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SUMMARY

This thesis consists of two parts. Part I describes field investi-
gations carried out to examine the characteristics of the major
species present in the herb layer in a range of perennial communities
established at various sites in the Sheffield region. At each site
quantitative measurements of seasonal changes in shoot biomass were
conducted in association with analyses of soil mineral nutrient
status and bioassays designed to allow seasonal release of phyto-
toxins to be detected. From the results of these studies it would
appear that dominance in relatively productive and undisturbed veget-
ation is strongly associated with the capacity to develop a large
summer peak in shoot biomass. This pattern is evident in the widely
successful grass, Holcus lanatus, although in this species the size
of the summer peak was found to vary considerably from year to year.
From soil analyses it was apparent that mineral nutrient status plays
an important part in determining the types of phenology represented
in the vegetation.

The results.of bioassays conducted on various soils suggested the
release of toxins from certain plants. At two sites toxicity appeared
to be related to the rapid efflux of organic solutes from deciduous
tree litter. Toxic effects were also detected in an area of derelict
grassland colonized by Holcus lanatus. Evidence of autotoxicity in

H. lanatus was obtained from the field and in a garden experiment.

The experimental studies in Part II involved attempts to measure the
effects of toxin production and competition by H. lanatue upon the
growth of species with which H. lanatus is frequently associated in
the field. In an attempt to manipulate the vigour and competitive
ability of H. lanatus, studies were conducted to measure the influence
of temperature and mineral nutrient supply upon a mixed sward. The
results revealed a strong capacity in H. lanatus to suppress the
vigour of Lolium peremne and this ability was only marginally affected
by variation in temperature and clipping regime. The results of the
laboratory experiments supported the field evidence of toxic effects
originating from H. lanatus. A technique was developed which effect-
ively distinguishes between allelopathy and effects resulting from

the depletion of mineral nutrients in the soil solution.
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CHAPTER 1

INTRODUCTION



INTRODUCTION

In certain extreme habitats, e.g. deserts, the distribution
of plant species and the structure of the vegetation are deter-
mined primarily by the direct effects of environmental factors.
In the majority of field situations, however, vegetation is
strongly affected by interactions between plants. This is
especially true for perennial communities of trees, shrubs or
herbs in temperate environments..

The problems which have limited progress in previous
attempts to investigate the role of interactions as determinants
of vegetation are both technical and philosophical and arise
from the fact that neighbouring plants interact through a variety
of different but inter-related mechanisms. In particular, a dis-
tinction must be drawn between two major types of interactions.
The first concerns the ability of one plant to modify the environ-
ment of another through resource depletion by shading or absorb-
tion of water and mineral nutrients, whilst the second relates to
the possibility that substances released into the environment
from a plant may exert an inhibitory effect upon the germination,
establishment, growth or regeneration of its neighbours. Harper
(1961) has recognized the need for such a distinction and
suggests that effects due to resource depletion and to phyto-
toxicity (allelopathy) may be brought together under the general
term "interference' which he applied to any negative interaction

between neighbouring plants,



Competition: Publications dealing with the capture and
utilization of resources by neighbouring plants frequently involve

use of the word "

competition'". As pointed out by Milne (1961)
this term has been used in very different ways by different
biologists. Some authors have used the word as a synonym for the
"struggle for existence' (Darwin 1859) and have even applied the
term to situations where differences in the vigour or survival of
neighbours are determined by differential impacts of environmental
factors or predators. A more restricted use of the term is evident
in a definition by Harper (1961) in which competition is described
as "short and long-term hardships that result to an organism from
the direct proximity of neighbours, except that it does not include
the direct effects of parasites and predators upon their prey and
hosts'". Even here, however, competition is being used to describe
several related phenomena including not only the attempt by neigh-
bours to utilize the same local supply of resources but also the
reactions and relative tolerances of the plants to the associated
decline in supplies of light, water, mineral nutrients and space.
Scaife (1976) is one of the few biologists who has distinguished
the interacting effects of differential rates of resource capture
and differences in response to resource depletion in plant
interactions.

More recently it has been suggested (Grime 1973, 1979) that
analysis of the mechanisms of interactions between plants may be
assisted by using the term merely to describe the immediate
activity whereby a plant attempts to capture resources in the

presence of other plants. In this approach, applied henceforward



in this thesis, competition is defined as '"the tendency of
neighbouring plants to utilize the same quantum of light, ion of
a mineral nutrient, molecule of water or volume of space'" and
competitive ability is recognized as "a function of the area,
the activity and the distribution in space and time of the plant
surfaces through which resources are absorbed".

Allelopathy. All plants contain compounds which are potential
inhibitors of the germination and growth of the same or of dif-
ferent species. However, many of these substances, e.g., lignin,
have essential functions in the plant and there is no evidence to
suggest that their phytotoxicity is more than an incidental attri-
bute. However, the presence in many species of high concentrations
of potential inhibitors in leaves, stems, roots, flowers, fruits,
seeds and litter has prompted some ecologists to suggest. that such
compounds function as a defence against predation or alternatively
have evolved as part of a mechanism limiting the ability of neigh-
bouring organisms to compete for resources. The latter phenomenon
has been described as allelopathy which Muller (1969) defines as
"the process by which a plant releases into the environment a
chemical compound which inhibits the growth of another plant in
the same or a neighbouring habitat".

In order for allelopathy to occur it is necessary not only for
toxic substances to be produced but for these to be released into
the environment and to persist for a period long enough to affect
neighbouring plants. Caution must be applied in interpreting the
results of the large number of studies in which powder prepared by

grinding plant material has been added directly to soil or leached



to provide water soluble extracts and measurements of plant response
have been made (Muller et al. 1968; Wilson and Rice 1968; McPherson
and Muller 1969; del Moral and Muller 1970; Bell and Muller 1973;
Parks 1970; Abdul-Wahab and Rice 1967; Glass 1975; Overland 1966;
Turner and Quarterman 1975; Stowe 1979).

However, when such unrealistic investigations are discounted
there remains a considerable number of reports in which phytotoxic
substances such as amino acids, sugars, phenols, terpenes and
organic acids have been identified in root exudates, leaf leachates,
decomposing shoots and roots and as volatiles released into the
atmosphere (e.g., Guenzi, Kehr and MaCalla 1964; Muller et al. 1964;
Muller 1965,1966; Rice 1964; Tukey 1969; Tukey and Morgan 1964;
Persidsky, Loewenstein and Widle 1965; Rovira 1969; del Moral and
Muller 1970; Lehman and Rice 1972; Newman and Rovira 1975; June 1976;
Firth 1977; Al-Mashhadani, Sydes and Grime 1979).

In addition, measurements have been made of the effect of
various factors such as light quality, intensity and photoperiod,
mineral nutrient supply, water stress, temperature and plant
maturity upon the production of particular toxins; reviews of these
studies are included in Rice (1974,1979).

Allelopathic effects have been suggested on the basis of field
observations of bare ground, stunted vegetation or a scarcity of
seedlings in close proximity to certain species. These reports
have been mainly associated with vegetation in relatively dry
climates (Bonner 1950; Rice 1964,1972,1974,1979; Muller 1966; Rice

and Pancholy 1973).



Even where there is strong evidence either from the labor-
atory or the field (or from both sources) fof the release of phyto-
toxins two further difficulties are often encountered in attempts
to interpret such phenomena.

The first of these problems is to ascertain whether a toxic
effect arises from natural selection for allelopathic ability or
is merely an incidental consequence of a quite different adapt-
ation such as the” production of compounds which provide a defence
against predation or microbial attack.

The second difficulty arises from the need to determine
whether the release of a toxin secures an advantage for the pro-
ducer. As Newman (1978) points out, if a plant can, by producing
a toxic substance, reduce the growth of other plants in its
vicinity, this is likely to increase the amount of available
resources and so be an advantage to the plant producing the toxin.
However, this hypothesis depends upon the idea that the toxin-
producer is resistant to the effects of its own toxins or, in
some way escapes their impact. There is a great deal of laboratory
data (Benedict 1941; Milton 1943; Curtis and Cottam 1950; Keever
1950; Guyot 1957; Voight 1959; Grant and Sallans 1964; Muller 1966;
Abdul-Wahab and Rice 1968; Hanes 1971; Tinnin and Mﬁller 1972;
Newman and Rovira 1975; Al-Mashhadani, Sydes and Grime 1979, Stowe
1979) suggesting that many of the plants which are known to produce
toxins are themselves susceptible to their effects. This problem
has been considered by Grime (1979) and a model has been devised
describing a hypothetical situation in which the phenology of a

plant may allow it to escape the harmful effect of its own toxins.



The objective in the studies described in this thesis is to
investigate allelopathy in a broader context than has been con-
sidered in most studies. In the herbaceous species under study
and particularly with respect to the perennial grass Holeus lanatus*
an attempt has been made not only to detect the production of toxic
substances but also to study their phenology, growth characteristics
and competitive ability and to examine the extent to which these
features influence their performance in interactions with other
species and modify the influence of phytotoxins.

The thesis consists of two parts. In Part I, field investi~
gations are described in which the main objective was to examine
the characteristics of the major species present in the herb layer
in a range of perennial communities established at various sites
in the Sheffield region. At each site quantitative measurements
of seasonal changes in shoot biomass were conducted in association
with analyses of soil mineral nutrient status and bioassays des-
igned to allow seasonal release of phytotoxins to be detected.

The second part of the thesis contains an account of garden
_and laboratory experiments involving herbaceous plants known to be
capable of releasing toxic substances. The number and identity of
the species used varied from experiment to experiment but in all
cases Holcus lanatus was included. Evidence of the ability of
this species to dominate herbaceous vegetation and to inhibit the
vigour of neighbouring species was obtained in the field investi-
gations described in Part I and was available from previous studies
(Beddows 1961; Riveros 1963; Thurston 1969; Watt 1977; Remison and

Snaydon 1978; McGrath 1979; Turkington and Harper 1979) and there

*
Nomenclature of higher plants follows Clapham, Tutin and Warburg
(1973).



was some published evidence of the production of toxins by this
species (Newman and Rovira 1975; Newbery 1976; Firth 1977; Newman
and Miller 1977; Watt 1977; Newbery 1979). The experimental
studies described in Part II involve attempts to measure effects
of toxin production and competition by Holcus lanatus upon the
growth of species with which Holcus lanatus is frequently assoc-
iated in the field. Studies were also conducted to measure the
influence of temperature and mineral nutrient supply upon a mixed
sward in an attempt to manipulate the vigour and competitive
ability of Holcus lanatus (Chapter 6). Further studies were
designed to examine the toxicity of residues accumulated in sand
previously exploited by Holcus lanatus (Chapters 7 and 9). In an
attempt to distinguish effects of allelopathy from those due to
mineral nutrient depletion, experiments were carried out (Chapters
8 and 9) and in the final chapter, the effect of Holcus lanatus
toxins upon seedling growth are examined under various levels of

mineral nutrient supply.



PART 1



CHAPTER 2

PHENOLOGICAL STUDIES



2.1 INTRODUCTION

In ecological research there have been two main types of
phenological study. 1In the first, attempts have been made to record
qualitatively seasonal variation in phenomena such as leaf expansion,
flowering and seed production. Using this approach several investi-
gators have described the phenologies of all the main component
species in a stand of vegetation and have summarised the results
in one diagram, the so-called phenospectrum (Salisbury 1916;
Ellenberg 1938; Ahshapanek 1962; Holway and Ward 1965; Jankowska‘
1967; Dierschke 1970; Lieth 1970; Monasterio and Sarmiento 1976).

The second method is quantitative and relies upon harvests
and sorting of the standing crop conducted at intervals throughout
the year. This approach has been used in conjunction with measure-
ments of other seasonal variables such as chlorophyll content and
leaf area index (e.g. Lieth 1970),

Quantitative studies of the shoot phenology of the con-
stituent species in various types of herbaceous vegetation estab-
lished in open habitats have been carried out by several investi-
gators (Odum 1960; Iwaki et al. 1964; Bliss 1967; Golley and Gentry
1966; Traczyk 1968; Egunjobi 1974; Williamson 1976; Haggar 1976;
Al-Mufti et al. 1977; McGrath 1979; Furness 1980; Sydes 1980). 1In
other studies (Struik 1965; Kubicek and Brechtl 1970; Hughes 1971;
Bazzaz and Bliss 1971; Eber 1971; Hughes 1975; Ford and Newbould
1977; Al-Mufti et al. 1977; Al-Mufti 1978) measurements of seasonal
change in shoot biomass in herbaceous plants have been made in

temperate deciduous woodlands.



The purpose in the studies described in this chapter was to
examine quantitatively the phenologies of the common herbs present
in seven contrasted types of herbaceous vegetation in the Sheffield
region. The harvest method was used in order to determine the
seasonal change in dry weight of living shoot material of each
constituent species. The measurements also allowed estimates to
be made of the seasonal change in total biomass of living herb-
aceous shoots, herb litter and tree leaf litter at each site.

As explained in the introductory chapter, the objective in
these phenological studies was to identify the patterns of shoot
growth exhibited by dominant species and to attempt to relate
these to seasonal changes in soil nutrient status and in the
inhibitory effects of soil toxins. At five of the sites described
in this chapter, concurrent soil samplings and seedling bioassays

were conducted; these are described in Chapters 3 and 4, respectively.
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2.2 THE STUDY AREA AND THE SAMPLING SITES

Seven sites were chosen: all were situated within a radius
of 25 km from the centre of Sheffield. The sites represented
several types of habitat including a woodland herb layer, a lightly-
gshaded river terrace, derelict pasture, two sown pastures, a stand
of bracken, and an area of heathland. The distribution of the
sites within the study area is shown in Figure 2.1. The following

descriptions provide more details concerning the sites:

Site 1 Totley Wood

The first site was situated on the Coal Measures in an area
previously described by Woodhead (1906), Pigott (1956) and Al-Mufti
(1978). The study area occurred within the south-west boundary of
the city of Sheffield on a river terrace where the vegetation is
rather disturbed and the tree canopy is discontinuous and composed
of shrubs, e.g. Salix capraea, Crataegus monogyna, Sambucus nigra,
and small specimens of Fraxinus excelsiorand Acer pseudoplatanus.
The site was located on an alluvial soil (pH 6.2 at the surface)

10 m from the River Sheaf, the summer level of which was approx-
imately 3 m below the soil surface.

The major species inh the ground flora were Urtica dioieca,
Poa trivialisand Ranunculus ficaria. Local patches of Mercurialis
perennis, Hedera helix and Veronica montana occurred and Galium
aparine was conspicuous during the spring. The remaining herbaceous
species were present either as scattered individuals or in local

patches. The site also contained bryophytes, most of which occurred



Figure 2.1
Map showing the location of the study sites (1-7) used

in the phenological studies, in relation to geological

boundaries.
S - Sheffield CM - Coal Measures
CL - Carboniferous Limestone ML - Magnesian Limestone

MG - Millstone Grit BS - Bunter Sandstone
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on the decaying stem litter of Urtica dioiea, At this site the

sampled area was 20 m x 10 m.

Site 2 Beely Wood

This site was situated on a deep alluvial soil (pH 6.7 at
the surface) on the edge of the River Don and was shaded from one
side by a tree canopy mainly composed of Acer pseudoplatanus. The
site occupied an area of 13 m x 4 m on the edge of the river and was
subject to flooding, silting and scouring during the winter. During
the summer the vegetation was composed mainly of a dense stand of
Impatiens glandulifera with an understorey of Poa trivialis. The
vegetation also contained a small number of scattered individuals of
other species such as Agrostis stolonifera, Cardamine flexuosa, Rumex
obtusifolius, Stellaria alsine and Festuca gigantea. A small amount
of bryophyte was also present, Samples were removed from within a

fairly homogeneous area of 2 m x 10 m.

Site 3 New Totley

The derelict pasture sampled at New Totley had not been
grazed for a period of at least ten years. The site was situated on
a Coal Measures brown earth soil with a mean pH value of 5.5 in
the surface zone of the profile.

Yorkshire Fog (Holeus lanatus) dominated the grassland at
this site (see Plate 2.2), although additional species such as
Agrostis tenuis, Festuca rubra and Poa pratensis occurred,'along
with small amounts of other species which are listed in Appendix 1.

The sampling site occupied an area of 4 m x 10 m.
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Sites 4 and 5 Littlemoor

Two sites were located on a farm, near Clay Cross in
Derbyshire. Site 4 occurred in a field which had been ploughed and
sown with barley and various grassland species (listed in Table 2.1)
in April 1974. The barley was harvested in August leaving the grass
about 4 inches (10.2 cm) in height. The turf was then grazed down
to 1-1} inches (3.9 cm) in the following spring at which time
fertilizer was applied and the grass was cut for hay in June, then
fertilized again and grazed in August. Fertilizer was applied and
grazing was recommenced in October. Management followed the same
pattern in each succeeding year. At the time of this study the
main species present were Loliwm perenne and Lolium multiflorum
together with small amounts of other species such as Agropyron
repens, Agrostis stolonifera and Poa annua. The pH at the soil
surface at Site 4 was 6.2 and the sampled area was 2 m x 10 m.

Site 5 had been planted in April 1974 with spring barley
together with the other species listed in Table 2.2. The barley
was harvested in September, leaving the grass at a height of about
2 inches (5.1 cm). In the following spring the vegetation was cut
for hay in June, and subjected to fertilizer application and graz-
ing in August and November. During the following year (1976) the
field was used for strip grazing by dairy cattle and was treated
five times with nitrogenous fertilizer and in 1977 lime was applied
during the winter. During 1977, there was an apparent loss of
vigour in the sward and only four grazing sessions were carried out.
At this site the predominant species during the period of study

were Holeus lanatus and Agrostis stolonifera. The Lolium species



Table 2.1 Sown grassland species

Weight of seed
Species per acre (lbs)

Dactylis glomerata (Cocksfoot, English) 1
Festuca pratense (Meadow Fescue) 1
Lolium multiflorum (Italian Ryegrass, Danish EF486) 3
Lolium perenne (Perennial Ryegrass, Danish) 11
Phleum pratense (Timothy, Canadian) 2
Trifoliun dubium (Trefoil, English) 1
Trifolium hybridum (Alsike, Canadian) 1
Trifolium pratense (Broad Red Clover, English) 3

23

Table 2.2 Sown grassland species

Weight of seed
Species per acre (lbs)

Lolium perenne (Perennial Ryegrass, Devon Eaver)
Lolium perenne (Ryegrass, H/1 Short Rotation, Manawa)
Lolium perenne (Perennial Ryegrass, Danish)

Lolium multiflorum (Italian Ryegrass, Danish EF486)
Phleun pratense (Timothy, S.48)

Phleum pratense (Timothy, Canadian)

[N - S SR A S S B e )

Trifolium pratense (Broad Red Clover, English)

Trifolium pratense (Late flowering Red Clover,
Canadian) ‘ 2

Trifolium repens (White Clover, N.Z.Cert.Permanent
pasture) 1

Trifolium hybridum (Alsike) 1

28
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(perenne and multiflorum) composed 157 of the biomass in spring

and summer while in autumn they contributed 607 of the total living
plant material. A list of the minor species present at this site
is given in Appendix 1. The site occupied a homogeneous area of

2mx 10 m, The mean pH at the soil surface (0-5 cm) was 5.8.

Sites 6 and 7 Stoney Ridge

The Stoney Ridge sites were situated on Millstone Grit
approximately 8 km from the centre of Sheffield. The first site
(Site 6) was located within an extensive stand of bracken (Pteridium
aquilinum) and contained small amounts of Deschampsia flexuosa,
while Site 7 was situated in adjacent heathland. Site 7 was domin-
ated by Calluna vulgaris, and as in Site 6 was associated with a
podzolic soil (mean pH 3.5 at 0-5 cm). Site 6 occupied an area of
5mx 10 m.

The vegetation at Site 7 was composed of a dense stand of
Calluna vulgaris, containing a small number of scattered individuals
of other species such as Empetrum nigrum and Deschampsia flexuosa.
At the centre of this site a small homogeneous area of 5 m x 10 m
was selected. The soil at this site had a pH of 3.6 at the soil

surface (0-5 cm).
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2.3 PROCEDURE

2.3.1 Sampling

On each sampling occasion the above-ground vegetation was
removed along with the soil to a depth of 10 cm in 0.25 m"2 quadrats
each located at random within a subsection of the sampled area. At
Sites 1, 2, 3, 6 and 7, five replicates were taken, but at Sites
4 and 5 seven samples were removed. Sampling commenced in April
1978 at Sites 1, 6 and 7, in March at Sites 2 and 3 and in February
1977 at Sites 4 and 5. The samples were transported to the labor-

atory and stored in a cold room at 5%.

2.3.2 Sorting

The vegetation in each quadrat was sorted by hand into the
following components:
a) living shoots of each herbaceous species;
b) total living bryophytes;
¢) herbaceous litter;
d) tree leaf litter.
After sorting the material was dried in an oven at 90°C for 48 hours

and weighed.

2.3.3 Data analysis

Graphs have been drawn for each site, showing the seasonal
change in standing crop and in shoot biomass of individual species
and in density of herbaceous litter and tree litter. The data
obtained for minor contributors to the vegetation, and for those
species showing a scattered byt contagious distribution within the

sampling area are listed in Appendix 1.
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3.4 RESULTS

Site 1

Figure 2.2 illustrates the seasonal variation in the dry
weight of herbaceous shoot material, herbaceous litter and tree
leaf litter at Site 1. The maximum standing crop (350 g m—z)
occurred in July. There was little variation in the density of
tree litter during spring and summer with a mean density of about
1.0 g m_z, rising to a maximum of approximately 130 g m—2 during
the autumn. The density of herbaceous litter remained below
45 g m-2 throughout the investigation.

Seasonal patterns of shoot biomass for ten herbaceous
species and for the bryophyte component are shown in Figure 2.3.
Poa trivialis, Galium aparine, Anemone nemorosa and Ranunculus
ficaria attained maximum shoot biomass during the spring and early
summer. These four species were characterized by rapid shoot
expansion and this was associated with early flowering and seed
production.

In Ranunculus ficaria and Anemone nemorosa maximum biomass
and flowering occurred before the canopy of the trees was fully
expanded. The maximum standing crop attained by Poa trivialis
was 35 g n? while that for Galiwm aparine was 8 g m_z. Both of
the latter species reached their maximum shoot biomass in July;
the leaves persisted rather longer into the shaded phase and the
biomass declined only after the onset of seed production. The

evergreen Hedera helix showed a slight increase in dry weight and

reached maximum biomass (85 g m_z) in July and then declined in



Figure 2.2

Seasonal change in the dry weight of three above-ground

components at Site 1.

o——o total living shoot material
o&—e herbaceous litter

m---m tree leaf litter
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Figure 2.3

Seasonal changes in the shoot biomass of the main
constituents of the herb layer at Site 1:

(1) Poa trivialis, (2) Urtieca diotea, (3) Hedera helix,
(4) Bryophytes, (5) Circaea lutetiana, (6) Festuca
gigantea, (7) Anemone nemorosa, (8) Galium aparine,

(9) Ranunculus ficaria, (10) Mercurialis perennis,

(11) Veronica montana.
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winter. Urtica dioica produced a peak biomass (64 g m-z) during
July; but this was followed by a decline in shoot dry weight during
the summer shade phase, at which time many of the nettle plants
became etiolated and failed to flower and produce seeds.

Mercurialis perennis and lerontca nontana exhibited rather
different shoot phenologies from the above in that there was a peak
in shoot biomass much later in the summer. M. perennis attained
maximum biomass in July while V. montana showed a different pattern
with a maximum in late summer. Maximum standing crop for (ircaea
lutetZana occurred in the late spring although some shoots per-
sisted during the shade phase. The bryophyte component showed two
peaks in standing crop. The first occurred in spring whilst the
second, in September, coincided with the decline of the herbaceous
canopy.

The remaining species listed in Appendix 1 were present
either in smaller patches or as scattered individuals and made only

a minor contribution to the shoot biomass.

Site 2

Seasonal changes in the mean dry weight of living and dead
shoot material and tree litter at Site 2 are described in Figure 2.4.
The shoot biomass showed a well-defined peak in late summer with a
maximum standing crop of 355 g m_z, about two-thirds of which was
contributed by Impatiens glandulifera. This was followed by a
decline to a value of approximately 44 g m_z in November at which

time the herbaceous litter reached a maximum of 32 g m-z. The density



Figure 2.4

Seasonal changes in the dry weight of three above-

ground components at Site 2:

o—0 total living shoots
®—@ herbaceous litter

B—=8 tree leaf litter
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of tree litter showed a sharp increase and reached a maximum of
370 g m_2 in November.

In Figure 2.5 graphs are presented describing the shoot
phenology of the main constituents of the standing crop. The
annual species Impatiens glandulifera was scarcely detected in
April but then expanded its shoots extremely rapidly to achieve
a maximum in late summer. At this time the shoots of I. glanduli-
fera were about 1.25 m in height (Plate 2.1). After seed pro-
duction the biomass declined sharply to 10 g m—2 in November.

It is interesting to observe that Poa trivialis reached maximum
biomass (70 g m—z) in early summer and persisted, but with
declining vigour, through the summer shade phase. This pattern

was similar to that recorded for P. trivialis at Site 1. Stellaria
alsine and Cardamine flexuosa were both characterized by narrow
peaks in biomass occurring in spring and declining in summer.
Agrostis stolonifera reached maximum standing crop (20 g m-z) in
July.

The shoot phenology of Festuca gigantea resembled that
described for the same species at Site 2. FRumex obtusifolius,
which was mainly represented by seedlings, reached a peak in
standing crop during the summer. The bryophyte component expanded
to a peak in April and declined progressively throughout the summer

and autumn,

Site 3

Figure 2.6 illustrates the changes in the dry weight of

living shoot material and litter measured in the derelict grassland



Figure 2.5

Seasonal changes in shoot biomass of the main con-

stituents of the herb layer at Site 2:

(1) Impatiens glandulifera, (2) Poa trivialis,
(3) Stellaria alsine, (4) Agrostis stolonifera,
(5) Bryophytes, (6) Rumex obtusifolius, (7) Festuca

gigantea, (8) Cardamine flexuosa.
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PLATE 2.1

Two phases in the life-cycle of the large summer annual,
Impatiens glanduilfera, on a river bank in North
Derbyshire, England. The plate (a) shows the large
seedling emerging in the spring through the stem litter
remaining from the previous year whilst (b) is a

vertical section through the canopy of three neighbouring

plants photographed in the early summer.






Figure 2.6

Seasonal changes in the dry weight of the shoot

material and litter at Site 3.

o—o total living shoots

&—@ herbaceous litter
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examined at New Totley. The data show a marked seasonal fluctuation
in the standing crop which reached maxima of 643 g m—2 in July 1978
and 284 g m-_2 in August 1979. Herbaceous litter composed almost
exclusively of the shoots of Holcus lanatus was present in abundance
throughout the period of study, remaining about 160 g m-2 and rising
to 441 g n 2 by March 1979.

In the spring and summer of 1978 the shoots of H. lanatus
occurred in July but with the onset of flowering there was a sharp
decline and the quantity of green material fell to a level comparable
with that recorded in the spring. The amount of living material of
H. lanatus was reduced in 1979, as compared with the spring and
summer of the previous year. Plate 2.2 shows the great change in
H. lanatus biomass between July 1978 and July 1979.

Agrostis tenuis developed a peak in shoot biomass of 90 g m--2
during July 1978 but, in contrast to H. lanatus, the standing crop
declined much later in summer, a pattern which was correlated with
seed production which occurs comparatively late in this species.

In marked contrast to the pattern observed in H. lanatus, the summer
maximum in shoot biomass in A. tenuis was considerably greater in
1979 than that measured in the previous year.

The shoot phenology of Festuca rubra showed a peak (25 g m—z)
during the spring of 1978 and declined slowly during the summer.

The amount of living material of F. rubra was reduced in 1979, as

compared with the values attained during the spring and summer of

the previous year.
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PLATE 2.2

Appearance of the sampling site at New Totley in
July 1978 (top) and July 1979 (bottom).

Whitish Holcus inflorescences were numerous in
1978 but were rare in 1979 following severe winter

conditions,
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Figure 2.7
Seasonal changes in the shoot biomass of the main
constituents of the herb layer at Site 3:

(1) Holeus lanatus, (2) Agrostis tenutis,

(3) FRestuca rubraq



_2)

Dry weight (g m

600

400

200

200

150

100

i e L5 111

L

| T O O TN N N O N N o S A N N D N B |

llJllLlLJleJlllll‘Gj
AMJJ ASONDJFMAMJIJ AS

Months



Site 4

Figure 2.8 illustrates the seasonal variation in dry weight
of living shoot material and herbaceous litter at Site 4. Two peaks
in standing crop are apparent. Following the first peak in June,
the standing crop was drastically reduced when the field was cut
for hay. A second peak occurred in September and was largely due
to expansion of the two species of Lolium (multiflorum and perenne)
which were major components of the sward and formed 93% of the shoot
biomass in May. The amount of herbaceous litter at this site reached
a maximum of 210 g w2 in July. Figure 2.9 shows the phenology of
four species present as minor sward components. Agropyron repens
attained its maximum standing crop (28 g m—z) in June while the
highest percentage contribution to the total shoot biomass was 137
in May. Poa annua showed a maximum percentage contribution in
October (12%) while the maximum biomass occurred in June (19 g m-z).
The maximum standing crop of Agrostis stolonifera (15 g m-z) appeared

in August while the maximum percentage (127) was attained in

October.

Site 5

As shown in Figure 2.10, the standing crop at Site 5 was
lower than that at Site 4. The maximum in living shoots (170 g m-z)
occurred in August, while the herbaceous litter declined in the
spring, then slightly increased during the summer. The graphs in
Figure 2.11 show the seasonal variation in shoot biomass in various

components of the standing crop. A range of different patterns are

19



Figure 2.8
Seasonal changes in the dry weight of shoot material and
herbaceous litter at Site 4.

o—o0 total living shoot material

06— herbaceous litter
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Figure 2.9

Seasonal changes in dry weight (o—o0), and percentage
contribution (e—--e@) of component species to the

standing crop at Site 4:

(1) Lolium (perenne and multiflorum), (2) Agropyron repens,

(3) Poa annua, (4) Agrostis stolonifera.
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Figure 2.10

Seasonal changes in the dry weight of shoot material (o——0)

and litter (—e) at Site 5.



..2)

Dry weight (g m

200r
150L-

100

(0)]
Q
1

1

[ T Y I T
FMAMJJASON

Months



Figure 2.11

Seasonal changes in dry weight (o0——o0), and percentage
contribution (@----@) of component species to the
standing crop at Site 5:

(1) Agrostis stolonifera, (2) Holecus lanatus, (3) Lolium
(perenne and multiflorum), (4) Anthoxanthum odoratum,
(5) Trifolium pratense, (6) Trifolium repens,

(7) Plantago lanceolata, (8) Ranunculus repens,

(9) Bryophytes, (10) Tararxacum officinale,

(11) Cerastium holosteoides, (12) Hypochoeris radicata.



ANIE 3) ayBram Laq

N
=) o o - (o)
H - \\ O
[ . ot
(o)} G - /4 <
- b
- o
- =
<
] 3
W
o
Q
2
O
1/s]
<<
=
“9
>3
<
=2
.
o
(=]
-.uw
lO
u.eu
.1Aﬂ
.IJ
IJ
=
I.A
..M
L.
o
o
..uw
40
n.Qu
.lAn
I.J
-y ?
J=
<
=
LL.
o

Jdoad Buipuels jo 98B3IUIAIY

Months



20

apparent among the eleven species for which data were obtained.
The two major component species at this site were Agrostis stolon-~
ifera and Holcus lanatus.

The phenology of Agrostis stolonifera was characterized by
a seasonal maximum of 68 g m_2 in August. When expressed as a
percentage of the standing crop two peaks were apparent, the first
in June and the other in September. Holcus lanatus exhibited a
shoot phenology in which there was a small peak in June followed by
a decline in July associated with cattle grazing.

Following the cessation of grazing a second peak in
H. lanatus shoot material occurred in August. It is interesting
to note that H. lanatus recovered quickly after being grazed in
July and during the following month this species formed one-third
of the total shoot biomass.

The two Lolium species (multiflorum and perenne) and
Anthoxanthum odoratum showed two peaks, one in spring and the other
in autumn,

A small number of additional species of scattered occurrence
and low contribution to the total shoot biomass were also present
at this site. Plantago lanceolata reached a maximum of 7 g m-2 in
November and two peaks appeared in the graph. The amount of Ranun-
culus repens was extremely low and the shoot biomass did not exceed
2.6 g m—z. Trifolium pratense, Trifoliwm repens, Taraxacum officinale,
Cerastium fontanum, Hypochoeris radicata, and bryophytes were minor
components at this site and none exceeded 1.5%7 of the total dry
weight of living shoots. However, even among the minor species

different seasonal patterns of shoot development were apparent.



Trifolium pratense showed two peaks, one in June and the second
in August, while in 7. repens the maximum occurred in August. The
bryophytes displayed two peaks, one in spring and the other in late
summer.

Only one peak in shoot biomass was observed in Taraxracum
offieinale and Cerastium holosteoides both of which expanded to a

maximum during the summer.

Site 6

The area of bracken examined at Stony Ridge (Figure 2.12a)
attained a very high standing crop; the density of shoot material
increased throughout the summer to a peak value of 1700 g m_2 in
August. This maximum was followed by a steep decline during the
autumn. The vegetation at this site consisted almost exclusively
of Pteridium aquilinum and the pattern shown in Figure 2.13(2) is
clearly a function of the phenology of this species. The standing
crop of Pteridium aquilinum reached a value of 1699 g tu-2 in
August. At this time the shoots of Pteridium aquilinum were about
1.5 metres in height. Deschampsia flexuosa, the only herbaceous
species present at Site 6, attained a maximum shoot biomass of
b g m_z.

A striking feature of Site 6 was the amount of herbaceous

litter, which exceeded that of the living component by a considerable

margin except during the summer peak in standing crop.
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Figure 2.12

Seasonal changes in the dry weight of living shoot

material (o——o0) and litter (@—-e) at Sites 6 and 7.

(a) Site 6

(b) Site 7
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Figure 2.13

Seasonal changes in shoot biomass of the main
constituents of

Site 6:

(1) Deschampsia flexuosa

(2) Pteridium aquilinum

Site 7:

(3) Calluna vulgaris

(4) Empetrum nigrum

(5) Deschampsia flexuosa
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Site 7

Although data for this site were collected on only four
occasions it is apparent that at Stoney Ridge (Figure 2.12b) the
peak in standing crop occurred in August. The dry weight of
litter, most of which was composed of the dead stems of Calluna
vulgaris, remained above 250 g w2 throughout the period of study.
Two further species occurred in the site (Figure 2.13). The shrub
Empetrum nigrum which was the second most abundant component at the
site, reached a maximum standing crop (132 g m—z) in July.
Deschampsia flexuosa produced a greater yield than in Site 6 and

reached a maximum of 30 g w2 in July.

22
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2.5 DISCUSSION

Quantitative studies of the shoot phenology of herbaceous
species in woodland herb layers, in grassland, and in other common
habitats of the British Isles are few in number and the results
obtained in the present study are therefore of interest since they
allow an attempt to be made to classify the phenologies into basic
types.

Using the data from Site 1, three groups of species may be
distinguished. In the first group, the species reached maximum
shoot weight during the spring and this was followed by a rapid
decline to zero after full expansion of the tree canopy. It wéuld
appear that species in this group are unable to tolerate low light
intensities (Blackman and Rutter 1946; Goryshina 1972; Koyama and
Kawane 1973; Ford and Newbould 1977; and Al-Mufti 1978). 1In the
present study this group was represented by two geophytes, Anemone
nemorosa and Ranunculus ficaria and by certain other species such
as Poa trivialis and Galium aparine which resemble the geophytes
in phenology but are rather more persistent after expansion of the
tree canopy. All four species are characterized by rapid shoot
expansion during the spring light phase. A second phenological
type which could be recognized at Site 1 was represented by Urtica
diotca, a species which commonly occurs in unshaded habitats. In
this species the peak in shoot biomass occurred in early summer at
a time when the tree canopy was fully expanded. After reaching the
peak in shoot biomass there was a gradual decline during the low-
light phase. The third phenological group recognized at Site 1

included Circaea lutetiana, Mercurialis perenmnis and leronica montana.
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The species in this group exhibited peaks in shoot development
during the summer but there was only a relatively small decline in
shoot biomass during the shaded phase.

The physiology of certain of the species encountered in
this study has been investigated previously (Lieth and Ashton 1961).
These workers measured the light compensation points and respiration
rates of severed leaves from the vernal species Ranunculus fZcaria,
Anemone nemorosa and Allium ursinum, and on the basis of these
measurements they concluded that AllZum ursinum was more shade-
tolerant than Anemone nemorosa while Ranunculus ficaria was inter-
mediate in tolerance.

In Canada, Sparling (1964,1967) classified a range of wood-
land herbs according to their phenologies and recognized (1) vernal
shade~intolerant plants, (2).intermediate semi-ghade-tolerant
species and (3) late, shade-tolerant species. Sparling (1967) also
showed that plants from these groups differ in their photosynthetic
response to light intensity. The vernal species exhibited light-
saturation of photosynthesis at intensities higher than those
recorded for intermediate and late-expanding epecies.

Physiological studies on spacies of contrasted phenology
were also conducted by Taylor and Pearcy (1976). These authors
employed 22°C as the experimental temperature for all species in
an open-system gas analysis apparatus which was used to investigate
the seasonal trends in the photosynthetic characteristics of two
representative species from each of three phenological types present
in the deciduous forests near New York. It was found that these

species in which photosynthetic activity was mainly restricted to
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the period before tree canopy development were characterized by
high maximum light-saturated net photosynthetic rates and high
leaf and mesophyll conductances.*

In vernal species retaining some foliage during both the
light and shade phases it was found that the potential for moder-
ately rapid light-saturated rates of CO2 uptake occurred during
the light phase but these rates dropped remarkably in response to
canopy closure.

In the third group, composed of species with foliage per-
sistent during the summer under strongly reduced light intensities,
photosynthesis was associated with a low light saturation point
and low leaf conductances., In this group of species low dark
respiration rates were recorded and these resulted at low light
intensities in rates of net 002 uptake higher than those observed
in species from the other phenological groups.

The present study has revealed a range of phenological
types in woodland herbs similar to that examined by the North
American workers and it seems likely that comparative studies on
British species will expose comparable differences in photosynthetic
capacity and acclimation to light intensity.

Another phenological type recognizable in the present study
in a wide range of habitats was exemplified by Utica dioica,
Agrostis stolonifera, Holcus lanatus and Pteridium aquilinum.

All these species appear to have the potential to produce a large
peak in biomass during the summer although under certain conditions
(e.g. Wtica dioica at Site 2 (Figure 2.3)) shading appeared to

limit production well below this potential. A good example of

*1 eaf conductance to CO7 exchange was calculated from the equation:

CL = [T/(er~e,)1(D¢, 2/DH,0) » Yhere CL = Leaf (stomatal and boundary
layer) conductance 1n cm sec -, T = trangpiration rate in g cm” sec'z,
eL = saturated water vapour density at leaf temperature in g ml~™
e = witer vapour density of the photosynthesxs chamber atmosphere in
g ml DCO and Dy 20 1 diffusion coefficients of CO, and H,0.



this type of phenology is evident in Figure 2.13.2 which describes
the seasonal change in biomass in a vigorous stand of the perennial
fern Pteridium aquilinum in which the density of living shoot
material reached a summer maximum of approximately 1700 g m—2. A
rather different species which adheres to this phenological type
occurred at Site 2. Here, a large peak in shoot biomass was
recorded in the large annual Impatiens glandulifera (Plate 2.1)
which in Europe colonizes extensive areas at the margins of water
courses and produces a large shoot biomass which, as shown in
Figure 2.5, is capable of dominating the shoot biomass during the
summer,

It is clear that in contrast to the perennial dominants
(e.g. Wrtica dioica, Pteridium aquilinum) where individual plants
may occupy extensive areas the tendency of Impatiens glandulifera
to suppress the growth of other species can be related to the com-
bined effect of a dense population of short-lived plants of similar
size and maturity. At Site 3, the derelict grassland of New Totley,
Holcus lanatus was the major component species during 1978 and
formed a virtual monoculture during the main growing season (Figure
2.7). It is interesting to examine the phenological patterns of
the few species (e.g. Festuca rubra, Agrostis tenuis) associated
with H. lanatus at Site 3. Festuca rubra showed a phenology com-
pletely different from that described for the same species by
Williamson (1976) and Al-Mufti et al.(1977) (Figure 2.14) in that
a decline in shoot biomass of F. rubra coincided with peak biomass
development in H. lanatus which produced many tillers and a very

dense canopy at this time. It seems reasonable to conclude that
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Figure 2,14

Seasonal change in the shoot biomass of the perennial
grass, Festuca rubra, measured in derelict calcareous
pastures at two sites in Northern (o——o) and

Southern (@——eo) England (Williamson 1976; Al-Mufti

et al. 1977).



..2)

Dry weight (g m

60
50
40
30
20

10

1 &t 111 ¢ 11822 4]

MAMJJ ASONDJ FMA
Months



27

these phenological data indicate a strong negative effect of Holcus
lanatus upon Festuca rubra during the summer. In a study conducted
concurrently at the same site McGrath and Al-Mashhadani (1980) found
evidence that intraspecific interactions within the population of

H. lanatus reached a maximum during the summer at which time high
mortalities occurred in seedlings and small plants.

The results from the second year showed that there was a
corresponding increase in the amount of litter in May 1979. It
seems possible that the marked difference in performance of H.lanatus
in the two years could be related to the difference in climatic
conditions between the two periods; H. lanatusis reported to be
frost-sensitive (Vries and Hart 1941; Oberdorfer 1949). During 1978,
the late winter and spring was severely cold and snow lay on the
ground for many weeks. From Figure 2.7 it is apparent that during
the second growing season the reduced shoot biomass of H. lanatus
coincided with an increase in that of Agrostis tenuis. Because
A. tenuis is a rhizomatous species it is likely that this species
may be less liable to frosting and may recover more quickly due to
the possession of underground storage organs and growing points.

From the data presented in this chapter it would appear that
dominance in relatively productive and undisturbed vegetation is
strongly associated with the capacity to develop a summer peak in
shoot biomass. It is also clear from the data for H. lanatus that
the size of the summer peak can be affected by short-term climatic
effects which may reduce the vigour of a dominant species possibly
allowing other potential dominants (e.g. 4. tenuis) to expand,

In attempting to explain the dominant effects of species such as
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Holeus lanatus, Impatiens glandulifera, Pteridium aquilinum and
Calluna vulgaris the possibility of allelopathic effects cannot be
discounted. In the present study it was evident that all of the
dominant species released considerable quantities of litter which
in some instances was persistent in the habitat. Later in this
thesis attention will be drawn to the problem of assessing the
role of toxic products from shoot and root residues in dominance.
The association between dominance and the production of a
large shoot biomass during the summer is also evident in the data
from Site 4 where Lolium perenne and L. multiflorum (Figure 2.9)
produced a large peak in July. Only a small number of native
species had successfully invaded this site and several of the sown
species had virtually disappeared (Appendix 1). This site was
subjected to light grazing and it seems likely that this allowed
the canopy to be dominated by the two Lolium species. In marked
contract, at Site 5 which was under heavy grazing pressure, no
dominant species was recognizable. Agrostis stolonifera and Holcus
lanatus formed a major part of the biomass during the summer while
Lolium was prominent in spring and autumn. It is also interesting
to note (Appendix 1) that the number of native species which invaded
Site 5 was higher than at Site 4. This was almost certainly because
of the intensive grazing at Site 5 which caused severe disturbance
and tended to create large gaps in the vegetation. In a field
experiment conducted at this site (Thompson 1977) it was established
that natural invasion by seedlings of native species such as Holcus
lanatus is particularly common in patches of bare soil arising from

natural of experimental disturbance of the sward.



The results of the phenological studies at Sites 4 and 5
therefore suggest that the degree of dominance exerted in herbaceous
vegetation is strongly reduced by grazing, trampling and mowing

which tend to prevent the development of a large biomass by any

of the component species and limits the amount of litter production.
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CHAPTER 3

PHENOLOGICAL CHANGE AND SEASONAL

VARIATION IN THE AVAILABILITY OF MINERAL NUTRIENTS



3.1 INTRODUCTION

The purpose of the study described in this chapter was to
measure the seasonal variation in the levels of various soil con-
stituents (ammonium-nitrogen, nitrate-nitrogen, phosphorus and
exchangeable Na, Ca, Mg, Mn, Fe and Al) at five of the sites (Sites
1, 2, 3, 6 and 7) subjected concurrently to phenological analysis
(Chapter 2) and seedling bioassays (Chapter 4).

The objective was to examine the relationship between
phenological changes and seasonal variation in the availability of

mineral nutrients and organic toxic elements.

3.2 MATERIALS AND METHODS

3.2.1 Sampling

On each sampling occasion at each site, soil was removed
from beneath the area from which the vegetation had been removed
for the phenological study. A sharp knife was used to excavate a
block of soil extending to a depth of 10 cm. This procedure was
not followed at Site 6; here the soil contained two very distinct
horizons which were sampled individually. The first consisted of
an organic layer approximately 8 cm in thickness, whilst the second
was mainly of mineral soil situated at a depth of about 10 cm. The
soil used as a control in the investigation was collected in bulk
on one sampling occasion from a garden plot at Tapton Elms, Sheffield
10, and, after thorough mixing, was stored in a cold room at 5.

The procedure used to prepare each replicate soil sample for



chemical analysis and for use in the seedling bioassay (Chapter 4)
was as follows:

The soil block was broken up and sieved to pass 1.0 cm in order
to remove stones and coarse root fragments. After sieving the
soil was mixed thoroughly and divided into two portions, one of
which was used in the seedling bioassay experiment whilst the

other was subjected to chemical analysis.

3.2.2 Chemical analysis

Extraction
a) Exchangeable cations (Ca, Mg, K, Na, Mn, Fe and Al)

Two subsamples were used from each replicate. Each was weighed
and placed in a 100 ml centrifuge tube, and normal ammonium
acetate (pH 7.0) extractant was added. After continuous shaking
for four hours on a rotary shaker, the mixture was centrifuged
for 15 minutes at 4000 rpm at 20°C. The supernatant was
filtered through Whatman No.l filter paper and the filtrate

was collected in 100 ml volumetric flasks. The residue was
washed with two 25 ml aliquots of ammonium acetate solution

and after repeating the centrifuging and filtration procedure,
the total volume of filtrate was made up to 100 ml with dis-
tilled water.

b) Exchangeable phosphorus

The procedure used for this extractiom* was the same as that for
the cations eXcept that the extractant was a 50 ml solution of
gsodium bicarbonate (pH 8.5) and the shaking period was reduced

to 90 minutes.

*The method was modified from Allen et al. (1974).
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c) Ammonium~- and nitrate-nitrogen

The extractant for ammonium~-nitrogen* was 50 ml of 6% NaCl
golution while that used for nitrate-nitrogen” was 50 ml
0.02 N copper sulphate solution. The samples were shaken
for 90 minutes in the ammonium-N extraction and for 60
minutes in the case of nitrate-N. The subsequent procedure
was the same as in the cation extraction except that the

filtrate was centrifuged once only.

Analysis
a) i. Calcium, magnesium, manganese, iron and aluminium

Concentrations of these five elements were estimated
by atomic absorption spectrophotometer (Unicam SP190)
calibrated using a range of known concentrations

prepared from standard solutions of MnCl MgC12,

2’

FeCl,, CaCl, and A1(NO

g CaCly 33

ii. Potassium and sodium

The concentrations of these two elements were measured
using an EEL flame photometer calibrated against
standard solutions of potassium sulphate and sodium
chloride.
b) Phosphorus
Two replicates, each of 3 ml of the extract were used from
each sample. Each was placed in a 25 ml volumetric flask

to which the following reagents were added:

*The method for ammonium-N was modified from Allen et al. (1974).

+The method for nitrogen-N was modified from Oien and Selmer-Olsen (1969).
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c)

1-2 drops 2-4 dinitrophenol
b. 1-2 drops 107 NaOH
2 drops 2N HC1
d. 10 ml distilled water
e. 1 ml sulphomolybdic acid

f. 1 ml freshly prepared chlorostanous solution

Distilled water was added to make the volume up to 25 ml and the
concentration of phosphorus was estimated in an EEL Colorimeter
using a red filter and calibrated against solutions of known

phosphorus concentration.

Ammonium- and nitrate-nitrogen

i. Ammonium-nitrogen

Ammonium-nitrogen was estimated spectrophotometrically
using an AC60 batch-analyser which automatically mixed

3 ml of each extract with a reagent consisting of 1 ml
phenonitroprusside and 0.4 ml hypochlorite, and measured
the intensity of colour-development at 600 mn. Cali-
bration of the spectrophotometer was carried out using
standard solutions of NHACI.

ii. Nitrate-nitrogen

Nitrate in the soil extract was measured using a nitrate
electrode (Model 92-07 Electronic Instruments Ltd.)
connected to a laboratory pH meter., The electrode was
calibrated using standard solutions of known concentration

of NaNO Recalibration of the instrument was carried

3

out between successive batches each of which contained

five soil extracts.
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3.3 RESULTS

The results of analyses carried out between April and
September 1978 are included in Table 3.1. From these data it is
apparent that between sites there were major differences in soil
fertility and in Chapter 4 an attempt will be made to relate the
differences in levels of nutrient elements and potentially toxic
cations to differences in the growth of Rumex acetosa in the
bioassay experiment. The analytical results will now be con-

sidered for each site in turn.

Control site (garden soil)

No marked changes in soil chemistry were detected during
the investigation and this was not surprising since the soil was
stored in a dry condition at a temperature of 5°C. calcium con-
centrations measured in the extract from this soil were higher than
those recorded from the other soil types and the high values for
-N and very low concentrations of Fe, Mn, NH,-N are con-

3 A
sistent with the conditions of high soil fertility expected in a

P and NO

garden soil.

Site 1 (Totley Wood)

The amount of calcium was very high, but was less than
that recorded for the garden soil. The elements Fe, Na, K and Mn
remained of fairly constant concentration during the investigation.
It is interesting to note, however, that certain constituents
(A1, Ca, K, P, NHa-N and NO3-N) declined in concentration during

the spring. This pattern was correlated with the expansion of



Table 3.1 Estimates of the extractable levels (ug g—l) of nine soluble constituents, and soil pH in soil samples from five sites.

All estimations were conducted on samples removed between April and September 1978.

N.D. - none detected.

Sites Date N03 Nﬂa P

April 48.8+ 1.7 1.420.10 38.4%

Tant ‘1 July  53.2+ 9.0 1.3:0.12 35.9%¢

pton soi Aug 59.3:10.8 1.7+0.84 41.9+

Sept 53.0¢ 7.6 1.3+0.24 38.6%

April  33.0#21.0 6.4:0.91 5.8t

1 May 8.5+ 1.7 3.9:1.00 4.0

July  30.0t 6.3 1.0:0.20 5.6%

Totley Wood Sept  49.0%16.0 4.240.11 6.3+

March 27.5% 8.1 2.040.41 23.1%+

2 May 7.0+ 2.2 1.4#1.20 8.3s

Beely Wood Aug 25.1+ 7.3 0.8+0.41 19.0+

eely Yoo Sept  53.0¢13.4 1.9:0.52 23.1%

April 9.2+ 8.8 12.6%#4.91 6.9+

3 May 4.7t 2.5 5.8£1.63 6.4%

July  14.3+ 5.5 3.3:2.01 4.6%

New Totley Sept  16.3t+ 5.5 10.622.54 7.9+
6 April N.D. 55.1£9.20 29.3+12.3
Stony Ridge July N.D. 82.3#23.1 31.4%24.7
Aug N.D. 59.4%20.5 27.1% 9.6

Organic layer

6 April N.D. 9.8+6.23 182%

Stony Ridge July N.D. 27.2+8.24 55+

Mineral soil Aug N.D. 16.4210.12 442

7 April N.D. 4.4+1.50 15.6%

. July N.D. 5.6£1.90 20.1%

Stony Ridge Aug N.D.  14.5£9.40 12.3t
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growth in the ground flora and in the trees. At this site these
same constituents tended to rise in concentration during the

summer.

Site 2 (Beely Wood)

In comparison with the control site, the level of
magnesium, iron, manganese and ammonium-N were relatively high and
the concentrations of mineral nutrients indicated conditions of
high fertility. Phosphorus, NH4-N and N03-N showed two peaks in
concentration, one in the spring and the other in September. The
decline in levels during the summer coincided with the maximum
biomass of the herbaceous biomass, most of which was composed of
Impatiens glandulifera. The other constituents analysed at Site 2

showed no major changes with season during the study.

Site 3 (New Totley)

In the moderately-acidic derelict grassland dominated by
Holeus lanatus, the concentrations of Al, Mn and Fe were relatively
high and the general level of concentrations measured in calcium,
magnesium, phosphorus and nitrate-nitrogen was consistent with
conditions of moderately low fertility. Phosphorus, NHA—N and

NO.,-N showed two peaks, one in April and the other in September.

3
In the result for Mn, Mg, Fe, K and Ca there was little evidence

of seasonal variation in concentration.

Site 6 (Stony Ridge)

For this site results are available for two depths in the

soil profile. The concentrations of calcium, phosphorus, magnesium
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in the organic horizon were considerably higher than those measured
in the mineral layer. For sodium and potassium there were no
differences in concentration between the two layers. The levels

of iron and NH,-N in the mineral layer were higher than those

4
measured in the organic layer. Nitrate-nitrogen was not detected

in either of the horizons.

Site 7 (Stony Ridge)

The levels of nutrient elements were relatively low, and
the concentrations of potentially toxic elements (Mn, Al) were
high. The concentration of calcium and magnesium was very low in
this site. Most of the elements did not show any differences in

the concentration during the period of the investigationm.
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3.4 DISCUSSION

The results for the Tapton soil suggest that during storage
in the cold room no significant changes in mineral status occurred;
this confirms the reliability of this soil as the control in the
studies described in Chapter 4,

In the deciduous woodland site (Site 1), the seasonal decline
in concentration of most elements was due to the uptake of mineral
nutrients during the spring flush of growth by the herbs and trees.
At this site the vernal species declined in biomass during the late
spring, and it seems likely that the summer peak in levels of mineral
elements was due to their release from the senescent foliage of the
vernal herbs. It seems probable also that, at both of the sites
with trees (Sites 1 and 2), additional mineral nutrients were derived
in the autumn from the deposition and decay of tree litter.

The soils at Sites 3, 6 and 7 were highly acidic and it is
not surprising to find that the concentration of sesquioxides (Al,
Mn and Fe) was relatively high and coincided with low levels of
calcium and nitrate-nitrogen, From the work of other investigators
(Pearsall 1938; Boswell and Gover 1946; Scurfield and Boswell 1953;
Jarvis 1964) we may also expect that the more acidic soils will
exhibit reduced earthworm activity and will contain a microflora
which is less conducive to nitrification and mineralization of
nutrient elements.

The soil analyses confirm that the sites examined in this
study form a series including fertile soils (Sites 1 and 2),
moderately fertile soil (Site 3) and highly infertile soils (Sites

6 and 7).



CHAPTER 4

SEASONAL CHANGE IN SOIL FERTILITY
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4.1 INTRODUCTION

The development of phytotoxic properties in soils beneath
natural plant communities and crops is a well known phenomenon. In
agriculture, 'soil sickness' has been recognized in a number of
investigations. The main problem in interpreting such phenomena is
to distinguish phytotoxic effects originating from plant secretions
or decomposition products from those due to mineral nutrient defic-
iencies or toxicities arising from inorganic soil constituents,
BYrner (1960) in his review suggested that there is enough evidence
to be certain that, in some circumstances, agricultural soils are
'poisoned' by organic residues from preceding crops. In one part-
icular study for example Patrick (1955), investigating the nature
of soil sickness in old orchards, concluded that amygdalin origin-
ating from dead roots was converted by microorganisms to soluble
toxic substances highly detrimental to living peach roots. The
amounts of these toxins and, thus, the degree of toxicity produced,
appeared to depend upon, first, the amount of old peach roots
remaining in the soil after the old trees had been removed and,
second, upon their amygdalin content. On this basis we would expect
that toxic effects would be greatest for the first year or two after
tree removal and should gradually diminish subsequently. As Patrick
pointed out this diminishing toxicity would explain, at least in
part, the frequent observation that the 'replant pfoblem' associated
with peach orchards diminishes two or three years after removal of

the old trees.
In a quite different context Guenzi and Macalla (1966a)

showed that organic compounds capable of markedly inhibiting the



respiration, germination and growth of tobacco seedlings were
obtained after residues from timothy, corn, rye or tobacco plants
had been allowed to decompose under appropriate soil conditions.
Wang et al. (1967) demonstrated that phenolic acids at concen-
trations commonly occurring in soils were capable, when applied

to plants growing in nutrient culture solution, of suppressing the
growth of seedlings of wheat, corn and soya bean. Several workers
(Muller 1966; Rice 1964,1965,1976; Wilson and Rice 1968; Floyd

and Rice 1967; Abdul-Wahab and Rice 1967; Gant and Clebsch 1975;
Hull and Muller 1977) have concluded that harmful effects upon the
survival, yield and reproduction of certain native plants arising
from the release of inhibitory substances either by direct secretion
or as microbial decomposition products is one of the most important
factors determining vegetation pattern, succession and dominance

in certain grassland and shrub communities.

A small number of reports have been concerned with the
allelopathic interaction of tree species with the understorey
vegetation in forests. In one study, del Moral and Muller (1970)
have suggested that in semi-arid conditions in N.America certain
types of annual herbaceous vegetation are severely inhibited by
toxins originating from adjacent stands of Eucalyptus camaldulensis.
In this investigation an attempt was made to measure effects of
competition for light and mineral nutrients and the data obtained
suggested that competition was not likely to be an important mech-
anism of inhibition of herb growth in this case. In the studies
described by Al-Mousawi and Al-Naib (1975) evidence was obtained

of a major reduction in the growth of herbaceous plants growing
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under the canopy of the tree Eucalyptus microtheca. The same herb-
aceous species were observed to grow well under adjacent trees of
Casuarina cunninghamiana at the same site. The effect of E., miero-
theca did not appear to be the result of competition in that the
depletion of soil moisture and nutrient elements and the intensity
of shading did not exceed the levels associated with (. cunningham-
Zana.

From a number of investigations, therefore, we have cir-
cumstantial evidence of the possible role of allelopathy as a
determinant of plant yield and vegetation composition. However,
most of this evidence is drawn from vegetation types other than
those associated with temperate grasslands. The aim of the
investigation described in this chapter was to attempt to detect
by means of bioassay the presence of toxic substances in the soils
associated with a range of vegetation types of common occurrence

in Britain, and to measure seasonal change in their production

or persistence.
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4.2 MATERIALS AND METHODS

Soil samples from five sites were removed at intervals
during the year and seedlings of Rumex acetosa were grown in pots
in a standardized growth-room experiment. In order to recognize
effects due to seasonal variation in mineral nutrient availability
measurements of yield were made on seedlings grown with and with-
out the addition of Hewitt nutrient solution to the soil samples.
A garden loam from Tapton Elms was used as a control and a second
control treatment involved seedlings grown on sand treated with a
volume of nutrient solution the same as that applied to the test
soils. Phenological studies and soil analyses were carried out at
each of the sites over same period of time and these are described
in Chapters 2 and 3. By this approach an attempt could be made to
relate the results of the bioassays to measurements of shoot
phenology and seasonal variation in soil nutrients.

At four of the sites the soil samples used in the bioassay
were taken from a depth of 0-10 cm. This zone was selected in
order to examine the part of the soil profile exploited during
seedling establishment and containing the main concentration of
roots of the established herbaceous vegetation. Soil from two
depths was sampled from one site (Site 6) where, as explained on

page 30, the soil consisted of two distinct horizons.

4.2.1 Choice of species used in the bioassays

In order to assay soils for toxic effects, Rumex acetosa

was chosen, because:

SHEFFIELD
UNIVERSITY.
LIBRARY
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(1) the species has a rapid growth-rate;

(2) it is capable of growth on a wide range of natural soils
(Figure 4.1);

(3) the seed populations are rather uniform with respect to
germination rate and seedling growth, and

(4) the species has been used previously for similar purposes

(Grime 1963a; Rorison 1967).

4.2.2 Procedure

As explained in Chapter 3, the s8o0il used in this invest=-
igation was derived as subsamples of the soil samples removed for
chemical analysis. For each site five subsamples were used to fill
sixty plastic pots of 7.5 cm diameter. Twenty-four pots of the
garden soil were used and a further eight pots containing washed
sand were employed as an additional control. Thirty pots of each
soil, and twelve containing the control garden soil received only
distilled water throughout the experiment. Each of the remaining
containers (30 pots of each soil, 12 garden soil, and 8 filled
with sand) received aliquots of 120 ml Long Ashton nutrient solution
throughout the experiment. Nutrient solution was added at a rate
of 40 ml per pot at intervals of seven days.

At the commencement of each bioassay two eight-day-old
geedlings of R. acetosa were planted at the centre of each pot.
Seven days later one of the two seedlings was removed from each
pot. The experiment was carried out in a growth-room in which the
pots were arranged in six randomised blocks. Watering of the pots

with distilled water was carried out at regular intervals in order



Figure 4.1

Histograms showing the frequency of occurrence of Rumex
acetosa over a range of soil surface pH. Data provided
from 340 random m—2 quadrats in established grassland

from 41 sites in the Sheffield area.
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to maintain the soil near to field capacity. A daylength of 18
hours was employed, with a constant temperature of 20°¢ day and
night, and relative humidity maintained above 757%.

The plants were harvested three weeks after the beginning
of the experiment, and the roots were carefully separated and
cleaned by hand under running tap water. The plants were oven-
dried for 48 hours at 80°C, and the dry weights of the roots and

shoots were determined.

4.2.3 Data analysis

At the end of the practical work, graphs including mean
values and 95% confidence limits were plotted describing the
seasonal changes in the yield of R. acetosa on the five soil

types and in the two control treatments.
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4.3 RESULTS

Figures 4.2 and 4.3 illustrate the main results of the
investigation. On the garden soil (Figure 4.2.2) which was used as
the control, the yield of Rumex acetosa both with and without the
addition of mineral nutrients showed no significant differences in
yield throughout the investigation, and a similar pattern occurred
with respect to seedling yield in sand culture (Figure 4.2.2).All
three control treatments produced yields higher than those obtained
on the natural soils. Clear differences in yield were associated
with soil type. Samples from the two acidic soils (Sites 6 and 7)
produced much lower yields than those associated with the remaining
gites (Sites 1, 2 and 3) and on these soils R. acetosa did not res-
pond to the same extent to the addition of mineral nutrients.

At Site 1 there were clear and statistically=-significant
(P<0.05) reductions in the yield of R. acetosa in March in both
treatments. Site 2 showed a seasonal pattern rather similar to
that obtained for Site 1, the only major difference being the
generally lower yields obtained both in the presence and in the
abgsence of additional nutrients, Although Site 3 produced yields
of R. acetosa which were relatively high in both treatments at the
beginning of the experiment in April, yields then showed a con-
tinuous decline throughout the remainder of the investigation.

For the samples from Sites 6 and 7 (Figures 4.3.1, 4.3.2
and 4.3.3) no significant seasonal differences in yield were
observed in the absence of mineral nutrient treatment. In the
treatments involving nutrient additions, however, a clear decline

in yield occurred in October. In the samples taken from the



Figure 4.2

The dry weight of R. acetosa grown in different soils.

957 confidence limits are included.

(1) Site 3

(2) Garden soil

&——— nutrient treatment
o———0 distilled water treatment

O———0 sand/solution culture
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Figure 4.3

The dry weight of R. acetosa grown on soil samples removed
at intervals from four different sites.

95% confidence limits are included.

(1) Site 7 (0-10 cm)

(2) Site 6 (0-8 cm)

(3) Site 6 (8-18 cm)

(4) Site 2 (0-10 cm)

(5) Site 1 (0-10 cm)

oe——e + additional mineral nutrients

o0———0 - additional mineral nutrients
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organic layer of the soil profile at Site 6, the yield was increased
to a major extent by the addition of mineral nutrients but this
effect was much less pronounced for the mineral soil removed from

the same site.
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4.4 DISCUSSION

On the control soils no significant differences in the
yield of Rumex acetomwere detected, indicating that the growth-
room environment and the experimental procedure were maintained
relatively constant throughout the investigation.

It may be significant that the yield of R. acetosa at
Sites 1 and 2 showed a decline at the time when the deposition of
tree litter reached a maximum (see Chapter 2), Decomposition of the
tree litter was very rapid in both sites. Whilst this may have
resulted in an increase in mineral nutrient supply (see Chapter 3)
at this time of the year, it is also possible that there would have
been a release of toxic substances into the soil during this period.
Sydes (1980) provides evidence of this phenomenon in an experiment
in which litter from a range of common British trees and shrubs
was compared with respect to the rate of decay and the ability of
leachates to inhibit seedling growth (Table 4.1). It is interesting
to note that in the experiment described in this chapter a decline
in yield coinciding with the occurrence of the seasonal maximum in
tree litter was detected in the treatments involving additional
mineral nutrients. This suggests that the effect was unlikely to
be the result of mineral nutrient depletion and could be related to
the rapid efflux of organic solutes from the freshly-deposited
litter (Al-Naib and Rice 1971; Lodhi and Rice 1971; McPherson and
Thompson 1972; Lodhi 1975,1976).

The progressive decline in the yield of R. acetosa on the
soil samples removed from Site 3 is a striking phenomenon and in
contrast with the results for Site 1 and 2, the effect of mineral

nutrients was to produce only a small improvement in yield. This



Table 4.1 Comparison of the litter of eighteen trees and shrubs of
common occurrence in Britain with respect to (a) weight loss during
initial period of decay and (b) inhibitory effect of litter leachates
on plant growth. Measurements of decay and the preparation of leach-
ates both involved litter maintained in a moist aerobic condition at
warm temperatures (20°C day, 15°¢ night) over a three-week period
immediately following leaf fall. Growth inhibition was based upon
reductions in yield of seedlings of the perennial herb Rumex acetosa,

grown for 3 weeks in nutrient-sufficient sand culture (Sydes 1980).

(b) (b)
Phytotoxic effect
Weight loss by of leachate (7%
decay and reduction in yield
leaching of Rumex acetosa
(% dry weight) seedlings)
Sambucus nigra 57 50
Frangula alnus 52 45
Thelycrania sanguinea 46 45
Ulmus glabra 42 31
Fraxinus excelsior 42 31
Alnus glutinosa 33 19
Acer campestre 31 42
Salix capraea 30 10
Acer pseudoplatanus 28 39
Corylus avellana 25 3
Populus canescens 24 17
Betula pendula ' 23 42
Tilia cordata 23 7
Quercus robur 23 7
Sorbus aucuparia 23 A
Castanea sativa 17 31
Crataegus monogyna 17 18

Fagus sylvatica 15 16



suggests that at Site 3 phytotoxins originating during the seasonal
peak of growth were released into the soil by the dominant species.
(Holeus lanatus).

The yield of R. acetosa on the soil from Site 7 was very
low in both treatments, and the growth was suppressed throughout the
whole experiment. This result is in close agreement with the find-
ing of Laing (1932) who reported an almost total absence of root
development by spruce (Picea abies) rooting in the organic layers
of heathland soils. The failure of R.acetosa to respond to a major
extent following the addition of mineral nutrients suggests that
organic toxins originating from the dominant species, Calluna vul-
garig, were a major factor limiting seedling yield on this soil.

In a number of investigations (Malcolm 1975; Mantilla, Arines and
Vieitez 1975; Jalal and Read, unpublished) it has been shown that
various living parts of C. vuléaria contain phenolic compounds which
when added to soil are capable of inhibiting the growth of flowering
plants. However, the results of extraction experiments of this type
must be treated with caution since most plant material contains
chemical substances capable of inhibiting the germination and growth
of plants. Under field conditions, soil microorganisms may exert an
important role in modifying the chemical structure and phytotoxicity
of decomposing plant remains. It is important, moreover, in explain-
ing the poor yields of R.acetosa observed in this investigation, to
bear in mind that the levels of inorganic and potentially-toxic
elements (Al and Mn) are relatively high at Site 7 (Chapter 3).

At Site 6 which was dominated by Pteridium aquilinum, the

yield of R. acetosa was reduced significantly below that of the control
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and, as in the case of Site 7, the effect of additional mineral
nutrients was relatively small, Gliessman and Muller (1972) have
drawn attention to the occurrence of phenolic acids in the rhizo=~
sphere of P. aquilinum and in laboratory experiments they have
demonstrated that the concentrations occurring in nature are

capable of strong phytotoxic effects, especially under nutrient-
deficient conditions. This suggests the hypothesis that allelopathy
is an important part of the mechanism whereby bracken attains

dominance over extensive areas of Upland Britain.



CHAPTER 5

A STUDY OF SPATIAL VARIATION IN SOIL FERTILITY
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5.1 INTRODUCTION

The aim of the investigation described in this chapter was
to seek evidence of the presence of toxic substances in the rhizo-
sphere of naturally established plants of Holcus lanatus. The site
chosen for the study consisted of a fairly homogeneous area (60 x 60 m)
of derelict grassland situated on the Coal Measure Sandstone at New
Totley on the south-west boundary of the city of Sheffield. The
grassland was subject to local disturbance by trampling and horse-
riding but no grazing animals were present and scrub encroachment was
occurring at the margins of the site. Patches of vegetation domin-
ated by H. lanatus occurred throughout the central part of the field
and these tended to be more frequent in areas marginal to a path
which traversed the site.

The method consisted of the removal of turves from the
patches dominated by H. lanatus and comparison of the growth of
seedlings on samples of surface soil from these turves with that of
seedlings grown on soil removed from randomly-selected samples of
turf taken from the field.

The site used in this investigation was also the subject
of phenological investigations (Chapter 2) and studies of seasonal

variation in soil fertility (Chapter 4).



5.2 MATERIALS AND METHODS

5.2.1 Sampling and sorting

Samples of turf, 0.25 n~2 in area and extending to a soil
depth of 10 cm were removed in May 1976 from ten distinct H. lanatus
patches widely distributed over the central area of the field.

Using random co-ordinates, a further ten samples were collected
from positions within the same general area. In the laboratory

the vegetation in each sample was sorted into its component species
and the oven~dried weight of each was determined. The soil from
each sample was mixed thoroughly and coarse roots, litter and
stones were removed. The soil was divided into two subsamples

one of which was used in a bioassay whilst the other was subjected

to chemical analysis.

5.2.2 Bioassay

Soil from each of the twenty samples was used in an experi-
ment in which seedlings of Rumex acetosa were grown in the presence
and absence of additional mineral nutrients.

The soil in each subsample was used to fill fourteen 6.5 cm
diameter pots, seven of which received additional nutrients whilst
the remainder were supplied with distilled water. At the beginning
of the experiment a single two-week-old seedling was sown into each
pot. In the nutrient treatment each pot received a 50 ml aliquot
of Hewitt nutrient solution before planting and subsequently at
intervals of 3 days the soil was watered alternately with 35 ml of

Hewitt solution and 35 ml distilled water, Each pot was provided
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with a separate saucer. Twelve pots of washed sand were used to
grow the control seedlings and these received nutrients and water
at rates comparable to the pots in the nutrient treatment. In
the treatment involving soil without additional nutrients, dis-
tilled water was applied at rates equivalent to the total volumes
of nutrient solution and distilled water used in the nutrient
treatment.

The plants were harvested three weeks after the beginning

of the experiment; the oven-dried weights of the shoots were then

determined.

5.2.3 Chemical analysis

Using the methods described in Chapter 3 (pages 31 to 33)
each of the soils used in the bioassays was subjected to an
extraction procedure followed by analysis of the concentration of

Ca, Fe, Mn, K, Mg, Na, phosphorus, ammonium-N and nitrate-N.
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5.3 RESULTS

Figure 5.1 describes the composition of the vegetation in
the patches of Holeus lanatus and in the randomly located samples.
The results confirm the high density of living shoot material of
H. lanatus in the H. lanatus patches and reveal only trace quan-
tities of other species. Holcus lanatus was only the fifth commonest
species present in th; random samples; here the dominant species at
the time of sampling were Festuca rubra and Poa pratensis and the
total shoot biomass was on average 2.59> that attained in the
H. lanatuspatches. Both sets of samples contained a high density of
herbaceous litter, most of which appeared to have originated from
H. lanatus in the samples from the H.lanatus patches.

The pH of the soil from the H. lanatus patches was not
significantly different from that from random patches (Table 5.1).
The results of the chemical analyses (Table 5.1) indicated that
levels of eight of the constituents examined were closely similar
in the soils from the Holcus patches and the random samples. With
respect to ammonium-nitrogen, however, significantly (P<0.,05)
higher levels were associated with the H, lanatus patches.

The yield of Rumex acetosa on the control pots of washed
sand was considerably hiéher than that of seedlings grown on the
soil samples (Figure 5.2). 1In the pregeﬁce and in the absence of
added mineral nutrients, soil from the random samples produced
yields of R. acetosa significantly higher than those on the soil
samples from the H. lanatus patches. Both sets of soil samples
showed a major increase in fertility after the addition of mineral
nutrients but this stimulus did not bring the yield up to the level

attained in the controls.



Figure 5.1

Mean dry weight of herbaceous litter and of the shoot
material of each species in patches of Holcus lanatus
and in random samples of vegetation from within the

same area of derelict grassland at New Totley.
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Figure 5.2

The yield of seedlings of Rumexr acetosa grown in soil
removed from Holcus lanatus patches and from randomly
selected sites within the same area of derelict grassland

at New Totley. 957 confidence limits are included.
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Table 5.1 Estimation of the extractable levels (ug g—l) of nine soluble constituents from soil removed from beneath
patches of Holcus lanatus and random samples of vegetation situated within the same area of derelict grass-

land at New Totley. 957 confidence limits are included.

Ca Fe K Mg Mn Na Ammonium-N Nitrate-N Phosphorus pH

Holeus lanatus  444.0*70.6 20.3*+7.1 158,3%+8.4 54.347.0 123.3%26.6 55.4%*1.8 88.6%9.6 34.3t7.4 8.1%0.5 4.6810.18
patches

Random samples  453.4%56.9 16.3%3.8 142.3%8.9 49.5%6.9 113.9%21.4 49.9%¥1.9 63.2%4.4 29.6%6.6 7.5%¥0.5 4.76x0.17




5.4 DISCUSSION

The Holcus lanatus patches contained a lower shoot biomass
than the turves sampled at random in the area of study. One poss-
ible explanation for this difference is related to the time of
sampling. In H. lanatus, maximum shoot biomass is not usually
obtained until summer (see Chapter 2). However, this does not seem
to provide a full explanation for the difference, since the most
frequent species in the random samples (Festuca rubra, Poa pratensis
and Agrostis tenuig) also produce peaks in biomass later in the
summer. Moreover, it is clear from Figure 5.1 that the density of
litter in the random samples was higher than in the Holcus patches.
From this evidence it seems rather unlikely that the dominance
exerted by H. lanatus can be related simply to the vigour of the
species or to excessive litter production.

Soil analyses revealed no consistent differences between
the two sets of samples except that the level of ammonium-N was
higher in the H.lanatus patches. This raises the possibility that
ammonium-N toxicity could be involved to some extent in the
suppression of productivity in the H. lanatus patches and in the

effects upon the yield of R. acetoazobserved in the bioassays.*

*Polizotto et al. (1975) found that NH, ~treated plants had lower Ca
and Mg concentrations in exudates col?ected from cut stems than did
NO,-fed plants. Barta (1977) suggests that this is an indirect
ef%ect, due to reduced shoot growth with NH, which has an indirect
effect on ion transport. Accumulation of free NH, ions may restrict
photosynthesis by uncoupling noncyclic photOphospﬁorylation in
isolated chloroplasts (Walker and Crofts 1970), although it is not
known whether photosynthesis in intact plants is so affected. There
is also evidence that NH4 inhibits electron transfer in respiration
(Vines and Wedding 1960).
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An additional or alternative explanation for the reduced
yield of R. acetosa grown on soil from the #. lanatus patches is
the presence of an allelopathic effect. However, from the data
examined in this chapter it is not possible to assess the import-
ance (if any) of either NH4-toxicity or allelopathic effects in

the inhibitory effect associated with the X. lanatus patches.
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PART II



CHAPTER 6

THE INFLUENCE OF TEMPERATURE UPON THE

CONTRIBUTION OF HOLCUS LANATUS TO A MIXED SWARD



55

6.1 INTRODUCTION

Although Holeus lanatus varies in frequency of occurrence
according to soil type and grassland management (Grime and Lloyd
1973), the species is capable of dominance not only in systems
exposed to defoliation by grazing or cutting but also in derelict
grasslands. The species is also commonly found in pastures and
meadows containing a mixture of sown and native grasses. In order
to understand the phenomena controlling the contribution of H.lanatus
to the vegetation of pastures and meadows it is necessary to con-
sider the possible impacts of a wide range of factors. Certain of
£hese factors, such as the frequency and height of defoliation,
have been the subject of previous studies (Riveros 1963; Remison
1976; Watt 1977). The purpose of the experiments described in this
chapter is to examine the influence of one of these factors, namely
temperature, upon the vigour of H. langtus in a mixed sward.

From the phenological studies described in Chapter 2, it is
evident that H. lanatus has a characteristic seasonal pattern of
shoot expansion and flowering and contrasts markedly with the phen-
ology of certain other sward components, most notably the sown
species Lolium perenne and Lolium multiflorum which tend to exhibit
a bimodal pattern of shoot production with peaks coinciding with
the cooler conditions of spring and autumn. This observation
suggests that differences in phenology and temperature response may
be of major importance in determining the extent of dominance/co-
existence between H. lanatus and the Lolium spp.

Two experiments will be described. In the first, blocks

of turf and soil were removed from an area of uniform turf in a



sown pasture and these were then maintained under a variety of
conditions in order to examine the response of the constituent
species to various temperature regimes. The second experiment
involved measurement of the effect of temperature upon mono-

cultures and mixtures of H. lanatus and L. perenne established

from seedlings in pots of soil.
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6.2 EXPERIMENT 1

6.2.1 Materials and Methods

On the 6th April 1977, thirty-two blocks of turf and soil
were removed from a uniform area within the sown pasture at
Littlemoor (Site 5). The blocks were taken in close proximity to
the area used for the phenological study (Chapter 2) and each was
0.25 m2 in area and extended to a depth of 15 cm. The turf on
each block was trimmed to a height of 5 cm above the soil surface.
Seven blocks were then selected at random and the total shoot bio-
mass on each was removed and sorted into its constituent species
in order to obtain an estimate of the initial composition of the
turf. At this stage it became apparent that only three species,
Holeus lanatus, Lolium perenne and Agrostis stolonifera were major
components and in order to simplify the experiment it was decided
to remove by hand shoots of all the other species present in the
remaining turves. It seems likely that a small amount of Lolium
multiflorum occurredin the turf; this was not removed and data for
this species have been included with that for L. perenne.

The remaining twenty-five blocks were placed individually
into rectangular plastic tanks (Plate 6.1) each of which was pro-
vided with two large drainage holes, 5 cm above the base. The
blocks were then allocated at random to five temperature regimes:
(a) A 'natural' outdoor environment at the Botany Department

Experimental Garden in Sheffield.
(b) A growth-room environment providing 15°C day and 10°%C night.

(¢) A growth-room environment providing 25°¢ day and 20°¢c night.



PLATE 6.1

Photograph showing one of the turves of Treatment (a)

Experiment 1.

in
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(d) A growth-room environment alternating at intervals of three
days between high temperatures (25°% day, 20%C night) and
low temperatures (15°¢ day, 10°¢C night).

(e) A growth-room environment alternating at intervals of fifteen
days between high temperatures (25°C day, 20°¢ night) and low

temperatures (15°¢ day, 10°%C night).

Daylength in the growth-room treatments was 18 h. The light
intensity at plant height was 14500 lux. Relative humidity was
maintained at ¢. 85% in each growth-room. Mean minimum and max-
imum daily temperatures recorded using a Stevenson screen situated
1 m above a clipped sward at a site close to that used for Treat-

ment (a) are presented in Table 6.1.

Table 6.1 Mean minimum and maximum daily temperatures

recorded at Western Bank over the experimental period.

Months
Temperatures April May June July Aug Sept Oct
o
c

Mean of daily .4 ¢ 146 16.4 19.6 19.2 16.6 13.9
max. temps.

Mean of daily 35, 47 g3 11.8 11.7 9.7 8.3
min.temps. :

The experiment was set on 7th April 1977. Each plastic
tank was watered every week with 250 ml of complete Hewitt
solution, and tap water was added regularly to keep the soil at

field capacity. All the treatments were clipped at 5 cm from the
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soil surface every fifteen days. The foliage removed from each
sample was sorted into species, oven-dried separately for 48 h at
80°C and weighed.

After the final clipping on 4th October 1977, the stubble
remaining in each plastic tank was cut off at ground level, separ-

ated into component species and weighed.

6.2.2 Results

Holeus lanatus maintained growth under the different
temperature treatments but produced flowers only in the garden
environment (Table 6.2). 1In contrast, Lolium perenne flowered in
all treatments. No flowers of Agrostis stolonifera were observed

in any treatment.

Table 6.2 Mean number of culms of Loliwm perenne and Holcus

lanatus.
Garden Growth-room
15/10°C 25/20°C Fluctuation Fluctuation
begween 15/ between 15/
Date 10.C and 25/ 1ogc and 25/
1977 : 207°C every 20°C every

three days 15 days
L.p H1 L.p H.l L.p H.1l Lp H.1 L.p H.1

25.5 2.0 0.0 7.4 0.0 14.4 0.0 20.6 0.0 0.2 0.0
3.6 8.8 11.2 3.2 0.0 4.6 0.0 1.2 0.0 8.0 0.0
19.6 0.0 1.6 0.0 0.0 2.2 0.0 3.8 0.0 0.0 0.0
5.7 0.0 0.0 0.8 0.0 0.6 0.0 1.4 0.0 1.0 0.0
20.7 0.2 0.0 0.4 0.0 0.2 0.0 0.4 0.0 0.0 0.0
4,8 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0
20.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0

4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0



Differences between the species in vegetative response to
treatment are evident when we examine the dry weight of the

clippings collected from the turves (Figure 6.1, 6.2; Table 6.3).

Table 6.3 Mean dry weight (g) per container of accumulated
clippings of Holeus lanatus, Agrostis stolonifera and Lolium

perenne*. 95% confidence limits are inserted in brackets.

Garden Growth-room

15°C 25°C Fluctuation Fluctuation
between 15°C between 15°C

and 25°C and 25°C

Species every 3 days every 15 days
Holcus 20.0 36.6 53.1 41.8 42.8
lanatus (£3.4) (£9.3) (%2.4) (%11.9) (¥15.9)
Agrostis 6.6 5.6 7.6 8.4 7.6
stoloni- (£2.1) (¥3.4) (£3.2) (#3.6) (£5.1)
fera
Lolium 11.0 16.0 13.5 13.5 10.9
perenne (£5.9) (¥1.1) (+1.3) (23.7) (x2.0)
Total 37.6 58.2 74.5 63.8 61.4

(£4.4) (£8.5) (%5.5) (25.9) (£9.5)

* ] [
A small amount of Lolium multiflorum occurred
with L. perenne.

The data presented in Table 6.3 show that under all treat-
ments the total weight of clippings harvested from H. lanatus was
higher than that produced by the other two species. H. lanatus
showed a marked stimulation by warm temperatures and this was the

main reason for the large total weight of clippings produced in the
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25°C treatment. With respect to the yield of clippings, Agrostis
stolonifera did not show any significant effect of treatment.
Lolium perenne produced more clippings at 15°C than in the other
three warmer growth-room conditions and in this respect showed a
major difference in response when compared with A. lanatus and

A. stolonifera. The mean dry weights of the clippings collected
from successive cuts (Figure 6.1) show that in the outdoor treat-
ment, peaks of production occurred during the spring and autumn

and the contribution of L. perenne to the total weight of clippings
remained relatively high throughout the period of the experiment.

In all of the growth-room treatments, the level of pro-
duction of clippings increased rapidly during the first few weeks
and remained at a high level throughout the experiment. In these
treatments most of the weight\of clippings was due to H. lanatus
and with the passage of time, the quantity of L. perenne and
A. stolonifera fell to a low level regardless of the temperature
regime. It is interesting to compare the two main grass species
with respect to their yield of clippings in the 15°C and 25°C
treatments. H.lanatus attained greater yields of clippings at
25°C while the maximum for L. perenne occurred at 15°c.

Three-day fluctuations between high and low temperatures
(Treatment (d)) produced a pattern similar to that occurring in the
25°C treatment except that the amount of clippings of H. lanatus
was lower. In Treatment (e) it was apparent that H., lanatus
yielded more clippings during the warmer l5-day period. However,
this effect was not apparent in either A. stolonifera or L. perenne

except at the beginning of the experiment.



Figure 6.1

Dry weight of Holcus lanatus e———e, Lolium perennc p——a ,

Agrostis stolonifera o 0, in clippings removed on
successive occasions from turf subjected to the

following treatments:

(a) Garden environment

() 15°C

(c) 25°

(d) Three~day fluctuations between 15°C and 25%

(e) Fifteen-day fluctuations between 15°C and 25°C

957 confidence limits are included.
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Figure 6.2

Percentage contribution of Holcus lanatus (@——e), Lolium
perernne (#——=8) and Agrostis stolonifera (o—-——0) to the
clippings removed on successive occasions from turf

subjected to the following treatments:

(a) Garden environment

(b) 15°C

(e) 25%

(d) Three-day fluctuations between 15°Cc and 25°¢C

(e) Fifteen-day fluctuations between 15°C and 25°%
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Table 6.4 presents the mean dry weight of shoots harvested
at the beginning and end of the experiment. The dry weight of
shoots of H. lanatus in the initial harvest was very much higher
than that of the other two species. In the final harvest, H.lanatus
produced a large quantity of shoot material in all treatments. The
yield of L. perenne at the final harvest was greatest at low
temperatures (Treatments (a) and (b)) and at higher temperatures
(Treatments (c), (d), (e)) the dry weight of shoots was less than
that recorded at the initial harvest. It is interesting to note
that despite its low contribution to the clippings A. stolonifera
developed a comparatively large amount of shoot material in each
experimental treatment. This was due to the fact that A. stolontfera
produced an abundance of leaves and stolons close to the ground
surface below the height of clipping.

Values for total shoot production (estimated by adding the
dry weight of the plants at the final harvest to the weight of the
accumulated clippings) are presented in Table 6.5 and very clearly
depend on the temperature treatment. This Table confirms that
H. lanatus attained maximum yield at 25°C and outyielded A. stolon-
iferaand L. perenne in all treatments. L. peremne showed maximum
yield at 15°C and in this respect was markedly different from both

A. stolonifera and H. lanatus.
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Table 6.4

Species

Holeus lanatus
Lolium perenne

Agrostis stolonifera
Total

Litter

Initial harvest

2.04(+0.83)
1.52(%0.92)

0.98(#0.93)

4.54(+0.68)

5.98(+0.84)

Mean dry weight (g) of shoots and litter at final harvest.

Final harvest

957 confidence limits are included.

Outdoor

9.34(+0.93)
1.62(%1.17)

8.75(%1.77)

19.69(%2.68)

4.75(%1.35)

157°C

13.55(%0.97)
1.97(x0.78)

8.80(#4.51)

24.31(+2.23)

7.20(+1.53)

25°¢

11.49(£2.32)
0.46(x0.11)

5.23(£1.68)

19.31(2.51)

8.46(*2.,49)

Fluctuation
betwegn
15/10°C and
25/20°C
every 3 days
13.40(%£2.04)
1.05(20.41)

7.79(%5.42)
22.43(%6.47)

7.08(+2.90)

Fluctuation
betwegn
15/1000 and
25/20°C
every 15 days
10.06(+2.16)
0.69(+0.10)

5.79(x4.09)
18.55(7.75)

7.71(23.54)
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6.3 EXPERIMENT 2

6.3.1 Materials and Methods

In order to obtain seedlings of Holcus lanatus and Lolium
perenne Var.S.23 to be used in the experiment, seeds of both
species were germinated on filter paper in plastic boxes in a
growth-room environment with a daylength of 18 h and temperatures
maintained at 20% by day and 15°¢ by night. Fourteen-day-old
seedlings of H. lanatus and ten-day-old seedlings of L. perenne
of uniform size were transplanted into 13 cm pots of garden loam.
The level of the soil in each pot was adjusted to exactly 5 cm

below the rim. Three sowing arrangements were used as follows:

(1) A monoculture of L. perenne (12 seedlings/pot)
(2) A monoculture of A. lanatus (12 seedlings/pot)
(3) A mixture of L. perenmne and H. lanatus (6 seedlings/pot of

each species)

All pots were then allowed to remain in the growth-room for a period
of two weeks.

During this time and subsequently the pots were watered
every week with 100 ml Hewitt nutrient solution and tap water was
added regularly to keep the soil at field capacity. The vegetation
in each pot was then clipped at 5 cm and the pots associated with
each sowing arrangement were allocated at random (5 pots/treatment)
to fivé treatments ((a)-(e)) identical to those applied in Experi-
ment 1. In one additional treatment (Treatment (f)) pots experienc-
ing three-day fluctuations in temperature between 15°C and 25°C

were subject to clipping at intervals of three days. The pots in
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each experimental treatment were arranged in five randomized
blocks.

Clipping of the foliage in each pot was conducted at a
height of 5 cm every 15 days (3 days in Treatment (f)), sorted by
species and weighed. After the final clipping at the end of the
experiment the stubble remaining in each pot was cut off at ground

level, separated into component species and weighed.

6.3.2 Results

The dry weights of clipping of each species in monocultures
and mixture together with the total weight of clippings (H. lanatus
+ L. perenne) from the mixture in various treatments are presented
in Figure 6.3. Despite the difference in number of seedlings sown
at the beginning of the experiment, no statistically significant
difference could be established between the dry weights of clipping
of H. lanatus in monoculture and mixture and although, in all treat-
ments, the total weight of clippings from the mixture usually
remained marginally greater than the yield from H.lanatus in mono-
culture, no significant difference was detected.

In L. perenne the dry weight of clippings recorded from the
mixture fell very far below the levels recorded for the mono-
cultures in all treatments. It is interesting to note, however,
that with the exception of treatments (c) and (d), the yield of
clippings of L. perenne in monoculture did not fall much below that
recorded for the total weight of clippings removed from the

mixture.



Figure 6.3

Dry weight of clippings of goleus lanatus (left) and
Loliun perenne (right) removed on successive occasions

from pots subjected to the following treatments:

(a) Garden environment

(b) 15°

(e) 25°C

(d) Three-day fluctuations between 15°c and 25°

(e) Fifteen-day fluctuations between 15°C and 25°

95% confidence limits are included.

Total dry weight o——0 , monoculture e----- ®, mixture g———=8
(4. lanatus + L. perenne)
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In H. lanatus the highest quantities of clippings were
recorded at 25°C, whilst the maximum for L. perenne occurred at
15°C. In Treatment (e) H. lanatus responded to the warmer periods
with a marked increase in weight of clippings and this effect was
observed in monoculture and mixture. L. perenne exhibited a similar
response in monoculture but the stimulating effect of warm temper-
ature was scarcely detectable in the mixture.

Figure 6.4 describes the percentage contribution of
H. lanatus and L. perenre to the total weight of clippings in the
mixture in each treatment. A high proportion of H.lanatus was
evident in all treatments, although the species was most abundant
at warmer temperatures. In the 'natural' (i.e. garden) treatment
L. perenne contributed more clippings during the spring and autumn
and in this respect the results are in agreement with those
obtained in Experiment 1,

The data for the total weight of clippings presented in
Table 6.6 show that with the exception of Treatment (d) no signif-
icant differences were established for H. lanatus between mono-
culture and mixture. This was in sharp contrast to the result for
L. perenrewhere the accumulated weight of clippings from the mixture
was consistently small in comparison with that recorded for the
monoculture.

It is particularly interesting to note that the total weight
of clibpings from L. perenne in monoculture in the garden environ-
ment (Treatment (a)) exceeded that of the monoculture of H. lanatus
in the same treatment. The highest yields of clippings from

L. peremne occurred in two of the treatments ((b) and (d)) involving

copoler temperatures.



Figure 6.4

Contribution of Holcus Lanatus and Lolium perenne
to the clippings removed on successive occasions from

turf subjected to the following treatments:

(a) Garden environment

(b) 15°%

(e) 25°%C

(d) Three days fluctuation between 15°C and 25°%

(e) Fifteen days fluctuation between 15°C and 25°¢C
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Table 6.6

limits are inserted in brackets.

Species

Holcus lanatus
(monoculture)

Holcus lanatus
(mixture)

Lolium perenne
(monoculture)

Lolium perenne
(mixture)

Total mixture
(L.pererne +

H. lanatus)

(a)

Garden

2.99(#0.31)

2.66(+0.60)

4.01(+0.14)

1.03(+0.22)

3.63(%0.65)

Mean dry weights (g/pot) of accumulated clippings from successive cuts.

Growth-room

957 confidence

(b

1530
6.15(20.67)
5.23(20.66)
6.77(20.24)

1.71(20.25)

6.89(0.48)

(c

ZSgC
7.43(%1.46)
5.96(x1.75)
5.54(1.03)

1.70(%0.19)

7.83(£1.50)

(d)
Fluctuation
between 15°C
and 25°C
every 3 days

7.16(*0.35)

5.84(%0.66)

6.85(+0.78)

2.09(*0.51)

7.93(#0.50)

(e)
Fluctuation
between 15°C
and 25°C
every 15 days

6.59(+0.99)

5.51(+0.78)

6.23(*0.62)

1.71(#0.41)

7.26(20.40)
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From Table 6.7 it is apparent that by the time of the final
harvest there were no marked or statistically significant effects
of treatment upon the amount of shoot material of H. lanatus remain-
ing in the unclipped stratum. In contrast, L. perenne showed a
clear reduction in the yield in the mixture in all treatments. It
is also apparent from these data that in both monoculture and mixture
the shoot material of H. lanatusexceeded that of L. perenmne in all
treatments.

Values for total shoot production (estimated by adding the
dry weight of shoots at final harvest to the accumulated clippings)
are presented in Table 6.8. 1In . lanatus no significant differences
between monoculture and mixture occurred except in Treatment (d).

L. perenne showed a clear reduction in yield in the presence of
H. lanatus and this effect was statistically significant in all
treatments.

In Treatment (f) where 3-day temperature fluctuations were
associated with a 3-day clipping regime the results (Figure 6.5;
Table 6.9) show that H. lanatus responded rapidly to the short-term
temperature fluctuations producing approximately twice as much
clippings during the 25% periods. In this treatment no significant
differences in dry weight of clippings were detected between plants
growing in monoculture and in mixture and the weight of clippings
in monoculture was only marginally below the total weight of
clippiﬁgs recovered from both species in the mixture. In Figure 6.6
and Table 6.9 there is clear evidence of a major reduction in the
weight of clippings of L. perenne when this species was grown in

mixture.



Table 6.7

Species

Holeus lanatus
(monoculture)

Holcus lanatus
(mixture)

Lolium perenne
(monoculture)

Loltum perenne
(mixture)

Garden

2.83(+0.83)

2.50(+0.76)

2.80(+0.39)

0.63(+0.22)

Mean dry weight (g) of plant material at final harvest.

Growth—~room

95% confidence limits are included.

15°C

3.24(%1.08)

2.56(+0.47)

1.89(+0.14)

0.42(+0.03)

25°C

2.24(+0.24)

1.52(+0.46)

1.12(+0.38)

0.29(x0.09)

Fluctuation
begween
15°C and
25°%

2.96(20.42)

2.35(20.31)

1.63(+0.20)

0.42(x0.09)

Fluctuation
begween
15°C and
25%¢

2.14(£0.79)

2.05(20.41)

1.31(+0.11)

0.33(%0.14)



Table 6.8

different temperature regimes.

Species
Holcus lanatus
(monocul ture)

Holeus lanatus
(mixture)

Lolium perenne
(monoculture)

Lolium perenne

(mixture)

Total mixture
- (L.perenne +
H. lanatus)

*

accumulated clippints + final harvest

(a)

Garden

5.82(+0.54)

5.26(0.87)

6.81(%0.3)

1.65(£0.42)

6.75(20.25)

957 confidence limits in brackets.

Growth—-room

Total weight of shoot material* (g/pot) of Holcus lanatus and Lolium perenne grown under

(b
153C

9.39(£0.74)
7.78(+1.03)
8.65(10.2)

2.11(+0.22)

9.88(+0.84)

(c)

25°C

9.89(+2.03)
7.48(+2.17)
6.62(+1.29)

1.99(20.24)

9.61(%1.51)

(d)
Fluctuation
between

15°C and
25°¢

every 3 days

10.12(%0.77)

8.19(%6.78)

8.28(+0.94)

2.46(x0.67)

10.48(+0.72)

(e)
Fluctuation
between

ISOC and

25%

every 15 days

8.73(+1.66)

7.36(+0.84)

7.54(+0.64)

2.04(20.53)

9.88(+0.84)



Figure 6.5

Dry weight of clippings collected from successive cuts
from a mixture of Holcus lanatus and Lolium perenne
clipped at 5 cm every 3 days and subjected to

fluctuating temperatures.

(a) Total mixture (H. lanatus + L. perenne) gm————g
(b) H. lanatus with L. perenne o——0

(c) Monoculture (H. lanatus) *e—o
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Table 6.9

Production of dry matter by Holeus lanatus and Lolium perenne in monocultures and mixtures

subjected to 3~day fluctuations in temperature (15°C and 25°C) and clipped at intervals of 3 days.

95% confidence limits are in brackets.

Mean dry weight (g) of accumulated
clippings

Mean dry weight (g) of shoot at final
harvest

Mean dry weight (g) of root at final
harvest

Total production by adding the dry
weight of the plant at final harvest
(shoot + root) to the weight of
accumulated clippings

Holcus lanatus

monoculture

3.11(#0.13)

1.84(20.14)

0.83(+0.19)

5.78(+0.34)

mixture

3.23(+0.4)

1.78(+0.42)

0.63(+0.09)

5.64(+0.51)

Loliwm perenne

monoculture

1.50(#0.25)

0.74(+0.23)

0.17(+0.05)

2.41(+0.48)

mixture

0.16(+0.04)

0.02(#0.01)

0.007(+0.004)

0.19(%0.03)



Table 6.9

Production of dry matter by Holecus lanatus and Lolium perenne in monocultures and mixtures

subjected to 3-day fluctuations in temperature (15°C and 25°C) and clipped at intervals of 3 days.

957 confidence limits are in brackets.

Mean dry weight (g) of accumulated
clippings

Mean dry weight (g) of shoot at final
harvest

Mean dry weight (g) of root at final
harvest

Total production by adding the dry
weight of the plant at final harvest
(shoot + root) to the weight of
accumulated clippings

Holeus lanatus

monoculture

3.11(¢0.13)

1.84(+0.14)

0.83(20.19)

5.78(£0.34)

mixture

3.23(+0.4)

1.78(%0.42)

0.63(x0.09)

5.64(+0.51)

Lolium perenne

monoculture

1.50(%0.25)

0.74(+0.23)

0.17(%20.05)

2.41(+0.48)

mixture

0.16(*0.04)

0.02(#0.01)

0.007 (x0.004)

0.19(+0.03)



Figure 6.6

Dry weight of clippings collected from successive cuts
from a mixture of Holcus lanatus and Lolium perenne
clipped at 5 cm every 3 days and subjected to fluctuating
temperatures.

957 confidence limits are included.

(a) Total mixture (4. lanatus + L. perenne) o——a
(b) L. perenne with H. lanatug O——o

(¢) Monoculture (L. perenne) - = =-9
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In Figure 6.7 the yield of clippings of the two species
from the mixture in Treatment (f) are expressed as percentages.
From this figure it is apparent that L. peremne declined in its

contribution to the clippings throughout the experiment.
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Figure 6.7

Contribution of Holcus lanatus » and Lolium perenne

to the dry weight removed at 3-day intervals from a
mixture subjected to 3-day fluctuations between 15°C

and 25°C.
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6.4 DISCUSSION

The first experiment described in this chapter involved
samples of a sown sward removed to controlled environmental con-
ditions and provided an opportunity to observe the response of
three constituent érass species to manipulation of the temperature
regime. In the second experiment only two species, Lolium perenne
and Holeus lanatus, were included and the design involved planting
of the two species in standardized monocultures and mixture. It
is clear that although both experiments provide insights into
competitive interactions, only the second experiment allows an
assessment of the impact of one species upon another and a com-
parison of the productivity of monocultures and mixtures under

constant and fluctuating temperature conditions.
Response to temperature

Optimal temperatures for dry matter production in the range
20-25°C have been recorded (Mitchell 1956; Evans et al.1964; Tainton
1967; Mahmoud 1973; Al-Mufti 1978) for a number of temperate herb-
aceous species including Loliwm peremne, Dactylis glomerata,
Agrostis tenuis, Deschampsia flexuosa, Arrhenatherum elatius, Holcus
lanatus, Holcus mollis, Urtica dioica and Zerma erecta. The results
in this chapter were consistent with their findings although it is
evident that the optimum temperature for growth of Lolium perenne
is appreciably lower than that of Holcus lanatus and Agrostis
stolonifera. The relatively high temperature optimum in H.lanatus
is consistent with the fact that this species continues to exhibit
vegetative growth during the summer (Chapter 2) and attains maximum

shoot biomass at this time.
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The lower temperature optimum in [, perenne is again con-
sistent with the phenology of the species which appears to produce
two peaks of shoot production, one in spring and the other in
autumn (Haggar 1976, Chapter 2).

In view of the difference between H. lanatus and L. perenne
in temperature optimum it is tempting to suppose that differential
responses to seasonal and short-term changes in temperature could
be conducive to co-existence between the two species. However,
examination of the data from both experiments reveals that despite
the difference in temperature optimum, none of the experimental
conditions allow the quantities of dry matter produced by L. perenne
to exceed that of H. lanatus. In both experiments and under all
temperature regimes, mixtures were dominated by #. lanatus and
although this species attained its highest rates of growth at warm
temperatures, dry matter production in the cooler growth-room
environment exceeded that of L. peremmne. It is noteworthy, however,
that in the garden environment the yield of clippings of L. peremne
in Experiment 1 exceeded that of the other two species during the
early spring and it seems possible that conditions advantageous to
this species might have been found in experiments involving

temperatures lower than those employed in this investigation.
Response to clipping

Observations during the course of the experiments revealed
that L. perenne, H. lanatus and A. stolonifera produced rather
different growth forms which caused the plants to suffer different

intensities of damage during clipping. In particular it was clear



that the erect shoots of L. perenne were more severely affected than
the creeping tillers of 4, stolonifera. From previous studies (e.g.
Sullivan and Sprague 1943; Mahmoud 1973; Watt 1977) it seems likely
also that the species differed in their morphogenetic responses to
defoliation. In [, perennmcand to a lesser extent in H, lanatus
lclipping resulted in the projection of more foliage into the clipped
stratum, This was in marked contrast to the response of 4, stoloni-
fera which produced numerous tillers and stolons beneath the level
of clipping.

In Experiment 2 where the turf was established from seed-
lings, the effect of defoliation and slow rate of tillering upon
canopy development by 1. perenne was quite pronounced. In Plate
6.2 it is evident that even in the absence of competition from
. lanatus, the extent of lateral spread and tiller formation in
[. perenne vas insufficient to produce a continuous sward even by

the time of the final harvest.
Competitive interactions

From both experiments there was conclusive evidence of the
ability of H.lanatus to suppress the vigour of L. peremne and this
ability was only marginally affected by variation in temperature or
clipping regime. Previous investigators (e.g. Riveros 1963;
Chadokar and Humphreys 1973; Rebson 1973) have drawn attention to
the importance, in competitive interactions, of dense leaf canopies
and in this respect the ability of H.lanatus to produce numerous

tillers under a wide range of conditions is of particular importance.
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Plate 6.2

Appearance of plants of Holcus lanatus and Lolium perenne

after three months of growth under fluctuating temperature
Pty 0

conditions (15°C and 25°C) and subjected to clipping every

3 days.

(a) Lolium perenne monoculture
(b) Holecus lanatus monoculture

(c) Mixture (6 plants H. lanatus, 6 plants L, perenne)

Scale units are cm.



It seems likely that progressive submergence of the leaves of other
species may be an important part of the mechanism whereby the com-
petitive superiority of H. lanatus is exerted. However, it seems
unlikely that the advantage of H. lanatus over L. perenrein the
present experiment was merely the result of leaf shading. It has
been noted already that the growth form of L. perenmne causes the
species to suffer greater intensities of damage under clipping
regimes. The resulting loss of photosynthate is likely to weaken
the competitive ability of L.peremne both above and below ground.
Defoliation not only prevents the development of an effective leaf
canopy but also causes the diversion of photosynthesis into leaf
growth at the expense of the roots (Troughton 1963).

Hence we may suggest that the impact of H. lanatus upon
L. perenne can be related also to competitive interactions within
the rhizosphere. Even in circumstances where root development in
L. perenne is unaffected by defoliation there is reason to expect
that the species would be subject to severe effects of root com-
petition from H. lZanatus. This may be predicted from the extremely
high rates of root extension and root hair development character-
istic of H. lanatus.

An additional possible factor, that of allelopathy, must be
recognized in any attempt to explain the suppression of L. perenne
by H. lanatus. This possibility has been recognized already by
Newman and Rovira (1975) and is re-examined in the final discussion
| (Chapter 11) in relation to the evidence presented in Chapters 4, 5,

7, 8, 9 and 10.

71



CHAPTER 7

AN INVESTIGATION OF SOME EFFECTS OF ESTABLISHED

PLANTS UPON THE GROWTH OF THE SEEDLINGS
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7.1 INTRODUCTION

The two experiments described in this chapter were designed
to investigate the effects of established plants upon the growth of
seedlings. In both experiments attention was confined to below-
ground interactions. The first experiment, conducted in a garden,
allowed the possibility of both competition for mineral nutrients
and allelopathic interactions. The second experiment was concerned
exclusively with the attempt to detect phytotoxic effects originating

from established plants.

7.2 EXPERIMENT 1
7.2.1 Materials and Methods

The established plants used in this experiment consisted of
various species which had been grown outdoors at the Botany Depart-
ment experimental garden in sand culture by A. M. Neal and J. P. Grime
for a period of four years prior to the beginning of these studies.
With the exception of Mercurialis peremnis, for which transplants
were used, each of the species was established from seed collected
from sites in the Sheffield area (Table 7.1). The plants were allowed
to establish in square plastic tubs each containing 30 1 of washed
sand; three replicate tubs were provided for each species. Each tub
was placed upon an individual plastic tray in which drainage water
collected, At monthly intervals during the spring and summer, one
litre of Hewitt nutrient solution was added to each container and
watering was conducted as required to maintain the sand in a moist

condition. During the winter months the volume of nutrient solution



Table 7.1 Source of seeds, seedlings and plants which were used

in the established plant.

phenology.

Species

Acer pseudoplatanus
Agropyron repens

Agrostis tenuts
Arrhenatherum elatius
Chamaenerion angustifolium
Festuca ovina

Festuca rubra

Holeus lanatus

Mercourialis perennis

Poa trivialis

Urtica dtoieca

Source of

plants

Tapton Garden

Worksop

Lathkilldale

Lathkilldale

Millers Dale

Lathkilldale

Winnats Pass

Press Reservoir

Winnats Pass

Cadeby Common

Coombsdale

Also explained is the

Phenology

aladlddll

m——-}

w

S - start of
experiment

E -~ end of
experiment



was reduced to 500 ml/month. Control tubs containing sand but no
plants were maintained by exactly the same procedure throughout the
four years.

In October 1975 the main part of the experiment was com-
menced by sowing six 10 day-old seedlings of Rumex acetosa into
each container. In order to eliminate the possibility of effects
due to the above-ground parts of the established plants the seedlings
were introduced to the sand through holes in the base of an opaque
V-shaped plastic screen (Figure 7.1). For the first two weeks of
the experiment each container was examined daily and dead or missing
seedlings were replaced. The seedlings were then allowed to grow
for a period of seven months during which aliquots of 250 ml Hewitt
solution were added weekly to each container through the holes in
the plastic screen. In April 1976 the plants of R. acetosa were
harvested individually (shoots only), oven-dried at 30°C for 48 h

and weighed,
7.2.2 Results

The number of plants of Rumex acetosa surviving to the end
of the experiment in each replicate is recorded in Table 7.2, It
is clear that the majority of the seedlings survived although high
mortalities occurred in certain replicates of Chamaenerion angusti-
foliun and Urtica dioteca. As we might expect, the most vigorous
growth fn R. acetosa was observed during the autumn and spring. The
first few months of the experiment were fairly warm (Appendix 2)

and this fact may have contributed to the high rates of establishment

and survival. Growth of R. acetosa in the controls was rapid (Plate 7.1)
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Figure 7.1
Vertical section illustrating the container and the V-shaped

plastic screen.



Table 7.2 Number of surviving plants of Rumex acetosa at final

harvest in each replicate.

No.surviving in 3 replicates*

Species

1 2 3
Control 6 6 6
Acer pseudoplatanus 6 6 6
Agropyron repens 6 6 6
Agrostis tenuts 6 6 6
Arrhenatherum elatius 5 6 6
Chamaenerion angustifolium 6 2 2
Festuca ovina 6 4 5
Festuca rubra 4 4 5
Holeus lanatus 5 5 6
Mercurialis perennis 6 6 6
Poa trivialis 6 6 6
Urtica dioiea 5 2 3

*
maximum possible 6.



PLATE 7.1

Rumex acetosa seedlings grown for seven months in the control

treatment.

PLATE 7.2

Rumex acetosa seedlings grown for seven months in a monoculture of

Agrostis tenuts.
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and provided a marked contrast with performance in tubs occupied
by established plants of species such as Agrostis tenuts, Cham-
aenerion angustifolium and Holcus lanatus (Plates 7.2, 7.3, 7.4).
In the latter, the seedlings remained small to the end of the
experiment and the majority of leaves showed red or bronzed dis-
colouration. These symptoms were much less pronounced in seedlings
associated with three species, Mercurialis perennis, Poa trivialis
and Urtieca dioica.

Table 7.3 presents the yields of shoot material of the
seedlings of Rumex acetosa grown in the control tubs and in com-
bination with established plants of each of eleven species. Marked
differences are apparent in the extent to which the various species
affected the yield of R. acetosa. Festuca ovina and Festuca rubra
caused reductions in the yields of R. acetosa greater than those
occurring in association with any other species. Acer pseudoplatanus,
Agropyron repens, Agrostis tenuis, Arrhenatherum elatius, Chamaenerion
angustifolium and Holcus lanatus also produced large and statistically
significant differences from the yield of the control seedlings.
Mercurialis perennis, Poa trivialis and Urtica dioica brought about

reductions in yield but these were not statistically significant.

7.2.3 Discussion

The experimental results provide strong evidence of the
inhibifory influence of establighed plants upon the growth of seed-
lings of Rumex acetosa. The results are particularly interesting
in that they were obtained over a time of year in which many species

including R. acetosa normally pass through the phase of germination



PLATE 7.3

Rumex acetosa seedlings grown for seven months in a monoculture

of Chamaenerion angustifolium.

PLATE 7.4

Rumex acetosa seedlings grown for seven months in a monoculture of

Holecus lanatus.



Table 7.3 Yield of Rumex acetosa grown for seven months in
monocultures of various species. 957 confidence

limits between brackets.

Yield of shoot

Species dry weight 7 of control
(mg)

Control 95.14(+18.77) -

Acer pseudoplatanus 23.82( 7.25)* 25,04
Agropyron repens 16.13(2 4.47)% 16.95
Agrostis tenuis 32.45(215.87) % 34,12
Arrhenatherun elatius 13.09(* 6.00)* 13.76
Chamaenerion angustifolium 5.14( 3,33)% 5.40
Festuca ovina 2.84(x 1.12)* 2.99
Festuca rubra 1.82( 0.64)* 1.91
Holeus lanatus ‘ 12.20(* 7.39)* 12.82
Mercurialis perennis 61.14(*19.20) 64.26
Poa trivialis 67.72(x31.74) 71.11
Urtica dioieca 45.51(x33.44) 47.83

. ,
yield significantly different from control (P<0.05)
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and establishment. A further point to be noted here relates to

the fact that the experimental conditions restricted the impact

of the established plants to below-ground interactions occurring
during the period October-April. 1In this connection it is inter-
esting to observe that the strongest impact upon the yield of the
seedlings occurred in association with Festuca ovina and Festuca
rubra, two species which are evergreens and produce very dense

root systems close to the ground surface. It seems possible there-
fore that despite the weekly additions of nutrient solution the
inhibiting effect of these two grasses could have been due at least
in part to depletion of the level of mineral nutrient supply to the
seedlings. A similar hypothesis could be advanced to explain the
suppression of seedling growth associated with other grasses such
as Agrostis tenuis, Arrhenatherum elatius and Agropyron repens,

all of which had formed dense root systems in the sand. It is
interesting to observe, however, that a strong inhibition occurred
in association with Holeus lanatus, a species which after an
initial phase of vigorous growth was in a rather moribund condition
by.fhe time that the seedlings were introduced to the tubs. Holcus
lanatus and several other species (e.g. Agrostis tenuis, Festuca
spp.) causing severely reduced seedling growth had accumulated a
considerable amount of litter and it is therefore quite possible

that some inhibitory effects may have originated from decomposition

producté.
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7.3 EXPERIMENT 2

In an attempt to detect the inhibitory effect, if any, of
toxic substances released into the sand, a second experiment was
conducted. In order to exclude the possibility of effects caused
by mineral nutrient depletion, the procedure involved removal of
samples of sand from the tubs and growth of seedlings of Rumex
acetosa over a short period during which the supply of mineral

nutrients was maintained at a high level.

7.3.1 Materials and Methods

In January 1976 samples of sand were removed from the
containers used in Experiment 1. Samples were taken from the
surface (0-6 cm) layer of sand in the controls and in the experi-
mental monocultures of each species. The sample of sand from each
tub was sieved to remove fragments of litter and roots and was used
to fill three 24 inch plastic pots. Seeds of Rumex acetosa were
germinated on moist filter paper in plastic petri dishes in a growth-
room providing 20°%c by day and 15% by night. Two seedlings were
transferred to each pot which was allowed to stand in a separate
saucer and received a 50 ml aliquot of Hewitt nutrient solution
before planting. Seven days later one of the two seedlings was
removed from each pot. Subsequently at intervals of six days each
pot recéived 35 ml of Hewitt nutrient solution. Three days after
each addition of mineral nutrients, 35 ml of distilled water was
supplied to each pot. In addition to the studies involving Rumex

acetosa further tests were conducted on sand samples removed from
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the monocultures of Agrostis tenuis, Holecus lanatus, Festuca rubra
and Urtica dioica. TFor each of these additional tests growth was
examined in seedlings of the species which had occupied the sand.
Seedlings of the four species were germinated in conditions identical
to those used for R. acetosa and the controls were again based upon
the growth of seedlings in sand from containers which had been
unoccupied. The seedling bioassay was carried out in a growth-room
experiencing 20°C by day and 15°¢ by night, relative humidities
exceeding 607 and a daylength of 18 hours. After three weeks the
plants were harvested, oven-dried and the roots and shoots were then

weighed separately.

7.3.2 Results

In Table 7.4 the yields of R. acetosa grown on sand removed
from beneath experimental monocultures of the eleven species are
presented. Sand associated with five of the species induced stat-
istically significant reductions in yield, compared with that of the
controls. Holcus lanatus caused the greatest inhibition and Plate 7.5
illustrates the magnitude of this effect. Acer pseudoplatanus,
Agropyron repens, Agrostis tenuis and Festuca rubra also caused
major reductions in yield. Smaller depressions in yield were
associated with sand from the remaining species but these were not
statistically significant effects. Table 7.5 describes the extent
of the autotoxic effects of sand removed from the four species,

A. tenuis, F. rubra, H. lanatus and U. dioica and Plates 7.6 and 7.7
illustrate the appearance of the harvested seedlings of A. tenuis

and H. lanatus. From these data there is strong evidence of auto-

toxicity in H. lanatus and 4. tenuts.



Table 7.4

Yield of Rumex acetosa on sand removed from beneath

experimental monocultures of various species. 957
confidence limits are in brackets.
Shoot Root
Species dry weight 7 of dry weight Z of
(mg) control (mg) control
Control 48.92(x 3.59) 16.94(+1.58)
Acer 32.08(x 3.48)% 66 10.45(22.75)% 62
pseudoplatanus
Agropyron repens 38.50(* 4.26)%* 78 13.46(+1.28)% 79
Agrostis tenutis 29.70(+ 9.87)* 60 12.10(+3.79)* 71
Arrhenatherum 41.77(x 9.53) 85 13.40(%3.27) 79
elatius,
Chamaenerion 46.83(+10.21) 95 12.78(%4.35) 75
angustifolium
Festuca ovina 41.92(¢ 8.57) 85 13.95(#2.13) 82
Festuea rubra 33.84(% 6.,71)% 69 10.88(+3.92)* 64
Holeus lanatus 15.75(* 9.15)* 32 5.18(3.44)% 30
Mercuridlis 42 ,08(* 4.82) 86 14.76(%2.87) 87
perennis
Poa trivialis 41.62(x 7.51) 85 15.66(¥4.01) 92
Urtica dioica 37.51(¢ 9.96) 76 11.68(24.06) 68

*yield significantly different from control at (P<0.05)
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PLATE 7.6
Seedlings of Holeus lanatus grown on sand removed from control
(left) and from beneath established plants of Holecus lanatus
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Table 7.5 The results of autotoxicity tests in four herbaceous species

Shoot dry weight (mg) Root dry weight (mg)
Species % of % of
P control sand sand + species control control sand sand + species control
Agrostis tenuis 10.67(%5.90) 3.60(+0.92)* 34 3.75(x2.14) 1.10(120.32)%* 29
Festuca rubra 21.90(+2.35) 18.27(£5.19) 83 6.08(£1.04) 4,70(£1.59) 77
Holcus lanatus 49.,90(+9.12) 23.02(8.72)* 46 18.46(+3.82) 8.80(£2,34)* 48
Urtica dioica 29.88(+8.25) 23.07(+9.98) 77 6.95(x2.09) 5.50(+2.87) 79

*
yield significantly different (P<0.05) from control.
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7.3.3 Discussion

The experiment revealed some major differences between the
growth of Rumex acetosa upon sand removed from beneath established
species and that observed in the controls. Since the control pots
had received during the previous four years nutrient additions com-
parable to those supplied to monocultures we may suppose that in
the absence of vegetation the control sand would accumulate mineral
nutrients. Thus we must consider in particular whether the greater
growth of seedlings on the control sand could be due to a higher
nutrient level. However, in an attempt to avoid this effect, a
considerable volume of full Hewitt nutrient solution was added to
each pot during the test and it seems most unlikely that the low
yields obtained in certain treatments could be attributed to nutrient
deficiencies. Moreover, the results obtained from the rather similar
experiments described in Chapter 9 suggest that the levels of
nutrient supply to the control plants in the present experiments
were likely to be superoptimal for the growth of R. acetosa.

The most potent toxicity suggested by the data is that
associated with Holeus lanatus and it is interesting to note that
there is strong evidence of an autotoxic effect in this species.

This result is in agreement with that of Newman and Rovira (1975) and
may be related to some observations (Grime, pers. communication) made
during the preliminary stages of the experiment described in this
chapter. During the first growing season, the monocultures of

H. lanatus were observed to grow exceedingly rapidly but in subsequent
years there was a progressive decline in both vegetative and repro-

ductive vigour. It seems possible, therefore, that, even prior to



the seedling bioassay, effects due to autotoxicity were apparent.
The possibility may be considered that autotoxicity was involved
in the pattern of declining vigour in H. lanatus observed under
natural conditions (Chapter 2).

In contrast with H. lanatus, several of the species which
strongly inhibited the growth of R. acetosa in Experiment 1 (e.g.
Agropyron repens, Festuca ovina, Chamaenerion angustifolium),
produced relatively slight effects in Experiment 2. This strongly
suggests that the inhibitory effect of such species in the first
experiment was mainly due to depletion of mineral nutrients. By
the same criteria, the results suggest that toxicity contributed
to the inhibitory effects exerted by Agrostis tenuis, Festuca rubra
and Acer pseudoplatanus. For each of the latter species there have
been previous reports (Welbank 1963; Firth 1977; Sydes 1980) of

inhibitory effects due to the release of toxic residues from litter.
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CHAPTER 8

EXPERIMENTAL STUDIES OF THE INHIBITORY EFFECTS OF
AGROSTIS TENUIS, HOLCUS LANATUS AND

DESCHAMPSIA FLEXUOSA UPON LOLIUM PERENNE



8.1 INTRODUCTION

In circumstances where the yield of a plant is suppressed
by the presence of neighbours, it is usually extremely difficult to
distinguish between reductions in growth due to competition and
those which might arise from the release of phytotoxins, i.e.
allelopathic effects. A further complication is the possibility,
supported by some evidence (Loche and Chouteau 1963; Armstrong et al.1970;
del Moral 1972; Lehman and Rice 1972) that the production of some
potentially phytotoxic substances may be increased under conditions
of mineral nutrient depletion such as might be expected to coincide
with intense competition.

Earlier in this thesis (Chapters 4 and 7) attempts were
made to detect the presence of residual toxic effects in soil
samples removed from natural soils and sand cultures. In the
investigations described in this chapter, pot experiments were con-
ducted to study interactions directly and to attempt to distinguish
between inhibitory effects due to resource depletion and those
arising from the production of toxic substances. The three grasses»
selected for study were Holcus lanatus, Agrostis tenuis and
Deschampsia flexuosa. For each of these species there is circum-
stantial evidence either from this study or from previous investi-
gations (Welbank 1960,1963; Jarvis 1964; Grant and Sallans 1964;
Newman and Rovira 1975; Newberry 1976; Firth 1977; Newman and Miller
1977) of the capacity to produce toxic substances. The experiments
involved the maintenance of clipped turf in split-pots and were
carried out at two levels of mineral nutrient supply. Inhibitory
effects of the grasses were measured in terms of the reduction in

yield of Lolium perenne.
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8.2 MATERIALS AND METHODS

The experiment involved sand cultures in 9 cm pots, each
of which was divided into two equal parts by a vertical partition
(Plate 8.1) which separated the shoots on either side and was
sealed to the inner wall and floor of the pot with contact cement*
to prevent roots penetrating from one side to the other. The base
of each pot was perforated on both sides of the partition by several
holes. Each pot was provided with a separate plastic saucer in
which mixing of water and solutes draining from the sand on the two
sides of the partition occurred. Through reabsorption from the
drainage water collected in the saucer it was therefore possible
for root exudatgs and soluble decomposition products to pass from
one side of the partition to the other, under conditions in which
the roots of different species growing on opposite sides were pre-
vented from establishing direct contact with each other. The
supply of mineral nutrients was maintained by application of equal
volumes of nutrient solution to the sand surface on each side of
the partition. In this way, an attempt was made to isolate the
effect of root toxins from that due to competition for mineral
nutrients. A possible weakness in this experimental design was
related to the possibility of indirect competition for nutrients
arising from differences in the ability of the species to draw on
the nutrients accumulated in the drainage water. Particularly where
there are substantial differences in the rate of growth of the
grasses on the two sides of the partition, we may anticipate that

reabsorption of water and mineral nutrients would also proceed at

*
Petrolium mixture



Plate 8.1

The divided pot used in the experiment. Left: side-view.
Right: vertical section through the pot at right angles

to the partition.



different rates. With this in mind two points are worth noting.
Firstly, the level of watering was adjusted to allow drying out of
the saucer. This effectively prevented extension of roots into

the drainage water. Secondly, all plants were clipped at a
standard height at regular intervals throughout the experiment,
minimizing differences in canopy size and transpiration on the two
sides of the partition. Despite these procedures it seems likely
that the experiment allowed some differences in rates of mineral
nutrient capture by different species and this possibility has been
recognized in attempting to interpret the results of the experiment.

The experiment included three treatments which are illus-
trated in Figure 8.1. These were
(a) monocultures each consisting of two plants of the same

species situated on one side of the partition; the
remaining half of the pot contained sand but no plants;
(b) cultures in which two pairs of plants, each pair
consisting of a different species, were planted on
opposite sides of the partition;
(c) mixtures consisting of two plants of each of the two
species all situated on one side of the partition.

The experiment was commenced by planting one~week-old seed-
lings of Lolium perenne and uniform tillers of each of the three
species. The plants in mixtures were arranged alternately and were
planted 4 cm apart as shown in Figure 8.1(c). In the monocultures,
the plants were arranged in the same pattern as that used in the
mixture, i.e. the areas corresponding to those occupied by the
other species in the mixture were allowed to remain bare. As

explained in Mahmoud and Grime (1976) this arrangement permits a
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Figure 8.1

Pattern of planting of tillers
Deschampsia flexuosa or Holcus

of Lolium perenne (e).

(a) monocultures
(b) 'separate' culture

(c) mixture

of either Agrostis tenutis,

lanatus (o) and seedlings
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comparison between the yield of each species in the presence and in
the absence of another. The experiment was carried out at two
levels of mineral nutrient supply. The high nutrient treatment was
applied as full Hewitt nutrient solution whilst the second involved
1/20 dilution of Hewitt nutrient solution, Each half of each pot
was supplied every week with 50 ml of the appropriate nutrient
solution, and distilled water was added as required to maintain the
sand at field capacity. All additions were made from the top of
the pot and run-off was allowed to collect in individual plastic
saucers. The pots were arranged in seven randomized blocks in a
growth-room with a temperature of 20°%c by day and 15°C by night.
After twenty days, the foliage in each pot was clipped at
5 cm and the plant material removed from each pot was sorted into
gpecies, dried and weighed. Clipping was repeated at intervals of
two weeks and the experiment was allowed to run for ninety-eight
days. The number of tillers of each species in each pot was
counted before the final harvest. The plants were then removed
from the pots and the shoots and roots were separated, oven-dried

and weighed.



8.3 RESULTS

The differences in nutrient level produced two distinct
types of turf. The low nutrient level was associated with an 'open'
structure whilst, at full nutrient level, a dense closed sward was
produced.

Figure 8.2(a) describes the dry weights of clippings of
Holcus lanatus from plants grown at full nutrient level in the three
treatments. It is interesting to note that the yield of clippings
reached a peak six weeks after the beginning of the experiment, then
decreased continuously towards the end of the experiment.

At the low level of nutrient supply (Figure 8.2(b)) the
dry weight fell sharply after the first clipping, then recovered to
reach a maximum at the fifth clipping, followed by declining yield
in the last two clippings.

At both levels of nutrient supply, the yield of clippings
from H. lanatus did not show any statistically sitnificant difference
between treatments, a result which is in close agreement with the
result of the experiment described in Chapters 6 and 9.

The yield of clippings recovered from A. tenute (Figure
8.2(c),(d)) also did not show any significant effect of treatment at
either level of nutrient supply. At full nutrient level the dry
weight of clippings of 4. tenuis at the beginning of the experiment
was very low, compared with the yield from H. lanatus and in both
treatments the dry weight of clippings in monoculture and mixtures
continued to rise during later stages of the experiment.

Figure 9.2(e) describes the dry weight of clippings of

D. flexuosa obtained in the full nutrient treatment. In comparison
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Figure 8.2

Dry weights of clippings collected on the successive
occasions plants grown at two nutrient levels in three
different treatments. 95% confidence limits are
included.

(a) Holeus lanatus

(b) Holeus lanatus

(c) Agrostis tenuis

(d) Agrostis tenuis

(e) Deschampsia flexuosa

(a), (c), (e) - high nutrient level

(b), (d) - low nutrient level

o——o monoculture A----A roots and shoots separated

o——@ mixture
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with the other species, the yield of clippings was very low and con-
tinued to increase throughout the experiment. The data indicate
that towards the end of the experiment D. flexuosa became subject to
effects of competition from L. peremmne in the mixture.

Under low nutrient supply the height attained by D. flexuosa
was insufficient to provide adequate clippings during the experi-
mental period.

Figure 8.3 illustrates the dry weights of clippings of
L. perenne removed at high and low nutrient levels in monoculture
and in combination with H. lanatus, A. tenuis and D. flexuosa. In
association with H. lanatus and A. tenuis there was a clear reduction
in the dry weight of clippings in both treatments. Effects of
D. flexuosa upon the yield of clippings from L. perenne were much
less pronounced and were more conspicuous in the low nutrient treat-
ment.

Table 8.1 presents the accumulated weights of clippings of
the four species in the various treatments at both nutrient levels.
At both nutrient levels H. lanatus produced a total weight of
clippings higher than that of either of the other species. No
statistically significant reductions in yield of clippings were
observed between the treatments in H. lanatus and A. tenuis. In
D. flexuosa the yield of accumulated clippings produced by the
species when grown in mixture with L. peremne at high nutrient
supply ﬁas significantly (P<0.05) lower than that recorded in the
control. At both nutrient levels the total yield of clippings from
L. perenne (Table 8.1) was reduced by the presence of the other
grass species and these effects were statistically significant in

the majority of treatments.



Figure 8.3

Dry weight of clippings collected on successive occasions from
Loliun perenne in three different treatments and at two nutrient
levels. 957 confidence limits are included.

(a) Lolium peremne with Holcus lanatus

(b) Loliwm perenne with Holcus lanatus

(c) Lolium perenne with Agrostis tenuis

(d) Lolium peremne with Agrostis tenuis

(e) Lolium perenne with Deschampsia flexuosa

(£) Lolium peremne with Deschampsia flexuosa

(a), (c), (e) - high nutrient level
(b), (d), (f) - low nutrient level
o———o0 monoculture Ae—=~-A root and shoot separated

o——® mixture
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Table 8.1

flexuosa and Lolium perenne grown in three experimental treatments at two nutrient levels.

limits are given in brackets.

Holeus lanatus

Agrostis tenuis

Deschampsia

flexuosa

Lolium perenne with
Holcus lanatus

Lolium perenne with
Agrostis tenuis

Lolium perenne with

Deschampsia

flexuosa

Low nutrient level

Mean dry weight (mg) of accumulated clippings from Holcus lanatus, Agrostis tenuis, Deschampsia

957 confidence

High nutrient level

monoculture

67.9(%7.5)

31.5(¢7.1)

46.6(*4.4)

46.6(t4.4)

46.6(+4.4)

root and shoot

separated

68.9(%9.1)
30.5(%4:1)

22.5(*4.9)*

28.6(+3.5)*

27.8(27.1)*

mixture

61.3(+11.6)

26.8(x 4.1)

9.7(%3.1)

9.7(x3.3)*

22.9(x5.0)*

root and shoot

monoculture separated mixture

1235.5(%£102.2) 1101.1(*106.5) 1164.4(*114.7)

1128.9(£122.6) 958.3(+ 54.8) 964.1(* 57.6)
454.4(+122.0) 402.6(%106.4) 281.8(¢ 62.2)
664.8(%£55.9) . 483.9(% 65.4)* 101.8(x 8.7)%*
664.8(+55.9) 424.8(% 73.2)* 155.7(% 33.3)%
664.8(£55.9) 536.7(%141.9)  455.1(#112.4)*

*
Significantly different (P<0.05) from monoculture
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Tables 8.2-8.5 present further data recording the response
of the four grasses to the experimental treatments. From these
results it is apparent that the shsceptibility of L. perenne to the
presence of the other species, whether in mixture or within a
divided pot, is reflected in shoot and root weight at final harvest,
in total production (final harvest + total clippings) and in tiller
number.

Two incidental features of these experimental results are
worthy of note. In the first place it is apparent that D. flexuosa
showed comparatively low responsiveness to mineral nutrient level
and to combination with L. peremne. This finding is in close agree-
ment with previous reports (Hackett 1965; Hunt 1970; Mahmoud 1973;
Mahmoud and Grime 1974; Grime and Hunt 1975) of slow potential growth
rate, low phenotypic plasticity and stress tolerance in this species.

The second point is related to the low rate of tillering in
L. perenne. In the low nutrient treatment no plants progressed
beyond the first tiller stage and even in the high nutrient treat-
ment few tillers were produced by plants growing in mixture with

either H. lanatus or A. tenuis.



Table 8.2

flexuosa and Lolium perenne at final harvest.

Holeus lanatus

Agrostis tenuis

Deschampsia

flexuosa

Lolium peremme with
Holeus lanatus

Lolium perenne with
Agrostis tenuis

Lolium perenne with

Deschampsia

flexuosa

Low nutrient level

Mean dry weight (mg) of the shoots of Holcus lanatus, Agrostis tenuis, Deschampsia

957 confidence limits are given in brackets.

High nutrient level

root and shoot

monoculture separated mixture monoculture
152.3(%£32.0) 123.3(%12.8) 134.6(%13.9) 602(%171)
171.3(*20.6) 169.0(+34.0) 172.8(*19.5) 1298(*104)
199.3(%51.7) 204.5(%43.0) 211.8(#21.1) 907(£246)
29.2(% 4.0) 17.7(+ 3.3)* 12.3( 3.1)* 260(%110)
29.2(% 4.0) 20.6(x 2.6)* 12.5(+ 3.2)* 260(%x110)
29.2(x 4.0) 19.5(+ 5.1)* 19.5(% 4.5)* 260(*110)

%*
Significantly different (P<0.05) from monoculture.

root and shoot

separated

648(+120)
998(%136)

870(%157)

138(% 48)

121(% 43)

186 (+ 45)

mixture

558(+116)
969(+139)

892(%172)

33(¢ 8)*

37(x 10)*

102(x 26)*



Table 8.3 Mean dry weight (mg) of the roots of Holcus lanatus, Agrostis tenuis, Deschampsia flexuosa

and Lolium perenne at final harvest.

Holeus lanatus

Agrostis tenuis

Deschampsia

flexuosa

Lolium perenne with
Holeus lanatus

Lolium perenne with
Agrostis tenuis

Lolium perenne with

Deschampsia

flexuosa

957 confidence limits are given in brackets.

Low nutrient level

High nutrient level

monoculture

225.5(+58.2)
334.0(+62.1)

150.3(+84.1)
44.,0(¢ 6.5)
44,0(% 6.5)

44.0(% 6.5)

*
Significantly

root and shoot

root and shoot

separated mixture monoculture separated mixture

236.3(+ 28.3) 149.3(2 6.1) 373.4(%

92.1) 409.0(¢ 81.5) 353.3(¢ 65.9)

326.5(%+ 41.6) 323.1(#96.1) 1089.6(+196.9) 1094.4(+208.4) 902.4(*242.6)

181.0(+102.3) 122.5(+55.5) 154.0(%

26.1(x 9.0)* 13.0(¢ 6.8)* 200.9(¢

24,8(x 4.7)*%  13.3(x 8.3)* 200.9(%

23.6(¢x 6.3) 24,1(x17.0)* 200.9(#

different (P<0.05) from monoculture.

55.8) 198.3(% 46.4) 82.7(+ 21.9)

47.1) 122,9(¢ 31.7)* 23.3(¢ 4.5)%

47.1) 108.1(x 23.4)* 40.7(x 7.4)%

47.1) 161.7(* 46.3) 89.9( 41.8)*



Table 8.4 Mean dry weight (mg) of total plant material (clippings + final harvest) of Holcus lanatus,

Agrostis tenuis, Deschampsia flexuosa and Lolium perenne.  95% confidence limits are given in brackets.

Low nutrient level High nutrient level
root and shoot root and shoot
monoculture separated mixture monoculture separated mixture
Holeus lanatus 445.1(% 50.3) 428.1(£38.1) 428.5(* 74.3) 2212(+232) 2172(%245) 2075(*233)
Agrostis tenutis 537.1(% 72.0) 525.3(%43.3) 496.8(* 62.4) 3516(*286) 3050(+324) 2837 (+360)
Deschampsia 350.6(+126.4) 328.0(%60.0) 385.5(£140.1) 1515(£355) 1470(+249) 1256 (*190)
flexuosa
Lolium perenne with 122.6(x 9.6) 64.3(¢17.8)* 35.3(% 12.4)* 1595(+281) 744 (£121)* 156ki 25)*
Holcus lanatus
Lolium perenne with 122.6(+ 9.6) 75.3(x 7.1)* 35.5(x 13.7)* 1595(+281) 667(*124)% 232(x 4%
Agrostis tenuis
Lolium perenne with 122.6(x 9.6) 70.7(+17.1)* 55.6(+ 25.2)* 1595(+281) 885(+193)* 630(2149)*
Deschampsia
flexuosa

*
Significantly different (P<0.05) from monoculture.



Table 8.5

nutrient levels.

Holcus lanatus

Agrostis tenuis

Deschampsia

flexuosa

Lolium perenme with
Holcus lanatus

Lolium perenne with
Agrostis tenuis

Lolium perenne with

Deschampsia

Fflexuosa

95% confidence limits are given in brackets.

Low nutrient level

Mean number of tillers at final harvest of four species subjected to three treatments at two

High nutrient level

monoculture

7.7(%1.6)
11.6(+1.3)

15.1(*1.7)

1.0

1.0

1.0

root and shoot

separated

6.4(0.9)
9.6(%2.2)

15.9(%1.4)

1.0

1.0

1.0

mixture

7.6(20.9)
10.0(%2.1)

15.1(¢1.9)

1.0

1.0

1.0

monoculture

41.8(% 4.7)
85.4(£10.0)

76.4(x 1.9)

14.0(¢ 1.9)

14.0(x 1.9)

14.0(+ 1.9)

*
Significantly different (P<0.05) from monoculture

root and shoot

separated

41.7(x 5.4)
74.4(£11.8)

77.1(%15.3)

9.3( 3.4)*

8.3(¢ 1.9)*

11.4(x 3.4)

mixture

40.8(¢ 3.6)
70.7(+10.6)

76.1(*14.4)

2.3(¢ 0.5)*

3.7(x 1.1)*

7.1(+ 1.6)*



8.4 DISCUSSION

From the results described in this chapter there is evidence
that the four species investigated responded differently to the
various experimental treatments. Although the main objective of the
experiment was to study interactions between species it is important
to take account of the fact that in the experiment the grasses used
were subjected to regular clipping. It is necessary, therefore, to
consider how far differences in response were conditioned by defol-
iation. Both Milton (1940) and Mahmoud (1973) have shown, for
example, that there are profound differences between species and
varieties of grasses with respect to their response to defoliation
and we may expect that such differences will strongly influence the
competitive abilities of grasses growing in mixture in a grazed or
mown sward.

At the high nutrient level (Plate 8.2) the main reaction of
Lolium perenne to clipping appeared to consist of a rapid and almost
vertical regrowth of the damaged leaves, whereas, under the same
treatment, Agrostis tenuis responded by producing a large number of
small tillers and leaves, many of which were not projected into the
clipped stratum but produced tillers and stolons capable either of
lateral spread over bare sand or of infiltrating areas of the pot
which were already occupied by other species. In comparison with
Lolium perenne, both Agrostis tenuis and Holcus lanatus formed a
denser canopy close to the sand surface and situated to a much greater
extent below the level subject to clipping.

In the treatment involving separation of the roots and

shoots, H. lanatus, A. tenuis and D. flexuosa suppressed the yield of
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PLATE 8.2

Response of four species to clipping every two weeks
at 5 cm. Left to right: Lolium perenne var.S23,
Holecus lanatus, Agrostis tenuts and Deschampsia flexuosa

Photograph taken 7 days after clipping.
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L. perenne and this effect was observed at both nutrient levels.
The three species differed in the extent to which they suppressed
the yield of L. perenne and the strongest effect was recorded in
treatments including the two faster-growing species. This effect
could be related either to the production of phytotoxins or to

the greater capacity of H. lanatus and A. tenuis to absorb mineral
nutrients by direct absorption from the sand or following their
reabsorption from the saucer. As mentioned on page 81, the design
of the experiment does not appear to allow an adequate means of
discrimination between effects of competition for mineral nutrients
and effects of toxic substances. The possibility remains, however,
that more satisfactory evidence can be obtained from divided-pot
experiments by conducting additional measurements to detect the
levels of mineral nutrient depletion and/or toxin accumulation on
the two sides of the partition. This possibility is examined in
the next chapter.

It is interesting to note that despite its comparatively
low yield D. flexuosa reduced the yield of L. perenne to a con-
siderablé extent at both high and low levels of nutrient supply.

In one respect, however, this inhibition differed from that caused
by A. tenuis and H. lanatus in that reduction in the yield of

L. perenne in the treatment separating roots and shoots was almost
comparable in extent to that occurring in the mixture. The failure
of D. flexuosa to exert a stronger effect in mixture could be due

to the slow rate of leaf canopy development in this species. An
alternative explanation is that the effect of D. flexuoaz was
primarily due to the release of toxic substances able to effectively

reach both sides of the pot.



CHAPTER 9

INTERACTIONS BETWEEN

HOLCUS LANATUS AND FESTUCA RUBRA



9.1  INTRODUCTION

The split-pot experiments described in Chapter 8 did not effect-
ively distinguish between possible effects of mineral nutrient dep-
letion and those due to the production of toxic substances. In the
investigation described in this chapter an attempt was made to

improve the technique as follows:

(1) The investigation was carried out in two stages. In the
first stage (Experiment 1) measurement was made of the
inhibitory effect exerted by Holcus lanatus and Festuca
rubra when the two species were combined in split-pot
treatments of the same type as those described in
Chapter 8. The second stage (Experiment 2) was designed
to attempt to detect the presence of toxic substances
in the sand cultures used in the first experiment and
involved growing seedlings of Rumex acetosa on samples

- of sand removed from the split-pots.

(2) The experiment was maintained for a longer period in
order to increase the chance of toxin accumulation.

(3) Two additional control treatments were employed in the
tests for toxic effects. The first involved sand from
split-pots without plants but maintained with comparable
nutrient additions throughout the experimental period.
In the second control treatment tests were conducted
on fresh sand supplied with nutrient solution at the

commencement of Experiment 2.
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9.2 EXPERIMENT 1

9.2.1 Materials and Methods

The experiment involved sand cultures in 12.5 cm plastic
pots each of which was divided into two equal parts by a plastic
partition. The experimental procedure was identical with that
used in the experiments described in Chapter 8 except that an
additional control treatment was included as described under (3)
in the Introduction. The experiment was commenced by planting ten-
day-old seedlings of two species using the sowing patterns illus-
trated in Figure 8.1,

The experiment was conducted in a growth-room with a
temperature of 20°C by day and 15°¢ by night and a daylength of
18 hours. Each pot received 200 ml of Hewitt nutrient solution
every week, supplemented by quantities of distilled water sufficient
to maintain the sand at field capacity. In each pot the run-off was
collected in a plastic saucer and was allowed to become reabsorbed
into the sand. Commencing after three weeks, the plants were
clipped at 5 cm from the sand surface at intervals of two weeks.
The number of tillers per pot was counted before each clipping.

The clippings collected from each pot at each cut were
sorted into species, dried, and weighed. The plants were harvested
after 27 weeks and the shoots and roots were oven-dried and weighed
separately.

Sand analysis

At the end of the experiment the sand was removed separately

from the two halves of each pot in each experimental treatment and



analyses for mineral nutrients (Ca, K, Na, Mg, P, ammonium-N and

nitrate-N) were carried out using the methods applied in Chapter 3.

9,2.2 Results
Tiller number

Figure 9.1 describes variation with time and treatment in
tiller number of H. lanatus. There were no significant differences
between treatments, and at the end of the experiment the number of
tillers of H. lanatus was four times that of F. rubra (Figure 9.1b).
Subsequent to the fifth clipping the tiller number produced by
F. rubra in monoculture was higher than that measured in the two
remaining treatments, although the difference was statistically
significant (P <0.05) only with respect to the species mixture.
Representative plants of F. rubra photographed at the end of the

experiment are illustrated in Plate 9.1.
Dry weight of clippings and total yield

Figure 9.2a records the dry weight of clippings recovered
from H. lanatus and shows that there were no significant differences
between the treatments. In comparison with the results obtained in
monoculture, the dry weighF of clippings in plants of F. rubra in
mixture with H. lanatus or separated from H. lanatus by root and
shoot partitions showed clear and statistically significant reductions
(P<0.05).

From the results presented in Table 9.1 it is apparent that
there were no significant effects of treatment for H. lanatus in
total dry weight of clippings and in dry weight of shoot and root at

final harvest.
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Figure 9.1

Tiller production in plants of Holcus lanatus (a) and Festuca
rubra (b) in four different treatments.

95% confidence are included.
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PLATE 9.1

Appearance of representative plants of Festuca rubra grown in

three experimental treatments:

(a) Mixture
(b) Roots and shoots separated

(c) Monoculture



Figure 9.2

Dry weights of clippings collected at successive cuts from
plants of Holcus lanatus (a) and Festuca rubra (b) in four
different treatments.

957 confidence limits are included.

(1) Monoculture (o0—o0)

(2) Roots and shoots separated (A-——-- A)

(3) Mixture (e—e)

(3)
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Table 9.1

Mean dry weights (mg) of accumulated clippings per pot from successive cuts, final harvest

of shoot, root, and the mean total production of the two species, Holcus lanatus and Festuca rubrawhen
grown at different treatments.

Dry weight of accumulated
clippings from successive
cuts

Shoot

Root

Total day weight

Holeus lanatus

Festuca rubra

monoculture

6436 (+£333)

1078(+87)

420(+96)

7928(+431)

root/shoot
separation

6490(£1030)

1151(+230)

467(%75)

8108(x1251)

mixture

6322(+455)

1130(+92)

449(+58)

7902 (+707)

monoculture

1071(2425)

413(#171)

118(+48)

1602(+641)

root/shoot
separation

431(+213)

128(+98)

43(+30)

1602(+328)

mixture

203(+64)

34.5(%19)

13.5(%76)

251(£86)



In F.rubra the dry weight of clippings showed a significant
(P<0.05) decline in mixture and in the treatment involving partition-
ing of the two species. Similar differences in F. rubra were

detected at final harvest in the dry weight of shoot and roots.

Sand analyses

Table 9.2 illustrated the analyses for mineral nutrients in
the sand from each side of the pot partition in each treatment at
the end of the experiment. In sand from the control pots (Treatment
A) all the constituents analysed were recorded at concentrations
higher than those associated with the other treatments. Depletion
was more marked in calcium, phosphorus and nitrate-nitrogen and

tended to occur to a greater extent in sand exploited by H. lanatus.
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Table 9.2

at different treatments.

Treatments

Control (A)

Festuca rubra (Bl)
Festuca rubra (BZ)
Holeus lanatus (Cl)
Holecus Zanatus(cz)

®,)
®,)
(E))
(E,)

*

957 confidence limits are included.

70.0%13.2
64.0£45.5
46.6+28.2
55.3%41.6
62.0%f 5.0
50.0+ 8.6%*
48.0 8.6
50.0+25.0
50.0% 8.6

Na

65.3+ 2.8
55.3%24.5
60.6*11.5
56.3+ 7.5
62.0+ 5.0
58.3+ 5.7
60.0%13.1
54.0% 8.6
59.3+ 2.8

Control

significantly different (P<0.05) from Control

Ca

526 14
356+ 52%
376%100%
316%114%
463+ 38%
320+ 49%
483+ 37%
410 65*
473 14%*

Mg

27614

222+40%
210+24%*
220+24%
206+23%
226+28%
236%24%
230£24%*

223%14%

Estimation of the extractable levels (ug g-l) of seven soluble constituents

8.8%1.0
6.7x2.7
7.1%£5.5
4,0%2.2%
3.8%2 5%
2.5%3.6%
2.8%2.6%
3.0%0.1%*
3.331.0%

\§L SE

Ammonium-N

25.5%6.3
21.8%6.5
20.5%2.0
22.8%7.2
25.6%10.0
17.912_.2
18.2%6.9
14.0%6.9
18.6%5.3

L
W\

Ji 62
\=—

D

Roots and shoots
separated

on each side of the pot

Nitrate-N

30.4% 7.1
27.8* 4.7
16.3% 8.7
17.7% 7.2%
28.9%14.0%
1325482 .0
21.9% 5.3
13.0% 0.9%*
19.6% 6.9

Mixture
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9.3 EXPERIMENT 2

9.3.1 Materials and Methods

The sand from each half-pot in each treatment in Experiment 1
was removed and used to fill two 6.5 cm plastic pots and in addition
12 control pots were filled with clean sand. Fifty ml of Hewitt
nutrient solution was added to the sand surface in each pot and a
one-week-old seedling of R. acetosa was planted in each pot. 1In
order to minimize leaching and to prevent desiccation, the run-off
from each pot was allowed to collect in separate saucers. At
intervals of 6 days, further additions of Hewitt solution, each of
35 ml, were made to each bot and distilled water was added regularly
to each pot to keep the sand at field capacity. Each treatment was
therefore represented by 14 seedlings (two replicates from each of
seven half-pots). The pots were arranged in seven random blocks in
a growth-room providing a temperature of 20°¢ by day and 15°¢ by
night with a day length of 18 hours.

After three weeks the plants were harvested and the roots and

shoots were oven-dried and weighed separately.

9.3.2 Results

Figure 9.3 records the yield of R. acetosa in the two control
treatments and in sand removed from the various treatments in
Experiment 1. The yields of root, shoot, and the total dry weight
of R. acetosa in the controls were higher than those from all the
other treatments. The yieid of R, acetosa grown on sand maintained
in pots containing no plants (Treatment A) was only marginally below

that of plants grown in clean sand. The yield of R. acetosa in the



Figure 9.3

The yield of Rumex acetosa grown on sand removed from Experiment 1
at the end of the experiment (S = washed sand).

95% confidence limits are included.

(A) Control

(B) Monoculture of Festueca rubra
(C) Monoculture of Holeus lanatus
(D) Roots and shoots separated

(E) Mixture
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clean sand treatment was significantly (P<0.05) above that attained
in all the other treatments except the control. The lowest yields
in the experiment were obtained in sand derived from half-pots

which had supported H. lanatus during Experiment 1 (Treatments C2’

D2 and EZ)'



9.4 DISCUSSION

From the data in Table 9.2 it is clear that during Experi-
ment 1 differences in nutrient levels developed on opposite sides
of the partition in those treatments which involved H. lanatus.

In general higher nutrient levels occurred at the end of the experi-
ment in the sand which had been exploited by H. lanatus. 1In view

of the rapid growth by H. lanatus relatively higher rates of trans-
piration might be expected, allowing this species to obtain a major
share of the run-off (including mineral nutrients) by reabsorption
from the saucer. From the analytical results, it would appear that
this effect occurred and was sufficient to offset the high rates of
nutrient absorption by H. lanatus. From the results of Experiment 1
it is clear that the yield of F. rubra was severely inhibited by

the presence of H. lanatus and this effect was observed not only
when the two species were grown in mixture but also when they were
prevented from direct contact by means of the partition. There are
two possible explanations for this effect. The first is that

H. lanatus through its higher rates of transpiration and nutrient
absorption was able to obtain a high proportion of the mineral
nutrients draining into the saucer. The second relates to the poss-
ibility that toxic substances were released by H. lanatus.

Evidence in support of the latter hypothesis can be deduced
from data in Figure 9.3 recording the yield of R. acetosa seedlings
grown on sand samples removed from the pots at the end of Experiment
1. These results show large and significant (P<0,05) reductions in
all treatments as compared with clean sand (Treatment S) and the

control treatment (Treatment A) and these reductions are most
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pronounced in treatments involving contact with H. lanatus. During
the seedling>growth experiment, all the pots were supplied with the
same volume of nutrient solution and the high yield of the plants
grown on clean sand (Treatment S) is proof that this rate of supply
was adequate to sustain high rates of growth. Thus it would appear
that nutrient depletion cannot explain the low yield of the R.acetosa
seedlings on sand previously exploited by H. lanatus. Moreover

the analytical data in Table 9.2 show that the levels of mineral
nutrients in sand associated with H. lanatug tended to be relatively
higher than in sand supporting F. rubra. This might be interpreted
as evidence that mineral nutrient toxicity occurred in R, acetosa
seedlings grown on sand exploited by H. lanatus. However, this
possibility is excluded by the fact that considerably greater yields
were obtained on sand from the control treatment (Treatment A) which
contained higher levels in all the nutrients analysed. On this
basis, therefore, the experiment appears to provide strong circum-
stantial evidence of the presence of an inhibitory influence of

H. lanatus additional to that attributable to competition for light,

water or mineral nutrients.



CHAPTER 10

THE EFFECT OF LEACBATES FROM THE RHIZOSPHERE OF ESTABLISHED
PLANTS OF HOLCUS LANATUS UPON THE GROWTH OF SEEDLINGS
OF HOLCUS LANATUS AND RUMEX ACETOSA
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10.1 INTRODUCTION

The experiment described in this chapter was designed to
investigate further the presence of phytotoxic substances in the
rhizosphere of Holous lanatue. Earlier in this thesis (Chapters
4, 5, 7 and 9) evidence was obtained, from laboratory and field
investigations, of inhibitory effects upon seedling growth resulting
from previous occupation of sand or soil by the roots of H. lanatus.
Although these experiments involved the addition of mineral nutrient
solutions to the soils and sand cultures used in the bioassays and
were supported by chemical analyses, the possibility remains that
the effect of H, lanatus could arise, at least in part, from reduc-
tions in mineral nutrient supply resulting from high rates of
nutrient absorption by H. lanatus. The procedure adopted in the
experiment to be described here was designed specifically to take
account of the possible effect of mineral nutrient depletion by
H. lanatus.

A further consideration in the experimental design was that
of autotoxicity. Many workers have reported the occurrence of phyto-
toxic effects active against the plants which produce them (Milton
1943; Curtis and Cottam 1950; Voight 1959; Webb, Tracey and Haydock
1967; Hanes 1971 ; Tinnin and Muller 1972; Newman and Rovira 1975)
and already in two parts of this investigation (Chapters 2 and 7)
evidence has been found of autotoxicity in H. lanatus. This evidence
is a cémplication in any attempt to attach an ecological significance
to the phenomenon of toxin production by A. lanatus and suggests the
need to determine whether H. lanatus is more or less susceptible to

its own toxins than the species with which it occurs in the field.
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With this in mind, therefore, an attempt was made to compare the
effect of leachates from the rhizosphere of established plants of
H. lanatus upon seedlings of H. lanatus and its common associate

Rumex acetosa.

10.2 MATERTIALS AND METHODS

The experiment involved 'donor pots' and 'receiver pots'.
Leachate from donor pots was applied to the receiver pot, and the
yield of seedlings in the receiver pot was used to assess response
to the leachates.

The donor pots were 13 cm in diameter and at the beginning
of the experiment each was filled with washed sand. In half of the
pots ten-day-old seedlings (8/pot) of Holcus lanatus were planted
whilst in the remaining control pots there were no seedlings. All
of the pots were then placed in a growth-room with temperatures
of 20°C by day and 15°C by night and an 18 h daylength. Full
strength Hewitt nutrient solution in aliquots of 200 ml was added
every ten days to each pot. After two months the turf of H.lanatus
in each pot was clipped at a height of 5 cm. The sand in each pot
was then washed with 3 1 of distilled water, and the experimental
and control pots were divided into four groups each composed of five
replicates. For the remainder of the experiment each of the four
groups of pots received a different concentration of nutrient
solution. The levels applied were 0.5 N, 1 N, 2 N and 4 N Hewitt

nutrient solution.
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The receiver pots containing the same washed sand as the
donor pots were 9 cm in diameter and each was provided with a
plastic saucer. Ten-day-old seedlings of H. lanatus and Rumex
acetosa were planted singly in each pot. There were ten receiver
pots of each species for each strength of nutrient solution (i.e.
2 receiver pots/l donor pot). The pots were arranged in randomized
blocks within the same growth-room as the donors. The seedlings
in the receiver pots were allowed to establish for 18 days during
which time two aliquots, each of 100 ml full Hewitt nutrient
solution, were supplied to each pot. After 18 days application of
leachates commenced. Leachate was collected from each donor pot
by adding 200 ml of the appropriate nutrient solution to the sur-
face of the sand in the donor pot and collecting the runoff which
was then applied again to the sand surface. After four passages
through the sand, the leachate was applied to the receiver pots.
Following this procedure 50 ml of leachate was added to each

receiver pot every week.



10.3 RESULTS

In Figures 10.1 and 10.2 the yields of Rumex acetosa and
Holcus lanatus seedlings harvested at the end of the experiment are
plotted against the concentration of Hewitt nutrient solution
supplied to the donor pots and used to elute the leachates. A more
detailed presentation of these data is included in Appendix 3,
From these results it is apparent that seedlings of both species
were reduced in yield when subjected to leachates from established
plants of H. lanatus and this effect extended across the range of
nutrient concentrations. For both species asymptotic responses to
nutrient concentration occurred both in the control plants and in
those subjected to H. lanatus leachates. It is interesting to note
that for R, acetosa the highest yield in the control plants occurred
at 2.0 N Hewitt solution whereas the 1.0 N solution was optimal
in the experimental treatment. In H. lanatus, maximum yield was
associated with a concentration of 2.0 N Hewitt solution in both
treatments.

When the yields of seedlings treated with leachates from
d. lanatus are expressed as a percentage of the yield of the control
plants it is clear that the extent of inhibition was rather greater
in R. acetosa than H. lanatus. However, because of the larger
initial size of the seedlings of R. acetosa, the effect of this
inhibition was to cause seedlings of the two species to attain

quite similar yields.
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Figure 10.1

The yield of seedlings of Rumex acetosa after six weeks' growth
in sand cultures, supplied with leachates from pots of sand
containing no plants (o) and established plants of Holcus

lanatus (e).
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Figure 10,2

The yield of Holcus lanatus after six weeks' growth in sand
culture, supplied with leachates from pots of sand
containing no plants (o) and established plants of Holcus

lanatus (@).
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10.4 DISCUSSION

Seedlings of both Rumexr acetosa and Holeus lanatus showed
an asymptotic response in yield to increasing mineral nutrient
supply and this pattern obtained in the presence and in the absence
of leachates from sand containing the roots of established plants
of H. lanatus. It seems likely that the reduced yield at 0.5 N
Hewitt solution was due to mineral nutrient shortage whilst that
observed at a concentration of 4 N was the result of some form of
mineral nutrient toxicity. It is of considerable interest, there-
fore, to observe that in both species the leachate from H. lanatus
produced a major reduction in seedling yield across the complete
range of nutrient concentrations. This provides evidence of a toxic
effect originating from H. lanatus which can be clearly distinguished
from effects arising from competition for mineral nutrients., It is
also worth mentioning that in common with the results of the studies
described in Chapters 2, 4 and 9, this experimental data suggests
that toxic effects can be produced relatively early in the life-
cycle of H. lanatus and do not depend upon the accumulation of
large quantities of litter or root debris.

The results also indicate that K. acetosa was more suscept-
ible than H. lanatus to the inhibitory effect of the H. lanatus
leachate. This finding is consistent with the findings of Newman

and Rovira (1975) and with those described in Chapter 7.



CHAPTER 11

GENERAL DISCUSSION
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11.1 INTRODUCTION

In any attempt to consider the involvement of plant phyto-
toxins in ecological processes there is a need to review evidence
from both field and laboratory sources and careful analysis is
required in order to relate such evidence to information concerning
other aspects of the mechanisms by which interactions occur between
neighbouring plants. Moreover, as explained in Chapter 1, extreme
caution is justified, where the research objective is to attempt to
recognize plants in which the production of phytotoxins is an
adaptive feature allowing the species concerned to suppress the
vigour of potential competitors.

With these considerations in mind therefore, the procedure
in this Discussion will be first to review the evidence obtained
from the present studies for the production of phytotoxins by
selected herbaceous plants of the Sheffield flora. Secondly, an
attempt will be made to consider whether the production of phyto-
toxins confers an ecological advantage upon the plants which produce
them and comments will be made concerning the possible importance
of allelopathy, relative to that of other recognized determinants

of success in plant interactions.
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11.2 EVIDENCE OF THE PRODUCTION AND RELEASE OF PHYTOTOXINS

11.2.1 Field evidence of phytotoxic effects

(1) Woodland sites (Sites 1 and 2)

The results of the seedling bioassays described in Chapter 4
suggest that an inhibitory effect in samples of surface soil occurred
in the period following the deposition of deciduous tree litter at
Sites 1 and 2. The data indicate that this effect was not due to
mineral depletion and it seems reasonable to suspect that inhibition
was related to the release of organic toxins during the initial
phase of microbial decay of the tree leaves. In attempting to
assess the impact of this phenomenon on the growth of ground flora
species it is worth noting that the effect appeared only for a short
period at a time when most of the herbaceous species were not in an
active phase of growth (see Chapter 2). Further studies will be
necessary before it is possible to determine whether such temporary
effects influence the success of germination and seedling establish-
ment in woodland plants. Evidence suggesting that certain tree
species produce inhibitory chemical effects upon adjacent plants
has been reported in several earlier studies (Cook 1921; Massey 1925;
Mergen 1959; del Moral and Muller 1969; Al-Naib and Rice 1971;

Lodhi and Ricé 1971; McPherson and Thompson 1972; Lodhi 1975,1976)
and tﬁere is now a major requirement for investigations testing the
hypothesis that seasonal release of toxins influences phenological

events on the woodland floor.
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(2) Heathland sites (Sites 6 and 7)

The bioassays conducted on soils from Sites 6 and 7 in
Chapter 4 produced consistently low yields throughout the seasonal
studies. This could be attributed to several factors. The soil
was extremely acidic (Table 3.1) and elements such as Mn, Fe and Al
were present in very high concentrations and mineral nutrients such
as nitrate-nitrogen were scarcely available. In these studies the
yield of Rumex acetosa seedlings remained low on soil samples pro-
vided with additional mineral nutrients suggesting that toxic
substances could have been released by the dominant species (Calluna
vulgaris, Pteridium aquilinum) at the two sites. It is interest-
ing to note that for both of these species there is previous
evidence of the occurrence of toxic effects.

Bracken (P. aquilinwm) grows in environments ranging from
tropical to boreal, and there are references in the literature to
its dominating influence in many types of vegetation (Gliessman
and Muller 1972). Most investigators have attributed dominance to
the superior competitive ability of the species, but Gliessman and
Muller (1972) reported that water extracts of dead fronds collected
near Santa Barbara, California, were inhibitory to seed germination
and radical growth of two grass species. Leachates of green fronds
were found to be non-toxic but 'artificial rain' leachates from
bracken litter were shown to be inhibitory to the radical growth
of gr;ss seedlings and residues of bracken fronds in the soil also
exerted a toxic effect. In a further study with the same species
Stewart (1975) concluded that allelopathic interactions may

explain the relative absence of shrubs from sites dominated by bracken.
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Whitehead (1964) found that soil associated with bracken contained
P-hydroxybenzoic acid, vanillic acid, P-hydroxycinnamic acid, and

5

ferulic acid at concentrations of 3.9 x 107> M, 419 x 107> M, 4.2 x

10-5 M and 0.4 x 10-5 M respectively. Fronds were found to contain
these same compounds in high concentrations throughout the growing
season, and rain leaching and decomposition of the fronds apparently
introduced the compounds into the soil (Glass and Bohm 1969). Glass
(1976) treated six grasses and a species of clover to conditions
intended to reproduce exactly the concentrations of major phenolic
acids present in soil associated with bracken. The first experiment
was carried out using 0.5 mM CaSO4 solution as the control medium
together with an experimental treatment of CaSOA solution plus the
phenolic acids. Root growth was severely inhibited in comparison
with the controls in all species except one (Agropyron repens). In
a further experiment an attempt was made to examine the influence

of mineral nutrients upon the effect of phenolic acids. No inhibit-
ory effects of the phenolic acids upon barley root growth were
detected in the presence of a complete inorganic nutrient medium.
Recently Gliessman and Muller (1978) have completed a very compre-
hensive study of bracken toxicity. From the results, these authors
suggested that competition cannot account for the lack of herbs in
bracken stands. Measurements of soil pH, soil texture, water-
holding capacity, and organic matter content in bracken patches

and in.neighbouring areas of vegetation indicated no consistent
correlations with soil factors and it was concluded that phytotoxins
leached from the dead standing bracken fronds by the first few rains

of the wet season were largely responsible for herb suppression.
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These toxins were isolated in rain~drip from bracken foliage in

the field and from soil inside the fern stands. Moreover, herbs
reinvaded the stands after several seasons when fronds were removed
before rains could leach them, and conversely, placing fronds over
the herbs in neighbouring grassland resulted in herb inhibition.

It would be most interesting to conduct similar experiments upon
British populations of P. aquilinum.

From studies conducted in Galacia in Spain situations have
been described (Ballester and Vieitez 1971; Ballester, Arines and
Vieitez 1972; Salas and Vieitez 1972; Vieitez and Ballester 1972)
in which attempts to utilize heathlands for agriculture have
resulted in strongly inhibitory effects upon crop plants, partic-
ularly various grass species. These investigators found that
Calluna vulgaris and several other Ericaceous species all contained
substances which were inhibitory in the Avena coleoptile straight
growth test. Phenolic compounds have been identified in various
parts of these heath plants and the same substances were found to
be present in the soil under certain of these species. It has
been established that tree species, such as birch (Betula pendula)
and spruce (Picea abies) often fail to develop in association with
heather (Calluna vulgaris). Handley (1963) reported that in the
presence of heather the growth of mycorrhizae on spruce was inhibited
and he concluded that this caused the failure of spruce to establish
in heather. Robinson (1972) employed experimental techniques which
demonstrated conclusively that run-off from roots of living Calluna
vulgaris and raw humus of this species contained a factor toxic to

several mycorrhizal fungi., More investigations are now required in
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order to study the failure of many grasses, forbs and tree seedlings
to establish in heathland. 1In particular it is necessary to assess
the importance of toxins derived from Calluna vulgarie in inhibiting

mycorrhizal associations.

(3) The grassland site (Site 3)

In the investigation described in Chapter 5 samples of soil
collected from local areas of a derelict grassland dominated by
Holeus lanatus were found to reduce seedling growth to an extent
consistently greater than that observed for samples collected from
random positions within the same field. This effect could not be
removed by the addition of mineral nutrients to the soil and the
results obtained in a seasonal study (Chapter 4) suggested that phyto-
toxins originating from H. lanatus, although persistent, showed some
seasonal variation in effect and in this respect appeared to be

intermediate between those associated with the heathland and wood-

land sites.

11.2.2 Experimental evidence of phytotoxic effects

As explained in Chaﬁter 1, evidence of the production of
phytotoxins by plants is available from numerous experimental
investigations. The evidence obtained in the present study can be
considered under two headings which refer to different experimental

techniques.
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(1) Long-term experiments

In the published studies of the toxic effects of decompos-
ing plant materials reviewed by Rice (1974,1979) attention has been
concentrated upon short-term effects upon germination and early
seedling growth resulting from the addition of litter or plant
extracts to soil or sand cultures. In a recent investigation of
this type Newbery (1976,1979) adopted a broad 'screening' approach
using many species to investigate allelopathic effects of decompos-
ing roots and shoots of one species upon the growth of the same or
another species under a range of experimental conditions. From the
results of this study it was apparent that decaying roots and shoots
of a range of British herbaceous plants are capable of affecting
plant growth., It is of interest to note that in Newbery's investi-
gation inhibitory effects were recorded in experiments involving
residues of Holeus lanatus since evidence of the inhibition of plant
growth by decomposition products or toxic secretions from H. lanatus
was obtained in the present study in the experiments described in
Chapters 7, 8 and 9. In view of this evidence of the production of
phytotoxins in short-term experiments it is interesting to consider
what is the likely course of events in circumstances where species
such as H. lanatus occupy the same soil for an extended period. Some
evidence on this point is available from the experiment described in
Chapter 7. The results of this study show that, after the first
year, monocultures of several species, including H. lanatus, accumul-
ated toxic substances to an extent which appeared to induce severe

autotoxicity. In this respect the results accorded with the field
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evidence of autotoxicity in H.lanatus patches described in Chapter
5. However, in assessing the significance of the long-term experi-
ments it may be important to remember that the rooting medium was
sand and may have contained a microflora more conducive to toxin

accumulation than those occurring in natural soils.

(2) Short-term experiments

In relatively short-term experiments there is an opportunity
to study mechanisms of allelopathy under more closely-controlled
conditions. In particular it is easier to ensure that effects due
to depletion of mineral nutrient supply are either eliminated or
taken into account. The technique applied in the experiment des-
cribed in Chapter 10 appears to be very effective in distinguishing
between effects of phytotoxins and mineral nutrient supply in leach-
ates from cultures of H. lanatus and perhaps could be applied more
generally in future screening experiments.

A second advantage of the short-term experiment is related
to the possibility that it may provide opportunities to distinguish
between toxic secretions and inhibitors originating as decomposition
products. However, as several authors (e.g. Shamoot et al. 1968;
Barber and Gunn 1974) have pointed out, even in experiments involv-
ing seedlings and young plants as donors, it seems certain that
leachates will contain not only substances which have been actively
exuded but also decomposition products either from root hairs and
other cells which have been sloughed off the roots or from the root

gsurface microflora.
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11.3 THE ECOLOGICAL SIGNIFICANCE OF PHYTOTOXIN PRODUCTION

From the results obtained in this investigation and from many
previous studies there is circumstantial evidence that toxins, origin-
ating by secretion from plants or as products of the decay of litter,
contribute to the mechanisms limiting rates of dry matter production
in natural habitats. However, the present state of development of
experimental techniques does not provide unequivocal proofs of the
impact of allelopathy. Even under controlled conditions in the lab-
oratory there are likely to be formidable technical problems where an
attempt is made to investigate the role of plant toxins under con-
ditions which resemble (nutritionally and microbiologically) those
occurring in the field. Moreover, before we can judge the role of
phytotoxins as determinants of vegetation composition it will be
necessary to assess the extent to which their effects are (1) selective
between species and (2) important relative to other environmental

factors.

(1) Selectivity

From field investigations (e.g. Milton 1943; Curtis and
Cottam 1950; Voight 1959; Webb, Tracey and Haydock 1967; Hanes 1971;
Tinnin and Muller 1972; Newman and Rovira 1975; Newbery 1976) and
evidence such as that in Figure 10.2, it is apparent that many phyto-
toxins are effective against the plants which produce them. This does
not mean, however, that we should assume that under field conditions
these plants derive no advantage from the production and release of
toxins. There are several possible mechanisms whereby such plants
may escape the major impact of their toxins. In the case of Pteridium
aquilinum, for example, it seems likely that the main concentration
of toxic residues from the litter will be present in the surface layers
of the soil profile and will exercise a more potent effect upon shallow
rooting grasses than upon P. aquilinum which tends to exploit deeper

horizons of the soil profile,

A second mechanism which could allow a plant to evade the
effect of its toxins is related to phenology and has been summarised

in the form of the 'Loch-Ness' model (Grime 1979). This model



(Figure 11.1) describes the possible sequence of events, in a cir-
cumstance in which the growth of the toxin producer is restricted

to one season in the year during which toxins accumulate either by
secretion or as decomposition products from senescent roots and
shoots. Under these hypothetical conditions the highest concen-
trations of toxin in the environment will occur after the main
growth-period of the producer and may be expected therefore to exert
a selective effect against species with complementary phenologies.
However, a continued advantage can be expected from such a mechanism
only provided that the rate of breakdown of the toxin is sufficient
to reduce the concentration to a low level before the next growth-
period of the toxin-producer and, as shown in Figure 11.1, alter-
ation of the balance between rates of production and decomposition
of toxin could result in conditions favourable either to co-
existence. or, £o, @utotoxXicity.; At the present time, there is only
circumstantial evidence (e.g. Robinson 1971) of such 'seasonal'
allelopathy. However, as pointed out by Grime (1979), it may be
significant that phytotoxic effects have been reported for a con-
siderable number of competitive-ruderals, many of which achieve local
of temporary dominance in herbaceous vegetation. Examples include
annual forbs, such as Hordeum vulgare (Pickering 1919; Overland
1966), Camelina alyssum (GrUmmer and Beyer 1960), Helianthus annuus
(Wilson and Rice 1968), and Avena fatua (Tinnin and Muller 1972),
grasses such as Lolium multiflorum (Welbank 1963) and Holecus lanatus
(Al1-Mashhadani 1980), and perennial forbs such as Trifolium spp.
(Chang et al. 1969; Katznelson 1972) and Andropogon virginicus

(Rice 1972), 1In this connection it is also interesting to note
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Figure 11.1

Model describing the possible role of accumulating plant
toxins in mechanisms of co-existence, dominance, and

autoxicity involving two herbaceous species.
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that cycles of colonization, dominance and reduced productivity
have been recognized in acidic heathlands and grasslands of the
British Isles (Watt 1947,1955; Grime 1963b;Grubb, Green and
Merrifield 1967).

The present study has provided some evidence that H.lanatus
is able to outyield certain other species in circumstances where
the rooting medium contains phytotoxins derived from established
plants of H. lanatus. Results such as those presented in Chapters
7 and 10 (see also Table 11.1) show that seedlings of H. lanatus
may produce yields marginally higher than those of Lolium percnne
and Rumex acetosa when grown on sand or soil previously occupied by
H. lanatus or treated with leachates from sand cultures of this
species. Such data are in agreement with those of Newman and Rovira

(1975), Newbery (1976) and Firth (1977).

(2) The ecological importance of phytotoxins relative to other

environmental factors

Although in theory (see Rice 1974) the production of phyto-
toxins can provide an explanation for the dominant status of
particular species in certain vegetation types it is doubtful
whether the success of any ‘plants can be attributed exclusively to
allelopathy. In the present study, each of the species for which
there is evidence of toxin production exhibits additional character-
istics facilitating resource capture and the exclusion of neigh-
bouring plants. In Pteridium aquilinum, for example, these features

include extensive lateral spread by rhizomes, the development of a



Table 11.1

The yield of seedlings of Holcus lanatus, Lolium perenne
and Rumex acetosa after three weeks's growth in soil
dominated by H., lanatus, supplied with different

Hewitt nutrient solution concentrations.,

957 confidence limits are included.

(Al-Mashhadani unpublished)

Concentration of Hewitt solution

0.5 1.0 2.0 4.0
Holeus lanatus 20.96.4 15.7+4.,27 14.2%6.9 8.4%3.8
Lolium perenne 10.3+2,8 7.2+1.6 5.7¢2.0 4,0£1.3

Rumex acetosa

14.8%4.5 13.0+3.4 11.144.5 7.1£2.4
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high leaf canopy during the summer, the tendency to accumulate a
dense layer of persistent litter on the ground surface and the pro-
duction of robust fronds capable of penetrating the litter. 1In
Holcus lanatus, dominance is associated with the capacity for rapid
growth over a wide range of temperatures (Chapter 6), the production
of a dense leaf canopy under clipped and unclipped conditions and
the formation of an exceedingly large root surface area composed of
finely-divided roots and root-hairs.

Circumstantial evidence consistent with the 'Loch-Ness'
model is evident in Figure 11.2 which summarizes the phenological
and bioassay data obtained in the present study from the grassland
site at New Totley (Chapters 2 and 4). From the bioassays it is
apparent that during the summer of 1978 there was a progressive
decline in soil fertility which followed the peak in shoot biomass
in Holcus lanatus, coincided with the build up of H. lanatus litter
and was only partially removed by application of mineral nutrients
during the bioassays. The data indicate that phytotoxic effects
persisted during 1979 and were associated with a very reduced
phenological peak in H. lanatus and an increase in the shoot biomass
of Agrostis tenuis. Whilst it is tempting to conclude that the
decline in vigour of H. lanatus in 1979 was the result of auto-
toxicity, other possible explanations (e.g. frost damage during the
relatively severe winter) must be considered and further investi-
gation'will be required in order to test this hypothesis. It is
interesting to note, however, that sequences of vigorous growth
followed by marked decline have been recorded for H. lanatus in

earlier studies. Dunbar (1971,1974) examined H. lanatus colonies



Figure 11.2

Estimates of seasonal variation in the shoot biomass in two

constituent grasses in an area of derelict grassland (see

Chapter 2) combined with the results of seedling bioassays

on soil samples removed concurrently from the same site

(see Chapter 3).
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over a five-year period at several sites and found that the most
vigorous growth and the most complete ground cover at each site
occurred in the first season, but thereafter declined rapidly as
H. lanatus was replaced by other species. Whilst it is possible
that the patterns recognized by Dunbar merely reflect a relatively
short life-history in the species it is not easy to discount auto-
toxicity in the example of declining vigour of H. lanatus found in
the sand culture experiment described in Chapter 7. Here there
was a progressive failure in growth and regeneration of H. lanatus
despite the absence of competition from other herbaceous species.
Several authors, including Rice (1974) and Newman (1978),
have suggested that the production of phytotoxins may also contribute
to the mechanisms which facilitate coexistence between neighbouring
species. The present investigation has produced no evidence con-
sistent with this hypothesis. Although in the case of Holcus
lanatus major reductions were induced in the growth of seedlings of
the toxin-producer (Chapter 10) there was no evidence that H.lanatus
was more susceptible to its own toxins than seedlings of its common
associate, Rumex acetosa. Moreover, the results of the field and
laboratory experiments described in Chapters 2, 5 and 6, 7, 9,
indicate that under conditions in which toxin accumulation occurs
there is a strong tendency for H. lanatus to occur as the dominant
component of the vegetation. The phenological studies (Chapter 2)
and the results of other recent studies of grassland dynamics
(Mortimer 1974; Thompson 1977; Watt 1977) suggest that coexistence
between H. lanatus and other grassland herbs is dependent upon

phenomena unrelated to allelopathy, such as differential responses
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to seasonal variation in temperature, grazing and mowing regimes
and complementary patterns of vegetative spread and seedling

regeneration.



APPENDIX 1

Lists of the species of flowering plants present within each of

the samples sites,
Site 1
AllZum ursinum

Anemone nemorosa

Arum maculatum

Chrysosplanium oppositifolium

Cirecaea lutetiana
Festuca gigantea
Galium aparine
Hedera helix
Heracleum sphondylium
Mercurialis perennis
Myosotis sylvatica
Myrrhis odorata

Poa trivialis
Ranunculue ficaria
Ranunculus repens
Silene dioica

Urtiea dioica
Veronica montana

Site 2

Agroetis stolonifera
Anthriscus sylvestris
Arrhenatherum elatius
Cardamine flexuosa
Deschampsia cespitosa
Epilobium adenocaulon
Eptlobiun hirsutum
Festuca gigantea
Heracleum sphondylium
Holcus lanatus
Impatiens glandulifera

Poa trivialis

Ranunculus repens
Rorippa tslandica
Rumex obtustifolium
Silene diotea
Stellaria alsine
Trifolium repens

Urtica diotea

Site 3

Agropyron repens
Agrostis tenuis
Anthoxanthum odoratum

Arrhenatherum elatius

Chamaenerion angustifolium

Dactylis glomerata
Deschampsia cespitosa
Festuca rubra

Holeus lanatus

Poa pratense

Rumex acetosa '
Site 4

Acer pseudoplatanus
Agropyron repensg
Agrostis stolonifera
Bromus mollis
Cerastium fontanum
Dactylis glomerata
Equisetum arvense
Galium aparine

Holeus lanatus
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APPENDIX 1 (Contd)

Site 4 (contd)

Lolium multiflorum
Lolium perenne

Poa annua

Poa pratense

Poa trivialis
Ranunculus acris
Stellaria media
Trifolium pratense

Trifolium repens

Site 5

Agrostis stolonifera
Anthoxanthum odoratum
Bellis perennis
Cerastium fontanum
Cerastium holosteoides
Chrysanthemum leucanthemum
Galium aparine

Holeus lanatus
Hypochoeris radicata
Lolium multiflorum
Lolium perenne
Plantago lanceolata
Poa annua

Poa trivialis
Polygonum aviculare
Ranunculus acris
Ranunculus repens
Rumes obtusifolius
Stellaria media
Taraxacum of ficinale
Trifolium pratense
Trifolium repens

Site 6

Deschampsia flexuosa

Pteridium aquilinum
Site 7
Calluna vulgaris

Deschampsia flexuosa
Empetrum nigrum
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APPENDIX 2

Climatic data from Western Park (2 km from experimental site).

Max = mean maximum daily air temperature °c Min = mean minimum daily air temperature °c
1973 1974 1975 1976 1977 1978

Month Max Min Max Min Max Min Max Min Max Min Max Min
Jan 6.7 2.8 8.1 2.9 8.9 3.3 7.6 3.2 4.6 0.4 5.3 3.0
Feb 7.4 2,2 7.9 3.1 8.4 1.7 6.7 2.1 6.2 1.5 4.3 -0.4
Mar 10.6 3.6 8.5 2.3 6.8 1.7 7.8 1.4 9.4 3.4 10.1 3.4
Apr 12,1 4,7 11.5 3.6 12,2 5.1 11.8 4.4 10.6 3.7 9.3 3.2
May 15.5 7.1 15.6 6.9 13.8 5.6 15.7 8.1 14.6 6.1 16.4 7.2
June 20.0 10.8 17.7 9.8 20.6 9.7 22.3 12.0 16.4 8.3 17.4 9.7
July 19.7 12.2 18.7 11.7 21.7 14.3 24.0 13.2 19.6 11.8 18.2 10.8
Aug 20.6 12.1 19.5 11.5 24,6 13.9 23.0 12.0 19.2 11.4 18.6 11.7
Sept 17.9 10.5 15.7 8.8 17.3 9.5 16.4 9.6 16.2 9.7 17.2 11.0
Oct 12.8 5.6 10.0 5.2 13.3 6.5 13.0 7.5 13.9 8.3 15.3 9.2
Nov 8.5 3.6 8.7 3.7 8.8 3.3 8.7 3.2 8.6 3.2 11.3 6.1
Dec 7.3 2.3 9.9 5.1 8.2 3.5 3.9 0.3 7.5 3.6 5.0 0.9
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APPENDIX 3

The yield of seedlings of Rumex acetosa and Holcus lanatus after six weeks' growth in sand cultures, supplied

with leachates from pots of sand containing no plants (control) and established plants of Holeus lanatus.

952 confidence limits are in brackets.

Concen- Dry weight (mg) of the yield received Dry weight (mg) of the yield received
tration of 1leachate from control pot leachate from H. lanatus pots
Hewitt
Species solution Root Shoot Total Root Shoot Total
0.5 18.9(+14.8) 27.8(%12.7) 46.7(*26.9) 2.9(¢1.1) 6.5(¢ 3.1) 9.4(% 4.1)
Rumex: 1.0 17.2(* 9.1) 52.9(*24.1) 70.1(%29.9) 9.5(+4.3) 23.9(£10.9)  33.4(*15.1)
acetosa 2.0 66.3(+x23.8) 126.0(#28.5) 192.3(#33.1) 8.8(%6.5) 15.4(13.2)  24.2(%14.1)
4.0 27.9(+£20.0) 73.5(%33.1) 101.4(%47.0) 7.0(#3.1) 11.6(¢ 6.0) 18.6(+ 7.9)
0.5 5.7(x 1.5) 25.4(x 3.6) 31.1(+ 8.1) 2.9(20.7) 7.8(+ 5.7) 10.7(¢ 6.1)
1.0 6.9(+ 1.3) 40.3(%21.2) 47.2(+22.2) 5.0(*1.1) 15.1(+ 6.8) 20.1(+x 7.7)
Holc:ls‘s 2.6 6.7(+ 2.7)  49.6(+30.2) 57.3(+32.9) 3.9(21.9) 17.7(+10.4)  21.6(*12.7)
4.0 5.1(¢ 2.0) 26.7(¢+ 7.0) 31.8(+ 9.0) 1.7(%0.3) 3.7(¢ 1.2) 5.5(¢ 1.5)

611



BIBLIOGRAPHY



ABDUL-WAHAB, A. S. and RICE, E. L. (1967). Plant inhibition by
Johnson grass and its possible significance in old-

field succession.
Bull.Torrey Bot.Club 94, 486-497,

ASHAPANEK, D. (1962). Phenology of native tall-grass prairie in
Central Oklahoma. .
Ecology 43, 135-138.

AL-MASHHADANI, Y., SYDES, C. and GRIME, J. P. (1979). Phenology
and allelopathy.
Unit of Comparative Plant Ecology (NERC), Department
of Botany, Sheffield Universtity, Annual Report 1979
pp.6-7.

AL-MOUSAWI, A. H. and AL-NAIB, F. A. G. (1975). Allelopathic
effects of Euculyptus microtheca F. Muell,
J.Univ. Kuwait(Sei.) 2, 59-66,

AL-MUFTI, M. M. (1978). A quantitative and phenologieal study of
the herbaceous vegetation in Totley Wood.
Ph.D. Thesis, University of Sheffield.

AL-MUFTI, M. M., SYDES, C. L., FURNESS, S. B., GRIME, J. P. and
BAND, S. R. (1977). A quantitative analysis of
shoot phenology and dominance in herbaceous vegetation,
J.Ecol. 65, 759-791,

AL-NAIB, F. A. and RICE, E. L. (1971). Allelopathic effects of
Platanus occidentalis
Bull.Torrey Bot.Club 98, 75-82,

ALLEN, S. E., GRIMSHAW, H. M., PARKINSON, J. A. and QUARMBY, C.
(1974). Chemical analysis of ecological materials.
(Ed. by S. E., Allen).
Blackwell Scientific Publications, Oxford,

ARMSTRONG, G. M., ROHRBAUGH, L. M., RICE, E. L. and WENDER, S, H.
(1970). The effect of nitrogen deficiency on the
concentration of caffeoylquinic acids and scopolin

in tobacco.
Phytochemistry 9, 945-948.

BALLESTER, A. and VIEITEZ, Y. E. (1971). Estudio de sustancias de
crecimiento aisladas de Erica cinerea L,
Acta Ci Compostelatia 8, 79-84,

BALLESTER, A., ARINES, J. and VIEITEZ, Y. E. (1972). Compuestos
fenalicos en suelos de brezel.
Anles Edafologia Agrobiol. 31, 359-366.

120



BARBER, D. A. and GUNN, K. B, (1974). The effect of mechanical
forces on the exudation of organic substances by
roots of cereal plants grown under sterile conditions.
New Phytol. 73, 39-45,

BARTA, A. L. (1977). Uptake and transport of calcium and phosphorus
in Lolium perenne in response to N supplied to halves
of a divided root system,

Phystol.Plant. 39, 211-214.

BAZZAZ, F. A. and BLISS, L. C. (1971). Net primary production of
' herbs in a central Illinois deciduous forest.
Bull.Torrey Bot.Club 98, 90-94,

BEDDOWS, A. R. (1961). Biological flora of the British Isles No.
2148 - Holeus lanatus L.
J.Eeol. 49, 421-430.

BELL, D. T. and MULLER, C. H. (1973). Dominance of California
annual grasslands by Brassiea nigra.
Amer . Mid.Natur. 90, 277-299,

BENEDICT, H. M. (1941). The inhibitory effect of dead roots on the
growth of bromegrass.
J.Amer. Soc. Agron. 33, 1108-1109.

BLACKMAN, G. E. and RUTTER, A. J. (1946). Physiological and ecol~-
ogical studies in the analysis of plant environment.
I, The light factor and the distribution of the
bluebell (Seilla non-scripta) in woodland communities.
Ann.Bot. N.S.10, 361-390.

BLISS, L. C. (1967). Phenology program of IBP,
Bio Seience 17, 712-714,

BONNER, J. (1950). The role of toxic substances in the inter-
actions of higher plants,
Bot. Rev.16, 51-65.

BBRNER, H. (1960). Liberation of organic substances from higher
plants and their role in the soil sickness problem.
Bot. Rev.26, 393-424.

BOSWELL, J. G. and GOVER, D. J. (1946). The microbiology of acid
soils. I. 'Mor' bearing Pinus sylvestris and Betula

pubescens.
New Phytol. 45, 218-224,

CHADOKAR, P, A. and HUMPHREYS, L. R. (1973). Effect of tiller age
and time of Nitrogen stress on seed production of
Paspalum plicatum.
J.agric.Set. 81, 219-229,



CHANG, C. F., SUZUKI, A., KUMAI, S. and TAMURA, S. (1969). Chem~
ical studies on 'clover sickness': II, Biological
functions of isoflavenoids and their related
compounds,

Agrie.btol.Chem. 33, 398-408,

CLAPHAM, A. R., TUTIN, T. G. and WARBURG, E. F, (1973). FExcursion
flora of the British Isles. 2nd Edition,
Cambridge University Press.

COOK, M. T. (1921). Wilting caused by Walnut trees.
Phytopathology 11, 346.

CURTIS, J. T. and COTTAM, G. (1950). Antibiotic and autotoxic
effects in prairie sunflower.
Bull.Torrey Bot.Club77, 187-191,

DARWIN, C. (1859). The origin of species by meane of natural
selection or the preservation of favoured races in the
struggle for life.

Murray, London.

del MORAL, R. (1972). On the variability of chlorogenic acid
concentration.
Oecologia 9, 289-300.

del MORAL, R. and MULLER, C. H. (1969). Fog drip: a mechanism of
toxic transport from Fucalyptus globulus.
Bull.Torrey Bot.Club 96, 467-475.

del MORAL, R. and MULLER, C. H. (1970). The allelopathic effects
of Eucalyptus camaldulensis.
Amer.Midl.Natur., 83, 254-282,

DIERSCHKE, H. (1970). Zur Aufnahme und Darstellung phanologischer.
Erscheinungen in pflanzengesellschaften. In Grund-
fragen and Methoden in der pflangensoziologie (Ed.
by Tuxen). Bericht uder das Intern.symposium des
Inter. Vereins fur vegetationskunde.

Revised edition E. van der Marnel and R. Tuxen eds.
1972,
W. Junk, Den Hagg.

DUNBAR, G. A. (1971). The effectiveness of some herbaceous species
from montane and subalpine revegetation.
Proceedings of the New Zealand Ecological Society,
18, 48-57.

DUNBAR, G. A. (1974). Yorkshire fog in mountain revegetation.
Proceedings of the New Zealand Grassland Aseoctiation
35, 284-287.



EBER, W. (1971). The characterization of the woodland light
climate. Ecological studies and analysis Vol,2.
Integrated Experimental Ecology (Ed. by
H. Ellenberg), pp. 143-152,
Springer, Berlin.

EGUNJOBI, J. K. (1974). Dry matter, nitrogen and mineral element
distribution in an unburnt Savanna during the year.

OFcol. Plant.9, 1-10.

ELLENBERG, H. (1938). Uber Zusammensetzung, Standorf und stoff-
produktion bodenfeuchter Eichen - und Bunchen -
Mischwaldgesellschaften Nordwestdeutchlands.
Mitt.Florist. Soziol.Arb. gem. Niedersachsen 5, 3-135,

EVANS, L. T., WARDLOW, I. F. and WILLIAMS, C. N. (1964). Environ-
mental control of growth. In: Grasses and Grass-
lands. (Ed. by C. Barnard), pp.102-125,

Macmillan and Co. Ltd., London, Melbourne, New York.

FIRTH, M. (1977). Allelopathy among some British grassland species
' in relationship to Lolium perenne establishment in
swards by the Weed Research Organisation "One-pass"
drill.
.Report of Sandwick Year Project carried out at the
Weed Research Organisation, Oxford.

FLOYD, G. L. and RICE, E. L. (1967). Inhibition of higher plants by
three bacterial inhibitors.
Bull.Torrey Bot.Club 94, 125-129,

FORD, E. D. and NEWBOULD, P. J. (1977). The biomass and production
of ground vegetation and its relation to tree cover
through a deciduous woodland cycle.

J.Ecol. 65, 201-212,

FURNESS, S. B. (1980). Ecological effects of temperature in bryo-
phytes and herbaceous plants.
Ph.D. Thesis, University of Sheffield,

GANT, R. E. and CLEBSCH, E, E. C. (1975). The allelopathic
influences of Sassafras albidum in old-field succession

in Tennessee.
Ecology 56, 604-615.

GLASS, A. D. M, (1975). Inhibition of phosphate uptake in barley
roots by hydroxy-benzoic acids.
Phytochemistry 14, 2127-2130.

GLASS, A. D. M. (1976). The allelopathic potential of phenolic
acids associated with the rhizosphere of Pteridium
aquilinum.

Can.J.Bot. 54, 2440-2444.,



GLASS, A. D. M, and BOHM, B. A. (1969). The accumulation of cinnamic

GLIESSMAN,

GLIESSMAN,

GOLLEY, F.

GORYSHINA,

GRANT,

GRIME,

GRIME,

GRIME,

GRIME,

GRIME,

GRIME,

GRUBB,

E. A.

and benzoic acid derivatives in Pteridium aquilinum and
Athyrium felix-femina.
Phytochemistry 8, 371-377.

S. R. and MULLER, C. H. (1972). The phytotoxic potential

of bracken, Pteridium aquilinum (L.) Kuhn.
Madrono 21, 299-304.

S. R. and MULLER, C. H. (1978). The phytotoxic potential

of bracken, Pteridium aquilinum (l.) in southern
California.
J.Chem.Ecol. 4, 337.

B. and GENTRY, J. B. (1966). A comparison of variety and

standing crop of vegetation on one-year and a twelve-
year field.
Oikos 15, 185-199.

T. K. (1972). Recherches ecophysiologiques sur les plantes

ephemeroides Printanicres dans les chenaies de al zone
forest-steppe de la Russie Centrale.
& col.Plant. 7, 241-258,

and SALLANS, W. G. (1964). Influence of plant extracts
on germination and growth of eight forage species.
J.Brit.Grassland Soe. 19, 191-197,

J. P. (1963a). Factors determining the occurrence of calci-

fuge species on shallow soil over calcareous substrata.
J.Eeol. 51, 375-391.

J. P. (1963b). An ecological investigation at a junction

J. P.

between two plant communities in Coombsdale on the
Derbyshire Limestone.
J.Ecol, 51, 291-402,

(1973 ). Competition and diversity in herbaceous
vegetation - a reply.
Nature 244, 310-311.

J. P. (1979). Plant Strategies and Vegetation Processes.

J. P.

J. P.

Wiley, Chichester.

and HUNT, R. (1975). Relative growth-rate: its range
and adaptive significance in a local flora.
J.Ecol. 63, 393-422,

and LLOYD, P. S. (1973). An Ecological Atlas of
Graseland Plants.
Edward Arnold, London,

P. J., GREEN, H, E. and MERRIFIELD, R. C. J. (1969). The

ecology of chalk heath: its relevance to the calcicole-
calcifuge and soil acidification problem.
J.Ecol. 57, 175-212.



GRUMMER, G. and BEYER, H. (1960). The influence exerted by species
of Camelina on flax by means of toxic substances. In
The Biology of Weeds (Ed. by J. L. Harper), pp.l153-157,
Blackwell Scientific Publications, Oxford.

GUENZI, W. D., KEHR, W. R. and McCalla, T. M. (1964). Water-soluble
phytotoxic substances in alfalfa forage: variation with
variety, cutting, year and stage of growth.

Agron.J. 56, 499-500.

GUENZI, W. D. and McCalla, T. M, (1966a). Phenolic acids in oats,
wheat, sorghum, and corn residues and their phyto-
toxicity.

Agron.J. 58, 303-304.

GUYOT, A. L. (1957). Les microassociations vegetales au sein du
Brometrum Erecti.
Vegetatio,Haag 7, 321-354,

HACKETT, C. (1965). Ecological aspects of the nutrition of
Deschampsia flexuosa (L.) Trin: II. The effects of Al,
Ca, Fe, K, Mn, N, P, and pH on the growth of seedlings
and established plants.,
J.Ecol. 53, 315-333.

HAGGAR, R. J. (1976). The seasonal productivity, quality and res-
ponse to Nitrogen of four indigenous grass species
compared with Lolium perenne.

J.Br.Grassland Soe. 31, 197-207.

HANDLEY, W. R. C. (1963). Mycorrhizal associations and Calluna
: heathland afforestation.
Bull.Forest.Commn London 36,

HANES, T. L. (1971). Succession after fire in the chaparrel of
southern California,
Ecol.Monogr. 41, 27-52.

HARPER, J. L. (1961). Approaches to the study of plant competition.
In Mechanisms in Biological Competition, Symp.Soc.exp.

Biol. 15, pp.1-39.
Cambridge University Press.

HEWITT, E. J. (1966). Sand and water culture methods used in the
study of plant nutrition.
Comm.Agri.Bot.Tech.Comm.Bur.Hort. 22 (3nd Edn.)

HOLWAY, J. G. and WARD, R, T. (1965). Phenology of Alpine plants
in northern Colorado.
Ecology 46, 73-83.

HUGHES, M. K. (1971). Ground vegetation biocontent and het primary
production in a deciduous woodland.
Oecologia (Berl.,) 7, 127-135.



HUGHES, M. K. (1975). Ground vegetation net production in a Danish
Beech wood.
Oecologia (Berl.)18, 251-258,

HULL, J. C. and MULLER, C. H. (1977). The potential for dominance
by Stipa pulchra in a California grassland.
Amer .Midl.Naturalist 97, 147-175,

HUNT, R. (1970). Relative growth-rate: its range and adaptive
significance in a local flora.
Ph.D. Thesis, University of Sheffield.

IWAKI, H,, MIDERIKAWA, B, and HOGETSU, K. (1964). Studies on the
productivity and nutrient element circulation in
Kirigamine grassland, Central Japan. II, Seasonal
change in standing crop.
Bot.Mag.Tokyo 77, 447-457.

JANKOWSKA, K. (1967). Sezonowe zminay reslinnoscii produkeja
pierwotna netto placie taki Arrbenatberetum elatioris.
Zaklad Ochrony Prayrody Polskej. Akademii Nauk,
Studia Naturae-Seria Al, 153-173,

JARVIS, P. G. (1964). Interference by Deschampsia flexuosa (L.) Trin,
Oitkos 15, 56-78.

JUNE, S. R, (1976). Investigations on allelopathy in a red beech
forest.
Mauri.Ora. 4, 87-91,

KATZNELSON, J. (1972). Studies in clover soil sickness. I. The phen-
omenon of soil sickness in berseem and Persian clover.
Pl.Soil 36, 379-393.

KEEVER, C. (1950). Causes of succession on old fields of the
Piedmont, North Carolina.
Ecol.Monogr. 20, 229-250.

KOYAMA, H. and KAWANE, S, (1973). Biosynthematic studies on
Maianthemum (Lilacea-polygonatae). VII. Photosynthetic
behavior of M. dilatatum under changing temperate
woodland environments and its biological implications.

Bot.Mag.Tokyo 86, 89-101.

KUBICEK, F. and BRECHTL, J. (1970). Production and phenology of the
herb layer in an oak-hornbeam forest,
Biologie (Bratislava) 25(10), 651-666.

LAING, E. V. (1932). Studies on tree roots.
Bull.For.Commn, London, No.l1l3.

LEHMAN, R. H., and RICE, E. L. (1972)., Effect of deficiencies of
nitrogen, potassium and sulfur on chlorogenic acids and
scopolin in sunflower.

Amer . Mzdl.Natur. 87, 71-80.



LIETH, H.

LIETH, H.

LOCHE, J.

LODHI, M.

LODHI, M.

LODHI, M.

MAHMOUD,

MAHMOUD,

MAHMOUD,

MALCOLM,

(1970). Phenology in productivity studies. In Analysis
of Temperate Forest Ecosystems (Ed. by D. Reichle),
pPp.29~46.,

Springer Verlag, New York,

and ASHTON, D. H. (1961). The light compensation points
of some herbaceous plants inside and outside deciduous
wood in Germany.

Canad.J.Bot.39, 1255-1259,

and CHOUTEAU, J. (1963). Incidences des carences en Ca,
Mg, or P sur 1l'accumulation des polyphenol dans la
leuille de tabac.
C.R.Hebd.Seances Acad.Agr.Fr.49, 1017-1026.

A. K. (1975), Soil-plant phytotoxicity and its possible
significance in patterning of herbaceous vegetation
in a bottomland forest.

Amer.J.Bot. 62, 618-622,

A. K. (1976). Role of allelopathy as expressed by
dominating trees in a lowland forest in controlling
productivity and pattern of herbaceous growth.
Amer.J.Bot. 63, 1-8,

A. K. and RICE, E, L, (1971). Allelopathic effects of
Celtis laevigata.
Bull.Torrey Bot.Club 98, 83-89.

A. (1973). A laboratory approach to ecological studies of

the grasses Arrhenatherum elatius (L.) Beauv. ex J. and
C. Presl, Agrostis tenuis Sibth. and Festuca ovina [,
Ph.D. Thesis, University of Sheffield.

A. and GRIME, J. P, (1974). A comparison of negative

relative growth rates in shaded seedlings.
New Phytol. 73, 1115-1219,

A. and GRIME, J. P. (1976). An analysis of competitive

ability in three perennial grasses.
New Phytol. 77, 431-435,

D. C, (1975). The influence of Heather on silvicultural

practice - an appraisal.
Seott.For. 29, 14-24,

MANTILLA, J. L. G., ARINES, J. and VIEITEZ, E, (1955). Biological

activity of extracts from Calluna vulgarts (L.) Hull,
on the growth and germination.
Anal.Edafl Agrobiol. 34, 789-795.



MASSEY, A. B. (1925). Antagonism of the walnuts (Juglans nigra and
J. ceinerea) in certain plant association.
Phytopathology 15, 773-784.

McGRATH, S. P. (1979). Growth and distribution of Holcus lanatus L.
populations with reference to nitrogen source and
aluminium.

Ph.D. Thesis, University of Sheffield.

McGRATH, S. P. and AL-MASHHADANI, Y. D. (1980). Structure and
dynamics of populations of Holeus lanatus L. (Yorkshire
fog). In Amenity Grassland: an Ecological Perspective.
(Ed. by I. H. Rorison and R. Hunt). Proceedings of the
Second Discussion Meeting for U.K. Research Workers.
John Wiley, Chichester. pp. 236-237.

McPHERSON, J. K. and MULLER, C. H. (1969). Allelopathic effects of
Adenostoma fasciculatum, 'chamise', in the California
chaparrel.

Ecol.Monogr. 39, 177-198.

McPHERSON, J. K. and THOMPSON, G. L. (1972). Competitive and allelo-
pathic suppression of understory by Oklahoma oak forests.
Bull.Torrey Bot.Club 99, 293-300.

MERGEN, F. (1959). A toxic principle in the leaves of Ailanthus.
Bot.Gaz. 121, 32-36.

MILNE, A. (1961). Definition of competition among animals. In
Mechanism in Biological Competition (Ed. by F. L.
Milnthorpe), pp. 40-61.
Cambridge University Press.

MILTON, W. E. J. (1940). The effect of manuring, grazing and cutting
on the yield, botanical and chemical composition of
natural hill pastures,

J.Eaol. 28, 326-356.

MILTON, W. E. J. (1943). The yields of ribwort plantain (ribgrass)
when sown in pure plots and with grass and clover
species.

Welsh J.Agrie. 27, 109-116.

MITCHELL, K. T. (1956). Growth of pasture species under controlled
environment. I. Growth at various levels of constant
temperatures.

N.Z2.J.Set.Tech., 38, 203-216.

MONASTERIO, M. and SARMIENTO, G. (1976). Phenological strategies
of plant species in the tropical savanna and the semi-
deciduous forest of the Venezuelan Llanos.

J.of Biogeography 3, 325-356.

MORTIMER, A. M. (1974). Studies of germination and establishment of
selected species with special reference to the fate of
geeds.

Ph.D. Thesis, University College of North Wales, Bangor,
U.K.



MULLER, C. H. (1965). Inhibitory terpenes volatilized from Salvia

shrubs.
Bull.Torrey Bot.Club 92, 38-45.

MULLER, C. H. (1966). The role of chemical inhibition (allelopathy)
in vegetational composition.
Bull.Torrey Bot.Club 93, 332-351,

MULLER, C. H. (1969). Allelopathy as a factor in ecological process.
Vegetatio, Haag 18, 348-357,

MULLER, C. H., HANAWALT, R. B. and McPHERSON, J. K. (1968), Allel-
opathic control of herb growth in the fire cycle of
California chaparral.
Bull.Torrey Bot.Club 95, 225-231,

MULLER, W. H. and MULLER, C. H. (1964). Volatile growth inhibitors
produced by Salvia species.
Bull.Torrey Bot.Club 91, 327-330.

MULLER, C. H., MULLER, W. H. and HAINES, B. L. (1964). Volatile
growth inhibitors produced by shrubs.
Setence 143, 471-473,

NEWBERY, D. McC. (1976). Allelopathic and competitive interactions
among some plants common in neutral graseland.
Ph.D. Thesis, University of Bristol.

NEWBERY, D. McC. (1979). The effects of decomposing roots on the
growth of grassland plants.
J.app.Eeol. 16, 613-622,

NEWMAN, E. I. (1978). Allelopathy: adaptation or accident? In
Biochemical Aspects of Plants and Animal Coevolution.
(Ed. by J. B. Harborne).
Academic Press, London.

NEWMAN, E. I. and MILLER, M. H. (1977). Allelopathy among some
British grassland species. II. Influence of root
exudates on phosphorus uptake.

J.Ecol. 65, 399-411.

NEWMAN, E. I. and ROVIRA, A. D. (1975). Allelopathy among some
British grassland species.
J.Eeol. 63, 127-137.

OBERDORFER, E. (1949). Pflanzensoziologische Exhureionflora fir
Stld estdeuschland und die angrenzenden Gebiete.
Stuttgart.

ODUM, E. P. (1960). Organic production and turnover in old field

succession.
Ecology 41, 34-49.



OIEN, A. and SELMER-OLSEN, A. R, (1969). Nitrate determination in
soil extracts using the NOj-specific electrode.
Analyst 94, 888-894,

OVERLAND, L. (1966). The role of allelopathic substances in the
"smother crop" barley.
Amer.J.Bot. 53, 423-432.

PARKS, J. M, (1970). A preliminary study of possible allelopathy
in mesophytic forest community in the upper Kanawha
Valley.
Proc.West.Virg.Acad.Set. 42, 6-15.

PATRICK, Z. A. (1955). The peach replant problem in Ontario. II.
Toxic substances from microbial decomposition products

of peach root residues.
Can.d.Bot. 33, 461-486.

PEARSALL, W. H. (1938). The soil complex in relation to plant
communities. II. Characteristic woodland soils,
J.Ecol. 26, 194-209.

PERSIDSKY, D. J., LOEWENSTEIN, H. and WILDE, S. A. (1965). Effect
of extracts of prairie soils and prairie grass roots

on the respiration of ectotrophic mycorrhizae.
Agron.J. 57, 311-312,

PICKERING, S. U. (1919). The action of one crop on another.
J.Roy.Hort.Soc. 43, 372-380.

PIGOTT, C. D. (1956). Vegetation. In Sheffield and its Region
(Ed. By D, L. Linton), pp.72-89.
Oxford University Press.

POLIZOTTO, K. R., WILCOX, G. E. and JONES, C. M., (1975). Response
of growth and mineral composition of potato to Nitrate

and Ammonium nutrition.
J.Am.Soe. Hort.Set. 100, 165-168.

REBSON, M. J. (1973). The growth and development of simulated
swards of perennial ryegrass. 1. Leaf growth and dry
weight change as related to the ceiling yield of a

seedling sward.,
Ann.Bot. 37, 487-500.

REMISON, S. U. (1976). Root interactions amongst grass species.
Ph.D. Thesis, University of Reading.

REMISON, S. U. and SNAYDON, R. W. (1978). Yield, seasonal changes
in root competitive ability and competition for
nutrients among grass species.

J.agric.Sei. 90, 115-124,



RICE, E.

RICE, E.

RICE, E,.

RICE, E.

RICE, E,

RICE, E.

RICE, E.

RIVEROS,

L, (1964). Inhibition of nitrogen-fixing and nitrifying
bacteria by seed plants. I.
Ecology 45, 824-837,

L. (1965). 1Inhibition of nitrogen-fixing and nitrifying
bacteria by seed plants, II.
Physiol.Plant. 13, 255-268.

L. (1972). Allelopathic effects of Andropogon virginicus
and its persistence in old fields.
Amer.J.Bot. 59, 752-755.

L. (1974). Allelopathy.
Academic Press, N.Y.

L. (1976). Allelopathy and grassland improvement. In
The Grasses and Grasslands of Oklahoma (Ed. by J. R.
Estes and R. J. Tyrl), pp.90-111.

Nobel Foundation, Ardmore, Okla.

L. (1979). Allelopathy - An Update.
The Botanical Review 45, 15-109.

L. and PANCHOLY, S. K. (1973). 1Inhibition of nitrification
by climax ecosystems. II. Additional evidence and

possible role of tannins.
Amer.J.Bot. 60, 691-702,

i

(1963). A study to ascertain the mode of operation of
competition between perennial Ryegrass, Yorkshire Fog
and White Clover.

M.Sc. Thesis, Massey University, New Zealand.

ROBINSON, R. K. (1971). Importance of soil toxicity in relation to

the stability of plant communities. In The Seientific
Management of Animal and Plant Communities for
Conservation (Ed. by E., Duffey and A..S. Watt), pp.105-
113.

Blackwell Scientific Publications, Oxford.

ROBINSON, R, K. (1972). The production by roots of

RORISON,

of a factor inhibitory to growth of some mycorrhizal
fungi.
JaEcoZo 60, 219"224;

I. H. (1967). A seedling bioassay of some soils in the
Sheffield area.
J.Ecol. 55, 725-741.

ROVIRA, A. D. (1969). Plant root exudates.

Biol.Rev. 35, 35-59.



SALAS, M. C. and VIEITEZ, Y. E. (1972). Activated de crecimiento
de Ericaceus.
Anales Edatal.Agrobiol. 31, 1001-1009.

SALISBURY, E. J. (1916). The emergence of the aerial organs in
woodland plants.
J.Ecol. 4, 121-128,

SALISBURY, E. J. (1916). The oak-hornbeam woods of Hertfordshire.
Parts I and II.
J.Eeol. 4, 83-117.

SCAIFE, M. A. (1976). The use of a simple dynamic model to inter-

pret the phosphate response of plants grown in solution

culture.
Ann.Bot. 40, 1217-1229,

SCURFIELD, G. and BOSWELL, J. D. (1953). The microbiology of acid
soils, IIT. The analysis of soil profiles under
Deschampsia flexuosa (L.) Trin. and Holcus mollis L.
New Phytol. 52, 178-185,

SHAMOOT, S., McDONALD, L. and BARTHOLOMEW, W.v(1968). Rhizo-
deposition of organic debris in soil.
Proc.Soil Set.Soec.Am. 32, 817-820.

SPARLING, J. H. (1964). Ontario's woodland flora.
Ontario Naturalist 2, 18-25.

SPARLING, J. H. (1967). Assimilation rates of some woodland herbs
in Ontario.

STEWART, R. E. (1975). Allelopathic potential of western bracken.
J.Chem.Ecol. 1, 161-169.

STOWE, L. G. (1979). Allelopathy and its influence on the dis-
tribution of plants in an Illinois old-field.
J.Ecol. 67, 1047-1064.

STRUIK, G. J. (1965). Growth patterns in some native annuals and
perennial herbs in Southern Wisconsin.
Ecology 46, 410-420.

SULLIVAN, J. T. and SPRAGUE, U. G. (1943). Composition of the roots

and stubble of perennial ryegrass following partial

defoliation.
Pl.Physiol.Lancaster 18, 656-670.

SYDES, C. L. (1980). Some Aspects of Competition and Co-existence
in Various Types of Herbaceous Vegetation.
Ph.D. Thesis, University of Sheffield.



SYDES, C. (1980). Investigation into the effect of tree litter on
herbaceous vegetation in deciduous woodland.
Ph.D. Thesis, University of Sheffield.

TAINTON, N. M. (1967). A comparative study of the growth and
development of some sub-tropical and temperate grasses.
Ph.D. Thesis, University of Wales.

TAYLOR, R. J. and PEARCY, W. (1976). Seasonal patterns of the CO
exchange characteristic of understory plants from a
deciduous forest.

Canad.J.Bot. 54, 1094-1103.

THOMPSON, K. (1977). An ecological investigation of germination
responses to diurnal fluctuations in temperature.
Ph.D, Thesis, University of Sheffield.

THURSTON, J. M. (1969). The effect of liming and fertilizers on the
botanical composition of permanent grassland, and on
the yield of hay. In. Ecological Aspects of the
Mineral Nutrition of Plants (Ed. by I. H. Rorison),
pp.3-10.

Blackwell Scientific Publications, Oxford.

TINNIN, R. O. and MULLER, C. H. (1972). The allelopathic influence
of Avena fatua: the allelopathic mechanism.
Bull.Torrey Bot.Club 98, 287-292,

TRACZYK, T. (1968). Studies on the primary production in meadow
community.
Ekol.Pol.A. 16, 59-100.

TROUGHTON, A. (1963). A comparison of five varieties of Lolium
perenne with special reference to the relationship
between the root and shoot systems.

Euphytica 12, 49-56.

TUKEY, H. B. Jr. (1969). Implications of allelopathy in agricultural
plant science.
Bot.Rev. 35, 1-16.

TUKEY, H. B. Jr. and MORGAN, J. U. (1964). The occurrence of
leaching from above-ground plant parts and the nature
of the material leached.

Proc.XVI Int.Hort.Congr. &4, 146-153,

TURKINGTON, R. and HARPER, J. L. (1979). The growth, distribution
and neighbour relationships of Trifolium repens in a

permanent pasture, IV, Fine-scale biotic differentiation.
J.Eeol.67, 245-254,

TURNER, B. H. and QUARTERMAN, E. (1975). Allelochemic effects of
Petalostemon gattingerion the distribution of Arenaria
patula in cedar glades,

Ecology 56, 924-932.



VIEITEZ, E. and BALLESTER, Y. A. (1972). Compuestos fenolicos y
cumaricos en Erica cinerea L.
Anales Inst.Bot.Cavaniles 29, 129-142,

VINES, H. M. and WEDDING, R, T. (1960). Some effects of NH, on
plant metabolism and a possible mechanism for ammonium
toxicity.

DPlant Physiol. 35, 820-825.

VOIGHT, J. W. (1959). Ecology of a southern Illinois bluegrass
pasture.
J.Range Managel2, 175-179.

VRIES, D. M. de and HART, M. L. T. (1941). The consequences of
severe frost on grassland,
Nieuwe Veldbode  31-32.

WALKER, D. A. and CROFTS, A. R. (1970). Photosynthesis.
Ann. Rev.Biochem.31, 389-428.

WANG, T. S. C., YANG, T. and CHUANG, T. (1967). Soil phenolic
acids as plant growth inhibitors.
Sotl Set. 103, 239-246.

WATT, A. S. (1947). Pattern and process in the plant community.
J.Eeol. 35, 1-22.

WATT, A. S. (1955). Bracken versus heather; a study in plant
sociology.
J.Ecol. 43, 490-506.

WATT, T. A. (1977). Aspects of the ecology of Holcus lanatus L.
alone and in mixture with Lolium perenne L.
D.Phil. Thesis, University of Oxford.

WATT, T. A. (1977). The biology of Holecus lanatus L. (Yorkshire
Fog) and its significance in grassland.
Herb.Abstr., 48, 195-204.

WEBB, L. J., TRACEY, J. G. and HAYDOCK, K. P. (1967). A factor
toxic to seedlings of the same species associated
with living roots of the non-gregarious subtropical
rainforest tree Grevillea robusta.

J.appl.Eeol. &4, 13=25,

WELBANK, P. J, (1960). Toxin production from Agropyron repens.
In The Biology of Weeds (Ed. by J. L. Harper), pp.l158-
164, .
Blackwell Scientific Publications, Oxford.

WELBANK, P, J. (1963). Toxin production during decay of Agropyron
repens (Couch grass) and other species,
Weed Res.3, 205-214,



WHITEHEAD, D. C. (1964). Identification of P-hydroxybenzoic, vanillic,
P-coumaric and ferulic acids in soils.
Nature 202, 417-418,

WILLIAMSON, P, (1976). Above ground primary production of chalk
grassland allowing for leaf death.
J.Ecol. 64, 1059-1075.

WILSON, R. E. and RICE, E. L. (1968). Allelopathy as expressed by
Helianthus annuus and its role in old-field succession,
Bull.Torrey Bot.Club 95, 432-448,

WOODHEAD, T. W. (1906). The ecology of woodland plants in the
neighbourhood of Huddersfield,
Linn.Soe. (Bot.) 37, 333-406.



