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ABSTRACT
Four wet~heath sites were selected for study at

Bramshill Forest. One wad a Valley~bog with Erica tetralix L.

as dominant species; another had Molinie caerulea (L.) Moench

and Calluna vulgaris (L.) Bull as co-dominants, with Erica

tetralix L. abundant (Central associes); the third was a drier
Molinietum and the fourth a wetter Molinictum.

Field studies of performance»of these three gpecies
ghowed that Valley-bog was poorest for their growth. .

A quantitative sfudy of root distribution of Molin}%
and Erica demonstrated the shallow-rooting habit of Erica. Roo}
anatomy was also investigated. ' i

4 fielad experiment on competition betwean young
plants of Molinia and Erica showed that, in drier Molinietum,
Molinia significantly reduced the growth of Erica.

' Application of nutrients in the field increased the

‘ growth of Molinia and eliminated the site differences for this :
species, but reduced the survival an¢ growth of Erica. Water
culture experiments demonstrated the low nutrient requirement |
of'Egiggo

Probes for sampling scil air and soil water were
designed. Concentrations of gases digsolved in soil water
were very different (lower 0, and higher 002) from those in soil
air at the pame depths. '

Root distribution relative to pore sizes was

studied in soil sections. Roots of both Molinia and Erica

were confined to pores > 150 A4 in diameter. The rcsponse of
the soils to drainage was investigated by "moisture-tension"
and "micrometric" methods, and was concluded that a high
proportion of pores > 150)a diameter retain water in the
drainage conditions of the sites studied.



In experiments each lasting fifteen days,
Molinia and Erica were grown meparately in water cultures

supplied with factorial combinations of four concenirations of
Oé with four of either CO2 or HQS. . Molinia proved more
tolerant of poor aeration than Erica.

The distribution and performance of Molinia and
Erica in these sites has been discussed in relation 1o soil

conditions and ccmpetitive relationehips.
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1
I INTRODUCTION

a. The study area and its vegetation

" The vegefation investigated in this work is found in
an Ecological Reserve set aside by the Forestry Commission in 1946
in Braushill Forest situated on the border between north-east
Hampshire and Berkshire. The forest lies on two plateau areas,
Hartford Bridgg Tlats and the high ground north of Crowthorne.
The river Blackwater has formed 2 3 mile wide valley between the
two. While the tops of the plateaux are dry and well drained,
the valleys and lower margins of the forest generally are poorly
drained though the agricultural land which lies still lower is
not so wete.

The geology of this area has been thoroughly described
by White'(1909). The Pleistocene Plateau Gravel caps the summi% )
of a plateau, about 330 feet highsknown as Hartfbrd Bridge. Flatsae "
This gravel has sandy lenses and bands and does not hold water.
Below this are the Eocene Barton sands (Upper Bagshot beds) whose

lower limit roughly corresponds to the 300 feet contour to the ‘
 south of the Blackwater valley. As with Pleistocene Plateau
Gravel, Water drains through these beds which are'almost pure sgnd
with some flints and a little clay towards the bottom. Frequently
on steep slopes the middle Bagshot Beds (the Bracklesham Beds)
outcrop below the Barton sands. They are 50 to 60 feet thick at
Bramshill and have a complex series of clay and sand bands and ”
'seams of pebbless '

As mentioned above, water drains freely through the
Plateau Gravel and Barton sands but on reaching the impermeable
clays of the Bracklesham Beds it is thrown out near their top.
White (1909) states that the Bracklesham Beds "furnish a few well
marked springs, their water held up by beds and seams of sandy clay
at various horizons, leaks out at innumerable points on the slopes,
so forming small patches of boggy ground." These wet slopes
are of greatest extent on the southern edge of Hartford Bridge
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Flats.  The forest compartment (No. 72) studied in this work is
situated on one of these wet slopes. It has also been the

subject of study.by Rutter (1955), Reynolds (1956), Webster (19622 and b)
and Loach (1964). Rutter (1955) has shown that the ground water

riges almost vertically in the soil under an artesian pressure and

flowg away down ‘the glope through the upper horizons.
Vegetation: .
Rutter (1955) has described the vegetation of this
area as a stable wei-heath comrunity of south-sastern England. :

He recognises a "Central associes" in which Calluna vulgaris and .

Molinia caerulea are dominant w1th Erica tetralix usually abundant,

Dead Molinia shoots decay rather slowly in wet habitats and thls
results in the bvilding up of tussocks of varying heighte which -
are an important rooting medium both for Molinia 1tsell and Cailuna
and g;lggcv , f éﬁ
The distriﬁution and relative proportions of the§éi
species may vary according %o local conditions of soil and draiﬁagg.
Thus under wetter conditions this associes may grade into a .

vegetation resembling a "VWalley-bog" dominated by Sphagnum spp.in

which ¥rica tetralix is an important . constituent, whereas Molinia

and Calluna are sparsoly'distributed. Here Molinia does not
show markedly tussocky habit. In other wet situations Moliniq

assumes complete dominance and forms tall tussocks, reaching 30cm.
or sometimes more in height. Myrica gale is often abundant in
this "we? Molinietum" and Salix species, mainly S. repens and |

S. atrocinerea often occur.

Transition of the "Central associes" to a rather
drier type of Molinietum also occurs at Bramshill. It has a
herbaceous layer of almost pure Molinia with only a little

Calluna vulgaris and hardly any Erica tefralix. Here the

The three species constantly referred to in thig thesis are:
Molinia caerulea (L.) Moenck , Calluna vulgaris (L. ) Hull,
and Erica tetralix L. = Where only a generic name is given,
the specific epithets given above should be understood.
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tussock building of Melinia is leex pronpunced than it is in the
wet type of Molinietum. Drier Molinietum is readily colonired

by tree species, particularly Betula pubescens and some Frangula

alnus and Quercus robur and cannot be regarded as a stable

canmunity in contrast to fhe wet Molinietum which apparently
forms a stable community which is not readily invaded by Betula Sp.
It may be mentioned here that very often there is no marked :
disvinction between the drier and wetter types of Moliniefa and
they grade impercéptibly into one another.

' Dry conditions may under other circumstances,

favour the development of Calluna, and Erica fetralix then

becomes less frequent than it is in the "Central associes". The
- rate of dacomposition of dead remains of Molinia is rapid and
thisg resulte in sinall Molinia +ussocks. Thig community may
grade into "Callunetum." A typical dry Molinietum, a distinct
community in which there is no accumulation of dead shoot bases,
may also dominate considerable areas of dry heath. It has a
Varie{y of sub-ordinate species typical of dry soil. 4 true
Gallunetum and a dry Molinietum are not found in the present
study area.

It can be seen from the account given above that:
wet-héath is a very variable association of three major species,
A search through the literature brings forth many descriptions ;
of one or the other of its many facies. The aerial survey of
Robbins(1931) in the north of Bramshill Forest shows that the
WetQheath vegetation stretched over this area before most of the
trees were planted. Rankin (1911), Fritsch and Parker (191.3),
Sunmerhayes, Cole and Williams (1924), Summerhayes and Williams
(1926), Benson and Blackwell (1926), Fritsch (1927), Bright (1928),"

' ", Petch (1944), Newbould and Gorham (1956) and
 Newbould (1960) have described SOme of the various facies of the

wet~heath commuhity in different parts of south-east England.
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A ccmprehenéive general survéy of the British
lowland bogs in the south and east of England has been made by
- Rosge (1953). He describes wet— and demp-heatlsas two of the
eight zones typically found in lowland valley bogs. He regards
the wet-heath zones of the type sgtudied in the present work as a
smaller type'of‘soligenous bog where the ground is much digsected.
He callg it the "“gpring" or "flush" bog which is present on a steep
sl ope where the water-table reaches the gurface ae the seams of
clay and harder sandstone often throw out springs well above the
floor of the older valleys. ..

. There appears to be some extension of the wet-heath
vegetation towards the south—wesf of England. On the olé red
sandsione of Somerset, Heath and Luckwill (1938) described a damp
Molinietum, and Watson (1915) a very wet and ‘tussocky Molinietum

with Myrica gale, Alnug glutinosa and Sphagnum sppe

In the descriptionz of the vegetation of northern aﬁd
western parts of the British Isles (Tansley, 19395 Pearsall, 1950),
strictly spegking, there is found nothing corresponding at all
clogely to the wet-heath associeg of gouth-eastern England.
Molinieta of these parts differ from those of the south-east ,
England in that they occur mainly on deep peats and particularly
along the sides of moorland streams where the water-tgble is
moving (Jefferies, 1915; McVean, 1959) or in the raised bog

camunities (Pearsall, 1950; Davies, 1944). Calluna and Erica

tetralix may be present in the northern and western parts but are
always with a number of species other than those of the heath
communities of the south-~sast.

‘ Dimbleby (1962) reports results of pollen analysis
in many heathland soils over the Eocene Bagshot Beds both in
the Bramshill Forest area and elsewhere. It has been suggested

that natural woodland has been considerably more extensive in



F

11.
the past, and the present wet-hoath communities muoh owe their
existence to anthropogenic influences particularly frequent

burning, as indeed does most of the present~day heathland in
England -

From the fore-going it is clear that the wet-heath
vegetation is essentially a community of south-eastern Englande
Various facies of this comunity are present in the Ecological
Reserve in Bramshill Forest and are described in detail in
Section II.

byPrevious investigationss
Rutter (1955) invostigated the relation between the

composition of the vegetation and the depth of the water—table

in this area. He found that the proportion of Molinia caerulea

in the vegetation increased both with mean summer water-table depth-

and mean tussock height, and was related to thesc measures by a
significant multiple regreossion. Tussock height, which is

determined by the difference between the rate of growth of the

species and the rate of decomposition of its dead remains, was

shown to be positively related to water—~table fluctuation. This
relation Waé interpreted in terms of the improved aeration as a result of
water—table fluctuation which favoured the growth of Molinia.

The proportion of Erica tetralix was negatively

related to the water-table depth and tussock height, ie.e«,it
incrcased where the water-table was consistently high and the

tussocks were small. Calluna vulgaris showed little relation

to water—-table depth and fluctuation, but was inversely related
to tussock height.

Reynolds (1956) investigated the relation between
growth of four conifer tree spocies, water~table depth and soil
porosity on wet-heath sites in Bramshill and Crowthorne areas

in the counties of Hampshire and Berkshire. Tree growth
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increaged with the proportion of Molinia in the vegetation and at a
given porcentage of liolinia, it increasged with increasing water-
42ble depth up to an optimum of about 30 — 60 cm. and decreascd

thereafter- He found that in the case of Pinusg sylvegtrisg

(tha only epecies investigated from this point of view) mean +tree
| height cwuld be related to the volume of air-filled porosity in
the 'soil by a highly significant simple regression. He suggested
that some of the roesidual variation in tree growth about this
- regression liné could be due to the differences in the nutrient
status of the sites. Since the highest air—filled porosities
Weré usually found under Molinia it would be unjustified to
interpret the correlatioa between tres growtb and air-filled
porosity of the soil in terms.of a simplc causal relationship; for
the effects of air-filled porogity on Yree growth could not be
separated from those due to the higher nutritional levels of soils
un@er Molinia, which were found by Loach (1964) .«

Loach (1964) studied intor-relations between soil
nutrients and vegetation in three adjacceni sites at Bramshill
Forest. These were a Valley-bog of small extent, a Molinietum

and a site with Molinia and Calluna.as co~dominants and Erica

teiralix abundant (Contral associes)o Soil analyses for N, P,
¥, Ca and Mg and the ability of these sitos to supply nutrients

to Molinia, Calluna and Erica, when grown in them in conditions

in which thoy did no% compete with one another, showed that the
Holinietum was most nutrient rich whereas the Valley-bog had the
lowest nutrient ccntente. Experiments with Molinia showed that
in %hese‘soils it was most sensitive to variation in supply of
phosphate- The availability of the nutrients to the species in
the field could not be separated from such site factors as
acration and competition from other species.

Webster (1962 2, b) examined the relation between

the composition of the wet-heath vegetation and the gaseous
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conpogition of the ground-water and of the soil air above the
water~table in wet-hcath vegetatidn at Bramshill. Ground-water
samples were obtained from depths of 12 and 24 inches and air

was sampled from a depth of 6 inches. The highest percent

cover of Molinia was associated with the lowest concentrations

of 002 and st in the ground-water, whereas at higher concentrationg
of these two gasces thoe proportion of Holinia decreased and that

of Calluna and Erica increagod.

In controlled experiments lasting 24 hours only,

Webster (1962, b) found that the root and shoot extension in

Molinia werc significantly reduced by concentrations of CO2 and H2§

in the soil air in the seme range as those found dissolved, under
stmner field cdnditions, in ground-water of wet-heaths. Howeveg?
these experiments were perfermed in the presence of considerable .
ammunts of Ope Thus the effects of high levels of CO, and. H,S '
combined with extrenme 02 deficiency, as they are ip the field,
cannot be judged from the results of Webster's experimentse

The effects of moving and stagnant ground-water on
the growth of Molinia were also investigated experimentally and
the growth was significanitly reduced in stagnant water as compargd

with flowing ground-water.

Present works

As mentioned above, Webster (1962 2) had related

the distribution of Molinia, Erica and Calluna to the gaseous

canposition of the ground-water sampled from depths of 12 and 24
inches. Only a limited proportion of roots of Molinig reach
these depths and the roots of heath species hardly penetrate so
far (Rutter, 1955). In view of this it was realised that
detailed studies of aeration conditions at shallower depths,
coupled with a quantitative study of root distribution, would be

necessary for assessing the response of the component specics of
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the wet-heath vegetation to aeration.

The importance of competition between Molinia and

Calluna and Erica as a factor controlling the distribution of

these species in -different sites had been sugzested by previous
workers (Rutter, 1955; Webster, 1962 a, by Loach, 1964), and
clearly required investigation.

In the light of these previous investigations, the
object of the present work was to study the soil conditions in
wet-heaths at Bramshill with particular reference to aeration.

With this ond in view, four contrasted sites were selecteds The
descriptions of these sites appear in the néxt Section (Section I, a).
The problem was approached by studying the performance in the

natural communities of the component species - Molinia, Erica anq
Calluna. It was soon decided to confine further studies to

Molinia and Erica partly because of their marked contrast in

behaviour and also because of the difficulty of including all
three species in a single investigation on the =scale cdntemplatgd.
Soil profiles in the four sites were described and

the root distribution of Molinia and Erica on these sites was

studied. This study was cohtinued by investigating the
relation of porosity to depth and the distribution of roots in
relation to pore gizes.

Probes were designed to sample soil air and soil
water from different depths down the profile and the soil air

gsamples obtained were analysed for O2 and 002, the water samplqs

for 02, CO2 and H2S. The respopse of Molinia and Erica to
different concentrations of Oy, CO, and H,S was then studied by
growing them in culture solutions aerated with different
concentrations of these gasese These gas concentrations
covered the range of concentrations found dissolved in tho soil

water-
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The competitive ability of young planis of

Molinia and Erica was investigated in the field on three of the

four sites, in enclosures from which native vegetation had been
removed. Butrients were applied to these transplants to see
their response to the availébility of nutrients in these other-
- wise nutrient-deficient sites, and nutrient requirements of -
Erica were also investigated in water-culture experiments;

| 411 these observations and experiments were then
combined with those which were made by Loach (1964) on the
nutrient status of the sites and the nutriont requirements of
Molinia, and an explanation of the variation in composition of
the vegetation studied in terms of the interacting effects of
drainage, acration and nutrition and the competitive relations

betwaen the species, was attempted.
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II. VEGETATION STUDIES IN THE FTELD

a« Sites and their vegetation.

Four contrasted sites, representing different
facies of the wet-heath vegetation, were selected at Bramshill
in the compartment 72 of the Ecological Reserve (Map Ref.SUB05576).

A plantation of Picea sitchensis at one time occupied the whole

_ compariment but it was largely destroyed by fire in 1944 and
was replanted in 1945. Three of thege four sites have been
the subject of study by Loach (1964) in his investigations of
the nutrient status of wet-heath soils. The fourth gite lies a
few hundred yards away to the east of these sites. Followingf
Rutter's (1955) classification these sites correspond to
Valley-~-hog, Central associes, drier Mclinietum and wetter
Holinistum.

Valley-bog:  This lies in the north-west of the
compariment and is a soligenous valley bog of small extente
Rutter(1955) has shown that here ground water rises almost
vertically towards the surface under an artesian pressure.
Brica is the dominant species here and Molinia and Calluna

are gparsely distributed. Sphagnum gpps. (S{papilloSum,

So_oymbifolium and S. rubellum ). form patches alternating

with masses of Molinia shoot bases (very small tuscocks).

It was rlanted with Pinus contorta, Picea abies and Picea

sitchensis. The tree growth is very poor, particularly in
the spruces. In 1964 a few trees exceeded five feet in

height (Loach,l964). Other species present here include:
Freguent: Eriophorum angustifolium Juncus acutiflorus
Potentilla erecta
Occagionals Carduus dissectum Carex panicea
Drosera rotundifolia Juncus kochii
Narthecium ossifragum Succisa pratensis
Rares . Dactylorohis maculata ssp. ericetorum
Ulex europaeug

Very Rares  Potamogeton polygonifolius (in a pool of water).
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Central associes:s This lies in the centre of

ths compartuent. Calluna and Molinia are the main component

species of the ground flora but Erica is also present.

Planted tree species are the same as in Valley-bog and tree
growth is intermediate between Valley-bog and drier Molinietum,
being, on average, approximately eight feet in height (Loach,
1964). kSpruces are very small, seldom exceeding three feet
in height. = Other species present include:

Occasional: Juncus acutiflorus Juncus kochii

Rare: Betula pendula Betula pubescens
Frangula alnus - Quercus robur
Rubus fruticosus Salix repens (ditch hank)

Sphagnum spPe
Drier Molinietum: Thi.s lies on the southern

boundary of the compartment at the bottom of the slope. It
had been left unplanted as a ride but has never been used as

a thorougnfare and since 1945 Betula pubesceng, B. pendula,

Frangula alnus, and Quercus robur have invaded the areas

The ground flora consists mainly of Molinia which forms

tussocks up to 25 cm. high. Very few plants of Calluna

and a few Erica are present along the banks of a ditch

which runs in the east-west direction. Other gpecies

present here are:

Occasionalz Juncus acutiflorus  Juncus kochii
Potentilla erecta

Rares Gnaphalium uliginosum Luzula multiflora
Rubus fruticosus Salix atrocinerea
Ulex europasus -

Very rares Polytrichum formosum Sphagnum sppe

Growth of Pinus contorta on the adjacent

planted portion is better than anywhere else in the
campartment . Loach (1964) records an average growth
of about 20 feet since 1945.



18

Woetter Molinietum: Thie lies a fow hundred yards

to the east of the Central associes site. Here Molinia is
markedly tussocky (tussock heights 30-40 cm.) Myrica gale is

abundant .with its rhizomes ramifying between and within Molinia

tussocks. Calluna and Erica.are present in small amounts -
less than in the Central associes. There is more Calluna
than Erica. Sphagnum spp. is locally abundant in some places,

particularly in the vioinity of a drain which runs in the north-

south direction. Other species present are:
Frequents Betula pubescens
Occasionals  Potentilla erecta Salix atrocinerea

Ulex europaeusg
Rares Juncug acutifl orus Juncus kochii
| Tree growth ig better than in the Cehtral associeg
but L% is poor as compared to the planted portion adjacent to- "
the drier Molinietum.

b. Performance of the species on different gitesg

Webster (1962?)used a . point quadrat'method for
describing the Bramshill vegetafion. He made cover estimates
‘by reéording the species that touched a pin of 3 mm. diameter
regardless of the number of times the pin ftouched a species.

- Loach (1964) ﬁsed t:e game method and found that the cover
estimate did not adequately show the differences in the amount
of follage betwean either species or zites. The number of
touches per pin for Molinia was often greater in Molinietum .
(drier Molinietum of present work) than in the Central associes.
So he made a cover repetition estimate by recording the number
of toucheg made by each species on a pine. | The results are

presented in Table le
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TABLE 1.  COVER REPETITION ESTIMATES
SEPTEMBER,1963 (From Loach,1964)

Total number of touches per 100 pins

Molinia Calluna Erica Site means.

VALLEY-BOG 156 - 137 122 138
CENTRAL: ASSOCIES 323 204 24 184_
DRIER MOLINIETUM 536 3 11 183
Species means 338 115 52

The differences in the standing crop of the
species as they grew on different sites, which were apparent
to the eye,.became clear.

Cover repetition is an indirect measure of the
standing crop and will be affected not only by growth of
individual plants but also by factors affecting colonization
and spread, including the effects of former fires. Strictly
speaking it cannot be regardéd as a measure of the perform-
ance of the species ( of . Greig-Smith, 1964 Kershaw,1964).
If was desired to have information aﬁout the performance -
the vigour of growth — of the species on different sites
and it was obtained frombrandomly chosen branches of each
species, since an individual plant was too difficult tq

define and measure.

i) Sampling of the species:
‘ On each site a transect of 50 feet length was
laid at random. Sampling units, a tiller in the case of

Moliniag and an erect branch in the case of Erica and Calluna,

were sampled at one foot intervals along this transect. In

a circle of 45 om. diameter around each sampling point a
tiller or franch of the species present‘was selected at randup
by using a suitable point quadrat frame. While sampling
Erica and Calluna it was recorded as to whether they were
rooted in Molinjia tussocks or nots The samples were kept in
polythene baés prior to studye.
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ii). Measures of performance.

Depending on the growth form of Mclinia, Erica

and Calluna different characters were used as measures of
their performance. In Molinia +the length and maximum
breadth of the leaf blades of the leaves of the upper series
were measured to the nearest mm. and were multiplied to get
an approximate measure of the leaf area. The leaf areas
were added for the leaves on a tiller to get the leaf area
per tiller. The scale leaves and leaves of the lower
series were either dead or dying at that time of the year
éndeere discarded. The number of buds, present at the
base of the "basal internode" of a tiller, was counted.
The dry weightsof the leaves, basal internodes and buds of . .
each tiller were obtained. The samples were dried at 80°C.
In the branches of Erica, the length of the
longest shoot, the total length of the current year's shoots,
and their total dry weight were determined. The diameter
of the stem immediately below third yeark growth was measured.
In Calluna the current year's "short shoots" and
"long shoots" (Gimingham,l960) were -separated from the
branch. The length of the longest "long shoot" and their -
total length was measured. The number of short shoots was
counted, aﬁd being very small in size, were not measured in?
length. The total dry weights of both types of shoots were
taken. The diameter of the stem just below the lowest foﬁk
was measurede.

The age of the branch, both in Erica and Calluna,

was determined by following a field method. The method was
obtained from a student's report of Miss C. J. Bryamt which
was lent by Dr. J. M. Lambert of the University of Southamp-
“ton, to wham grateful acknowledgement is made. The method
is summarised below.

The method is baged on the annual growth pattern
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of the species. In Calluna in the younger part of a
branch the age can be determined by observing the following
characters:

i,The occurrence of a number of "long shoots"
close together at the apex of each year's growth which
bear "short shoots', or laterals of limited growth. In
cases where the apical bud dies one (or more) of the "long
shoots" develops more gtrongly than the rest and acts as a
leading shoot.

ii, The occurrence of more persistent leaves
and of closely set leaf and branch scars marking the
previous year's growth. ‘

In Erica a dead terminal stump is left at the

end of each year's growth, and around this develop a group
of current year's shoote one (or‘sometimes two) of which
acts as a leading shoot while others die after a few years.
More persistent leaves and closely set leaf and branch scars
mark the previoug years growth, as in Calluna.

In the clder parts of the branches of both Calluna
and Erica many of the shoots die and break off, so that a
bend in the stem or a fork, associated with branch scars,
indicates the end of a year's growthe

As a check on this method of age determination,
transerve sections of the stem at the level of second, third,
fifth and seventh year's growth (age determined by the field
method) were cut and double-stained with Safranin-Fast green
combinatione. The count of the annual bands of wood {not
annual rings) made on.these sections revealed 2, 3, 5 and 7
of them, respectively. This speaks for the reliability of
the field method of age determination in Erica and Calluna.
1% must be realised that the section method (counting of
annual bands of wood or annual rings) will not be entirely
accurate in very old stems because the bands (or annual rings).
are not always clear and complete so that such counts may

sametimes underestimate age by a year or two (Watt 1955).
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iii)_Results;
The number of sampling units of the three

species sampled on different sites are given in Table 2«
TABLE 2 NUMBER OF UNITS SAMPLED

October,1963
Tumber of units of a species that could be sampled = 50
KOLINIA CALLUNA ERICA
VALLEY-BOG , 50 50 (35 50 (19 rooted
rooted in in Moiinia, 31
Molinia, 15 in Sphaggum)
in Sghaggum) ‘
CENTRAT ASSOCIES 50 50 (A1l 42 (A11 rooted
rooied in in Molinia) B
liolinia)
WETTER MOLINIETUM 50 50 (411 27 (411 rooted
rooted in in Molinia)
Molinia)
DRIER MOLINIETUM 50 0 . 0

Performance of the species:

The differencesbetween performance on various
sites were subjected to analysis of variance. In the case
of small whole numbers,; e.ge, number of buds in Molinia and.

age of the branch in Erica and Calluna, the data were transy

formed, using a square-root transformation,in order to remo#e
the skewness. The numbers being small (all or majority
were less than 10) & was added to each observation before
taking its square~root (Bartlett,1936; Cochran,1938).  The

performahce of Molinia, Erica and Calluna on different sites

with their least significant difference are given in Tables 3,

4 and 5.
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 HOLINIA: - TABLE 3 PERFORMANCE OF MOLINIA ON
DIFFERENT SITES

Hean values of 50 Tfigures

' BASAL '
SITES e LEAVES INTERNODES BUDS
Leaf area  Leaf dry Dry weight INumber per Dry
per tiller weight per tiller tiller weight
per per
o . tiller s tillen
cm gme am. n n -+ %‘ gm.
VALLEY- s
BOG 1689 0°058 0°057 2°14 1°618 O°006g(
CENTRAL :
ASSOCIES 21°62 0-072 0 062 2*72 1°187 0°0069
WETTER ' ‘ .
MOLINIETUM 29°44 0°094 0°073 3°30 1°945 O'OO?§
DRIER ‘ E
WMOLINIETUKM  25°93 0-084 0- 066 3+46 1-983 O‘OO@@
1.5.D T Tz
P = 005 650 C 0025 N.8. 0-057 ‘0'00;3;

N.8e = Nét significént

The performance of Molinia in the Vélley—bog was
poor and differed significantly from that ia the wetter and drier
Molinieta in all the characters used as its measure except the ’
weight of the baszal internocdes. Its performance in the Gentra%
a556Cies,seemed to be better than in the Valley-bog, though it '
differed significantly from the latter onl&vin having a larger
number of buds. The leaf area and leaf weight, though they
gave higher values in the drier Molinietum than in the Central
associes, did not differ significantly between the sites, but the
former differed from the latter in having a significantly higher-
number and weight of buds. There waqho significant difference
between the wetter Molinietum and the drier Moliniefum in any of
the characters studied, but the figures for leaf arca and leaf
weight were higher in the wetter Molinietum whereas those for

number and weight of buds were higher in the drier Molinietum.
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ERICA: Teble 4.

The performance was poor on the Valley-bog and

differed gignificantly from that on the wetter Molinietum in the
total length of current year's shoots, and their weight. There
was no significant difference between the Valley-bog and the
Central associes thoﬁgh the latter gave higher values for the
different characters studied. Central .associes did not differ
significantly from the wetter Molinietum.
TABLE 4 PERFORMANCE OF ERTCA ON DIFFERENT. SITES

October, 1963

o = Mean values of 50 figures.

© = Mean values of 42 figures.

+ = Mean values of 27 figures.

SITES Current year's growth
Length of Total Dry Diameter Age, years
longest length weight of stem E
shoot - of of immediately
shoots shoots %below third
' year's
growth
7 cme cme . mm. n J/n+g
VALL%Y(I) £
BOG 7°9 , 337 0°1663 1°07 5428 %'38
CENTRAL ‘
éSSOCIES '
(11) 944 510 0°2405 1+02 585 2°50
WETTER ‘
MOLINIETUM .
(111) 102 67°0 02976  1°09 5+88 2°51
LGS.DD
(P = 0°05)
I and 1I 2+23 21467 0+0950 N.S. N.S.
I and I1I 252 2447 0°1089 N.S. N.Se.
II and III 2-62 2541 0-1128  N.S. N.S.
' N.8. = Not significant :



CALLUNA:  Table5.
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Thig gpecies also showed poor performance on the

Valley-bog. The Central associes and wetter Molinietum differed

significantly from Valley-bog in the weight of the "ghort shoots,"

and the diameter of the stem below the lowest fork.

The Central

associes gave a little higher value than the wetter Molinietum but

there was no sighificant difference between the two.

There was

no significant difference between the sites for the length and weight

of the "long shoots" though the values for these measures were

‘highest for the Central associes.
TABLE 5 PERFORMANCE OF CALLUNA ON DIFFERENT SITES

October, 1963

HMean values of 50 figures.

SITES Current Year's growth
Short Shoots Long shoots Diameter Age, years
Number Total  Length Total  Total of stem .
. below
dry of length dry 1
: y owesgt
weight longest weight
hoot fork
. Sthe Cile gm. M. n Jn 43
VALLEY- i
BOG  40°96 00354 5+69 1130 020290 6-80 136 3+75
CENTRAL ' -
ASSCCIES 5086 0°0553 . 6+76 1391 00396 10-40 14-1 381
WETTER ‘ g
MOLINIBTOM .08 0.0524 6¢64 13022 0-0353 9+30  13:0 3+68
L. S. Do N.S. 0°0161 N.S. N.S. ©N.8. 1°19 - UN.S.

(P = 0°05)

NeSe = Not significant.

iv), Digcugsion:

I+ became clear that the Valley-bog was very poor

for the growth of the three species including Erica which was

dominant here. The Central assoclies was poor as far as Molinia

was concerned but it was best.for the growth of Calluna which

was the dominant species here.

on the drier and wetter Molinietn.

Molinia gave best performance
The slightly smaller leaf
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area and leaf weight on the former ag compared to the latter
might have'been due to a more severe intraspecific comyetitian
because it was a pure stand of Molinia. The largest number
of buds and their weight on this site were a reflection of the
higher ‘density because the larger the number of buds the larger
the number of tillerg in the next season. o ‘

Loach (1964) in his experiment on the growth and
nutrient uptake of the three species under field conditions, grew
them, without interspecific competition, for two growing seaséns
in small enclosures on the sites from which the native vegetation
had been removed. He measured the growth rate of the species ‘
as they grew o different sites, and found Molinietum (drier
Molinietum of +the present Work) as the best site for the growth

of Molinia and Erica whereas Calluna grew best in the Central

associes though its growth did not differ significantly fram tha§
on the Molinietum. The .growth of the three species was very
poor in the Valley-bog and (iffered significantly froam the other
two sites {the Central associes and the Molinietum). The growth
rate of Molinia though higher in the lMolinietum.did not differ
significantly from that in the Central associese.
These results, obtained in conditions which

© excluded interspecific competition, correspond closely with thoge
obtained in the present work on the performance of the species
in the natural communities. :

| At this stage of the work it was decided to limit

further studies to Molinia and Ericae.
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c. Root studies:

It was realised that the root studies of the

lspecies (Molinia and Erica) formed a necessary prelude to

further work on their growth on, and the studies of the soil

conditions, particularly aeration, in the different sites.

1. Root distribution:

Roots of Molinia and Erica were sampled to study
their distribution at different depths down the profile and see
the differences, if any, as the species grew on different sites.

i, Root sampling:

On each site a permanent transect of T0 feet
length was laid at random. On the Valley-bog, Central associeg
and drier Molinietum the transects were laid quite clcse to
those laid befnre for the sampling of the species for their
performance studies (Section II@JS), but in the wetter Molinietgm
this transect happened to lie a little distance éway to the east
' of .the previous transect and here it was a little more wet. (Th§
~ prébes for sampling soil air and water, described in Section IV,
were sited along these transects.) A "nail-board" (Plate 1 )
was used to take root_samples at monthly intervals from June - :
September, 1964. The "nail-board" was a rectangular board of
wood, 1 foot wide and 1°5 feet long through which 3 inch long
nails projected on one side at right angles to the major plane
of the board. The sampling spots along the transects were

places where Erica and Molinia were growing together to the

exclusion of Calluna. There being no Erica present on the
drier Molinietum only Molinia roots were sampled, whereas on the
other 3 sites both the species were sampled.

A small trench was dug on one side of the sampling
gpot and the board was inserted into the side of it so that the
nails penetrated into the soil. - The soil around the board was
then cut away so that a soil monolith remained on the board heid

by the nails. 4 rectangular wooden board of the same sgize as
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the nail-bhoard was secured to the latter at the four corners,
above the soil monolith, using long nuts and boltse. This
checked the loss of soil from the nail-board during transport-~
ation to the laboratory, These monoliths were used to describe
the soil profiles on the different sites. pH determination of
the soil in different horizons was made on a stiff paste of soil
and distilled water, using a Pye portable pH meter and Pye-Ingold
electrode.
Uging a sharp knife, the soil monolith was cut
into horizons along the nails. The top and the bottom
horizons of the soil thus obtained were 1°*5 inches deep (54 Cu.ine
~vol.) while the remaining five horizons between them were each
3 inches deep (108 cu. in. vole). The soll horizons were
washed with a jet of water. The water used in the washing
process drained away through a fine-meshed sieve (60 B.S.S.)
which retained the roots and large soil particles and flint.
These were separated by decantation, the roots tended to float
“while the soil and flint sank. Using this method of soil
washing even very.fine roots were not lost, whereas it was found
that if the soil monolith was washed in one piece, though the
roots were retained in their natural position, a large number of
fine roots became detached and got washed away with the jet.of
water.
The underground parts thus obtained in different
s0il horizons were air dried. In sach horizon the roots of

Molinia and Erica were hand-sorted from the rest of the under-

ground material. Because of their distinct colours (Egggg
roots were black while those of Molinia were creamish—white) the
sorting was fairly easy. The tussocks were broken open and
the roots of Molinia and Erica were separated from the tussock
material (basal internodes, etc.). In the samples obtained
from the Valley-bog every effort was made to carefully sort

out the roots of the two species from the peat. BErica roots
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and root-stocks were separated. Notes were made on the
physical appearance of the roots present at different depths.
The air-dry weights of the roots obtained at different depths
were teken. No attempt was made to separate the living roots
from dead ones; and the root weights reported here include
living roots and dead ones not sufficiently deccmposed to be
unrecognisable.

ii, Results:
Degeriptions of soil profiles:

CGencral descriptions of the soil profile in
the different sitcs are given below (Tables 6 to 9)e These
dcscriptiions are based on the etudies of soil monoliths sampled

on four occasioms (June - September)a

TABLE 6 o0IL, PROFILE IN THE VALLEY-BOG
Depth Colour, structure and texture PH
it

A surface matting of Sphagnum spp; +
congolidated, in places, by soft decaying
Molinia shoot bases, 7°5 - 12 cm. thicke 4°0 - 4°20

0 - 14 Looge amorphous peat,; dark brown, bound

by many roots. 4°30
14~ 18 Loose amorphous peat, lighter in colour

{ grey-brown) than above. 440
18- 30 Dense, black peat, greasy 5°20

Y 30 Pale green, fine, quaking sand with

occagional flints. 545
TABLE 7 SOIL PROFILE IN THE CENTRAL ASSOCIES
Depth Colour, structure and texture pH

(cm.)
Molinia tussock, 12 ~ 15 cm. high and 3-90
heather litter.

0 ~13 Black, dense, greasy with occasional
admixture of sand. 4+20

13 - 30 Greyish brown to buff grey sand, with
occasional orange mottling, orange streaks
along root channels, a few flints. 4°60

) 30 Green sand with orange mottling, occasional
flints. 520
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TABLE 8 SOIL PROFILE IN THE WETTER MOLINTETUM
Depth Colour, structure and texture pH
(cm. )
Molinia tussock, 30 — 35 cm. high 4+20
0 -15 Dark brown, friable, organic loam, crumbs
l - 4 mm. diameter, many roois. 4+ 40

15 - 22 Light brown, clayey sand with orange
mottling, orange streaks along root channels. 4+50

22 - 30 Light greenish fine sand, a few orange specks,

occasional flints. 4+95
» 30 Greenish white to green clayey sand with a

little orange mottling. 570
TABLE 9 £0LL PROFILE JN THE DRIER HOLINIETUM
Depth Colour, structure and texture pHE
(cm.)

Molinia tussock, 20 - 25 cm. high 4+20

0 -15 Black, friable, organic loam, crumbs

1 -- 4 mm. diameter, many roots. 430
15 - 24 Dark brown, dense, claycy with occasional

orange mottling, orange sireaks along

root channels, occasional flints. 4*50
24 ~ 28 Buff, sandy clay merging into 50

> 28 Light green clayey sand with frequent
orange mottlings flints 5-35

Production of roots at different depths:

The sampling at different times of the year could
not be expected to show temporal variations in the amount of
roots produced by the specieg because of its limited nature,
only one sample having been taken from each site every month
from June to September. The four samples thus obtained on
each site have besn treated as replicates. The absolute weight
of roots in the samples varied widely because different amounis
of above-ground parts of a species were present on the samples.

Consequently, before means were calculated the weightzat
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different depths were exprossed as porcentages of the total
root weight in each sample.

The amounts of roots of Molinia and Erica found

at different depths on different sites are shown in Figs. 1 and -
24 respectively. A few points need clarification. 1, As
mentioned earlier ( p.29) the top and bottom soil horizons were
only 1°5 inches deep while the remaining were each 3 inches deep.
In order to express the air dry weight of roots as a percent of
the total root systom found at successive 3 inches soil depths,
for the sake of clarity and uniformity of expression, the percentage
weights of roots present in the 1°*5 inches =oil horizons have -
been doubled and the width of the histogram, in these parts, has
been halved witn the result that the {total arecd has remained the
SEWICH A

2, The "surface" refers to the horizons of recognisab%e
plant remains (see descriptions of soil profilespp.30 and 31) aboVe the
nail-board, abdve goneral soil lovel and was of different height.
in different samples.

Expressed as their percent, the means of four
replicates had fairly low standard errors (below 10%) down to
7°5 inches soil depth in Erica and 10°5 inches in Molinia, while
below these depths the values were fairly high (20 - 405),
presumably because of very small proportions of roots present af
these depths. (The data on which Figs.1l and 2 are based are
given in Appendix A.)
In Erica the proportion of roots present at

corresponding soil depths did not differ significantly between

gsiteg.  The same was true for Molinia. Erica had almost

one-third of its total root system at the surface and the amount
decreased with soil depth and below 7°5 inches there were very
few roots present. There was hardly any evidence for the
rooting of this species below 13°5 inches (on the wetter
Molinietum only traces were found in 13°5 - 16°5 inches soil

horizon) .
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In Molinia the amount of roots increased with depth
t0 4+5 inches and then there was a very slight fall 4o 7*5 inches
but the decrease was very pronounced below this depthe. Roots
were present, though very few, down to the maximum depth of
sampling (18 inches).

Erica should be regarded as a shallow-rooting
(surfaoe*rooting) species whereas Molinia is intermediate between
surface-rooting and deep-rooting species (Boggie, ¥night and Huntex,
1958) .
The young roots of Erica which were near the surface
and the advenititious roots on the prostate stems were reddish broWn
and slightly skiny whereas the older roots were dull black. B

As is clear from Fig. L there was hardly any
difference in the rooting habit of Molinia sampled on different
sites, but the roots showed some differenceg in their morphclogy.
The roots present below T7°5 inches in the Valley-bog had a very
loose coriex which was in various stages of sloughing off and in
the roots below 10°5 inches it was mostly sloughed off and the
bare white stele was to be seen. But on other sites the cortex,
though loose at lower depths, was intact even up to a depth of
18 inches and no bare stele was observed. By applying a very
slight pull it was very easy to break the bare stele from the
Valley-bog site as compared to the stele which was dissected out
of a root in which cortex was intact. The former did not possess
an endodermis and the differential staining failed to stain the |
phloem elements whereas the latter had a distinct endodermis and the
phloem elements stained deeply (Plate 2 ).

On all the gites except the Valley=-bog, some of the
roots below 4°5 inches and a majority below 7+5 inches had an

orange-brown deposit on thelr surface.
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iii, Digcussions

The "nail-board" method of root sampling has been
used fairly widely énd the size of the board and the size and
position of the nails have véried greatly between workers
(Blager, 1937; Goedewaagen, 1948, 1949; Salonen, 1949; Schuster,
1964).

Heath and Luckwill (1938) found 18 cm. (& 7 inches)
and 33 cm. (£* 13 inches) as the maximum depths of penetration i
for Erica and Molinia, respectively. Rutter (1955) found roots

' of Erica penetrating up to 30 cm. { = 12 inches) in the Central

asgocies while, in the same site, those of Molinia penetrated to
a depth of abcut one meter. Boggie, Xnight and Hunter (1958)

used radioactive tracers for studying in sity the rooting habit

of 25 species including Brica and Molinia. In Erica the .
evidence fer rooting below 6 inches was inconclusive. Molinia
—_

showed high activity to a depth of 12 inchesg,; an appreciable B
amount at 18 inches while the activity at 24 inches was very loﬁ
or perhaps abscnt.

In the present work the maximum depth of penetration
of Erica roots has been found to be 13+5 inches (only traces up
to 16°5 inches in the wetter Molinietum)e The maximum depth
of penetration of Molinia roots has not been studied but the
distribution of the amounts of roots at different soil depths
suggests that though the roots may penetrate as:aeep as 40
inches (Rutter, 1955) the amount of roots at such depths would
be negligibiec

Various techniques have boen used by various
workers to distinguish living roots from dead ones. Vital
staing have been used to distinguish between "active" and
"mon~active" roots. Goedewaagen (quoted by Troughton, 1957)
used tetrazolium chloride and Schwass and Jacques(quoted by

Trughton, 1957) have usgsd 2, 3, 5 < triphenyl tetrazolium

bromide. But these stains have not been found suitable for
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older roots. No technique is yet available for distinguishing,

with certzinty, living roots from dead ones.

The procegs of decay in a root apparently
starts in the cortex and later spreads to the sgtele (Troughton,
1957, Gadgil, 1965)0 HMolinia has an early deciduous cortex
whose decay leaves a bare stele surrounded by the endodermis.

In the Valley-bog some of the roots below 7+5 inches and most of
them below 10*5 inches had their cortex sloughed off. The ease
with which the bare stele could be broken and the lack of
endodermis and, most probably, functional phloem elements

(see Do 34) suggested that it was elther dead or in a very
advanced stage of death and cdecaye. In view of this thé amount
of rootg below 7°5 inches in the Valley~bog must be regarded as
inecluding a large majority of dead or decaying roots which were
still recognisable presumably because of a very slow rate of
bréakdown due to guch site factors as high water-table and poor

aeration, etc.
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2. Seasonal production and longevity of Molinia roots:

Jefferies (1916) termed the main roots of Molinia

"cord" roots and their branches "fibrous" roots. A study
of the seasonal production and longevity of the cord roots
was made by growing plants in Silwood soile. Such a study
would have been too difficult in the field on the selected
sites at Bramshill, unless a great deal of time and labour
were given to it.
i; Method:

Wooden boxes .6 x 6 inches in inside width and
24 inches deep,were used. Each box had two rows of 16 holes,
1+5 inches apart, on one side. After filling the boxeg with
soil, 6 inches long nails were pushed through these holes to
support the roots in position when the time came to wash them
oute

24 boxes were put in a trench at Silwood Park
and were kept level with the general ground level (Plate” 3). They were
fiIled with the soil which had come out of the trench. The ‘
goil was a rather sandy brown carth of a highly leached nature
with unstable structural development. In early November,
1964 (nearly the end of the growing season for Molinia) plants
were collected from a forest ride in Bramshill Forest taking
care to get the entire root system intact. The old cord
roots were removed using a pair of scissors and the current
year's cord roots were tagged and numbered by using a rust-
resistant, galvanised soft iron wire (0°45 mm. diameter)
which was twisted loosely round the root near its distal end =~
away from the root tip—and the number of twists indicated the
root number. These plants were photographed before
trangplantation into the boxes. Of the 24 transplants only
two did not grow in the next season. Two boxes were dug up

every month fram April to October, 1965 and from April to






41

July, 1966 (22 boxes in all). Onc side of the box was
removed and the roots were washed free from the soil.
ii, ZResultss

The galvanised soft iron wire proved a very useful
naterial for marking the roots and was found intact on all the
marked roots. The results reported for a month are based on
the study of two plants.

The first series of leaves, consigting of scéle
and functional leaves, started to expand in April, 1965. The
previous year's cord roots did not increase in length but they
produced a few small, new laterzals. They produced more
lateral branches (fibrous roots - Jefferies, 1916 ) in May
and June and these branches were further branched having very
fine roots. A few of these lateral branches were very
profusely branched and were thicker in diameter than the
branches they had produced, though they were thinner than the
mother cord roots. Up-to this time no new cord roots had
appeared, except for a few initials (small protuberances) at
the base of the new shoot (Table 10). But in early July,
when the second series of leaves had expanded, new cord roots
had extended, and together with the branches from the old cord
roots, some of them at leas’t, had reached a depth of 12 inches{
In Augusﬁ and September, there was an increase in the number of
new cord roots and the branching of the roots and the root
system was very well developed and some of the roofs were
rooting to 18 inches.

TABLE 10 - SEASONAL PRODUCTION OF NEW CORD ROOTS
1965
APRTL MAY JUNE JULY AUGUST SEPTEMBER OCTOBER

PLANT
No. I II I II I 11 I I1II I 1II I 1II I 1T
NUMBER
OF NEW
ROOTS 0 o 0 0 2 1 3 5 6 1 T 1 12 11
(small .
protub-~ .

erances)
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The current year's cord rcots were slightly lighter
in colour as compared to the previous year's cord roots.  The
plants obtained from the boxes in April to July, 1966 showed that
the old cord roots, which were now in their third year, were still:
living énd, at least some of them, were profusely branched. The
cortex appeared to be rather loose on these cord roots in comparison
with those of the current or previous year's cord roots. But
there wag no gloughing of the cortex and there wag no difference

in the tensile strength of the old and the new cord roots.

iii, Digcussgion:s

The increase in the number of new cord roots from
April o Octinbex, 1965, though baged cin the sgtudy of different
plents at different times ingtead of being confined +to a single
plant (which would have been the ideal situation) was consistent
and the two plants sampled in a month agreed very well.

Stoddart (1935) and Weaver and Zink (1946)
followed the life of individual roots by bending them with small
piecesg of metal. They have ghown that the length of 1life of
the roots of the same specices was not uniform and considerable
differences existied between the species. Stoddart (1935) found
that both seminal and nodal roots of prairie grasses, even under
adverse conditiong, may live longer than two years.

Jefferies (1916) has casually mentioned that the
cord roots in Molinia commonly function through 3 seasons. The

present work hag shown that they were functioning up to the third

geasona. Unfortunately this study could not be prolonged to see
if they would function any longer. The old cord roots did not
increase in -y length in any of the 22 plants examined though

they produced a number of brancheg which permeated the soil to

great depths. The posgibility of damage to the tips of the cord
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raots, during transplantation, catnot be ruled wut. But it is
difficult to accept, particularly when the photographs of the
plants taken before putting them into the boxes showedthe.root
tips intact, that all of +them were damaged while planting them in
the boxes. However, the observation that the old cord roots

did not increase in length cannot be regarded as a conclusive
evidence and more detalled work, perhaps starting with germinating
gseeds grown in large transparent containers with the observations

spread over a longer period of time, is needed.
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3. Root anatomy:

i, QMolinia caeruleas

A transverce senmtion of the root (Plate 5 ) shows
that the cortex is divisible into three zones: an outer zone of
circular cells of various sizes which increase in size towards
the interior of the root, a middle zone of almost circular cells
becoming separated by their tearing and dissolution into radial
rows with large air spaces between them, and an inner zone of
radial rows of closely placed cells which become smaller in sigze
as the endodermis is approached. The stele has a sclerenchymatous
ground tissue and is responsible for the remarkable tensgile strenQ%b
of the root. .

“he cord routs present ot different soil depths
were studied quanititatively with particular reference wo the
amount of intercellular spaces in the cortex. A few cord roots
were selected at random from those obtained from horizons of the
soll monoliths sanpled from the four sites (see pP. 29 )-
Transgverse sectiong of these roots were cut with a microtome and
were double stained using Safranin -~ Fast green combination.

For each goil horizon, one of these sections was selected at
randon and 2 camera-—lucida drawing of it was used for measuring
the areas of the root; cortical spaces, stele and the large
vessels in the gstele, A planimeter was used for meking these

measurementse.

Resuliss

The resulis are given in Tables 11 to 14 The
values for the characiters measured have also been expressed as a
percent of the root area because of the different sizes of the rQots
obtained from different depihs. The amount of the cortical
spaces, expressed as a percent of the total root area,

increased with increasing soil depth and beyond 4°5
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TABLE 11.
SOIL DEPTH AREA OF ROOT AREA OF STELE AREA OF CORTICAL LARGE VE! SELS AREA OF  CORTICAL SPACES,
5 SPACE52 IK STELE STELE,
inches mm . mm. I » Humber Ar@a, % Root
Il o Area % Root Area
Surface 167-42 18-18 134 13 0-97 10+85 0-80
0 ~ 15 114-52 13-22 11465 1 0-87 11-54 10-17
1'5 - 45 154°83 11-23 34-38 6 0-87 725 22+20
45 - 15 100-23 975 40-174 T 085 9+ 72 40-64
7°5 = 10°5 213°42 13455 98°09 5 0°96 6°34 45°96 &
105 = 13-5 55-02 2-80 35+86 3 033 508 65°17
13¢5 =165 - 206 - 4 0-35 - -



TABLE 12. CENTRAL ASSOCIES

SOIL DEPTH  AREA OF ROOT AREA OF STELE AREA OF CORTICAL LARGE VESSELS  AREA OF CORTICAL SPACES,

> 5 SPACES IH STELE STELE,
inches mm e mr . mm'e Number Area % Root _
mm? Area % Root Area

.0 = 15 235-66 24°13 18-40 9 1-85 10-23 7:80

1.5 - 45  216+90 16436 a.73 8 1-11 154 19+23

45 - T°5 90-21 4-46 36-19 5 047 4-94 4058

7°5 = 105 58 42 1+65 2371 2 021 282 39+65
105 = 1345 92+ 34 5+61 37-04 6 0-75 6+07 4011 =
13¢5 =~ 165 38.8C 1.90 24-87 3 0-32 4«89} 64+09



TABLE 13

WETTER MILINI ATUM

SOIL DEPTH AREA OF ROOT  AREA OF STELE  AREA OF CORTICAL  LARGE VESSELS AREA OF  CORTICAL SPACES
5 SPACES IV STELE STELE,
inches mme ain . Mille Rumber Arga % Root % Root Area
MMe Area
0~ 15 17918 14-29 2099 8 115 7-94 11-67
1-5 = 45 202461 16-69 49+50 6 1+61 8+23 24+43
45 = 1°5 79°12 429 32047 4 0T 542 41403
7+5 - 105 112-18 4-13 52:14 5 065 368 46-47
105 = 13-5 31-98 1-07 2148 2 0-16 334 6716 e
13.5 - 1645 61+84 247 37-93 3 037 399 6133



TABLE 14  DRIER MOLINTETUM

SOIL DEPTH AREA OF ROOT  AREA OF STELE  AREA OF CORTIAL LARGE VESSELS  ARZA OF  CORTICAL
S SPACES IN STELE STELE,  SPACES,

inches mm? mm? m® Number Arga % Root % Root

m. Area Area
0~ 15 144117 17476 19+00 7 1-40  12°31 1317
1:5 = 4:5 309-46 26-85 3466 T 2:33 867 1120
45 - 75 12114 10-16 47+93 6  0-81 8+38 39+56
7.5 = 105 1545 495 32.89 2 0.5 6456 4358

1045 - 13¢5 200°04 13-14 88-28 4 213 656 44°13
135 - 165 22406 0-98 13+22 1 016 444 59+92
64+40 421 37-85 3 062 6+53 5877
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inches there wag a marked incruase {almost twice the amount at
1*5 ~ 4°*5 incheg horizon) (Fig.3 )e

There were no significant differences, for the
meagures studied, between the roots from different sites for
the same soil depth.

Sections of the old cord roots obtained from
4+5 = 7*5 inches horizon from the Valley-bog and 13¢5 - 16°5
inches horizon from the wetter Molinietum showed,. that, in-spite
of the enormous development of the cortical spaces, the roots
wereliving and producing lateral branches (Plate 4 ).

It was realised that a study of the sections
obtained from different depths on a single cord root would give
more direct information than that obtained from the sections
of the randanly selected pieces which most probably belonged to
different cord roots.
0ld cord roots

A cord root was carefﬁlly separated from the soil
to its maximum depth of penetration which in this case was 13+5
inches. I+ did not have a growing tip and was of cream colours.
It had a number of lateral branches which were white in colour,
like the current year's cord roots. For each soil horizon one
transverse section was selected at random from those obtained
from a root piece and a camera-lucida drawing of it was used for
the different measurements (see above, pe4d). The results aré
given in Table 15 (Plate 5,Fig. 4 ). The results agreed with
those obtained from the root picces selected at random from the
roots obtained in a soil horizon. Up~to a depth of 7*5 inches,
in-spite of a reduction in the root area (size), there was an
increase in the amount of cortical spaces. But the decrease in
area below 7*5 inches was not accampanied by an increase im the
area of the cortical spaces and the latter remained more or less

the same down to the maximum depth of penetration (135 inches).






TABLE 15, OLD CORD ROOT
S0IL DEPTH AREL OF ROOT  AREA O STELE AREA OF CORTICAL LARGE VESSELS  AREA OF  CORTICAL
E IR QT 1 YA T
, . SPACES ; IN STELE , ?DSIEJCI;&, g&%s,

inches | mme mme - mm'e Numbsr mn.:  Area % Root Area

0- 1-5 78-92 6:86° 8426 4 044 869 10-44
1:5 = 45 17-68 6+19: 14462 2 Qe49  7-96 18+82
4:5 - 1-5 1355 5+38 2299 2 0-42  7-37 3125
745 = 105 5206 413 21+23 2 033  7-93 40-77 1
105 = 135 4347 297 20-82 1 0-24 6°83 47-89
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That is to say the large increase in the area of the cortical
spaces at lower soil depth, when expresgsed as a percent of the
root area, is due to the decrease in the root area rather than an

actual increase in the former.

New (current year's) cord roots

Results obtained from the anatomical studies of a
current year's cord root are given in Tablel6 (Fig.4 ). The
area of the cortical spaces increased to a depth of 4+5 inches and
below this it decreased until near the root tip (0+5 inch short
of it) the spaces were almost negligible (Note the reduction in

Toot area).

Digoussion:

Jefferies (1916) regarded the cortical spaces of
Molinia roots as schizogenous in origin, but the present work
shows that occasionally remaing of the cell- walls can be seen
projecting into the spaces (Plate 5 ). This suggests that
these spaces arise by the tearing or dissolution of the cells
(1ysigenous) rather than by the separation of adjoining cells
(schizogenous). Intercellular spaces in the cortex of the
roots of corn and rice have been reported to be lysigenous in
origin (McPherson, 19395 and Katayama, 1961, respectively).

With increasing soil depth, there was a reduction
in the area of the stele and the number of the large vessels in -
it.

The results obtained from the study of the new
cord root show an increase in the amount of spaces with an
increase in the distance from the root tip until a maximum is
reached 15 -~ 4+5 inches below the soil surface. Katayama
(1961) has found an increase in the amount of spaces with an
increase in the distance from the root +ip in the roots of

upland rice and corn (Table 17 ).
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ARDA OF ROOT  AREA OF STEILE

TABLE: 16

nl

NEW CORD ROQT

LARGE VESSELS

SOIL DiPTH £REA OF CORTICAL AREA OF  CORTICAL

SPACES IN STELS STELE, SPACES,

5 5 5 Number Arga 7% Root # Roos
incheg mme mms MMs i ¢ Area Area
0 - 1-5 19293 13-13 10-73 11 0-85 680 556
1.5 = 4.5 131-33 9«33 18.60 6 0-68 17-10 14-16
4+5 - 1°5 120463 711 1260 6 0-60 5-89 10-44
Te5 = 105 99+56 652 8-98 6 0+42 6+54 9-01
10+5 - 13°5 5360 2+66 0-93 5 0-18 4496 173
135 - 15°0 42°+50 1+61 0°33 4 009 3°78 0- 71

9§
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TARLE 17, INTERC:LLULAR SPACES IN ROOTS
(From Katayama, 1961)

Distance from root tip, cm.  Amount of intercellular spaces,
% root volumes

Upland rice Corn

o - 1 0 12
- 2 155 33

- 6 217 39

It may be argued that in the old cord roots the
increase in the cortical spaces with an increase in the soil
depth was probably due to the process of decay which, on the
Valley-bog, left only a dead bare stele (see elsewhere, p.34 ).
Weaver and Zink (1945) found that the process of degeneration of
the root cortex of the grasses they studied progressed regularly
from the proximal to the distal end of the main root, and near
the root tip usually 1 to 2 inches of cortex remained intact.
This means that the older part of a root, i.e., that near the
surface, would be the first to lose its cortex and, if the increase
in the cortical spaces is due to the decay process, should have
more ccrtical spaces than those in the deeper horizons of the
soil. So the increase in the cortical spaces in the old cord
roots from the deeper =0il horizons cannot be explained
satisfactorily as being a result of the decay process. Some
edaphic factors (excess molisture and poor aeration) perhaps
warranted a decrease in the living tissue without curtailing the
normal life activities of the root,; hence the increase in the
cortical spaces. A discussion of the functionzl significance of

these spaces is given in Section VII.

ii, Brica tetralix:

A tranaverse section of Erica root did not show any

intercellular spaces. The root showed lenticel formation (Plate 6)-
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The lenticels were particularly clear on the roots near the soil
surface.

Habn, Hartley and Rhodes (1920) have described
the occurrence of hypertrophied lenticels on the roots of young
conifers in the presence of excess moisture. McVean (1956) has
described water lenticels on. stem, root and nodules of Alnug
glutinosa. The lenticels are regarded as an aid to increase

the efficiency of the aeration system of a plant.
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TIT. COMPETITION BETWEEN MOLINIA AND

ERICA IN THE FIELD WITH AND
FITHOUT APPLICATION OF NUTRIENTS

The poor performance of the species on the Valley-

bog (Section II. p25 ) may be due to either deficient nutrition
or deficient aeration. or both. Loach (1964) has shown that
this site has the lowest nutrient content in the soil. The
drier Molinietum site was most nutrient rich, particularly in
it s upper horizons. The Central associes soil was intermedigte
between these two. Comparison of the soil analysés with
others in the liferature suggested that even the drier Molinietum
was phosphorus deficient. Table18 shows the amount of total
nitrogen, total phosphorus and exchangeable potassium in the
golle of different sites, exprecsed as mg/ia The data has been
calculated from the figures given by Loach ( op. cite)s It
would have been very interesting to study the nutrient
distribution in the wetter Molinietum soil, but such analyses
were beyond the scope of the present worke.

TABLE 18  TOTAL NITROGEN, TOTAL PHOSPHORUS AND
EXCHANGEABLE POTASSIUM IN THE SUCCESSIVE
LAYERS OF SOILS FROM DIFFERENT SITES
(VOLUME BASIS) mg/l. *

PIT I PIT II
SITES SO0IL DEPTH N P K N P K
Clll =

VALLEY-

BOG: 0 - 20 841 34 58 1360 58 102
20 ~ 40 1181 79 75 1256 80 106
40 - 80 628 137 145 231 80 128

CENTRAL

ASSOCIES: 0 - 20 1389 115 75 1341 84 73
20 - 40 373 80 83 541 108 102
40 ~ 80 268 19 134 134 68 69

DRIER

MOLINIETUM: O - 20 3915 321 155 2978 207 131
20 - 40 1215 116 137 1088 111 75
40 - 80 200 62 61 178 64 64

+#Calculated from data of Loach (1964).
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One posrible explanation of the dominance of Erica
on the Vzlley-bog site (section II, p.15 ) is that the poor
performance of Molinis and‘Cglluna on this site renders them
less strong competitors and allows Erica to spread. The absenca
of Erica from the drier Molinietum and yet its best performance on
this site when grown in cleared enclosures (Loach, 1964 )
suggested that competition offered by Molinia ie an important
factor in the disgtribution of the species. Moliniz growing
poorly on the Valley-bog site appeared not to offer a strong
competition to Erica which thus todk the advantage. The validity
of thig suggestion wag tested by performing an experiment on h
campetition in the field between Molinia and Brica with and with- -
out application of nutrients, and is described below. .
1, Mothod:

In his experiment on the growth and nutrient uptake

of the three species ~ Molinia, Erica and Calluna - on the three

gites -~ Valley-bog, Central associes and drier Molinietum - Loach

( 1664 ) had u=zed small enclosures, 7 feet X 6 feet, in which

the standing vegetation had beon remov:d. There were 6 such
enclosures on cach site. Each enclosure had a four feet high
wire fence to keep the animals (deer) oute In the present

work these enclosures have been usged for the experiment now
described.
Planting pattorn:

A2 ft. X 2 ft. plot was established in the centre

of the enclosure, It wag divided into four sub-plots, each
9 inches X 9 inches. Thege sub-plots were 6 inches apart from
each othere Of the four sub-plots in a plot one was planted

with Molinia alone; another with Erica alone and the remaining
two had equal numbers of the two gpecies growing in competition
with each other. By using a square metal frame with cross

wires at 1¢5 inchcs intervals, it was possible to plant equally
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cpaced secedlings of Erica and cuttings of Molinia. The species
were planted in a T X 7 arrangement thus giving 49 plants of a
specieg in "without competition" ¥ sub-pl ot. In a "with
c¢anpetition = sub-plot the plants of the two sgpecies alternated
with each other (see Figure 5 ).

Erica tetralix seedlings were collected from

recently burnt areas at Albury Bottom, Chobham Common, in early
May; 1964, and were sorted into 3 size classes: a, b and ¢
(a=35~50cmey b= 51 =66cmey, ¢ = 67 ~ 82 cm. high).

Molinia caerulea tussocks of similar size and

appearance were dug from a flourighing "Molinia flush" at
Crowthorne Forest in early May, 1964. They were opened up to
geparate the new basal internodes with their newly developed
leaves and the nodal (adventitious) cord roots. Basal internodeg
(cuttings) with cord roots smaller than two inches were rejectedz'f
A large number of cuttings with two green bagal leaves (leaves of
the first series) were available and were gelected for transplan@av
tion. The leaf length of the gelected cuttings varied from -
5 - 6 inches. Vigual observatiom also enabled selection of
only those cuttings whose.basal internodes were approximately of
equal length and diamcter.

From Molinia cuttings and each size class of Erica
seedlings — &, b and ¢ -~ 19 groups of 12 plants each were selectég

at randam. They were dried at 8000. for 24 hours and were

weighed to determine the initial weight at planting. In the case
of Molinia the roots and ghoots were weighed separately. This

information was obtained partly to see the initial variability in
weight and partly fo provide data for comparison with final dry

weilghts at harveste.

x

Note: In thege pages "with competition'" refers to interspecific
competition and "without competition" refers to the lack
of interspecific competition and does not exclude intra-
gpecific competition.
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Planting was carried out between 10th and 22nd May,
1964. In a sub-plot wheroe Erica was planted ¥ithout competitiqn"
there were 17 a, 16 b and 16 ¢ seedlings and in a “"with competition”
sub-plot there were 8 a (or 9 a), 8 b and 8 ¢ Erica seedlings.
The edge plants, those occupying the periphery of a sub-plot,
were to be discarded at the time of harvest because they did not
experience competition (interspecific or‘intraspecific) from all
sides. Of the 49 plants of a species growing in a "without
competition" sub-plot 25 were to be harvested, and of the 25 (or 24)
plants of a species growing in a "with competition" sub-plot 13 |
(or 12) were to be harvested, thus giving, for one plot, equal
number of planis (25) of a species which had grown with and
without competition.

Dead plante of Erica and Molinia were replaced

with fresh ones until 10th June, 1964 and after this no replace-
ment wag mades There was no indication of any site differencgs
in the number of these replacements made, but far more Erica
plants had died than Molinia. The death at this stage was
related to the degree of root damage they suffered in transplantings.
Molinia cuttings with their stronger and longer cord Toots
survived the handling during transplantation better than the fine
and small roots of Erica seedlings.
Application of hutrients: ‘ ‘
Of the 6 plots on 2 site (one in each enclosure)’
3 randanly chosen plots were sprayed with nutrients whilc the
other 3 did not receive any nutrients. Nitrogen, phosphorus
and potassium were applied as Ammonium nitrate, Potassium .
chloride and Sodium di-hydrogen orthophosphate, respectively.
Bach nutriest was applied at the rate of 1-44 gm. per plot
(4/9 Q. yd.), equivalent to 35 1lbs. of cach of nitrogen,

phosphorus and potassium/acre.
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Ths nutrient solution was prepared by diluting
the salts in water obtained from the site where it was sprayed.
A spray pump with an adjustable nozzle provided a uniform spray
of the solution.i Nutrients were applied on 3 occasions,
namely 15th June, 1964, lst August, 1964 and 28th June, 1965.

The plants were left in the field for two

growing seasons, were weeded regularly, and were harvested in
October, 1965, The plants occupying the periphery of a sub-plot
were discarded. In Erica, the plants of diffcrent size
clagses were kept separate. It was fairly easy to locate them
precisely by referring to the initial planting patterne. It
wes easy to extract the entire root system of Erica plants from
the goil because of their being rooted near the surface.
Molinia plants were deep rooted and it was not possible to
extract the entire root system. The harvested plants were
dried at 80°C. for 24 hours and their dry weights were determined
(whole plant in the case of Erica and shoots only in Molinia).
Light measurementss

Light measurements were taken above Erica plants
growing with and without competition with Molinia. A small
rectangular photo-cell ( 15 " X 0°5"),which was held in a
perspex frame (1+79'X 0+75"), was used for these measurémentse
It was mounted on a rectangular picce of brass metal which was
solcered to the end of a long metal rod, which made it easy to
push the photocell into the vegetation from a2 distance. The
emall size of the photo—cell reduced the disturbance of vegetation
to a minimum,

The photo-cell was standardised against a standard
rhoto-cell under different light intensitlies. An EEL portable
"Lightmaster Photometer" was used for taking measuremcnts with

this photo-cell. On an overcast day in August, 1965 five
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random reddings were taken in each sub-plot (with and without
competition) of a plot and on all the plots on the 3 sites.
Full daylight was measured in the open where there was no
gshading from trees or other vegetation.

ii, Resultss

Survival of the species:

Counts of the number of plants of a species that
survived, after transplantation and initizl replacement of the
dead ones, were made on three subsequent occasions. Plants
which were at all green were counted as living and missing
Plants were counted as dead, since it was assumed that they
died and got blown away.

Firss count: July 10th, 1964 - 7 - 8 weeks after plantingg

Second count: October 23»d,;1964 - nearly towards the end
of the first growing season,

Third counts October Tth, 1965 - at the time of harvest. -
Table 19 shows the results of these counts expressed

as a percenti of the number planted. The figures are means for
3 plots for the particular treatment (with or without nutrients
and with or without competition) except in the case of Erica on
the Valley-bog where one of the three plots,; on which nutrients
had been applied, had a cushion of living Sphagrnum as the
rooting medium for the species. With the application of
nutrients Sphagnum showed a very luxuriant growth and the )
survival of Erica was very high on this plot as compared to the
other two which had reccived nutrients but did not have a living
Sphagnum cushion as the ronting medium. Molinia did not
show any difference in its survival on this plot when compared
with the other two plots on this site which had received

nutrientse. The survival figures for Erica on this plot have

been kept separatc from those for the other twn plots which

had received nutrients and thus the figures given in the



TABLE 19 PERCELTAGE SURVIVAL OVER TWO GROZING SzASCNS

1964 1965
JULY OCTOR:R OCTOBER
With nutrients Without nutrients With nubtrients Without With Without
nutrients nutrients nutrients
| ¢ -¢ 40 -c £ 0 ~C +C -C 4+C =C +¢ =¢
¥ VALLEY-
0 BOG 90 89 89 88 90 94 91 92 90 88 72 79
L CENTRAL
_ASSOCIES 82 78 72 78 81 19 72 81 81 79 80 78
T ppsm '
N MOLINIETUM 97 92 98 100 98 98 88 90 93 98 87 88
I
A —
VALLEY- A .
E BOG 81 88 80 81 49 42 81 16 28 11 52 39
R (On Sphagnum) 94 86 90 80 % 16
1 cmnrRAL : :
‘C  ASSOCIES L1 19 T2 82 26 14 54 63 12 5 48 44
A DRIER
MOLINIETUM 82 92 87 88 24 11 61 55 16 14 46 42

L9

*With competition

lWithout competition
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Valley-bog for survival of Erica plants with the application of
nutrients areé mes&ns of btwo instead nf three plotse.

The first count (July, 1964) showed hardly any
differences in the survival of Erica on the plots with and without
the application of nutrients on the different sites. But the
second count (October, 1964) showed marked differences. By
thig time the Central associes and the drier Molinietum plots,
which had received nutrients, had lost, on an average, about BQ%
of Erica plants, whereas "with nutrients" plots on the Valley-bog
had lost about 55% of these plants. The third survival count
{October, 1965) showed extremely low survival of Erica on all the
gites on the plots om which nutrients had been applied. On the
whole, even in plots which did not receive any nutrients the .
percentage survival figures for Erica in October, 1965 are half
of those in July, 1964.

The figures for survival of Erica plants were
slightly higher when growing in competition with Molinia than
when growing without competition, particularly so in the plots
on which nutrients had been applieds. :

The data for the percentage survival of the two
species at the time of harvest (October, 1965) has been analysed
geparately by uging an analysis of variance. An angular
transformation was used to remove the skewness of the percentage
survival data (Cochran, 1938). In the data for the survival df
Erica An the Valley-bog the plot which received nutrients and ﬁéd
a cushion of living Sphagnum as the rooting medium, was not
included in the analysise.

Table 20 shows the form of analysis of variance
used for the data for survival (October, 1965) and for dry weight
of Erica plants and Molinia shoots at the time of harvest (October,
1965) Levels of significance of various factors are also

showne
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TABLE 20 SHOJING THE FORM OF ANALYSIS OF VARIANCE
USED FOR D.ATA FOR SURVIVAL AND DRY WEIGHT
OF MOLINTA AND ERTCA AT HARVEST.

FACTOR VARIANCE RATIO (F)
SURVIVAL DRY WEIGHT
BERICA  MOLINIA BRICA MOLINTA

Sites XX M '
Nutrients
(Competition) FEx = (=) 3
Sites X Nutrients
(Sites X Competition) (=) E
Error (i)
Total (i)
Cd;pet;tion , .
{Sizes) ) \ i)

Sites X Uampetiition

(Sites X Sizes) (=)
Nutrients ¥ Competition

(Competition X Sizes)

Sites X Nutrients X
Competition (8ites X
Competition X Sizes)

Error (ii)
Total (ii)

Factors and symbols in brackets refer to Brica dryg
weights only because in this analysis the data for dry wt. of
plants of different sizes was included, whereas that for the

surviving plents from plois which had received nutrients was not

included.,
B F value gignificant at P = Q-1
3z 1] fn t 1 P - 0005
XX 1t t 1 1 P = 0.0l
Eex "V " " P = 0001
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Survival of Eriga- Yable 21.
There was a highly significant (P = 0:001) effect

of the application of nutrients on the survival of Erica, the
survival being extremely poor on the plots on which nutrients had
been applied. There were no significant site differences for
the survival of the gpecies. There was a slight indication

(P = 0°1) of a higher survival when the species was planted in

competition with Molinia as compared to that in the absence of

competitione.
TABLE 21 _SURVIVAL OF BRICA
Valley—-bog Central assocles Drier Means for
Molinietum nutrients
5 ;
With | f
nuirients 19°2 (23+532)  3-3 (15°21) 15°0 {20°9C) 14°1 (19°88)
Without , o
" nutrients 45:2 (42°05) 46°0 (42-68) 438 (41-12) 45-0 (41-95)
L.s.d. means Tor nubtrients (P = 0-00L) = (15°13) -
Valley-—-bog Central associes Drier leans for
Molinietum competition
With -
canpet- A
ition 39°5 (38+62) 29°5 (31°57) 30°7 (32:07) | 33-2 (34°08)
Without |
campet—
ition 24-8 (26-96) 248 (26-33) 282 (29+95) | 259 (27-75)

L.s.d. means for competition (P = 0°1) = {(5°59)

Unbracketed figures = % survival, means for 3 plots (except on the
Valley-bog with nutrients).

Bracketed figures = Angular transformed data.

Survival of Molinias Table 22.

There was a significant difference (P = 0-0L) for
the survival of the species between the drier Molinietum and the
other two gites, though the latter did not differ significantly

between themsgelves. Application of nutrients resulted in a
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significantly higher (P = 0-05) survival rate but there was no
gite X nutrients interaction. Competition from Erica did not

effeclt the zurvival of this specics.

TABLE 22 SURVIVAL OF MOLINTA

Valley-bog Central associes  Drier Meang for
Molinietum nutrientg

With ;
nutrients 8940 (71+24)  80-0 (63-59) 95-0 (78-42) ' 88-0 (71-08)
Without ? '
nutrients 75-8 (60-86) 795 (63-35) 87+5 (70:56) ' 809 (64+92)
Heans for )
sites 824 (66-05) 797 (63-47) 912 (74°49)

T.g.d. means For mutrients (P = 0-05) = (4°87)

L.g.d. means For gites (P = 0°01) = (8<37)

% gurvival, means for 3 plots.
bngular transformed data.

Unhracketed figures
Bracketed figures

[

Competition and the growth of Molinia and Erica:

Table 23 gshows the mean dry weight per group of

12 plants and per plant of ldlinia and Erica at the time of

planting.
TABLE 23 MEAY DRY WEIGHT PER GROUP OF 12
PLANTS 4T PLANTING, mg.
HOLLNTA ERICA
Roots: 364 4+ 16 Sizess a b a
Shootss 1,663 + 29 Roots + shoots 115 + 6 208 + 9 380 + 11
MEAN DRY WEIGHT PER PLANT
AT PLANTING, mg.
HOLINTA ERTCA
Rootss 30°3 ' Sizess a b

c
Shootss 1386 Roots + shoots 9+6 "17°3 317
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rne data for the dry woight of planis at the time
of harvest was itransfermed (1oglox) in order to remove its skew—

NOSSe The data for Erica and Molinia was analysed separately.

Bricas Tahle 24.

Beranigs of the extremely Low survival on the plots
on which nutrients had been applied, only the data obtained from
the plbﬁs which did not receive nutrienis were examined.

The growth of Erica was significantly poorer
(P = 0°001) on the Valley-bog as compared to the Central associes
and the drier Molinietum, and thc latter did not differ
significantly from each other. Competition from Molinia had

a significently depressing effect on the growth of Frica (P = 0'05}(

TABLE 24 DRY WETCHY OF ERICA AT EARVEST -
Velley~bog Central associes Drier Means fqp
Molinietum competitipn
With E
campetition 47°2 (1°572)  99°7 (1°854) 84°5(1°768) | 771 (1°731)
Without o
comipetition 53°5 (1°613) 109°8 (1°878) 113°6(1°920) | 92°3 (1°804)

Meéns for ) :
sites 50-3 (1+592) 1047 (1-866) 99-0(1°844) 5
L.sede. means for competition (P = 0°05) = (0+068)

L.s.d. means for sites (P = 0°001) _ O'lgé) '
L.ged. means for sites X competition (P = 0-05) = (0-119)
Unbracketed figures = Mean dry weight, mg. -

Bracketed figures = 1oglox transformed dzta.

[

The growth of Lrica plants growing in competition
with Molinia on the Valley~bog and the Central associes did not
differ significantly from those growing without caompetition on
these sites, but on the drier Molinietum competiiion offered by

Molinia resulted in a significant decrease in the growth of Erica.
B As expected, there were highly significant
‘differences (P = 0°001) for the different sizes. There was no
v interaction of gize with competition, but there was a significant

(P = 0°05) sites X size interactions
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HMean dry weight at harvest of Erica plawts surviving
in the plots on which nutrients had becn applied are given in
Table 25« As mentioned before, this data was not included in
the analysis of variance for the growth of Erica.

TABLE 25 MBEAN DRY WEIGHT OF PLANTS AT HARVEST, mge,
SURVIV1NG IN THE PLOTS CN WHICH HUTRIENTS
HAD BEEN APPLIED.

Size Valley-bog Central asgsocies Drier Molinietum
¢ -0 + C - C + C -C
a 166 - * 23+5 - 19+1 2549
b 314 42°5 438 57°5 35°1 570
e 833 905 104+ 3 1634 114-1 182+6

Fr 0 = With competition

- C = Withoit competition
¥ = Vo survival

Molinia: Table <26.

Only the data For shoot weights was used. Root
weights were not included because of the variability in the
extent of root recovery on different sites. There was a highly

sigaificant (P = O°001) respciase to the application of nutrients

TABLE 25 DRY WEIGHT OF MOLINIA SHOOTS

AT HARVEST |
Valley-bog Central associes Drier Molinietum Means
for
nutrients
With |
nutrients 1375 (3-133) 1253 (3-083) 1318 (3+103) 1315( 3+106)
Without
nutrients 453 (2°648) 642 (2+800) 768 (2-883) 621(2717)
lieans for
sites 914 (2-891) 948 (2-942) 1043 (2-993)

L.s.d. means for nutrients (P 0:001) = (0:202)
L.s.d. means for sites X nutrients interaction (P = 0°05) = (0-143)

Unbracketed figures = Mean dry wi., mge.
Bracketed figures = loglox transformed.
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and there were no differences between the sites for the growth'of
Molinia with the application of nutrients (Plate 7 ). The
significant siteg X nutrients interaction showed that without the
application of nutrients the growth of Molinia was significantly
(P = O°O5) poorer on the Valley-bog as compared Lo the other two
gites between which there was no significant difference, though
the figures for the drier Molinietum were higher than those for
the Ceniral associes. There was no significant effect of
competition from Erica on the growth of this species.
Light measurements:

The mean vatues of light measurements above Erica
plants, expressed as a parcent of full daylight, are given in
Glahle 27-

PARLE 27 LGSy INTENSITY ABOVE ERICA
PLANTS, % FULL DAYLIGHT

VALLEY.-BOG CEUTRAT, ASSOCIES DRIER MOLINIETUM
+N° -N & N B T4 N S
l . N
+C0C -C 4+C -0 +C =-C +C -¢C +C -=C +C =-¢
556 82+5 86+0 88+3 618 835 78+6 88-2 60°2 88+2 660 886
°% N = WViih nutriensis T = With competition

- N

0

Without nutrients - C

Without competition

iii, Discussious

The significantly higher survival figures for
Molinia on the drier Molinietum as compared to the Valley-bog and
the Central associes, and ‘the highest dry weight of plants (shoots)
fram this site, without ihe application of nutrients, were in
agreement with the dominance and better performance of this
species on this site {see Section II).

Strikingly low figures for the survival of Erica
in October, 1965 on all the sites, even without the application

of nutrients, are difficult to explaina
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The growth of both Molinia and Erica was very poor

on the Valley-bog but the application of nutrients resulted in
equally good growth of Molinia on all the sites. Soil analyses
(Teble 18 , p. 60) showed that the drier Molinietum had higher
nutrient content than the Valley-bog and the Central associes,
but the improved growth of Molinia as a result of the application
of nutrients even on this site suggested that it was nutrient
deficient (see also Loach, 1964). .

Better growth of Erica on the Central associes and
the drier Molinietum may be becauge of a higher nutrient content
(Table 18 , p. 60 ) and better aeration (see Section IV ) of
these sites as compared to the Valley-bog where it was very poor.
Very high mortality of Erica on all the sites as a result of the
application of nutrients (Table 19 ) suggested that the species ‘
wag very sensitive to a high level of soluble nutrients. This
high mortality might have been achieved by a nutrient not normally
found in high (soluble) concentrations in the soil and the effect ™
found here may be an artefact. Conductivity measurements of -
the water samples obtained from these sites were made and
experiments Wwere carried out to study the effects of different
levels of nutrition on the growth of Exica. These experiments’
are described in Section VI,

Molinia proved a strong competit.r and significantly
reduced the gro@th of Erica on the drier Molinietum. Competit@gh
results from a change in one or more factors of the local -
environment of a plant. Light and mineral nutrients are the
two components most likely to be involved. Water was plentiful
on these giltes and cannot be regarded as a factor involved in

the competition between Molinia and Erica.

There was no significant effect of competition on
the growth of Erica on the Valley-bog and the Central associes

sites. Molinia was growing poorly on these sites and the
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light jntengity abeve Erica plants growing in competition with it
(plots without nutrients) was not markedly reduced as compared to
that incident above the plants growing without competition. The
significant decrease in the dry weight of Erica growing in
competition with Molinia was found only for the drier Molinietum
gite. Of the three sites, this had the highest amount of soil
nutrients (Table 18 ), so the significant depreseing effect on
the growth of Erica could not be ascribed to a competition for
soil nutrients. However; light intensity was a factor which
seemed likely to be important. Light intensity, in the drier
Molinietum site, above Erica plants growing in competition with
liolinia, on plots which had not received mutrients, was reduced,
on an average, fram 89 to 66 per cent of full daylight. Blackman
and Wilson (1951) have shown that the relative growth rate of most
rlants is reduced by shading when the light intensity falls to |
50 - 60% of daylight. ‘

A greater amount of nutrients accentuated the effect
of competition by promoting the growth of Molinia. Bscause of
the limited nature of the data for Erica grown on plots which
had received nutrients, a statistical comparison could not be
made between its growth on plots with and without the applicatioq
of nutrientse. However, the mean dry weightgof Erica plants,
grown in competition with Molinia, which survived in the plots
which had received nutrients, were lower than thohse grown in

plots on which there was no application of nutrients (Tables 24 and 250

This éxpefiﬁent shoﬁed that io% soii nutrient
content of the.Valley—bog could not account for the poor growth
of Erica on this site, whereas this provided an explanation for
the poor growth of Molinia since differences between sites almost
disappeared after the application of nutrients. Aeration .
could be a factor of significance for the growth of plants on
these wet soils. Studies of soil aeration were carried out

and arc reported in Section IV.
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IVe SOIL AERATION STUDIES
Russell (1952) has emphagized the need of

characterising soil aeration in parameters that are of significance

to plant growth. Parameters that describe the environment at
the interface between the plant root and the soil system are an
excellent means to thig end.
In soil the active plant roots are probably covered
by a film of water. This is particularly true in the case of
the roots growing in wet soils like these studied in the present
worke. The concentration of gases at the root surface will
depend upon the composition of the soil air, the transfer of
gages across the gas—-liquid interface; the movement of gases both
in the gasecus and liquid phases, and the presence of chemical
and biological procegses involving these gases in the soile. The
effects of these various factors should be reflected in a measure- -
ment of the gases dissolved in the liquid phase. L1 would seem,
therefore,; that a quantitative measurement of the gases in the
liquid phase, along with those in the gasecus phase, shouvld be .
of considerable value in characterising the aeration status of. a soilg
Webster (19622) examined the relation between the
compogition of the wet~heath vegetation and aerstion conditions
in the ground.water sampled from depths of 12 and 24 inches.
Root studies (Section IT) showed that Erica was a shallow-rooting
species and in the case of Molinia though the roots penetrated
to deeper depths in the goil, only very small amounts were present
below 10 inches soil depth. In view of thig it was realised
that the analyses of gases present in the soll air and dissolved
in the water at soil depths where majority of the roots of Erica
and Molinia were vresent, in addition to the analyses of water
samples from deeper soil depthsg, would be of direct relevance to
the studies of soil aeration in relation to the growth of these

species in the sites studied in the present worke
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i, Sampling of soil water:
Samples of water from a depth of 24 inches were

obtained by using the ground-water sampling probes designed by
Rutter and Webster (1962). A method was devised for sampling
the water from different depths in the soil free fram soil
particles and without any gain or loss of dissolved gases.

Water can be obtained from a wet soil by applying

a low suctione. The soil waterﬁ sampling probes work on this
principle. The details of the construction of a probe are given
bel ow.

The probe was a perspex cylinder (inner diameter =
1+75 inches) with a perforated perspex disc sealed to it at the
lower ende. The perforated disc was slightly recessed so that
a disc of a porous plastic material, PORVIC,xK when sealed on to
it with Araldité; became level with the end of the perspex cylindepg
The Porvic (grade M) was kept saturated with liquid paraffin. It
allowed water but not air to enter when pressure was reduced ‘
ingide the probe. The probe had a tight fitting rubber bung
with two glass tubes: one (A) for reducing the pressure inside thq
probe and the other (B) for introducing liquid paraffin,

streptomycin solution and withdrawing the water sample (Fig. 6 }.

xStrictly speaking, soil water refers to the water from above the :
water-table and ground-water to that from below it. But in this
section "soil water" refers both -to the water from above and below

the water-table.

*#porvic is a poroug plastic manufactured by POROUS PLASTICS LID.,
BEtsex, England. It is obtainable in sheets, 0125 cm. thick,
with a maximum pore size of Q/Land can withstand a pressure
equivalent to 1/5th of an atmosphere before the air-water
interfaces in the pores breakdowne. Water flows through it

with great rapidity.
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Fig. 6. Soil water and soil air sampling probes.
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The probes were of three different lengths: 4, 8
and 12 inchesyand were set in the soil for sampling water from 3
different depths, namely 2, 6 and 10 inches, respectively. 4
hole was augured into the soil to the required depth and the
probe was thrust into position making sure that the "Porvie" disc
was making a good contact with the soil. A small amount of
liquid paraffin ( 5 ml.) and a drop of streptomycin solution
.were introduced into the probe through B. A suction equivalent
{0 10 cme. mercury was applied through & with the help of a large
polythene syringe, and was measured with a manometer. The
suction applied, on the one hand, did not let the paraffin run
out of the probe into the =oil through the “Porvie" and, on the
other, sucked water out of the wet soil. The water collected
under liquid paraffin which acted as a seal against the alr in
the probe. The streptomycin solution checked the activity of
micro-organisms (AppendixB ). Once the suction was applied,
the time taken by water to collect in the probe depended upon
the texture and water status of the soil. .

Experimentation showed (Appendix B ) that 1iqu%d
paraffin acted as an effective seal against the gaseous exchange
for four days at least, so the water sampled within four days
of the application of suction was accepted as a reliable samplece.

The water collected in the probe was sampled with
a long-stemmed pipette which had a little liquid paraffin in
it and was drained into a collecting bottle containing some
liquid paraffin and a drop of streptomycin solution. This
ensured that the water sample was not exposed to the air at any
stage. The samples were stored in a refrigerator prior to
analyses. The analyses were carried vut within 72 hours of
taking the samples.

It was eagy to detect a probe which was not

working properly (damaged "Porvic" or some lezkage) because
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the mercury in the manometer did not stay steady when the suction
was applied.

The method was fairly simple and satisfied all the
requirements. Once the probe was set in position there was no
more disturbance of soil or vegetation and it was left in situ

for subsequent samplings.

ii, BSeampling of soil air: PFig. 6.

A perspex cylinder (inner diameter = 175 inches)
was closed at the lower end with a perforated perspex disce Two
inches above this disc there was a perspex diaphragm with a hole
in the middle with a transparent PVC tubing passing through it.
At the upper end} the perspex cylinder had a tight fitting rubber
bung with one hole through which passed the upper end of the PVC
tubing. The PVC tubing was kept closed with a screw clip.

This arrangement formed a "diffusion well" into which the soil
air diffused.

Air sampling probes, like soil water sampling
probes, were in three different lengths, viz., 4, 8 and 12 inchese
To instal the probe in the goil a hole was augered into it about‘
1/4 inch¢ deeper than the desired depth of the probe. The
extra 1/4 inch was to provide a large surface area for diffusion
into or away from the lower end of the probe. The probe was
put into position making sure that it was a tight fit in the
soilo The air in the probe ("diffusion well") was allowed to

equilibrate with the soil air.



iv,

83
The air sample was collected in a glass tube with
a tap at each end by connecting one end of the glass tube %o the
PVC tube and applying a slight suction with a polythene syringe.
The glass tube had been evacuated before-hand. Air samples were
stored in a refrigerator and were analysed within 72 hours of

their sampling.

iii, Lay-out of the probes in the field:

On each site a 70 feet long transect was laid at
random. Two ground-water sampling probes (Rutter and Webster,
1962) were put at random at 24 inches depth along the transect.
Soil water and soil air sampling probes were put in the soil at
3 different depths, viz., 2, 6 and 10 inches. Two replicates
of these were put at randam along the transect in August, 1964.
Three probes of a replicate (water or alr sampling prdbes) were
spaced 6 inches from each other along the transect. The two
sets of sampling probes (water and air) were 9 to 12 inches apart
from each other in such a manner that 2, 6 and 10 inches water
sampling probes faced 2, 6 and 10 inches air sampling probes,
respectively. This made the water and air samples obtained
from the same depth very closely comparable. The distance
between the two sets of probes could not be reduced further except

at the cost of disturbing them.

Methods of analysis:

Water sampless

Samples were analysed for dissolved carbon
dioxide, oxygen and hydrogen sulphide.
Carbon dioxides

The method was based on that described by Conway
(1962) for the determination of CO
"Conway units." The total 002

free by acidification in the outer chamber and the free gas

o content of blood by using

digsolved in the sample was set
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difeuSaed inte borium hydroxide solution in the central chamber
where 1t precipitated an equivalent amount of barium carbonate. ,
"Conway units" with perspex lids with three holes,
instead of the standard ground glass ones, were used ( Plate 8 ).
Of the 3 holes in the perspex 1id the middle led to the central
chamber of the "unit" and the two side ones opened into the outer
chamber. These holes carried small perspex tubes (inner
diameter = 4 mm.) through which sample and different reagents
were initroduced. Vaseline was applied to the underside of the
perspex 1id to give a perfect seal to the "unit". The 3

openings to the "unit" were closed with tight-fitting neoprene

stoppers. COé—free air was passed through the "units" which
were connected in serier by small pieces of rubber tubing. The
middle opening in each 1id was kept stoppered. After 15 minutes

the other two openings in the 1id were stopsered and the "units"
were now ready for subsequent handling. 2 ml. water sample |
were introduced into the outer chamber of the "unit". 0°5 ml.

}ﬁercuric chloride and a drop of methyl orange were added to the

sample (The addition of mercuric chloride prevented hydrogen

sulphlde coming off with CO, when dilute sulphuric acid was

addod to the sample) Frim a self-filling burette, 2 ml. N/SO
barium hydroxide solution were introduced into the central chamber
‘of the "unit".  Dilute sulphuric acid (1 : 1) was introduced
into the outer chamber until the methyl orange end point was
reached when a little was added in excess. This liberated CO2
from the outer chamber which diffused into barium hydroxide
solution in the central chamber. The amount of barium hydroxide
solution left unused was determined hy titrating it against N/SO
hydrochloric acid using phenolphthalein as an indicator. With
each sot of determinations zt least two controls were also run, and
the corrections (if there was any precipitation of barium carbonate
in the control), wherever needed, were allowed for in the final

resultse
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Tha method was checked by liberating C02 from a
known amount of sodium bicarbonate. In no case did the estimated
result differ'from:the expected by more than 1%. Results given
in Table 28 show that there was a complete recovery of CO2 in
1% hours. However, to provide a margin of safety the units were

left for two hours before the titratione.

TABLE 28 RECOVERY OF CARBON DIOXIDE
0°1 gm. sodium bicarbonate in 100 ml. distilled water

Expected value of CO2 in solution = 5238 ppm.
Estimate value: ppm. Error; %
after 30 minutes  440°0 - 16
n 60 " 489+2 - 645
* g0 52517 + 0-37

This method made it possible to analyse a number
of samples at one time. The use of the lids with holes in them

made it possible to flush the unit  with CO, - free air and

2
eliminate the error due to the formation of barium carbonate by
the carbon dioxide of the atmosphere which would be attendant

upon the use of the standard ground glass cover which hag to be

removed for the introduction of sample and reagents into the'unil

Oxygens
Oxygen was analysed by using the Winkler method
with the Rideal - Stewart (1901) or permanganate modification
as described in the report of the committee on the Methods of ;
Chemical Analysis As Applied To Sewage and Sewage Effiluents (1956).
When the sampleg were analysed by using the Winkler
method, inveolving the oxidation of iodine in the water sample and
titration with thiosulphate using starch as an indicator, the
values obtalned for dissolved oxygen were found to be lower than
those obtained by using the method with Rideal — Stewart
modification. This showed that some interfering substances were
present in the samples (ferrous salts - Rideal and Stewart, 190i),

thus necessitating the use of the modification.
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Tha analyses were carried out on a micro-scales 4
small amount of liquid paraffin was added %o a flat-bottomed glasg
tube and 2 ml. water sample were introduced into it by keeping the
tip of the pipette dipping into the liquid paraffin. A magnetid
stirrer was used to ensure thorough mixing of the reagents. For .
titration,; thiosulphate solution was dispensed from a micro-syringes
The method was checked by determining the disscolved oxygen’
content of distilled water kept in the laboratory in open dishes
and the results obtained did not differ from the expected by more
than 1%.

Hydrogen sulphides
"Conway units" with perspex lids with 3 holes in
them, like those used in the 002

water sample were introduced into the outer chamber and 0<5 ml.

analysis, were used. 2 ml.

2% zinc acetate solution in the central chambers Addition of
1 ml. 58 hydrochlorié-acid liberated hydrogen sulphide which was
abgorbed ané retained in the central chamber as zinc sulphide.
This absorption was allowed to continue for 1 hour. 0°+5 ml. N/80
iodine and 0*5 ml. 5N hydrochloric acid were introduced into the
central chamber, the contents werc thoroughly mixed and were
allowed to stand for ten minutes. Iodine reacted with zinc
sulphide and the excess unused was titrated against N/SO thi o=
sulphate solution using starch as an indicator. Like CO2
analysis, two controls were run with cach set of determinations.
The method was checked by liberating hydrogen
sulphide from a solution of a known amount of antimony sulphide
and using the above mentiommed method for its determination« The

results did not differ from the expected by more than 1%5%.
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Adr sampless

Alr samples were apalysed Tor oxygen and carbon
dioxide. A Bonnier and Mangin gas analyser in the modified
form described by Thoday (1913) with later adjustments by Vallance
and Coult (1951) was used for these analyses. Absorption of
CO2 was carried out in 10% potassium hydroxide and that of oxygen
in alkaline tri-acetyl-pyrogallol. No suitable method was
available for a quantitative estimation of the hydrogen sulphide
present in the air samples.

The method of transference.of air samples into the
gas analyser is described below. :

A transparent PVC tube was slipped on to one end of
the glass tube containing the air sample. The small space above
the tap of the glass tube and the transparent PVC tube were fillad‘
with a mixture of equal parts of glycerine and a saturated salt
solution (oxygen and carbon dioxide are insoluble in this mixture),
and the system was closed with a screw clip. The tap of the |
sample tube, close to the PVC {tube, was opened and the tube was
gently tapped on a piece of cardboard. The glycerine - salt
mixture moved down into the glass tube and displaced the air in it
which now collected in the PVC tube. The air was obtained
from the PVC tube with a hypodermic syringe whose dead space was
filled with glycerine - salt mixture. 4 small quantity of ain
in the syringe was expelled at the surface of the beaker of g
mercury prior to its introduction into the gas analyser.
V, Results:

Water and air samples were sampled in October, 1964
and April and June, 1965. It proved practically impossible to
sample the replicate sets each time but occasionally the samples
obtained from some of the two replicates of the sets of probes
on a site were analysed to see the variability in gaseous
composition within a site. A complete set of analysis for
dissolved carbon dioxide in water samples from the two replicates

from all the sites was made in April, 1965. Wherever analyses
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of the samplee from the two replicates have been made the mean
values along with the errors of the two determinations (not standard
errors) are shown in Figs.7 to 10¢ The results showed that there
was not a great deal of variation within a site and the errors,
though large in gome cases, did not oveflap. The results of
the analyses of the water samples are expressed as ppm. and their
equivalent values in air, as a percent, calculated from the
solubility of these gases in water (data obtained from the Handbock
of Chemistry and Physics, 1953) at 9°C - the mean temperature of
the sampled water - and 760 mm. pressure. The results of air
analysca are expressed asg a percent of air volume.

Sampling in October, 1964 and April and June, 1965
wes made o cover the different times of the growing season of
the plants. Results of other workers on the annual cycle of ‘
fluctuations of gases dissolved in water (Webster, 19623)and thosé
present in the soil air (Russell and Appleyard, 1915; Boynton and
Reutner, 1939) helped in deciding the times of sampling. For
the sake of clarity of expression for changes in gaseous compositian
with time, in Figs. 7 to 10 the data obtained from sampling in
October, 1964 have been plotted after those for April and June, 1965.

A1r sampless

Air samples were obtained from 2 and 6 inches soil
depths on the three sampling dates from the four sites except thé
Valley-bog where in April and October no air could be obtained “
from 6 inches soil depthe No air samples were obtained from
10 inches depth from any of the sites since the probes contained
water instead of air.

Figs.T and 8 show that the amount of carbon dioxide
was highest in June ags compared to April and October and the
samples obtained in October had the lowest amount of this gas.



z N A1R AT MEAN WATER TEWP

0, 1 waTER

~e
|
)
g
z
4

Fig. T

90

- .
Sy o ';S [ 2 N
LY
< ~,
.\\ ~ 3 Ty ’*Z"
~, ’Il § [l "--:’
o’ z P
- *’ ™
3 MCHES BELOW SO SURFACE 8
© VALLEY-800 *
. X convaML assoxs i 2 INCHES BILOW $OIL SURFACE
td
& Lo 8 wrven MosesTom 3 X © vALLEY-800
w ol & DRIEA MOLINETUM
Sow L "i
" 7\
S R
[N -t z tor 3 ¥ \
N ; \
- < \
rd
o, P - 4 [ et \
~ , @ 3 \
~o” . s \
z -1 se Wy
z Is A Y
;: ' l’ Py \\\ Y
L 4 ¥ ky \
e
z ' RN
-3 \“\‘*
]
8 X
1Y
R . . - . .
24 APRIL 198 JUNE 20w OCTOMA pvet
198 1908 1908 no: "7::‘ nm:::o.u
SAMPLING DATR ¢
Sdwveing pate SaupLing_oarg

Samples from 2

different sites.

and H2

§

-
—

AIR AT MEAN WATER TEMR
-3

L
4
e | 2
- Y
« T
5
=T 1
=

% CENTRAL ASSOCIKS
& WETTER MOLMETUM
& DRIEA MOLMIETUM

R
/ ‘\ 2 INCHES BELOW SOIL SURPACT
.I \\ O VALLLY-BOG
\ K CENTRAL ASSOCIES
\\ 6 WATTER MOLIMIETUM
\\ O DRIEA MOLIMETUM
»
N
~
~
At e
-
PRt e
N
~,

L
——

~

3ud APRIL.ISR JUNE, 300 OCTOBER.

1988 (111 1984
SAMPLING DATE

inches below soil surface from

Concentrationg of O 002

2’

S in soil air and soil water (see text.)



©y N WATERE J 1N AW AT MEZAK WATER TEWP,

91

19, $
19 [
P % . S
- P | | 28 o,
1o N P i
~, 8 -
- 4
Osf \\"—’,— r
s "t i ae
. N ot Tl
2 ? = ~
et L4 L H P .
. et ~
d e & INCHES BELOW SOR. SURFACE z T [ Seeel
8- _ a
s O VALLEY-80G S "
W+
¥ CENTRAL ASSOCIES v & SICHES SELOW SO SAMFACE
14 A WETTER MOLBIETUM © WALLEY-BO00
ot
eo} O DRER MOLINIETUM X CENTRAL ASSOCIES
? NO AIR AVARLABLE a0} Y A GETTER MOLEIIETVM
s i' ’," \‘ & DRIER MOLMHET UM
- ner \ t wo am amramie
ot " [ CN\
-~ -~ - 4
J ~— ____,4 i ' 200F AN \\
{a- 3 Lot S ] ! { 'l' AN
A}
d o 5 % 340 A, W\
> - - 5 NN
; + R o == < ‘,’ \\\ "\ LY
« AR Y
z < g oo NN
N AT LY
i E & NN
o Sl LR “\ L
.1
o ——— - N
" i, “
osr L3
3.
SAAPRIL (9% JUNE 29w OCTORER
1909 tess 194 A = 4
SAMPLING DATR SdAPRIL tRJUNT 200 OCTOBER
— s o8 (11
SAMPLING DATE
S [ 1
yan
=
: N
< .94} o’ \
N \ € INCHES OTLOW SOIL SURFACE
\
5 1z} \ : © WALLEY=300
; 13 \\ N CENTRAL AOCIES
« " \\ & WETTER MOLMRTYUW
<
LT X \ © DRIER WOLWIEYUM
£ < 8 .--""" »
NS » AN
: " z )
« \\
- . AL ~
% oy -~ N AN
2 of { ol RN
3 . |
"y o~ S~
& Sso
'Ol’- o S
o
ol - I s

Rk APRIL AR JUNE, 281\ OCTOBER,
1908 (1113 (A1)

SAMPLING DATE

Fig. 8.

different sites.

Samples from 6 inches below soil surface from

Concentrations of 02, 002

and H?S in soil air and soil water (see text.)



3 3 3 33

Oy 1N WATER, ppm

o, -n:u;Zm AIR AT 9%C (wEAN TEmER)
3

Q
¢

o

10 INCHES BELOW SOIL SURFACE

© VALLEY BOC

X CENTRAL ASSOCIES
-8 & WETTER MOLMIETUM
© DRIER MOLINIETLM

NO AIR AVAILABLE

3% 8

€0, i warenz T aim av ok (wean Tewn)

3

i 1
34 APRIL 19% JUNE 280 OCTOBER
1988 1968 19¢8
SAMPLING DATE

o,
S " €O INCHES BELOW SOIL SURFACE
d \
-7 NN o vautv-s0c
AN
N X CENTRAL ASSOCHS

8 WETTER WOLMIETUM
@ DRIER MOLINIETUW

NO AIR AVAILABLE

o f
E T3
e
-]

§ o1
' 1 g
f |t
% | g
f.
£ |eo
~
TP
' i

T <
T |

r-

different sites.

A " 4
JAAPRIL TRJUNE 200 OCTOMER
toes 1908 1994

SAMPLING DATE

*
"' \\
L \
\
\
\
\ 10 INCHES BELOW SOW. SURFACT
\\ O VALLEV-RDG
\
\‘ R CONTRAL A3SOCITY
4 WETYER MOLWMTUM
TN & DMER MOLIWIEYUM
» .
N
a-~ o~
.'::“-..__“‘

&k APRILIPAJUNE. 280 OCTOBER,
1"s 198 1904

AAMPAING DATE

Samples from 10 inches below soil surface from

Concentrationg of 02, and 002

and H,.S in goil air and soil water (see text.)

2



93

- 520,
200
@ 190F O~==sg
3 480} \ 24 INCHES BELOW SOIL SURFACE
w
z \ O VALLEY-BOG
< L \ .
y mor 440 " \ X CENTRAL ASSOCIES
< AN \ A WETTER MOLINIETUM
A Y
4 400} N \ o DRIER MOLINIETUM
. 15Ok g 4 * \
% s . \ \ NO AIR AVAILABLE
a . 360 L NN \ \\
- o NN \
< u WM \ \
z tsofk & s oL N Y
= ¥ 3201 NN\ \\
N |z W\ o
m - AN
3 ~ A
@ 11o0f 0 280} NN
< (%) NN
x AN
N
3 L 240} N -
n %0 \
[e) \
o ‘a
xm%
oF
16 1 2 Py
2 APRIL WIJUNE 201 OCTOBER
1965 1965 1908
SAMPLING DATE
asf  2f
a a
3 ’I’ \\
Faaf e’ \
5 \
; to| \\
z \\ 24 INCHES BELOW SOTL SURFACE
<
¥ - \\\ O VALLEV-80G
24 %
e & Lo > X CEWTRAL ASSOCIES
« w1 - N 4 WETTER MOLINIETUM
<
z : AN O DRIER  WOLINIETUM
~Ne = N
" " \
. -u% & \*
: (]3] l“~~
» Pid ,'\ Ssa
. / \ S
z v \
(0" ’/, \\\
z \
o8 \
os}
a “a
104t ] rmmd 1 A
Z°APRIL. 'UUNE,  28VOCTOBER,
1963 1988 1964
SAMPLING DAYTE
Fig. 10. Samples from 24 incheg below solil surface from
different sitese. Concentrations of CO2 and

H.S in soil water and soil air (see text.)

2



94
Oxygen followed the opposite course, vize, high in April, lowest
in Junée and highest in October. On all the sites there'was an
increase in the amount of carbon dioxide and a.. decrease in the
amount of oxygen with an increase in the depth of sampling. The
total of oxygen and carbon dioxide did not diverge much from 21%
(20°4 ~ 20°9%).
Water samples:

Figs. 7-10 show the results of the analyses of
water samples for oxygen, carbon dioxide and hydrogen sulphide.
Like the air samples, water samples obtained in June gave the
highest figures for carbon dioxide and hydrogen sulphide and
lowest for oxygen. On all the sites there was an increase in
the amount of carbon dioxide and hydrogen sulphide and a decrease
in oxygen with an increase in the depth of sampling.

Oxygen was not found in the water samples obtained_
from 24 inches depth from these sites except traces of it in thg
samples collected in October from the wetter and drier Molinieta.

There were distinct differences amongst the sites
for the gases present both in the soil air and dissolved in ‘
‘waters Valley~bog gave highest figures for carbon dioxide and
hydrogen sulphide and lowest for oxygen than the wetter and drier
Molinieta. Central associes occupied an intermediate position.
between the two groups. Of the wetter and drier Molinieta,
the latter was slightly better aerated.

The amounts of gaseg dissolved in water, when
expresgsed as the equivalent concentration in air at a mean water
temperature of 9°C and 760 mm. pressure, showed that the
concentrations were much higher for carbon dioxide and much lower
for oxygen than those in the air a2t the same depth. . This was
true for all the depths of sampling and all the sites. The
differences between the amount of oxygen and carbon dioxide ‘
dissolved in soil water, expressed as a percent in air, and that
present in soil air showed a variation with the time of samplihg
(Table 29 ).  In the case of carbon dioxide the magnitude of

the difference was least in October.



TABLE 29

DIFFERENCES BZTWEEN THE PzRCENTAGE OF O, AND CO

2 2
PRESENT IN SOIL AIR AND SOIL WATER
(Por explanation see text.)
DEPTH OF APRIL JUNE OCTOBER
SITES SAMPLING.
inches ‘ 02 002 O2 002 02 002
VALLEY- 2L 13-67 o+ 1°52 ~13+29 +8+172 -13-68 +1+67
BOG °_ - “13+77 +8+92 - -
2 ~1328 +6468 -13+68 +6°+63 -13+65 +1+24
CENTRAL . N
ASSOCIES 6 1455  +6°99 ~1376 +8+68 ~14+10 +4°43
2 ~12+48 +5+18 ~13+30 +6°96 ~12+50 +2+03
WETTER
MKOLINIETUM . ’ :
6 -13-71 +574 1334 +6°52 ~13+78 +4°26
2 =12+95 +4+99 ~13426 +7-02 -12+39 +1+39
DRIER . .
HOLINIZTUM 13°58 4708 1338 +6°95 ~13+59 +326
- amount in water ig less than in air. - No air sanples available.
+ W f M more. M " "
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vi, Disecussion:

The results for the analysis of soil air are
similar to those obtained by Webster (19620'who analysed samples
obtained from sites at Bramshill, and other workers elsewhere.

In the present work the highest value of 5'13% carbon dioxide was
found in the soil air sampled from a depth of 6 inches from Valley-
bog and the total of carbon dioxide and oxygen was 20‘37%. Conway
(1937) found that carbon dioxide in the soil air at Wicken Fen rose
to as much as 9% in surmer although figures closer to 7% were more
frequently obtained and that even where large amounts of carbon
dioxide occurred the total of carbon dioxide plus oxygen approached
21%. Russell and Appleyard (1915) found carbon dioxide rising
to 7+6% in early May in badly drained soil at Rothamsted and in
this case oxygen was only 8+6%. Boynton and Reutner (1939) found
maximum amount of carbon dioxide in summer. '
Webster (1962) found that in BErica dominated sites
at Bramshill (like the present Valley-bog) the ground-water
obtained in summer from a depth of 24 inches had 1200 - 1300 ppm.
carbon dioxide dissolved in it (equivalent to 47 - 51% in air at
9°C and 760 mm. pressure). In the present work the highest
figure for carbon dioxide dissolved in the water obtained fram
the same depth from the Valley-bog was 480 - 490 ppm. (equivalent
to about 20% in air at 9°C and 760 mm. pressure). His results
for hydrogen sulphide digsolved in the ground water were also much
higher (a maximum of 50 ppm. = 0°9% in air at 9°C and 760 mm. .
pressure) than those found in the present work (a maximum of 20 ppm.
= 0°37% at 9°C and 760 mm. pressure).

With an increase in the amount of oxygen dissolved
in water there was a decrease in the amount of carbon dioxide end
hydrogen sulphide. . Production of hydrogen sulphide is a result
of reducing conditions. Thus in the presence of a relatively
higher amount of oxygen there was a relatively lower amount of

hydrogen sulphide in the water.
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A large decrease in the magnitude of the differenca
betwesnu the carbon dioxide dissolved in soil water and that preseni
in soil air, at the end of October, could be related to the activity
of micro-organisms in the soil. Mitchell, Adamsand Thom (1941)
found that the soils studied by them showed a marked increase in
the microbial population during April and May. The fungal
counts were highest in April, they stayed at this level till June
when the numbers started to fall rapidly and reached the low levels
from July onwards till February next year when they started to rise
again.

At any depth in the soil the concentration of oxygen
dissolved in the water was considerably less than that which would
be in equilibrium with the concentration in the air at the same
depth, and the concentration of carbon dioxide was much higher.
Thig suggested that the main sites of oxygen consumption were in
the water and that the low rates of gaseous diffusion in water
limited the exchange of gases between the water-filled and gas-
filled spaces in the soil. Russell and Appleyard (1915) bave
also reported that besides the free air there is another atmosphere
which they assumed was dissolved in the water and colloids of the.
soil. They obtained the gases present in the latter atmosphere
by evacuating the soil under a very high vaccuum. The analysis
of air obtained by this method showed that it was almost devoid of
oxygen and congisted mainly of carbon dioxide and some nitrogen.

There is likely to be a falling oxygen concentration
from the larger to the smaller air-filled spaces (see Hack, 1956)
and possibly also from the larger to the smaller water-filled
spaces. The concentrations of oxygen and carbon dioxide in the
soil air reported here were based on the analyses of samples
obtained by diffusion and represent a kind of mean for the concen-
tration in the larger and smaller spaces in the soil. But due to

the low level of suction applied in sampling the soil water, it is
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likely that the water obtained moStly came from the larger spaces
in the soil from which it moved more readily than from the smaller
ones (Poiseyille's Law)e The gaseous composition of the water
present in the emaller spaces may be different from that reported
here.

The various levels of the diffusion gradient of
oxygen (and carbon dioxide) could not be separated but, at least,
it was shown that the concentrations of the gases dissolved in
the wator were different from those present in the air at any depth
in the soil. 1t was,therefore,relevant to discover in what
sort of spaces the roots of Molinia and Erica were présent and
whether these spaces were water — or air—-filled. These studies

aTe reported in the next Section (Section V).



99

V — ROOT DISTRIBUTION AND SOIIL, POROSITY

Thin sections of soil can be used for the study of
~the root distribution in relation to the pores wmiges and the

gvaluation of the soil porosity.

6y o0il sectionings

Delage and Lagatu (1904) were the first workers to
prepare thin sections of soilse. In their technique the soil
had to be crushed before being mixed with the hardening substances,
and conscquently, the.natural fabric of the soil was destroyed.
An advance on such a technique was put forward independently by
Ross (1924) and Kubiena (1938). They carried out successful
impregnations of blocks of soil with "kollolith" without breaking
them. But these methods required the application of heat in
the drying of soil prior to impregnation and during the subsequent
hardening of "kollolith". The subjection to heat would have
resulted in severe distortion of soil structure by uneven drying
and shrinkage of its components. &n advance was méde by Haarlgv
and Weis~Fogh (1953), who used agar-agar as the impregnating |
material, and Minderman (1956) who used gelatin. These substances
are miscible with water and thus did not require the preliminary
drying of soil prior to impregnation. But the use of these saﬁt
impregnating agents necessitated the sectioning of the impregnated
soil on a microtome, and this imposed a strict lower limit on thq“
thickness of the sections that could be obtained, especially in
mineral soils where the microtome knife must either “ip out" or
"push in" the mineral grains which came in contact with the blade.

The natural or synthctic resins arc totally immiscible
with water. Their use provided a very hard block of soil from .
which thin sections could be cut by following the ordinary
geological procedure. Consequently, in techniques developed by
later workers, in which rcsins were used as the impregnating

materials, attempts were made to reduce the distortion caused
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by the Arying process. Thuz Bourbeau and Berger (1948), Day
(1949) and Hepple and Burges (1956) air-dried the soil prior to
its impregnation with resin. The air-drying of soil reduced the
amount of distortion and disturbance as compared with drying in

an oven. However, a more important advance in this technique
was made by freezeédrying the soil samples (Alexander and Jackson,
1955; Burges and Nicholas, 19613 Nicholas, 1962), which minimised
any distortion of soil structure during the drying process.

There has been a parallel development in the
avoldance of heating during the hardening of the resgins. Instead
of resins which required "curing" by heat (Frei, 1947; Mochalova, :
1956) a large number of synthetic resins which set irreversibly
under the action of a catalyst, have come into use (a, "Castolite" r
Bourbeau and Berger, 1948; Day, 19493 b, "Bakelite" - Hepple and '
Burges, 19563 Burges and Nicholas, 1961; c, "Polestar" - Altemuller,
19563 and d, "Marco" - Alexander and Jackson, 19553 Nicholas, 1962;
Gadgil, 1965).

This brief survey shows that satisfactory techniques
are available for the preparation of thin soil sections without .
any marked disturbance or distortion. These sections can be
studied only by using a petrographic microscope or & polarising
microscope with crossed nicol pieces. The difficulties of
distinguishing pore spaces from the mineral matter and the ease
with which the "artefacts", developed during grinding and polish%ﬁg
of sections, may be mistaken for pore spaces, can be obviated by
the use of a resin containing a pigment. The method degcribed
below provides such a technique.

A methacrylated polyester resin, "Crystic 195",
manufactured by Scott, Bader and Co. Ltd., Northamptonshire, U.K.,
was used in conjunction with a blue pigment. The coloured resin
mixture occupied the pore spaces in the soil and it was very easy

to distinguish them from the rest of the soil components, and
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the sectioms could be studied with the aid of an ordinary
microscope. The method involved the following opsratians:
iy Collection of undisturbed soil samples:

Soil samples were obtained from the fwr sites frdn
2, 6 and 10 inches soil depths (soil aeratioﬁ studies were made
at these depths - Section IV) from the pits dug for root sampling
of Molinia and Erica (Section II, p. 27). At each sampling

depth,; two replicates were obtained from the opposite facing sidesg
of a pit. 4 sample was collected in an undisturbed condition
ueging an open-ended metal cylinder (10 cm. dizmeter and 5 cm.
deep,approX.) which had a sharp cutting edge. Another metal
¢ylinder of the same internal but greater external diameter as
the sampling cylinder, which fitted snugly over the sampling
cylinder, was placed over the latter and the two were driveh intq
the soil using a block of wood and a heavy hammer. EVefy care
was taken to keep the cylinder vertical to avoid any distortion,
The coylinder was then dug upe. Usging a sharp knife, the soil:
was cut level with the top and bottom of the cylinder. The
samples were transported to the laboratory in polythene bags and
were stored in deep~freeze.

ii, PFreeze-drying:

The sampleg, still contained in the metal rings,
were plunged into liquid nitrogen to get a thornugh freezing of
the water in them before being subjected to freeze-drying. Thfée
to four samples were placed in a polythene dish in a2 large
desictator and were connected to the freege-drier.

Freeze-drying equipment in the Chemistry Departiment
of Royal Holloway College, Surrey, was used and acknowledgement
ig made here to Prof. E. J+. Bourne for the permission to use the
equipment and to Dr. N. A. Sonofi for his help in its use.

iii, Impregnation with the resin mixtures
"Crystic 195" resin to which a blue pigment was

added, was mixed with the catalyst and the accelerator according
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to the following formulations
Parts by weight

Crystic 195 100
Catalyst Paste H 4
Accelerator B 2
Blue pigment Sufficient amount to give a

reasonable colour.

The "setting" time of this nixture was 90 minutes
0
at 20°C.

~

The metal rings eround the soil samples were
removed. Freshly prepared resin mixture was poured into the
polythene dish containing the dried cauples, and using a vacuum .

pump, pressure ingide the desiccator was slightly reduced. Thig .

resulted in withdrawal of air out of the samplee. The pressure:g
was reduced to 15 cm. Hg in about half an hour. If the pressufe
was further reduced, the resin mixture started to boil. The

resin mixture rose into the soil sample and filled the pore
spacese. The system was maintained at the reduced pressure of
15 cm. Hg for about half an hour. By gradual opening of the |
bleed on the desiccator, the vacuum was slightly reduced over a
period of twenty minutes so that the samples returned to normal-
atmospheric pressure well before any marked change in the viscogity
of the resin mixture had occurred. The samples were taken ouy_‘
of the desiccator and left in the open for about three weeks
when the reesin became fully mature and the somples were hard like a
rock.
iv, Sectioning:

In the interest of economy and labour, it was
decided to prepare only one transverse section from one of the
replicate s0il cores from z sampling depth for a site, except

in the case of the drier Molinietum where a section was obtained
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from each of the two replicate soil cores from 2 inches depth.
The section was cut from near the middle of the core because the
gides may have suffered some disturbance at the time of sampling
and subsequent handling.

Thin sections {30 - 40/u) of the hard blocks of
goilg were cut following the usual geoclogical procedure of
cutting, grinding and polishing. The sections were mounted on glass
slides in "Lakegide 70", BEach slide was 3" X 3" and the
sections were approximately 2-5" X 2-5".

lr. Jo Blount of the Geology Department of this
College prepared the sonil sections to wham grateful acknowledgeméqt

is due.

by Pore sizes and rooct distribution.

An ordinary microscope with a mechenical stage was
used for the study of the soil sectionse. Because of the distigog
colour and structure it was easy to distinguigh the roots of o

Molinia from those of Erica. Molinia roots were much more

plentiful than Erica roots. Bach slide was thoroughly studieq
in order to get measurements for 20 to 25 ronts of each of the
speciess This was about the maximum number of Erica roots
which could be found, and a similar number of Molinia roots were
selected at random. For each ront selected, the diameter Was:
recorded and alsoc the dizmeter of the pore in which it was founq?
There were no Erica roots in the sections cbtained
from soils sampled from 10 inches depth. In the case of Molinia
there were very few roots in the soil sections from this depth
(see also Section II, p. 37 ).

Figs. 11-12 gshow the frequency distribution of pore
diameters in which roots oceurred, and Figsi3“14 the frequency
distribution of root sizes. No clear differences between sites
could be detected and so these Figs.ll-14 chow the data for_s;ecics

and depthsy; averaged over 21l sites.
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The roots of both the specieg were present only in
501l pores of diameters greater than l50/x4. In Molinia the
root distribution showed a maximum in the 300 - 600 4 pore diameter
classy; whereas in Erica the maximum was reached in pores with
diameters of 600 - 1200 S

Figs.13~14 show that both in Molinia and Erica the

proportion of roots of smaller diameters increased with an increase '
in soil depthe This might be of significance in the adaptftion of
the roots to reduced acration at greater depths, because it has
been calculated (Lemon and Wiegond, 19623 Kristensen and Lemon,
1963) that the critical oxygen concentration for root activity
varies more or less proportionately with root diameter. The
critical oxygen concentration is thai below which oxygen uptake
by the roots is restricted.

It was found that the diameters of the roots were
mich smaller than those of the pores in which they were present,
and, on an average, the ratio of pore diameier to root diameter
was above 2 (Table 30 ).

TABLE 30  AVERAGE VALUES OF RATIO OF PORE DIAMETER
TO _ROOT DIAMKTER

SOIL DEPTH ERICA MOLINT A
inches
2 2+ 40 2468
6 2479 2+65
10 x - 2:72

3sRoots absente.

Although the roots are appreciably smaller than
the pores in which they occur, their restriction to the larger
pores might still be due to mechanicel causes, for pores of a

given diameter do not comtinue for much vertical disgiance
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without omstriction (See Fig. 21, p. 13§ ). 1t seems unlikely
that roots are excluded from smaller pores by poor drainage or
aeration, since there is no marked change in root distribution
relative to pore sizes with increasing depth or change in site
(Figsd1-12 ). However, in case of Molinia there is some
guggestion that at a depth of 2 inches more roots enter pores of
150 - 300/u-diameter as compared with 10 inches depth.

Wiersum {(1957) found that in a rigid system (e.ge.,
densely compacted soil) a root is able to penetrate only the
pores which have diameters exceeding thet of the young root and
that although the young root tip is plastic, it cannot pass
through a narrow pore by means of .a short constricted zone.
Aubertin and Kardos'(1965) have also reported a definite influence
on root growth of both the rigidity of the system and the gize 7
of the pores present in it. They found that maize roots did
not grow into rigid porous egystems which had pore diameter

smaller than approximately 14Q/» .

Cy Soil Porosity

It was necessary to discover whether the roots
occurred mainly in water-~filled or air-filled pores, and
investigations of soil porosity were undertaken to provide a basis
for calculating the distribution of water— and air-filled pores
in the soils under differsnt conditions.

i ,Micrometric methods

& micrometric method adapted from the Rosiwal
method (Holmes, 1930) for determining the volume-percentages of
minerals in thin sections of rocks was used for the quantitative
expresaion of the soil pore space as revealed in thin sections
of soils. This method is based on the principle that in any
surface of adequate area a, the ratio of the sum of the areas of

any given mineral to the total area of the measured rock surface
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is opproximately equzl to the volume-percentage of that mineral
in the rock, and b, that along any line of adequate length drawn
on & plane surface, the ratio of the sum of the linear intercepts
of any given mineral to the total length measured across the rock
surface ig approximately equal to the volume-percentage of that
mineral in the rock. Instead of making measurements on a

gingle line which would have to be very long and would, therefore,
require an extensive surface to contain it, a series of random
lines may be measured on a much gmaller surface.

The applicability and the acouracy of this method in
the determination of the volume-percentages of minerals in rocké;}
have been cstablished by geologists (Johansen and Stephenson,
19193 Alling and Valentine, 1927). Swanson and Peterson (1942)
have used this method for the study of the pore—size distributioﬁ
in the sections of soils. B

The structure (porogity, mineral matter and organio
metter) of the soils from depths of 2, 6 and 10 inches from the
foar sites was studied from the soil sections. Only one seofion
wag stulied for each soil depth for a site. Using the mechahical
stage of the microscope, a transect of 2 measured length (usua}ly |
30 - 35 mm-) was studied. The micrometer scale was positioﬁed
along the line of travel of the mechanical stage (tronsect).

The intercepts of pore space and mineral matter were measured
along the transect. The organic matter was obtained by
subgtracting the total of intercepte of pore space and mineral
matter from the total length of the transect. The results were
expressed as a parcent of the transect of a standard length
(= 100 mm.). In each section five randomly placed transects
were studied.

Plates9 to 11 show macrophotographs of sections

of soils sampled from 2, 6 and 10 inches depths from the Valley-
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bog and the drier Molinietum, the two most contrasted gites.
These macrophotographs were taken using a camera with a lens of a
short facal length (4+8 mm.).

Table 31 gives the values of total porosity,
orgenic matter and mineral matter (volume-percentages) for
different e7il depths (2, 6 and 10 inches) from the four sites.
These values are means of those based on the study of five transectge
The standard errors of the means of these five determinations are :
also given. In the Valley-bog there was an increase in the
amount of organic matter and to a lesser extent of mineral matter
with an increase in soil depth and the total porosity declined
correcspondingly. In ths Central associes the amount of organic
matter at 6 inches was greater than at 2 inches depth, but it
decreased markedly at a depth of 10 inches. he amount of
mineral matter showed a consistent increage. In the wetter and
drier Moliniete with an increase in soil depth, there was a
marked decrease in the amount of organic matter and a pronounced
increase in thaf of mineral matter (see also descriptiong of so0il
profiles, Section II, pp.30-31). On all sites, on the whole,
there was a decrease in total porosity with an increase in soil
depthe The drier Molinietum soil showed the least variation in
total porosity at different depths.

In order to sec the variability between the two
replicates obtained from one sapling depth, two transverse scctions,
one from each of the two replicates fram two inches depth from the
drier Molinietum; were studied. The results for total porosity
are given in Table 32 . The difference between the mean total
porosities of the two replicate samples was hardly greater than

the standard error of either mean.



T:ZBLE 31 SHOTIHG TOTAL POROSITY, ORGAIIC MATTER LD
MINZRAL MATTER IN SCIL SACTIONS FROM DIFWERENT

DEPTHS FROM THE FOUR SLTAS (VOLUME-PERCEITAGES).

Meang of five transects ver seciion.

5011 DEPTH, LLLEY-B0OG CENTRAL ASSOCIES WaTTER HOLINIZTUM DETER MOLINIATUM
Inches
TOTAL
POROSITY 5460 + 2-33 58-18 + 5410 63-24 + 5+36 35.87 + 271
2 ORGANIC
MATTER 3335 + 1.56 36- 39 + 5-00 31.80 + 540 50-38 + 264
MINBRA : —
MATTER 12-05 + 1+42 5043 + 097 494 + 0+83 374 + 0-50 \"‘n
TOTAL : : .
PCROSITY 38-85 + 367 34449 + 306 AT+ 68 + 2+51 36+01 + 217
6 CRGATIC . )
MATTER 4234 + 2+78 4559 + 1°97 17-83 + 114 49-43 + 1449
MW HuRLL
MATTER 18-81 + 291 19-92 + 137 342477 + 2451 14+60 + 1-00
TOTAL : _
POROSITY 32-78 + 167 43459 + 231 30- 37 + 269 2944 + 1.33
10 ORGLWIC : :
MAPTER 50-0L + 2-70 19-99 + 2+84 1036 + 195 3903 + 312
MINERAL ‘
HMATTER 1721 4+ 1.17 36400 + 1439 5925 + 192 31-52 4 3-31
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TLBLE 32. COMPARISON OF TOTAL POROSITY MEASUREMENTS
BASED ON THE STUDY OF 5 TRANSECTS FROM
EACH OF THE TWO REPLICATE SOIL SAMPLES.
{ VOLULE-PERCENT AGE)

Replicate samples from 2 inches soil depth from

the drier Molinistume.

TRANSECT NO. S/MPLE
I II
1 30+62 31+40
2 33-49 3019
3 31-66 3200
4 45+ 36 36427
5 38-24 34+86
MEAN 35487 + 2°7T1 32494 + 1°15

Pore—gize digtributions

The pore intercepts measured along the itransects do
not represent actual pore diasmeters but will be under~estimates
except when the itransect posses through the centre of the pore.

In view of this a correction had to be applied to the pore interr
cepts in arder to obtain a frequency distribution of pore diametérs.
(see Appendix C). |

Figs. }5,16and 17 show the average number of porés
of different diameters as revealed by the study of sections of
soils from different sites from depths of 2, 6 and 10 inches,
respectively., It should be mentioned here that in these Figs.
th= height of the histograms rather than their area is meaningful
because the horizontal axis is not sub-divided on a linear scale.

of pore diametere.
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In the Valley-bog, with incroasing soil depth, the
number of peres in size class & ( 4_35‘AL) showed a slight increase
whereas there was a consistent fall in the number of pores in the
remaining size classes (B to H, b 50/LL).

The soils of the Central associes and the wetter
Molinietum showed distinctly marked increase, with depth, in the
number of pores in size clasges 4 to B ( (\300/; ), whereas the number
of pores in classes F to H () 300 44 ) showed a consistent decrease.
4% 10 inches depth, the number of pores in size class A in the
Central associes was twice of that at 2 inches whereas in the wetter
Molinietum it was 7 times of that at 2 inches depth. '
With increase in g0il depth, the drier Molinietum -
goil A&id not show a very marked variation in the number of pores |
in size class A ( 4 35 AL ) though there was a regular fall in
the number of pores in the remaining size classes (B to H, 7 35,LL 2
and this fall was particularly merked in the larger size classes -
(DtoH, S5 p).
In general, the change with depth was an increase
in the number of smaller pores and a decrease in the number of
larger pores. Comparing sites, at two inches depth the drier
Molinietum had the highest number of pores in class & ( { 35u )
and at all depths the Valley~bog had the least number of these

small pores.

ii , Moisture-tension methods
Hethods

4 modification of the molsture-~tension methods
described by Jomison (1958) and Rutter and Sheikh (1962) was used.
4 large drum was used for applying a variety of moisture-tensions:
on the goil samples. The details of construction and use are
given below.

The drum (90 cm. tall, 60 cm. diameter) had a
circle of 6 equally spaced holes of 5/16" diameter drilled in its
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sides at each of three levels, viz., 25, 45 a2ud 85 cm. below the
top. The holes were plugged with rubber bungs. The bottom of
the drum was covered with gravel to a level just below the lower-
most holes (85 cm.). A length of drain pipe was stood in the
centre of the drum which was then filled to within 5 cm. of the
top with a very fine, water-sorted sand. L tensiometer was
installed at the surface of the sand. The sand was saturated by
running water into the drain-pipe until the water-table was brought
to the surface of the sand. It could subsequently be drained to
20, 40 and 80 cm. depths by removing the appropriate circle of
bungs. The tensiometer indicated the attainment of equilibrium
between the artificial water-table and the surface sand. g
The method of soil sampling and sampling depths were
the same as in the case of sampling for soil sectioning (see above;l
p.lOl). In this case sampling was spread over three months, viz.,
June, July and September, 1964, and altogether there were six T

replicate cores for each depth at each site.

Saturation of the samples:

The lower end of the metel cylinder containing the
soil sample was covered with a hard filter paper (Whatman No.50)
tzped in position with a water-proof adhesive tape ("Lassotape").
The samples were stood in deep trays of water for 48 hours, the
depth of water being about 2 cme in the beginning but slowly ‘
increased until nearly level with the top of the cylinders. Thi;A
saturated the soil pores (by capillarity) with water, and soil
and cylinders were now weighed after being allowed to drain for a
minute to allow superficial water to drip off. This weighing gave
the weight at saturation.

Application of molisture-tensions:

The saturated and weighed soil cores in the

cylinders were stood on the surface of the saturated sand with

only the filter paper to interrupt the contact between soil and
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“sand. Each nemple was covored with a loosely fitting polythene
bag to prevent evaporation and the whole of the drum wag also
covered with a polythene sheet tied around its rim.

The rubber bungs were removed at 20 cm. level.
The steadiness of the tensiometer indicated the attainment of
equilibrium tenéion conditionsg. The samples were weighed every day,
and when they did not show any change in weight for three consecutiye
days, they were taken to be in equilibrium with the applied tensiong
The weight of the samples, when in equilibrium with 40 and 80 cm. 3
water-tables (tensions), was also found in a similar manner.

After the final weighing at 80 cm. tension, the
gsoil was removed from the cylinders and was dried at 10500. for
24 hours and then reweighed. From this the water content
retained at 80 cm. tension and the bulk density (or apparent density)
of the so0il was calculated. bvt

The amount (volume) of water lost at a given tensiomm
(gme or cc.), when expressed as a percentage of the total soil |
volune, ;epresented the porosity (air-filled) of the soil at that
teneion,

i.e+y Porogity at a particular

moisture-tension, h cm. = Volumea%fhwater lost
- X 100

Total soil volume

Resultss

Bulk density, and water content, % of soil volume,
at saturation and that retained at 80 cm. tension, are given in
Table 33.
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MEAN BULK DENSITY 4AND WATER
CONTENT OF SOIL SAMPLES.

Sampling depth,

Bulk density,

Water content, % soil

volume »
inches g/cc. At sats- At 80 cm.
ration tension
012 + 0°01 93°3 + 2°3 634 + 30
VALLEY- 0-27 + 0°06 894 + 3+4  T0*6 + 2°2
BoG 10 0:34 + 0-03 86-2 4+ 1°0  T74:7 4 1+6
043 + 0:03  76+7 + 2-1 58-7 % 2'2'5
CENTRAL 0+71 + 0:05 72+5 + 2:1 618 + 1-6
ASSOCIES P
10 1+14 + 016 60°4 £ 5°4  53+9 + 4-3
2 052 £ 0+08  T4+3 + 36 5T-T 4 3l
WETTER 6 1+16 + 0-04 53-4 4+ 1.3 466 + 1:3
LOLINIETUM '
10 154 + 0:06 442 + 1-3 392 4+ 1-3
2 0°56 + 0-04 147 £ 21 619 + 1+6
DRIER 6 1420 + 0406 560 4 22 525 4 2°7
MOLINIETUR
10 1°53 4 0206 438 4 1+2 413 + 1+7

Figs.18-20 show the mean porosity at different

tensions for the four sites for soil samples from depths of 2, 6

and 10 inches, respectively.

The standard errors of the means

(of 6 replicates) are represented by vertical lines on either side

of the points.

variance after an angular transformation of the data.

The results were subjected to an analysis of

At 2 and

6 inches sgo0il depths the Valley-bog soils had very significantly

(P = 0-001) greater porosity than the other 3 sites and the drier

Molinietum soil had the lowest porosity.

The Central associes



POROSITY, % SOIL VOLUME

35

30

20

10

o)

Figt 180

TENSION, CM. WATER

-
2 1S9 SO PEPTH I
L
TS -E.OF 6 DETIRAIITIDNS .
1
50 20 50 80

liean porosity at different moisture-tensions for soil samples from

depth of 2 inches.

4



POROSITY, % SOIL VOLUME

6|NCHE= SOt DEPTH
30}
}-S .E.OF 6DET'—.'RM|ﬂAY!ONs
T
20 :
[ 000G
T €
.
| prpaL ASSOCES ]
 DRIER MOLINETUM T
20 60 80

TENSION, CM. WATER

fig. 19. liean porosity ot different moisture-tensions for soll samples from
depth of 6 inches.

G2T



POROSITY, % SOL VOLUME

9]
T

IO INCHES SOt DEPTH

rs .E.JF 6[‘57':RMINATION=

!

TENSION , CM. WATER

T
O 50 20 60 80

Fig. 20. llean porosity at different molgture—tensions for soll samples from

Q

depth of 10 inches.

9¢1



127

and the wetter Moliniotur coils at these depths had intermediate
values between these two extremes and were significently different
from both of them but they did not differ significantly between
themselves. A%t 10 inches gnil depth, the Valley-bog soil had
significantly (P = 0'05) higher porosity than the Central assdcies
and these two sites differed highly significantly (P = 0-001) from
the wetter and the drier Molinietn which did not differ significantly
between themselves. ’ v
The bulk density values given in Table33 serve a

useful guide to the differences in the porosities of soilse.

S0il shrinkage:

The retention of soil samples within the metal
cylinders made it easy to observe the shrinkage of soil sample, if.
any, as they were drained at different tensions. ' Only very E
approximate values of this shrinkage were obtained for the two
replicate sets of samﬁles taken in September, 1964.

Only the Valley~bhog soils underwent a perceptible
shrinkage (both vertical and horizontal). Table34 shows the
volume of soil at Qifferent tensions expressed as a percent of the
initial volume of the soil. The amount of shrinkage increased -

T4BLE 34. VOLUME OF SOIL AT SHRINKAGE,
% ORIGINAL SOIL VOLUME

Valley-bog soil.

Means of two replicates only.

Tension, cm.

20 40 80

93-13 ‘G163 8964

So0il depth, 6 9627 89-91 88+95
inches .

10 g7-28 9478 92433

with an increase in the tension applied. So0il sampled from a
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depth nof 10 inches showed the least shrinkage, as compared with
the other two sail depths (see also Table 33 for bulk densities
of these soils). '

The loss of soil volume at a particular tension was
much less than the loss of water at that tension (see Figs.18-20)
which showed that in the soil there were pores which allowed air
to enter as water was withdrawn from them (c.f. Lauritzen and Stovart,
19415 Lauritzen, 19483 Stirk, 1954). This type of shrinkage has
been termed "structural" shrinkage (Stirk, 1954).

The porosities for the Valley-~bog soils shown in
FigsdB-20 should be reduced by the percent diminution in volume
‘due to shrinkage. This correction has not been applied because of

the limited nature of shrinkage studies.

Effect of entrapped air on soil saturation and subsequent

porosity determinations:

In the present work the soil samples were
saturated by capillarity. Keeping in view the findings of
Christiansen (1944) on the incomplete saturation of soils due to
entrapped air and the resultant low soil permeability, the idea
suggested itself that in the present studies the soils may not
have been completely saturated to start with, perhaps due to the
pregence of entrapped air. To test this possibility 4 replioaté
soil samples were collected from each of the Valley~bog and the
drier Molinietum from a depth of 2 inches. Two replicates of each
soil were saturated by capillarity and the other two were saturated
under a reduced pressure of 15 cm. of Hg. The pressure was
reduced slowly over a period »f half an hour in order to prevent
any swelling of the soils which would have been attendant upon
its sudden reduction in one stepe. The samples were left to
saturate for 48 hours.e A suction-plate method, modified by

Reynolds (1956), was used to apply different tensions. The total
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volume of water removed at each tension represented the air-filled
porosity of the soil at that tensio. The porosity at 80 cm.
tension, expreesed as a percent of the soill volume, for the soils

saturated by the two methods is given in Table 35,

TABLE 35  SHOVING POROSITY, % SOIL VOLUME,
AT 80 -cm. TENSION

Samples fram 2 inches soil depth.

Replicate Saturated under Saturated by
reduced pressure capillarity
ay 34455 2813 :
VALLEY~ Mean = 34+31 Mean = 33+61
BOG b, 34-08 39-09 '
%Y 16’08 13'32 : :
DRIER Mean = 17.93 Mean = 14:6§
MOLINIETUM v, 1979 15-94

The Valley-bog soil did not, on average, show any
difference in the porosity of the soils saturated by the two methods
though the results are too variable to be conclusive. In the
drier Molinietum soil the mean porosity of the samples saturated
by capillarity was less by 3¢3% than those saturated under reduced
pressure, i.e., those in which entrapped air had been removed. f
Because of the low replication and the high variability between~f
the two replicates in a group, this point cannot be emphasized any

further.

iii, Comparison of "micrometric!" and "moisture-tension"

methods of porosity determination:

As the tension is increased water is drawn from
successively finer and finer pores, and the size of the pores

that will be emptied by any given tension is calculated fram the
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height—of=the—~capillary-rise equations

h = 20 L
g (see Keon, 1931)
where h = +tension expressed in om. of water with whirh the soil

is in equilidbrium,

o - surface tension of water,

D = density of water,

g = acceleration due to gravity
and r = radius of the capillary tube,

which at 2000. becomes

d = 3000
h

where d is the diameter of the tube (pore) in microns.

If the pores in the soil were parallel-sided then
the tension required to empty pores of given diameters observed in
a transverse section, can be calculated. But if pore diametersy
are not continuosus and larger cavities are connected with one
another through smaller necks, the emptying of larger pores will
be controlled by the higher tension needed to empty the smaller
necks. From the data on which the frequency diagrams of pore
sizes showmn in Figs.d5-17 are based, it is possible to calculate
the volume of air-filled porosity at given tensions, assuming
that the pores observed in sections are parallel-gided. Compar@son
with the volumes of water removed at given tensions will then show
how far the calculations made from pore diameters are in error.
This comparison is made in Tables 36, 37 and 38.

In Tables 36,37 and 38 the most striking result
is that the volume of pores % 1504, determined by micrometry,
in which roots are found (see piiﬁﬂ, is three to five times as

great as the volume of water removed at 20 cm. tension, a tension



COMPARISON OF HICROMETRYC AND MOISTURE-TEINSION LETHODS FOR THE DETIRMINATION OF SCIL POROSITY( TABLES 3637and 3%, )

TABLE 36 2 INCHES SOIL DEPTH: POROSITY, VOLULE-PERCENTAGE, LT DIFFERINT nOISTURE-TENSIONS
ASSUMIEG A RuLLTIONSHIP BETWEEN TENSICN AND PORE~-DIAMETER.

(d = 3000 4d = pore-diameter in/u_ h = tension in cm. of water)

h
° dean of 5 transectse. ® ilean of 6 gamples. L Notdetermined.
SIT=ES .
TENSION  VaLLEY-BOG CENTRAL ASSOCIES YETTER HOLINIETURE DRTER MMOLIWIETUM
citewgter
O
Ohfiicrome‘bryebiois‘bure- Idecrometry  Holsture- Micronetry Moisture- Iicrometry Hoisture- *
. T tenslon tension tension | . tension
20 44042 + 2467 16284 + 2-06/49+79 + 6420 1043 + 1-11 5638 + 3483 9+79 + 0063[2446 + 3413 575 i 178
( Y1504 o o
40 5+61 + 0«62 1-05 + 1-04| 4-21 + 070 345 + 057 3.98 il~16 3'03i 027f 6-05 + 0-92 239 + 0-38
(15 -
150 W) | |
- 80 3936 4+ 0°49 5°97 + 0496 2250 + 050 4+16 + 0°45( 1+46 + 0:60 509 + 0+52f 352 + 0-20 4+72 + 0468
(35 -
BA) 4
Y80 120 + 0716 % - 1°68 + 0-26 - 1941 + 029 =~ 183 + 0°28 =
(L35
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TABLE 6 INCHES SOIL DEPTH:  POROSITY, VOLUME-PERCENTAGE, AT DIFFZRENT MOISTURE-
TENSIONS ASSUMING A RELATIONSHIP LETWEEN TENSION
AND PORE~DIANMETER.
(a = 3000 & = pore-dianecter in/u. h = tension in cm.water)
h
© lLican of 5 treznscctss ® liean of 6 pamples. % Not determined.
SITES
TEIISION, VALLEY-BOG CEN{TRAL ASSCOCIES WETTER MOLINISTUM DRIER IOLINIETUM
cmswater

Q... . P
Micrometry ®M01sture—
tension

Moisture=~
tension

Hicrometry

Moigture-
tengion

Micrometry

Micrometry Moisture-
tension

FAR

20
(5150 )
40,

(15 -

150 )
80

k35_
5 M)
>80

( €351

2976 + 4+51 834 + 1+88

5402 + 0+75 6+81 + 0-93
2¢71 4 0°58 668 + 117

1434 4+ 0413 3 -

22:26 4 2+91 466 + 083

6439 + 090 1-96 + 0-36
3-97 4 035 259 + 0-26

1-85 + 0-36

26487 + 2-38 3-58 + 0-33

9:38 + 0-74 1+84 + 045
7255 + 049 345 + 025

388 + 0-64

25+70 + 2447 2-19, + D*56

4+74 + 0490 1+00 & 031
3465 4 0-28 1-08 + 0-08

1+91 4 0-11



T.BLE 38

10 INJUHES SOIL DEPTH:

POROSITY, VOLUIME-PERCENTLGE, AT DIFFERENT MOLSTURE-TENSIONS
ASSULTNG A RELATIONSEIP 3B ITWEEN TENSION AND PORE-DIAMETER.

(d = 3000 where d & pore-diameter in/u_ h = tension in cm.water).

h

° liean of 5 transects. ® Mean of 6 samples. % Notddetermined.
SITHED .
TENSION, VALLEY-BOG BNTRAL ASSOCIES WETTSR MOLINIETUM DRIER HMOLINIETUM
cm.water
Ola»’l"icrome’cry ®Hoisture- Hicrometry Moisture- Micrometry Moisture-~ IlMicrometry  MNoisture- g
tension tension tension tension
20 2515 + 164 475 + 0486 471 + 2+50 4e34 4 0499 | TeTL + 1-23 2.12 + 0. 49 20.81 + 1.78 2.36 + 024
(150 |. . , : :
40 3¢50 + 037 2+94 + 049 [ 9-74 + 0-61 1+83 + 0049 | 884 4 1235 053 + 0-31| 4+25 4 0+56 0-39 4 0-12
(15 -
150 g ) '
- 80. 2°70 + 0422 3275 + 057 | 6+52 + 0+48 214 + 0°16 [9°04 + 0+67 2229 + +22] 3°00 + 0-61 081 + 0°24
(35 -
o) | . ‘
) 80. 1 42 + 0418 - 3402 + 0-28 - 4°718 + 0°31 - 1+38 + 0°40 -

(3B p)
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wiich should bresk ajir-water intérfaces down to 150 u diameter.
This means that this tension has left a high proportion of these
pores still filled with water, presumably because they are
connected with one another by much smaller necks. (Hysteresis is
related to thig type of structure, Haines, 19303 Nelson and Baver,
1940). There is a cloger correspondence between the volume of
pores of diameters between 150 and 35 4. and the volume of water
removed by the appropriate tension, but there is still an
indication that the removal of water is less than expected fram

the micrometric method.

Detailed study of a vertical section of soils

The results obtainéd from é detailed study of a -
vertical section of a goil sample obtained from a depthvof 2 incheg
from the wetdor Molinietum will help in explaining the discrepandyt
found between the results of the "micrometric" and "moisture- |
tension" methods. Ueging an "epidiascope" the section was
projected on to a large sheet of paper supported on a board. 4
faithful tracing of a randomly selected part of the section was
made on this paper. 4 rectangular area was delimited in the
middle of the drawing. Assuming the relationship between tens;on
and pore diameter (d in M= 3000 ) and assuming the upper part pf
the rectangle as representing 1n1t1a11y an air-water interface in
a fully saturated sample, the expected response of the sample to -
drainage was investigated by the following method. :

Imagining a 20 cm. tension to be applied, pores
were traced from the top surface and throughout the rectahgle
along all paths which were at no point restricted by diametergless
than 150‘/L. This continuous pore system is represented by
appropriate symbol in Figepy o Imagining the tension then
raised to 40 and 80 cm., the further system of pores which would

be emptied by the respective tensions was followed and marked.
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Fige 21 4 part of a vertical sectlon of soil sample from
a depth of 2 inches from the wetter lolinletum.
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Ten transects were +hen Jaid at random in this area apd the

intercepts of the pores were measured along these transects. This

gave a measure of the total porosity and its distribution between

different pore sizes (volume—percentage). Then the volume~

rercentages of pores which were to drain at different tensions

(20, 40 and 80 cm.) were measured along these transects. This

porogity was termed the air-filled porosity. The results for

the "total porosity" and "air-filled porosity" of these ten

transects are given in Table 39.

TLBLE 39 TOTAL POROSITY AND AIR-FILLED POROSITY

(VOLUME-PERCENTAGES) AT DIFFERENT -
TENSIONS AS CALCULATED FROM THE VERTICAL .

SECTION OF SOIN. ASSUMING A RELATICNSHIP
BETWZEN TENSION AND PORE-DIAMETER.

soil from 2 inches depth from the wetter MblinietQm,

TENSIQN, cm. TOTAL, POROSITY AIR-FILLED POROSITY
20 44457 + 300 6:05 + 390 .
(y15044)
40 4200 + 070 164 + 1°00

(75 = 150 p)

80 2°11 + 0°10 1361 + 3749
(35 =15 m)
» 80 0+42 + 0°13 =
( &35 m)

% Not calculated.

Calculated data show discrepancies between total and air-filled
porosities similar to those found by direct drainage (see Tables36-38)
and the discrepancy is esgpecially marked in the pores exceeding.

150/“" Furthermore, the calculated air-filled porosity is
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very similar to that revealed by moisture~tension method. Closer
agreenment could hardly be expected in view of the fact that these
calculations have been made on a single small section whereas the
results obtained by the moisture-tension method are based on 6
replicate goil samples.

The large number of pores of smaller diameter in
the soilg of the Central associes and the wetter Molinietum as
canpared to the Valley-bog soil, and their enormous increase at
lower goil depths in the Central associes and the wetter Molinietum
(see pore-gize distribution, Figs.15-17 ) explains the significant;
differences in the "air-filled porosity" determined by the moisture-
tension method (Figs.18-20 ), though the t-tal porosity values for-
these sites, as determined by micrometry, were, more or less, of ;
the same magnitude (see Table 31 , p.115). The higher proportié@s
of smaller pores will themselves require high tensiong to drain
and will interfere with the drainage of large pores, the effect
of which will be that the drainage of many large pores will be
restricted because they empty only through smaller pores.

& search through the literature reveals only one
investigation, by Swanson and Peterson (1942), in which the
"micrometric" method of porosgity determination has been compareq
with the commonly used methods, including the moisture-tension.
Swanson and Peterson (1942) found a reasonable agreement betWeeq
the two methods ("micrometric" and "moisture-tension" methpds).'
However, they made their micrometric studies on sectimns of
soils which had been air-dried prior to impregnation with "kollolith."
The air-drying of the soil can be expected to have led to some
distortion and disturbance of the soil fabric. Moreover, they
did not include pores of more than 1200 /Ldiameter in their
measurements. This would have excluded a considerable number
of pores, root-channels and worm-channels ("non-capillary porosity")

in the soil which would have increased the "micrametric' measure—
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ments to 2 considerable extent.
¢y W?ter-table depths and air-filled por051tv in the fleld-

The depths of Water-table in the four sites were
recorded from July, 1964 to August, 1966 in order to follow the
seasonal fluctuations. in auger hole was bored outside each
of the experimental enclosures (see Section III, p.6l ), making
a total of 6 in the Valley-bog, Central associes and drier
Molinietum, and at 6 random positions, close to the transect
(Sectim IV) in the wetter Molinietum. The depth of the holes
was that which was considered sufficient to reach below the watern
table at all geasons of the year. The data of Rutter (1955) .
and Loach (1964) for the water—-table depths in the sites at
Bramshill, provided a useful guide. A wooden stake was sunk
level with the ground at a point on the rim of each hole, and
water-table depths, which were recordel every month during summer
and less frequently during winter were determined with reference -
to the top of this stzke. The water-icble measurements for -
each hole in a site were allowed for the variation in the
position of the hole as measured with reference to the general
soil surface and the top of the stake. The water—table depthg
shown in Fig: 22 are those below the general soil surface in
each site. Each point in Fig. 22 is a mean of 6 replicates.

The mean water-table depths in the four sites
in summer and winter are given in Table 40 . They were
calculated as means of the depths recorded from April to October,
and November to Msorch, respectively.

TABLE 40 MEAN DEPTHS OF WATER-TABLE IN SUMMER AND WINTER

Clle
Valley-bog Central associes Wetter Drier,
Molinietum Molinietum
Summer 8+ 18+5 16+2 2846
Winter 66 142 113 148

Difference 2.1 4-3 4+9 138
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| The Valley-bog site showed the higheast water—table
and for a brief period only in summer (June - August) the water-
table was slightly below 10 cm. of the soil surface. The water-
table depth varied very little during the year, the difference '
between mean summer and winter water-table depths was only 2°1 cm.
Water-table in the drier Molinietum, during most of the summer waé
congiderably below 30 cm., and showed a large seasonal Variation;
the difference between mean summer and winter water-table depths
was 13+8 cm. . The Central associes and the wetter Molinietum
sites fell between these two extremes, and the water-table in
the wetter Molinietum was higher than in the Central associes.

The studies of =o0il porosity reported above showed
that the Valley-bog soil is most porous (see Figs.18-20, pp.1?4—26? ’
but this advantage is reduced by its permanently high water-table-
so that the total volume of air-filled porosity above the Waterjll
table is relatively small. Of: the four sites, the drier
Molinietum soil is least porous, but because of the deep water-table
it may gain an advantage through the development of high teﬁsions |
resulting in greater air-filled pore space above the water-table.
Table 41 shows the air-filled porosity (calculated from Figs«18-20,
ppel24-6) at different soil depths corresponding to the tensions
resulting from the regpective mean surmer water-table depths.

From the calculated air-filled porosity, the rates of diffusion

TABLE 41  AIR-FILLED POROSITY AND GASEOUS DIFFUSION RATES
LT DIFFERENT SOIL DEPTHS CORRESPONDING TO MEAN .
SUMMER WATER-TABLE DEPTHS.

Air-filled porosity - Calculated from Figs.lﬁ-2J5'% soil volume.
Gaseous diffusion rates - Calculated from D/Do = 06 8(Van Bavel,

Soil 1952)

depth Velley-bog Central associes Wetter Molinietum Drier

inches Molinietum
air-filled .

5 porosity  3-2 6+8 54 64

D/Do 0019 0+040 0+032 0+038
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Soil

depth, Wetter Drier

inches Valley-hog Central sesocies Molinietum Molinietum
air-filled )
porosity o 0-8 0-4 14

6 D/Do 0 0+005 04002 0°008

air-filled L
porosity 0 0 0 0.7

10 3/po 0 0 0 0-004

of gases through these soils was calculated by using the relétio@‘

D = 0° S (Van Bavel, 1952)
Do
where D = coefficient of diffusion through soil
Do = coefficient of diffusion in air
S = air-filled porosity

The results are given in Table 41 - The drier Molinietum soils
showed higher air-~filled porosity and consequently, higher values
for the rates of diffusion of gases as compared to the other
three sites. Of the latter, the Valley-bog showed lowest values
for these measurese.

Air-filled porosity values, even for the drier
Molinietum snil from a depth of 2 inches, are low and Baver (1956)
quotes Kopecky that artificial drainage is necessary if the air-
filled porosity is below 10%.

e, General conclusionsg:

The main points that emerge from the present study
ares a, that the "moisture—tension" method gives a measure of
the air-filled porosity as “distinct from the "micrometric"
method which provides information on the frequency distribution

of pore diameters but cannot be readily used to assess the
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teneion required to drain the partioular pore sizes, and
b) that at a particular tension all the pores that are expected
to drain at that tension, on the basis of the generally accepted
relationship between tension and pore diameter, will not be
air-filled (drained).- Only a proportion of these pores will
be air-filled and the remainder will be water—filled. Especially
of the pores of diameters greater than 150 it only 1/3rd to I/Bth
will be air-filled at 20 cm. tension. Even at 80 cm. tension
the total volume of water remnved ("moisture-tension" method)
does not, in any sample, equal the volume of pores exceeding
150 fL(Tables 36 - 38 ). It must be concludeq%hat these
pores are mostly water-filled when the tension is no greater
than 20 cme, and that many of them remain water-filled even at
much higher tensionse.

The question arises as to whether, within the
pores exceeding 150/4in diameter, the roots tend to select those
which are drained, or that they grow also in water-filled pores.
In the case of Molinia 15 - 204" of the pores exceeding 150 i
in diameter contained roots and it seemed probable that a high
proportion of these ronts were in water-filled pore spaces, at -
least, in the surface soil of the Valley-bog site and at lower
depths on all the sites (compare the data for air-filled porosity,
Table4l,pl 0,with the volume of pores exceeding 150‘/L as
revealed by micrometry, Tables36-38,pp.131-3. No such data
sould be obtained for the roots of Erica (see footnote).  One-
third of the entire root system of this species was at the
surface and the amount decreased with depth(see root distribution

studies, Section II, Fig. 2,p.35 ), and it was possible that

SECalculated from the total number of pores and the numbers of pores
which contained roots, as revealed by the studies of 5 transects
-from each so0il section. In the case of Erica no such calculations
could be made because very few pores containing roots of this
species were found along these transects. This had necessitated
the thorough studies of sections to select -the pores which
contained roots, in order to relate the root distribution to

pore sizes (see 103 ).
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they developed mainly in eilr-filled spaces but no precise
information on this point could be obtained from these studies.
However, it could be expected that in the Valley-bog, at least,

a large proportion of the roots at 2 inches and all the roots

at lower depths were in water-filled pores (see air-filled
porosgities corresponding to mean summer water-table depth, Table 41,
Pe 140 ).
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VI. WATER CULTURE EXPERIMENTS
NUTRIENTS AND ERICA TETRALIX
Experiment described in Section III showed that

Erica was extremely sensitive to the application of nutrients in
the field. To investigate the response further, the experiments
described below were carried out.

Source of plantss

Seeds of Erica germinate easily at room temperature
within two weeks of sowing, but the growth of seedlings is extremely
slows In an experiment lasting approximately 9 months, Bannistep:J
(1968 found a mean height of 23°7 mm. of the above~-ground parts
of a sgeedling and a mean dry weight of 2°5 mg./seedling. In view
of this a large number of two to three years old plants were collected
from the field and were used in the experiments described below: |

Erica plants were collected on 10th August, 1965
from a wet~heath near Lightwater, Surrey. They were transplanted
in sand in large metal trays and were watered with tap water.

Experiment I:  Growth in nutrient solutions of different
concentrations;

Plants were grown in plastic boxes in nutrient
solutions of five different concentrations: 2 normal, 1 normal,
1/2 normal, 1/4 normal and 1/8 normal. There were four replicates
and T plants per boxe. The pH of the solution was 4°0.

The normal nutrient solution used had the following compositions

Nutrient element Source ppme. of element
N NH4 NO3 50
4K KH2 PO4 + KC1 2 P+ 22X
Ca - Ca 804 2H20 20
Mg Mg SO4 7H2Qr 6
Fe Fe -~ EDTA 1+0
Mn Mn 5044H20 0°5
Cu . Cu SO4 5H20 0-01
B H, BO 0+14

3773
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Mutrient element Source ppm. _of element
Zn . Zn SO4 7H20 0+04
Mo (NH4) lo, 0,, 4H,0 0-005

This solution was weak compared with such solutions
as Rothamsted and Long Ashton solution (Hewitt, 1966). Loach (1964)
used this solution in his water culture experiments and found it
suitable for the growth of Molinia.

Plastic boxes of 600 ml. capacity with perforated
lids were used. The lids did not fit the boxes but rested on
gsmall pieces of polystyrene fixed to the inside of the boxes with
"Durofix.” The boxes and lids were painted blacke. Brica plants
which had established themselves in sand culture, were washed free
from sand in tap water and dried between soft tissue paper. Using
a torsion balance, the fresh weight of each plant was taken to thé~
nearest mg. The roots of the plants were carefully pushed throﬁgb
the holes in the lids of the boxes to reach the solution. The .~
boxes were placed at random in the greenhouse on 17th August, 1965,
The plants were allowed to grow for two weeks and were given additianal
artificial illumination duringa 12-hour day.‘ The position of the
boxes was re-randomised twice a week. Solutions were renewed
three times a week. The frequent changes of the solutions and
the loose fitting lids with large number of holes in them, did not
warrant an artificial aeration of the solutionse.

At the end of the experiment, the plants which had
dead spring shoots were counted ag dead. The living plants were
dried between soft tissue paper and using the.torsion balance,

the fresh weight of each plant was determined.

Results:
Table 42 shows the mortality as a percent of

the number planted in a treatment. There was a marked reduction
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in mortality with a reduction in the concentration of the nutrient

TABLE 42 %-AGE MORTALITY OF ERICA

? normal 1 normal 1/2 normal 1/4 normal 1/8 normal
536 4249 28+6 179 . 36

solution used, and the plants grown in 1/8 normal solution suffered
the least mortality.

Befauge of the initial variation in plant weights?
the increase in the fresh weight of each plant was expressed as%
a percent of the initial fresh weight. The analysis of variance
was performed on the square root transformed data (Cochran, 1938).
Table 43 shows the mean percentage increase in fresh weight.

TABLE 43 MEAN INCREASE IN FRESH WEIGHT,
% INITIAL FRESH WEIGHT

2 normal 1 normal 1/2 normal 1/4 normal 1/8 normal

15+8( 3+96) 16°9(4409)  16°6(4:05) 16+8(4°17) 25-8(5 .*08)
L-S.d. (P = 0.0l) = (0.70) :

Unbracketed figures = Original data, means of 4 replicates.
Bracketed figures = Square root transformed datae.

1/8 normal solution proved to be the best for the
growth of the species, and the growth was significantly higher
(P = 0°01) at this concentration compared with the rest of the
treatments (concentratians) which did not differ significantly
amongst themselves.

There was a white deposit on the leaves of most
of the plants growing in solutiong of all concentrations, but
this deposit seemed to be rather less on the leaves of the plants
grown in 1/8 normal solution. The white substance appeared in
em21l amounts along the whole of the leaf though it seemed to

be rather more abundant near the leaf margin.
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b, Bxperiment 1l; Growth in complete nutrient solutiong with N, ?, X

and Ca at different levels:

The object of this experiment was to find ocut whether
any of the particular nutrients N, P, X or Ca was toxic to Ezigé
when provided in solution at a concentration higher than in 1/83
normal solution. & combination of N, P and K had proved toxic
when applied in the field at the usual rate of fertiliser '
application (Section III). Ca was included because very low
levels of this cation are present in acid soils. v

¥, P, K and Ca were factorily combined at two
levels; viz., 1 normal and 1/8 normal, giving 16 treatments.

16 treatments weres

NPEKCa N/8 P K Ca N P/8 K Ca N P X/8 Ca
N P X Ca/8 §/8 P/8 X Ca N/8 P K/8 Ca N/8 P K Ca/8
N P/8 K/8 Ca ¥ P/8 X Ca/8 N P X/8 ca/8 N/8 P/8 k/8 Ca

N/8 P/8 K Ca/8  N/8PK/8Ca/8 NP/SK/8Ca/S  N/8P/BK/8 Cafs
The number of treatments was then doubled by using

K and Ca as either chlorides or sulphates. -Nutrients other

than Ny, P, X and Ca were used at 1/8 normal concentration.

Sources of nutrients were the same as given onp.1445 except in

the case of K and Ca, as explained above. Where K and Ca were

used as their Cl salts, the concentration of Cl in normal solution

(K Ca) was 53 ppm. and in 1/8 normal solution (K/8 Ca/8) it was

66 ppm. Where they were used as 804 salts, the corresponding.

concentrations of SO4 were 978 ppm. and 34°9 ppm., respectively.

There were two replicate boxes in each treatment and 5 plants per

hoxe The pH of the solution was 4°0. |
Erica plants which were growing in sand culture

(see above) were used in this experiment. (From 5th September,

1965 onwards the sand culture was watered with 1/8 normal solution).

Each of the five plants in a box was weighed on a torsion balance

to determine its fresh weight.
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The plante were grown in e heated green-house for two weeks from

Tth to 2lst November, 1965. They were artificially illuminated
and were given a l4-hour day. The position of the boxes was
randomised twice a week. Solutions were changed three times

a week. At the end of the experiment the.fresh weight of each

plant was determinedusing a torsion balance.

Resultss

There was no mortality in N/8 P/8 X/8 Ca/8 treatment.
In NP XKCaand NPK Ca/B treatments the mortality was 30 - 40 %
and in the rest of the treatments it ranged from 20 to 30% of the
number planted. . :

An analysis of variance was performed on the data .
for the increase in fresh weight expressed as a percent of the
initial fresh weight. There was no significant effect of

changing the anions, Cl and 80,, on the growth of Erica. N, P, K

and Ca each had a highly signigicant (P = 0°001) depressing effeot
when supplied at 1 normal concentration. There were significant
first order interactions for ¥ XK (P = 0°001), P XX (P = 0'001)
and K X Ca (P = 0°05). N XP, NXCaandP X Ca were not
significant, but there were some highly significant (P = 0-001) -
higher order interactions. Tables 44 and 45 show the main

effects of N, Py, K and Ca, and their interactions, respectively.

PABLE 44  MAIN BFFECTS OF N, P, X and Ca.

%g§§ﬁﬁfor increase in fresh weight, % initial fresh

Fitrogen  Phosphorus Potassium Calcium
N/8 N P/8 P K/8 K Ca/8 Ca
31+3 22*7 31°0 23°0 30°3 23°7 28-8 252

L. s« do. (P = 0°001) = 2°0
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TABLE 45 FIRST ORDER INTERACTIONS: N X K, P X K, K X Ca

Means for increase in fresh weight, % initial fresh wt.

Nitrogen Phogphorus Calcium
N/8 N p/8 P Ca/8 Ca
K/8 331  27°4 328 2717 33+0 27°5
Potassium
X 2946 179 29°0 18+4 24°+6 2218
L. s. 4 interaction means (P = 0-001) = 2.8
L. s. d interaction means (P = 0¢05) = 1+6

N, P, K and Ca when used at 1 normal concentration
significantly reduced the growth of Erica as compafed to when they
were used at 1/8 normal ¢oncentration. The depressing effect of
high concentration of K was increased in the presence of high
concentrations of N and P, but was reduced in the presence of high
concentration of Ca, though the last effect was not very significant.

White deposits on the leaves, like those seen in'
the first experiment, were alsc seen in this experiment and were
present in varying amounts in all the treatments. These were -
presumably guttated substances. Kramer (1959) has suggested that
such methods are used by plants to deal with excess supply of
nutrients and that calcium often features in the contents of
guttated liquids. Hackett (1962) found white deposits on the

leaves of Deschampsia flexuosa when grown in culture solution and

suggested that the cation supply was the factor concerned. In
the present work the appearance of these deposits could not be
related to any particular nutrient or concentration. The absence
of such deposits on the leaves in the field and thelr appearance on
the leaves of plants grown in culture solution may be due to a
greater amount of available nutrients.in the solution. This

phenomenon needs a closer examinatione.
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¢, Conductivity measurementss

The total concentration of mineral elements in a
solution can be roughly estimated from a measurement of the specific
conductivity of the solution. Specific conductivities of the v
solutions were measured by using the "Dionic" conductivity meter
which was very kindly loaned by Dr. P. J. Newbould of the University
College, London, to whom grateful acknowledgement is made here.

The specific conductivity values (abbreviated as Kcorr) represent
the total conductivity corrected for temperature at 20° Cy; less

that due to hydrogen ions (cf. Sjbrs, 1950) and are thus an estimate
of the total electrolytes in solution apart from hydrogen ions.

They are expressed as mhos per cme. X 166 (reciprocal megohms)e.

An approximate measure of the osmotic pressure, in
atmospheres, of the solution was obtained from conductivity measure-
ments by using the relation 0.P. = 07036 X X mhos per cm. X 166;
given in U.S.» Department of Agriculture Handbock 60, edited by
Richard (1954).

Two replicate samples of soil water were obtained
from a depth of two inches (soil water sampling probes - Section IV)

from the Valley-bog and. the drier Molinietum, the two most contrasted

sites. Specific conductivity and pH measurements and the approximate

values for osmotic pressure of these gamples are given in Table 46
along with those of the different solutions used in Experiment i.
The values for these measures obtained by other workers in wet-
heaths (approximate values for osmotic pressure have been calculated

by the writer), with Erica tetralix as the abundant species in them,

are also included for the sake of comparison.

Table46  shows that the specific conductivity
values of the soil water samples from the Valley-bog correspond - .
very closely with that of 1/8 normal solution used in Experiment I.

Low valueg of specific conductivity of water from the Valley-bog



151

TABLE 46 pH,SPECIFIC CONDUCTIVITY AND OSMOTIC
PRESSURE VALUES

Sample Efi Kcorr 0.P. ;atm.
Nutrient Bxpt. I
solutions
2 normal 4-0 850 0-30
1 normal 440 460 0-16
%+ normal 4+0 275 009
1/4 normal 40 155 005
1/8 normal 40 85 0-03

Soil water:
Valley-bogs -
i, 480 96 003

ii, 475 91 0:03
Drier Molinietums

iy 415 134 0°04

ii, 4°10 128 0°04

Wet-heaths

(Newbould and Gorham,
1956) 4°61 101 003

(Clymo:1960) 4+0 94 003
site agreed with those obtained by other workers in wei-heaths
(Newbould and Gorham, 19563 Glymo, 1960). "
Table 47 shows the increase in fresh weight, percent

of initial fresh weight (means for Cl and SO4 treatments) along
with the specific conductivity values (means for Cl and SO4 treatments)
of the solutions used in Experiment II. If the treatments N PK Ca,
¥ P X Ca/8 and N/8 P/8 K/8 Ca/B are excluded, there is no discernible

relationship with the conductivity of the solution, and conseqlently,
the effects of particular elements cannot be related to their

effects on the conductivity of the solution.
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TABLE 47 MEAN VALUES OF SPECIFIC CONDUCTIVITY AND
INCREASE IN FRESH WEIGHT, % INITIAL FRESH

WELGHT.
Treatment Kcorr | iizzia::iéztfresh Whe, % initial
NPK Ca 430 53
N P/8 K Ca 388 26+9
N P/8 X/8 Ca 353 24+9
N P X/8 Ca 330 253
N P X Ca/8 38 13+3
N P/8 X Ca/8 312 26°1
N P X/8 Ca/8 245 , 2920
N P/8 X/8 Ca/8 240 30:2
N/8 P/8 X Ca 218 3279
N/8 P K Ca 209 26¢3
/8 ®/8 X/8 ca 185 31¢0
N/8 P /8 Ca 148 28+8
N/8 P X Ca/8 142 28°8
N/8 P/8 X Ca/8 133 30°3
N/8 P x/8 Ca/8 100 275
n/8 /8 x/8 ca/8 85 45+2

The work of Sjdrs (1950), Gorham (1950), Gorham and
Pearsall (1956) and Newbould and Gorham (1956) has shown that the
effect of mineral waters on the vegetation is not necessarily or:

intimately related to the specific conductivity values.

d;Discussions
It is usually assumed that much of the nutrients
taken up by plants are absorbed from the soil solution and that
as nutrients are removed from the liquid plase of the so0il
complex they are replenished by their release from the solid

phase.
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In order to relate the results of these water
culture ex . criments with Erica to the amouni of nutrients present
in the soil water,; the analyses of soil water from the sites
gtudied would have been very instructive. But such analyses
were not possible in the present work. However, Clymo ( 1960 and
1962) gives analyses of soil water samples collected from a wet=

heath in which Erica tetralix and Calluna vulgaris were abundant

and Molinia caerulea showed a frequent distributione. Table 48

shows the concentration of different elements, expressed in ppme,
which have been calculated from his data. The concenirations
of these elements present in 1 normal and 1/8 normal solutions
uged in the experiments described here, and those used in Long.
Ashton Solution (Hewitt, 1966) are also inciuded in this Table.

It can be seen from Table 48 that the concentratioms
of the different elements in 1/8 normal solution agree fairly well
with those present in the water samples from a wet-heath.

TABLE 48  CONCENTRATIONS OF IONS IN SOIL WATER FROM A
WET-HEATH AdD) IN CULTURE SOLUTIONS.

Ppm.

N P KX Ca Yg Fe Mn
Wet~heath 4-8 0-16 1-8 T-0 0-93 126 027
(Clymo, 1960 and
1962)
1/8 normal solution 6°25 025 27 25 075 012 006
(Present work) ‘
1 normal solution 50 2.0 22 20 6 1+0 050
(Present work)
Long Ashton 140-284 41 130~ 134~ 36 2*8 or 0°55
Solution 295 300 5.6

(Hewitt, 1966)
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Tnese experiments showed that Erica was very
sensitive to a high concentration of nutrients, and had a very low
nuirient requirement. The harmful effect of concentrations of
nutrients higher than those present in 1/8 normal solution could?
hardly be ascribed to osmotic phenomena, because even the 2 normal
solution had an osmotic pressure of only a fraction of an
atmosphere ( = 0430 atm., Tabledb6 , p.151. ).

' In the field Erica grew very well in the drier
Molinietum when Molinia had been removed and the growth was
significantly better than in the Valley-bcg (Section III). The
drier Molinietum had more nutrients than the Valley-bog (Section III),
and its specific conductivity was somewhat higher than that of the
1/8 normal culture solution in which Erica grew best. Specifié
conductivity is not, however, a very close measure of the concené
tration of nutrients and the possibility that the concentration
of nutrients in the soil of the drier Molinietum was supra-optimal
for Erica could only be savisfactorily tested by the addition of
further nutrients in iow coacentration. Though the addition of
nutrients in higher concenvration had shown that the Valley~bog ﬁas
sub-optimal in nutrition for Molinia, it seems unlikely that it Was
s0 for Erica. In view of this the better growth of Erica planted
in the soil of the drier Molinietum and its poor growth in the
Valley-bog and the poor performance by the established plants in
this site {Sections II and III) may be due to some factor other
than the low nutrient cotent of the Valley~bog. Aeration was
the obvious choice as a factor of which the effects ghould be
investigated and experiments were performed to study the effects of
different levels of O2 and CO
species, Erica and Molinia.

It may be pointed out here that the experiments

5 and HZS on the growth of the two

described did not establish the optimum levels of the various
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elements for the growth of Erica, and that they may be lower than
the lowest concentrations employed. The effects of elements such
as Al and Mn, which may act as nicro-nutrients or toxins according
to concentration and ﬁhich are found in high concentrations in
acid soils, have not been tested and their importance must not be
under-rated. The value of these experiments lies in their help
to explain the high mortality of Erica obiained as a result of the

application of nutrients in the field, compared with Mplinia which

grew better when nutrients were applied. Moreover, the results
of these experiments provided a suitable culiure solution (1/8
normal) for growing Erica in aeration experiments described

hereafver.
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Effects of different gas concentrations

on the growth of Molinia and Ericas

Stﬁdies of root distribution of the species in
relation to the sizes of the soil pores (Section V) showed that

the roots of both Molinia and Erica were present in large soil

pores (:;l50po). Depending on the sites, in these wet soils a

. majority of these large pores were occupied by water for most of
the year. Therefore, the concentrations of the gases dissolved
in soil water were of direct importance for the growth of the
species in the field. Experiments described below were carried.
out to study the effects of different concentrations of gases,

covering the range of concentrations found in the soil water samples

(Section IV), on the growth of both Molinia and Erica in water
culture. '

ay i, The attainment and maintenance of different mixtures of

gases (Oxygen, carbon dioide and hydrogen sulphide):

Fpur concentrations of oxygen were factorially
combined with either four concehtrations of carbon dioxide (lst

series of experiments O2 and CO2 - 16 treatments), or four

concentrations of hydrogen sulphide (11nd series of experimentss O2

and H.S ~ 16 treatments). There were four replicates in each

treatment. The concentrations used were:

O2 concentrations = 0, 2, 4 and 8 per cent by volume in pure nitrogen.

CO " — 2’ 4, 8 and 16 " 1 " n " L1 1

2
H S " 0.06, 0.12’ n-' _n - o i " 1" 1
2 0+24 and 0+48
Gas cylinders containing pure and water-~free oxygen, carbon dioxide,

f

hydrogen sulphide and nitrogen were used as sources of these gases.

Mixtures of gases of different composition were obtained by using



157

Plaster of Paris rosistances™ to the flow of gases {(Kohl, 1961).
Each resistance was calibrated by measuring the ammunt of water
displaced by the gas flowing through it in a unit time from a
source under constant pressure. The rates of flow through
resistances uged for oxygen, carbon dioxide and nitrogen supplies,
were measured by using the respective gases. In view of the
high solubility of hydrogen sulphide in water, the rates of flow
through resistance uged for this gas were measured by using oxygen,
as its molecular weight (32) is close to that of hydrogen sulphide
(34).

The required mixtures of gases were obtained by
passing the gases under a constant pressure (5 lbs/D“) from gas
cylinders througn suitable combinations of resigtances. An
example will illustrate the method. For a gas mixture containing
4% 0, and 4% €O, a line from the O,

resistance to give a rate of flow of 4 ml.ﬁminute, and another from

supply was led through a

the CO2 supply was led through a similar resistance to give the’
same rate of flow. These two streams were mixed in a wide~bore
(fmm. i.d.) PVC tubing and were led into a stream of ¥, with a
rate of flow of 92 ml./ﬁinute obtained by a suitable resistance.

This mixture of gases (4% 0,9 4% €0, and 92% Nz) was passed into

a glass manifold with four outlevs. ‘ Plagter of Parig resistances
were then uged to reduce the rate of flow through each outlet tao

5 ml-ﬁninute (1°2 1./day). These resistances were then connected
by wide-bore ( 7 mm.i.d.) PVC tubing to the -cul ture solutions to

be aerated by this particular gas mixture (Fig.23 ).

= A
Meking of plaster of Paris resistances: Glass tubes of different
diameters were plugged lightly at one end with a little cotton wool.
They were filled with plaster of Paris of varying consigtency and
then stood on end till the plaster hardened and dried. After drying
them in a desskcator for two days the tubes were cut into differcnt
lengthse. Depending on the length and diameter of the tubes and

the dengity of plaster of Paris contained in them, different resist-~
ances could be obtained.
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Fig. 23. Simplified voersion of the arrangement for the
supply of gos mixtures to water cultures in
the acration experimentse.



159

This arrangement provided a useful method of
supplying the culture solutions with definite quantifies of a gas
of a definite composition. The rate of flow through plaster of
Paris resistances was found to be constant under varying greenhouse
conditions. )

In order to check that fhe planned concentrations
were actually being obtained, samples of the gas mixtures of O2

and CO‘2 were taken and analysed, and in the case of H_.S, samples

2
of culture solutions were analysed (Section IV). Table 49
shows the results for the analysis of O2 and CO2 in some of the
gas mixtures. For all practical purposes, the observed values

TABLE 49 CONCENTRATIONS OF O, AND CO, IN THE GAS MIXTURES

Per cent by volume.

EXPECTED OBSERVED

% % % %
0 240 0 1491
0 8°0 0 7°88
0 16°0 0 16°29
2°0 | 2:0 1-92 2:13
240 1640 1-92 15469
4°0 2:0 4°19 1-88
4°0 8+0 428 8+23
8-0 20 818 2019
8°0 | 16°0 1486 1585

of O2 and 002 concentrations in a treatment agreed with the expected

values in that treatment.

Results for the concentrations of HZS found in
culture solutions are given in Table50 . Only st concentration
designated as 0'48% was higher than the expected, otherwise the

remaining concentrations were the same as expected.
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TABLE 50 CONCENTRATION OF H.S IN DIFFERENT TREATMENTS

EXPECTED OBSERVED

% by volume in air ppm. =/ by volume in air
at sglution temp.
= 22°C.

0°06 2°7 0°07

0008 2+5 0+06

0-06 2°7 0+07

0°06 21 0-01

0°12 45 0712

0°10 4°6 0712

0-12 4-1 013

0-12 4°5 012

0-24 -9 or24

024 104 027

0+24 10°2 0-26

024 9°1 024

0-48 200 0-53

0-48 20°1 053

0-48 19+6 052

0°48 18-9 050

ii, Containers for growing plants:

The plants were grown in culture solution contained
in "jam" jars (360 ml. capacity). Bach jar had a tight fitting
cork with two large holes. One of these holes had a glass tube
(4) of 6 mm. inner diameter which ended 1 = 2 cm. above the bottom
of the jar. The other hole supported a glass tube of the same

diameter as A, which just reached the under-side of the cork (B).
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There were 4 smell holes in the cork, two on elther side of the
large onessupporting the glass fubes A and B; in which the
experimental plants were planted (Fig. 23 ). Roots of a plant
were carefully pushed through a hole making sure that they were
touching the solution. These small holes were then sealed with
plasticine. Plasticine proved an excellent sealing material

and did not crush the plants. All the cracks in the system

were sealed with molien paraffin wax of a high melting point (65QC).

The gas mixture was introduced into the jar through
A where it came ocut in small tubbles into the solution. The slow
but continuoug supply of the gas mixture kept the solution supplied
with different gases at the desired concentrations without causiﬁg
any unnecessary turbulence in the solution. The gases escaped .
through B. The outlet tubes (B) from the four replicates of a
treatment were led into an exhaust manifold and were then passed
into a large tube (3 cm. i.d.) in which the exhaust gases from
all the treatments were led out of the greenhouse.

Each jar was encloged in a jacket of black paper to
prevent light from reaching the culture solution. The position
of four replicates in a treatment was randamised as far as possible,
though the lengths of tubes and manifold imposed some restriction
on randomisation.

There was a''control" set of four replicates in
which the solutions were supplied with ordinary air from a
cylinder at § ml./hinute.

iii, Composition of the culture solutiong useds

In experiments with lMolinia the plants were grown
in "1 normal" culfure solution, and in those with Erica the planis
were grown in "1/8 normal" culture solution. The. composition
of the normal culture solution is given anw.144-45. The plants
were grown at a pH of 4°+0.
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b, Growth of the specics at different concentrationsg of 02 and 0023
N N

i,Molinia caeruleas

Source of plants: Seeds collected in October,
1964 from the drier Molinietum were stored over the winter in a
refrigerator. In March, 1965 they were spread on the surface
of 2 rigid glass-fibre matting resting on a frame of cork which
was kept floating as a raft above 1 normal solution contained in
baking trays painted with a pure bitumastic paint (Hackett, 1962).
The trays were kept covered with glass and were kept in 2 heated
green-housc. The first appearance of shoots tosk from 14 - 21
dayse These seedlings were grown in 1 normal nutrient solutiom
for two months and the solution was changed every tem days. The
floating raft arrangement encouraged most of the roots to grow
vertically into the solution.

Seedlings of a more or less uniform size were
selected. It was very easy to separate the roots from the glass-
fibre. In order to sec the initial variability ammgst seedlings,
18 batches of four seedlings each were dried in the oven at 80°%C
and the collective dry weight of thc four seedlings in a batch
was determined. The dry weight per seedling showed very little
variation (4°01 + 0°11 mg. per seedling).

After drying them between soft tissue paper, fresh
weight of a batch of four seedlings going into a jar was determined

on a torsion balance. The geedlings were planted in all the jars

within 72 hours. The gas supplies were started on 23rd May,
1965 and the experiment lasted fifteen days (23rd May to 6th June,
1965). : -
Resulte:

Before taking the plants out of a jar it was noted
whether the roots were in solution or note. Because of the

small size of the root system, it was found that in a few cases
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the roots were not in the snlution. Thig was particularly true
in all +ths replicates of two treatmentss i, 2% 002, 2% O2 and |
ii, 2% CO29 4% 02. As a result, the four treatments for
different concentrations of O, with 2% CO

2
the statistical analysis given below.

5 Were not included in
The pH of all the solutions, measured at the end of
the experiment, ranged from 3°8 to 4°6.
The roots of the plante grown in solutions with 8
and 16% 002 and irrespective of the concentretions of O, (0, 2, 4
and 8%) had a few short branches while those grown in lower
concentrations of 002 (2 and 4%) had a large number of long, white
branches.
The plants from a jar were weighed together on a
torsion balance for their final fresh weight. They were dried
in the oven at 80°C. The final fresh weight was expressed aé
a2 percent of the initial fresh weight. The water content of
the plants was expressed as a percent of their dry weight. The
analysis of variance was performed on the loglox transformed data(ﬁxcqﬁéfi;j;
(Cochran, 1938) and the results are given in Tables5l,52 and 53 ,

TABLE 51 MOLINIAs FINAL FRESH WEIGHT,
# INITIAL FRESH WEIGHT

O2 concentration, % Meang
0 2 4 8 for CO2
2] 295+6 - - 3065
co, 41 237°4(2°364) 303°5(2°477) 310°1(2°489) 286°1(2°453) 12843
Concene (2.446)
tration,
% 81 176-2(2-238) 216-6(2-320) 210-8(2-313) 233:8(2-367) {209-3
(2+310)
16] 113-4(2053) 135-2(2+130) 147-0(2-167) 156+6(2+190) {138-0
(2-135)
Means
for 0, 175+7(2+218) 218-4(2+309) 222-6(2-323) 225-5(2-337)
Control = 2316°0 Un-bracketed figures = Means of four
(Air) : replicates.

Bracketed figurss = 1og1 % transformed data.
L.g.ds meanz for O.(P = 0'05) = (0‘073) L.g.d. means gor COZ(P =.O.001)
No significent 0, % C0, imtoraction. = (0°1140)
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PABLES2  KOLINIA ; FINAL DRY WEIGHT, mge

0, concentration, %

P
0 2 4 8 Means for 002
21 16°10 - - 1645
41 1302 1534  14°05 14°48 14°29
co,
concentration, 8 | 10°85  13°35  12°90 1158 12417
% .
16 ¢ 881 10°18  10°20 10456 10406
Means for O2 10-89 13-12 12°38 12°43
Contrel (air) = 16°50
L. s. d. means for O, (P =005) = 140
L. ¢. @ means for €O, (P =0°05) = 1.38
(P = 0°00L) = 2°16

No significant O2 X CO2 interaction.
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TABLE 53 MOLINIA; WATTR CONTENT, % DRY WEIGHT

O2 concentration, %

Means
0 2 4 8 for CO2

o 465 - - 358°1

co,, 41 317°9(2°497) 347°2(2+540) 370°9(2°569) 350°9(2°544) 346°7

concen-—- (2 537)
tration,
% 8| 314°4(2°491) 276-6(2-433) 260-7(2-403) 342°1(2°533); 2984
l(2-465)
16 :188°3(2-274) 205-7(2-313) 199.0(2+299) 236-4(2-372); 2073
;(2.314)
!
Means for
0, 273*5(2-421) 276°5(2°429) 276°8(2°423) 309-8(2483)
Contrcl (Air) = 369°1
L. s. d. meaus for CO, (P = 0:001) = (0-028)

Differences between O2 concentrations, and 02 X 002
interaction, not significant.
Un-bracketed figures = Means of four replicates.

Bracketed figures = 1oglox transformed data.

Tables 51,52 and 53  show that an increase in 002 concentratioq
resulted in highly significant decrease (P = O°001) in growth
(final fresh wh., % initial fresh wt. and final dry weight) and
water content of the species. Reduction of O2 from 8% to 2%
Gid not sigaificantly affect growlth, but there was a significant

reduction (P = 0°05) hetween 2% and Gb O There was no

2.
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significant effeect of 02 on the water content thowgh the water
content of the plants gruwn at 8% 0, was higher than of those
grown in the remaining 02 concentrations. There were no
significant O2 X 002 interactions on growth or water content.
Though no statistical test could be made, growth
and water content at 8% O2 and 25 002, appeared not to differ

from that in air.

iifirica tetralixs

Erica transplants grown for five weeks in sand
culture watered with 1/8 normal solution (during the last two
Waeks) were uscd. The four plants for a jar were weighed
individually on a torsion balance for their initial fresh weight.
The plants‘were planted in all the jars within 72 houia. The
gas supplics were started on 15th September, 1965 and the
experiment lasted 15 days. The plants were grown under

artificial illumination and were given a 1l4-hour day.

Resultgs

The roots of the plants grown at 2 and 4% 002 in
the presence of O2 and those of the "control®™ plants produced
iong; white lateral branches which penetrated deep into the
solution and the shoots showed perceptible increases in length
whereas those of the plants grown in the remaining treatments
did not show any such responses.

The plants were weighed individually on a2 torsion
balance, and Tables 54 and 55 show the results for final
frosh weight, % initial fresh weight and water comtent, % dry
weight, respectively.

There was a highly significant decrease in growth
with increase in €O, concentration and at 8 and 16% €O, the
plants lost in their initial weight and the_weight at these

concentrations did not differ significantly.” . . ;
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TABLE 54 BRICA: FINAL FRESH WEIGHT,

% INITIAL FRESH WBIGHT

0, concentration, %

2 Means
0 2 4 8 for CO2
21 96°3(1°984) 109-2(2°C37) 1218(2-085) 121-9(2:086) { 112°3
(2-048)
co, 4196.2(1+983)  97-9(1-990) 118-2(2-072) 116-0(2-065) | 107+0
concenm— : 3(2’027)
tration,
% 8 194-7(1-976)  95-4(1-960)  95:4(1-979)  96-71-985) | 95°5
i (1°980)
16 190-8(1-958)  94-5(1:975)  95°1(1-978)  95°9(1-982) | $4-0
1 (1-973)
lcans
for 0, 94-5(1:975)  99.2(1-995) 107-6(2-028) 107-6(2:029)
Control (Air) = 1246
Losed. means for 0, and COz(P = 0°05) = (0+011)
(P = 0-001) = (0-020)
L.s.d. 0, X CC, interaction means (P = 0+05) = (0-023)
(P = 0.001) = (0-040)

Un~bracketed figures Meang of four replicates.

[}

Bracketed figures = logiox trangformed data.
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TABLE %5  RRLCA; YATER CONTENT, % DRY WEIGHT
O2 concentration, % Means
0 2 4 8 for CO,
2 [182-1(2-260) 209-2(2-315) 244-6(2-387) 250-3(2+397)|221+5
(2°340)
co, 4 [171-2(2°232) 181°4(2°257) 227°0(2°355) 227°5(2°356)|201°8
concene- (2-300)
tration,
% 8] 170:0(2-229) 173-8(2:240) 174-6(2+2 ) 173-6(2-238){173-0
(22237)
161 165-4(2+218) 173-6(2-239, 174:1(2-240) 167-5(2-224) {1701
(2°230)
licaps
for O, 172.2(2°235) 184-5(2-262) 205-0(2°306) 204+7(2+304)
Control (Air) = 252°0
Les.d. means for O, and 002(P = 0:05) = (0-022)
(P = 0°001) = (0-040)
L.s.d. means for O, X CO, interaction (P =0.05) = (0.045)
(P = 0-001) = ( 0-079)

Means of four replicates.

i

m%m&%QfMM%

Bracketed figures = 1oglo x transformed data.



1,

169
An increase in 02 concentration fram Q to 2p and 2 to 4% resulted
in highly significant (P = 0°001) differcnces in growth but there
was no significant difference in growth with an increase from 4 o

8% There was a highly significant O, X CO, interaction in that

there was little regponse to increase iﬁ O2 when 002 was high, or
{0 decrease in CO2 when 02 was low.

The results for the water content of plants, % dry
weight, followod the same pattern as those for final fresh weight,
% initial fresh weight.

The growth and water content of the plants growm ai
2% 002 plus 4 or 8% O2 werc nearly equsal 1o those of the plants
grown in scolutions supplied with air (control}n

s PR3

Growth of the epecies at diffcerent concentraticng of 02 and HZD&

Molinia caerulea: (Plate 12)

In the experiment on the growth of Molinia at
different concentrations of 02 and CO2, two months old seedlings
were used. But because of the loss of two treatments due to the
small size of the seedlings, it was decided to use plants of a
larger size. Keeping in mind the different responses to be
expected from seedlings and mature plants, reasonably small plants
were collected in the beginning of June, 1966 from rides in Bramshill
FPorest. They were transplanted onto glags-fibre matting floating
as & raft in metal trays containing 1 normal culture solution (pa162)
of a pH of 4°+0. The solution was changed frequently.

Plants which established themselves were selected
for uge in this experiment. Bach of the four plants in a replicate
jar was welghed individually on the torsion balance. The gas
supplies were gstarted on 22nd Junc, 1966 and the experiment lasted
15 dgyse. e pH of the solutionswas measured at the end of the

cxperiment and ranged between 4°2 and 4°8,
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The roots of the plants grown at 0°24 and 0°48%

HZS produced only a very few, short branches which were of a

creamich brown colour; whereas those of the plants in the rest of

thé treatients and the control produced a number of long, white

branches.

fresh weight, %

Tables 56 and57

weight, respectivelye.

show the results for the final

initial fresh weight and the water content, % dry

Un-bracketed figures =

Bracketed figures

i

Means for four replicatés.

loglox transformed data.

TABLE5S6  MOLINIA: FINAL FRESH WEIGHT, % INITIAL FRESH WEIGHT
OzcmmWWNmum,% Heans
0 2 4 8 for H,S
0706 192°472°284) 205°9{2°313) 205°3(2°312) 202°4(2°305){201°5
(2°303)
H,S 0°12 | 168-5(2-226) 205:7(2-312) 193-5(2-286) 197-2(2-293)[191+2
concen- ) - (27 219)
tration,
 0v24 |164°4(2°914) 166°1(2°220) 183°5(2+263) 193°1(2°284)}176°8
(2°245)
0+48 |124+6(2:094) 169+8(2-230) 176+1(2+243) 169+2(2-228)[159+9
(2°199)
Means for
0, 162+5(2+204) 1869(2-269) 189-6(2.276) 190+5(2277)
Control = 208+0
L.s.d. means for 0, and H,8 (P = 0-05) = (0-023)
(P = 0 001) = (0°040)
L.s.d. means for 0, X H.S interactions (P = 0°05) = (0°045)
(P = 0-01) = (0°060)
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TABLE 57 MOLINTA: WATER CONTEWT, 5 DRY WEIGHT
OzcmmWWNWhm,%
o . 2 4 8

Means

for st

006 333+4(2+522) 345:7(2-538) 336-0(2-526) 339+3(2°530)

H,8 0°12} 308 2(2°488) 314°7(2°497) 322:0(2°507) 319-2(2°503)
concen-

tration,

e 0-24| 292:9(2°465) 294-4(2-469) 310:5(2-491) 311-1(2-492)

338¢6

(2°529)
3160

(2:499)

302-2
52.479)

048 254°6(27405) 293-6(2°467) 297°0(2-472) 291°7(27465)} 284°2

)

1

i

i2°452)

Meang for O, 297¢3(2:470) 312-1(2:493) 316:4{2499) 315-3(2-498

2
Control = 358°9
L.s.d. means for 0, (P = 0-05) = (0-021)
L.s.d. means for H,s (P = 0°05) = (0-021)

(p - 0:001)= (0-038)

No sgignificant O2 X st interaction.

Un-bracketed figures = Means for four replicates,

Bracketed figures = loglox transformed data.

There was a significant decrease in final fresh

weight, % initial fresh weight, and water content, % dry weight,
with an increase in the concentration of st. The growth and
water content in the absence of 02 were significantly reduced
compared with those in the presence of differcnt concentratlons
of 0, (2, 4 and 8%) which did not differ significantly from each
other. There was a significant O2 X st interaction on the final
fresh weight, % initial fresh weight but not on the water content

of the plantse.



173

The absoluta'figures for the growth of Molinia
plants ueed in O2 and COZ’ and O2 and HZS experiments (e.g., compare
the controls) differed greatly in spite of the fact that they were
grown at more or less corresponding {times, May — June and June -
July, regpectively in different years. Thie difference can be
attributed to the differences in the age of the planis. In the
case of "O2 and 002 experiment" 2-month old seedlings were used,
whereas in "O2 and HZS experiment" +transplants had been used, and,
in spite of the selection of smell plants, they were much older

than {the seedlings.

iiFrica tetralixs

The source of plants and the setiing up of the
experiment were gimilar to the experiment with Gifferent concenirations
of O2 and 002. Gas supplies werc startced on 25%h March, 1966
and the experiment lasted until 8th &pril, 1966 (15 days). The
plants were grown in a heated greenhouse under artifidal illumination

and were given a l4~hour day.

Resuliss
Tables 53 and 59 show the results for final

fresh weight, % initial fresh weight, and water content, % dry

weight, respeciivelye.

TABLE 58. The species made some positive growth only at 0-06%

HZS and produced long, white lateral roois. Higher HZS concen—

trations resulted in significant reductions in initial fresh weight.

The growth in the presence of 8% O2 was significantly better than

in the rest of the O2 treatments. There was no significant

difference betwsen 2 and 4% O

2
from 0% 02. There was a significant O2 X HZS interaction in

but they differed significantly

that the response to increasing O2 concentration became less as

the conceniration of HZS was increased.
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TABLE 56  ERICA; FINAL FRESH WEIGET,
% INITIAL FRESH WEIGHT

0, concentration, %

2 Means
0 2 4 8 for HZS
0°06198-0(1°991) 100°1(2+000) 101-4(2-006) 112+6(2-051) l103+0
(2+012)
H,8  0°12193-8(1-972)  98-5(1-993) 98:2(1-992) 103-2(2-013) | 98+4
(1°993)
conecen-
tration,
% 0+2492-5(1-966)  96-6(1+985)  97-4(1-988)  97-8(1-990) | 96-0
(1-982)
}
0-48191-2(1-960)  93-3(1-969)  95-5(1-980)  95-8(1-981) | 93+9
(1+973)
Means for ‘ ;
0, 93-9(1-972) 97-1(1-987) 98-1(1-991) 102-3(2°009)
Control = 1139
L.s.d. means for O, and H.S (P = 0°05) = (-008)
(P =0°001) = (0%014) .
L.sed. C, X H,S interaction means (P = 0-05) = (0:016)
(P =001) = (0°021)

Un-bracketed figures =

Bracketed figures

it

Means for four replicates.

loglox transformed data.
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TABLE 59 BRICA; WATER CONTENT, % DRY WEIGHT

O2 concentration, % Moans
0 2 4 8 for H,S
0:06| 141-5(2:150) 142+1(2-152) 137-9(2+139) 153-9(2:187)|143°8
(2-157)
H,S 0+121 129-0(2-110) 128-7(2-109) 135-8(2-132) 139-2(2-143)|133-1
concen— ' ‘ (2+123)
tration, : ‘ :
% 00241 124-3(2-092) 132-0(2+120) 1239-3(2:143) 141-1(2+149)|134-1
© :(2126)

' .
0°48§ 120°9(2+116) 131-202.11¢; 134:8(2-129; 137°9(2+139)1133°7
|(2"125)

|
t

Means for O, 131-4(2-117) 133-5(2-124) 136-9(2°136) 143-0(2-154)

Control = 1562
L.z.ds means for O2 and HZS (P = 0.05)
(P = 0.001)

(0-017)
{0-031)

il

il
n

Un-tracketed figures

i

Means for four revlicatés.

Eracketed figures

1og10x transformed data.

Water content in the presence of 0+06% HyS was
significantly higher {iha that in the presence c¢f higher HZS
concentrations (012, 0224 and 0°48%) and the latter did not

differ amongst themselves. Water content at 8% 0,
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was signifioczntly higher than that in the rest of O2 concentrations
(0, 2 and 4%).
Water content and final fresh weight of plants ai
0+067% B8 and 8% 0, were nearly equel to those of the plants

grown in solutions supplied with air (control).

Digcussion:

In experiments witk Erica, transplants were used,
whereas in the case of Holinia seedlings were used in one éxperiment

(o2 and coz) and transplants in the other (0, and st). Moreover,

2
the experiments were performed at different times. The results
are, therefore, not completely comparable quantitatively, but

uat:

]

<

qualiteiive differences netween the respoases of the two
gpecies, at least in respect of fresh weight, are such that it
can be concluded that liolinia is more tolerant of poor aeration
than Erica.

In Molinia, both in the experiments with 002 and

H,8, reduction of 0, down to 2% had little effect on growth and

even at zero conceniration of 02 cambined with the highest
concentrations of 002 or H28 employed, it gained in fresh weight
during the course of the experiment. In Erica, on the other
hand; reduction of O2 below 8% caused a progressive reduction of
growth and even at the lowest concentrations of 002 or st, it
lost fresh weight at zero concentration of 02. At high
concentrations of COE or H25 it logt fresh weight whatever the
concentration of 02, and hardly responded o increase in 02.

The growsh of Molinia was progressively reduced by
increage of either CO2 or st, but the highest concentrations of
hese gases still permitted some growth even in the absence of
OXy &6t o In Erica., on the contrary, increase in CO2 prevented
growth unless the concentraition of 02 was kept above that of

002 and loss in fresh weight occurred with 8% and 16% €O,

whatever the level of O,; increase of H28 above 0'06%, the
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lowest level employed, prevohted growth in fresh weight and at
the higher levels of H2S, raiging the level of 02 had very
little effects

In these experiments the growth of both the specigs
was measured in terms of final fresh weight only except in the
case of first experiment with Molinia (02 and 002) where the
data for the final dry weight are also given. In this experiment
seedlings of a uniform size were used and there was very little
variation in the initial dry weight (p.162). Because of the
initial variability in the sizes of the +ransplants used in the
rest of the sxperiments, no reliable measure of initial dry weight
weg availaisies

In the firet experiment with Molinia (O: and COZ)
the changes in fresh weight were accompsnied by changes in dry
weight and the results for dry weight showed the same pattern as
those for fresh weight. In view of this it can be safely
accepted that in the seccond experiment with Molinia (02 and st)
the changes in fresh weight were also accompanied by changes in dry
welghte.

Erica showed a very slow relative gr wth rate of
dry weight, vize., b per week, in the field conditions™, hence
initial dry weights should have been known very accurately to

show any treatment differences in dry weights at the end of these

*Data given in Section TiT(p.T712) was used for the calculation of the
relative growth rate of dry weight of Erica in the field conditions.
.Relatlve growth rate (P) = foge W2 - loge Wl (Watson and Baptiste,

ty = by 1938)

where W2 = final dry weight(here mean for "without competition" sub-
plots in the drier Molinietum = 113¢6 ng)
1 initial dry weighi(here mean of 3 sizess a, b and ¢ = 19°5 mge )

|

ot
!
o+
=
I 1

time interval over which ths relative growth rate is
measured {here 52 wcekss May, 1964 to October, 1964 and
May, 1965 to October, 1965)
R = 003 gmn/gma/week or 3 percent per week. :
Relative growth rate of dry weight of Erica secdlings calculated
from Bannister's (1964) data = 0°025 gﬁo/gm./week or 2*5 per cent per
) weeke
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oxperiments which lasted fifteen days only% In the best treat-
ments the plante were growing visibly (production of roots and
perceptible shoot growth) and this could be expccted to be
accompanied by a gain in dry weight. However, much of the
fresh weight gain (or loss) was due {0 changes in water content,
and in the absence of results from experiments of a much longer
duration it has been assumed, with some reservation, that the
responses of growth in fresh weight will be paralleled by
responses in dry weight. (In the case of the response of Molinia

fo O2 and 002 this has been shown to be the case).

Comparison with published work:
Oxygens

The work of Cannon(1925), Vlamis and Dsvis (1943),
Chang and Dowmis (1945), Woodford and Cragory (1946} and Leyton
and Rousseen (1958) suggests that the reduction of O2 concentration
in the rooting medium has little effect on respiration, salt
uptake and growth of plants until it falls below 10%. In Brica

the growth in the presence of 4 and 8% O, cambined with 2 or 4% ’

2
CO2 was ag good as in the plants grown in solution supplied with
aip (control). This suggests that this species can grown very

satisfactorily in the presence of low levels of 02 ( - 10%) so
long as the concentratiou of CO2 does not rise beyond a certain
limit (p.169 ). Molinia was able to grow even in the absence

of 02. 4 detailed discussion of .this feature of Molinia appears
in the next section (Section VII).

Carbon dioxides

In botk Molinia and Erica there was a highly

significant decrease in growth and water content (uptake) with

an increass in the concentration of 002. High COZlevels have

“The continuous supply of gases in these experiments set a limit
on their duration. szwas vsed in very large quantitics and each

experiment needed 6 to 7 sylinders (165 cu. ft. each) of this gas.
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been reported to inhibit root érowth (cannon, 1925; Girton, 1927;
Vlamis and Davis, 19433 Erickson, 1946; Leonard and Pinckard, 19453
Porter and Thorne, 1955; Stolwijk and Thiman, 19573 and Webster,
19623) and reduce the water absorption by plants due to the decréased
permeability of the protoplasm (Kramer, 1938, 1940, 1945; Chang
and Loomig, 1945; and Hagan, 1950) and the desctruction of the
semi-permeability of the cell membranes (Glinka and Reinhold, 1962).
An examination of previous work suggests that the
influence of 002 is cumulative and depends largely on the duration
of the treatment. Even saturated 002 solutton-when applied to -
roots for only a short time are tolerated and may produce a
stimulating effect on plant growth (Geisler, 1963). The minimum
levels of 002 cited in literature as producing toxic effects on:
plants vary greatly. The cumulative influence of COznmay explain
the large differences found by Stolwijk and Thiman (1957) and
Erickson (1946) in the 002 concentratione that inhibit root
growthe €O, levels (145%) used by Stolwijk and Thiman (1957)
over a period of ten days completely inhibited root growth
whereas Erickson (1946) using six times greater COz,concentration

(9°1%) over 24 hours found only reduced root growth.

In the presgent work, am increase in 002 concentration
above 4% resulted in a highly significant decrease in growth and
water content of Molinia and the growth at 16% 002 wag nearly .
1/5th of that at 4%. Webster (1962b)found that the rate of
root extension in Molinia began to fall above a 002 cmcentration
of 6% while shoot extension showed a similar fall only above
12% €O, But thr significant reductions in rates of root
and shoot extension occurred oply above 18% 002. His experiments
lasted only 24 hours and were carried out in the presence of
15 to 20% 02. The limited duration of his experiments prevents

the acceptance of his results without reservationse.
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Several studies in which the gaseous compogition
of the rooting mediws was carefully controlled indicate that 002
level muet be as high as, or higher than, concurrent O2 levels
to produce a marked reduction in plant growth (Cannon, 19253
Leonard and Pinckard, 19463 Russell, 19523 Hammond, Allaway and
Loomis, 1955; and Harris and Van Bavel, 1957). This was true
in the present work in the case of Erica where at 2 and 4% ¢o,
the plants made posgitive growth only when O2 concentration was
higher than 002 concentratione. On the contrary, Molinia did
not show any such effects and made some growth at all levels of

002 even in the absence of 02.

Iydrogen sulphide:

kajima and Takagi(1953) have

reported that HES inhibited respiration of roots and reduced the

-~ .

uptake of water and nutrientse. HZS is regarded ag the
inhibitor of the iron containing enzymes cytochrome oxidase,
catalase and peroxidase (see Meyer, Anderson and Bohning, 1960)}

A search through the literature did not reveal any
work in which the gtudy of the effects of HZS on plant growth
(alone or in combination with differont O2 concentrations) has
been made over an extended period of time. In an experiment
lasting 24 hours only, Webster(1962) found that the rate of
root extension of Molinia showed a gignificant decrease at a
HZS concentration of 0*3%, whereas the rate of shoot extension
showed a significant decrease at 0°5%. These HES concentrations
at which Molinia showed significant decrease in growth were
much higher than those found in the present work. This
difference could be explained on the bhasig of a cumulative
effect of HZS’ ags was the casge with COZ'

In Japan several investigations have been carried

out on the effects of st on the growth of rice (Mitsui, ..
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*Aso and Kumazawa, 19513 Okajime and Takagi, 1953 and 19553
and Mori, 1955). In these experiments the effects of O,
deficiency were not tested. In most of the cases the
experiments lasted 48 hours and there was no rigid control on
the supply of HZS' The experiment started with 283 ppm, of

sulphide and the concentration was reduced to about % ppm. at

the end of the experiment (Ckajima and Takagi, 1953 and 1955) .
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VII -~ GERZRAL DISCUSSICON AND CONCLUSIONS.

Three vascular species, Molinia caerulea, Erica

tetralix and Calluna vulgaris are the dominant components of

the wet-heath vegetation at Bramshill Forest. The relative
Propertions of these spucies vary considerably in different
sites. In the past various studies have besn directed towards
relating the composition of the vegetation to the site‘factors,
e.g8., water-table depth and fluctuation (Rutter, 1955); gasecous
composition of the ground-water (Webster, 1962 a,b) and soil
nutrient status (Loszch, 1964). The present work comprises
field studies of soil conditions, with particular reference to
aeration, in four conirasted sites which support different
proportiong of these species. Controlled experimenis were
deslgned to elucidate questions raised in the field studiese
Host of the results have been discussed as they have appeared

in differcnt Sections (II - VI). In the present Section the
information obtained from these studies has been brought
together and some general points are discussed. The conditions
of vegetation and environment on the four sites studied in the

Pregent work will first Be summarised.

Valley-bog:
Thie is a soligenous valley-bog in which Erica is
the dominant species and Molinia and Calluna are sparsely

distributed. Planted trec specics (Pinus contorta, Picea

abics and Picea sitchensis) are growing very poorly. Sphagnum_ Spp.

have formed a mat of varying thickness (735 - 120 cm.) which is
congonlidated in places by soft; decaying Molinia shoot bases.

30 om. of peat overlie a pale green, fine, quaking sand. The
top 18 om. of this peat layer comsist of a loose, amorphous

peat of a very low bulk density, followed by 12 om. of dense,
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greasy poat of a slightly higher bulk density. The meon summey
water-table depth is about 9 cme. and it shows very litile seasonal
fluctuation. The goil has high porogity down the profile but
this advantage is logt due to the permanently high water-table
which results in very low air-filled porosity. Compared with
the other sites, =soil water esamples obtained from different
depths. and air samples whenever available, contain very high
concentrations of CO2 and HZS and very low concentratione of 02.
Loach (1964) has shom that the soil has a very low

nutrient content.

Central asgocles:

Here Calluna and Molinia are the main component

species of the ground flora and Erica 1s frequeht. Planted
tree specics, though s£till poor by 2 forester's standards, are
growing better than in the Vzlley-bog. Molinia forms small
tugsocks here (12 - 15 cm. high). Partly decomposed heather
litter Yes above about 13 cme. of black, dense, greasy humus
with sand admixture. Thig layer has a low bulk density.
Below this ie pale brown-grey sand of high bulk density which
shows orange mottling. This horizon extends to 30 cm depth
and below this lies green sand with a little orange mottling.

The water-table is desper than in the Valley-bog and it shows

some geagonal fluctuatione. The mean summer water-table depth
is 18+5 om. The total so0il porosity is lower than in the
Valley-hog. However, becauge of the decper water~table the

air-filled porogity in thoe field ie higher than in the Valley-
bog, but at greater depths it i% lower than in the drier Molinietum.
Samrles of soil air and water obtained from different depths
down the profile show lower cancentrations of 002 and HQS'and
higher concontrations of O2 than in the Vallcy~bog»

Loach(1964) found that the am-ount of nutrients in
the soil is intermediate between that of the Valley-bog and the

drier Molinietum.
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Wetter Molinietum:

Here lolinia is the dominant species and forms

tall tussocks (30 - 40 cm. high). Calluna and Erica are present

in smaller amounts than in the Central associese. fyrica gale
grows here abundantly. Tree growth ig better than in the
Valley-bog and the Central associes. The soil preofile shows

about 15 cm. of dark brown, friable, organic loam of moderate
bulk density, lying above a narrow zone (5 cm.) of light brown
clayey sand of very high bulk density with orange mottling and
orange streaks 2long root channel s. Below this lies a fine
pand with a few orange specks. The water--table is higher
than in the Central associes (mean summer depth = 16+2 cm) and
shows some seasonsl. Tluctuation. The soil porosity iz more or
lesge the same as in the Central associese Ag revealed by the
analyses of soil eir and soil water samples obtained fram
different depths, the soil is better aerated than the Valley-bog.
No results are available for the nubtrient content of the soil
of this site since it was not includad by Loach (1964) in his

investigations.

Drier Molinicetums

In this site the ground flore consists mainly of

Molinia which forms tussocks up %o 25 cm. high. Calluna and
Erica are restricted to the banks of a difch. Formerly (Eutter,

personal communication) this vegetation was fairly extensive in
the area but the trees (planted in 1945) have grown so vigorously
on it that the natural vegetation has been suppressed and thé
present study has been made on a ride which was left unplanted
and has not been used as a thoroughfare. The soil profile is
more or less the same as in the wetter Molinietum. The water—
table ig deep (mean summer depth = 286 cm.) in comparison with

the other gites and shows a large amount of seasonal fluctuation.
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The soll porosity is poorer as compared with the eother sites,
but due to the dezper water-table it gains an advantage through
the development of higher tensions resulting in greater alr-

filled porosity. The analyses of soil air and water samples
obtained from different depths show lowest concentration of CO

2

and st and highest concentrations of O, as compared with the

other sites. )
Compared with the Valley-bog and the Central associes,
this site is the most rich in nutrients (Loach, 1964), though
s8till poor when compared with most agricultural and fertile
forest soils.
In the light of the summaries of the soil
conditions in the four sites, the results obtained for the

growth of Molinia and Erica in these sites, will be discussed.

Field studies of growth and performance:

The performance of the main species in the
existing vegetation was assesscd by making different measure—
ments (Section II, b, .20 ) of a tiller in the case of Molinia
and an erect branch in the vase of Erica and Calluna. It was

shown that the Valley-bog is very poor for the growth of the

- three gpecies including Brica which is dominant here. Molinia
performs best on the wetter and drier Molinieta. The Central

assocles and the wetter Molinietum do not show any significanﬁ

differences for the growth of Brica and Calluna

The growth of young plants »f Molinia and Erica

in the field in cleared plots, when growm with and without
competition with each other and their rssponse to the application
of nutrients was studied only in three out of the four sites,
vizs, the Valley-bog, the Central associes and the drier

Molinietume.
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Brica, when grown in the absence of competition
from Molinia, grows significantly better in the drier Molinietum
end the Central associes than in the Valley-bog. The growth of
liolinia is also eignificantly better in these sites. In the
drier Molinietum Erica suffers a significant reduction in growth
when grown in competition with Molinia, whereas no such reduction

occurs in the Valley-bog apparently because of the poor growth of

Molinia in this site. This provides an explanation for the
dominance of Erica in the Valley-bog. Due to the poor performance

of Mplinia in this site, the specics does not prove a strong
competitor to Erica and the relcase from competition from Molinia
enables Erica to dominate in the Vallcy~bog in spite of the fact
that this site is not suitable for its best growth. The effects
of competition from Calluna on the growth of Erica have not been
tested in the prescent work. However, Bannister (1964) has shown

that Erica tetralix is very sengitive to water loss and suggests

that this puts the species at a comyetitive disadvantage with
Calluna on soils where the latter can grow stronglye. He has

shown that Erica tetralix and Calluna are best suited for

existence on moist solls but Calluna being the most efficient
coloniser of the most soils, forces Erica to grow in water-logged
places which are extremcs for the growth of Calluna, and in these
rlaces Erica can successfully compete with it.

The application of nutrients (NPK) favoured the
survival and growth of Molinia on all the sites and caused fhe
differences betweon sites for the growth of this species to
disappcar completely. Hwever, even on the drier Molinietum,
Molinia respondel”to the application of nutirents, thus proving
its nutrient deficiency for this species.

Yhile the effects on Molinia in the Valley-bog
have been overcame Ty the application of nutrients, these

nutrients were applied to the surface and it 1s less certaln
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that Molinif would be =o independent of seration conditlons if it
had to obtaln much of its nutrients from badly acrated horizons
of the goil. This point needs further investigation.
The application of nutrients resulted in very high
mortality of Erica on all threec sites, except in one plot in the
olley=bog which had a cushion of living Sphagnum. The higher
survival of the specles in this plot may have been due to fhe

removal of nutrients from the solution by Sphagnum sppe Since

the work of Skene (1915) it has been known that Sphagnum can take
up cations selectively from salt aolutions, and Williame and
Thampson {1936), Anschutz and Gessner (1954), Ramaut (1954) and
Clymo (1963) have shown that other cations are exchanged for H
ionsg. Clymo (1963) has found considerable uptake of anions by
leaves of live Sphagnum but no detectable uptake by dead leaves.
The nutrient application in this plot resulted in a luxuriant
growth of Sphagnum which, presumably, favoured the survival of
Srica by removing the nutricentes from the solution.

The results of the water—culture experiments on
the mineral nutrition of Erica show that "1/8 normal" culture
solution (Section VI, p.l46) glves maximum survival and growth
of the specics and the discussion of these results (Sedtion VI, p.154
suggests that it is.unlikely that the Valley-bog is sub-optimal in
nutrition for Erica. Thus the low nutrient content of the
Valley~bog cannot account for the poor growth of Erica in this
site, whercas this factor scems important for the poor growth of

Molinia.

Studies of soll asration:

In the studies of soil aeration many workers have
measured the rates of diffusion of O2 in the soil solution by
uging the platinum micro-electrode method introduced by Lemon and

Brickson (l952)a The platinum micro-electrode is supposed to
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simulate 2 plant root and O2 flux to its surface is expected to
provide a measure of the rate of diffusion of oxygen to a respiring
ront surface of similar area in the soil. Recently Van Doren and
Erickson (1966) have reported the factors affecting the accuracy

of the measurements of O2 diffusion rates with the platinum micro-
electrode. They have found that in water-logged soils the
presence of 10 ppm. of manganese or iron can be sufficient to
introduce a 25% error in the measurements of O2 diffusion. ’ In
view of this the sampling of soil water, as degcribed in the
present work, and its subsequent analyses provides a useful
approach in an understanding of the aeration status of water-
logged soils. The soil water sampled ig usged for analysing
the concentrations of other gascs (002 and H28) in addition o0 O
However, in this method the various levels of the diffusion

2!

gradients of gases cannot he scparated except in ego far as the
mean concentrations in the air-filled and water-filled spaces at
any onc depth are distinguished. The concentration of the
gases found in the g0il water camnot be expected to represent
those at the rnot surface, but in these very wet soils they
provide a botter estimate than do the concentrztions in the soil
air.

Growth of Molinia and Erica at differecnt
concentrastiong »f 02, C02, and sts

In these experiments the entire root system of the
experimental plant was subjected to a particular gas composition,
whereas in the field the part of the root system of the plant
which is in upper horizons is, relatively speaking, in better
acrated parts of the soil than the rest. In view of this
the results of these experiments cannot be strictly translated
to the field conditions. However, these experiments  have

shown the differential response of Molinia and Erica to the
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different levelsg of aeration and they suggest that lolinia is more
tolerant of poor aeration than Erica. The main reservation that
must be made about this conclusion is due to the short duration of
the experiments (15 days) though this ig much longer than has beon
poseible in most other investigations of this subject.
A comparison of results of thege experiments with

concentrations of O 002 and H.S found in the 871l water samples

9

shows that not onlyzin the Vallgy—bog but algo in other sites the
growth of Molinia would be reduced and that of Erica completely
arresgted because of the high concentrations of 002 and HZS and
low concentrations of 02. However, the roots of both species
ocour in the soil spaces exceeding 150 £+ in diameter. It has
bzen shown that a ceriain, though small, proportion of such spaces
will contain air if they are 20 cm. above the water~table, thnugh
even if they are 80 cm. above a water-table not all these spaces
will be air-filled. Some of the roots of both species will
occupy air-filled spaces at least in the surface layers of the
g20il and the air-filled spzces have much lower concentrations of

002 and higher concentrations of 02

ricas

than the water-filled spacess

1=l

The shallow rooting character of Erica no doubt
allows it partially to avoid the very poor aeration conditions of
the soil water, to which these experiments in water culture have -
shown it to be particularly sensitivee. However, in the Valley-
bog where the water~table ie high and the air-filled porosity above
th

o

water-table is low, a high proportiom of its roots even above
the water-table must be in water—-filled pores and conditions
below the water—-table are such zs have been found to prevent its
growthe The combination of the observed conditions in the
Valley-bog and the response to particular conditions of acration
in the water~culiure experiments provides a satisfactory

explanaticn for the significantly poor growth of Erica on this
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site as compared with the other sites.

Though Erica is lese tolerant of poor asration
than Molinia, the species is capable of making good growth in the
Presence ofllow concentrations of 02 provided concentrations of
002 and HZS do not rise t0 & high level, e.g., growth in 4 and 8%
O2 combined with 2 or 4% C02, or 8% 02 and 0-06% H2
as in the control plents (gr-wn in culture solution supplicd with
air). The results of Camnon(1925), Vliamis and Davis (1943),
Chang ond Loomis (1945), Woodford and CGregory (1948) and Leyton

and Rousseau (1958) suggest that reduciion of 02 concentration in

S is as good

the rooting medium below 10% affects respiration, salt uptake and
growth of many plants; but Erica is evidently toleranit of rather
lcower levels of 02 than this, The devel opment of lentlicels on
the roots of Erica is prosumably a response shown by the species

to poor aeration(see licVean, 1956).

Molinia:

In the Yorkshire moors Jefferies (1915) found
Molinia to be associated with springs and slopes where ground-
water was moving, but absent from places where water was stagnant.
Trke association with moving ground-water was thought to be due
to better asration and lower :-tc:idjfc;)raE associated with these
conditionse. Smith (1918) and Praser (1933) held the same view.
On the ~ther hend, Yapp, Johns znd Jones(1916) found Molinia in
rock outcrops round the salt marshes of the Dovey estuary in Wales
growing apparently unrelated to any areas of improved drainage
and placed more emphasis on the concentration of mineral elements

rather than acration. The present work shows that though Molinia

35There were no marked differences in pH of the goilg of the sites
studied in the present work (¢ f.Pearsall, 1950; Newbould and
Gorham, 1956).
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igs gensitive to high concentrationg of 002 and HQS, the
differgpces faund betweon its growth in the sifes studied in the
present work disapbeaf with the application of nutrients. This
suggests that, at least in thesc sites, mineral nutrition rather
than aeration ig the important factor governing its growth and
distribution, though there may be an interaction of acration on
putrition if nutrients have to be abtained from badly aerated
horigons.

Tolcrance of poor acration by Molinias

In Nolinia, both in experiments with CO, and H,S,
the reduction of 02 down to 2% had little effect on growth and
even in the absence of O2 and the presence of high concentrations
of 002 and H2S the species gained in weight. This ability of
Holinia needs a cloger examination at this stage.

Rootg of Molinia possess a large volume of
intercellular spaces, espccially in the cortex of the ola cord
roots from deeper soil horizons and in the new (current year‘s);
cord roots some distance away from the root tip (Section II).

The development of a large volume of intercellular spaces may be
regarded as an adaptation to growth in poorly aerated media. Muny
workers have found that the amnunt of intercellular spaces in ‘

the root cortex increases as the plants are grown in the presence of
abundance of water eof in poorly aerated media (Bryant, 1934;
Goosens, 19363 lcPhorson, 1939; Lundkvist, 1955; Katayama, 19613
Kacperska — Palacz, 1962). Thig well-developed intercellular
spnce system may not only provide a path for the internmal
Qiffusion of O, but also the 02 requirements may have been reduced
by reducing the amount of respiratory tissue.

Aebstor (1962) found that even in the ground-
water ‘in which 02 was deficient or undetectable and 002

concentration was high (3.40% in air at 9OC and 760 mm. pressure)
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the alr obtained from Molinia roote growing in this water, never

, or more than 6% GO,, which suggestoed

that the interccllular space system in the roots provided a path

contained less than 15% O

for the internal diffusion of O2 into the roots from the shoots.
Howevery; saeration conditions within the roots were not independent
of those in the soil. Ag O2 decreased and 002 increased in the
gsoil, there were corresponding, though far less pronounced,

changes in the composition of the root air which suggested that
there wag some cutward diffusion of O2 from and inward diffusion

of 002 into the root.

A gystem for the internal diffusion of O2 hag
been found in many other plants, e€.g., Cladium mariscus (Conway,
1937), Oryza sativa (Van Raalte, 1940, 19433 Barber, Ebert and
Evans, 1962), Menyanthes trifoliata (Coult and Vallance, 1958),

end Spartina alterniflora (Teal and Kanwisher, 1966).  Barber,

Ebert and Evans(l962) have shown that in rice the transport of
02 from the shoots to the roots is consistent with the assumpiion
that this was by diffusion through the intercellular spaces in
the roots which they measured.

The outward diffusion of O, from roots of Molinia

(Armstrong, 1964) and other plants (Oryza sativa - Van Der Heide ot

al., 1963; Briophorum angustifolium and Menyantbes trifoliata =

Armstrong, 19643 Spartina alterniflora — Teal and Kanwisher, 1966)

suggests that the roats of some >f the terrestrial plants can
increase the diffusion of O2 through the soil without causing
changes in the air-filled porosity and {that.they are not entirely
dependent upon the soil for their O2 supply.

The occurrence of orange brown deposits on the
roots of Molinia from desper depths and orange gireaks along root
channels in the soil profile (Section II) have also been reported

by other workers for other plants and soils {Lavrov, 1950 -

-

-
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quoted by Bertlett, 19615 Mori, 1955). Iron ig quite sensitive

to change in oxidation-reduction potentials in soils (Merkle,l955)
and such deposits have been shown to be iron oxides (Bartlett, 1961).
Their presence in the reduced medium indicates that conditiong for
oxidation are better near the root surface and is an evidence of

the outward diffusion of O2 from the rootse.

Wet~heath sites and the growth of Erica and Molinias

The general picture that emerges from the present
work is that in the sites studied Erica dominates the Velley-bog
because it has a very low nutrient requirement (which may roseibly
be related to its very slow relative growth rate, Section VI) and’
cany, therefre, tolerate conditions of mutritional deficiency
which reduce the grwth of its competitors, viz.,; Molinia
(and Calluna ?). Although Erica is very sensitive to high
concentrations of 002 and HQS, such ag arc found in the Valley-
bog, it to some extent, evades this unfavourable aspect of the
habitat because of its shallow root system. Its better growth
in the Central associces and the drier Molinietum, when planted
in cleared plotsy; is probably due more to the higher air-filled
porogity in the top few inches of the soil than the somewhat
higher content of nutrients. in nature the species does not
dominate the Central associes because of the strong competiticn
from Calluna (see Bannister, 1964b) and perhaps Molinia, although

in this site no significant effect of competition from Molinia

was found. In the drier Molinietum, Erica is almost abgent
except along the ditch banks. Here strong competition from

Molinia coupled with the development of high moisture tensions
during summer months, which may become accentuated when growing
with actively growing lcolinia, may be limiting the sprecad of

the species. In the wetter Molinietim, Erica grows with
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Molinia and Calluna, though the frequency of occurrence is less

than in the Central associes. Here molsture conditione may be
more favourable than in the dricr Molinietum but due to the
un-restricted growth of Molinia competition from this species is
greater than in the Central assocles. In the wettcr Molinietum
Erica performs better, though not significantly so, than in the
Central associes. Here Molinia tussocks are much higher than
in the Centrzl associes and may be providing a better aeratedﬁ
mediume.

I+ is concluded that the Valley-bog is a refuge
for Erica rather than a site which provides optimum soil conditions
for the growth of the species.

Holinia:

The growth of Molinia in the Valley-bog is
significantly poorer than in the other sites, but the disappearance
of site differences as a result of the application of nuitrients

suggests that the factor responsible for this is the low mutrient

=
In the wetter Mokmctum and the Contrel associes all Brica and .

Calluna units sampled (Section II,b) were rooted in Molinia tussockse.
Rankin (1911) and Rutter(1955) have also noted Molinia tussocks

serving as a nidus for the roots of Erica and Calluna.

Moliniz tussocks because of their loose nature would be better
aerated than the wet so0il around and below +them. The possibility

of the roots of Erica and Calluna growing in them because of their

richer nutrient status does not seem %o be very convincing. Loach
(1964) has cstimated that a Molinin tussock has only a small.
fraction (about 7%) of the total phosphorus in the top 20 cme of
the Molinieium soil (drier Molinictum of $he present work). He
did not measure the availability of nutrients in top soil and
tussock moterial but this wns shown that there were_certainly

more nuitrients in the top soil than in the tussockse
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status of the Valley-bog =nd that Molinis grows better in other
sites mainly Pecause of their higher nutrient content. No
information is available about the nutrient status of the wetter
Molinietum soil, but in view of the rosults obtained for the
performance of Molinia in this site (Section 1T, b) it scems
likely that here too the soil nutricent content is higher than in
the Valley~bogz and porhaps in the same range as in tho drier
Molinietume

Molinie secms to he a plant bettor adapted than
Zrica to grow with iis roots in a poorly acrated medium if the
medium also containg adequate nutricnts. - The performance of
Molinia in habilats which are poorly acrated but richer in
nutrients than the Vzlley-bog (e.g., fen peats) scems worthy of
further study as does its response to changing combinations of
aeration.and nutrient concentrations in controlled solution

cultures,
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APPENDIX A

T S g

-  ° MOLINIA CABRULEA ROOTS
Meang of four Lip dry weight of roots as
DEPTH, replicates percentage of total weights.
Inches VALLEY-BOG CENTRAL WETTER DRIER
ASSOCIES HOLINIETUK HOLINIETUM
Surface 9050 + 0-54 1220 + 1457 9.40 12:61
0 =~ 13 17434 271 1252 + 421 18+53 + 2:10 1364 + 0573
145 - 4%  32.30 + 198 33¢44 4 1°59 2796 + 270 29400 + 2°79
4 = T5 20080 + 227  25°20 4 4°02  27°49 + 1°87  25°98 + 1*34
o ryd ‘
T~ 105 1253 4+ 070 10°60 4 1*20 1104 + 1+03 1360 £ 141
105 - 135 4239 + 096 4°50 + 0°98  4°90 + 068 391 + 0493

- 165 075 & 023 1°33 4+ 0°26  0°63 + 030 077 + 031

'._.J
$

16% - 18 0230 4 0-10 0+20 0+54
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ERICA TETRALIX ROCTS

lieans of four Alr dry weight of roois as

DEPTH, replicates. percentage of total weight-
Inches VALLEY--BOG CENTRAL ASSOCIES  WETTER HOLINIETUM
Surface 33,05 4 4.12 29;12 + 5038 29+13 4 1-64

0 - 1% 25°25 + 2°56 19'75 + 2763 22°12 + 1°95

1 -~ 4% 21°73 4+ 1°57 26781 + 2°14 30°89 4 2759

45 - T5 18023 + 168 19.96 4+ 2.21 15:40 + 3435

T =105 1445+ 0°T4 4718 + 0°98 1°7L + 0°68

10% - 13% o-éz 0°53 0°94 x 0°65

13% - 16% - - Traces
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PENDIX B

Use_of liguid paraffin and streptomycin solution in water sampling

for gas analysiss

Liguid paraffin:

It secms reasonable here to describe the method
used for keeping the water under some liquid which should act as an
effective seal against the entry or escape of gases during sampling
or during storage prior to analysis. Simple experiments were
carried out to test the efficiency of liquid paraffin as an effective
seal against gaseous exchange.

Distilled water was boiled for 30 minutes and
aliowed to cool. After 1 hour the amount of oxygen present in it
wags determined by using the Winkler method. About 150 ml. of
this water were put in a conical flask under a layer of liquid ‘
paraffin (about 5 mm. thick). Inother 150 ml. of this boiled and
cooled digtilled water were kept under a layer of a 1 3 1 mixture
of liquid paraffin and toluene.(Toluene was tried because of its
anticeptic properties)- These flasgks were kept in the open
and 25 ml. water samples were taken from each at different times

and analysed for their oxygen content. The results are given

bel ows - Time, hours 055 ppm

Digtilled water boiled, cooled and 1 215

kept in the open: ‘ 23 8462
48 8+80

Distilled water boiled, cooled and kept

under liquid paraffin and toluene (1 s 1) 23 2+70
in the open: 48 2°98
' 96 310
120 354

Distilled water boiled, cooled and kept
under liquid paraffin in the open: 23 2+24
48 228
96 2430
120 2.4
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From these results it was evident that, for all
practical wvurpeses, ligquid paraffin acted as an effective seal
against gasecus exchange. Though with the pascage of time there
was a slight increase in the oxygen content of the water kept under
it in the open, yet it could be used as a suitable seai for 96
hours at least. A1 3 1 mixture of liquid paraffin and toluene did

not prove as sablsfactory a seal as liquid paraffin alones

Streptomycin sclutions

It was found that the addition of a drop of

streptomycin solution to the water samplc helped to maintain its
gaseous composition presumably by checking the activity of micro-
organisms. This was borne out by dividing a water sample,
cbtained from the Valley-bog from a probe in which no streptomycin
solution was added at the time cof setting it, into two parts and
keeping the two in bottles under a thick layer of liquid paraffin.
To one of the bottles one drop of streptamycin solution was added
at the time of sampling while the other was kept as a control.

The two bottles were kept in a refrigerator. Carbon dioxide
content <f +the water was dtermined at different times and the

resulits are given belows

Carbon dioxide ppms

-— e

Sampling day 28427
With streptomycin  Without streptomycin
1 day after saupling 29055 31495
2 days " " 287-21 317-80

Thig clearly showed that the addition of streptomycin maintained

the initial concentration of carbon dioxide.
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APPENDIX C
The correction applied to the pore intercepts
(Section V, p.116) in order to calculate the frequency of true
pore diametérs, was obtained in the following manner.

The intercept of a pore will represent its true
nore diameter coly if it passed through the centre of the porce.
Otherwise it will under-estimats it, depending on its.distance
from the centre of the pore, the intercept farthest away from the
centre of the pore being the least representative of the true
diamezter. Ten equidistant lines (= intercepts) were drawn in

a circle starting from its periphery and proceeding towards

its centre, The results are given in Table I.
TABLET -
True diametor of the circle = 16+4 cm.

Interccots, cm. Proportionality factor(=True diameter)
1 = 4°9 3435 Intercept
2 = 8°5 1°93
3 =107 1°53
4 = 124 1-32
5 = 136 1°20
6 = 1446 112
T =153 : 107
8 =158 1-04
9 = 16°1 1- 02

10 = 16°3 1-01

Table I represents the frequency distribution of

the factor diameter; i.e.,in a large number of randam intercepts
intercept ,
about one-third of them will be within 5% of the true diameter,

in about 7 intercepts in 10 the diameter will not be more than

50% greater than the intercept, but in 2 intercepts in 10 the
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diameter will be more than +twice the intercept.

The pore intercepts obtained along = transect of

a =20il smection were claseified into seven classes

{35,

35 = 50, 50 = 15, 75 = 150, 150 - 300, 300 - 600, 600 « 1200,

and IZOOILL- Bach class was divided into sub--classeg of 0-1

of its celing limit, e.g., classes 300 - 600/a and 600 - lZOO/AL

were divided into sub-classes as shown below.
Class: 300 ~ 600 4
7

Classy 600 ~ 1200 u

sub-class

mean

1200
1140

1080
1020

960
900

840
780

720
660

600

600

540

480

420

360

300

Sub~class Proportionality
mean factor

570 1.05

510 117

450 1-33

390 1-53

330

1-81

The maximum diameter (ceiling limit) of the class

was divided by the mean of each sub-class and the ratios so

obtained were compared with the proportionality factors in
Table I . Calculations could then be made, of which the

following is an example.

In sub-class 540 ~ 600 p, 0+3 n (n = total number

of pores in a transect whose intercepts lie in this range: 540 -

600 }L) represented true diameter within 55, viz.,
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they were in the range 540 — 600/u., whereag the remaining,

07 ny, were uuderoetimate of pore diancters. They were

trangferred to the sub-classes of the class above or to the

next class above accnrding to the value of the provortionality

Tas50r; €egey, 0°3 n were transferred to the sul-elzss 600 - 720 p

(720 = 1+26), 0-1 n %o sub-class 720 - 840 p, O+l n to sub-

cfzgs 1080 - 1200 Moo and lastly O°l n to the class representing

pore~diameters of above 1200/4(This clags was not subwdivided)?
Baged on the study of a transect, the number of |

intercepts falling into s given sub-class was eXuressed as

their number in a transect of a standard length (= 100 mm.),

and thesc intercepts were then transferred in the way explained

to give the frequency distribution of pore diamcters.
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