spruce
Basalt

(1-3)

Very low yield

Planted 1936

Fiunary Forest. Compartment 105
Brown e:;,rth

A1

Felled sitka spruce

Basalt

(1 - 3)

4 (very low yield)

Planted 1936

Fiunary Forest. Compartment 105
Brown earth

Ao (LXF)

Sitka spruce

Basalt

Very low yield (4)

Fiunary Forest
Brown earth

B2

Sitka spruce, under pasttire



10,

Rock

Yield class :

Location
Soil type
Horizon -
Vegetation
Rock

Yield class :

Age

Location :
Soil type
Horizon
Vegetation
Rock

Yield class :

Age

Location
Soil type
Horizon

Vegetation

Rock :

Yield class :

Age

47

Micaschist

Very low yield

Fiunary Forest 5. Savary Glen

Brown earth

A1

Very checked sitka spruce
Basalt with granite

Very low yield (2 ft. high)

Planted 1936

Fiunary Forest. Savary Glen
Brown earth

AZ

Checked sitka spruce

Basalt

Very low yield (~2 ft. high)

34 years old

Fiuné.ry Forest. Savafy Glen
Brown earth

B

Checked spruce

Basalt

Very low yield (~2 ft. high)

34 years old




11.

12,

13.

14,

Location
Soil type
Horizon
Vegetation
Rock

Depth (in)

Yield class :

Age

Location
Soil type
Horizon
Vegetation

Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation

Rock

Yield class :

Age

Location

Soil type

Fiunary Forest. Savary Glen

Brown earth

B

Sitka spruce
Basalt

(9 - 10)

Very low yield

Planted 1936

Fiunary Forest 5. Savary Glen

Brown earth

Bl

Checked Sitka spruce
Basalt and granite

Very low yield

Planted 1932

Savary glen, Morvern
Brown earth

A1

Sitka spruce

Basalt

Very low yield

Planted 1934

Savary Glen, Morvern

Brown earth

48



15.

16.

17.

Horizon
Vegetation

Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation

Rock

Yield class :

Age

Location
Soil type
Horizon
Vegetation

Rock

Yield class :

Age

Location
Soil type
I—iorizon
Vegetation

Rock

49

BZ
Sitka spruce
Basalt

Very low yield

Planted 1934

Savary Glen, Morvern
Brown earth

BS

Sitka spruce

Basalt

Very low yield

Planted 1934

Savary Glen, Morvern

~ Brown earth

C
Sitka spruce
Basalt

Very low yield

Planted 1934

Morvern

Brown earth

A

Beech, Hard Wood

Basalt
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18. Location Morvern
Soil type Brown earth
Horizon : B
Vegetation Beech, Hard Wood
Rock : Basalt

2.2.4 PITMEDDEN FOREST, FIFE (EAST COAST OF SCOTLAND)

Rainfall - 25 in,
Soil samples were taken from the 'main line thinning' strips,

and needles from the lower branches of the brashed trees surrounding

Yield class

Location

Soil type .

Horizon
Vegetation
Rock

Depth (in)

Yield class :

the pits.
1. Liocation Pitmedden Forest1l. Compartment 7
Soil type Brown earth with very slight gleying
in B, i.e. imperfectly drained
brown earth
Hé)rizon A1
Vegetation Under Sitka spruce
Rock Basalt
Depth (in) (1 - 18)

Very good yield (244)

Pitmedden Forest. Compartment 7

Brown earth with very slight gleying
in B. Small pale rusty mottles

B

Sitka spruce

Basalt

18+, sampled at (4 - 7)

Very good yield



Iocation
Soil type
Horizon
Vegetation

Depth (in)

Location
Soil type
Horizon

Depth (in)

Location

Soil type

Horizon

Vegetation

Rock

Depth (in)

Yield class :

- Liocation

Soil type

Horizon

Vegetation

.
.

51

Pitmedden Forestl. Compartment 7
Brown earth
A (LXF)
o
Sitka spruce

13 deep. No H layer

Pitmedden Forest 2. Compartment 7
Brown earth
A (LXF

_(LXF)
11 inches depth. No H horizon.
Many mycorrhizal roots
Pitmedden Forest 2, Compartment 7
Brown earth, imperfectly drained,
since B horizon was slightly gleyed.
Silt loam texture
A
Under Sitka spruce. Some chickweed,
bracken, rose bay, willow herb and
stinging nettle, indicate a soil of high
base status and adequate phosphate
Basalt

(0 - 14), sampled at (5 - 7)

Very good

Pitmedden Forest 2. Compartment 7
Yellow brown earth, silt loam, very
slightly indurated yellow brown colour
with vesicles and slight rusty mottling.

B

Under sitka spruce



Rock
Depth (in)

Yield class

Location
Soil type
Horizon

Depth (in)

Location

Soil type

Horizon

Vegetation

Rock
Depth (in)

Yield class

Location

Soil type

Horizon
Vegetétion
Rock
Depth (in)

Yield class

52

Basalt
14+

Very good yield

Pitmedden Forest 3. Compartment 7
Brown earth
A (LXF

_ (LXF)
1% inches depth. No horizon. Many
mycorrhizal roots
Pitmedden Forest 3. Compartment 7
Brown earth with gleyed lower B
horizon clay loam texture. No
induration
A
Under sitka spruce. Some chickweed,
bracken, willow herb and stinging
nettle, indicate a soil of high base
status and adequate phosphate
Basalt

(1-7)

Very good yield

Pitmedden Forest 3. Compartment 7

Brown earth with gleyed, clay loam
texture. No induration

BZ
Under sitka spruce
Basalt

(7 - 30)

Very good



10.

11.

12,

13.

I.ocation
Soil type
Horizon’
Vegetation
Rock
Depth (in)

Yield class

Location
Soil type
Horizon

Depth (in)

Location
Soil type
Horizon

Vegetation

Rock
Depth (in)

Yield class

Location

Soil type

Horizon

Vegetation

53

Pitmedden Forest 3. Compartment 7
Loam, strong rusty mottles

B3g

Under sitka spruce

Basalt

30+

Very good

Pitmedden Forest 4. Compartment 7
Brown earth

A0 (LXF)

13 inches depth. No H horizon, many
mycorrhizal roots

Pitmedden Forest 4. Compartment 7
Brown earth with gleyed lower B

A

Under sitka spruce. Some chickweed,
bracken, willow herb and stinging
nettle, indicate a soil of high base
status and adequate phosphate

Basalt

1-1)

Very good

Pitmedden Forest 4 Compartment 7

Brown earth, with slight colour change.
Loam to sandy loam.

B2

Under sitka spruce



14,

15.

16.

Rock
Depth (in)

Yield class

Location
Soil type
Horizon
Vegetation
Rock
Depth (in)

Yield class

Location

Soil type

Horizon
Vegetation
Rock

Depth (in)

Location
Soil type

Horizon

'Vegetation

Rock

Depth (in)

54

Basalt
(7 - 10)

Very good

Pitmedden Forest 4. Compartment 7

Loamy sand, fairly mottled
B3

Under sitka spruce

Basalt

10+

Very good

Pitmedden Forest 4. Compartment 7

Brown earth, food deep‘mull brown
soil with gleyed B

A

Grass land
Basalt

(5 - 10)

Pitmedden Forest 5. Compartment 7
Surface water gley. Silty to clay loam
A1 |

Species of grass, barley, chick weed

Basalt

(0 - 4)



17.

18.

19.

20.

Location
Soil type
Horizon
Rock
Vegetation

Depth_ (in)

IL.ocation

Soil type

Horizon
Vegetation
Rock

Depth (in)
Location

Soil type
Horizon
Vegetation
Rock

Depth (in)
Location

Soil type
Horizon
Vegetation

Rock

‘Depth (in)

55

Pitmedden Forest 5. Compartment 7
Large rusty mottles

Bg

Basalt

Under grass species, barley

(4 - 16)

Pitmedden Forest 5. Compartment 7

Strongly gleyed with blue grey patches
and rusty mottles

CG

Grassland

Basalt

16+

Pitmedden Forest 5. Half-way of
grassy slope alongside, compartment 7
Deep mull brown forest soil

A1

Grassland

Basalt

(10 - 12)

Pitmedden Forest 6. Top of grass
slope alongside, Compartment 7

Brown soil

A

- Grassland

Basalt

(3 - 6)



21.

22.

23.

24,

Location

Soil type
Horizon
Vegetation

Depth (in)

Location
Soil type
Horizon
Vegetation
Rock
Depth (in)

Yield cla's s

Location
Soil type
Horizon
Vegetation
Rock
Depth (in)

Yield class

Location
Soil type
Horizon
Vegetation

Rock

Pitmedden Forest 6. Top of grass
slope alongside

Brown soil
BZ

Under grassland

(10 - 13)

Pitmedden Forest 7, Compartment 7
Brown earth

Al

Sitka spruce

Basalt

(3 -6)

Very good

Pitmedden Forest 7. Compartment 7
Brown earth

B1

Sitka spruce

Basalt

(6 - 10)

Very good

Pitmedden Forest 8. Compartment 7
Brown earth
Ay

Sitka spruce

Basalt
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25.

26.

Depth (in)

Yield class

Location
Soil type
Horizon
Vegetation
Rock
Depth (in)

Yield class

Location
Soil type
Horizon
Vegetation
Réck
Depth (in)

Yield class

FIUNARY FOREST (EXPERIMENTAL PLOTS)

(2 - 5)

Very good

Pitmedden Forest 9.

Brown earth
A1

Sitka spruce
Basalt

(4 -7)

Good

Pitmedden Forest 11.

Brown earth

A

Under Norway spruce

Basalt
(2 - 5)

Good

2.2.5.1

(Grid reference:

Experimental Notes

686482,

B

M

Basalt

Mineral soil (i.e.

672491)

57

Compartment 8

Compartment 8

organic layer removed and

seedling planted in the mineral subsoil)

Fermentation layer, which consists of many

mycorrhizal roots (forest site only)

Organic turf layer (Mull soil, humic rich). Pasture

site only



SR

1+1

1+0

Important:

Fertilizer:

58

Phosphate fertilizer
Lime

Self regeneration, dug up seedlings self-grown by
the roadside

Two year old seedlings, first year in a pot, second
year planted in a nursery

One year old seedlings, because the deer eat them
self regeneration only)

Nursery seedlings have no mycorrhiza, when
planted out (NPK suppresses them), whereas SR

seedlings have fully developed mycorrhiza.

Unground rock phosphate (URP) scattered at

85 g /tree = 378 kg/ha = 49 kg phosphorus/ha.
Lime at 10, 000 kg/ha = 30 kg/plot = 2.2 kg/plant.
Every plot consists of nine trees, triplicate treaf—
ments, i.e. every treatment consists of twenty-
seven individual trees as shown in Table 2. 01'(for
forest site).

Needles were taken from the branches of the trees

surrounding the soil pits,

2.2.5.2 Location and Site Description: NM 686482

1. Location
Plot
Treatment
Symbol

Soil type

Fiunary Forest. Compartment 105
1
Lime, mineral soil

BML

Brown earth



General view of the forest site (compartment 105),

4 -5 years old
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PLATE 4

Bottom left BML Treatment in Forest Site

(4-5 years old)



PLATE 5

BF Treatment in Forest Site (4-5 years old)
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PLATE 6

Bottom left BMP Treatment in Forest Site

(4-5 years old)



Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Symbol
Soil type
Horizons

' Vegetation
Rock

Yield class

Age

A and B
Sitka spruce
Basalt
Checked

Planted 1975

Fiunary Forest. Compartment 105
2

Fermentation and phosphate

BFP

Brown earth

A and B

Sitka spruce

Basalt

Checked -

Planted 1975

Fiunary Forest. Compartment 105
5

Fermentation layer

BF

Brown earth

A and B

Sitka spruce

Basalt

Checked

Planted 1975
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Location
Plot
Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Symbol

Soil type

Fiunary Forest.

6

Self regeneration, fermentation layer

SR BF
Brown earth
A and B
Sitka spruce
Basalt
Checked

Planted 1975

Fiunary Forest,
7

Mineral soil
BM

Brown earth

A and B

Sitka spruce
Basalt

Checked

Planted 1975

Fiunary Forest.

9

Compartment 105

Compartment 105

Compartment 105

Phosphate, mineral soil

BMP

Brown earth



Diagram of Experimental Plots

Forest Site NM 686482
21 20 19
BM BMP BFP
16 17 18
SR BF BF SR BM
15 14 13
SR BM BF BMP
10 11 12
BM BFP SR BM
9 8 7
BMP SR BF BM
4 5 6
BML BF SR BF
3 2 1
BML BFP BML
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(ii)

Horizons
Vegetation
Rock

Yield class

Age

Liocation
Plot
Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Pasture Site :

NM 672491

Location
Plot
Treatment
Soil type
Symbol
Horizons
Vegetation

Rock

A and B
Sitka spruce
Basalt
Checked

Planted 1975

Fiunary Forest., Compartment 105
12

Self regeneration, mineral soil

SR BM

Brown earth

A and B

Sitka spruce

Basalt

Checked

Planted 1975

Pasture site. Compartment 302
1

Mineral soil

Brown earth

BM

A and B

Under Sitka spruce

Basalt
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Yield class

Age

Location
Plot
Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Symbol
Soil type
Horizons
Vegetatioﬁ
Rock

Yield class

Age

Location

Plot

Checked

Planted 1975

Pasture Site.

Compartment 302

Organic matter

BO

Brown earth

A and B

Under Sitka spruce

Basalt

Checked

Planted 1975

Pasture Site.

3

Compartment 302

Phosphate, mineral soil

BMP

Brown earth

A and B

Under Sitka spruce

Basalt

Checked

Planted 1975

Pasture Site.

4

Compartment 302
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Treatment
Symbol
Soil type
Horizons
Vegetation
Rock

Yield class

Age

Location
Plot
Treatment
Soil ty