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ABSTRACT

The role of nitrate solutions in stimulating the germination of 

seeds in soil was investigated with a series of laboratory and field 

experiments. Comparisons were made between ruderal species from 

disturbed sites, calcicole species from calcareous grassland and 

calcifuge species from acidic heathland.

Germination tests showed that maximum germination of four

ruderal species (Artemisia vulgaris, Cardamine hirsuta, Senecio
-2 -3vulgaris and Stellaria media) occurred in 10 M to 10 M potassium

nitrate. Twenty-two ruderal species were incubated on a thermobar,
—2with and without 10 M nitrate, in light and darkness in eleven 

temperature regimes with different diurnal temperature ranges. The 

greatest additional germination with nitrate in many of these species 

occurred at the larger diurnal temperature ranges which were already 

stimulatory. The calcicole and calcifuge species generally failed to 

respond to nitrate solutions but were stimulated by alternating 

temperatures.

Seeds of the four ruderal species were buried outdoors for 

varying periods and then incubated in controlled conditions. Their 

response to nitrate was lost and their responses to light and 

alternating temperatures were reduced. Naturally buried seedbanks of 

soil from the three habitats, when incubated in controlled 

conditions, also failed to show any stimulation by nitrate.

Field experiments to test the effects of added nitrate on 

seedling emergence from natural seedbanks were performed in 1981 and 

1982. In 1981 a nitrification inhibitor was used to control natural 

nitrate levels in the soil but its apparent stimulation of emergence 

made interpretation difficult. The only significant response to 

nitrate was in Poa spp., with 20% higher germination in nitrate than



in water treatments. In 1982 no responses to nitrate could be 

isolated.

These results were discussed in terms of the possible role of 

nitrate in the detection of safe sites for germination and the 

adaptive nature of any response to nitrate by ruderal species.
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1 • Introduction and Literature Review.

1.1 General Introduction : The importance of dormancy.

Dormancy may be defined as the lack of germination of viable 

seeds, even though the minimum requirements for the regrowth of the 

embryo (water, oxygen and reasonable temperatures) are available 

(Villiers 1973). The ability of seeds to remain dormant is an 

important characteristic of many plant species and is responsible for 

the accumulation of large seedbanks in both cultivated and natural 

soils. Many estimates of the numbers of seeds present in a wide 

variety of seedbanks have been made (Roberts and Stokes 1966, Roberts 

1970, Thompson and Grime 1979, Roberts H.A. 1981), although the 

majority of work has involved arable soils (reviewed by Murdoch

1982). Numbers of arable weed seeds ranging from 3 x 10^ ha“1 up to 

860 x 106 ha-1 were cited by Chancellor (1981) in his review on weed 

behaviour.

Chancellor (1982) has reviewed the ways in which types of 

dormancy have been classified. A widely used system was a division 

between primary and secondary dormancy. Primary dormancy is present 

when the seed is shed. However, if conditions are unfavourable for 

germination when primary dormancy is lost, a secondary dormancy can 

be induced. Harper (1957) suggested a classification into three 

types of dormancy; innate, induced and enforced. Innate dormancy 

corresponds to primary dormancy, whilst induced dormancy results from 

conditions inclement for germination but remains even when favourable 

conditions return. Enforced dormancy is that which occurs when 

environmental conditions are unfavourable for germination, but does 

not persist once the conditions have changed. A third classification 

by Vegis (1964) divides seeds into those which are absolutely dormant
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and will not germinate under any conditions, and those which are 

conditionally dormant and require specific environmental conditions 

for germination.

Henceforth, in discussing these experiments, the last of these 

classifications, employing the concepts of conditional and absolute 

dormancy, will be used. Greater germination under particular 

environmental conditions and not others is thus taken as evidence of 

conditional dormancy. Evidence from the study of Avena fatua seeds 

suggest that the factors capable of breaking primary and secondary 

dormancy are of the same type (Chancellor 1982) and such a division 

is consequently considered unnecessary in this context.

The importance of seed dormancy has been widely discussed and 

reviewed (Thurston 1959, Barton 1962, Vegis 1964, Roberts E.H. 1972, 

Chancellor 1982) with emphasis on ruderal {senau. Grime 1979) species. 

Seed dormancy is one strategy that can enable plants to avoid 

conditions unfavourable for growth or survival, such as periods of 

extreme climate or disturbance. In this way some species are able to 

survive extreme heat and drought or the cold of winter as well as 

being able to recolonise areas cleared by cultivation or natural 

disturbance such as fire. This ability to remain dormant is 

responsible for many serious agricultural weed infestations despite 

physical and chemical methods of weed control (Murdoch and Roberts 

1982).

A random loss of dormancy would serve to spread germination over 

a wide period but since it could still frequently occur in conditions 

unfavourable to seedling survival the advantage gained would be 

limited. It would be more beneficial if germination occurred at a 

time and place where seedlings had a higher chance of survival. The 

concept of "safe sites", situations in which germination can occur, 

was originally introduced by Harper, Williams and Sagar (1965), and
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in a later article by Cook (1980) the term was extended to describe 

sites in which seedling survival following germination was also 

favoured. If dormancy is assumed to be adaptive it is to be expected 

that germination sites will provide a relatively high likelihood of 

establishment for the seedlings emerging in them. Cook's extended 

usage of the term "safe site" is therefore used here.

The occurrence of safe sites varies both temporally and 

spatially. Examples of the former are where seedlings would benefit 

from avoiding the hot and dry conditions of summer or the cold of 

winter when mortality due to dessication or frost damage could be 

high. Spatial variation of two kinds can be identified; firstly 

related to the depth of seed burial and secondly associated with open 

conditions and gaps in vegetation. The energy reserves of seeds 

buried deep in the soil may be exhausted before the seedling reaches 

the surface, resulting in death. Germination at a shallower depth 

therefore constitutes a form of safe site although clearly the actual 

depth would depend to a large extent on seed size (Black 1956). Open 

conditions can also provide safe sites for germination in that 

competition for light, water and nutrients, which might otherwise 

result in seedling mortality can be avoided. Thus, the chance of 

seedling survival immediately after germination is greater in each of 

these types of safe site.

If seeds are to benefit from these opportunities for safe 

germination, they must be able to respond to the environmental 

characteristics of the safe sites they encounter. It has been shown 

that the following factors can be involved in breaking dormancy and 

hence may help to identify safe sites.
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1. Light (e.g. Evenari 1965, Wesson and Wareing 1967, 1969, Toole 

1973).

2. Alternating temperatures; large diurnal temperature ranges (e.g. 

Thompson 1977, Totterdell and Roberts 198Q, Roberts and 

Totterdell 1981).

3. Chemical treatments; in particular inorganic nitrates and 

ethylene (reviews by Roberts E.H. 1973, Chancellor 1981).

4. Chilling (stratification) (e.g. Taylorson and Hendricks 1969, 

Vincent and Roberts 1977, Roberts and Benjamin 1979).

5. Oxygen and carbon dioxide levels (e.g. Popay and Roberts 1970a).

In addition, moisture stress may be an overriding factor in limiting 

the germination of non-dormant seeds in the soil (Roberts and Potter 

1980).

A recent literature review by Murdoch (1982) discussed these 

factors in detail and additional references were also presented 

above. Further discussion is left to appropriate'points later in the 

text. It should, however, be noted that a single dormancy breaking 

factor may not be sufficient to identify a safe site or indeed be 

efficient in doing so. Interactions between these dormancy breaking 

factors, particularly light, alternating temperatures and nitrate, 

have been widely observed and have important influences on the 

germination patterns of many species (Roberts E.H. 1973, Vincent and 

Roberts 1977, 1979).

Depth of dormancy and the resulting response to particular 

dormancy breaking factors are changing characteristics of seeds.

Some species exhibit an annual cycle of dormancy changes (Karssen 

1980/81b, Baskin and Baskin 1981, Froud-Williams et al. 1984). An 

induction of dormancy by prevailing environmental conditions may 

occur which alters the response to the dormancy breaking factors



6

involved. Other environmental factors later in the year may then 

reduce the depth of dormancy returning the seed to, or near to, its 

original state of dormancy. Depth of seed dormancy has also been 

shown to vary with seed age, both in the laboratory and in the soil 

(Roberts and Lockett 1975, 1978b). Vegis (1964) described a widening 

of requirements for germination as a result of after-ripening. Thus 

the state of dormancy may vary not only seasonally but also with seed 

age.

Despite the wide agricultural use of inorganic nitrates and the 

use of nitrates to stimulate germination in the laboratory their 

effect still remains poorly understood in comparison to the other 

dormancy breaking factors. Few efforts have been made to assess 

their importance in the field and recognise their involvement, if 

any, in the identification of safe sites for germination. As well as 

comparing the responses to inorganic nitrate solutions of a variety 

of species (22 ruderals, 6 calcicoles and 4 calcifuges) in the 

laboratory, this study therefore attempts to assess the importance of 

nitrates in field conditions.

1.2 Nitrate literature review : Laboratory experimentation.

The earliest record of stimulation of germination by nitrate in 

the laboratory was by Lehmann in 1909 who observed a response to KNO^ 

in the dark. A similar replacement of a light requirement by nitrate 

was observed by Gassner in 1915(a,b). Subsequent work showed a wide 

range of types of response including inhibition of germination by 

nitrate (Lugo 1955, on Vanilla planlfolla). Examples of these 

responses include the replacement of requirements for light or glume 

removal, by KNOjt in the stimulation of germination of Poa compressa 

(Andersen 1932) and stimulation of 2 out of 5 Sporobolus species but
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only in particular temperature regimes (Toole 1941). This work made 

it clear that a response to nitrate was dependent on other 

environmental factors and that it was not a characteristic of all 

species.

Steinbauer and Grigsby (1957) tested 85 weed species and found 

that over 50% had higher percentage germination when wetted with 

nitrate solutions than with water. They also demonstrated varying 

degrees of interaction between nitrate and other dormancy breaking 

factors such as light and diurnally fluctuating temperatures. A 

similar interaction was observed by Englehardt et aim (1962) who 

showed that addition of KNO^ to Amaranthus hybrldus seeds enhanced 

their sensitivity to light stimulation.

Various compounds and concentrations of nitrate were used in 

these experiments (Table 1.1) and this may have contributed to some 

extent to the variation in the type and magnitude of response being 

observed. Walter (1963) used a range of nitrate concentrations in 

his experiments as well as testing species of both a nitrophilic and 

non-nitrophilic nature. He also reported the work of Mayser (1954, 

see Schimpf 1977) with seed buried in the soil, who concluded that 

nitrophilic species have higher nitrate optima and maxima for 

germination than do non-nitrophilic species.

Many more workers have continued to experiment with nitrates as 

dormancy breaking factors (Williams and Harper 1965, Biswas &t aim 
1972, Hendricks and Taylorson 1972, 1974, Evans and Young 1975, 

Moursi et al. 1977, Petersen and Bazzaz 1978, Schonbeck and Egley 

1980, Dey and Choudhuri 1982) with varying results which often defy 

direct comparison. The interactions of nitrate with other dormancy 

breaking factors exacerbate the problem of comparing results from 

different experiments due to the variation in light and temperature 

regimes used. One feature common to the majority of these



Table 1.1 A summary of the plant species, salts and concentrations used in a cross section of previous 

laboratory germination experiments employing nitrates.

Author(s) Date Species Nitrate salt(s) Concentration ( s )
Andersen 1932 Poa compressa KNO, N/50
Benjamin 1974 Capsella bursa-pastoris 

Chenopodium album 
Poa annua

KNO-
NaN03
n h4nÒ 3

io'1 ,io'2,io'3m

Bostock 1978 Achillea millefolium 
Artemisia vulgaris 
Cirsium arvense 
Taraxacum officinale 
Tussilago farfara

NaN0 3 io*3 m

Chavagnat and Jeudy 1981 Primula obconica k n o3 0 .2%

Dey and Choudhuti 1982 Ocimum sanctum k n o3 10, 25, 50 ppm

Evans and Young 1975 Bromus tectorum k n o3 0.01, 0.1, 1, 10 oM
Frankland 1961 Corylus spp. 

Fagus 3d o . 
Sorbus spp.

k n o3 2 g l*1

Hay and Cumming 1959 Avena fatua NaN03
k n o3

0 .2%

Henson 1970 Chenopodium album k n o3 IO"1«
Hilton 1983 Senecio vulgaris k n o3 5xl0~4 , 1 x K T 3, 2xlO-3, 

5xl0~3, 1x10-2, 2x 10_2m

Lugo 1955 Vanilla planifolia Ca(N03)2 1, .1, .25 g T 1

MeIson 1927 Poa spp. KNO 3 
NaN03 
Ca (NO,) _ 
Pb (N03) J

.01, .1, 1 %

Ogawara and Ono 1955 Tobacco KNO,, NaNOj,
LINO,, NH4N03,
Ca (NOj) 2 * Kr(N03)2 
Ba (NO3) 2 • Bi(N03)3

0.001, 0.005, 0.01 N

Petersen and Bazzaz 1978 Aster pilosus KNO 3 
NaN03

.001, .005, .01, .05, 0.1, 
0.5 M

Popay and Roberts 1970a Capsella bursa-pastoris KNO 3

Senecio vulgaris
NaN03
n h4n o 3

10 l, 10"2, 10"3 N

Roberts 1963 Oryza sativa k n o3 i o * 1 , 10-2, 10"3 M

Roberts and Lockett 1975
1978b

Stellaria media 
Solanum nigrum

KN03 0 .2%

Schonbeck and Egley 1980 Amaranthus retroflexus k n o3 0 .02, 0 .2%

Schwendiman and Shands 1943 Avena spp. KNO.
Ca(N03) 2
NH4NO3

0 .2, 2 %

Srivastava, Oaks 
and Bakyta

1976 Zea mays KN03
NaNOj

5-50 mM

Toole 1941 Sporobolus spp. k n o3 0 .2%

Walter 1963 Urtica dioica
Sisymbrium officinale KNO^ 0.1, 0.5, 1, 5, 50, 100 mM
Solanum nigrum
Zriaeron canadensis
Chenopodium album
D a ur c ar o ta
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experiments is the predominant use of either weed or crop species 

(Cook 1980)• This is due to their economic importance and also to 

the great importance of dormancy in their life cycles. Consequently, 

comparisons with the germination responses of species from 

undisturbed habitats are difficult since experiments to date have 

largely neglected them.

E.H. Roberts reviewed the literature (1973) and has concluded 

that the physiological mechanism by which nitrate stimulates 

germination is as an oxidising substrate in a metabolic regulatory 

process involving the pentose phosphate pathway of glucose 

metabolism. This is supported by observations that other oxidising 

agents such as nitrite and hydroxylamine stimulate germination in the 

same way (Ogowara and Ono 1955, Hendricks and Taylorson 1974), 

although some more recent work has not supported the theory (Fuerst

1983). Murdoch (1982) considered the possible importance of nitrite 

in soil but concluded that its levels were too low and that it was 

too short lived to be of any significance in stimulating germination 

in the field.

The importance of the replacement of some dormancy breaking 

factors by nitrate and its interaction with others has been stressed 

and a number of workers have concentrated on the elucidation of these 

complex relationships. Henson (1970) illustrated this complexity in 

his experiments on the effects of light, alternating temperatures 

and nitrate on Chenopodium album. To successfully investigate these 

types of interaction a factorial experimental design is required and 

this was adopted in a number of studies (Vincent and Roberts 1977, 

1979, Bostock 1978, Roberts and Benjamin 1979, Williams 1983a). In 

these factorial experiments the need for a variety of temperature 

regimes with different diurnal ranges created the practical 

difficulty of providing large numbers of controlled environments.
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The use of thermogradient bars has provided a large number of 

temperature regimes in some germination experiments (e.g. Mason 1976, 

Thompson 1977). Larsen et al. (1973) used a thermogradient plate to 

demonstrate a small response to nitrate by seeds of dormant rescue 

grass and in experiments on a thermogradient bar by Williams (1983b) 

a nitrate stimulation was also observed for four other grass species; 

Holcus lanatus, ftgrostis caplllaris, Poa trivialis and Festuca rubra.

1.3 Nitrate literature review : Field experimentation and seed
burial.

The stimulation of germination by nitrates in the laboratory and 

their widespread occurrence in many soils provides the opportunity 

for their involvement in the recognition of safe sites for seed 

germination. Bormann et al. (1968) reported that a flush of 

nutrients accompanied opening of the woodland canopy and Petersen and 

Bazzaz (1978) proposed that this might enhance seed germination and 

act as a gap detecting mechanism. Friejsen et al. (1980) also 

pointed out that a loose and disturbed surface soil layer favoured 

mineralization and nitrification and could have the same effect.

The seasonal variation in nitrate concentrations which has been 

observed by a number of workers (e.g. Davy and Taylor 1974, Taylor et 
al. 1982) may play a role in the identification of seasonal safe 

sites. Peaks in soil nitrate levels have generally been recorded in 

spring and autumn coinciding with flushes of seedling emergence at 

those times. In addition, the application of nitrate fertilisers may 

have the same effect. However, despite the implication that nitrate 

could be responsible for stimulating some seed germination in the 

field few experiments have been performed to assess its actual

involvement
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One step removed from the completely artificial conditions of 

the laboratory experiments on collected seeds described above are 

those which involved burial in soil of collected seed, either fresh 

or after a period of laboratory storage. Sinyagin and Teper (1967, 

cited by Schimpf 1977) observed an increase in germination of Thlaspi 

arvense when KN0 3 was added to the soil in which it was buried 

although this was less marked than on filter paper in the laboratory. 

However, in the same experiment the germination of wild oat was 

depressed by addition of nitrate to the soil. Schimpf (1977) 

collected the seeds of six ruderal species and applied nitrate to them 

following burial. Half were laboratory stored prior to testing and 

the other half were subjected to simulated overwintering which 

included a period of chilling. Only one of the species, Setaria 

lutescens, responded to nitrate and then only in the laboratory 

stored state and not after overwintering.

Experiments by Friejsen et al. (1980) used seeds of Cynoglossum 

officinale and observed higher germination levels in calcareous dune 

soils. However, once again collected seeds were buried and retrieved 

to be tested under laboratory conditions and no changes in response 

to nitrate during periods of natural burial could be assessed. Hence 

the only work in which conditions began to approach those of the 

field situation failed to demonstrate any response to nitrate 

(Schimpf 1977).

Changes in the responses of seeds to nitrate have been studied 

in a number of experiments involving the burial of seeds in soil for 

varying periods of time and their subsequent retrieval for testing in 

the laboratory. Bostock (1978) showed that 6 months burial caused a 

loss of response to nitrate in Achillea millefolium, Artemisia 

vulgaris and Cirsium arvense. The responses of Stellaria media and

Solanum nigrum to nitrate were shown by Roberts and Lockett (1975,
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1978b) to change during burial although a nitrate response was still 

evident in some incubation environments after 9 months burial.

Karssen (1980/81b), in a similar burial experiment, showed that a 

variation in soil nitrate levels during burial altered the response 

to temperature of seeds of Sisymbrium officinale. An annual cycle of 

response to dormancy breaking factors for Polygonum persicaria and 

Senecio vulgaris was also apparent in these experiments. It is clear 

from the experiments mentioned above that a response to nitrate is 

not a static property of seeds but may change during burial. 

Experiments in conditions as close as possible to natural ones are 

clearly necessary if changes in nitrate response due to burial in the 

field are to be explained. The experiments described above involved 

either the use of freshly collected seeds buried experimentally or 

the use of controlled environmental conditions during 

incubation.

Evidence of a response to nitrate in field conditions after soil 

burial is sparse. Popay and Roberts (1970b) presented indirect 

evidence for a stimulation of the germination of Capsella 

bursa-pastoris by nitrate in field conditions. They observed a 

correlation between elevated soil nitrate levels and a flush of 

germination in late July and early August. However, large diurnal 

temperature ranges occurred at the same time and they suggested that 

the nitrate was acting in synergism with them. A similar correlation 

between nitrate and germination flushes of Capsella bursa-pastoris in 

May and August-September was reported by Benjamin (1974).

Nevertheless, due to the complexity of field conditions and the 

action of factors other than nitrate it was impossible to accurately 

assess its importance.

Murdoch (1982) made an extensive study of the factors 

controlling the depletion of Avena fatua and Chenopodium album seeds
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in the soil. His experiments involved the burial of seeds at several 

depths and the observation of field emergence as well as laboratory 

tests on the remaining ungerminated seeds. He carefully monitored 

soil nitrate levels but did not attempt to control them in the field. 

He suggested that lower Avena fatua emergence during periods of low 

nitrate levels in the soil and laboratory nitrate stimulation of the 

remaining ungerminated seeds was good evidence that nitrate was a 

major factor in controlling its emergence in the field. The 

temperature requirement of three year old seeds was not as strict and 

the importance of nitrate appeared to decline with age, despite a 

rise in overall germination. Chenopodium album did, however, respond 

to alternating temperatures and light and consequently its 

germination varied with depth of burial. Murdoch (1982) observed 

that this species had a potential to respond to nitrate in May but 

that this remained unrealised in the field due to the low soil 

nitrate levels at that time. For a field response to nitrate to 

occur, soil nitrate levels must be elevated at the time of seed 

susceptibility to its stimulation.

Attempts to manipulate soil nitrate levels in order to stimulate 

germination have used various nitrate fertilisers, with the species 

observed once again being Avena fatua and Chenopodium album. In 

their experiments, Sexsmith and Pittman (1963) observed a fivefold 

increase in Avena fatua emergence following a 41 kg ha-1 application 

of NH4NO3. A fourfold increase in Avena ludoviciana germination was 

observed by Watkins (1966) when he applied 103 kg N ha-1 although 

differences were not significant and varied with the time of year.

In 1971 however, he provided supporting evidence for a stimulation by 

showing greater germination with CaNH^jo^than with NH4SO4 or urea. 

(Watkins 1971). Fay (1975), using Avena fatua, showed a twofold

increase in germination with a 24 kg N ha-1 application of nitrate
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fertiliser when this was applied following the "normal period of wild 

oat emergence".

The work of Fawcett and Slife (1978) in which they applied 

levels of NH4NO3 from 112—336 kg N ha  ̂ and observed the emergence of 

six species including Chenopodium album, failed to show any increases 

in germination. They did, however, record that Chenopodlum album 

seeds collected from plants grown on the fertilised plots were less 

dormant than those from the untreated plots.

In summary, few experiments have been performed in field 

conditions and only with a restricted number of species. There is, 

however, indirect correlative evidence for a response to nitrate in 

some species and changes in the response to nitrate as a consequence 

of burial have been observed. Of the two species principally 

observed in the field Avena fatua clearly responds to nitrate in the 

field under some conditions whereas the importance of any response by 

Chenopodium album is still unclear.

1.4 The experiments conducted.

The organisation of experiments is shown in Table 1.2. They 

range from those performed in the most controlled conditions to those 

in the most natural ones. There were three experimental aims: to 

compare the laboratory responses to nitrate of a large number of 

ruderal species; to observe any field responses to nitrate and to 

assess their importance in timing field emergence; and to compare the 

responses, in the field and laboratory, of species from normally 

undisturbed environments with low nitrate concentrations (calcareous 

grassland and acid heathland) with those of ruderal species, 

including arable weeds, likely to experience higher concentrations.

Chapters 2 and 3 describe experiments designed to observe the
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laboratory responses of ruderal species. Collected seed was tested 

either in petri dishes in controlled environment cabinets or on a 

thermogradient bar. This enabled an optimum nitrate concentration to 

be found as well as permitting the testing of twenty-two ruderal 

species in eleven different temperature regimes in both the light and 

dark. An additional experiment to observe the effects of different 

types of storage on dormancy was performed using a single species, 

Cardamine hirsuta.

An experiment involving the observation of emergence from a 

natural seedbank, in field conditions, was performed to observe any 

field responses to soil nitrate. To provide a continuity between the 

laboratory and field experiments and to aid in the interpretation of 

field results, two types of intermediate experiment were performed.

In the first type, collected seed was buried for varying periods in 

the soil before retrieval and incubation in controlled laboratory 

conditions. This allowed any changes in the dormancy and behaviour 

of seeds during burial to be observed. The second intermediate 

experiment, one step nearer to field conditions, was the incubation 

in controlled laboratory conditions of collected soil containing a 

naturally buried seedbank. A supplementary experiment was performed 

under laboratory conditions, with collected seed, to see if nitrate 

could have a residual effect (Chapter 2). This involved the 

application of nitrate in pre-incubation conditions unsuitable for 

germination, and subsequent removal to incubation conditions where 

any responses to residual nitrate could be observed.

To compare the responses of ruderal species from disturbed 

habitats with species from undisturbed habitats, some of the 

experiments listed above were performed on calcicole and calcifuge 

species from calcareous grassland and acid heathland respectively.

The experiments which were performed using these are indicated in

Table 1.2.
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2. The Effects of Nitrate in Controlled Environments.

2.1 Introduction.

The effects of inorganic nitrate on seed germination have been 

investigated in the laboratory by a large number of workers (Table 

1.1). A wide variety of compounds and concentrations of nitrate have 

been used in these investigations making the comparison of results 

difficult. Although even lead nitrate has been used (Nelson 1927) 

the most common compounds have been NH4n o3, NaN03 and KN03.

Benjamin's work with a number of compounds showed that the nature of 

the associated cation had no effect on the response to nitrate of 

Chenopodium album, Capsella bursa-pastoris and Poa annua (Benjamin 

1974).

Variation in the concentration of nitrate has proved to be more 

important, with only slight differences in concentration being 

responsible for large differences in germination of some species 

(Walter 1963). Solutions of 10“  ̂and 10-3M nitrate have been common 

although more concentrated ones have also been employed.

The aim of these initial petri dish experiments was to observe 

the effects of a range of nitrate concentrations on germination in a 

number of species to ascertain an optimum concentration for later 

experiments. This optimum value could also be compared with field 

levels of nitrate to assess the similarity of field and laboratory 

conditions.

It is evident (Table 1.1) that in most previous experiments the 

species used have been either crops or weeds. Their disturbed arable 

habitats experience relatively high nitrate levels under normal 

conditions. The seeds of species from more natural, and less 

disturbed habitats with lower nitrate levels have been neglected.
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Seeds from species in these habitats as well as ruderal species were 

tested to compare their responses to a range of nitrate 

concentrations. In particular the question arises as to whether 

species of high nitrate environments have higher nitrate optima, and 

whether species from low nitrate environments fail to respond to 

nitrate at all. That is, whether a response to nitrate is an 

adaption to a high nitrate environment or not.

Three groups of 4 species were selected;

a) "Ruderal" species from disturbed habitats. Nitrate concentrations

in these conditions can regularly be above 10-3M and may 

occasionally be as high as 10 M (e.g. Popay and Roberts 1970b, 

Benjamin 1974).

b) "Calcicole" species collected from calcareous grassland. The

nitrate levels in such environments are considered to be higher 

than in most undisturbed soils but lower than those experienced 

by the ruderal species. For instance, Havill et al. (1977) 

measured nitrate levels of 20 mg N03-n l-1 of dry soil in a 

Festuca ovina dominated grassland. Assuming a 20% moisture 

content such levels would result in a concentration of 1.6 x 

10_3M in the soil solution. Taylor et dl. in 1982 reported 

maximum nitrate concentrations of about 1 x 10_3M in a Zerna 

erecta dominated grassland. Nitrate levels in calcareous soils 

are discussed in more detail in Chapter 6 .

c) "Calcifuge" species from an acidic heathland. Their key feature

being that they have an ammonium based nutrition (e.g. Bogner 

1968, Gigon and Rorlson 1972). This apparent adaptation, and 

nitrate measurments in a number of soils (e.g. Scurfield and 

Boswell 1953, Ellenberg 1964, Harmsen and Van Schreven, review, 

1955) led to the belief that acid environments are characterised 

by low nitrate levels, the predominant form of nitrogen being
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ammonium. More recently, however, it has been suggested that 

low nitrate availability is associated with poor aeration and 

low temperatures rather than acidity per ae (Taylor et al.

1982). Indeed, there have been recent investigations in which 

substantial rates of nitrate formation have been demonstrated in 

some acidic soils (e.g. Davy and Taylor 1974, Runge 1974, 

Ellenberg 1977). The concentrations of nitrate in acidic soils 

are, however, much lower than those experienced by the ruderal 

species, for example almost zero in a podsolised brown earth

dominated by Luzula spp. (Ellenberg 1964) and as high as 7 x 
—410 M in a soil supporting Deschampsia flexuosa (Taylor et al. 

1982).

We have seen in Chapter 1 that the ability of a seed to 

germinate in the soil depends on a number of factors including the 

temperature regime, lighting, oxygen availability and moisture 

availability. Unsuitability of one or more of these factors may 

prevent immediate germination of the seed, depending upon its state 

of dormancy. The variability of nitrate levels in the soil (e.g. 

Popay and Roberts 1970b, Davy and Taylor 1974, Taylor et al. 1982) 

may mean that its optimum does not coincide with other conditions 

suitable for germination. The second experiment is designed to assess 

any residual effect of nitrate. That is, to determine whether 

nitrate experienced in the pre-incubation environment, when 

conditions prevent germination, will still be stimulatory when 

conditions become more favourable to germination. Seeds were 

therefore pre-incubated (in water or nitrate) in anoxic conditions 

and later incubated in conditions in which any residual effect of 

nitrate on germination could be observed.

The existence of such a residual response to nitrate would have
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important implications in the field. A flush of nitrate early in the 

year would be able to satisfy the nitrate requirement of all seeds 

buried up to that time even if the conditions were not favourable for 

immediate germination. The lack of a residual response would result 

in the retention by seeds of a response to nitrate until a nitrate 

flush coincided with other conditions suitable for germination.

2.2 Materials and Methods.

2.2.1 General.

Seeds of ruderal species were collected from plants in disturbed 

habitats, the majority coming from wild plants in the University of 

Keele Botanical Gardens or from nearby arable farmland. Species 

nomenclature follows Clapham, Tutin and Warburg (1981).

Collection of the seeds of "calcifuge" species was from acid 

heathlands in the Gritstone Region of the Peak District in North 

Staffordshire (Grid ref. SK 033,634) and on Cannock Chase in South 

Staffordshire (Grid ref. SK 00,15). The sample of Digitalis purpurea 

is an exception to this and was collected near Ayr in Scotland.

Seeds of "caldcóle" species were collected from sites in the 

calcareous White Peak near Bakewell, Derbyshire, predominantly from a 

South facing slope in Monsal Dale (Grid ref. SK 184,717). The origin 

and collection time of every seed lot is listed in Appendix A.

The method of seed collection was consistent for all species. 

They were collected from at least ten Individual plants in one 

population and allowed to dry in laboratory conditions for between 

three and five days. Only seeds approaching their natural time of 

dispersal from the parent plant were collected, ensuring that only 

ripe seed was used for experimentation. Following drying, the seeds
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were cleaned of any investing structures and separated from waste 

material by combinations of sieving, rubbing and blowing. The 

cleaned seeds were then stored at 2°C to 4°C in screw top glass jars, 

to prevent significant ageing of the seed over the normally short 

periods of storage. Popay (1968) showed this method of storage to be 

successful for seeds of Capsella bursa-pastoris and Senecio vulgaris 

which were stored for 2 years in airtight conditions without loss of 

viability and with little appreciable loss of dormancy. The effect 

of varying periods of dry-storage at 5°C was tested for a large 

number of species by Grime et al. (1981), who found that only a few 

species were seriously affected by storage of less than 6 months. 

Mention of specific effects on particular species will be left to 

Section 2.3.

Counting of seeds into samples of 50 or 100 for experimentation 

was only done following thorough mixing of each batch to incorporate 

any smaller seeds which may have settled out in storage. The samples 

of seeds were then placed into small aluminium foil sachets which 

were selected at random for particular treatments.

2.2.2 Nitrate concentration experiment: Laboratory methods.

Four species from each of the three habitat types were selected 

for testing with a range of nitrate concentrations in petri dishes 

(Table 2.1).

The ruderal species were the four most common dicotyledonous 

weeds in the University Botanical Gardens: the annual (Cardamine 

hirsuta), the overwintering annuals (Senecio vulgaris and Stellarla 

media)and the perennial (Artemisia vulgaris). These representative 

ruderal species are used in a number of other experiments described

in this and other chapters
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Table 2.1 A list of the species tested in the nitrate concentration 

experiment. The light regime employed was dependent upon 

the results of thermogradient bar experiments on the same 

species.

Ruderals:. 

Artemisia vulgaris 

Cardamine hirsuta 

Senecio vulgaris 

Stellarla media

Caldcóles : 

Hypericum hlrsutum 

Inula conyza 

Leontodón hispldus 

Origanum vulgare

Calcifuges:

Calluna vulgaris 

Digitalis purpurea 

Erica tetralix

Light

Dark

conditions_______

12 hr photoperiod

★

Hr

*

★

*

Hr

Hr

Hr

Hr

Juncus conglomeratus
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A range of KNO^ solutions (double glass distilled water being 

the solvent) at each molarity from 10” 1M to 10_6m and water alone 

were used as moistening agents.

Germination tests were done in 9cm plastic petri dishes. Seeds 

were placed on two layers of Whatman No. 1 filter paper supported by 

a layer of 0 .6cm diameter borosilicate glass beads containing the 

17ml solution reservoir. Three replicates of 50 seeds were used for 

each treatment. Preliminary experiments without the reservoir had 

produced unacceptably large variation between replicates due to 

drying and concentration of the solutions. Unlike ordinary glass, 

borosilicate beads do not affect the pH of the solution (N. Peters 

1981, pers. comm.). To prevent moisture loss the petri dish lids were 

sealed with a smear of soft white paraffin.

Results obtained from the thermogradient bar experiments 

(Chapter 3) determined that some species were tested only in the 

dark, some with a 12 hour photoperiod, and one, Leontodon hlspidus in 

both of these conditions (Table 2.1). Warm White fluorescent tubes 

provided illuminance varying from 20 to 36 Wm”^. To remove any 

effects of this variation from treatment differences each species was 

tested in only one cabinet and individual petri dishes were regularly 

re-randomised within it. For treatments in continuous darkness a 

supplementary light treatment was necessary to indicate the rate of 

germination and a suitable time for final counting. Dark treatments 

were wrapped in two layers of aluminium foil.

Thermogradient bar results showed that apart from Senecio 

vulgaris all of the species exhibit maximum germination in a 

temperature regime with a large diurnal range. Controlled 

environment cabinets were therefore used with a temperature regime of 

25#C in the "day" and 5®C at "night", each for a 12hr period.

Senecio vulgaris was found to have an optimum temperature regime in
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the dark of 8/18°C and consequently it was tested under these 

conditions.

Germination was considered to have occurred when at least 1mm of 

radicle was visible. In light treatments seeds which had germinated 

were counted and removed every one or two days. In general, dark 

treatments were opened for counting when germination in the light 

control on any two consecutive days was less than 3% of the total 

number which had already germinated. However, some species which 

showed consistently slow germination, with perhaps only one or two 

seeds a day throughout, were incubated for longer than this simple 

rule would have permitted.

2.2.3 Nitrate concentration experiment: Statistical methods.

In all analyses germination percentages have been transformed to 

ensure normality using the arcsine of the square root of the 

proportion.

Curvilinear regressions were performed on the percentage 

germination in a range of nitrate concentrations by stepwise 

polynomial analysis producing linear, quadratic, cubic and quartic 

fitted curves. Goodness of fit was indicated by the significance of 

variance ratios. Using the Standard Errors from these analyses 95% 

confidence intervals for the lines of best fit were calculated, and 

drawn only at specific points for clarity. In calculating confidence 

intervals for the means of the water treatments, or any other 

isolated treatments, the standard error from an analysis of variance 

for all treatments from that particular species was used as the best 

estimate of error variation.

In the case of some of the calcicole and calcifuge species 

tested in the light, where all treatments produced similar high
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germination percentages# the mean number of days to germination was 

calculated. A curvilinear regression was then also applied to these 

values.

2.2.4 Pre-incubation experiment: Laboratory methods.

In this experiment seeds of the four ruderals were submerged in 

either a nitrate solution or water as a "pre-incubation" treatment 

before being incubated in nitrate or water in petri dishes as 

described above. This was to determine whether pre-incubation 

exposure to nitrate in conditions unfavourable to germination 

(lacking oxygen) could have a residual effect on seeds later 

experiencing conditions favourable to germination.

For each species ten replicates of 50 seeds each were submerged 

in 8cm depth of either 10~2M KN03 or double glass distilled water in 

airtight glass jars. It was expected that these conditions would be 

sufficiently anoxic to prevent germination. Each of these jars was 

then wrapped in two layers of aluminium foil and placed in a sealed 

black plastic container in a dark room at room temperature, to 

further reduce the likelihood of germination. After four days of 

storage the solution in all jars was replaced by double glass 

distilled water and the jars were left for a further 24hrs. After 

this period the water was itself replaced by fresh water to remove as 

much external nitrate solution from the seeds as possible.

Following removal of any seeds which had germinated under these 

conditons five replicates of each treatment were then placed in petri 

dishes in double glass distilled water or 10-2M KN03 solution, as 

described above. This resulted in five replicates in each of four

treatments;
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1. Water during pre-incubation and incubation. W/W

2. Water during pre-incubation and nitrate in incubation. W/N

3. Nitrate during pre-incubation and water in incubation. N/W

4. Nitrate during pre-incubation and incubation. N/N

For Artemisia vulgaris in the dark and Stellaria media in the light 

germination in petri dishes was tested in a 5/25#C temperature 

regime. Seneclo vulgaris was initially tested in the dark at 8/18°C 

but was later transferred to the light. Cardamine hirsuta seed was 

tested in the dark at 5/25°C but was from a batch of seed collected a 

year earlier and had been stored in the laboratory for that length of 

time. This seed was selected on the basis of a preliminary 

experiment (Chapter 3) which showed that although fresh seed only had 

a low germination percentage in the dark on the thermogradient bar, 

laboratory stored seed had both an increased percentage germination 

and also showed a response to nitrate.

Both the changing of the pre-incubation solutions in the 

darkroom and the placement of seeds of Senecio vulgaris, Cardamine 

hirsuta and Artemisia vulgaris into petri dishes was performed under 

green "safe light". This consisted of 3 layers of Cinemoid No. 39 

Filter (Rank Strand Electrics Ltd.) surrounding a Daylight 

fluorescent tube sealed with insulation tape, to keep red and far-red 

emission to a minimum. Although this construction, recommended by 

Smith, (1975) is not "safe" for extended periods of use the short 

period of exposure of less than two minutes was considered "safe" 

because a photostationary state is only achieved over a long period 

of time at low irradiances by such a light. Bostock (1976) used a 

dim green "safelight" to monitor dark treatments of Artemisia 

vulgaris and Achillea millefolium and concluded that short exposures 

had no effect on the germination percentage of the two species in
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water at a constant 25®C. Green light was shown to stimulate 

germination of Stellaria media following its burial in the soil for 

16 or 18 months (Baskin and Baskin 1979), although the period of 

exposure was 5-15 min, substantially longer than in these 

experiments. Thus, although evidence for the use of "safe green" 

light is certainly equivocal (Baskin 1983, pers. comm.) its effect 

was considered to be negligible and its use necessary for short 

periods of exposure when operations could not be reliably performed 

in the dark.

2.2.5 Pre-incubation experiment: Statistical methods.

For both Artemisia vulgaris and Senecio vulgaris a"T -test" was 

used to compare the percentage germination which had occurred in the 

glass jars prior to petri dish incubation. A two way analysis of 

variance (pre-incubation versus incubation condition) was used to . 

analyse the total germination percentages for each species . 

Differences between particular treatments were tested using Duncan's 

"a posteriori" multiple range test (referred to below as Duncan's 

MRT). This procedure, of an analysis of variance followed by 

Duncan's MRT, was also used in analysing the percentage germination 

occurring in incubation alone and in the case of Senecio vulgaris in 

incubation in the dark or light separately.

2.3 Results.

2.3.1 Nitrate concentration experiment: Ruderals.

The curves of best fit for the four ruderal species are shown in 

Figure 2.1. Artemisia vulgaris, which was tested in the dark, and
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C a rd am in a ' h i r s u t a A r t e m i s i a  v u l g a r i s

F ig u r e  2 .1  N i t r a t e  c o n c e n t r a t i o n  e x p e r im e n t : R u d e r a l s p e c i e s .

F i t t e d  c u r v e s  w i t h  p <  0 .0 5  s i g n i f i c a n c e  f o r  t h e  a r c s i n e  s q u a r e  r o o t  

tr a n s fo r m e d  p r o p o r t i o n  o f  g e r m in a t io n  o v e r  a r a n g e  o f  KNO, 

c o n c e n t r a t i o n s .  O , l i g h t )  a ,  d a r k .  The t e m p e r a t u r e  re g im e  w as 5 / 2 5 ° 

e x c e p t  f o r  S e n e c lo  v u l g a r i s  w i t h  8 / 1 8 ° C .
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Senecio vulgaris, which was tested in the light, produced cubic

fitted curves (p<0.01). in the case of Artemisia vulgaris,

germination percentages in additional treatments in the light were

uniformly higher than in the dark although germination in nitrate and

water was the same. Grime et al. (1981) showed that the dormancy of

Artemisia vulgaris was affected by storage but in this case a fresh

seed lot had been used anyway. No difference was found between the

dark germination percentages of Senecio vulgaris in 10~6M or 10_1M

KNC>3 solution, which was nearly zero in both cases.

In Cardamine hirsuta the line of best fit was a quartic curve

(p<0.01). Germination in the light for this species was nearly 100% 
-2  -6in both 10 M and 10 M KNC^. Stellaria media has a significant

quartic curve (p<0.001). Once again although Grime et al. (1981)

showed that Stellaria media had 36% higher germination after 3 months

dry storage the seed used in this experiment was fresh. The analyses

and equations for the fitted lines can be found in Appendix B.

Although the percentage germination for each species was

different, they have two features in common. All four species have a
-2 -3peak percentage germination at nitrate concentrations of 10 -10 M

in the conditions of light or dark and alternating temperature

provided in this experiment. For both Artemisia vulgaris and Senecio
-2vulgaris the germination percentage in 10 M nitrate solution is

-4 -5 -6different (p<0.05) from the germination in 10 ,10 or 10 M

nitrate. In Stellaria media the response to higher nitrate

concentrations is greater than for the other species and germination 
_2in 10 M solution is higher (p<0.05) than at any other concentration. 

The response of Cardamine hirsuta to nitrate is less marked but 

nevertheless the germination percentage in 10 KNO^ is greater than 

that in 10‘6M KNC>3 (p < 0.05).

The other common feature is a reduced level of germination in
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10 M KNO^• In all but Senecio vulgaris the mean percentage

germination in 10~1M nitrate is significantly lower (p<0.05) than 
—2that in 10 M nitrate/ indicating that this concentration was 

supra—optimal• This was confirmed by the observation that/ except in 

Senecio vulgaris, germination was abnormal in 10-1M nitrate solution,* 

the variability was greater and many of the seedlings were deformed 

and unhealthy.

2.3.2 Nitrate concentration experiment: Calcicoles.

The fitted curves for Hypericum hlrsutum and Origanum vulgare in 

the light and for Inula conyza in the dark are shown in Figure 2.2.

No significant curves could be fitted to the germination values for 

Leontodon hispidus in the light or dark and the mean values have been 

plotted, with 95% confidence intervals from an analysis of variance. 

Full analyses and equations are in Appendix B. Hypericum hirsutum 

had a straight line (p<0.05) dipping with increasing concentration, 

and Origanum vulgare a quadratic fitted curve (p<0.01). Inula conyza 

had a significant (p<0.01) quartic fitted curve but had extremely 

variable germination, possibly the result of a freak period of 

elevated temperature in the controlled environment cabinet when this 

species was being tested.

For both Origanum vulgare and Hypericum hirsutum when the values 

of germination in 10~^M KNO3 were omitted from the curvilinear 

regression, no significant fitted curves could be found. Since the 

significance of the fitted curves in these cases rely on the much 

lower germination percentages in 10” 1M nitrate, no evidence of 

stimulation or inhibition by the other nitrate concentrations can be 

extracted from this data.

Although significant graphs can be fitted to the mean days to
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F ig u r e  2 .2  N i t r a t e  c o n c e n t r a t i o n  e x p e r im e n t  : C a i c i c o i e  s p e c i e s .

F i t t e d  c u r v e s  w i t h  p   ̂ 0 .0 5  s i g n i f i c a n c e  f o r  th e  a r c s i n e  s q u a r e  r o o t  

p r o p o r t io n  o f  g e r m in a t io n  o v e r  a ra n g e  o f  XNO, c o n c e n t r a t i o n s ,  0 ,  l i g h t ;  

# , d a r k .  In  t h e  c a s e  o f  L e o n to d ó n  h is p i d u s  a s i g n i f i c a n t  c u r v e  c o u l d  

n o t  b e  f i t t e d  an d  c o n f id e n c e  l i m i t s  w ith  a  0 .0 5  s i g n i f i c a n c e  w e re  

d e te r m in e d  u s i n g  an  a n a l y s i s  o f  v a r i a n c e .
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germination values for Origanum vulgare and Hypericum hirsutum

(Appendix B), they too rely for their significance on the much slower

germination rates in 10 M nitrate* Figure 2*3 shows the quadratic

(p<0*05), mean day fitted curve for Hypericum hirsutum with a

non-significant trend towards more rapid germination in 10~2M to 
-410 M nitrate solutions (p>0.05).

Once again for these species 10 nitrate solutions were 

supra-optimal and those seedlings actually appearing were deformed.

No stimulation of germination by the higher nitrate concentrations 

occurred although very high percentages of germination even in double 

glass distilled water imply that these seeds had very little 

dormancy. Hypericum hirsutum was shown by Grime et al. (1981) to lose 

its dormancy rapidly during dry storage and this could account for 

the high germination levels observed. However, none of the other 

calcicole species were shown by Grime to respond in this way. 

Consistent with this lack of response to nitrate, the rate of 

germination at different concentrations was constant for each 

species.

2.3.3 Nitrate concentration experiment: Calcifuges.

For all of the calcifuge species cubic curves gave the best fit 

(p<0.001) (Figure 2.4) (For analyses and equations see Appendix B). 

However in every case only the 10 1M nitrate treatment has 95% 

confidence intervals which do not overlap with the confidence 

interval for the other nitrate concentrations. Of these species 

Grime et al. (1981) showed that only Erica tetralix significantly 

responded to dry storage. This response was, however, only an 8% 

increase in germination over 3 months.

For Digitalis purpurea, Erica tetralix and Calluna vulgaris the
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C a llu n a  v u l g a r i s D i g i t a l i s  p u r p u r e a

M o la r i t y  o f  KNO,

1 - o r e  2 .4  N i t r a t e  c o n c e n t r a t i o n  e x p e r im e n t  : c a l c i f u g e  s p e c i e s .

F i t t e d  c u r v e s  w i t h  p  i  0 .0 5  s i g n i f i c a n c e  f o r  th e  a r c s i n e  s q u a r e  r o o t  

p r o p o r t io n  o f  g e r m in a t io n  o v e r  a ra n g e  o f  KNO, c o n c e n t r a t i o n s .

O , l i g h t !  • ,  d a r k .
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mean percentage germination in double glass distilled water was not

significantly different from that in the other nitrate

concentrations, except in 10 M̂. The germination percentage in water

for Juncus conglomeratus was, however, significantly different from 
-2that in 10 M nitrate solution. Neither Erica tetralix nor Calluna 

vulgaris had significant fitted curves for the mean days to 

germination, unlike Digitalis purpurea which had a cubic fitted curve 

(p<0.05) and Juncus conglomeratus, which had a quadratic one 

(p<0.05). Once again, except for the slow germination in 10-1M 

nitrate solution, no other concentrations were significantly 

different (p<0.05) from one another for either species.

Therefore, apart from Juncus conglomeratus there is no 

stimulation in percentage germination or germination rate for these 

four calcifuge species. Once again, in common with the ruderal and 

calcicole species tested, the 10~^M nitrate solution is supra-optimal 

and greatly reduced percentage germination in all four species. The 

germination of Juncus conqlomeratus was about 15% higher (p<0.05) in 

10 M nitrate solution than in double glass distilled water.

2.3.4 Pre-incubation experiment.

The full analyses of these pre-incubation experiments are 

presented in Appendix C. There was no pre-incubation germination of 

Cardamine hirsuta in either nitrate or water. Its germination in 

petri dish incubation (Figure 2.5) ranged from about 70 to 90 percent 

although no significant differences between the four treatments were 

observed. It is possible in this case that the seed had 

after-ripened in the laboratory storage and had entirely lost the 

requirement for light apparent in fresh seed. Further experiments on 

the effect of various types of storage on Cardamine hirsuta are
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F i g u r e s  2 . 5 - 2 . 8

P e r c e n t a g e  g e r m i n a t i o n  o f  

C a r d a m in e  h i r s u t a  

A r t e m i s i a  v u l g a r i s  

S t e l l a r i a  m e d ia  

a n d  S e n e c i o  v u l g a r i s  

i n  f o u r  d i f f e r e n t  c o m b i n a t i o n s

F i g u r e  2 . 5  

F i g u r e  2 . 6  

F i g u r e  2 . 7  

F i g u r e  2 . 8

o f  p r e - i n c u b a t i o n  a n d incubation solutions:
1. Water during pre-incubation and incubation W/W

2. Water during pre-incubation and 10-2M KNC>3 solution during
incubation W/N 

-2
3. 10 KNOj solution during pre-incubation and water during incubation N/W

-24. 10 KN03 solution during both pre-incubation and incubation N/N

G e r m i n a t i o n  i n  t h e  p r e - i n c u b a t i o n  e n v i r o n m e n t

G e r m i n a t i o n  d u r i n g  i n c u b a t i o n  i n  a n  e n v i r o n m e n t  w i t h  a  12  h o u r  p h o t o p e r i o d .

G e r m i n a t i o n  d u r i n g  i n c u b a t i o n  i n  t h e  d a r k .

A l l  i n c u b a t i o n  t o o k  p l a c e  i n  a  5 / 2 5 ° C  d i u r n a l  t e m p e r a t u r e  a l t e r n a t i o n  

w i t h  a  12  h o u r  t h e r m o p e r i o d  e x c e p t  t h a t  o f  S e n e c i o  v u l g a r i s  w h ic h  

e x p e r i e n c e d  a n  8 / 1 8 ° C  d i u r n a l  t e m p e r a t u r e  a l t e r n a t i o n .

T h e  s i g n i f i c a n c e  o f  d i f f e r e n c e s  i n  g e r m i n a t i o n  b e t w e e n  t r e a t m e n t s  i s  

d i s c u s s e d  i n  t h e  t e x t .
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Treatment solutions (pre-incubation/incubation)

Figure 2.5 Cardamene hirsuta
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Figure 2 .6 Artemisia vulgaris
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Figure 2.8 Senecio vulgaris
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described in Chapter 3.

The other species tested entirely in the dark i.e. in 

pre-incubation and throughout incubation was Artemisia vulgaris 

(Figure 2.6), which also had a total germination of between 70 and 90 

percent. Even though pre-incubation germination was 10% higher 

(p<0 .001) in the nitrate solution the percentage germination 

following incubation was not significantly different between the four 

treatments. The two treatments which had received nitrate in storage 

did, however, appear to have slightly higher total final germination 

percentages than their water treatment counterparts, but this was not 

quite significant (p<0.06). Neither were there any significant 

differences between treatments for the incubation germination 

percentages independent of pre-incubation germination. This lends 

support to the trend in total germination observed. However, to 

enable the pre-incubation water treatments to attain the same total 

germination as the nitrate ones we would have expected them to have 

significantly greater germination during incubation. The only 

suggestive difference even approaching significance (p<0.1) between 

the individual totals using Duncan's MRT was between the W/W and N/W 

treatments. It seems that nitrate during incubation had therefore 

been sufficient to increase total germination in the W/N treatment 

above that of the W/W treatment, but not to bring it to the level of 

the treatments which had received pre-incubation nitrate; N/W and 

N/N. However, since no significant differences can be shown between 

the W/N and any other treatments this explanation cannot be 

statistically supported.

Pre-incubation germination of Stellaria media (Figure 2.7) was 

<2% and did not respond to nitrate. The analysis of variance for its 

incubation germination in the light, shows a higher mean germination 

(p<0.001) in those seeds incubated in nitrate solution than those in
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water. The differences between those receiving nitrate and those 

receiving water pre-incubation was 4 and 16% which were 

non-significant differences (p<0.1). That is, if a pre-incubation 

effect occurred, it was small. No interaction was present between 

pre-incubation and incubation treatments.

The most complex responses to this range of treatments occurred 

with Senecio vulgaris (Figure 2.8), which was initially incubated in 

the dark and later moved into the light. Apart from the 

pre-incubation germination in the storage jars which was 

significantly (p<0.001) higher in nitrate than in water it is 

necessary to consider, firstly, the germination total following 

incubation in the dark and secondly the total germination following 

light incubation. We may also consider in a separate analysis the 

increments of increased germination due to both dark and light 

incubation individually.

The mean values for total germination following dark incubation 

are all significantly different from one another (p<0.05) although 

there is no interaction between pre-incubation and incubation nitrate 

treatments. The ANOVA for the numbers germinating during dark 

incubation, indicates that any of the treatments with nitrate, in 

either pre-incubation or incubation, gave significantly higher 

germination than the treatment that only received water (p<0.05).

The magnitude of the carry-over effect of pre-incubation nitrate into 

incubation was determined by taking the germination during dark 

incubation as a percentage of the ungerminated seeds left after 

pre-incubation. In this way a significant carry-over of 

pre—incubation nitrate was demonstrated. Those treatments receiving 

it giving, on average, 33.9% greater germination of remaining seeds 

than those pre-incubated in water. That is to say, pre-incubation 

nitrate applied in conditions when 50% of the seeds were unable to
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germinate had a stimulatory effect on the germination of a third of 

the remaining seeds when they were placed in more favourable 

conditions.

Following incubation in the light the importance of a residual 

response to nitrate was lost since the total germination of the W/N 

treatment exceeded that of the N/W treatment. Although the 

germination of seeds which did not receive nitrate at any time (i.e. 

the W/W treatment) was still substantially lower in the light than 

those which received nitrate during either pre-incubation or 

incubation, an additional 16% of germination occurred. There is also 

evidence of an interaction between nitrate and light, with the W/N 

treatment experiencing a 70% increase in germination following 

exposure to light. The N/N treatment did not show such an increase, 

but since 86% of these seeds had germinated it is probable that the 

maximum germination had been reached. In view of this strong 

response to nitrate in the presence of light it is suggested that the 

higher levels of germination with pre-incubation nitrate could have 

been caused by exposure to the green "safe light". This cannot be 

resolved from this experiment but does not alter the significance of 

the increased germination caused by a carry-over effect of nitrate 

(with or without light).

2.4 Discussion.

Past investigations into the effects of nitrate solutions on 

germination have concentrated on species such as arable weeds and 

crops from disturbed habitats with relatively high natural soil 

nitrate levels. Species of more stable habitats which have naturally 

lower nitrate concentrations have been neglected.

It is clear from the experiments using a range of nitrate
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concentrations that the four ruderal species behaved in a very

different way to the calcicoles and calcifuges. All four ruderal

species showed a peak of germination at nitrate concentrations 
—2 — 3between 10 and 10 M. This optimum range of nitrate 

concentrations agrees with that found by Walter (1963) for a number 

of other ruderal species including Urtica dioica, Solanum nigrum and 

Chenopodium album. Hilton (1983) showed that at a constant 20°C 

with increasing nitrate concentration from 5 x 10-4M up to 2 x 10-2M,

Senecio vulgaris gradually lost its light requirement. Other workers 
— 2 — 3have also found 10 M and 10 M nitrate solutions to be optimal for 

the germination of ruderal species; e.g. Hesse 1924 reported in Toole 

et at. 1956, Williams and Harper 1965, Petersen and Bazzaz 1978. For 

these species, the nitrate optima for germination may correspond to 

the peak nitrate concentrations experienced in the soil (Popay and 

Roberts 1970b, Vincent 1974, Roberts and Benjamin 1979). Nitrate 

concentrations in calcareous and acidic soils are believed to be 

considerably lower, as discussed in Section 2.1.

For both the calcicole and calcifuge species there was no 

consistent response to high nitrate concentrations in a 5/25°C 

diurnal temperature range with the exception of Juncus conglomeratus. 

The rate of germination was also unaffected by the higher nitrate 

concentrations. It therefore appears that a response to high nitrate 

concentrations could be the result of the adaptation of species to 

environments experiencing intermittently high nitrate levels. The 

adaptation of ruderal species to such habitats could explain the 

difference in their response to the range of nitrate concentrations 

used, to that of the calcicole and calcifuge species. It is of 

course possible that these unresponsive species may react to high 

nitrate concentrations under different diurnal temperature conditions 

and these are therefore further investigated in Chapter 3.
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One feature of germination common to ruderal, calcicole and 

calcifuge species was the detrimental effect of 10_1M nitrate 

solution. In the case of the calcicoles and calcifuges it severely 

reduced germination percentages and was clearly toxic. Of the 

ruderal species only Cardamine hirsuta had reduced germination in 

10 1M nitrate solution but with the exception of Senecio vulgaris the 

seedlings of the other ruderals were unhealthy and deformed.

Although supra-optimal for all twelve species, the ruderals thus 

appeared to be slightly more resistant to this concentration, another 

possible adaptive feature of species inhabiting potentially high 

nitrate environments. Work by both Henson (1970) and Williams and 

Harper (1965) on Chenopodium album successfully used 10“1M KNO j 

although they eventually showed 10 KNO3 solution to be optimal.

The pre-incubation experiment was designed primarily to see if 

the nitrate responsible for an increase in germination has to be 

present in the medium during germination or whether it can fulfil its 

purpose prior to the onset of actual germination. If nitrate in a 

pre-germination environment was able to stimulate germination at a 

later time from that of its application, this would be an important 

consideration in any field studies (Chapter 6). The peaks of nitrate 

experienced in soil conditions may not immediately stimulate 

germination but could have a residual effect with a delayed increase 

in germination when other conditions become more favourable. In both 

Artemisia vulgaris and Cardamine hirsuta no such carryover of nitrate 

was evident although an unsuitable batch of aged seeds may account 

for this lack of response in Cardamine hirsuta. However, in 

Stellarla media the evidence for a carry-over of nitrate was on the 

borderline of statistical significance. Furthermore 33.9% more 

germination of Senecio vulgaris seeds which had received nitrate but

remained ungerminated during pre-incubation, occurred during
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incubation, than of seeds which had received water during the 

pre-incubation. This significant carry-over of nitrate occurred 

despite careful washing of the seeds after pre-incubation. Hence, 

this carryover which appears to exist in at least two out of the four 

ruderal species tested may affect our understanding of the field 

experiment results presented in Chapter 6.

It has been suggested that the mode of action of nitrate in 

stimulating germination may be in acting as an oxidising agent in the 

pentose phsophate pathway (Ogawara & Ono 1955, Roberts E.H. 1973). 

This role as an oxidising agent may explain the stimulation of 

germination of both Artemisia vulgaris and Senecio vulgaris under 

pre-incubation conditions. In a submerged, partially anaerobic, 

environment the nitrate may have been able to substitute for oxygen, 

accounting for the higher germination percentages in the nitrate 

treatments.

In the case of Senecio vulgaris there was an apparent 

interaction between light and nitrate in stimulating germination and 

for a small percentage of the seeds the light also appeared to be 

able to substitute for nitrate in its stimulation. The significance 

of these results may be clearer when thermogradient bar tests have 

been described. There have been reports of both light/nitrate 

interactions (e.g. Roberts, E.H. 1973, Vincent and Roberts 1977) and 

the substitution of nitrate for light but a more detailed discussion 

of these effects will follow in Chapter 3.
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3. Thermogradient Bar Experiments.

3.1 Introduction.

The importance of interactions between nitrate and other 

dormancy breaking factors has been stressed by a number of workers 

(Vincent and Roberts 1977, 1979, Roberts and Benjamin 1979, Roberts 

and Lockett 1975, 1978b and Bostock 1978). In many species, nitrate 

has been found to replace or interact synergistically with light and 

alternating temperatures in stimulating germination. These effects 

have been studied using a 2 factorial experimental design. However, 

because temperature alternation is a continuous variable, there is a 

need for a variety of temperature regimes with different diurnal 

ranges, creating a practical difficulty in providing large numbers of 

controlled environments. Past experiments have consequently been 

restricted in the number of temperature treatments available.

In the experiments described below, a thermogradient bar 

(hereafter called a thermobar), of the type used by Thompson and 

Grime (1983), has been used to observe the responses to nitrate in a 

wide range of temperature regimes. Factorial experiments with eleven 

diurnal temperature ranges, with and without light and/or nitrate, 

were performed using this equipment. The interactions of these 

factors were observed and patterns of response in different species 

were categorised. Twenty-two common ruderal species were tested; the 

presence of a response to nitrate for some of these species having 

already been observed (Chapter 2). Representatives of the other two 

types of species used in Chapter 2, calcicoles and calcifuges, were 

also tested on the thermobar to investigate the possibility of a 

response to nitrate under a wider range of conditions.

During the course of these thermobar experiments a change in the 

response of Cardamine hirsuta to nitrate was observed following 

laboratory storage. Such changes in response have been observed in

A
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different species by other workers (Bostock 1978, Roberts and Lockett 

1975, 1978b) as a result of the widening of germination requirements 

in seeds after-ripening in storage (Vegis 1964). The nature of these 

changes with regard to nitrate was investigated in this species; 

dried seeds of Cardamine hirsuta were stored in a variety of 

conditions and later tested on the thermobar.

3.2 Materials and Methods.

3.2.1 Temperature control of the thermobar.

The thermobar used was constructed from two aluminium blocks 

through which was pumped glycol from three temperature controlled 

reservoirs. This temperature control was effected by an arrangement 

of aquarium heaters and cooling coils described in further detail in 

Appendix D. The larger of the two aluminium blocks (65 x 50 x 4 cm) 

had sixteen slots (56 x 2.3 x 2.5 cm) cut into its surface in which 

trays of seeds could be placed for incubation. Temperature control 

of this block provided a large diurnal temperature range of 

approximately 20 C° at one end and a relatively small alternating 

temperature range (of 3—5 C°) at the other. The large diurnal 

temperature range fluctuated between a "daytime" temperature of about 

25°C and a "night-time" temperature of about 5°C. This regime was 

chosen as a compromise between the soil surface temperatures of open 

ground in spring (see Chapter 6) and the ability of the equipment to 

achieve low temperatures. The smaller temperature alternation was 

intended to correspond to the temperatures experienced at a depth of 

4 cm in the same soil. Thus, intermediate points along the thermobar 

provided temperatures representing varying depths in the soil.

The smaller aluminium block (50 x 7 x 4 cm) with 16 similar
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slots (5 x 2.3 x 2.5 cm) in it was maintained at as close to a 

constant 10°C as possible. Both blocks were surrounded by a layer of 

insulating polystyrene foam. The pipes connnecting them to the 

glycol reservoirs were also insulated.

During its three year period of operation the thermobar required 

three periods of maintenance which resulted in four distinct 

temperature regimes; A-D (Table 3.1). These were largely comparable 

and the small differences between them resulted from minor 

adjustments and the routine replacement of parts. Unfortunately, in 

regimes B and C it was not possible to attain a constant temperature 

and a slight alternation was recorded on the constant bar. The 

results for each species are expressed using the actual diurnal 

temperature ranges experienced by them, as monitored by thermistor 

beads embedded in the lower surface of the blocks and attached to a 

chart recorder. The accuracy of temperature control is also given in 

Table 3.1. By means of an electrically operated time clock the 

temperature was changed every twelve hours corresponding to the 

daylength in late March and September. This thermoperiod is that 

used by Williams (1983b) although various other workers have used a 

variety of other regimes (e.g. Thompson and Grime 1983). Following 

the changeover, the temperature took about ninety minutes to rise to 

its "daytime" level. It took a maximum of five hours to drop 

completely to its "night-time" level, but in some regimes this was 

reached much more rapidly.

Three sets of an additional petri dish treatment of the type 

described in Chapter 2 were placed in a constant environment cabinet 

in the dark with water at a constant 25°C. These behaved as a 

comparison with the 5/25°C end of the thermobar to check that the 

temperature alternation rather than just the elevation in temperature 

was responsible for any increases in germination.
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Table 3.1 Thermobar temperature regimes. Values are the diurnal 

temperature ranges (C°) at each station for the four 

temperature regimes. The accuracy of temperature control 

in each regime is also given.

Regime A Regime B Regime C Regime

Constant bar 0 4.8 7.0 0

Station 1 4.2 8 .6 5.0 3.0

2 5.9 9.8 7.1 5.0

3 7.6 11.1 9.2 7.0

4 9.2 12.3 11.3 9.0

5 10.9 13.6 13.4 11.0

6 12.6 14.8 15.6 13.0

7 14.3 16.0 17.7 15.0

8 15.9 17.3 19.8 17.0

9 17.6 18.5 21.9 19.0

10 19.3 19.8 24 .0 21.0

Accuracy of 
control 1+ to 0 O ± 1.5°C 1+ ro 0 O 1+ ►—» 0 o
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3.2.2 Experimental design and techniques.

Groups of 50 seeds were placed at intervals along strips of 

Whatman 3MM chromatography paper which were supported by a layer of 

borosilicate beads within aluminium trays (55 x 2 x 2 cm). These 

trays were placed in the slots on the thermobar, and 25 ml of either 

KN0 3 or double glass distilled water was poured around the beads, 

where it acted as a reservoir of moistening agent for the seeds.

Each tray accommodated 10 batches of seeds, each occupying 13 mm of 

the filter paper length and separated by 26 mm gaps. Similar smaller 

trays (4.5 x 2 x 2 cm) with one batch of 50 seeds were placed in the 

slots of the constant temperature bar. Eleven temperature treatments 

with a series of different diurnal ranges were thus provided.

Each slot in the bar was covered with either a transparent 

perspex lid or a tightly fitting aluminium lid, giving a light or 

dark treatment respectively. Four Warm White fluorescent tubes 

supported 30 cm above the bar by a frame, provided lighting of 

between 19.6 and 32.8 Wm-2 during the 12 hr "daytime" period of the 

cycle. A double glazed, transparent perspex lid was placed between 

the bar and the lighting. To check that no light was entering the 

dark treatments, three replicate petri dishes of seeds, each wrapped 

in 2 layers of aluminium foil, were placed in a controlled 

environment cabinet at 8/18°C for comparison with the same treatment 

on the thermobar; if the numbers germinating on the thermobar proved 

to be higher than in the cabinet a light leak would be suspected.

The air volume in the dark slots was flushed twice daily using 

small air pumps. This took place through 4 mm diameter piping and 

rubber tubing which was an integral part of the aluminium lids and 

connected the constant temperature bar slots with those on the main

bar (Figure 3.1)
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Each species was thus tested under 11 temperature regimes, each 

in light and darkness and with water and KNO-j solution ( 1 1 x 2 x 2  

treatments).

The seeds tested were collected, stored and counted in the 

manner described in Chapter 2. Light treatments were observed every 

2 or 3 days and dark treatments were observed only once at the end of 

test. The duration of the test was determined by the slowest 

germinating treatment in the light, when on two consecutive days its 

germination was less than 5% of the cumulative germination to date.

In a few species treatments were replicated, but no systematic 

variation occurred between the slots across the bar. Normally, 

however, tests were not replicated in order to allow a larger number 

of species to be used.

Germination tests on the thermobar can be divided into three 

main categories:

a) Testing ruderal species.

b) An investigation into the effect of various types of 

storage on the germination of Cardamine hirsuta.

c) The testing of a number of calcicole (6) and calcifuge (4) 

species.

a) Ruderal species.

Twenty—two ruderal species (Table 3.2) were collected from

disturbed habitats and tested in the 44 treatments provided by the
—2thermobar. The experiments of Chapter 2 indicated that 10 M KNO^ 

was the optimal concentration for the four ruderal species and 

consequently all of the ensuing tests with ruderal species used this

concentration
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Table 3.2 A summary of the responses to nitrate, duration of tests and
temperature regimes experienced on the thermobar by each of

the 22 ruderal species.

Conditions in which a 
response to nitrate 
occurred.

Species Temperature 
regime 
(see Table 
3.1)

Duration 
of test 
(Days)

In the light and dark Artemisia vulgaris A 10

Capselia bursa-pastoris A h

Chenopodium album B h

Cirsium arvense A 10

Papaver rhoeas B 13

Plantago major B 12

Polygonum convolvulus C 18

Silene alba A 11

Solanum nigrum B 18

Stellaria media B 16

Urtica dioica B 12

In the light only Achillea millefolium A 10

Cardamine hirsuta (fresh) B 15

Chamerion angustifolium B 11

Gnaphalium uliginosum B 18

Rumex obtusifolius 
(small response)

A 11

In the dark only Polygonum lapathifolium C 11

Senecio vulgaris B 6

Silene nutans B 13

No response Polygonum persicaria B 14

Sagina procumbens B 18

Spergula arvensis B 14
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b) Cardamine hirsuta storage.

Preliminary experiments were performed on the thermobar, using 

just two layers of chromatography paper soaked in nitrate or water as 

a source of moisture, with no reservoir. This method produced 

unacceptably large error variation. The use of beads with a 

surrounding reservoir overcame the problem and all species were 

tested using this method. However, the early tests on Cardamine 

hirsuta revealed a change in its germination characteristics 

following storage. A batch of seeds stored for 4 months in airtight 

glass jars at room temperatures was retested after an additional 5 

months storage and was found to have a higher germination percentage 

in darkness and a greater response to nitrate.

To investigate this after-ripening and the associated dormancy 

changes, a fresh collection of Cardamine hirsuta seed was made and 

tested immediately on the thermobar with a liquid reservoir. Seeds 

were then stored for 21 months in three environments before being 

retested on the thermobar. The environments were:

1. In a refrigerator at 2-4°C in a screwtop glass jar.

2. On the laboratory bench in an open glass jar.

3. In paperbags in a Stevenson screen at the University 

Botanical Gardens.

The first of these corresponds to, the conditions in which all 

other seeds were stored, although only for periods of up to 5 months. 

Storage in the soil was not examined in this series of experiments 

since its effects were investigated independently (Chapter 4).

c) Calcicole and calcifuge species.

Table 3.3 lists the six calcicole and four calcifuge species 

which were tested on the thermobar with and without 10 M KNO^.

The only non—ruderal species to respond to nitrate in petri dish
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Table 3.3 The calcicole and calcifuge species tested on the thermobar,

with the duration of each test and the temperature regime used.

Calcicoles:

Carex flacca 

Hypericum hirsutum 

Inula conyza 

Leontodón hispidus 

Llnum catharticum

Origanum vulgare

Calcifuges:

Calluna vulgaris 

Digitalis purpurea 

Erica tetralix 

Vaccinium myrtillus

Temperature regime 
used (see Table 3.1)

C

C

C

C

D

D

C

C

D

D

Duration of test (Days)

28

28

12

20

26 days after 
chilling

14

35

21

47

33
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tests was Juncus conglomeratus which showed greatest germination with 

10_3M KNO3 nitrate (Chapter 2). Unfortunately, adequate supplies of 

Juncus conglomeratus seeds were not available for this thermobar 

experiment. Species which did not respond to nitrate in petri dishes 

at 5/25°C, might, however, show a response in the other alternating 

temperature regimes provided by the thermobar. Digitalis purpurea 

seed was only tested in the light because no germination had occurred 

in darkness in petri dish tests.

Initially Linum catharticum failed to germinate in any of the 

treatments and was placed in a refrigerator at 2-4°C for a 41 day 

period of chilling, during which the dark treatments were wrapped in 

2 layers of aluminium foil. When the trays were returned to the 

thermobar some germination occurred.

3.2.3 Analysis.

Transformed values (arcsine square root) of percentage 

germination for water treatments were subtracted from those for 

nitrate treatments for each regime. In most cases this produced a 

nitrate minus water (N-W) graph with eleven values to which a 

curvilinear analysis of the type described in Chapter 2 could be 

applied, although in some cases fewer values were available. These 

N-W graphs enabled direct comparison between species, of the types of 

nitrate response experienced.

The mean number of days to germination (see Chapter 2) were 

calculated for the light treatments of species with similar high 

germination values in both nitrate and water. This was also done for 

species with variable germination and a slight nitrate effect. These 

mean day values could also be used to produce N-W graphs, but few 

significant curves could be fitted.
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3.3 Results

The good agreement between the replicates of Linum catharticum 

following chilling (Figure 3.2) and between those of Achillea 

millefolium and Capsella bursa-pastoris in supplementary tests 

(Figure 3.3) illustrate the small variation between slots across the 

bar.

Of the species not already discussed in Chapter 2 only five were 

shown by Grime et al. (1981) to have significantly greater 
germination after 3 months dry storage (Achillea millefolium, 

Polygonum lapathifolium, Polygonum persicaria, Solanum nigrum and 

Vaccinium myrtillus). A further two, Plantago major and Urtica 

dioica, were shown to have reduced germination levels after the same 

period. In these experiments the time of storage was, however, 

relatively short and any changes would be slight.

3.3.1 Ruderal species.

In Table 3.2 the ruderal species tested are divided into groups 

according to whether they responded to nitrate in the light only, in 

the dark only, in both or in neither. The duration of each 

particular test is also given. Graphs of percentage germination for 

each species are contained in Appendix E with the mean percentage 

germination in the supplementary petri dishes at constant 25*C and 

8/18°C in the dark. In all cases there was a good agreement betwen 

the 8/18°C, dark petri dish treatment and the germination percentage 

under the same conditions on the thermobar, which indicates that the 

dark treatments on the thermobar were sufficiently "light tight".

The germination at 25°C in the dark was only slightly greater than at 

a constant 10°C, and was lower than on the thermobar at 5/25*C, which
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Diurnal temperature range (C°)
Figure 3.2 Percentage germination of Linum catharticum at a series of 

diurnal temperature ranges, following a 41 day period of 
chilling. The two sets of results in each environment, 
illustrate the accuracy of replication on the thermobar.

• 10~*M KNO, , light) O  water, light)
■ 10“’M KNO,, dark) a water, dark;
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0 10 20 

Diurnal temperature range (C°)

Figure 3.3 Percentage germination of a) Capsella bursa-pastoris 

in the light and b) Achillea millefolium in the dark, 

with 10~JM KNO,, for a series of diurnal temperature 

ranges. The two sets of results for each species 

illustrate the accuracy of replication between different

slots on the thermobar.
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supports the assumption that it was temperature alternation that was 

responsible for breaking dormancy and not the higher mean or absolute 

temperatures alone (see Appendix E).

Light was stimulatory to germination in all but two of the 

species. In the case of Polygonum persicaria, germination was 

similar in light and darkness, while in Capsella bursa-pastor is 

germination was greater in the dark. Unfortunately the dark 

treatment for Spergula arvensis was not successful due to mortality 

of the seedlings during incubation but Froud-Williams et at. (1984) 

reported that it did not have a light requirement.

Germination generally increased with diurnal temperature range, 

but often reached a maximum at intermediate temperatures, 

particularly in the light treatments. However, this feature is not 

clear in the case of Chamerion angustifolium. where germination was 

similar at all temperatures. The only other exceptional case is that 

of Senecio vulgaris, which appeared to be most stimulated in the 

dark, by intermediate diurnal temperature ranges.

All but three species responded to nitrate in at least some of 

the conditions although the magnitude of the effect of nitrate varied 

in different light and temperature treatments. Eleven of the N-W 

curves showed significant linear regressions (Figure 3.4 and Table 

3.4), indicating that the response to nitrate increased linearly with 

the diurnal temperature range. In three species the N—W values gave 

statistically significant fitted curves rather than straight lines 

(Figure 3.5 and Table 3.4). In the case of Urtica dioica, for 

example, this was because both nitrate and water germination reached 

maximum values (corresponding to 100% possible germination) in the 

treatments with large diurnal ranges. Similar effects could be 

observed in the N-W graphs of a number of other species (Figure 3.6),

but the curves fitted did not achieve statistical significance
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Table 3.4 Regression equations for the N-W fitted curves of

the ruderal species, Figures 3.4 and 3.5.

Capsella bursa-pastoris - Light Y = -4.73 + 1.10 x

Cirsium arvense - Light Y * -9.24 + 1.58 x

Plantaqo major - Light Y = 7.64 + 0.82 x

Polygonum convolvulus - Light Y = -4.02 + 1.28 x

Silene alba - Light Y = 2.66 + 0.49 x

Solanum nigrum - Light Y = -15.95 + 1.90 x

Artemisia vulgaris - Dark Y = 6.43 + 0.70 x

Cirsium arvense - Dark Y - -14.48 + 1.90 x

Polygonum convolvulus - Dark Y =■ -12.52 + 1.47 x

Solanum nigrum - Dark Y = -35.05 + 2.73 x

Stellaria media - Dark Y « 1.45 + 1.26 x J
Silene alba - Dark Y = 10.57 - 5.16 x + 0.61 xa - 0.02 x3 k
Silene nutans - Dark Y = 82.46 - 26.01 x + 2.37 x3 - 0.06 x3

Urtica dioica - Dark Y = 25.36 + 5.82 - 0.23 x3 .

a<
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Sllene alba Silene nutans

Diurnal temperature range (C°)

Figure 3.5 Non-linear regressions (p ÿ 0.05) for the difference between 
arcsine square root transformed germination proportions with 
10~lM KNO, and water, in the dark, for a series of diurnal 
temperature ranges. Vertical bars are 95% confidence intervals.
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b) Capsalla bursa-pastoris

> m

Figure 3.6 The difference between percentage germination of six ruderal species 
l„ io-'h CTO, and water, for a series of diurnal temperature ranges. 
Although statistically significant fitted curves -ere not available 
for these results, the graphs of raw data provide additional 
examples of the types of nitrate response that may occur.
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Thus, most species which did not achieve 100% germination showed 

their greatest response to nitrate at the largest diurnal temperature 

ranges which were in themselves optimal. Interestingly, Senecio 

vulgaris had a peak in its response to nitrate at intermediate 

diurnal temperature ranges which were the most stimulatory 

temperatures for this species. Only in the case of Papaver rhoeas 

did the nitrate effect appear to be uniform over all of the diurnal 

temperature ranges.

3.3.2 Storage of Cardamine hirsuta seeds.

The variation in dark germination of Cardamine hirsuta seeds 

tested in the early thermobar runs without a reservoir (Figure 3.7) 

was lower than for the other species tested in that way. After just 

4 months of laboratory storage there was some 60% germination at the 

large diurnal temperature ranges, but the nitrate response was 

variable and small. An additional 5 months storage (Figure 3.7) 

resulted in nearly 100% germination at the high alternating 

temperature regimes and the appearance of a clear response to nitrate 

at low and intermediate temperature ranges. Despite the presence of 

this nitrate response over most of the temperature regimes, a 

statistically significant N-W curve could not be fitted. However, 

after—ripening clearly reduced its dormancy and made a nitrate 

response evident.

The germination of fresh seeds of Cardamine hirsuta (Figure 3.8) 

was 100% in the light with large temperature ranges so that a nitrate 

effect was evident only with smaller ranges. Thus, the response to 

nitrate was restricted to a narrow band of temperature conditions 

which failed to give complete germination. In the dark, however, 

germination was very low (up to 15%) and no nitrate response could be
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Figure 3.7 Percentage germination of Cardamine hirsuta, after 

a) 4 months storage and b) 9 months storage, at a 

series of diurnal temperature ranges. These germination 

tests were performed on the thermobar using two layers of 

chromatography paper, soaked in nitrate or water as a substrate
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Figure 3.9 Percentage germination of Cardaaine hirsute 
at a series of diurnal temperature ranges, 
either as a) fresh seed, or after 21 months 
storage in three different environments, 
b) and c) In a refrigerator at 2-4°C in a 

screwtop glass Jar.
d) and a) On the laboratory bench in an 

open glass jar.
£5 and g) In oaperbags in a Stevenson screen 

at the University Botanical Gardens.

•, 10*'M ¡GW, light» 0, water light; 
rn, 10”1 M KNO, dark; O, water dark»

3 10 20
Diurnal temperature range (C°)

continued
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d) Laboratory storage, Light

\

e) Laboratory storage, dark
100

g) Stevenson screen, dark

-
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0
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Diurnal temperature range (C



observed.

After 21 months of storage in an airtight jar in the 

refrigerator, germination at the larger diurnal temperature ranges in 

the dark had risen by about 55% (Figure 3.8). However, germination 

in the light had dropped to about 70%, only the very smallest 

temperature ranges giving germination percentages below that. This 

reduction in germination in conditions which were previously optimal 

may have been due to either the onset of a deeper secondary dormancy 

or a c.20% loss of viability during this storage. Germination in 

darkness with nitrate and large diurnal ranges also reached 70%, 

which might represent complete germination of viable seed. Seeds in 

both the light and dark treatments appear to be stimulated by 

nitrate, by an average of 7.4%, but the response is especially clear 

at greater alternating temperatures in the dark.

The laboratory stored seed shows much the same pattern (Figure

3.8) , although germination in this case was reduced to about 40% in 

the light. Once again germination in the dark reached this level in 

the large temperature ranges. Laboratory storage also produced a 

response to nitrate in the dark. Thus both types of storage had 

resulted in the appearance of a response to nitrate in some 

treatments.

Testing of the laboratory stored seeds was accompanied by a 

fungal infection around them which had not previously been observed.

A similar fungal growth occurred to a greater extent on the seeds 

stored in the Stevenson screen, consistent with a greater loss of 

viability. These had a maximum germination of 30% in the light which 

was also reached at high alternating temperatures in the dark (Figure

3.8) . In this case, however, there was no response to nitrate. The 

overall effect of all of these storage treatments was to reduce the 

maximum numbers germinating in the light and, in all but the
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Stevenson screen storage, to produce a nitrate response in at least 

some treatments.

3.3.3 Calcicole and Calcifuge species.

Light was stimulatory to the germination of all of the 

caldcóles (Figure 3.9). All but the chilled Linum catharticum, 

which is dealt with separately, responded to increased diurnal 

temperature ranges. A small response to nitrate in the light at the 

higher diurnal temperature ranges was evident for Leontodón hispidus, 
although a curve could not be fitted to the N—W graph (Figure 3.10). 

Germination, however, occurred between 2 and 3 days earlier in 

nitrate than water at these temperatures, and a significant quartic 

curve was fitted to the N—W meanday figures (Figure 3.10). Inula 

conyza did not respond to nitrate in either its germination rate or 

its total germination percentage in either light or dark (Figure

3.9). An inhibition by nitrate was experienced in the dark for Carex 

flacea. Origanum vulgare and Hypericum hirsitum. The only one of 

these to produce a significant fitted N-W curve (p < 0.01) was 

Hypericum hirsutum (Figure 3.11) which had a maximum reduction in 

germination of about 48%.

The seeds of Linum catharticum, which failed to germinate before 

being chilled, had greater germination in the light at moderate 

rather than large diurnal temperature ranges, following chilling 

(Figure 3.2). A marked inhibition by nitrate was observed in both 

light and dark (Figure 3.2), the former producing a significant 

(p<0.01 ) quartic N-W fitted curve (Figure 3.12). A puzzling 

depression in germination with light and water occurred in the 

penultimate temperature treatment, and was observed in both 

replicates which were closely similar throughout (Figure 3.2).
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Inula conyra

Figure 3.9 Percentage germination of five calcicole
soecies at a series of diurnal temperature 
ranges.
• , 10~*M KNO, light» 0,water light»
■ , 10“*M KNO, dark» a,water dark» 
a, water, dark at constant 25 C» 
a, water, dark, 9/l8°C in a controlled 

environment cabinet.
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b )

F i g u r e  3 . 1 0  L e o n to d ó n  h i s p l d u s

a ) T h e  d i f f e r e n c e  b e t w e e n  a r c s i n e  s q u a r e  r o o t  t r a n s f o r m e d  g e r m i n a t i o n  

w i t h  10 ” * M KNO, a n d  w a t e r ,  i n  t h e  l i g h t ,  f o r  a  s e r i e s  o f  d i u r n a l  

t e m p e r a t u r e  r a n g e s .  A c u r v e  c o u l d  n o t  b e  f i t t e d  t o  t h i s  d a t a .

b ) A n o n - l i n e a r  r e g r e s s i o n  (p < 0 .0 1 )  f o r  t h e  d i f f e r e n c e  b e t w e e n

t h e  r a t e  o f  g e r m i n a t i o n ,  d e t e r m in e d  a s  m ean d a y s  t o  g e r m i n a t i o n ,  w i t h  

10 “ * M KNO, a n d  w a t e r ,  i n  t h e  l i g h t ,  f o r  a  s e r i e s  o f  d i u r n a l  t e m p e r a t u r e  

r a n g e s .  V e r t i c a l  b a r s  a r e  95% c o n f i d e n c e  i n t e r v a l s .

T h e  r e g r e s s i o n  e q u a t i o n  i s
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Figure 3.12 Linum catharticum

A non-linear regression (p < 0.01) for the difference 

between arcsine square root transformed germination 

proportions with 10_1M KNO, and water, in the light, 

for a series of diurnal temperature ranges.

Vertical bars are 95% confidence intervals.

The regression equation is

y = -43.21 + 19.78x - 3.80X2 + 0.26xJ - 0.006x4



The graphs of calcifuge germination (Figure 3.13) indicate that

all four species were stimulated by light and both Digitalis 

purpurea and Erica tetralix had no germination at all in the dark. Three of 

the species responded to increased diurnal temperature ranges whilst 

Digitalis purpurea, germinated fully over the whole series of 

temperature ranges provided. The only response to nitrate in number 

of germinating seeds was in Vaccinium mvrtillus in the light. The 

quartic fitted curve for the N-W graph of this species was just 

outside statistical significance (Figure 3.14). However, the rate of 

germination of Digitalis purpurea which was faster at intermediate 

diurnal temperature ranges was also enhanced by nitrate at the same 

temperatures (Figure 3.15). Other small differences in rates of 

germination were not significant.

3.4 Discussion.

Treatment replication was not used in these experiments so as to 

gain the alternative advantage of wider comparisons with more 

species. Previous thermobar screening programmes have successfully 

adopted the same policy (Mason 1976, Thompson 1977). In the few

cases where replicates were performed there was close agreement,
%

with an average standard error for transformed data of only ±2.9 

degrees around the means. The use of curvilinear regression has 

overcome some of the problems of significance testing caused by this 

policy.

The thermobar results for the ruderal species were similar to 

those observed in the petri dish tests of Chapter 2. In Artemisia, 

vulgaris nitrate produced approximately 15% higher germination in 

darkness in both experiments, while on the thermobar germination at 

the same temperature was some 25% higher. This was probably the
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Calluna vulgar!» Digitali» purpurea

0 10 20 q jo  20

Diurnal temperature range (C°)

Figure 3.13 Percentage germination of four calcifuge species at a series of 
diurnal temperature ranges.

•, 10*’M KNO, light} 0, water light;
■, 10”’M KNO, dark; O, water dark;

water, dark at constant 25°C;
A , water» dark, 18°C in a controlled environment cabinet.
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Figure 3.14 Vacclnium myrtlllus

A non-linear regression (0.1 > p > 0.05) for the difference 

between arcsine square root transformed germination 

proportions with 10-,M KNO, and water, in the light, for 

a series of diurnal temperature ranges. Vertical bars 

are 95% confidence intervals.

The regression equation is

y = -8 .86 - 1.15x + 1.16x2 - 0.12xJ + 0.003x4

►
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Diurnal temperature range (C )

Figure 3.15 Digitalis purpurea

The difference between the rate of gemination, determined as 

mean days to gemination, with 10“’M KNO, and water, in the 

light, for a series of diurnal temperature ranges. This 

indicates that germination was marginally faster in KNO, than

water at intemediate temperature ranges around ( 15 C )
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result of differences between the two seed lots which had been 

collected at different times from different sites. Such 

interpopulation differences were observed by Wells (1974) in his work 

on Poa annua and similar large differences in the germination of 

populations of the same species collected from a range of sites in 

N-E Scotland were reported by Naylor and Abdalla (1982).

Nitrate stimulated the germination of Stellaria media in both 

the thermobar and petri dish experiments although the response was 

greater in the latter. This too was probably due to the differences 

between seed lots. The thermobar results for Senecio vulgaris in the 

light were too variable to allow the detection of a clear response to 

nitrate which had been apparent in the petri dish tests. However, 

apart from these small differences the responses observed on the 

thermobar were of the same type as those described in Chapter 2.

The thermobar experiments of Thompson and Grime (1983) 

investigated the effects of alternating temperatures on the 

germination of many of the species used in these experiments, but did 

not include nitrate as an experimental factor. They observed 

responses to larger diurnal temperature ranges in the light for 

Gnaphalium uliglnosum. Polygonum lapathifolium and Polygonum 

persicaria, in the dark for Rumex obtusifolius and Stellaria media 

and in both light and dark for Urtica dioica. Similar responses were 

observed in these experiments although in the case of Urtica dioica 

stimulation by alternating temperatures was more apparent in the 

dark.

The experiments of Thompson and Grime (1983) did not, however, 

show any response of Chenopodium album to alternating temperatures in 

the dark, of the type observed in these experiments and confirmed by 

more recent work (Bostock pers. comm.), although this may have been 

due to the storage of their seed at 20°C. The temperature regimes
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they used were not directly comparable to those used in these 

experiments which explains their failure to observe the response of 

Seneclo vulgaris to intermediate diurnal temperature ranges in the 

dark. Murdoch (1982) did, however, observe such a response.

For some of the species, comparisons can be made with previous 

experiments which have actually used nitrate and in general the 

results are similar. The thermobar results for Capsella 

bursa-pastoris showed a synergism between nitrate and alternating 

temperatures in both light and dark which was also found by Popay and 

Roberts (1970a). The work of Benjamin (1974), however, showed the 

greatest germination to be produced by the combination of light and 

nitrate. This does not agree with the rather unexpected reduction of 

light germination in these tests. A useful review of previous 

germination work on both Capsella bursa-pastoris and Chenopodium 

album was prepared by Murdoch (1982) who concluded that alternating 

temperature was the principal governing factor upon which the 

response to light and nitrate depended.

In Chenopodium album, Henson (1970) found the response to 10"1M 

nitrate to be greater than that to 10_2M. However, Walter (1963) 

found that germination in 0.5 x 10-1M KN03 exceeded that in either 

10_3M or 10_2M KNO3 which had equivalent effects. Therefore, 10_2M 

may be sub—optimal and this may explain the only slight response to 

nitrate on the thermobar. Experiments by Williams and Harper (1965) 

investigated the polymorphic characteristics of Chenopodium album 

and showed that its brown or black and reticulated or smooth seed 

behaved differently. The seed used on the thermobar was a randomly 

selected population unlike that used by Benjamin (1974) or Henson 

(1970) who selected only black seed. However the responses to 

nitrate observed did agree with their earlier work. An interaction 

between nitrate and alternating temperatures of the type found by
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Vincent and Roberts (1977) occurred, although the thermobar did not 

produce an interaction between light and alternating temperature or 

between all three factors. These were probably masked by the high 

levels of germination in the light at the larger alternating 

temperatures.

The thermobar results for Papaver rhoeas agreed with those of 

Vincent and Roberts (1977) in which positive light x nitrate 

interactions were found. The slight interaction between light and 

alternating temperatures which they observed was not, however, 

apparent. In Solanum nigrum, Roberts and Lockett (1978b) found a 

nitrate, alternating temperature syngergism and the thermobar test 

shows this occurring in both light and darkness, germination in the 

light being higher. Roberts and Lockett (1975) found that light 

stimulated germination of Stellaria media and in the thermobar test a 

light-nitrate synergism was observed in the intermediate temperature 

regimes.

Thus, the thermobar results have confirmed some of the more 

complex interactions between nitrate, light and alternating 

temperatures which were observed by other workers.

Light sensitivity of the type exhibited by all but two of the 

species tested has been investigated by many past workers (e.g. Toole 

1973, Grime et al. 1981 ) and its ecological importance has been 

widely discussed. Thompson and Grime (1983) illustrate that seeds 

exhibiting light sensitivity are those which are normally encountered 

in the buried seed bank, particularly in arable soils. It was 

suggested by Wooley and Stoller (1978) that cultivation could expose 

such weed seeds to light, facilitating their germination, and other 

work (e.g. Roberts and Dawkins 1967, Wesson and Wareing 1969) 

supports this hypothesis. Wooley and Stoller (1978) conclude that 

light is unlikely to induce germination of light-sensitive seeds
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buried at greater than 2mm depth in the soil. These thermobar 

results for the twenty-two ruderal species, which are all normally 

incorporated to varying extents in buried seed banks (Thompson 1977, 

Grime et al. 1981, Thompson and Grime 1983) confirm such a light 
requirement.

Thompson and Grime (1983) stress that the importance of 

alternating temperatures in breaking dormancy must also be 

considered. They discuss in detail the importance of larger 

fluctuating temperatures as both depth-sensing and gap-detecting 

mechanisms enabling seeds to germinate into safe sites. Clearly the 

species in these thermobar experiments respond to alternating 

temperatures in much the same way as those of Thompson and Grime.

The work of Murdoch (1982) showed that the diurnal temperature 

range also changes seasonally and in the year of his study increased 

from relatively small fluctuations in late winter and early spring to 

greater ones in late spring and early summer. A response to 

alternating temperatures could, therefore, also allow seed 

recognition of the most suitable times of year for germination. This 

could partially explain the flushes in germination of some species 

(Roberts and Feast 1970, Lawson et al. 1974, Froud-Williams et al.
1984) during these periods of optimal temperature range.

Nitrate solutions stimulated the germination of 19 of the 22 

species tested. The magnitude of the effect and the conditions in 

which the effect was greatest varied in different species, often 

increasing with increased diurnal temperature range. More generally, 

it increased as the temperature conditions became more favourable to 

germination in the absence of nitrate. This became particularly 

clear in the case of Senecio vulgaris with its optimum response to 

nitrate appearing in the dark at the optimal intermediate temperature 

regimes. In 5 species in the dark and in 6 species in the light



86

there was a markedly linear synergism between the effects of nitrate 

and alternating temperatures. When maximum germination was reached 

in greater temperature ranges the response to nitrate appeared to be 

maximal at the intermediate ranges below the point at which 

germination in water approached 100% of the viable seeds present 

(e.g. Artemisia vulgaris and Plantago major).

Nitrate levels in soils have been shown to fluctuate naturally 

(e.g. Williams 1968, 1969, Popay and Roberts 1970b) and in arable 

situations can reach 10“2M. Eagle (1961) determined that the 

microbial release of nitrogen in the soil was greatest in spring and 

late autumn, and a spring increase of nitrogen release was also 

observed by Seifert (1962) in the bare soil of a vegetable bed.

Taylor et al. (1982) observed such nitrate flushes in acidic and 

calcareous soil although the actual nitrate levels were not as high. 

The addition of fertiliser to arable land is also a common cause of 

elevated nitrate levels in the spring, increased spring nitrate 

levels may be successful in the recognition of safe sites in the same 

way that alternating temperatures are thought to indicate both the 

temporal and spatial suitability of sites for germination. These 

seedlings, which could be killed by cold conditions following 

premature spring germination, would benefit from a response to 

nitrate in late spring and early summer.

In the experiments of Murdoch (1982) the soil nitrate levels in 

early June and thereafter were substantially higher than those in 

mid-April. In early June he recorded higher nitrate concentrations 

at 2.5cm and 7.5cm depth which were approximately double those at the 

surface or at 23cm. Similarly in July the nitrate concentrations at 

the surface were almost double those at 2.5cm and five times greater 

than those at 23cm. Ellenberg (1964) showed a gradual decline in 

nitrate concentrations with depth, the most marked example being in a
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Brown earth soil in which nitrate levels at 10cm depth were half of 

those at the surface.

Bu m s  (1977) showed that a soil profile following fertiliser 

addition, had a distinct concentration of nitrate at the surface with 

a large drop in levels down to 15cm depth. Leaching gradually moved 

this nitrate down the profile with a resultant reduction in the 

surface nitrate concentrations. Ammonium fertiliser which became 

nitrified also produced a concentration of nitrate in the surface 

layers which was eventually leached, although in this case the actual 

nitrate values were lower. It is clear from these reports that 

changes in nitrate concentrations with depth vary considerably and 

are strongly influenced by the soil water relations. Indeed the high 

surface nitrate concentrations observed by Murdoch (1982) in July 

could have been caused by evaporation during a drier period. Thus, 

although there are distinct variations of nitrate concentration with 

soil depth, their dependence on the soil moisture content makes them 

unpredictable and their involvement in any seed "depth-sensing" 

mechanism unlikely.

Petersen and Bazzaz (1978) suqgestsd that nitrate may play a role 

in gap detection (Thompson and Grime .1983). Bormann St at. (1968) 

showed that disturbance resulting from canopy removal was responsible 

for nitrate release which could stimulate the germination of early 

successional species responsive to it. Gap formation is normally 

likely to be associated with disturbance and Friejsen St at. (1980) 

suggested that loose and disturbed conditions, "May be regarded as 

favouring mineralisation and nitrification." Nitrification appears 

to be inhibited by climax ecosystems (Rice and Pancholy 1972, Kurkin 

1977) with the highest nitrate levels being present in the early 

successional stages associated with disturbance and gap formation.

The uptake of nitrate by established vegetation also seems to keep
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nitrate levels low in soils with plant cover.

Thus, it seems that in the natural situation the temporal 

variations in nitrate could be important in the recognition of 

temporal safe sites. Similarly nitrate may be involved in the 

recognition of gaps in vegetation and areas of disturbance, suitable 

for colonization. However, its involvement in "depth-sensing" seems 

unlikely due to the apparent unpredictability of the vertical 

distribution of nitrates in the soil.

It might be predicted from the above discussion that the 

increased nitrate level in spring and early summer could be partly 

responsible for causing flushes of germination. The increase in 

diurnal temperature range which occurs at the same time of year and 

itself stimulates germination, has been shown by these thermobar 

tests to interact with nitrate responses. The synergistic effect of 

nitrate and alternating temperatures may, therefore, have a very 

pronounced effect on the distribution of field germination. Because 

of their interaction the response to nitrate may be difficult to 

isolate from that of the alternating temperatures in its effect on 

seedling emergence.

Stored seeds of Cardamine hirsuta showed a general reduction in 

dormancy, which conforms to the view of Vegis (1964) that, as seeds 

after-ripen in storage, their requirements for germination generally 

become less strict. Changes in response to nitrate have been 

observed for some species (e.g. Roberts and Lockett 1975, 1978b, 

Bostock 1978). Such changes occurred in Cardamine hirsuta with the 

appearance of a response to nitrate after 9 months and 21 months 

laboratory storage. Popay and Roberts (1970a) reported that over a 2 

year period of dry storage at 4-2°C in Kilner jars there was no loss 

of viability or dormancy of Capsella bursa-pastorls and only a small

loss of dormancy in Senecio vulgaris. 21 months of similar storage
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of Cardamine hirsuta in these tests caused a reduction in its 

viability and a loss of dormancy with the appearance of a response to 

nitrate in the dark. The other species in these tests which had been 

stored in the same way were all used within 5 months of collection 

and losses in dormancy or viability were probably small. It is clear 

that a response to nitrate, like other dormancy-breaking factors, is 

not an unchanging characteristic of the species. Storage in a 

Stevenson screen for 21 months which more closely approached the 

conditions of natural storage caused a 70% loss of viability although 

a nitrate response did not develop. Burial of seeds in the soil may 

also cause similar changes in seed dormancy and response to nitrate. 

These are discussed in more detail in Chapter 4, with specific 

reference to the burial of Cardamine hirsuta seeds.

Figure 3.16 shows an idealised series of curves which represent 

the types of response to nitrate and alternating temperatures observed 

for most of the ruderal species tested on the thermobar. The 

position on this family of curves of the actual response curve for 

each species will depend on its absolute dormancy and the presence or 

absence of light. The response of nearly all of the species tested 

could fit into this diagram, although the actual magnitude of the 

nitrate response cannot be predicted. From the evidence of Cardamine 

hirsuta, after-ripening of seeds during storage would cause their 

response curve to move across the range of curves towards the left.

Some general relationships between seed size and germination 

behaviour in response to light and temperature have been described 

(Grime et al. 1982, Thompson and Grime 1983). A possible 

relationship between seed size and nitrate response was sought but 

not found.

The germination of calcicole and calcifuge species on the 

thermobar compared closely with that observed in the petri dish tests
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Figure 3.16 An idealised series of curves representing the types of 

response to nitrate and alternating temperatures 

observed for most of the ruderal species tested on the 

thermobar. The shaded zones indicate stimulation of 

germination by nitrate. The arrow indicates the 

direction in which the response of seeds would move 

following either after-ripening or under the influence 

of light.

3■I
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of chapter 2. Apart fro* the germination of Inula conyza which was 

once again variable, the calcicole germination percentages were the 

same in both experiments. Thompson and Grime (1983) observed that 

Carex flacca responded to alternating temperatures in the light and 

that Origanum vulgare was insensitive to them. The results for these 

species are in agreement, although a response to alternating 

temperatures was apparent for Origanum vulgare in the dark. The 

results for Erica tetralix in respect of light and alternating 

temperatures were comparable with those of Thompson and Grime (1983) 

and any differences between petri dish and thermobar percentages were 

due to different periods of incubation. Calluna vulgaris had 

slightly higher germination on the thermobar but this may be due to 

the use of a different seed batch.

All of the calcicole species responded to light in the same way 

as the ruderal species and all but the chilled Linum cathartlcum were 

stimulated by the higher diurnal temperature ranges. After 41 days 

chilling Linum catharticum had greater germination in intermediate 

temperature ranges (10C* range) in the same way as Senecio vulgaris.

Only Leontodon hispidus appeared to respond to nitrate, in the 

light, and in the darkness four of the calcicole species were 

actually inhibited by nitrate: a maximum inhibition of 48% for 

Hypericum hirsutum, 36% for Origanum vulgare, 26% for Liman 

catharticum and 18% for Carex flacca. In Chapter 2, 10 M KNOj had 

not been supra-optimal for Hypericum hirsutum or Origanum vulgare at 
5/25°C. There was also no inhibition of Origanum vulgare germination 

in nitrate on the thermobar at 5/25*C and it only became evident in 

seme of the other treatments. An explanation could not be found for 

the reduction in germination of 26% for Hypericum h irsutum in nitrate 

at 5/25°C on the thermobar.

The calcifuges all showed a strong light requirement which was
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obligate in the case of Digitalis purpurea and Erica tetralix. Such 

a requirement is a characteristic of small seeded species (Thompson 

and Grime 1983) and was also observed for Juncus conglomeratus in 

Chapter 2. All of the calcifuges except Digitalis purpurea responded 

to alternating temperatures but once again only one species;

V a c c i n i u m  m y r t l l l u s ,  r e s p o n d e d  t o  n i t r a t e .

Thus, although light and alternating temperatures appear to be 

fulfilling the same purpose of safe site recognition for these 

calcicole and calcifuge species as they are thought to do for most 

other species, nitrate is not clearly involved. It would seem that 

unlike the ruderals there would be no advantage for these species in 

having a response to high nitrate concentrations in their native 

environments with lower nitrate levels. In species possessing it, 

the germination response to nitrate therefore appears to be an 

adaptation to their particular soil environments rather than an 

arbitrary by“product of seed metabolism. Such species are for the 

most part ruderals or crops. This is in agreement with the work of 

Mayser (1954, reported in Schimpf and Palmblad 1980) who concluded 

that the seeds of nitrophilic species have higher nitrate optima and 

maxima for germination in the soil than do non-nitrophilic species.
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4. Nitrate Responses of Fo o t  Rnderal Species Following Burial.

4.1 Introdnction.

The dry storage of Cardamine hlrsuta seeds under a variety of 

conditions (Chapter 3) showed that the response of seeds to nitrate 

could vary over time in both form and magnitude. Responses to other 

dormancy breaking factors including alternating temperatures and 

light have been shown to change during dry storage (e.g. Roberts and 

Lockett 1975, 1978b), normally resulting in a gradual loss of 

dormancy.

Burial of seeds in the soil also produces changes in their 

response to dormancy breaking factors (Karssen 1980/81a,b, Baskin and 

Baskin 1981, Roberts and Lockett 1975, 1978b, Bostock 1978) although 

this is not usually in the form of a straightforward loss of 

dormancy. In some species cyclic seasonal changes in dormancy have 

been shown to occur (Courtney 1968, Taylorson 1970, Stoller & Wax 

1974, Karssen 1980/81a,b, Roberts & Neilson 1982, Froud-Williams et 
aim 1984) and Baskin and Baskin (1981) suggested that "these are the 

rule rather than the exception". These usually take the form of an 

annual rhythm in the depth of dormancy with induction of dormancy 

leading up to periods in the year with little or no germination 

followed by a loss of dormancy prior to flushes of germination. 

Karssen (1980/81b) demonstrated this behaviour in Polygonum 

persicaria and Senecio vulgaris^ which both had flushes of germination 

in spring and a reduction of germination between July and January 

over the two year period of his experiment. In the same experiment 

Chenopodium album showed a high level of germination in late spring 

and early summer in both light and dark but was capable of responding 

to a light stimulus earlier on in spring. Murdoch's (1982) work 

revealed a similar cycle of dormancy induction and loss in Avena
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fatua and Chenopodium album but these responses were overshadowed by 

an overall long-term loss of dormancy. Clearly the changes in 

response to dormancy breaking factors, brought about by seed burial, 

are complex and have a dominant influence on field emergence 

patterns.

The aim of the experiments described here was to observe the 

changes in response to nitrate of four rudera1 species following 

varying periods of burial in the soil. This information should 

contribute to an understanding of any nitrate responses observable in 

the field. If a cyclical change in nitrate response is observed this 

may produce a similar annual cycle of response in the field. 

Alternatively if a gradual loss in dormancy of the type observed by 

Murdoch (1982), overrides any other changes in the nitrate response, 

the presence of seed buried in previous years may partially or 

completely mask the responses to nitrate of seed more recently 

incorporated into the seedbank. Although nitrate itself could be 

involved in the actual process of modifying changes in dormancy 

(Karssen 1980/81b) these experiments are not intended to specifically 

investigate such effects.

The experiments of Murdoch (1982) and Karssen (1980/81b) 

involved the burial of seeds in nylon sachets but in both cases this 

has meant that the seeds were not in direct contact with the soil. 

Murdoch (1982) has since stressed the requirement for this direct 

contact and advocated inclusion of soil in the sachets to develop a 

continuity with that in the surroundings. The seeds in this 

experiment were buried in sachets following mixing with a small 

amount of soil. The sachets were removed on three occasions over 15 

months to monitor the changes in response to dormancy breaking 

factors brought about by burial. The influence of such changes on 

the effect of nitrate flushes and applications in the field 

experiment (Chapter 6) can then be considered.
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4.2 Materials and Methods.

4.2.1 Experimental methods.

Seed lots of the four ruderal species were divided into groups 

of 100 seeds. Each group was then mixed into 7g of dry soil which 

had been collected from the University Botanical Gardens and sorted 

to remove stones and plant roots. The soil had been previously 

steam-sterilised to kill any seeds from its natural seedbank. The 

mixture of soil and seed was then heat sealed into a 5 x 5 cm nylon 

micromesh sachet.

The 53 pun mesh of the sachet was chosen as a compromise between 

protection from all but the very smallest soil organisms and the 

creation of a good contact between the sachet soil and external soil 

following burial. Whilst fungal and bacterial influx from the 

outside soil could not be avoided it was hoped that predation of the 

seeds by soil invertebrates would be prevented. The mesh was, 

however, large enough to allow the moisture conditions of the sachet 

to equilibrate with that of the surrounding soil.

Once sealed, each sachet was attached by a length of nylon 

fishing twine to a label which remained at the surface. Small 

coloured wires were then attached to the labels to identify the 

species in each particular sachet.

Fifty four sachets of each species were buried at 15 cm depth in 

a bed at the University Botanical Gardens in December 1981. It was 

expected that burial at this depth would prevent any in situ 
germination. Murdoch's (1982) results showed little difference 

between the effects of burial at 7.5 or 23 cm although in Chenopodium 

album in situ germination was lower with increased burial depth. 

Groups of four sachets with a representative of each of the species
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were randomised within a flat area of 6.5m2 with a 30 cm margin 

around its edge.

Eighteen sachets of seeds which were not buried were placed in a 

sieve and leached with tap water in darkness for 12 hours to remove 

as much nitrate as possible. Half which were to become nitrate 

treatments were then washed through with 250 ml of 10-2M KN03 whilst 

the water treatments received the same volume of water. They were 

cut open and laid onto a single layer of Whatman No. 1 filter paper 

and the soil was spread over its area. This paper was supported by 

two plastic petri dish lids within a 13.5 x 7.5 x 5 cm clear perspex 

box. The lids were surrounded by 80 ml of either 10~^M KNO^ 

solution or double glass distilled water into which the paper dipped 

at both ends. This provided moisture for the seeds without 

waterlogging the soil.

In preliminary experiments gravel was used to support the seed 

sachets and they were not leached following removal from the field. 

This resulted in higher measured nitrate levels in the water 

treatments (Appendix F), and consequently the method described above 

was adopted.

Boxes of water and nitrate treatments were placed in controlled 

environment cabinets (see Chapter 2) in one of three regimes:

a) In a 5/25'C alternating diurnal temperature range and 12 hour 

photoperiod and thermoperiod. This represents soil 

surface conditions in spring.

b) In darkness with a 5/25°C diurnal temperature regime and 

a 12 hour thermoperiod. This represents the conditions 

experienced by seed buried just below the soil surface

in spring
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c) Dark with an 8/18®C diurnal temperature range and 12hr

thermoperiod. This represented the conditions experienced 

by seed at approximately 4 cm below the soil surface 

in spring.

The six treatments were replicated three times.

Dark treatments were created by double wrapping the perspex 

boxes in aluminium foil. The procedures between leaching of the 

sachets and wrapping of the boxes normally took less than 3 minutes 

and were performed under the green "safe light" described in Chapter

2. Although Baskin and Baskin (1979) showed that buried Stellaria 

media seed responded to 5 minutes or more of exposure to green light 

its use could not be avoided but was kept to a minimum.

Seedling emergence was counted every one or two days in the 

light treatments and the criterion used in Chapter 2 for removal of 

dark treatments was employed. These sachets which had not been 

buried acted as a control treatment in which the laboratory 

germination of fresh seed in soil rather than on filter paper could 

be observed.

The buried sachets were removed in

i) April 1982 after 3 months burial.

ii) September 1982 after 9 months burial.

iii) April 1983 after 15 months burial.

These removal times were chosen to fall just before the 

occurence of natural flushes of germination in the field. The 

sachets were selected randomly and placed directly into a black 

plastic bag following exhumation. They were then treated in exactly
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the same way as the control sachets.

Variation between replicates was high in both September 1982 and 

April 1983 removals. Consequently, following counting of the dark 

treatments all dishes were moved into a light 5/25°C environment and 

water was replaced by nitrate. This stimulated the germination of 

any seeds which had remained dormant in either of the two dark 

treatments as well as allowing extra germination of slower seeds in 

the light. Total germination following this procedure was used as an 

estimate of the number of germinable seeds present.

Results for Seneclo vulgaris germination after 3 months of 

burial (April 1982 exhumation) were unavailable due to damping off of 

seedlings in the dark treatments before light germination had 

finished. Replacement sachets of Senecio vulgaris were therefore 

buried in December 1982 to provide two additional times of removal. 

The first batch was exhumed in early May 1983 and the second in 

September 1983, after 3*3 and 9 months burial respectively. Each of 

these removals had four replicates per treatment but procedures were 

otherwise identical with those of the previous experiment.

4.2.2 Statistical methods.

The transformed data (arcsine square root) for each species at 

each removal were analysed separately using a factorial analysis of 

variance. This directly showed the significance of any overall 

difference between the nitrate and water treatments. If an overall 

nitrate versus water comparison was significant, tests between 

nitrate effects in different incubation environments were made using 

a test of least significant difference. If differences between 

incubation conditions were significant in the ANOVA they were 

compared using Duncan's MRT. Values of germination, as percentages
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of germinable seed, for the September 1982 and April 1983 removal 

were also calculated and analysed in the same way.

Comparisons between different removal times were only analysed 

if they appeared to be of particular importance, using a t-test for 

the comparison of two means with different variances (Sokal a n d  Rohlf 1969).

4.3 Results.

Analyses of these results appear in full in Appendix G.

4.3.1 Artemisia vulgaris.

The germination in soil of fresh Artemisia vulgaris seed was not 

affected by nitrate. Germination was lowest (p<0.01) at 8/18°C in 

the dark and germination in the light at 5/25°C was greater (p<0.01) 

than dark germination in the same temperature regime (Figure 4.1a).

Following 3 months burial, a significant (p<0.001) overall 

response to nitrate was found. It was, however, only individually 

significant (p<0.05) for the two dark treatments. A difference in 

germination between the two temperature regimes in the dark no longer 

existed although they still produced significantly (p<0 .0 1) lower 

levels of germination than the light treatment (Figure 4.1b). It 

appears that these Artemisia vulgaris seeds developed a response to 

nitrate during burial which has replaced the requirement for a larger 

diurnal temperature range in the dark and also partially substituted 

for the presence of light. Germination in water in the dark 

treatments was also somewhat greater (p<0.001) after 3 months burial 

than for fresh seeds. By September 1982, after 9 months burial, 

germination did not respond to nitrate (Figure 4.1c), the only 

treatment difference being a higher percentage germination of total



101

Figures 4.1, 4.2 and 4.3

Germination of Artemisia vulgaris (4.1), Cardamine hirsuta (4.2), 

Stellarla media (4.3), in three environments.

Light with a 5/25°C diurnal temperature alternation 

Dark with a 5/25°C diurnal temperature alternation 

and Dark with an 8/18°C diurnal temperature alternation

with 10_,M KNO, 

or distilled water

after varying periods of burial in nylon sachets in the soil,

a) Fresh seeds. d) 9 months burial - percentage of germinable
seeds remaining.

b) 3 months burial. e) 15 months burial.

c) 9 months burial. f) 15 months burial - percentage of germinable
seeds remaining.

All germination percentages have been transformed using the arcsine 

square root transformation.

The error bars represent the Least Significant Differences (p < 0.05) 

for comparison of nitrate and water treatments within each environment.

X
hi

ill

3<

Comparison between environments was made using Duncan*s Multiple Range 

test and within each burial period those environments carrying different 

letters were significantly different (p < 0.05).

Figure 4.4

Germination of Senecio vulgaris following burial in the soil. The 

information presented is the same as for Artemisia vulgaris, Cardamine hirsuta 

and Stellaria media except that graph d) represents a second experiment

involving burial for 9 months rather than the percentage of germinable seeds 

which emerged after that time.
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germinable seed (p<0.05) in the light than in the two dark 

environments (Figure 4.1d).

The variability between replicates gradually increased with the 

burial period. In April 1983, when the last removal took place, the 

variation was particularly large and no differences between 

treatments were significant (Figure 4.1e). There was also no 

difference between the percentage germination of total germinable 

seed in any of the treatments suggesting that the loss of response 

was not entirely due to increased variation between replicates 

(Figure 4.1f).

Nevertheless, an increase in variation was also observed in the 

three other species and was characterised in each case by a few 

replicates with very low germination. This may have resulted from a 

high level of seed mortality in those sachets. Localised microbial 

attack is one explanation of this patchy mortality which did not 

occur in any particular part of the experimental plot. The 

importance of such pathogenic activity of soil fungi was discussed by 

both Leach (1947) and Harper (1955).
3>}

Thus, although fresh Artemisia vulgaris seed did not initially 

respond to nitrate, burial for 3 months allowed a response in the -J

dark to develop. It also resulted in a loss of response to the 

larger diurnal temperature range in the dark. The response to 

nitrate was lost after a further period of burial and eventually the 

seeds lost their response to light.

4.3.2 Cardamine hlrsuta.

The germination of fresh Cardamine hlrsuta before burial was 

stimulated by nitrate (p<0.05) in both dark treatments (Figure 4.2a). 

Although there was no response to nitrate in the light, germination
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was still significantly (p<0.01) greater than in the dark. For this 

reason the interaction between nitrate and incubation environment was 

significant (p<0.05). Germination in the dark at 5/25°C was also 

significantly higher (p<0.01) than that at 8/18°C.

After 3 months burial the overall response to nitrate was still 

significant (p<0.05) but within individual treatments this response 

was only significant at 8/18°C in the dark (p<0.05) (Figure 4.2b). 

Once again average germination percentages in the incubation 

treatments were all different (p<0.05) from one another.

Cardamine hirsuta did not respond to nitrate in any of the 

environments following 9 months of burial in the soil (Figure 4.2c). 

The dark 8/18°C treatment produced lower germination than both of the 

5/25°C treatments (p<0.05), with the increase in between replicate 

variation being less evident in this species. The percentage 

germination of germinable seed was sufficiently less variable than 

the raw data for the mean values for all three incubation 

environments to be significantly different (p<0.05) (Figure 4.2d).

After 15 months burial germination percentages in the 8/18°C 

environment were still lower (p<0.05) than in 5/25°C and the seeds 

did not respond to nitrate (Figure 4.2e). Percentage germination of 

germinable seeds was significantly lower (p<0.05) in the dark at 

8/18°C than in either of the other two incubation environments 

(Figure 4.2f). This is a strong indication that a larger diurnal 

temperature range was still stimulatory after this period of burial. 

There was no apparent difference between the light 5/25°C and dark 

5/25°C treatments. Germination after 15 months burial was 

significantly (p<0 .01) higher than in fresh seed in all three 

envi ronment s.

Thus, burial caused a gradual loss of response to nitrate which 

was accompanied by a loss of response to light at the higher
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alternating temperatures. Even after 15 months burial a response to 

the larger diurnal temperature range was retained although it was 

reduced in magnitude.

4.3.3 Stellaria media.

The fresh Stellaria media seed responded (p<0.05) to nitrate at 

5/25°C in both the light and the dark (Figure 4.3a). There was also 

significantly (p<0.05) higher germination in the light than in the 

dark.

After 3 months burial the 8/18°C dark treatment was 

unfortunately lost due to damping off of the seedlings but nitrate 

stimulation was still significant in the dark 5/25°C treatment 

(p<0.05) (Figure 4.3b). The germination under those conditions was 

also significantly (p<0.05) higher than in the light. After both 9 

and 15 months burial the germination of Stellaria media had become 

extremely variable (Figures 4.3c and d) and there were no significant 

differences between any of the treatments. This apparent loss of 

response was also confirmed by the values of percentage germination 

of germinable seed which also showed no significant differences 

(Figures 4.3e and f).

The germination of Stellaria media in the dark at 5/25°C 

appeared to reach a peak value after 3 months burial and decline to 

its original level after further periods in the soil.

Stellaria media, therefore, responded to nitrate when fresh but 

had completely lost this response after 9 months burial. After this 

time it had also lost its response to light and wider temperature

ranges.
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4.3.4 Seneclo vulgaris.

The germination of fresh Seneclo vulgaris seed showed similar 

responses to that germinated in petri dishes and on the thermobar 

(Figure 4.4a). It had significantly higher germination in the light 

than in the dark (p<0.01) and germination at 8/18°C was greater 

(p<0.01) than that at 5/25°C in the dark. An overall response to 

nitrate was significant (p<0.001) as was an interaction (p<0.001) 

between nitrate and the light/temperature treatments. The response 

to nitrate was individually significant in the light at 5/25°C and in 

the dark at 8/18°C.

Damping off of seedlings resulted in the loss of all of the 

results for the April 1982 removal. The repeat experiment in May 

1983 following 3*s months burial showed a similar series of responses 

to the light/temperature treatments although any response to nitrate 

had been lost (Figure 4.4b).

The results of the original September 1982 removal and those of 

the repeat experiment for the same burial time (September 1983) were 

similar (Figures 4.4c and d) and were analysed together in a 

three-way analysis of variance (Appendix G). An overall response to 

nitrate was not found but the interaction between nitrate and the 

light/temperature treatments was significant (p<0.01). Nitrate 

appeared to be inhibitory in the light but to promote germination in 

both temperature regimes in the dark. The nitrate inhibition in the 

light was significant (p<0.05) when both sets of results were 

combined as was the stimulation in the dark (p<0.05) when the results 

from both temperature regimes and both experiments were analysed 

together.

The analysis of variance showed that the light/temperature 

treatments were significantly different (p<0.01). However# when
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Duncan's MRT was applied the only observable difference (p<0.05) was 

between the light 5/25°C and dark 5/25°C treatments in the original 

experiment. The low germination in the dark 5/25°C treatment was in 

agreement with that observed in fresh seed although in this case 

despite its appearance it was not significantly lower than in the 

dark 8/18°C treatments. There were no significant differences 

between these treatments in the repeat experiment.

The final April 1983 removal of the original experiment produced 

very variable results and there were no observable differences 

between any of the treatments (Figure 4.4e). Analysis of the 

percentage germination of germinable seed did not provide any 

additional information (Figure 4.4f).

Germination was greater in the dark after 9 and 15 months 

burial than in fresh seed (p<0.05) although no significant
in

differences in dark germination were present between 9 and 15 months
r

burial themselves. There was no significant change in the percentage 

of germination in the light between fresh seed and that buried for 9

months. "3
4 / n •<

4 «4 Discussion.

Germination of the four species in soil without burial was 

similar to that observed in the thermobar experiments. The responses 

of Artemisia vulgaris to the nitrate and light/temperature treatments 

were comparable to those on the thermobar although the germination 

percentages were lower. In that respect they were comparable to the 

levels of germination observed in the petri dish experiments. In 

Stellaria media the overall germination and magnitude of its 

responses were lower than on the thermobar but the types of responses 

• The responses of Senecio vulgaris were very similarwere the same
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to those on the thermobar and in the petri dish tests, with 

germination in the dark at 8/18°C being greater than that in the dark 

at 5/25°C. The germination percentage in soil in the light was, 

however, about 16% lower than in the other experiments. This could 

be due to the burial of a small proportion of the seeds beneath the 

thin layer of soil in the plastic boxes preventing their exposure to 

light. The germination of Cardamine hirsuta in the soil was higher 

in the dark than on the thermobar, although its germination in the 

light was lower than in the other experiments. The response to 

nitrate of fresh Cardamine hirsuta seed in the soil in darkness 

appeared to be of the type developed by seed stored in the 

laboratory. Any response to nitrate was also lost after 15 months 

burial in the same way that 21 months storage in the Stevenson screen 

resulted in a loss of response. The percentage germination did not, 

however, decline as much after 15 months in the soil as it did in the 

laboratory or Stevenson screen after 21 months storage. The 

responses observed for each burial time are summarised in Table 4.1.

There were no striking cycles of response to the dormancy 

breaking factors although the increased variability of germination 

after 9 and 15 months burial could be responsible for masking them. 

If, however, such variation in germination was also a feature of 

groups of seeds in the field it would clearly reduce the apparent 

importance of individual dormancy breaking factors such as nitrate. 

Failure to observe a cyclic germination pattern may have been due to 

the infrequency of removal times and the experiment would perhaps 

have benefitted from later removals, although once again the 

variability of germination would have been an overriding factor. 

Murdoch (1982 ) observed that the dormancy of Chenopodium album was

greatest in November and December. It is possible that the September 

removal in these experiments was prior to the induction of dormancy
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and consequently too early to observe any period of deeper dormancy 

of that type. A similar increase in the dormancy of Senecio vulgaris 

during October and November was recorded by Karssen (1980/81b) but 

was not apparent in these experiments.

The only slight evidence for a period of induction of dormancy 

was with Stellaria media in which the germination after 9 months 

burial was significantly lower than after 3 months. This is in 

agreement with the results of Roberts and Lockett (1975) who observed 

maximum germination after 3*5 months burial and a partial return of 

dormancy after 9 months. The germination of fresh seed in this 

experiment was, however, substantially higher than they had observed 

under a similar temperature regime in the light. Germination of 

Stellaria media after 15 months was not significantly higher than in 

the previous removal and does not consequently support the evidence 

for an annual rhythm of dormancy change. Froud-Williams et al.

(1984) observed a peak of Stellaria media germination in the light in 

autumn, after 3 months burial, followed by a reduction in germination 

in spring after 9 months burial. A second smaller increase in 

germination occurred in summer after 12 months burial, followed by 

lower germination in autumn, after 15 months burial. The increased 

germination after 3 months, and decreases after 9 and 15 months 

burial, are similar to the results described here for the same 

periods of burial despite the fact that the seasons of burial and 

recovery were different. This is contrary to the view that the 

degree of dormancy is controlled by the prevailing soil conditions 

(Froud-Williams 1984, Roberts & Lockett 1978a,b) to produce annual 

cyclical changes in dormancy.

Although there was no clear cycle of dormancy it was obvious in 

all four species that the length of burial altered their response to 

dormancy breaking factors. Artemisia vulgaris did not respond to
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nitrate as fresh seed but by April a nitrate response was evident 

which replaced the requirement for alternating temperatures in the 

dark. This response to nitrate also partially substitutes for the 

presence of light in some of the seeds. The effect of this in the 

field would be to encourage germination of buried seed in the spring 

when nitrate levels are high. By September, of the dormancy breaking 

factors only light and alternating temperature together produced 

higher germination. The following spring did not see a return of the 

response to nitrate and seeds in all three light/temperature 

environments showed similar germination. Thus during the course of 

burial the Artemisia vulgaris seeds initially developed a response to 

nitrate but finally lost their response to any of the dormancy 

breaking factors.

Germination after 15 months burial was lower than after 3 months 

which could be explained either by seed mortality (including loss of 

dormancy and in situ germination) or by the onset of a deeper 

dormancy which could not be broken by any of the dormancy breaking 

factors being used. Although no in situ germination was observed 

when sachets were removed from the gardens, in view of the high 

variability of the results the former explanation seems more likely. 

In some of the replicates more than 80% germination was recorded 

whilst we would expect that the onset of deeper dormancy would have 

reduced their germination levels as well. Murdoch (1982) reported 

that in Chenopodium album there was a gradual loss of dormancy which 

would correspond in this experiment to the reduction in response to 

dormancy breaking factors rather than an absolute increase in the 

germination percentage after 15 months burial.

In Cardamlne hirsuta the response to nitrate which was evident 

in fresh seed in the dark had become restricted to just the dark 

8/18°C treatment after 3 months burial and was entirely lost after 9
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months. Once again the response to other dormancy breaking factors 

was lost during burial and after 15 months only the larger 

alternating temperature in the dark produced a clear stimulation, the 

light only appearing stimulatory when the values of percentage of 

germinable seed were used. Cardamine hirsuta showed a gradual 

increase in germination with higher levels after 15 months burial 

which represent a loss of dormancy of the type observed by Murdoch 

(1982).

Stellaria media responded to nitrate and light when fresh but 

after 9 months burial there were no responses to either. After 3 

months of burial, germination in the dark at 5/25°C was greater than 

in the light at the same temperatures although this cannot be related 

to any field effects. Again there was a reduction in the response to 

dormancy breaking factors, although the high variability after 9 and 

15 months burial prevents conclusions being drawn from them.

The fresh seed of Senecio vulgaris responded to light and 

nitrate. There was also an interaction between nitrate and diurnal 

temperature range in the dark, the stimulation being greatest in the
>)

8/18°C treatment. After 3 months the response to nitrate had been '
■<

lost whilst light and 8/18°C temperatures were still stimulatory.

After 9 months, however, the nitrate was inhibitory in the light and 

stimulatory in the dark at 5/25°C. These inhibitory and stimulatory 

effects would evidently counteract one another in the field and no 

overall response to nitrate would be evident. The light itself was 

still stimulatory after this period of burial. After 15 months the 

germination percentages were lower, but once again the responses to 

the dormancy breaking factors being tested had been lost.

Despite lower germination in all but Cardamine hirsuta after 15 

months, without evidence for a cyclical response, the observed 

reduction in the response of all four species to the three dormancy



breaking factors suggests an overall reduction in dormancy of the 

type observed by Murdoch (1982). The lower levels of germination 

could themselves be due to loss of viability which was not measured 

directly. The alternative explanation of the lower germination could 

be the onset of deeper dormancy which could not be broken by light, 

temperature alterations or nitrate. If such a dormancy had developed 

it would have perhaps been broken by variation in the oxygen 

concentration or the use of growth hormones. This explanation is 

less likely considering the occurrence of individually high (80%+) 

germination percentages in the otherwise variable results for all 

four species in their final removal.

It is thus clear from these results that periods of burial of 

greater than 3 months duration have reduced and eventually completely 

removed any response to nitrate. Such a loss of response to nitrate 

was observed by Bostock (1978) for the seeds of Achillea millefolium, 

Artemisia vulgaris and Cirsium arvense following their burial for 6 

months. Thus the presence of a seedbank consisting of seed from 

different seed falls, being buried for different periods of time may 

not show a response to nitrate despite the ability of its younger 

seed component to respond to it. Hence seed mortality in the field 

and the gradual loss of dormancy would reduce the ecological and 

agricultural importance of a nitrate response and make field 

observations of it difficult. However, such field responses may be 

discernible in conditions when and where the germination of freshly

fallen seed is dominant.
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5. Germination of a Natural Seedbank in Controlled Conditions.

5.1 Introduction.

Experiments were designed to observe the response to nitrate of 

a natural seedbank in controlled conditions. These experiments 

provide a link between those described on collected seed and those in 

the field situation (Chapter 6). A sample of garden soil with a 

seedbank dominated by the ruderal species studied in Chapter 4, was 

collected and incubated with and without nitrate, in the laboratory. 

Calcareous soil from a permanent grassland and an acid soil from a 

heathland were also tested in the same way. These seedbanks included 

seeds of some of the calcicole and calcifuge species tested in 

Chapters 2 and 3.

S.2 Materials and Methods.

5.2.1 Garden soil.

A large volume of soil containing a seedbank of mainly arable 

weed species was removed from a garden bed in the University 

Botanical Gardens in 1981. After thorough mixing and sieving to 

remove large stones and roots, 750 ml of soil was placed directly 

into each of thirty two 26 x 14 x 9 cm perspex boxes. The soil in 

half of the boxes was then moistened with 10-2M KNC>3 solution and the 

other half with double glass distilled water. Moistening agent was 

added until the soil appeared completely wet without causing 

waterlogging and was consequently not the same volume in each box. 

Lids were placed on the boxes to minimise evaporation.

The boxes were randomly divided into groups of four nitrate and 

four water replicates which were placed in different environments in
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growth cabinets (Table 5.1). Dark treatments were wrapped in two 

layers of aluminium foil. Germination in the light was recorded 

every one or two days and the dark treatments were removed and 

counted when no further germination occurred in the light. The 

species of seedlings in the light were identified using books by 

Chancellor (1978) and Hanf (1971). Such identification was not 

possible for the etiolated seedlings of the dark treatments and they 

were divided into just two groups; monocotyledons and dicotyledons 

(hereafter referred to as monocots and dicots).

Following counting, a subsample of soil from each box was 

weighed and then reweighed after oven drying at 100°C so that their 

percentage moisture contents could be calculated. The nitrate 

content of a 50 g subsample of soil from two replicates of each

treatment were determined using the colorimetric, phenoldisulphonic «

acid method used by Popay (1968) (after Metson, 1956). The
n

concentration of nitrate in the soil water was then calculated from 

the above values.

The results were analysed using two-way analyses of variance and 

Duncan's multiple range tests on the total figures and the figures 

for the monocots and dicots individually. An analysis of covariance 

was also performed using the percentage moisture contents, variation 

in which appeared to influence the amount of germination.

5.2.2 Calcareous soil.

Calcareous soil was collected from a South facing slope in 

Monsal Dale (Grid ref. SK 184, 717) firstly in March and then in July 

1983. A refinement of the techniques used to test the garden 3oil was 

used in this experiment. Subsamples of 250 ml of the thoroughly 

mixed and coarsely sieved soil were placed on a single layer of
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Whatman No. 1 filter paper supported by three upturned 13.5 x 7.5 x 5 

cm perspex boxes within a large 26 x 14 x 9 cm perspex box. The 

filter paper was then able to dip into a 750 ml reservoir of either

KNOj or double glass distilled water surrounding the upturned 

boxes (Figure 5.1). A small amount of moistening agent was also 

poured onto the surface of the soil to ensure its initial wetting but 

was able to drain freely into the reservoir. Two replicates of the 

nitrate and water treatments were placed in three different 

environments (see Table 5.1) directly after each of the two soil 

collections. A second pair of replicates were placed in each of the 

six treatments directly after germination of the first two was 

complete. The soil was stored in black plastic bags at room 

temperature for the short period of the initial run. For the purpose 

of analysis the four runs (2 for each collection) were considered to 

be experimental blocks each containing two replicates and a two-way 

analysis of variance with blocks was used. The procedure for 

counting the seedlings was the same as that used for the garden soil. 

In this case due to the presence of a reservoir of solution the 

individual soil moisture contents were not calculated. The nitrate 

concentrations in the reservoirs of three randomly selected nitrate 

and three randomly selected water treatments were determined using 

the same method employed for the garden soil.

5.2.3 Acid heathland seedbank.

The surface litter and a small amount of soil was collected in 

March and July 1983 from a Calluna vulgaris dominated hillside in 

North Staffordshire (Grid ref. SK 033, 634). A preliminary 

experiment showed that the majority of seed in such an organic soil 

is in the litter. Any large Calluna vulgaris stems were removed from
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the litter which was thoroughly mixed and dealt with in the same way 

as the calcareous soil. Since germination of the calcifuge species 

had been low in the dark on the thermobar and since little 

germination was observed in the first dark treatments of this 

experiment the seedbank was only tested in the light at 5/25°C with 

or without 10-3M nitrate. The results were analysed using a one-way 

analysis of variance with blocks.

Nitrate concentration determinations of the reservoirs of all of 

the boxes were made using the methods described above.

5.3 Results.

All analyses can be referred to in Appendix H. The duration of
••

each experiment is given in Table 5 # 1 •

n

5•3•1 Garden soil*

Although the seedlings germinating in the light were 

successfully identified there were too few of even the most frequent 

species, Stellaria media and Cardamine hirsuta for individual 

analysis. Analyses were therefore performed on the total numbers 

germinating and on the numbers of monocots and dicots separately. The 

nitrate concentrations determined for some of the treatments are 

given in Figure 5.2. The water treatments evidently contained some 

nitrate, present in the soil itself but this did not exceed 9 x 

10“ 4M.

Nitrate did not significantly increase germination of either the 

monocots or dicots although the light/temperature environments did 

produce different levels of germination. Total germination in the 

light at 5/25°C was significantly greater (p<0.05) than in the dark
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E n v i r o n m e n t

T r e a t m e n t  

L i g h t  5 / 2 5 ° C

Dark S/25cC

Dark 8/18 C

Dark 19 C Const.

W a t e r N i t r a t e

- 4
1

«2
7 . 4 X 1C . 3 X 10

8 . 9 X 1 0 ‘ 4 1 #5 X
. , - 2

- 4 . *
6 . 3 X 10 1 • 1 X 10

. - * 4 . „ - 2
8 . 3 X 10 1 . 4 X

5 . 3 X 1 0 - 4 1 -> X
t r - 2

. - 4 , r - 2
7 . 3 X 10 1 . 4 X *0

3 . 2 X
. n -  4
• V* : , 1 X

- 2

6 . 5 X i o ' 4 l 2 X ¡ c - 2

F i g u r e  5 . 2  T h e  n u m b e r s  o f  s e e d l i n g s  e m e r g e n t  r r c m  t h e  g a r d e n  s o i l  

w h e n  p l a c e d  i n  f o u r  d i f f e r e n t  l a b o r a t o r y  e n v i r o n m e n t s ,  

w i t h  a n d  w i t h o u t  n i t r a t e .  E a c h  c o l u m n  r e p r e s e n t s  t h e  m e a n  

v a l u e  o f  f o u r  r e p l i c a t e s .  T h e  s i g n i f i c a n c e  o f  a n y  d i f f e r e n c e s  

b e t w e e n  t r e a t m e n t s  i s  d i s c u s s e d  i n  t h e  t e x t .  T h e  n i t r a t e  

c o n c e n t r a t i o n s  r e c o r d e d  i n  t h e  r e s e r v o i r s  o f  t w o  r a n d o m l y  

s e l e c t e d  b o x e s  f r o m  e a c h  t r e a t m e n t  a r e  a ^ s o  g i v e n .
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at 8/18°C or at a constant 18°C and this was also true for the dicot 

species alone (Figure 5.2). Germination of the monocots was greater 

(p<0.05) in both the light and dark at 5/25°C than in the other two 

dark environments.

It was clear from the mean percentage moisture contents that 

some drying of the soils had occurred in the light:

Light 5/25°C 14.13%

Dark 5/25°C 16.75%

Dark 8/18°C 18.63%

Dark 18°C constant 17.73%

There was a significant (pCO.001) overall correlation between the 

moisture content and the amount of germination, higher moisture 

levels resulting in less germination. Apart from the light 5/25°C 

treatment all the treatments taken individually also had significant 

(p<0 .0 1) correlations between germination and moisture levels and an 

analysis of covariance was performed on the results to allow for such 

responses (Steel and Torrie 1980).

However, in the analysis of covariance once again there was no 

response to nitrate. Also there were no significant differences 

between germination in the light/temperature treatments using this 

form of analysis (Table 5.2).

5.3.2 Calcareous soil.

The number of seedlings which emerged from the calcareous soil 

was much lower than that observed in the garden soil. The total 

numbers of seedlings observed are represented in Figure 5.3 but in 

this case they were not grouped into monocots and dicots. The 

measured nitrate concentrations are also given in Figure 5.3.



Table 5.2 Analysis of covariance for the seedling emergence and soil moisture content of the 
garden soil containing a naturally buried seedbank.

ENVIRONMENT
L 5/25° D 5/2Î 0 8/18° D 18°C const. Totals

Replicate Nitrate/
Water

X Y X Y X Y X Y X Y

1 N 12.3 93 16.4 44 19.9 14 18.3 19
136.2 271

W 12.9 46 19.1 19 19.7 18 17.6 18

N 14.3 78 16.4 39 18.2 30 17.2 23
2 • 133.1 329

W 13.7 63 16.3 43 19.6 18 17.4 35

N 15.4 39 16.8 42 18.5 28 18.9 8
3

W 14.5 81 16.1 48 18.3 32 19.1 10 137.6 288

N 13.8 48 15.6 58 18.3 42 16.1 42
4

W 16.1 61 17.3 39 16.5 61 17.3 26
131.0 377

N 55.8 258 65.2 183 74.9 114 70.5 92 266.4 647
Subtotals

W 57.2 251 68.8 149 74.1 129 71.4 89 271.5 618

Totals 113.0 509 134.0 332 149.0 243 141.9 181 537.9 1265

Y = Emergence numbers.
X = Moisture content (%).

Sum of products Y adjusted for X

Source of variation df X,X X, Y Y,Y df SS MS F-ratio

Total 31 125.250 -1097.560 13618.000
Environments 3 90.953 - 776.872 7632.344
Nitrate/Water 1 0.816 4.622 26.281
Env. x Nit./Water 3 1.230 - 13.740 153.594

! Error 24 32.250 - 302.326 5805.751 20 2971.612 148.581

Environment + error. 27 123.203 -1079.198 13438.095 23 2984.849

j Difference for testing 
\ adjusted environment 
[ means.

3 1013.237 337.745 2.273
Non-significant at 
p < 0.05.

Nitrate/Water ♦ error. 25 33.066 306.948 5832.032 21 2982.668

Difference for testing 
adjusted nitrate/water 
means.

1 11.056 11.056 0.074
Non-significant

Env. x Nitrate/Water 
+ error. 27 33.480 316.066 5959.345 23 2975.542

Difference for testing 
adjusted Env. x N/W 
means.1

3 3.930 1.310 0.009
Non-significant.



W a t e r

L i g h t  D a r k  D a r k

5/25°C 5/25°C 8/18°C

E n v i r o n m e n t

Nitrate concentrations in the treatment reservoirs

Treatment Water Nitrate

Nitrate 3.0 X io'6 1.5 x 10" 3
Cone. (M)

5.0 x io'6 1.6 x 10-3

9 .0 x 10-6 2.0 x 10-3

Mean 5.7 x 10-6 1.7 x 10-3

Figure 5.3 The total numbers of seedlings emergent from the calcareous

soil when olaced in three different laboratory environments

w i t h  a n d  w i t h o u t  n i t r a t e .  T h e  n i t r a t e  c o n c e n t r a t i o n s  r e c o r d e d  

i n  t h e  r e s e r v o i r s  o f  t h r e e  r a n d o m l y  s e l e c t e d  w a t e r  a n d  t h r e e  

r a n d o m l y  s e l e c t e d  n i t r a t e  t r e a t m e n t s  a r e  a l s o  g i v e n .
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There was no significant response to nitrate and only a 

non-significant trend (p<0.1) for differences between the 

light/temperature treatments.

5.3.3 Acid heathland seedbank.

The number of seedlings emerging from the heathland litter was 

extremely large, Calluna vulgaris being the dominant species. In 

some of the treatments over 1,000 seedlings emerged and although a 

few seedlings of Juncus spp. were observed they were incorporated 

into a total germination value due to their infrequency.

Germination in nitrate was only 87% of that in water indicating 

a significant (p<0.05) inhibition (Table 5.3). Measured nitrate 

levels are also given in Table 5.3. The difference in germination 

levels between the blocks (p<0.001) reflected the portion of the 

litter used rather than any effect of the short period of storage 

before the second run of each collection.

5.4 Discussion.

Nitrate concentrations of 5-9 x 10_4M in the water treatments of 

the garden soil experiment may have been partially responsible for 

the failure to observe any response to added nitrate. However, 

judging by the nitrate optima for the four ruderal species in Chapter 

2 such nitrate levels would not have been capable of satisfying the 

entire nitrate requirements of at least fresh seeds of the species 

present in the seedbank tested. No such problem was encountered in 

either the experiments with calcareous or acid soil since nitrate 

levels in the water treatments were substantially lower due to the

large reservoirs of solution present.
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The failure of nitrate to stimulate germination from the garden 

soil seedbank provides supporting evidence for the loss of response 

to dormancy breaking factors observed in Chapter 4. The naturally 

buried seeds present in the garden soil had probably been buried for 

varying periods of time and the overall effect of this range of 

ageing periods was to mask any possible response to nitrate of the 

more recently incorporated seeds. This would clearly reduce the 

possibility of observing a response to fluctuating nitrate levels in 

the field. However, it may be that a response could become evident 

directly after periods of heavy seed fall when fresh seeds are 

predominant. A discussion of this possibility is left for Chapter 7 

following consideration of the field experiment results.

The apparent reduction of germination by higher percentage 

moisture contents emphasised the importance of careful control over 

factors other than those being directly tested in these experiments. 

All other experiments were therefore carried out using standard 

volumes of moistening agent and evaporation losses were kept to a 

minimum.

It was difficult to assess the importance of the lack of 

significant stimulation by light or alternating temperatures, 

following the analysis of covariance. The reduction in moisture 

levels in the light treatments in particular, meant that the higher 

germination in them could be due to either the moisture levels, a 

slight concentration of nitrate due to drying or the light itself. 

Similarly, the slightly higher germination in the dark at 5/25°C 

rather than at 8/18°C could have been due to the temperature regime 

or variations in moisture level, which appeared to be related. It 

is, however, evident that these naturally buried seeds have to some 

extent lost their ability to respond to the light/temperature 

treatments in the same way that their response to nitrate was lost.
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Seed buried in the calcareous soil behaved in the same way as 

fresh seed in petri dishes, the responses to light/temperature 

treatments being less evident than those observed on the thermobar.

It is not surprising that there was no response to nitrate in buried 

seed when freshly collected seed did not respond in the thermobar 

tests.

The large numbers of seedlings emerging from the acid heathland 

litter were sufficient to provide evidence for an actual inhibition 

by nitrate. The same tendency was observed for smaller sample sizes 

of the calcifuge species on the thermobar. With the exception of 

Juncus conglomeratus and Vaccinium myrtillus, all failed to respond 

to nitrate in previous experiments. This may be related to the 

restricted ability of certain calcifuge species to utilize nitrate 

(Havill et al. 1977). The most extreme examples of this are those in 

which nitrate actually retarded the growth of some cultivated species 

of the Ericacae (Cain 1952, Townsend 1966, Griedanus et aim 1972).

j

j
J

)<
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6 . Field Experiments.
6.1 Introduction.

None of the experiments described so far have demonstrated 

responses to nitrate in field conditions; they have all used 

collected seeds, the incubation of seeds in controlled conditions, or 

both. The natural burial and ageing of seeds in the soil and the 

complexity of the environment in the field, is likely to influence 

the magnitude and form of any responses to nitrate. The experiments 

described in this chapter were attempts to observe any responses to 

nitrate in conditions as near as possible to those of the natural 

environment of garden weeds.

In order to attribute germination responses in the field to the 

direct influences of inorganic nitrates it is, however, necessary to 

exert some control over soil conditions. This becomes evident from 

the work of Popay and Roberts (1970b), who recorded seedling 

emergence and environmental variables at two sites, over a period of 

a year, without attempting to control soil conditions. They observed 

flushes of germination of Senecio vulgaris and Capsella 

bursa-pastoris corresponding to increased levels of soil nitrate in 

July. However, this could only be used as circumstantial evidence 

for a field response to nitrate, since these germination flushes also 

coincided with a period of relatively large diurnal temperature 

ranges, themselves known to stimulate germination. Thus, although 

any form of environmental control may influence the responses 

observed, a degree of control is necessary to isolate those responses 

attributable to nitrate. Consequently, these experiments involve 

attempts at controlling nitrate levels in the soil, under otherwise

natural environmental conditions.

Although mention has been made in Section 3.4 of the possible 

role of nitrate as a gap indicator, these experiments concern
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seasonally occurring safe sites. The few previous germination 

experiments which have been performed in the field using added 

nitrates were reviewed in Section 1.3. The natural fluctuations of 

soil nitrate concentration throughout the year make its control under 

experimental conditions difficult. Peaks of nitrate availability 

associated with increased nitrification rates have been observed by 

many workers (Ellenberg 1964, Williams 1968, 1969, Davy and Taylor 

1974, Taylor et al. 1982), and it is the reduction of these to a 

background level that presents a major problem. Schimpf and Palmblad 

(1980) used a nitrification inhibitor to prevent the production of 

nitrate from ammonium, having already depleted the soil of nitrate by 

planting a nitrogen demanding crop of maize. The same nitrification 

inhibitor was used in the 1981 field experiment to control the 

production of soil nitrates in some treatments. Leaching of the soil 

with water was also used to deplete background nitrate levels in 

some treatments.

Apart from reducing nitrate concentrations to a background level 

in some treatments, it was necessary to elevate nitrate levels in 

others to simulate flushes of nitrification in the soil. This was 

achieved by the addition of nitrate to the soil in a series of 

monthly treatments. It was then hoped that any flushes of 

germination could be related to the changing nitrate levels in the 

soil. No attempts were made to control any other environmental 

variables such as temperature or rainfall. Thus, the aim of this 

field experiment was to control soil nitrate levels in otherwise 

natural conditions and observe the resultant seedling emergence from 

a naturally formed seedbank.

A second experiment was performed in 1982 with the same aims, 

but with some differences in methods, following consideration of the 

. In 1982 parallel experiments were performed using soil1981 results
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from a calcareous grassland and soil from an acid heathland. This 

was intended to compare the response to nitrate of species from a 

soil which was expected to have naturally lower nitrate levels with 

that of the relatively fertile garden soil (Section 2.4). 

Unfortunately, the heathland experiment was unsuccessful due to 

drying out of the litter and low numbers of emergent seedlings. The 

calcareous soil did produce sufficient seedlings, of different 

species, for useful comparison.

6.2 Materials and Methods.
6.2.1 1981 Experiment : Methods.

In the last week of March 1981, a 3 cm thick layer of topsoil, 

containing a buried seedbank of mainly arable weeds, was removed from 

a 6.6 x 2.2 m plot at the University Botanical Gardens. It was 

spread out on a polythene sheet, thoroughly mixed and any large 

stones were removed. Two hundred and eighty, 10 cm long plastic 

pipes of 15 cm diameter were sunk into the plot to a depth of 7 cm, 

leaving a 3 cm rim protruding above the surface. Each pipe was 

separated by 5 cm from its nearest neighbour and 33 cm wide walkways 

were left at six intervals down the plot to allow access. Into each 

of the pipes was then placed 300 ml of the mixed soil, giving a soil 

depth of about 2 cm. The whole plot was then surrounded by rabbit 

netting to prevent disturbance and slug pellets were periodically 

sprinkled between the pipes. Five treatments were applied to the 

soil in the pipes at each of seven monthly intervals between April 

and October (Table 6.1).

In some of the treatments a nitrification inhibitor,

2-chloro-6-(trichloromethy1»pyridine, was used to prevent the 

production of nitrate by soil bacteria, by specifically inhibiting
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Table 6.1

Treated

March 30th

May 1st

June 4th

July 2nd

A u g u s t  4th

August 31st

October 9th

Timetable of treatments and monitorings for the 1981 

field experiment.

Volume of nitrate or soil mixed Germination
water applied (ml) before treatment monitored

250

250

500

500

500

500

500

x April 14th

April 28th

x May 13th

May 22nd

/ June 12th

June 29th

/ July 15th

July 31st

/ August 18th

August 30th

/ September 22nd

October 2nd

/ October 22nd

November 5th
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the oxidation of ammonium by Nitrosomonas spp. (Gasser 1970). The 

same chemical, marketed by Dow Chemical Co. as "N-serve", had 

previously been used in association with ammonium sulphate in the 

experiments of Schimpf and Palmblad (1980). In all cases the N-serve 

was applied to the pipes at a rate equivalent to 2 1 ha-1; the 

commercially recommended dose rate. Fifteen replicates of the five 

treatments were assigned randomly to pipes within the plot.

The five treatments applied each month were:

i) A nitrate "flush" treatment, (henceforth referred to as 

N03- flush), intended to provide a single, short lived, rise 

in soil nitrate concentrations. This involved the application 

of 10-2M potassium nitrate solution and N-serve to a different 

series of pipes each month. Those pipes awaiting this 

treatment in later months received an equivalent volume of 

N-serve without nitrate.
_2ii) A series of pipes which received 10 M potassium nitrate 

and N-serve every month (N03~ monthly). This was intended to 

provide elevated nitrate concentrations throughout the year.

iii) An application of N-serve every month to the same pipes, 

to deplete the natural soil nitrate levels through leaching. 

This is identical to the treatment of NOj-flush pipes in 

months other than that of their flush.

iv) Application of water without N-serve, to act as a control 

for the N-serve treatment.

v) A "no treatment" control.

Two hundred and fifty millilitres of solution was applied for 

each treatment in each of the first two months, but this was doubled 

for subsequent applications (Table 6.1). This was poured slowly over 

the soil to prevent waterlogging. A comparison between these 

application rates and the volume of rainfall experienced during each
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month is left for the results. Section 6.3.

Seedlings were counted, identified using books by Chancellor 

(1978) and Hanf (1971), and removed from the treatment pipes twice 

each month (Monitoring dates. Table 6.1). Some seedlings required 

transplanting before identification became possible. All other pipes
* «• t

and the gaps between them were also kept clear of emergent seedlings.

For the first two applications the soil remained undisturbed, 

but due to an apparent decline in seedling numbers, the soil was 

removed from each pot and individually mixed before subsequent 

treatments. This redistributed the remaining seeds, bringing more 

into the otherwise seed depleted surface layer of the soil.
•> • Additional pipes were given the same treatments and used for 

monitoring of the soil moisture and nitrate levels. Percentage 

moisture content was calculated from the weights of freshly collected 

soil samples and their dry weights following an 18 hour period in an 

oven at 105°C. Nitrate was extracted and measured using the
i

phenol-disulphonic acid, colorimetric method described in detail by
i

» • Popay (1968, after Metson 1956). Based upon the assumption that all
)

nitrate in soil is dissolved in the soil water (Russell 1973, p.

335), its concentration in the soil was calculated from the moisture

content and nitrate extracted using these methods. Some monitorings

of nitrate concentration in the NOj-flush treatments were replicated,

but due to the consistency of results, later replication was omitted.

, The soil temperature on the surface and at a depth of 2.5 cm in
• >

a pipe, was recorded hourly, by a Grant chart recorder. Additional 

monitorings at depths of 0.5, 1.5 and 5 cm were made throughout 

April, to illustrate the change in diurnal temperature range with 

depth. The University of Keele Meteorological Station provided daily 

records of other climatic variables: rainfall, maximum and minimum 

air temperatures and maximum and minimum soil temperatures at 10 cm
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and 20 cm depth.

6.2.2 1981 Experiment : Analysis.

The experiment was designed to be analysed using a two-way 

analysis of variance of the five treatments and seven months. For 

this purpose the numbers of seedlings from each of the two 

monitorings per month were combined. However, due to the low numbers 

of emergent seedlings in October, the final analysis was only 

performed for the first six months. Treatment variances of raw data 

were heterogeneous between months. This was overcome by 

transformation. An "Fmax" test (Sokal and Fohlf 1969), and in 

borderline cases the more stringent Bartlett's test, were applied, to 

test homogeneity after data transformation. Consequently the total 

numbers of emergent seedlings were analysed following a v x + 0.5 

transform.

Only the individual numbers of Poa spp. and Stellaria media 

seedlings were sufficiently high to warrant independent analysis.

The former were analysed following a ^x + 0.5 transform. However, 

neither a logarithmic or square root transform was capable of making 

the Stellaria media variances homogeneous. In this case, therefore, 

each month's data was analysed separately, using one-way analyses of 

variance. The data for May, July and September all still required a 

log (x + 1) transform, and insufficient seedlings germinated in 

August to justify analysis.

Duncan’s multiple range test was used in conjunction with these 

ANOVAs, to make individual comparisons between treatments. For such 

comparisons involving the April treatments, it was possible to lump 

the N03-flush and NOj-monthly values, since at that stage there were

I
no differences between the two treatments. Further analysis
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however, then involved the use of a Student-Newman-Keuls test for 

multiple comparisons based on unequal sample size.

6.2.3 1982 Experiment : Methods.

)
This experiment differed in two major respects from that of 

1981. Firstly, due to the apparently undesirable affect of N-serve 

in the 1981 experiment, no attempt was made to artifically reduce 

nitrification in the soil. Secondly the total treatment area was 

increased so that larger numbers of seedlings could be recorded.

An additional aspect of the experiment was the use of calcareous 

grassland soil, collected in the last week of April 1982, from Monsal 

Dale (Grid ref. SK 184, 717). This was treated in the same way, 

described below, as the garden soil. An attempt was also made to use 

soil from an acid heathland but this was unsuccessful due to drying 

out and will not be described in detail.

At the end of April 1982 two adjacent plots (17.6 x 2.1 m and 7 

• x 2.5 m) in the University Botanical Gardens were divided up into one

hundred and seventeen, 0.5 x 0.5 m quadrats. These were 10 cm apart 

and were separated from the surrounding grass sward by a 20 cm gap. 

Each quadrat was delimited by string attached to four seed tags, one 

at each of its corners. The soil from each quadrat was dug out to a 

depth of 10 cm and the base of the resulting hole was spiked using a 

garden fork, to facilitate drainage. An 80 x 80 cm square of nylon 

mesh was then placed into each of the holes. One cubic metre of 

thoroughly mixed soil of each type; garden soil, calcareous grassland 

soil and acid heathland soil was then divided into 2.5 litre 

portions. These were then randomly distributed amongst the quadrats, 

placed on the mesh and carefully levelled off.

Once again slug pellets were sprinkled between the quadrats at
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suitable intervals. Rabbit fencing was not erected due to the 

adequate repair of such fencing surrounding the whole of the 

Botanical Gardens.

In this experiment, treatments were performed at three intervals 

during the year; 7th May, 14th July and 28th August. The treatments 

were s

i) A nitrate flush treatment on different quadrats at each 

treatment time. This was applied as 10-2 M potassium nitrate 

in two doses; a 4 litre application followed by a further 2 

litres after two days. This was intended to extend the 

duration of the nitrate flush, the total volume applied being 

equivalent to that of the 1981 experiment.

ii) A N03-every treatment, receiving 10”2m nitrate at the same 

rate, but at all of the three treatment times.

iii) A water treatment receiving the same volume of water each 

time.

iv) An untreated control.

Four replicates of each treatment were used, providing almost 

four times the area per treatment compared to the 1981 experiment 

(i.e. 1 m2 compared to 0.265 m2 in 1981). With the aid of the nylon 

mesh, the soil from each quadrat was removed and mixed in a bucket 

before the second and third applications. Monitoring once again took 

place twice for each application, but the numbers were combined in 

the analysis of results. Seedlings were counted, identified and 

removed, many of those from the calcareous soil requiring 

transplanting before identification. Soil in additional quadrats was 

provided with the same treatments so that nitrate levels could be 

monitored using the methods described for .the 1981 experiment. 

Meteorological reports were used to provide additional environmental

data
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6.2.4 1982 Experiment : Analysis.

Results were analysed using two-way analyses of variance 

(treatment x month) and Duncan's multiple range tests. It was 

necessary to transform some of the data to overcome the problem of 

heterogeneity of treatment variances. The figures for total 

germination in the garden soil were analysed following a logarithmic 

transform. In this case a Student-Newman-Keuls test was used to 

compare treatments in the first application, after combination of the 

No^-flush and NO^monthly figures.

Adequate numbers of Senecio vulgaris, Stellaria media, Poa spp. 

and Cardamine hirsuta emerged to justify individual species analyses. 

Analysis of the raw data was possible for Senecio vulgaris and the 

Poa spp., but Cardamine hirsuta figures required a logarithmic 

transformation. The data for Stellaria media could not be analysed 

either in a two-way ANOVA or as separate ANOVAs for each application, 

even after logarithmic or square root transformation.

In the case of the calcareous soil the occasional emergence of 

Stellaria media, Senecio vulgaris or Cardamine hirsuta seedlings was 

assumed to be due to contamination by seed fall in the gardens. The 

total numbers of seedlings, excluding those of the above species, 

were therefore analysed separately and no transform was necessary. 

The only species which emerged from the calcareous soil to be 

analysed separately was Holcus lanatus. This was only done for the 

results from the first application and no transformation was

necessary.
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6.3 Results.

6.3.1 1981 Experiment : Environmental factors.

In the first two months, April and May, the amount of solution 

applied to the pipes was equivalent to 1.4 cm of rainfall. This was 

only about one quarter of the volume that actually fell as rainfall 

in those months. Between July and October the solution applied was 

equivalent to 2.8 cm of rain. This was a substantially greater 

volume compared to the rainfall values for June, July and August, but 

for September and October was again only about a quarter (Table 6.2).

After the first few days following each application, the 

moisture content of the treated soils did not differ greatly from 

that of the untreated soils (Figure 6.1). Indeed, the natural 

rainfall distribution (Figure 6.2) appeared to be the overriding 

factor governing soil moisture content in the treated soil, even in 

the driest months; June, July and August.

The effect of rainfall on the nitrate concentration of the soil 

at different times throughout the year was also evident.

Concentrations of nitrate in the monitored pipes are shown in Figure 

6.3. Nitrate applications during June, July, August and September 

produced soil nitrate concentrations of between 9 x 10_3m and 2 x 

10~2M. The October flush of nitrate was not as effective, probably 

due to higher rainfall at its time of application. Unfortunately, 

the concentration was not monitored after the April and May flushes 

but it is assumed that levels of nitrate were similar to those 

produced in the following four months. The levels of nitrate in the 

untreated pipes were relatively low during May and early June (between 

3 x 10_3M and 4.5 x 10_3M), but reached the levels of the nitrate 

treated pipes between late June and early September. This 

corresponds to the driest part of the experimental period and was 

probably caused by concentration of the soil solution due to



Table 6.2 Comparison between actual rainfall and the volume of nitrate

applied in the 1981 field experiment.

M o n t h

A p r i l

M a y

R a i n f a l l  e q u i v a l e n t  o f  v o l u m e  

a p p l i e d  i n  e a c h  m o n t h  ( c m ) .

A c t u a l  m o n t h l y  

r a i n f a l l  ( c m ) .

4.90

6.93

June

July

August

S e p t e m b e r

4.17 

4.12

4.18 

11.33

O c t o b e r 9.77
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evaporation.
— *5The concentration of nitrate in the water treatment (4 x 10 M) 

was lower than for the NO^-flush treatment in early June, but was 

equivalent to that in the untreated soil. Shortly after the August 

and September treatments, however, it was lower than for both the 

NOj-flush treated and untreated soil, although its concentration was 

still high in general terms (August 7 x 10-3M and September 

6 x 10"3M). In mid July and late August, corresponding to two very 

dry periods, the concentration in the water-only treatment did reach 

that of the NO-j-flushed and untreated soil.

Thus, the concentrations of nitrate in the untreated soil were 

only different to those in the NO^-flushed soil until June when the 

rainfall levels dropped.

During the drier months of June, July and August the untreated 

soil experienced elevated nitrate levels which subsequently declined 

in the wetter months of September and October. The water treatment 

produced lower nitrate levels for a larger part of the year, but in 

the driest periods concentrations did rise to those of the 

N03-flushed soil. Consequently, although the water treatment was not 

entirely efficient in maintaining low nitrate levels, it provides the 

best contrast in nitrate concentrations to those of the NOj-flush 

treatment.

The mean diurnal temperature ranges and the monthly mean 

temperatures at the soil surface and at depths of 2.5, 10 and 20 cm 

are illustrated in Figure 6.4. The mean temperatures at each of the 

four depths were similar. Those for the 10 and 20 cm depths rose 

gradually from 7*C in March to 17.5#C in August before declining to 

g°C in October. The surface and 2.5 cm temperatures showed a similar 

pattern between May and August, but temperatures were higher on the 

surface in April (14°C) and did not drop as low in September.
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Figure 6.4 The monthly mean diurnal temperature ranges and monthly mean 
temperatures at the soil surface (0) and at depths of
2.5 (•) , 10(A) and 20(A) cm.
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The surface and 2.5 cm diurnal temperature ranges, rather 

surprisingly, did not show a clear pattern and fluctuated from as 

wide as 20C® in April and 19C° in September to only 14C* in June and 

15C* in April. Discussion of this variation will be left until 

Section 6.4.

There was an obvious decline in the magnitude of diurnal 

temperature range as soil depth increased. This is illustrated in 

more detail for the April temperatures at six depths (Figure 6.5).

In this case the mean temperature range was 5CS less at a depth of

2.5 cm than on the surface.

6.3.2 1981 Experiment s Seedling emergence.

Analyses of the seedling emergence data are shown in Appendix I. 

The species which emerged from this soil are listed in Table 6.3.

The total number of emergent seedlings was greatest in April (2584), 

but dropped to 10% of that by August (258) (Figure 6.6a). Emergence 

in May was less than in April or June, but this was probably due to 

the lack of soil mixing during that month. Germination in September 

was over three times greater than in August. Thus, peaks of 

germination were observed iru. both April, at the beginning of the 

experiment, and in September.

Emergence of individual species varied in detail (Figure 6.6). 

The Poa spp. had a broad spring germination peak with their September 

germination being about 75% of that in April to June. In comparison 

Stellaria media had little September emergence.

In Senecio vulgaris and Sagina procumbens the September peak of 

germination was greater than the spring one and emergence was lowest 

in July. Cardamine hirsuta showed germination peaks of equal

magnitude in June and September, with a low in August. Germination
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Table 6.3 Species list of emergence from the garden soil

Acer pseudoplatanus Polemonium caerulium

Anagallis arvensis Polygonum aviculare

Artemisia vulgaris Ranunculus repens

Capsella bursa-pastoris Rumex obtusifolius

Cardamine hirsuta Sagina procumbens

Cerastium holosteoides Senecio jacobaea

Chamerion angustifolium Senecio vulgaris

Digitalis purpurea Solidago virgaurea

Galium aparine Sonchus arvensis

Geum rivale Stellaria media

Lolium perenne Taraxacum officinale

Plantago major Trifolium pratense

Poa annua Urtica dioica

Poa trivialis



Nu
m

be
r 

o
f 

»«
td

lin
ga

 «
ue

ig
td

 
N

um
ba

r 
of

 a
aa

dl
in

ga
 «

«a
rg

ad
 

N
um

bt
r 

of
 a

aa
dl

in
ga

 e
n*

ig
«d

153

i l  S a q in a  pro c  m atins

Figure 6.6 The total monthly emergence figures for the 1981 Field experiment, 

incorporating the germination from all treatments. This 

illustrates the overall emergence pattern for the year and the 

individual emergence patterns of the five most abundant species.
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in the other months including October only dropped to about 75% of 

the peak values.

Analysis of the total numbers of emergent seedlings showed that 

the NOj-flush and NO^-monthly treatments produced significantly 

(p<0.05) higher germination than the water treatment; 20.5% and 17% 

respectively (Figure 6.7). Remarkably the germination with N-serve 

alone was almost equal to that in the NO^—monthly treatment, but the 

difference from the water treatment was not quite significant 

(0.5<p<0.1),(a 14.6% increase on the water treatment). There were, 

however, no significant differences between the NO^-flush and 

NO.j-monthly treatments and the N-serve treatment or untreated soil. 

Nor were there any significant differences between the water 

treatment and the N-serve treatment or untreated soil. The analysis 

did not show any significant interactions between treatments and 

months so individual months were not analysed separately.

The germination of Poa spp. was significantly (p<0.05) higher in 

the NO^—flush treatment than in any of the others and some 97 

additional seedlings emerged, about 25% of the water control. Once 

again there was no interaction between this response and the months 

over which the pipes were treated (Figure 6.8).

Analysis of the Stellaria media results was performed separately 

for each month and only April showed any significant differences 

between treatments; the lumped N03~flush and NOj-monthly germination 

was greater than germination in the water treatment but not in the 

N-serve treatment (Figure 6.9).

Thus, the total germination was greater in the N03-flush and 

NOj-monthly treatment than in the water treatment for the year as a 

whole, and in the case of Stellaria media was greater in just April 

for those treatments. It is possible that such a stimulation was due 

to the joint action of nitrate and N-serve, a combination peculiar to
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Total number of seedlings

Figure 6.7 The total number of seedlings emergent from each of the five
treatments during the 1981 Field experiment. Treatments which 
are not within the same bracket are significantly different 
at the p = 0.05 level.

jj
cat
S10au

Figure 6.8
N u m b e r of s e e d l i n g s  of Poa s p p .

The total number of seedlings of Poa spp. emergent from each 
of the five treatments during the 1981 Field experiment.
T r e a t m e n t s  w h i c h  a r e  n o t  w i t h i n  t h e  sam e b r a c k e t  a r e  s i g n i f i c a n t l y  

d i f f e r e n t  a t  t h e  p = 0.05 l e v e l .
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Number of seedlings

Figure 6.9 Number of seedlings of Stellaria media emergent during 

April of the 1981 Field experiment. A mean was taken 

of the N03-flush and NO,-monthly figures since during the 

first month of the experiment their treatment was the 

same. Treatments which are not within the same 

brackets are significantly different at the P = 0.05 level.
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the NOj-flush and NO^-monthly treatments. Only in Poa spp. was a 

nitrate/N-serve treatment significantly greater than N-serve alone, 

indicating a nitrate stimulation. Otherwise, there was no indication 

of an independent effect of nitrate, although N-serve alone did not 

significantly stimulate germination.

It is important to note that, except in the Poa spp., contrary 

to the expectation that N-serve alone should have produced similar 

results to the water treatment, it was not significantly different 

from the nitrate application treatments. Indeed, the higher levels 

of germination with N-serve in comparison to water were only 

marginally non-significant.

6.3.3 1982 Experiment : Garden soil, environmental factors.

The rainfall figures for 1982 are illustrated in Figure 6.10, 

showing that May was drier than in 1981 and August substantially 

wetter. The May application of nitrate was followed by rainfall but 

nitrate levels in the treated plots were still successfully elevated 

above levels in both the water treated and untreated plots (Figure 

6.11). Nitrate levels immediately following application rose to 1 x 

10_2M in the treated plots, whereas levels in the water treatment 

only reached 4 x 10_3M and those in the untreated soil had a maximum 

recorded level of 7 x 10-3M.

Due to the drier conditions following application in mid-July, 

the nitrate levels in the untreated quadrats reached the same levels 

as those treated with nitrate (2 x 10-2M). Although lower than for 

the nitrate treated quadrats, nitrate levels in the untreated 

quadrats rose to 9 x 10"3M within two days of treatment and were 

identical to those in the untreated quadrats after only five days. 

Unfortunately in the water treated quadrats it appears that any
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differences in nitrate levels from those of the other treatments were 

probably short lived.

The nitrate levels following the application of nitrate in late 

August were higher in the treated quadrats (1 x 10“2m ) (Figure 6.11), 

than in the untreated plots (7 x 10“3m ), which were in turn greater

than in the water treated quadrats (4 x 10“3M). Levels in the
„2untreated quadrats rose to 1 x 10 M after 12 days, probably due to 

the onset of a short dry spell and the subsequent concentration of 

the soil solution.

Thus, it appears that the most successful elevation in nitrate 

levels followed the May and September applications, when both the 

untreated and water treated soil had nitrate levels below that of the 

nitrate treatments. The application in July was not as successful 

and natural soil nitrate levels appeared to be as high as those of 

the treated quadrats after only short periods of time.

6.3.4 1982 Experiment : Garden soil, seedling emergence.

The analyses of this data can be referred to in Appendix J.

Total germination in the untreated quadrats was significantly greater 

than in any of the other treatments (p<0.05), although a significant 

interaction meant that the figures for each application time had to 

be considered independently (Figure 6.12). When the NO^-flush and 

NO^—every treatments were lumped for the May application no 

significant differences were observed. In the second application 

germination in the untreated quadrats was significantly greater than 

in any other treatment (p<0.05). In the final application the 

untreated control was significantly different (p<0.05) from the water 

and NO^—every treatment but the same as the NOj-flush treatment. The 

NO-j-flush treatment was not itself significantly different from



Monitoring 1

Monitoring 2

Monitoring 3

Figure 6.12

c)/d)

Mean number of seedlings/quadrat 
The mean number of seedlings per quadrat at each of three 
monitoring times during the 1982 Field experiment.
Treatments: a) Untreated control,

b) Water application,
c) Nitrate application at that treatment time alone,
d) Nitrate application at all three times,

c)/d) The combined figures for c) and d) after the 
first monitoring.

Treatments not within the same bracket are significantly 
different at the p = 0.05 level.
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either the water or N03-every treatments.

When Senecio vulgaris and Cardamine hirsuta were analysed 

independently, in both cases germination in the untreated quadrats 

was significantly higher than in any of the treated ones (Figure 

6.13) and no interaction with application time was evident. No 

significant differences were found when the figures for the emergence 

of the Poa spp. were analysed separately.

It appears that some localised contamination of the experimental 

plot occurred by seeds of weeds growing in adjacent beds in the 

garden. The complete randomisation of quadrats meant that this 

contamination may have been greater in three of the untreated control 

quadrats, which were, by chance, situated close to one another in the 

experimental plot. Distribution of the combined germination of 

Stellaria media, Senecio vulgaris and Cardamine hirsuta in the larger 

experimental plot for both the calcareous and garden soil quadrats is 

shown in Figure 6.14. These three species were common in the garden 

soil and were considered to be contaminants of the calcareous soil. 

This assumption is supported by their very low levels in the 

calcareous quadrats during the first monitoring before seed fall 

could have caused contamination. The figures for the second two 

monitorings show germination of those species, in the calcareous 

soil, to be greater in quadrats nearer to the middle of the plot. 

Similarly, numbers were higher in garden soil quadrats in the same 

parts of the plot. Unfortunately those quadrats correspond to three 

of the no treatment controls in the second monitoring and to three of 

the no treatment controls and to two of the NO^-flush treatments in 

the third monitoring.

Hence, it is possible that contamination of the quadrats by 

seeds from an external source could be responsible for the 

significantly higher levels of germination in the untreated controls.
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a) Senecio vulgaris

b) Cardamine hirsuta

Mean number of seedlings

Figure 6.13 The mean number of seedlings per treatment

for a) Senecio vulgaris and b) Cardamine hirsuta emergence 

from the garden soil during the 1982 Field experiment. 

Treatments not within the same bracket are significantly 

different at the p = 0.05 level.
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600 r b ) S e c o n d  m o n i t o r i n g

400

200 '

0 -

• * 0
O • 0 „ • o •o o  • • •

_____I____ I

120 c) Third monitoring

80 O •

40 °  * o O o o O •
0 •

0 -

10 15 20 25 28

Quadrat number
Figure 6.14 The combined numbers of Cardamine hirsuta, Senecio vulgaris

and Stellarla media seedlings emergent from recorded quadrats in 
the large experimental plot during the 1982 Field experiment. 
Emergence figures for both garden soil •  and calcareous soil O 
are given for each of the three monitorings. The quidrat 
number indicates its position along the plot and thus illustrates 
the distribution of germination within the plot.
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The analysis for the individual monitorings also provides supporting 

evidence for this. There were no significant differences between 

treatments in the first monitoring, before seed fall could have taken 

place, whereas the second monitoring showed germination in the 

untreated controls (three of which were in the centre of the plot), 

to be significantly higher (p<0.05) than in any of the other 

treatments. Finally, in the third monitoring, germination in the 

NOj-flush treatment, which had two quadrats in the vicinity of 

maximum contamination, was no longer significantly lower than in the 

untreated controls.

There were no significant differences between treatments in this 

experiment that did not appear to be caused by contamination of the 

experimental plot by seedfall from elsewhere. The nitrate treatments 

themselves did not stimulate germination after any of the three 

applications.

6.3.5 1982 Experiment : Calcareous Soil, environmental factors.

Despite the expectation that natural nitrate levels would be 

lower in calcareous than garden soil (see Section 6.1), they were 

surprisingly similar (Figure 6.15). Nitrate levels in the untreated 

soil during May ranged between 4 and 8 x 10-3M, the same magnitude as 

those observed in the garden soil over that period. The NOj-flush 

treatment increased the nitrate concentration to 1 x 10~2m  and the 

water treatment reduced levels to 2 x 10_3M, immediately following 

treatment, these levels being the same as those observed in the 

garden soil.

Following the July application, nitrate levels in the untreated 

soil and the NO^-flushed soil were about the same as those in the 

garden soil with the same treatments. However, the water treatment
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was less effective and nitrate levels remained just above 10_2m  for 

several days. Concentrations after the last application were 

similar to those in the garden soil, except that levels in the 

untreated soil took slightly longer to rise to above 10_2M once the 

dry spell had begun.

Thus, the water treatments were successful in reducing nitrate 

levels at only two of the application times. N03-flush treatments 

less than doubled nitrate levels in May, doubled them in September 

for a short period and failed to produce any rise in levels in July. 

Hence, the best comparisons to be found between treatments with 

different nitrate levels were between the N03-flush and water 

treatments after the May and September applications.

6.3.6 1982 Experiment : Calcareous soil, seedling emergence.

Analyses of these results can be found in Appendix K. The 

species which emerged from this soil are listed in Table 6.4. Any 

seedlings of the three main ruderal species, Cardamine hirsuta, 

Stellaria media and Senecio vulgaris, were assumed to be external 

contaminants and were excluded from the analysis. The number of 

emergent seedlings declined with each successive monitoring, the 

numbers in September being 20% of those in May. This may have been 

due to a depletion of available seeds in the soil. Total emergence 

was not significantly different in any of the treatments, at any of 

the three treatment times (Figure 6.16).

The individual analysis for the first monitoring of Holcus 

lanatus showed a significantly (p<0.05) lower level of germination in 

the untreated quadrats than with any of the other treatments. This 

could be attributed to the lower moisture levels in the untreated 

quadrats during the relatively dry May of 1982.
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Table 6.4 Species list of emergence from the calcareous grassland soil

Artemisia vulqaris * Plantaqo lanceolata

Atriplex hastata Pimpinella saxifraqa

Cardamine hirsuta * Poa spp.

Carduus nutans Polyqonum aviculare

Centaurea nigra Ranunculus repens

Chenopodium album ★ Rumex obtusifolius

Cirsium vulqare Sagina procumbens *

Dactylis glomerata Sanguisorba minor

Festuca ovina Senecio -jacobaea

Galium verum Senecio vulgaris ★

Geranium dissectum Sonchus oleraceus

Geranium robertianum Stellaria media ★

Holcus lanatus Taraxacum officinale

Lolium perenne Trifolium repens

Medicaqo lupulina Urtica dioica ★

Lotus corniculatus

♦Species marked with an asterisk may have been contaminants from

the surrounding garden.
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Thus, there did not appear to be any response to elevated 

nitrate levels by the species present in the seedbank of this 

calcareous grassland soil.

6.4 Discussion.

The control of soil nitrate levels in the 1981 experiment was 

not effective throughout the year, due to the strong influence 

exerted by the natural rainfall distribution. The most consistent 

differences in nitrate levels were between the NO^-flush treatments 

and those leached with water. Except in the very wet month of 

October, flushing with nitrate increased soil concentrations to 

between 1 and 2 x 10"2M. This compares favourably with the optimum 

nitrate concentration for the germination of the four ruderal species 

tested in petri dishes in the laboratory (Chapter 2). The 

application of water reduced soil nitrate levels to as low as as 3 x 

10-3M directly following application, but the duration of this effect 

appeared to be dependent on rainfall levels. In the dry months of 

July and August levels of nitrate, even in the water treated soil, 

rose to between 7 x 10-3 and 1 x 10“2M. Of the the four ruderal 

species tested in petri dishes. Chapter 2, only one (Stellaria media) 

produced significantly lower germination in 10-3M than in 10_2M 

potassium nitrate (p<0.05). Thus, it may be that nitrate levels were 

not reduced sufficiently to show the maximum extent of any nitrate 

response.

Nitrate concentrations in the untreated soil did not drop below 

those of the water treatment, the lowest recorded levels being 3 x 

10”3M in May and late-September onwards. From late June through to 

the beginning of September nitrate concentrations in the untreated 

soil were as high as those in the nitrate treated soil. Such high
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nitrate concentrations in the untreated soil may have a number of 

possible explanations. Friejsen et at. (1980) and Russell (1973) 

mention that loose and disturbed soil conditions favour 

mineralization and nitrification which could assist in elevating soil 

nitrate levels. Thus, the mixing of the soil, necessary to produce 

sufficient emergent seedlings and replenish those in the surface 

layers, may itself have been partly responsible for the high nitrate 

levels. This mixing could also be considered to be a characteristic 

of arable situations and the types of environment inhabited by 

ruderal species.

Kurkin (1977) has reported that vegetation cover is capable of 

impeding nitrification and keeping nitrate levels low. The lack of 

such vegetation and the open nature of the experimental site may 

therefore also have contributed to the high nitrate levels observed. 

Once again, open spaces and gaps are characteristic of arable and 

ruderal environments and are consequently an integral part of the 

experimental design.

The other major influence on nitrate concentrations in the 

untreated soil was rainfall. There were a number of dry spells 

during July, August and early September and these resulted in drying 

of the soil, and concentrations of the soil nitrate solution. In 

view of the relatively low numbers of seedlings emergent during July 

and August, however, although nitrate concentrations were high the 

low soil moisture level may have limited germination. The importance 

of this period of imperfect control over nitrate conditions is 

therefore reduced. A response to nitrate in the earlier months, when 

control was better, might still be expected providing the high 

nitrate levels (1 x 10-2M) were sufficiently different from those of 

the water treatment (3 x 10 M) •

Total germination over the whole experimental period was
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significantly greater in the NOj—flush and NO^—monthly treatments 

than in the water treatment. However, the ANOVA did not show any 

interaction between the treatments and the times of application, as 

we might have expected from the above discussion on nitrate levels. 

Both nitrate treatments also received N-serve and the lack of a 

nitrate-only treatment makes it impossible to unequivocally attribute 

any responses to the nitrate alone. Overall, the N-serve treatment 

only just failed to be significantly different from the water 

treatment. Indeed it produced similar levels of germination to the 

N03-monthly treatment (N03-monthly 20.8% of total, N-serve 20.4% of 

total). This treatment provides the best comparison since the 

N03-flushes were applied to new plots each month, making fresh 

susceptible seeds available. Remarkably, therefore, it appears that 

any significant responses may be due to the N-serve applied, or an 

interaction between the N-serve and nitrate, rather than to the 

nitrate alone.

Although Schimpf and Palmblad (1980) used N-serve in association 

with ammonium in their experiments, they did not perform an N-serve 

control treatment. Consequently, their failure to observe any 

differences between a nitrate application and one of ammonium and 

N-serve may have been due to a similar response to both N-serve and 

nitrate. Unfortunately, in his review on nitrification inhibitors, 

Gasser (1970) does not mention any effects of N-serve on germination. 

In consequence, although the 1981 experiment produced treatment 

responses, the influence of nitrate could not be isolated, except in 

the case of the Poa spp. where gemination was significantly greater 

(p<0.05) in the NOj-flush treatment than in any of the others.

It became clear in Chapter 3, that responses to nitrate were 

dependent on both the diurnal temperature range and the presence or 

absence of light. It has been shown (Popay and Roberts 1970b,



Benjamin 1974, Murdoch 1982) that the average diurnal temperature 

range increases in the summer and declines in the winter. The ranges 

experienced on the surface in this experiment were greatest (20°C) in 

April and September and there was no evidence of a peak diurnal 

temperature range in midsummer. Murdoch (1982) also recorded a 

number of large diurnal temperature ranges in April and it was only 

prior to these that he observed smaller ranges on the surface. Thus, 

during our experimental period, April to September, only the monthly 

average temperatures, rather than the diurnal temperature ranges, 

produced a clear pattern, with a peak in August. A detailed 

comparison of the temperature regimes provided by the thermobar 

(Chapter 3), with those experienced in the field, is made in Chapter

7.

It was not possible to know whether emergent seedlings had 

germinated in response to light or not, but the process of mixing 

obviously increased their chances of exposure. This is clear from 

the immediate decline in numbers of emergent seedlings during May 

when the soil was not mixed. Subsequent mixing in June then produced 

an increase in germination. The process of mixing appeared to have 

its most serious effect on the numbers of Stellaria media seedlings. 

Initial mixing produced a massive flush of what were probably light 

sensitive seeds. A much smaller secondary peak of germination was 

observed in September, which was in much better agreement with the 

emergence pattern described by Roberts H.A. (1982). The germination 

of Seneclo vulgaris was also in agreement with that described by 

Roberts H.A. (1982), showing two peaks of emergencej one in 

April-June and the other in September. The decline in germination of 

Poa 8pp. during July and August may be attributed to the dry 

conditions prevalent in that period. In general, the process of soil 

mixing did not appear to have seriously altered the expected seasonal



patterns of emergence, although initial mixing and placement of the 

soil stimulated a large amount of germination of mainly Stellaria 

media seeds.

Fawcett and Slife (1978) suggested that the natural fertility of 

the soil in their experiment may have provided enough nitrate to 

saturate any mechanism affecting seed germination. This could also 

be the case for the soil used in these experiments, since depletion 

of soil nitrate levels rather than addition of exogenous nitrate 

produced the most consistent differences in nitrate concentrations 

between treatments. Even when endogenous nitrate levels were below 

those of the treatments with added nitrate, it was not possible to 

isolate a response. Those responses which were observed between the 

NOj treatments and the water treatment could have been the result of 

the N-serve used and consequently this experiment failed to provide 

any clear cut evidence for a nitrate response in the field.

The 1982 experiment had a reduced number of replicates, but an 

increase in plot size meant that the total area occupied by each 

treatment was increased fourfold. This had the added advantage of 

reducing the importance of any possible edge effects. N-serve was 

not used, so that any resultant responses could be entirely 

attributed to the nitrate treatments. Due to practical constraints, 

treatments were only applied three times, which proved to be 

disadvantageous in comparison to the monthly 1981 intervals. 

Furthermore, contamination by weed seeds from an adjacent garden bed 

probably occurred, which made interpretation of the results more 

difficult. It transpired that the only significant differences 

between treatments, (untreated quadrats producing higher germination 

that treated ones), were probably due to this contamination.

The control of nitrate levels in the soil was similar to that 

in 1981. Once again the background concentrations of nitrate in the
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untreated soil appeared to be sufficient to satisfy any nitrate 

requirements of the seeds and were actually comparable to the levels 

in the NOj-treated soil. The water treatment was efficient in 

reducing nitrate concentrations in May and September, but in the dry 

period of July concentrations were almost as high as in the other 

treatments (9 x 10~3M).

Although the numbers of Senecio vulgaris seedlings in this 

experiment were greater than in 1981, contrary to the correlative 

evidence for a field response provided by Popay and Roberts (1970b) 

they did not show any significant response to nitrate.

Thus, in 1982 a response to nitrate was not observed, although 

again this may be due to the high endogenous nitrate concentrations 

in the soil and the difficulties encountered in reducing them. A 

second factor which may have resulted in the failure to detect a 

nitrate response was the infrequency of treatment applications. Any 

short lived responses to nitrate could have been missed, although 

their effects, if any, would probably be overshadowed by that of the 

naturally high nitrate concentrations in the soil.

A calcareous soil was also used in the 1982 experiment to test 

the seedbank of a normally undisturbed environment. The nitrate 

concentrations measured in calcareous soils by previous workers have 

usually been lower than in agricultural soils and those experiencing 

regular disturbance. Davy and Taylor (1974) reported maximum levels 

in a Chiltern chalk soil, of 6 mg l“ 1 of NO3-N, which at a moisture 

content of 20% would create a soil solution of about 5 x 10_4M. In a 

Festuca ovina dominated grassland Havill ill. (1977) recorded 

levels of 20 mg NO3-N l“ 1 of dry soil; about 1.6 x 10-3M 

concentration, at 20% moisture levels. The work of Taylor et at. 
(1982) also showed concentrations of about 10-3M in a Zerna erecta 

dominated, calcareous soil. However, in more loose and disturbed



calcareous dune soils, Friejsen et al. (1980) reported nitrate 

concentrations rising to about 10“2m . Thus, although nitrate levels 

in undisturbed calcareous grasslands appear to be low in comparison 

to those in disturbed ruderal dominated sites, disturbance may make 

them comparable. This disturbance inevitably occurred in these 

experiments and the nitrate concentrations recorded in the calcareous 

soil were similar to those in the garden soil.

Once again the problem of reducing nitrate levels for 

experimental comparisons was encountered. The untreated quadrats had 

nitrate levels comparable to those in the NO^-flush treated quadrats. 

This again was probably due to the regular disturbance, and removal 

of vegetation which would normally utilise the nitrate, and 

consequently reduce its concentration. The water treatment provided 

the best contrast in nitrate concentrations, but reduction in levels 

was only successful in two out of the three applications. Even after 

the other two applications, nitrate concentrations were still above 

10~3M.

There were no significant differences in emergence between 

treatments, which is in agreement with the lack of a response to 

nitrate by the calcicole species tested in Chapters 2 and 3. The 

importance of these results is somewhat reduced, due to the only 

small reductions in nitrate levels achieved. The reduction of 

endogenous nitrate concentrations in experimentally disturbed 

conditions was a major practical difficulty. Experimentation of this 

type inevitably changes the situation being observed, yet it was a 

requirement that nitrate levels should be manipulated, whilst 

altering other environmental variables as little as possible. 

Consequently, large scale interference with moisture levels and 

regular leaching of the soil would not have been suitable.

Similarly, it was a requirement of the experiment that the soil was
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disturbed by mixing and kept free of vegetation, to encourage 

observable levels of emergence.

Any future experiments may have to rely on the use of an 

artificial soil substitute, for instance sand, unless more efficient 

methods of control over nitrate concentrations in natural soil can be 

devised. It would, however, be necessary to balance this step away 

from natural conditions by ensuring that the seeds used were buried 

directly after seedfall and allowed to age naturally in the soil.

This could be done with the use of sachets of seeds which would have 

the added advantage of reducing variation by providing more 

consistent numbers of seeds within each volume of soil/sand. It 

would also be important to remember that a natural seedbank consists 

of seeds of a variety of ages from different seedfalls and account 

would have to be made of this, either in the experiment, or in 

interpretation of results.
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7. Discussion.

The experiments described in this thesis have been of three 

types: those performed in the laboratory, those performed in close to 

natural conditions in the field and a series of experiments in 

intermediate conditions which were designed to help with 

interpretation of the field experiment results. The aim of these 

experiments was to observe the effects of inorganic nitrates on seed 

germination and assess their importance in identifying spatial and 

temporal safe sites for germination and survival.

The laboratory experiments served three purposes: to find an 

optimal concentration of nitrate solution for germination, to compare 

the responses to nitrate of a number of ruderal species in a range of 

incubation environments and to compare the responses to nitrate of 

species from relatively undisturbed environments (calcareous 

grassland and acid heathland) with those of ruderal species (sensu 

Grime 1979).

The optimum concentration of potassium nitrate solution for the
_2germination of four ruderal species was found to be between 10 M and 

10~3m , corresponding to the peak nitrate concentrations observed in 

some soils (Popay and Roberts 1970b, Vincent 1974, Roberts and 

Benjamin 1979). This concentration was therefore used on the 

thermogradient bar to compare the germination of responses of 

twenty-two ruderal species. The thermogradient bar provided eleven 

temperature regimes and allowed seeds to be tested with or without 

nitrate, in the presence or absence of light. Previous work has shown 

that these factors commonly influence germination and often interact 

with one another (Roberts E.H. 1973, Vincent and Roberts 1977, 1979, 

Bostock 1978, Roberts and Benjamin 1979).

Of the twenty-two ruderal species used all but two responded to
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light and only three did not respond to nitrate in any of the 

environments. A number of interactions between factors were observed 

and there was a significant linear synergism between nitrate and 

increasing diurnal temperature range for five species in the light 

and six species in the dark. Other species also appeared to have a 

greater response to nitrate in the larger diurnal temperature ranges, 

but their regressions were not statistically significant. In some 

species, where germination reached 100% of viable seeds in the widest 

diurnal temperature ranges, a response to nitrate became apparent in 

intermediate ranges where water rather than nitrate solution produced 

sub-maximal germination. Although Senecio vulgaris appeared to have 

an optimal temperature range of 8/18°C rather than 5/25°C, its 

greatest response to nitrate still coincided with the most 

stimulatory temperatures. Hence, the comparison of a large number of 

ruderal species has shown that a response to nitrate is widespread 

amongst them and that it commonly acts synergistically with 

stimulatory alternating temperatures.

In view of these results, the complexity of changes in 

temperature and nitrate levels in the field could make the 

interpretation of field experiments difficult and complicate the 

evaluation of a possible role of nitrate in identifying temporal safe 

sites.

In addition to the ruderal species normally inhabiting disturbed 

sites with relatively high nitrate levels, the seeds of a number of 

calcicole and calcifuge species from less disturbed habitats were 

also tested in the laboratory. Measurements of nitrate levels in 

these other environments (Chapter 2) have shown them to be generally 

lower than in areas of large scale disturbance such as those of 

arable conditions. The majority of calcicole and calcifuge species 

tested did not respond to nitrate either in petri dish tests or on
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the thermogradient bar. All the calcicole species responded to light 

and all, except chilled seeds of Llnum cathartlcum, responded to 

larger diurnal temperature ranges. However, only Leontodon hispidus 

responded to nitrate in the light and indeed four of the species were 

actually inhibited by a 10 nitrate solution in the dark.

The smaller seeded calcifuge species from an acid heathland 

environment showed a strong light requirement which was obligate for 

both Digitalis purpurea and Erica tetralix. All the calcifuges 

except for Digitalis purpurea responded to larger diurnal temperature 

ranges, whereas only Juncus conglomeratus and Vaccinlum myrtlllus 

showed any response to nitrate. This lack of response by the 

calcicole and calcifuge species, compared to the large number of 

ruderals which were stimulated by nitrate, suggests that such 

responses were the result of adaptation to environments with 

naturally high nitrate levels. Seeds of species of undisturbed 

environments would be less likely to encounter elevated nitrate 

levels and would therefore gain no advantage from the ability to 

respond to it.

The large scale disturbance in the field experiment produced

nitrate levels in the calcareous soil as high as those observed in

the garden soil. This is in agreement with the results of Friejsen
- 2

et al. (1980) who observed nitrate levels of about 1 x 10 M in a 

calcareous dune soil which was also considerably disturbed. 

Disturbances in a calcareous grassland are much smaller than in those 

sites colonised by ruderal species and therefore nitrate levels would 

probably be lower due to the proximity of the vegetation. It might 

also be suggested that the smaller scale of disturbance could itself 

result in reduced rates of mineralization. Future experiments to 

measure the nitrate levels in gaps of different sizes within 

established vegetation would be particularly useful for comparison
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with those in areas of large scale disturbance.

The buried seedbank in the calcareous soil taken into the 

laboratory failed to respond to nitrate and the seeds in an acid 

heathland seedbank were actually inhibited by it. This is consistent 

with the tests on collected seeds discussed above. There was not, 

however, any response to nitrate by the seeds from the garden soil 

seedbank used in these field experiments, a feature which will be 

discussed later.

The seeds of Cardamine hirsuta, which were stored for varying 

periods of time in a number of artificial environments, showed 

changing responses to nitrate in the laboratory. Other workers have 

also shown that as seeds age their responses to dormancy breaking 

factors change (Karssen 1980/81 a,b, Baskin and Baskin 1981, Roberts 

and Lockett 1975, 1978b, Bostock 1978) and this will further 

complicate their behaviour in the field. Laboratory storage of 

Cardamine hirsuta resulted in the development of a response to 

nitrate in the dark whereas, after storage in a Stevenson screen, the 

seeds were unresponsive to nitrate. Thus, changes in dormancy appear 

to differ according to the storage conditions and the results of 

laboratory storage experiments can only be used with caution in the 

detailed interpretation of field experiments.

In the experiments involving burial of seeds in the soil and 

subsequent germination testing in the laboratory (Chapter 4), three 

of the four ruderal species used, Cardamine hirsuta, Seneclo vulgaris 

and Stellaria media, gradually lost their responses to nitrate 

following burial. In the fourth, Artemisia vulgaris, some seeds 

actually developed a nitrate response after 3 months burial, but this 

was lost during the next 6 months. If seeds of these species were 

buried in autumn, by April all but the Artemisia vulgaris seeds would 

already have a smaller response to nitrate than when they were fresh.
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T h i s  w o u l d  i t s e l f  r e d u c e  t h e  l i k e l i h o o d  o f  b e i n g  a b l e  t o  o b s e r v e  a  

r e s p o n s e  t o  n i t r a t e  i n  t h e  f i e l d .

Both Vincent and Roberts (1977) and Roberts and Benjamin (1979) 

have shown that a period of chilling may alter the response of seeds 

to dormancy breaking factors. They suggest that in some cases this 

chilling can result in increased responses to alternating 

temperatures and interactions between light and nitrate. In these 

experiments the first three months of burial, over the winter, will 

have included a period of chilling, which would itself affect the 

seeds dormancy. Only in Artemisia vulgaris and Cardamine hirsuta, 

however, were there changes of the types observed by the above 

authors; Artemisia vulgaris developed a response to nitrate and 

Cardamine hirsuta a response to alternating temperatures after 3 

months burial in the soil. In the other species it would still be 

expected that the cold winter conditions played some part in changing 

the dormancy characteristics of the seeds. As well as the changes in 

dormancy due to stratification over the winter, it is probable that 

burial during the summer will have other influences on seed dormancy.

One of the reasons why the response of some seeds to nitrate is 

lost during burial might be the satisfaction of a nitrate requirement 

whilst other environmental factors are unfavourable for germination. 

If the nitrate were to have a residual effect, then later, when 

environmental conditions such as temperature became suitable, the 

seeds would be able to germinate irrespective of the current nitrate 

levels. In experiments in the laboratory (Chapter 2) 33.9% of the 

seeds of Seneclo vulgaris showed such a carry-over response to 

nitrate and a similar non-significant response was observed for 

Stellarla media. This could mean that a nitrate flush during periods

of small diurnal temperature ranges could result in increased 

germination when the temperature range increased later and it may
¿MM
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partially explain the loss of dormancy of these two species during 

burial. This will make it difficult to identify nitrate response 

merely by correlating emergence with natural variations in 

environmental conditions. Experiments manipulating nitrate levels in 

the soil are therefore clearly necessary.

To further complicate the situation some species have been shown 

to have a cyclical response to dormancy breaking factors (Courtney 

1968, Taylorson 1970, Stoller and Wax 1974, Roberts and Neilson 1982, 

Froud-Williams et al. 1984) and Murdoch (1982) has shown that even 
when nitrate is present the seeds may have to be in a susceptible 

state to respond. No assessment of the importance of these cyclical 

changes in dormancy on the manifestation of a response to nitrate in 

the field can be made from these experiments.

With the progressive death, continued dormancy or emergence of 

seeds, a species' seedbank will consist of a population of seeds of 

mixed age, many having been buried for 3 months or more (Barton 1962, 

Chancellor 1981 ). The results above show that, due to the variety 

of changes in dormancy during burial, it is likely that only a small 

proportion of the seedbank, normally the most recently buried seeds, 

will be responsive to nitrate at any one time. This will in turn 

reduce the likelihood of observing a nitrate response in the field.

In the cases of Cardamine hlrsuta, Senecio vulgaris and Stellaria 

media this would mean that periods when fresh seed burial was 

coincident with high nitrate levels and suitable temperatures would 

provide the greatest opportunities for observing any responses to 

nitrate in the field. For Artemisia vulgaris any response would 

probably be most apparent after a few months burial, which would be 

over the winter. The field experiments described in Chapter 6 did

not include fresh seed falls during the year and it was in April that 

seeds had least soil storage but had experienced overwintering. If,
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as was the case in 1981, stimulating nitrate levels and temperature 

ranges occurred in spring then it is at this time that any emergence 

response to nitrate is most likely to be observed.

The garden soil containing a natural seedbank, which was tested 

in the laboratory, (Chapter 5), would be expected to consist of a 

population of mixed age seeds. It could be for this reason that no 

responses to nitrate were observed. There was a reduction of 

germination in wetter conditions which indicates another factor, soil 

water levels, which affect germination in the field. Failure to show 

a response to nitrate in this experiment made it unlikely that a 

field response could be observed.

In two years, 1981 and 1982, field experiments were performed in 

an attempt to observe the effects of nitrate in the field. These 

involved the monitoring of environmental variables and the 

manipulation of soil nitrate levels whilst emergence was being 

recorded.

Figure 7.1 shows the relationship between diurnal temperature 

range, monthly mean temperature and depth in the soil for the six 

months of the 1981 experiment. The thermogradient bar temperature 

regime is also plotted for comparison. Temperatures in the winter 

months were not recorded, but average Keele data and similar 

recordings by Popay and Roberts (1970b), Benjamin (1974) and Murdoch 

(1982) all illustrate that means and ranges are considerably smaller 

than in the spring and summer. The results of the above workers show 

that there is a large amount of variation between years, as to the 

month in which diurnal temperature ranges at the soil surface are 

greatest. In some years this is as early as April and in others it 

is July or August. Examples of the former include measurements from 

Fallowfield and Jodrell in 1966 (Popay and Roberts 1970b) and 

Shinfield in 1971 (Benjamin 1974). In four other recordings the
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F i g u r e  7 . 1  M o n th ly  m ean d i u r n a l  t e m p e r a t u r e  r a n g e  p l o t t e d  a g a i n s t  m o n t h ly  m ean
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b e t w e e n  A p r i l  a n d  S e p te m b e r  1 9 8 1 .  I n d i v i d u a l  p o i n t s  r e p r e s e n t  t h e  

r e a d i n g s  a t  e a c h  o f  t h e  f o u r  d e p t h s :  •  s u r f a c e ;  0 , 2 . 5  cm; A  , 10 cm;

A , 20 cm ; t h e  m on th  b e i n g  i d e n t i f i e d  b y  a  l e t t e r ;  A p r i l ,  A ; M ay, M;

J u n e ,  J ;  J u l y ,  Y ;  A u g u s t ,  G an d  S e p t e m b e r , S .  T h e  d a s h e d  l i n e  r e p r e s e n t s  

t h e  t e m p e r a t u r e  r e g im e  c r e a t e d  b y  t h e  th e r m o b a r  a n d  t h e  s o l i d  l i n e s  a r e  

l i n e a r  r e g r e s s i o n s  f o r  e a c h  m onth  b a s e d  u p on  t h e  i n d i v i d u a l  p o i n t s .
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diurnal temperature ranges were greatest in later months; between 

July and August. From Figure 7.1 it can be seen that in the 1981 

experiment described here the greatest ranges occurred in April. In 

view of the synergism between large diurnal temperature range and 

nitrate that was observed in the laboratory, it would be expected 

that the best chance of observing a nitrate response in the field in 

this experiment would be following the April nitrate application. 

Evidence from the seed burial experiment (Chapter 4) would also 

support this expectation since as the seeds aged in the soil they 

appeared to lose their response to nitrate. The April results also 

represent the shortest period of burial for autumn shed seeds and the 

first period of favourable temperatures for germination. Artemisia 

vulgaris has gained a response to nitrate after three months, which 

again supports the hypothesis that a response to nitrate would be 

most visible in April.

The situation in which elevated nitrate levels coincide with 

large diurnal temprature ranges is that described by Popay and 

Roberts (1970b) and they observed a flush of germination in 

association with those conditions. However, due to the coincidence 

of these conditions, they could not assess the contribution of the 

nitrate. A situation in which a nitrate flush occurs without wider 

diurnal temperature ranges, from the evidence of the thermogradient 

bar, would seem much less likely to result in increased levels of 

germination. Such conditions may not exist naturally at any 

particular time in the year, but levels of nitrate may be as high as 

2 x 10-3M and diurnal temperature ranges small as far down as 230 mm 

in the soil (Murdoch 1982).

Seedling emergence in 1981 was significantly greater in the 

treatments receiving nitrate every month and those receiving nitrate 

flushes in individual months, compared to the treatments receiving
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only water. The interpretation of these results was, however, 

complicated by the use of a nitrification inhibitor, N-serve, which 

was applied in addition to the nitrate in both nitrate treatments to 

prevent natural nitrate production complicating experimental 

conditions. There was no treatment of nitrate without N-serve and 

consequently any responses could be attributed equally well to the 

nitrate, N-serve, or an interaction of the two. An N-serve only 

treatment only just failed to be significantly different from the 

water treatment and this suggests that N-serve was involved in some 

way in the increase of germination. Thus, germination in the 

nitrate/N-serve treatment was greater than in N-serve alone, which in 

turn exceeded that in water. Although this might be the expected 

order of response, the N-serve was not significantly different from 

the nitrate/N-serve and its difference to the water was only just 

outside significance. The involvement of nitrate cannot be entirely 

discounted, however, since it may equally well have been able to 

stimulate germination in the absence of N-serve. It is fortunate 

that an N-serve control treatment was performed, because the results 

would otherwise have been construed as evidence for a large nitrate 

response. Except in the case of the Poa species, where a nitrate 

response was demonstrated, much of the apparent nitrate treatment 

effect must be attributed to the effects of N-serve. For this 

reason, N-serve was not used in the 1982 experiment.

Although a response to nitrate was expected to be most likely in 

April, in 1981 the analysis of the total germination figures did not 

show an interaction between the treatments and the months and 

consequently the figures for each month were not analysed separately.

Both the water treatment and the untreated plots were intended 

to give a comparison of germination levels in low nitrate conditions 

with those in the nitrate treated plots. The reduction in nitrate
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levels was most successful in the water flushed treatment and levels
— 3 — 9were as low as 3 x 10 M in May, compared to levels of over 1 x 10

in the nitrate treatments. However, later in the year drier
_2conditions led to levels of up to 1 x 10 M (July) in the water 

treated soil. The overall reductions in nitrate levels were not as 

great as was intended and consequently none of the treatments 

exhibited very low nitrate concentrations. This could be a result of 

the regular disturbance of the plots and will be discussed later.

In the laboratory experiments of Chapter 2 where the germination 

of four ruderal species was tested with a range of nitrate

concentrations, only the Stellaria media had significantly greater 
-2 -3germination in 10 M as opposed to the 10 M potassium nitrate 

solution. This means that the background nitrate levels in the field 

experiment were sufficiently great to satisfy the nitrate requirement 

of most of the seeds, although it is possible that they were actually 

lower in the wetter month of April, before monitoring had begun.

The numbers of Stellaria media seedlings were sufficiently great 

to allow an individual analysis of them, for the month of April 1981 

alone. Stellaria media, which even with the high background nitrate 

levels might be expected to respond to the nitrate application, did 

show significantly greater germination in the nitrate treatments than 

in the water treatment. However, once again interpretation of the 

results is complicated by the use of N-serve.

In the 1982 experiment N-serve was not used, which simplifies 

the interpretation of results. In May the water treated plots had a 

concentration of 4 x 10-3M nitrate which is comparable to the 1981 

experiment although once again the concentration rose due to drying 

out of the soil later in the year. There were no significant 

differences in germination between the treatments which could not be 

attributed to seed contamination from outside the plots. Although



the figures for Stellaria media in May could not be analysed

separately it was clear from the raw data that even this species did 

not show any response to the nitrate treatments. This lack of 

response in May 1982 with nitrate alone suggests that, in the 1981, 

experiment the N-serve, or an N-serve x nitrate interaction, had 

indeed been responsible for the stimulation of germination, rather 

than the nitrate alone. A second complicating factor which might 

also contribute to the lack of response in 1982 in comparison to 1981 

might have been the prevailing weather conditions. However, it is 

difficult to assess their relative importance.

In both 1981 and 1982 the background nitrate levels consistently 

exceeded 1 x 10-3M, which is in agreement with the work of Benjamin 

(1974) who rarely observed nitrate levels below 1 x 10 3M over the 

two year period of his experiments. In contrast, in the experiment of 

Popay and Roberts (1970b) background nitrate levels in the soil were 

much lower and only exceeded 1 x 10 3M at a few specific peaks during 

the year. Nitrate levels vary considerably between soils and sites 

and it has also been shown that they are dependent on the degree of 

disturbance and the amount of vegetation cover present (Russell 1973, 

Kurkin 1977, Friejsen et at. 1980). The relatively high background 

levels of nitrate in these experiments were probably due to the 

regular disturbance and the lack of vegetation cover which would also 

occur in the natural situation and be characteristic of some of the 

environments colonised by ruderals. These background nitrate levels 

would have been sufficient to satisfy any requirements, thus removing 

treatment differences. This possibility was also suggested by 

Fawcett and Slife (1978) in their experiments on weed seed 

germination in the field.

In Chapter 1, three types of safe site for germination were 

identified; temporal safe sites, spatial safe sites in relation to
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depth of burial and those spatial safe sites associated with open 

conditions and gaps in vegetation. The importance of nitrate in 

helping to identify each of these types of safe site can now be 

considered in the light of the experimental results.

The experiments on the thermobar showed an interaction between 

nitrate and alternating temperatures which would clearly complicate 

the observation of nitrate involvement in identifying safe sites in 

the field. The month in which diurnal temperature ranges begin to 

increase may vary from year to year, although it has been shown that 

they are normally much smaller in the winter months. This would 

suggest that germination would be stimulated in spring as they begin 

to increase, although the widest diurnal temperature ranges may 

actually be experienced later in the year. This stimulation would of 

course be much greater if the increase in diurnal temperature ranges 

was accompanied by higher nitrate levels.

A spring peak in nitrogen mineralization has been reported by 

many workers, (e.g. Eagle 1961, Seifert 1962, Taylor et al. 1982),

• although much of this work was performed on natural rather than

agricultural soils. Transiently high nitrate levels of about

5 x 10-3M were also recorded in June and July by Popay and Roberts
_2(1970b) and levels of up to 1 x 10 M at intervals throughout the 

year by Benjamin (1974) in agricultural soils. Although the presence 

of stimulating alternating temperatures and nitrate levels may occur 

at many times in the year, low moisture contents in the soil may at 

some times restrict the actual levels of germination (Roberts H.A. 

1982).

The results of Chapter 4 showed that older seeds began to lose 

their response to nitrate and in some cases alternating temperatures. 

This makes it probable that freshly fallen seeds of some species 

could respond to the levels of nitrate and wide alternating



temperature ranges, which might follow the shedding of these seeds 

later in the year. Other seeds, which were buried over the winter, 

would be expected to respond to elevated nitrate levels and wider 

diurnal temperature ranges in spring in the years in which they 

coincide. These field experiments did not show any such flushes in 

germination which could be attributed to the added nitrate, but this 

is partly due to the complication of the N-serve nitrification 

inhibitor. A response may also have been observed if the experiments 

had been started slightly earlier in the year when alternating 

temperature ranges were still small. The high background nitrate 

levels throughout the year and the lack of fresh seed also reduced 

the chance of observing any germination flushes during the rest of 

the experimental period. Future experiments could indeed benefit 

from the incorporation of fresh seed in additional treatments which 

would more closely parallel the natural situation.

Thus, due to the variation in seasonal patterns of temperature 

and nitrate in the field, it is difficult to predict the presence of 

a temporal response to nitrate. In sites with high natural nitrate 

levels of above 1 x 10 3M, such as those used in these experiments 

and also those monitored by Benjamin (1974), such responses would be 

restricted to the early spring. These high nitrate levels do, 

however, appear to be characteristic of disturbed conditions and are 

thus an integral part of many ruderal environments. In environments 

with lower background nitrate levels a response to elevated nitrate 

levels at particular times of the year is a possibility. The 

contribution of the nitrate to a flush of germination is often 

difficult to assess since the nitrate and alternating temperatures 

have been shown to interact. This interaction may cause flushes of 

germination when high nitrate levels coincide with large diurnal 

temperature ranges but it will always make it difficult to evaluate
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the individual contribution of the nitrate.

The involvement of nitrate in helping to indicate the depth of 

burial of seeds was discussed in Chapter 3. It appeared to be 

unlikely that nitrate would have an influence since its vertical 

distribution in the soil profile appeared to be unpredictable and was 

affected by the drying out of the surface layers. The pattern of 

greater nitrate response at higher diurnal temperature ranges would, 

however, reduce the risks to seeds of stimulation to germination by 

nitrate at depths unfavourable to emergence. The remaining type of 

safe site in which nitrate may be involved is provided by open areas 

and gaps in vegetation. It has been suggested that disturbed 

conditions will increase the rate of mineralization and nitrification 

(Russell 1973, Friejsen et at. 1980) and that conversely established 

vegetation cover will result in lower nitrate levels (Rice and 

Pancholy 1972, Kurkin 1977). The nitrate levels in the disturbed 

conditions of the field experiments were indeed relatively high and 

often exceeded 1 x 10 ^M, even in the untreated plots. Another 

factor which contributed to these high nitrate concentrations was 

drying of the soil surface, but this was itself a result of the 

disturbance and lack of vegetation cover. Thus, high nitrate levels 

appear to be characteristic of many of the disturbed sites colonised 

by ruderals and could be a key factor in encouraging their 

germination. This is supported by the laboratory experiments which 

suggested that a response to nitrate was an adaptive feature of 

ruderal species, since most of the calcicole and calcifuge species 

that were also tested did not respond to nitrate. Hence, nitrate 

seems to be involved in indicating gaps in vegetation and areas of 

disturbance suitable for the germination of ruderal species and a 

response to it would clearly be an advantage to species with 

potential emergence throughout the year. Such a response was
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demonstrated in a small proportion of seeds of Poa species, but 

because of the complexity of the factors influencing germination in 

the field it has proved difficult to demonstrate a clear response to 

nitrate by natural seedbanks of other ruderal species in situ.
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Appendix A: Date and site of collection of seeds for each experiment.

Experiments: C = Concentration (Chapter 2).

P = Pre-treatment (Chapter 2).

T = Thermobar (Chapter 3).

S = Sachet (Chapter 4).

Sites: Gardens - University of Keele Botanical Gardens.

Cannock Chase, Ayr and Goyts moss - Heathland sites. 

Monsal Dale - Calcareous grassland site.

Species Source Experiment Collection time

Achillea millefolium Roadside verge T Sept. 1980

Artemisia vulgaris Gardens C Sept. 1981
P Aug. 1982
T Oct. 1980
S Sept. 1981

Calluna vulgaris Cannock Chase C Aug. 1981
T Aug. 1981

Capsella bursa-pastoris Arable fields T Sept. 1980

Cardamine hirsuta Gardens C Nov. 1982
P Nov. 1982
T Sept. 1981
S Sept. 1981

Carex flacca Monsal dale T Sept. 1982

Chamerion angustifolium Edge of woodland T Oct. 1980

Chenopodium album Arable fields T Sept. 1980

Cirsium arvense Roadside verge T Sept. 1980

Digitalis purpurea Ayr C Sept. 1982
T Sept. 1982

Erica tetralix Cannock Chase C Sept. 1983
T Sept. 1983

Gnaphalium uliginosum Arable fields T Sept. 1980

Hypericum hirsutum Monsal dale C Sept. 1982
T Sept. 1982

Inula conyza Monsal dale C Sept. 1981
T Sept. 1981

Juncus conglomeratus Goyts moss C July 1981
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Species Source Experiment Collection time

Leontodón hispidus Monsal dale C Sept. 1981
T Sept. 1981

Linum catharticum Monsal dale T July 1981

Origanum vulgare Monsal dale C Sept. 1981
T Sept. 1981

Papaver rhoeas Arable fields T Sept. 1980

Plantaqo major Edge of woodland T Oct. 1981

Polygonum convolvulus Arable fields T Sept. 1981

Polygonum lapathifolium Arable fields T Sept. 1981

Polygonum persicaria Arable fields T Sept. 1980

Rumex obtusifolius Roadside verge T Sept. 1980

Sagina procumbens Gardens T Sept. 1981

Senecio vulgaris Gardens C Sept. 1981
P Oct. 1982
T July 1981
S Sept. 1981
S(repeat) Oct. 1982

Silene alba Roadside verge T Sept. 1980

Silene nutans Roadside verge T Sept. 1980

Solanum nigrum Arable fields T Sept. 1980

Spergula arvensis Arable fields T Sept. 1980

Stellaria media Gardens C Oct. 1981
P Nov. 1982
T Aug. 1981
S Oct. 1981

Urtica dioica Edge of woodland T Oct. 1981

Vaccinium myrtillus Cannock Chase T Sept. 1983
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Appendix B: Analyses for concentration experiments Chapter 2.

1. Ruderal species - Curvilinear analysis and ANOVA.

a) Artemisia vulgaris

b) Cardamine hirsuta

c) Senecio vulgaris

d) Stellaria media

2. Calcicole species.

a) Curvilinear analyses and ANOVA.

i )  H y p e r i c u m  h i r s u t u m

ii) Inula conyza

iii) Origanum vulgare

b) ANOVA

i ) Leontodón hispidus - Light

ii) Leontodón hispidus - Dark

c) Curvilinear analysis for mean days to germination.

i) Hypericum hirsutum

ii) Origanum vulgare

3. Calcifuge species - Curvilinear analysis and ANOVA.

a) Calluna vulgaris

b) Digitalis purpurea

c) Erica tetralix

d) Juncus conglomeratus

In all curvilinear regressions x(M) = nitrate concentration

(molarity)

y(Germ.) = arcsine of the square root 

of percentage germination.
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Appendix C; Analysis for the pre-incubation experiments Chapter 2.

Cardamine hirsuta ANOVA for germination during dark incubation.

2. Artemisia vulgaris

a) T-test for germination during pre-incubation

b) ANOVA and Duncan's MRT for total germination following 

pre-incubation and incubation in the dark.

c) ANOVA for germination during dark incubation.

3. Stellaria media ANOVA and Duncan's MRT for total germination in 

the light.

4. Senecio vulgaris

a) T-test for germination during pre-incubation

b) ANOVA and Duncan's MRT for combined pre-incubation 

germination and incubation germination in the dark.

c) ANOVA and Duncan's MRT for germination during dark incubation 

alone.

d) ANOVA and Duncan's MRT for total germination; pre-incubation, 

dark incubation and light incubation combined.

e) ANOVA and Duncan's MRT for germination during light 

incubation alone.

- 2W = Water N = 10 M KN03 solution

Pre-inc = the solution in which seeds were placed prior to incubation 

Inc = the solution in which seeds were incubated.
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Appendix D: Thermobar structure and control.

a) The arrangement of water reservoirs, coolers, pumps and heating coils 

used to effect temperature control on the thermobar.

b) The phases of operation of the thermobar;

Aj Daytime - 25°C at the alternating end;

A j-A2 Changeover from day to night;

A2 Nighttime - 5°C at the alternating end;

A 2~A1 Changeover from night to day; 

an(~ the corresponding periods of operation of each respective pump 

and cooler.

Pumps 1 and 4 were in operation continuously, passing temperature 

controlled water from the reservoirs through the aluminium block, as 

a means of maintaining the temperature regimes. The temperatures of 

reservoirs A and C are about the same as the bar itself and B was 

maintained at just over 0°C.
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b) Phases of operation of the thermobar components.

24hr. cycle of 
temperature control. 
(Length of each phase 
not to scale)

Lighting

Cooler X 

Cooler Y

Pump 3 

Pump 2

The heaters in baths A 
and C are thermostat
ically controlled and 
switch on and off 
intermittently.

Aj (25°C) A f A2 A2 (5°C)

Speed 1 Speed 5

A2 "A1

Speed 1
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Appendix E: Percentage gemination at a series of diurnal temperature

ranges for the ruderal species tested on the thermobar (Chapter 3) .

Species responding to nitrate in the light and dark,
a) Artemisia vulgaris

Capsella bursa-pastoris 
Chenopodium album 
Cirsium arvense

b)
c)
d)
e)
f)
g)

h)
i)
j)
k)

Papaver rhoeas 
Plantaqo major 
Polygonum convolvulus 
Sllene alba 
Solanum nigrum 
Stellaria media 
Urtica dioica

Species responding to nitrate in the light only.
a) Achillea millefolium
b) Chamerion angustifolium
c) Gnaphalium uliginosum
d) Rumex obtusifolius
Species responding to nitrate in the dark only.
a) Polygonum lapathifolium
b) Senecio vulgaris
c) Silene nutans
Species with no response to nitrate in light or dark.
a) Polygonum persicarla
b) Sagina procumhens
c) Spergula arvensis

Key •, 10_JMKNO,, light; 0, water, light;
■, 10 SM KNO, , dark; □, water, dark;
A , water, dark, at constant 25°C;
A , water, dark, 8/18°C in a controlled environment cabinet.
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l• Species responding to nitrate in the Light and dark.

f) Plantago major

Diurnal temperature range (C )
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2. Specie* responding to nitrate in the light only.

Diurnal temoerature range (C )
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Speele« responding to nitrat« ln the dark only.

Dlumal temperature ränge (C°)
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Species with no response to nitrats in tha light or dark.

Diurnal temperature range (C°)
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Appendix F: A preliminary experiment to determine the effects upon 

nitrate levels during incubation of:

i) the nature of the incubation medium, gravel or petri dish lids.

ii) the leaching of sachets prior to incubation.

Nitrate levels were determined in six replicate boxes of each of four 

different treatments:

1. Unleached sachets placed on gravel.

2. Leached sachets placed on gravel.

3. Unleached sachets supported by petri dish lids.

4. Leached sachets supported by petri dish lids.

Treatment Nitrate concentration (M)

1 )

2 )

3)

Mean Minimum Maximum

1.6 x —» o
1 5.7 X

1oT~ 8.4 X io ' 4

! .4 x o
1 •U 1.9 X io" 4 3.4 X

1o

.0 x o
1 0.5 X

1or— 2.6 X

1o

.3 x io" 5 1.2 X io" 5 4.7 X io" 54)
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Appendix G: Analyses for Chapter 4» Nitrate responses of four ruderal 

species following burial.

a) Fresh seeds.

b) 3 months burial.

c) 9 months burial.

d) 9 months - Percentage of germinable seeds.

e) 15 months burial.

15 months - Percentage of germinable seeds.

g) t-test for comparison of means with different variances.

Cardamine hirsuta

a) Fresh seeds.

b) 3 months burial.

c) 9 months burial.

d) 9 months - Percentage of germinable seeds.

e) 15 months burial.

f) 15 months - Percentage of germinable seeds.

g) t-tests for comparison of means with different variances.

Stellaria media

a) Fresh seeds.

b) 3 months burial.

c) 9 months burial.

d) 9 months - Percentage of germinable seeds.

e) 15 months burial.

f) 15 months - Percentage of germinable seeds.



2 2 3

4. Senecio vulgaris

a) Fresh seeds.

b) 3*3 months burial.

c) 9 months burial (Three-way ANOVA).

d) 15 months burial.

e) 15 months - Percentage of germinable seeds.

f) t-tests for comparison of means with difference variables

(All data is Arcsin * transformed).

Abbreviations used in analyses. 

Treatment A = Light 5/25°C 

B = Dark 5/25°C 

C = Dark 8/18°C

N = Nitrate 

W = Water
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Appendix H: Analyses for Chapter 5.

Germination of a natural seedbank in controlled conditions.

a) Garden soil.

Two-way ANOVA and Duncan's MRT for:

i) Total germination

ii) Dicot. germination

iii) Monocot. germination

b) Calcareous soil.

Two-way ANOVA with blocks for total germination.

c) Acid heathland seedbank.

One-way ANOVA with blocks for total germination.



238



239



Pr
ob

ab
il
it
y 
of

 P
 
> 
* 

1.
30
 w
it

h 
2 
an
d 

39
 D
.F
. 

is
 

>0
.0
1



241



242

Appendix I: Analyses for the 1981 Field experiment. Chapter 6.

1. Total germination; Two-way ANOVA using /x+0.5 transformed data 

for five treatments at monthly intervals between April and 

September.

2. Poa spp. germination; Two-way ANOVA using /x+0.8 transformed data 

for five treatments at monthly intervals between April and September.

3. Stellaria media emergence.

i) April; One-way ANOVA and Student-Newman-Keuls' test.

ii) May; One-way ANOVA on log(x+l) transformed data.

iii) June; One-way ANOVA on untransformed data.

iv) July; One-way ANOVA on log(x+l) transformed data.

‘ v) September; One-way ANOVA on log(x+l) transformed data.
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Appendix J: Analyses for the 1982 Field experiment, Garden soil.

Chapter 6.

1. Total germination; Two-way ANOVA using log(x+l) transformed data.

2. Senecio vulgaris germination; Two-way ANOVA using untransformed data.

3. Cardamine hirsuta germination; Two-way ANOVA using log(x+l) 

transformed data.

4. Poa spp. ; Two-way ANOVA using untransformed data.
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A p p e n d i x  K: A n a l y s e s  for the 1982 F i e l d  experiment. Calc a r e o u s

soil. C h a p t e r  6.

1. Total g e r m i n a t i o n  excluding seedlings of C a r d a m i n e  h i r s u t a , 

Senecio v u l garis and S t e llaria m e d i a ,which w e r e  c o n s i d e r e d  to be 

contaminants: T w o - w a y  A N O V A  on u n t r a n s f o r m e d  data.

2. G e r m i n a t i o n  of Holc u s  lanatus for the first moni t o r i n g  alone: 

O n e - w a y  A N O V A  a n d  Duncan's MRT on u n t r a n s f o r m e d  data.
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