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1 INTRODUCTION 

S o i l disturbance i s associated with many of maris' a c t i v i t i e s : 

regular small disturbances i n a g r i c u l t u r a l c u l t i v a t i o n s , and much larger 

long term s o i l movement and storage i n the construction and mining 

industries. At restoration i t ig important to reinstate the land i n 

good heart, able to support the growth of food crops or amenity grass

land. Much work has already been undertaken on the condition of mineral 

s o i l , drainage, and f e r t i l i s e r requirements for productivity, but s o i l 

organisms are often considered to be unimportant and l e f t to undertake 

thei r own re-establishment. 

As an i n i t i a l step towards an understanding of complex processes 

which lead to the restoration of the f u l l complement of s o i l organisms, 

i t i s necessary to observe changes associated with disturbance, and 

the functional r o l e of organisms i n r e l a t i o n to other species, and i n 

the context of t h e i r environment. The investigation of ecosystems has 

often been f a c i l i t a t e d by study during disturbance* 

The s i t e chosen for the present study was an open cast coal 

mining s i t e at Quebec, Durham, with a variety of s o i l s disturbed and then 

allowed to s e t t l e for various periods of time. 

The object of the work was to study tte changes i n earthworm 

and fungal a c t i v i t y associated with s o i l disturbance. This study was 

chosen because earthworms play a major role i n the fragmentation and 

incorporation of l i t t e r into s o i l s , and fungi are important decomposers, 

thus completing the natural pathway in the cycling of plant nutrients. 

S o i l disturbance i s l i k e l y to break t h i s decomposer cycle, and therefore 

lead to reinstated s o i l with a lower i n t r i n s i c f e r t i l i t y than i t s former 

natural status. 

/ /<$> SCIENCE >• I 
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2 LITERATURE REVIEW 

2 i The Interaction of Fungi and Earthworms 

Fungi appear unaffected by passage through the earthworm gut: 

Baweja (1939) observed that earthworms disperse spores of harmful fungi, 

e. gi Pythium. Khambata and Bhatt (194.7) found that Fusarium Bpores 

were spread by earthworms. Dwarf bunt spores, T i l l e t i a controversa, 

were viable after passing through earthworms i n tests reported by Hoffman 

and Purdy (196/+) . Hutchinson and Karael ( 1956) also support the theory 

that the rate of spread of fungi through the s o i l i s greater when earth

worms are present. They isolated seventeen species of viable fungi 

from the guts of ten specimens of Lumbricus t e r r e s t r i s : many of these 

species had thin v a i l e d spores, which suggested that many more would 

have been digested, and therefore more species of fungi would have been 

found from a larger sample of earthworms. Some species of fungi were 

iso l a t e d consistently from worms taken from d i f f e r e n t areas, and at 

d i f f e r e n t times of year. Fewer fungi were isolated i n midwinter than 

i n l a t e autumn; t h i s corresponds with the seasonal fluctuations i n 

microbial populations i n the s o i l . 

The l e v e l s of micro-organisms i n s o i l and i n earthworm casts 

have been studied by several workers: Koslovskaya and Zhdannikova ( 1 9 6 l ) , 

Zhdannikova ( 1 9 6 1 ) , and Ghilarov ( 1 9 6 3 ) . Generally there are more micro

organisms i n casts than i n the s o i l and decomposition of organic matter 

occurs f a s t e r i n the casts. This i s probably due to the higher l e v e l s 

of nutrients present, including vitamins. Parle ( 1 9 6 3 a ) did not find 

any micro-organisms which were symbiotic with earthworms, though symbiotic 

micro-organisms do occur i n the gut of some arthropods. Parle (1963b) 

observed that yeasts and fungi which occured in s o i l as spores germinated 

immediately i n worm casts, and the greatest density of hyphae vvA% found 

i n casts 15 days old. This i s i n contrast to oxygen consumption i n the 

cast which f a l l s consistently from the time of excretion. On adding e j & c u a * - ^ ? 

glucose or c e l l u l o s e , oxygen uptake increased, but older casts continued 
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to r e s p i r e at a lower rate than those recently produced. Therefore 

th i s e ffect i s not due to the exhaustion of energy supplies, but to the 5I 

formation of r e s t i n g spores. 

Anstett (1951) used grape husk cultures with and without earth

worms to study the effect of earthworms on microbial decomposition. 

After 5 months the microbial population was four to f i v e times greater 

i n pots with earthworms. The decomposition of the husks was measured 

by loss on ignition; those with earthworms l o s t 7555 i n weight compared 

to an 86% loss i n the controls. This additional 11% decomposition leading 

to a lower organic content i n the residue ignited appeared to r e s u l t 

mainly from consumption of substrate by the increased population of 

micro-organisms, since losses on i g n i t i o n were the same from pots which 

contained earthworms throughout the experiment and from pots from which 

they were removed aft e r 6 weeks. Barley and Jennings (1959) carr i e d 

out s i m i l a r t r i a l s using s o i l enriched with grass and clover l i t t e r , 

and dung. Allolobophora caliginosa were added to some of the cultures. 

The oxygen consumption, and n i t r a t e plus ammonium-nitrogen accumulation 

was s i g n i f i c a n t l y higher i n the cultures with earthworms. I n the f i e l d 

earthworms would probably modify the microbial environment to a greater 

extent because temperature, moisture and aeration were optimum i n the 

laboratory for microbial a c t i v i t y . Comparable fieldwprk has been carried 

out by Edwards and Heath (1963), who used l i t t e r bags of mesh s i z e s 

7 mm to 0.003 mm i n an exclusion experiment. The rate of breakdown i n 

0.5 mm mesh bags i s three times slower than i n 7 ram bags, and that i n 

0.003 mm bags i s even slower; micro-organisms have l i t t l e e f f e c t i n the 

absence of s o i l fauna. These experiments show that the comminuting 

effect of s o i l fauna, especially earthworms, appears necessary to f a c i l i t a t e 

invasion by the microflora. 

In addition to fragmentation and .incorporation of organic 

matter into s o i l s undertaken by earthworms, they excrete simple forms 

of nitrogen, and increase the level s of vitamin. Bjg i n s o i l up to seven 



fold, (Atlavinyte and Daciulyte, 1969). These nutrients are required 

for growth by some fungi unable to synthesise t h e i r own, (Domsch and 

Gams, 1977). 

Van der Bruel (196/+) has shown that earthworms can stop the growth 

of some fungi i n cultures; growth began when the earthworms died. This 

fungistatic a c t i v i t y may prevent fungal attack of earthworms, and 

probably serves to keep burrows clear. Waid (1960) refers to the fungi

s t a t i c e f f e c t of s o i l , which prevents the germination of spores when 

conditions are l i k e l y to be unfavourable. 

Microbial a c t i v i t y has been found by S a t c h e l l and Lowe (1967) 

to increase p a l a t d b i l i t y of oak l i t t e r during the weathering of fresh 

l i t t e r . This increases the u t i l i s a t i o n of the l i t t e r by earthworms, 

and therefore the rate of removal, fragmentation and decay. Brocks, 

Brown and Handley (1963) studied the chemistry of microbial decomposition, 

and found that white rot fungi produce enzymes capable of oxidising 

phenols. P e n i c i l l i u m species and Aspergillus niger can decompose un

palatable compounds, e.g. (+)-catechin, which i s re p e l l e n t to L. t e r r e s t r i s . 

This indicates the need for microbial weathering. Thus the combined 

effects of the mixing and fragmenting a c t i v i t i e s of earthworms, with 

t h e i r low assimilation efficiency, (Mason, 1977), and the degradation 

effects of micro-organisms using a battery of enzymes, are mutually bene

f i c i a l , and a synergistic decomposition i s the r e s u l t . 

2 i i S o i l Disturbance 

S o i l disturbance by c u l t i v a t i o n removes the surface i n s u l a t i n g 

layer, and according to Hopp (19+6) reduces numbers of earthworms i n 

North American s o i l s . This would probably not occur to the same extent 

in B r i t a i n , which does not have such cold winters. Evans and Guild (1948) 

discount the e f f e c t of mechanical damage by ploughing because there was 

no change i n the s i z e of the earthworm population i n grassland ploughed 

once. However a f t e r .5 years of ploughing, the population had decreased 



by 70%. This observation was supported by Graff (1953)* Z i c s i (1958) 

compared cult i v a t i o n s at di f f e r e n t times of the year; those af t e r harvest 

were most d r a s t i c . Z i c s i (1969), ajid Edwards and Lofty (1971) agree 

that c u l t i v a t i o n s which loosens the s o i l can favour earthworms. These 

reports indicate that stripping and heaping topsoil with associated com

paction and reduced aeration i s l i k e l y to reduce the earthworm population. 

An i n d i r e c t e f f e c t of c u l t i v a t i o n observed by Barley (1961), 

i s l o s s of organic matter, especially i n modern a g r i c u l t u r a l systems 

when organic manure i s not used. This reduces earthworm food, and pop

ulations decline. This reduction i n organic matter can be more important 

than the ef f e c t of the actual c u l t i v a t i o n s . 

An early estimate of colonisation rate of 10 in per year was 

made by Hamblyn and Dingwall (1945) studying A. caliginosa from imoculation 

points i n recently limed grassland. The main method of dis p e r s a l i s 

by cocoons c a r r i e d on implements, by animaJ.3 and water. 

Dunger (1969) studied the development and succession of decomposer 

J - C L L U 1 U W l i X fej—CXX JL r J X C D U ^ t J l ' J ^ C l l V^CZO U t U J . 1 1 1 .. L X i l g V A U i U p C s i I V ? UJ.1CX. \J dJL VI .U. \J*~ 

pods were important i n the early colonisation, i . e . after 3 years, when 

moder humus had developed, but afte r 7 - 1 0 years earthworms were dominant, 

and the t r a n s i t i o n from moder to mull-type s o i l had begun. This colonis

ation by earthworms seems slow, but was brobably not limited by thei r 

rate of advance, but by the rate of change of the environment into one 

providing the minimum requirements for earthworms. 

Rhee (1969) gives 6 m per year for the advance of A. caliginosa 

and 4- m per year for Allolobophora chlorotlca. which are sim i l a r to 

Kamblyn's figure. Rhee worked on a new polder i n the Netherlands, and 

also studied the population increase; rate of 3pread could be affected 

by a v a i l a b i l i t y of food. 

Waid (1960) states that s o i l disturbance and addition of organic 

matter reduce the fu n g i s t a t i c effect of the s o i l . Thus a large number 

of spores germinate af t e r these changes; cultivations are l i k e l y to 



increase the rate of decomposition of limited supplies of organic matter. 

2 i i i The E f f e c t of Earthworms and Fungi on S o i l Structure 

Evans (194-3) estimated that 1.25 to 8.7% of topsoil to a depth 

of 10 cm passed through earthworms each year. This could account for an 

improved s o i l structure, but cast s t a b i l i t y was l e s s than one month, and 

so he assumed the e f f e c t to be small. Swaby (1950) found that pasture 

s o i l incubated with a susoension of fresh casts became s t a b i l i s e d with 

fungal hyphae. Kubiena (1953) states that p r a c t i c a l l y a l l s o i l aggregates 

are casts or residues of casts, and Guild (1955) found that worm worked 

s o i l s were more water stable than those without worms. The s t a b i l i t y of 

casts depends on the a v a i l a b i l i t y of n u t r i t i v e plant remains. This i s 

why the crumb srjucture i s better i n s o i l s under pasture, than those 

bearing straw crops, (Hoeksema, Jongerius and Meer, 1956). These reports 

indicate that earthworms are desirable, and improve s o i l structure. 

Parle (1963a) found that the s t a b i l i t y of casts reached a peak 

at 15 days, which corresponds cl6fos|ly to the development of fungal hyphae. 

He found that a f t e r 16 days the proportion of large aggregates declined 

and small aggregates increased, which could be due to the binding e f f e c t 

of hyphae being taken over by the cementing e f f e c t of b a c t e r i a l gums. 

Sat c h e l l (1967) estimated the e f f e c t of earthworms on s o i l 

aeration. Up to -I of the a i r capacity of some s o i l s can be as burrows. 

However, those species which cast below ground open up the s o i l at one 

point, but consolidate i t elsewhere. The t o t a l pore space of s o i l s i n 

Western Europe i s 4.0 - 59$. I n comparison, casts on the surface can be 

0.5 - 6 . 0 $ of the top 10 cm of s o i l ; t h i s i s only a small proportion, 

and therefore earthworms can only improve aeration to a limited extent. 

In contrast, earthworms have a marked ef f e c t on drainage, 

( S l a t e r and Hopp, 1947). In a laboratory experiment, Guild (1955) found 

that water passed through sandy s o i l containing earthworms in 2 days, 

compared to 8 days for a similar s o i l with no earthworms. Raw (1959) 



calculated the area of natural drainage channels created by L. t e r r e s t r i s 

as 44 mraara~2. This w i l l improve run-off of surface water. Earthworm 

channels have also been found to f a c i l i t a t e root growth i n d i r e c t d r i l l e d 

crops, (Edwards and Lofty, 1976). Raw (1962) mentions the s t r i k i n g d i f f e r 

ence i n the s o i l p r o f i l e s of two orchards, one with earthworms, and one 

without due tc poisoning by copper sulphate. The former had a mull 

p r o f i l e , but the l a t t e r had a c l e a r l y defined surface mat of undecomposed 

organic matter. 



3 METHODS 

3 i Estimation of Fungal A c t i v i t y 

Garrett (1955) makes the important point that i t i s e s s e n t i a l 

to d i f f e r e n t i a t e between vegetatively active fungi which are contributing 

to the economy of the ecosystem, and those which are passive dormant 

propagules. V.'ith t h i s aim several workers have developed d i r e c t methods 

of study using s o i l sections. Their work i s reviewed by Warcup (1967). 

The s o i l must be fixed to prevent crumbling, end then cut and polished 

to give a thin s l i c e . These techniques are complex and lengthy, 

A s l i d e bujfcial technique was developed by Rossi (1923), and 

Gholodny (1930)- Brown (1958) used a layer of n i t r o c e l l u l o s e thinned 

with amyl acetate to cement mycelium and s o i l p a r t i c l e s i n contact with 

the s l i d e to the glass. Warcup c r i t i c i s e s the bur: ying operation which 

disturbs the natural relationship between the mycelia and s o i l p a r t i c l e s . 

Waid and Woodman (1957) bur/ied nylon mesh through which mycelium could 

grow. The main disadvantage of these methods i s that the majority of 

raycelia are s t e r i l e , This i s also true for immersion tubes designed by 

Ohesters (194-0), and for screened immersion plates developed by Mueller 

and Durell (1957), and MacWithey (1957). Active mycelia are selected 

by these methods; non-sporing species, e.g. Papulaspora species have 

been trapped. 

I n d i r e c t techniques have been developed for the study of s o i l 

fungi: Varcup (1960) used a s o i l d i l u t i o n plate. He c r i t i c i s e s t h i s method 

because i t favours spore forming organisms, e.g. species of Penicillium. 

Rhizopus. Mucor, Cladosporium, Fusarium, and Acremonium. Warcup (1950 and 

1960) assesses h i s s o i l plate method, which uses s o i l p a r t i c l e s rather 

than s o i l water, and therefore does not discard fragments of mycelia 

adhering to the larger s o i l p a r t i c l e s , (V/arcup, 1955). Warcup (1967) 

concludes that the-: s o i l d i l u t i o n plate and the s o i l plate both give a 

similar picture of the s o i l fungi, but the s o i l plate favours the faster 
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growing species which are present in lower numbers. G r i f f i t h s and 
Siddiqui ( l 9 6 l ) do not dismiss the s o i l d i l u t i o n plate method: a single 
quantitative estimate i s of l i t t l e value, but a s e r i e s at regular intervals 
would show changes i n populations of spores, (not necessarily i n fungal 
a c t i v i t y ) . 

Contamination of fungal cultures by bacteria has been experienced 

by several workers. I n i t i a l l y b a cteria were supressed by using acids: 

Wakeman (1922), and Jensen (.1931) adjusted the a c i d i t y of the medium 

to pH U with sulphuric acid. Later rose bengal was used in a concentration 

of 1:15 000 by Smith and Dawson (194/.). Recently a n t i b i o t i c s have been 

used: Martin (1950) recommended 30 ug cm~3 streptomycin or 2 ug cnf3 

aureoraycin. A disadvantage of these b a c t e r i a l sup; ressants i s that they 

can a f f e c t the fungi too. Warcup (1960) recorded a reduction i n fungal 

colony s i z e due to rose bengal, and i n bright l i g h t this dye supresses 

fungi, (Pady, Kramer, and Pathak, 1960). Streptomycin has been found 

to i n h i b i t some species of fungi, e.g. Phytophthora. (Echert and Tsao, 

1962), and Pythium. (Schmittenner and Kine, 1962). 

3 i i Earthworm Population Stud:/-

Non-chemical methods of sampling, e.g. vibration, (Reynolds, 1973)} 

and e l e c t r i c a l methods, (Edwards and Lofty, 1975), have the disadvantage 

that the area from which the worms are taken cannot be measured accurately. 

Handsorting and wet sieving as described by Svendsen (1955), and L a d e l l 

(1936), can be used on a known volume of s o i l , and a greater proportion 

of the earthworms present are extracted than by other methods, (Raw, 1959; 

Bouche, 1969), but both these methods are time consuming. Svendsen found 

that hand sorting was most suited to crumbly s o i l s , and S a t c h e l l (1967) 

agrees that no one method i s apolicable to a l l species and habitats, e.g. 

sample s i z e of L. t e r r e s t r i s w i l l be low when handsorting because t h i s 

species r e t r e a t s down i t s burrow to depths of over 1 m when disturbed. 

Nelson and S a t c h e l l (1972) point out that specimens le s s than 2 cm, 



0.2 g l i v e weight, are l i k e l y to be overlooked by handsorting. Wet 

sieving also recovers cocoons, and .Raw (1960) found f l o t a t i o n i n magnesium 

sulphate useful for small species i n wet matted h i l l grassland. Alter

natively small surface dwellers i n matted turf can be expelled by heat 

extraction described by Edwards and Lofty (1977). 

Evans and Guild (1947) used potassium permanganate for earth

worm sampling, but Raw (19139) found that i t was toxic, and could reduce 

numbers emerging by k i l l i n g them i n the i r burrows, (Edwards and Lofty, 

1977). The most widely used method of earthworm sampling i s formalin 

extraction. This chemical acts as a skin i r r i t a n t and i s l e s s toxic 

than potassium permanganate. Edwards and Lofty (1977) compared several 

methods of extraction and found that the main disadvantage of chemical 

methods i s that they recover species with wide burrows more e f f i c i e n t l y , 

compared to non-burrowing species. Also aestivating worms do not respond 

to chemicals. The rates of application of formalin vary widely, as 

shown i n table 1. 

Table 1 Rates of Application of Formalin 

Author Rate of Application 

Raw, 1959 25 cm3, of 40$ formalin i n 4-56 1 water, i . e . 

on 0 . 3 6 itP- s o i l 

S a t c h e l l , 1969 O . I 6 5 to 0.55$ formalin: 3 x 9 1 of solution on 

on 0.5 s o i l 

Raw (1959) compared 0 . 1 4 $ formalin with 0.55$ and found that the weaker 

solution extracted l e s s than 50$ of the earthworms which the stronger 

solution brought to the surface. S a t c h e l l (1969) used three strengths: 

0 . 1 6 5 $ , 0.275?,, and 0.55$, and found them a l l equally e f f e c t i v e . However 

he did use large quantities, ( 3 x 9 1 on 0 . 5 w?-). 



Sample area used depends on the method of sampling. Z i c s i 

( 1 9 6 2 ) compared aress of 0 . 0 6 , 0 . 2 5 , 0.5, and 1.0 m2 for handsorting 

and found 16 x 0.06 m2 to a depth of 20 cm adequate for medium sized 

species. Edwards and Lofty (1977) recommended 0 . 2 5 or 0.5 m2 for formalin 

extraction. 

Earthworms show seasonal a c t i v i t y . Immature A. chlorotica. 

A. caliginosa. and Alloloboohora rosea studied by Evans and Guild (1947) 

became quiescent when the s o i l was too dry or too cold. They also observed 

that production of surface casts showed marked maxima, in Spring and 

Autumn, and could cease completely at other times of the year. This 

seasonal a c t i v i t y affects the r e s u l t s of sampling carried out at different 

seasons. Kelson and S a t c h e l l (1962) give the optimum s o i l temperature 

at 10 cm depth for formaldehyde expellant as 10 .5 C. 

When sampling for earthworms, Gerard ( 1964 ) recommends 10% 

formalin as a preservative, and S a t c h e l l (1969) used 5 to 10$. Earth

worms lose moisture on preservation; Raw (1962) estimated a l o s s of 

15% when he calculated fresh bioraass from formalin preserved specimens. 

Also when estimating biomass, weight of gut contents should be taken 

into consideration: S a t c h e l l (1969) states that they can be up to 20% 

of the t o t a l l i v e weight. He also gives a conversion factor: 1 g dry 

weight = 5.5 g l i v e weight. Sa t c h e l l (1970) calculated a correction 

factor to adjust earthworm numbers appearing i n samples to numbers occur-

ing i n i d e a l conditions of s o i l moisture and temperature: i t only applies 

to L. t e r r e s t r i s . 

3 i i i F i e l d Samnling Technique 

Ten samples were taken at random fr^m each of the f i v e s i t e s 

from 7th to 29th July, taking one sample per s i t e on each v i s i t during 

this time. This ensured that each replicate was taken under si m i l a r 

environmental conditions. The time in t e r v a l taken for the sampling 

was kept as short as possible to reduce the effects of the seasonal 

a c t i v i t y of earthworms described by Evans and Guild (1947), Gerard. (1967), 



and Edwards and Lofty (1977). Each sample involved several proceedures: 

3 i i i (a) Earthworm Sampling: using Formalin 

A 0 . 5 m̂  plot was pegged out, and the diagonals measured with 

a tape to check that i t was a rectangle. A quadrat was not carried 

because the s i t e was on a gradient and uneven, and water had to be carried 

too. Standing vegetation, and any surface mat of l i t t e r was removed 

from the plot so that emerging earthworms could be seen e a s i l y , and so 

that the formalin was not soaked up and pa r t l y retained above the s o i l . 

3 1 of 0425$ formalin, ( 25 cm3 of L0% formalin i n 8 1 of water), was 

watered evenly onto the plot i n three equal doses using a watering can 

with a rose, allowing 10 mins between applications. As earthworms 

appeared they were collected and preserved i n 10$ formalin, and l a t e r 

taken to the laboratory. No attempt was made to remove p a r t i a l l y emerged 

worms; they withdraw into th e i r burrows. The bases of herbage stems 

were searched c a r e f u l l y for individuals emerging at these points. Oollectio 

was stopped 10 mins after the l a s t application of formalin* 

3 i i i (b) S o i l Temperature 

A s l i t was made in the s o i l to a depth of 10 cm using a trowel, 

and a thermometer inserted. The surface s o i l was pressed around the 

stem of the thermometer so that the ef f e c t of atmospheric temperature on 

the s o i l temperature at a depth of 10 cm was minimised. The temperature 

was taken after 30 mins. 

3 i i i (c) S o i l Sampling 

Two s o i l cores 5 cm in diameter and to 10 cm depth were taken 

adjacent to each 0 . 5 m2 plot, and placed i n a labelled polythene bag. 

Thin sample was used for the s o i l analyses snd fungal, cultures car r i e d 

->ut in the laboratory. 



3 i i i (d) Laboratory Pre-treatment of S o i l 

On return to the laboratory, each s o i l sample was spread on a 

tray u n t i l a i r dry, (2 to 5 days). I t was then folded i n a newspaper, 

squashed with a brick, fmd nut through a coarse mesh sieve, (2.5 mm 

approx.), to provide a fine earth sample, ready for the s o i l analysis. 

3 iv Choice of s i t e 

Biggin South S i t e i s approximately 7 miles W.N.W. of Durham, 

Grid Reference: NZ 175 445. I t has been opencast mined for coal by the 

National Coal Board, and provides f i v e top s o i l treatments on the one 

s i t e , giving a minimum of environmental variation, for sampling was 

a l l carried out on the North facing slope of Weather K i l l , i n the centre 

of the s i t e . The f i v e top s o i l s are: 

3 i v (a) Undisturbed S o i l (UD) 

This has been undisturbed pasture for at l e a s t 100 years, and 

has had small low unconsolidated heaps of top s o i l deposited on some 

parts of i t for a few years during the recent opencast scheme. Sampling 

was confined to areas alongside undisturbed hedges to avoid top s o i l 

which would have been compacted beneath heaps, according to Tandy (1973). 

This area was re-seeded with a permanent pasture seeds mixture 3 Z/ears 

ago. This s i t e was used as the control treatment in t h i s study as i t 

had experienced the l e a s t disturbance. 

3 i v (b) Too S o i l Reinstated in 1958 (1958) 

This small area was permanent pasture before opencast mining; 

the top s o i l was put back 11 years ago. I t i s uneven, and badly drained 

despite being on a h i l l s i d e . The vegetation i s s e l f seeded rough grasses 

(Appendix l ) . 

3 i v (c) Heaped Top S o i l (H) 

The two remaining s o i l banks from the same slope as the other 

treatments are of top s o i l removed 3 years ago i n 1976. These heaps 



contain decomposing turf, because the land the s o i l came from was rough 

permanent pasture. The heaps were covered with couch, Agropyron repens L. 

Sampling was carried out on the top of the s o i l heaps. 

3 i v (d) Top S o i l Reinstated in 1977 (2 YO) 

This top s o i l was put back 2 years ago and was reseeded with 

a perennial ryegrass and white clover ley. This area was cut l a s t summer 

for hay, but the hay on h a l f the area had not been gathered. Samples 

were taken alternately from these two sub-treatments. 

3 i v (e) Top S o i l Reinstated i n 1978 ( l YO) 

This top s o i l was put back 1 year ago and had not been re-

seeded. Annual weeds, (Appendix l ) , were colonising the bare s o i l , 

and there was some galley erosion down the slope. The s i t e was badly 

drained before opencast mining and the s o i l was heavy, so the N.C.B. 

during reinstatement, mixed a proportion of a sandy sub-soil with the 

o r i g i n a l top s o i l , to open the texture and improve drainage. 

The difference .in appearance of the f i v e treatments was 

st r i k i n g , (photographs 1 - 6 ) . The species of flowering plants occuring 

on each, s o i l treatment were d i s s i m i l a r , (Appendix 1), and c l e a r l y indicated 

their d i f f e r e n t management. 

3 v Estimation of Fungal A c t i v i t y using Cultures 

3 v (a) Preparation of Culture Medium 

A natural, non-purified potato/sucrose agar was used, to exclude 

as few species as possible. The ingredients for 1 l i t r e of agar v/ere: 

150.0 g potato, washed, peeled and chopped. 

2.0 g sucrose. 

0.2 g streptomycin sulphate. 

20.0 g agar. 

The potato was boiled for 20 mins i n 0.5 1 water. The sucrose and agar 

were mixed with a l i t t l e water i n a 2 1 fl a s k , and the water from the 
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P.1. View o f S i t e Looking East from Esh 

Key to photograph and raaD on f a c i n p O R ? S : 

ToDSoil r e i n s t a t e d i n 1978 ( l year o l d ) 

Tonsoil reins+p+ed i n 1977 (2 vears old) ?. 

Id) Toosoil. r e i n s t a t e d i n 1958 ( l i . years o 

Heaped t o o s o i l (3 year." old 

ndisturbed tooso 

±3e=JL_ 



p«2. T o p s o i l Reinstated i n 1978 ( l year o l d ) 

Tape measures 1 m. 

Foreground has not been c u l t i v a t e d , and shovrs erosion and 

annual weeds. The more d i s t a n t area has been c u l t i v a t e d , 

and stones removed p r i o r to reseeding. 



I ' . ' i . .' ,pn J- .'. l-oinp-toted i n 1977 

(2 yearr o l d ) 

Hay crop cut and removed from t h i s 

area l a s t summer,, (1978). 

Tnoe measures 30 cm. 

p•< • T i o s o i l r e i n s t a t e d i n 1977 

(2 years o l d ) 

Grass cut, hut not removed l a s t 

summer, (1978), and vegeta t i o n now 

growing through decaying hay. 

S o i l corer handles 50 cm across* 



Z i l l Heap /est of 

S i t e Access Gate 
_ _ 

S o i l Heap to East o f 

S i t e Access Gate 
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?«7. Toos o i l Reinstated i n 

( l i years old) 

Grass tussocks i l l u s t r a t e rough 

nature o f t h i s area. 

Pence posts 1.5 n> i n height. 

P.So Undisturbed Topsoil 

(100 years old) 

This view o f standing crop taken 

from trimmed 0.5 m̂  earthworm 

samoling o l o t shows the dense 

vegetation. 

Taoe measures 50 cm. 



boiled potatoes added. The volume was made up to 950 cm3. The flask 

was stoppered, with cotton wool and autoclaved for 15 mins at 15 lb pressure. 

The streptomycin sulphate was dissolved i n 50 cm cool d i s t i l l e d water 

which had been autoclaved i n a stoppered flask , and added to the cooling 

l i q u i d agar j u s t before pouring. This minimised the destruction of the 

a n t i b i o t i c by heat. 30 to £0 plates per l i t r e of agar were poured, at 

50 to 6o°C, using s t e r i l e p l a s t i c p e t r i dishes. They were l e f t to cool 

at room temperature, and then inverted and stored in p l a s t i c bags at 

0 to 5°G i n a ref r i g e r a t o r u n t i l used. 

3 v (b) S o i l Crumb Culture Technique 

20 s o i l crumbs as small as possible were picked out of a few 

grams of each s o i l sample, which was spread on a piece of clean paper. 

The crumbs were arranged on an agar plate using fine forceps, which 

had been s t e r i l i s e d i n a bunsen flame and allowed to cool. The p e t r i 

dish was replaced and labelled. The cultures were incubated at room 

temperature, i n daylight, but away from strong sunlight, to encourage 

the development of pigment i n some species, e.g. Trichoderma species. 

The plates were not inverted; condensation was not a problem unless the 

plates were returned to the fridge after a period at room temperature, 

3 v (c) F o i l Spread Culture Technique 

A small quantity of s o i l , (about 3.1 g), was taken from each 

s o i l sample i n turn on a cooled, heat s t e r i l i s e d spatula, and rubbed 

over a s t e r i l i s e d aluminium f o i l d i sc, of diameter 0.5 cm l e s s than the 

p e t r i dish base. The spatula blade was used to grind the s o i l into the 

f o i l before inverting the disc to remove excess free p a r t i c l e s . The 

inverted f o i l disc was pressed onto the surface of the agar, peeled off, 

and discarded. The plate, with, l i d replaced, was incubated as described 

above. 

The plates were incubate.? for two days, and then inspected dai3.y 

for up to approximately 5 days, identifying fungal colonies as they 
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produced spores. Specimens d i f f i c u l t to identify, and slow growing 

specimens i n danger of becoming over-grown by fa s t e r growing types such 

as some Mucoracous species were isolated on to new plates, taking care 

to record their s o i l sample of origin. I d e n t i f i c a t i o n was carried out 

to the l e v e l of genus according to Domsch and Gams (1972), and was aided 

by preparing a reference collection of genera isolated, (photographs 

9 - 23). The number of colonies of each genus grown from each s o i l 

sample by both techniques was recorded, (Appendix 2: O r i g i n a l Raw Data). 

3 v (d) I d e n t i f i c a t i o n Methods for Fungi 

A Watson Microsystem 70 microscope was U3ed for examination 

of the cultures, with x 7 eye pieces i n the binocular head, and x U and 

x 10 objectives. I n most cases l i g h t penetration through the agar was 

s u f f i c i e n t , and colonies were examined in s i t u , placing the p e t r i dish 

base on the microscope stage, a f t e r f i r s t removing the s l i d e holding 

attachment. The p e t r i dish was t i l t e d for colonies at the edge of the 

dish; t h i s was an ideal s i t e for spore formation of slow growing speci

mens, which were prompted to spore by the reduction in nutrient concen

tr a t i o n and a check to growth. The higher powered objectives were removed 

from the rotating head because they were long barrelled, and would make 

contact with the agar, or the side of the p e t r i dish. 

For specimens requiring a more detailed examination, the s t i c k y 

side of a piece of se]/otaDe was touched onto the mycelium and then stuck /' 

onto a s l i d e . Many hyphae and spores are not c l e a r at xAO, so a drop of 

lactophenol and cotton blue s t a i n was added. 

To obtain a side view of the growing mycelium, a wedge shaped 

section was cut from the agar through the colony, and placed on i t s side 

on a s l i d e . After preliminary examination, a drop of s t a i n and a cover 

s l i p were added; t h i s improved c l a r i t y of fungal structures, but some 

of the natural growth habit was l o s t by flattening with the cover s l i p . 



Absidia y 1)0 Th* arching hyohs bears a group ->f 3 near-shaped 

sporangia. 

Thaanidium x 100 showing branched sporangiophore. Also s i n g l e 

pear-shaped Absidia sporangium i s shown. 



Zvgqrynchus x 100 The rough t e x t u r e d zygosoores have one large 

swollen, and one slender susoensor. Large soheres are conden

s a t i o n d r o o l e t s . 
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P. 12. Absidia x 100 The zygospore i s surrounded by curved s t r u c t u r e s 

a r i s i n g from suspensor. 

P. 13. Mucor x 1.00 A p a r t i c u l a r l y coarse type w i t h branched sporangiophores. 

N.B. These two specimens were mounted ->n s l i d e s i n g l y c e r i n e using 

selotape. A l l other photographs were taken d i r e c t l y from the c u l t u r e . 

1 

f) 
f 
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P. 14.. Sc. opularioojgis x 100 The branches of the sporangiophores c l i n g 

together l i k e wet mops. Dark areas are exudation d r o p l e t s . There 

i s also a l i t t l e V e r t i c i l l i u a oresent. 

P.15. B o t r y t i s x 100 The dark brown spores are arranged i n t i g h t groups 

l i k e bunches o f .grapes. 

1 

• 
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P.16. P e n i c i l l i u m x 100 The long chains of s p h e r i c a l spores on branched 
c o ftidv . , , . . . . 

oporanpiophores c h a r a c t e r i s e t h i s genus. 

P.17. Cladosporium x 100 Chains of dark brown o v a l spores on branched 

soorangiophores form khaki-green cushions<. 



P.18. V e r t i c i l l i u m x 100 Single spores a t d i f f e r e n t stages o f develoDment 

( i n d i c a t e d by size) on branched sporangiophores. 

?«19» Acremonium x 100 Single spores on unbranched soorangionhores. 

Basal hyphae are o f t e n entwined. Large spheres are exudation 

d r o p l e t s . 



P.20. Trichoderma x 100 F u l l y developed clumps o f spores, which t u r n 

green i n d a y l i g h t , are borne on sparse spreading mycelium. 

P.21. Trichoderma x 100 T u f t o f a e r i a l branching hyphae, p r i o r to 

spores develooing. 



Dendryphiqn x 100 Chains o f brown spores w i t h t h i c h w a l l s i n 

groups o f 3 - A 5 making them resemble chickens' f e e t . 

'Anther 1 Fungus x 100 This u n i d e n t i f i e d fungus has spore chains 

arranged i n p a r a l l e l groups o f 2 - l+\ thus the?/ resemble the anthers 

of f l o w e r i n g o l a n t s . The spores are l i k e those o f Fusarium. 

w i t h groups of 4 spores i n a sickle-shaped chain. 
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3 v i Earthworm I d e n t i f i c a t i o n and Recording 

.1 Preserved earthworms were i d e n t i f i e d down to species according 

to Gerard (1964.): p a r t i c u l a r use was made o f h i s Key to the ten common 

species found i n good pasture land". The t a b u l a r key produced by Edwards 

and L o f t y (1977) was also used. 

The f o r m a l i n was r i n s e d o f f the earthworms from each sample 

p l o t i n t u r n : a d u l t s were i d e n t i f i e d f i r s t , and then immatures grouped 

w i t h the a d u l t s , and placed i n specimen tubes o f f r e 3 h 10% f o r m a l i n 

according to sample s i t e , and species. A f t e r t h i s i n i t i a l grouping, 

i d e n t i f i c a t i o n was checked when the mature and immature i n d i v i d u a l s o f 

each soecies a t each s i t e were counted and weighed separately. Adhering 

water was removed w i t h absorbant t i s s u e before weighing. To o b t a i n dry 

v/eights, 5 a d u l t earthworms o f each species were taken a t random, weighed, 

and d r i e d to constant weight. 

3 v i i S o i l Texture 

I n t h i s a nalysis i t was thought necessary to conform t o other 

work, and use a recognised standard method; the s o i l p a r t i c l e d i s t r i b u t i o n 

a n alysis as described by the B r i t i s h Standards I n s t i t u t i o n was used. 

This a n a l y s i s takes one week to complete, and one bulked sample from 

each o f the s o i l treatments was analysed. Each bulked sample was composed 

of f i v e sub-samples taken a t random from the s i t e s to a deoth o f 10 cm, 

using a 5 cm diameter s o i l corer. 

The pre-treatment w i t h hydrogen peroxide i s designed to o x i d i s e 

the humus c o a t i n g the s o i l p a r t i c l e s , and thus separate the i n d i v i d u a l 

m i n e r a l grains from the s o i l crumbs. However the s o i l s from B i g g i n 

South S i t e contained high l e v e l s o f undecomposed organic matter, e s p e c i a l l y 

i n the heaped treatment, and i n t h a t r e i n s t a t e d two years ago w i t h mown 

dead grass l y i n g on the s o i l surface. Therefore a f u r t h e r a l i q u o t o f 

hydrogen peroxide was added to each f l a s k to d i s s o l v e more o f the dead 

v e g e t a t i o n ; otherwise t h i s m a t e r i a l would be weighed i n the coarse sand 

f r a c t i o n . Despite t h i s m o d i f i c a t i o n f i b r o u s fragments o f dead v e g e t a t i o n 



d i d appear i n the coarse sand f r a c t i o n : they were removed and weighed 

separately, and the weight o f p r e - t r e a t e d s o i l adjusted accordingly. 

C a l c u l a t i o n s were then c a r r i e d out as i n d i c a t e d by the method given. 

3 v i i i N itrogen and Carbon Analyses 

Again i t was thought necessary to use standard methods o f 

ana l y s i s ; r e s u l t s w i l l then be e a s i l y comparable w i t h other work. Also 

there are r e s t r i c t i o n s on the apparatus a v a i l a b l e . The methods used 

were those o f the Geography Department, Durham U n i v e r s i t y (1978). The 

n i t r o g e n a n a l y s i s was based on the K j e l d a h l (1883) d i g e s t i o n and d i s t i l - ^ 

l a t i o n , and the organic carbon was based on the method o f Walkley and — ^ v w t 

Black (1934). 

3 ix S o i l pH 

The method described i n the Geography Department, Durham U n i v e r s i t y 

Laboratory Handbook (1978) was f o l l o w e d , using a pH meter made by E l e c t 

r o n i c Instruments L t d , , No. 7020, a glass e l e c t r o d e , (Pye unican_probe), 

and standards o f pH 4- and pH 7* D i s t i l l e d water was used to make the 

s o i l suspension. The determination was c a r r i e d out on each o f the f i f t y -

a i r d r i e d s o i l samples, and was repeated a f t e r the suspension had stood 

f o r 2U h r s , to allow f o r carbon d i o x i d e e q u i l i b r i a t i o n w i t h the atmos

phere. The average o f the two readings on each sample was used i n the 

an a l y s i s . 

3 x S o i l Moisture 

This determination was c a r r i e d out on a l l 50 samples o f s o i l 

immediately on r e t u r n to the l a b o r a t o r y . I n each case, 50 to 100 g 

fr e s h s o i l was weighed accurately and l e f t u n t i l a i r - d r y , (2 to 5 days). 

I t was then re-weighed, and the percentage moisture content o f the f r e s h 

s o i l c a l c u l a t e d . 



4 RESULTS & DISCUSSION 

A i Age Since Disturbance o f Top S o i l 

The time i n t e r v a l since l a s t disturbance o f the top s o i l does 

s i g n i f i c a n t l y a f f e c t the d i s t r i b u t i o n o f f o u r species o f earthworms.. 

(Lumbricus castaneus. Lumbricus r u b e l l u s , Allolobophora longa, and 

A. c h l o r o t i c a ) . t o t a l number, and weight o f a l l earthworms, and number 

o f species o f earthworms. T o t a l Mucor and Absidia colonies are also 

a f f e c t e d by age since disturbance, (Table 2 ) . 

L. castaneus was absent on 1 and 2 year o l d s i t e s ; i t s biomass 

reached a maximum on the 3 year o l d heaped s o i l , and d eclined w i t h i n c 

r e a s i n g age since disturbance up t o 100 years. Numbers and. biomass o f 

L. r u b e l l u s show a s i m i l a r p a t t e r n . The peak, on the 3 year o l d s i t e o f 

heaped s o i l i s probably due to the heaping process c o l l e c t i n g surface 

d w e l l i n g species i n the top s o i l bank, which then migrate to the surface 

o f the mound, which i s able t o support l a r g e r numbers because o f the 

dsa.d v e g e t a t i o n i n c o r p o r a t e d i n the mound; t h i s was the standing crop 

plus surface l i t t e r before removal o f t o p s o i l , and. would be s u b s t a n t i a l 

i n permanent pasture. 

The complete absence o f earthworms on the 1 year o l d s i t e 

shows t h a t the double disturbance o f removal and re-spreading the top 

s o i l , together w i t h reduced a e r a t i o n produced by compaction d u r i n g heaping, 

and depth o f heap, has k i l l e d a l l earthworms. 2 years a f t e r r e d i s t r i b u t i o n , 

L.castaneus and L« r u b e l l u s have not re-colonised these s o i l s ; A. longa 

and A. c h l o r o t i c a are present i n low numbers. 

The 100 year o l d undisturbed s i t e probably represented, a s t a b l e 

e q u i l i b r i u m s i t u a t i o n p r i o r t o storage o f top s o i l on i t , and subsequent 

re-seeding. • This recent treatment could account f o r the .lower numbers 

on t h i s s i t e , compared to the 11 year o l d s i t e . 

I n a l l cases, exceot numbers o f A. chl.orotica. numbers o f 

earthworms are lower i n the 11 year o l d s i t e , compared to the heaped 

3 year o l d s o i l . This could be & r e s u l t o f c o l o n i s a t i o n r a t e ; when 
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Table 2 Summary of Analyses o f Variance to show Variables S i g n i f i c a n t l y 

Affected, by Age since Disturbance o f TOD S o i l 

V a r i a b l e F Ratio Level o f 
S i g n i f 
icance 

Treatment (Age) Means oer 0.5 

1 year 2 years 3 years 11 years 100 years 

L. castaneus 9.505 P < 0 . 0 0 1 0 
T o t a l wt. 

n 0.5280 0.3630 0,2170 
+0.0967 +0.0972 +0.0973 

L, r u b e l l u s 3-857 P<.0.01 
T o t a l No. 

0.3000 0 
+0.1528 

L. r u b e l l u s 15.507 P<0.001 0 0 
T o t a l wt. 

0.5060 0.3470 0.0120 
+0.0835 +0.1057 +0.0120 

A. longa 3.550 P< 0 . 0 5 0 
T o t a l No. 

0.1000 -4.1000 2.3000 3.0000 
+0.1000 +1.6496 *p.6675 +1.1926 

A. longa 4.213 P<0.01 0 
T o t a l wt. 

0 .2060 1.7070 3.1380 2.1380 
+0.2060 +0.5740 +0.9649 +O.S861 

A. c h l o r o t i c a 4 . 631 P < 0 . 0 1 0 
T o t a l No. 

1-9000 5.4000 6.2000 5.3000 
+1.0796 +1,3679 11,4742 +1.5850 

Earthworms 18.256 P < 0.001 0 
T o t a l No. 

2.0000 42.6000 15.8000 10.9000 
+1.0750 ^7.9235 +2.7960 +2.8962 

Earthworms 13.135 P<0.001 0 
T o t a l wt. 

0.8960 11.7050 7.5650 3.6260 
+0.4276 +2,2084 +1.6780 +1.0782 

Earthworms 44.117 P< 0.001 0 0.5000 4.2000 4 .0000 2.3000 
+0.2236 +0.1333 +O .5I64 +0.3000 

T o t a l Mucor 4.011 ? < 0 . 0 1 2.8000 3-4000 1.4000 1.6000 4.2000 
Colonies +0.5735 +0.7180 +0.3712 53.5416 +O.6960 

T o t a l 
Absidia 
Colonies 

3.605 P<0.0 5 2.5000 2.0000 2.0000 7.3000 2.1000 
+0.8199 +0.7888 +0.7746 +2.0712 +1.1101 



top s o i l he-iDs nre r e - d i r t r i b u t e d , o n ly those p a r t s where the surface 

of the heaped s o i l i s placed w i l l have high numbers o f earthworms, and 

a l l other areas o f the s i t e • - • • i l l have to he re-colonised. A. c h l o r o t i c a 

t o t a l numbers are highest on the 11 year old s i t e , vhich i s badly drained 

and covered i n coarse vege t a t i o n . 

Numbers o f propagules o f Hucor are highest on the 2 and 100 

year o l d s i t e s ; Absidia d e n s i t y peaks on the 11 year o l d s i t e . Hucor 

.substrates i n c l u d e c h i t i n , p e c t i n , urea, f a t t y acids, and hemicellulose, 

(Domsch and Gams, 1972), and Absidia substrates are g e l a t i n and p e c t i n . 

This i s c o n s i s t e n t w i t h the p r o b a b i l i t y t h a t the 2 and 100 year o l d s i t e s 

are a t a l a t e stage i n decomposition, as compared to the 11 year o l d s i t e , 

because more f i b r o u s organic matter i s being degraded. 

A i i P h y s i c a l Factors I n f l u e n c i n g the D i s t r i b u t i o n o f Earthworms (Table 3) 

U i i (a) S o i l Texture 

Medium sand i s n e g a t i v e l y c o r r e l a t e d w i t h t o t a l number o f 

earthworms, and f i n e sand i s n e g a t i v e l y c o r r e l a t e d w i t h t o t a l weight 

o f L. r u b e l l u s . probably because burrows are l e s s s t a b l e i n sandy s o i l . 

A. c h l o r o t i c a , however, i s p o s i t i v e l y c o r r e l a t e d w i t h sand; t h i s species 

i s a surface d w e l l e r , and i s not a f f e c t e d by the s t a b i l i t y o f a permanent 

burrow system. A. longa i s the o n l y deep burrower p o s i t i v e l y c o r r e l a t e d 

w i t h f i n e sand. 

The number o f species o f earthworms i s n e g a t i v e l y c o r r e l a t e d 

w i t h coarse s i l t , which i s not as e f f e c t i v e as c l a y i n m a i n t a i n i n g burrows. 

M u l t i p l e regression analysis shows t h a t t o t a l numbers o f e a r t h 

worms i s r e l a t e d p o s i t i v e l y to the c l a y content o f the s o i l , b u t i n d i v i d u a l 

species: L. r u b e l l u s , A. longa, and A. c h l o r o t i c a show a negative assoc

i a t i o n ; the c l a y content o f the s o i l nlso a f f e c t s the drainage,which 

may be the f a c t o r a f f e c t i n g earthworms, (and the N.C.B. have adjusted 

the s o i l t e x t u r e on the 1 and. 2 year o l d s i t e s ) . 



Table 3 S i g n i f i c a n t P y h s i c a l Environmental Factors i n the M u l t i p l e 

Regression Equation f o r Numbers and Biomass o f Earthworms per 0.5 m2 

No. Tot. Tot. L. c. L. r . A . l . A.c. 
Factor Spp. No. \ ' t . Tot. T i t . Tot. Tot. Tot. Tot, Tot. 

worms worms worms Vit, So. I-.'t. No. V,'t. 

10.06 
0.58 
0 .13 

16.99 8.55 
-0.2A 0.99 
0 , 0 1 0.34 

Medium F 6.35 
Sand b -1.70 

SE 0.68 

Fine F 
Sand b 

SE 

Coarse F 5.65 
S i l t b -0.11 

SE 0.05 

Clay F 34.67 
b 2.11 
SE 0.36 

12.IS 33.79 53.65 24.02 
-0.19 -=0.28 -0.93 -0,15 
0.01 0.04 0.13 0.03 

oH F 8.18 
b -0.98 
SE 0.34 

Moisture F 4.98 3.04 
b 0.37 -0.80 
SE 0.02 0.01 

Temp- F 5-50 4.17 
e r a t u r e b -0.34 0.26 

SE 0.01 0.01 

Carbon F 10.84 2.10 15.49 5-56 
b 5.98 -0.80 -2.66 -0.36 
SE 1.82 0.55 0.68 0.15 

Nitr o g e n F 11.61 
b -14 .60 
SE 4.28 

C : N F 3.21 5.81 
Ratio b -0.36 -0.24 

SE 0.02 0.10 

% S o i l F 17.19 2 .30 
Organic b 0.35 0.48 
Matter SE 0.08 0 .03 

¥?- f o r 
Sig. 0.22 0.05 0.02 0 .05 0.04 0.16 0.03 0.09 0.22 0.21 
Variables 

T o t a l V?- 0.94 0.96 0.97 0.73 0.89 0.76 0.80 0.83 0.87 0.72 



L i i (b) A c i d i t y 

There are more species o f earthworms present on a c i d s i t e s ; 

t h i s may be more o f a f u n c t i o n o f age than pH- Also, w i t h i n the range 

of pH found on the f i v e s i t e s , Z..60 t o 6 .15 , earthworms are t o l e r e n t 

o f a c i d c o n d i t i o n s , (Laverack, 1961 ) . 

/. i i (c) Moisture and Temperature < 

There are more soecies o f earthworms i n the w e t t e r s o i l s . 

Moisture content o f the f i v e s o i l treatments i s determined by two f a c t o r s 

i n the f i e l d : c u l t i v a t i o n and age since disturbance, and vegetation 

cover. The 1 and 2 year o l d s i t e s were very dry because they were r e l a t 

i v e l y bare, and the 1 year o l d s i t e was also c u l t i v a t e d several times 

d u r i n g the summer, thus i n c r e a s i n g water loss . Older s i t e s had a sub

s t a n t i a l standing crop o f v e g e t a t i o n , and a surface mat o f dead p l a n t 

l i t t e r , which would shade the s o i l and reduce evaporation; these s o i l s 

were also cooler, and t h e r e f o r e earthworms would be a c t i v e nearer to 

the surface. Dead l i t t e r , standing crop, and dominant species i n the. 

v e g e t a t i o n are t h e r e f o r e i n d i c a t e d as a d d i t i o n a l important v a r i a b l e s 

i n earthworm d i s t r i b u t i o n . 

U i i (d) Carbon and Nitrogen 

M u l t i p l e r e g r e s s i o n analysis shows t h a t carbon l e v e l s had a 

s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n w i t h t o t a l number o f earthworms, and 

n i t r o g e n l e v e l s had a negative r e l a t i o n s h i p w i t h t o t a l weight o f e a r t h 

worms. Numbers o f L. r u b e l l u s and biomass of A. c h l o r o t i c a were cor

r e l a t e d n e g a t i v e l y w i t h C : N r a t i o s , i n d i c a t i n g an increase i n these 

species as decomposition o f dead v e g e t a t i o n proceeded. 

L i i i P h y s i c a l Factors i n f l u e n c i n g Fungal A c t i v i t y (Table L) 

U i i i (a) S o i l Texture 

T o t a l colonies o f f.bsidia showed a s i g n i f i c a n t c o r r e l a t i o n 

w i t h medium sand. Hucor wns n e g a t i v e l y o r r e l a t e d w i t h cloy. Fungal 



Table 4 Siem.3 f i c a n t P h y s i c a l Environmental Factors i n the M u l t i o l e 

Regression Equation f o r Numbers o f Funeal Colonies o f Each Genera 

Factor Mucor Absidia Cladosporium V e r t i c i l l i u m 

Medium 
Sand 

F 
b 
SE 

3.30 
-0 .50 
0.27 

Fine 
Sand 

F 
b 
SE 

5.91 
0.49 
0.20 

Coarse 
S i l t 

F 
b 
SE 

6.16 
0.36 
O.U 

3.32 
O.84 
0.4!6 

Clay F 
b 
SE 

13.15 
-0.19 
0.05 

Moisture F 
b 
SE 

10.10 
0.21 
0.07 

Tl 2 f o r 
Sig. 
V a r i a b l e 5 

0.16 0.17 0,13 0 .06 

T o t a l p/~ n. «;8 0 = 80 0-58 0.A1 

Other p h y s i c a l v a r i a b l e s included i n the r e g r e s s i o n equation, but not 

s i g n i f i c a n t were: coarse sand, medium s i l t , f i n e s i l t , pH, temperature, 

carbon, n i t r o g e n , C t N r a t i o , percentage o r g s j i i c matter. 

For l i s t o f a l l f u n g a l genera c u l t u r e d and i d e n t i f i e d from B i g g i n South 

S i t e see Appendix 3. 



propagules tend not to be associated so f r e q u e n t l y w i t h the l a r g e s t and 

s m a l l e s t s o i l mineral p a r t i c l e s . However, Cladosporium w i t h f i n e sr:.nd, 

and Absidia and Ve r t i c a l l i u m v i t h coarse s i l t , a l l showed a s i g n i f i c a n t 

p o s i t i v e r e l a t i o n s h i p , i n d i c a t i n g t h a t orooagules 01 members o f these 

genern are more o f t e n associated w i t h the middle range o f s o i l p a r t i c l e 

siaes. '"his accounts f o r +he loss o f sorar- proragules i n s o i l d i l u t i o n 

p l a t e s ; the nropagules are associated w i t h p a r t i c l e s which, ( a p a r t from 

the f i n e s t ones), n e t t l e out from the suspending l i q u i d . The negative 

r e l a t i o n s h i p between Hueor and c l a y could be due to the lack of p h y s i c a l 

crevices on t h i s small mineral p a r t i c l e , which are large enough to 

accommodate a spore, 

A i i i (b) Moisture 

M u l t i p l e regression a n a l y s i s showed a p o s i t i v e r e l a t i o n s h i p 

between Absidia and moisture. This soecies was the commonest raucoraceous 

fungus i n t h i s study and i t s growth i n c u l t u r e v/as more s u s c e p t i b l e 

to d r y i n g out than other species which formed closer cushions o f mycelium. 

Tt d i d not form exudation d r o p l e t s t o the same extent as other species 

and might t h e r e f o r e be more dependent on e x t e r n a l moisture to provide 

surface moisture on the hyphae. 

& i v flelatlonships between Earthworms and Fungi, 

The number o f species o f earthworms and the t o t a l weight o f 

earthworms per p l o t are c o r r e l a t e d n e g a t i v e l y w i t h t o t a l Mucqr c o l o n i e s , 

(Table 5 ) . Mucor probably r e l i e s on other agents, e.g. s o i l water f o r 

d i s p e r s a l . T o t a l Absidia colonies are p o s i t i v e l y c o r r e l a t e d w i t h number 

o f species o f earthworms, suggesting t h a t earthworm a c t i v i t y may enhance 

the a c t i v i t y o f t h i s type o f fungus; fragmentation o f l i t t e r may w e l l 

make >?iore o f the substrate accessible to the fungus, though i t seems 

reasonable to suppose t h a t such fragmentation would promote decomposition 

o f v e r i t a b l e d e b r i s by .-my fungus having appropriate enayme resources. 



"able 5 S i g n i f i c a n t C o r r e l a t i o n s between Earthworms and Fungi 

C o r r e l a t i o n C o e f f i c i e n t s 

Mucor Absidia. 
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No. Species 
Karthworms 

--0.387 
P < :1.01 

0.315 
P O . 05 

T o t a l Wt. 
EarthwontiE 
oer P l o t 

-0.353 
!-<•). 02 

Table 6 S i g n i f i c a n t C o r r e l a t i o n s between Numbers o f Earthworms 

L. castaneus T o t a l A i t . 

C o r r e l a t i o n C o e f f i c i e n t s 

L. .rubellus 
T o t a l No. 

L. rubel!bus 
T o t a l Wt. 

A. c h l o r o t i c a 
T o t a l No. 

0.461 
P< 0.001 

0.486 
P< 0.0")1 

0.497 
P < 0.001-

Table 7 S i g n i f i c a n t C o r r e l a t i o n s between Genera o f Fungi 

C o r r e l a t i o n Coef f i e i e n t s 

Mucor Absidia 

-0.455 
?< 0.001 

-0.393 
P<0.01 

0.674 
P< 0.001 



The nature of" the a s s o c i a t i o n i s t h e r e f o r e not c l e a r , and i t may be a 

case o? both organisms responding to some other c h a r a c t e r i s t i c o f the 

s o i l n ot measured i n t h i s study, but nevertheless may repay f u r t h e r 

study. 

L v Associations between Soecies o f Earthworms 

There were h i g h l y s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n s between 

the biomass o f L. castaneus and both number and biomass of L. r u b e l l u s . 

(Table 6 ) . and also between biomass o f L. castaneus and number o f 

A. .c h l o r o t i c a . L. castaneus and L. r u b e l l u s are l i t t e r d w e l l e r s , (Gerard 

196/ +), so t h i s i n d i c a t e s t h a t surface c o n d i t i o n s are s u i t a b l e f o r both 

species. A. c h l o r o t i c a occupier, shallow burrows and surface l i t t e r , 

which again supports the idea o f s u i t a b i l i t y o f s o i l c o n d i t i o n s near 

the surface, ( P h i l l i p s o n , 1967). 

u v i Associations between Genera o f Fungi 

Both Mucor and Absidia, and Mucor and P e n i c i l l i u m are n e g a t i v e ! 

c o r r e l a t e d , (Table 7 ) , i n d i c a t i n g d i f f e r e n t substrates. Absidia can 

break down g e l a t i n and p e c t i n , (Dorasch and Gams, 1972), and P e n i c i l l i u m 

can a t t a c k a wide range o f substances, ( p e c t i n , s t a r c h , t a n n i n , c e l l u l o s e 

xylan, and many by-products): i t can thus u t i l i s e more complex substances 

than those which Absidia can d i g e s t . Mucor substrates i n c l u d e some i n t e r 

mediate i n complexity: c h i t i n , p e c t i n , urea, f a t t y acids, and hemicel-i-

l u l o s e s . However there i s a h i g h l y s i g n i f i c a n t c o r r e l a t i o n between 

Absidia ( s i m p l e s t s u b s t r a t e s ) , and P e n i c i l l i u m (most complex substrates)? 

• i t could be t h a t Absidia i s a c t i v e i n the same substrate m a t e r i a l as 

P e n i c i l l i u m . by using a f r a c t i o n o f the breakdown products produced by 

the P e n i c i l l i u m . There i s also the p o s s i b i l i t y o f other f a c t o r s , e.g. 

P e n i c i l l i u m species may be producing a n t i b i o t i c s , i n h i b i t i n g Mucor. but 

which nre t o l e r a t e d by Absidia. 
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Table 8 S i g n i f i c a n t C o r r e l a t i o n s between the Two Methods g f C u l t u r i n g Fungi 

Fungus 

Absidia 

CladosDorium 

V e r t i c i I l i u m 

Trichoderma 

P e n i c i l l i u m 

C o r r e l a t i o n C o e f f i c i e n t 

0.436 
P <0.01 

0.440 
P < 0 . 0 l 

0.360 
P <0.0? 

0.391 
P <0.01 

0.713 
P< 0.001 

Table 9 S i g n i f i c a n t C o r r e l a t i o n s between Biomass and Numbers of 

Earthworms oer 0.5 ro^ P l o t 

A. longa 
Number 

A. c h l o r o t i c a 
Number 

A. longa A. c h l o r o t i c a 
Bioinass Biomass 

0.768 
P <0.001 

0.843 
P <0.001 
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4 v i i Comparison o f the Two Fungal Culture Methods 

Both methods used p r e v i o u s l y poured p l a t e s , and avoided the 

need f o r warm l i q u i d agar a t each p l a t i n g out, as i s re q u i r e d f o r the 

Warcup s o i l p l a t e s . I t was thought t h a t the crumb technique wouU favour 

growth from fragments o f a c t i v e mycelium adhering to the s o i l crumbs, 

and t h a t the f o i l method would favour f u n g i forming l a r g e numbers o f 

spores. Therefore i n the a n a l y s i s , the numbers of colonies .if each 

penus from the two methods were added together, and t h i s t o t a l colony 

f i g u r e used i n c a l c u l a t i o n s ; t h i s reduced bias from e i t h e r o f the two 

methods. To see how d i f f e r e n t the r e s u l t s from the two methods a c t u a l l y 

were, c o r r e l a t i o n s between the two techniques f o r each genus were examined: 

they were s i g n i f i c a n t f o r Absidia. Cladosporium. V e r t i c i l l i u m . Trichodsnna. 

and P e n i c i l l i u m . Only the c o r r e l a t i o n between the two methods f o r Mucor 

was i n s i g n i f i c a n t , (Table 8 ) . Thus i n f u t u r e work, o n l y one method 

need be used. The crumb method takes longer t o p l a t e out, but colonies 

are easier t o i d e n t i f y , because i f the s o i l crumbs are small enough, only 

one colony grows from each crumb, and slow growing colonies are less 

l i k e l y to be over-grown. 

U v i i i R e l a t i o n s h i p s between Biomass and Numbers o f Earthworms 

The r e s u l t s f o r f o u r species o f earthworms were used i n the 

c a l c u l a t i o n s ; other species were considered too i n f r e q u e n t . The b i o 

mass per p l o t was c o r r e l a t e d w i t h numbers per p l o t f o r each o f these 

fo u r species. The c o r r e l a t i o n between biomass and number was s i g n i f i c a n t 

f o r A. Ionpa and A. c h l o r o t i c a . but not f o r L. castaneus and L. r u b e l l u s . 

(Table 9 ) . This i n d i c a t e s t h a t i n the case o f the two Alloloboohora 

species, one measurement would be s u f f i c i e n t . Counting i s quicker than 

weighing, and from t h i s the biomass could be found from an i n i t i a l sample 

which were also weighed and used to c o n s t r u c t a c o r r e l a t i o n . I n the 

regression analyses, biomass proved s i g n i f i c a n t more o f t e n than numbers 

o f earthworms: t h i s appears to be the measurement which i n d i c a t e s 

e c o l o g i c a l a c t i v i t y most c l o s e l y . 

© 



APPENDIX 1 SPECIES LISTS OF FLOWERING PLANTS 

1 i Tooso i i Reinstated i n 1978 ( 1 year o l d s i t e ) 

ranunculus a c r i s (L) 

Sinapis arvensis (L) 

Raohanus raphanistrum (L) 

Thaspi arvense (L) 

Capsella bursa-pastoris (L) 

V i o l a arvensis (Murr) 

S t e l l a r i a holostea (L) 

S t e l l a r i a media (L) 

Spergula arvensis (L) 

A t r i p l e x p a t u l a (L) 

Ulex europaeus (L) 

T r i f o l l u m pratense (L) 

T r i f o l i u m repens (L) 

T r i f o l i u m d.ubium ( S i b t h ) 

Polygoniuip a v i c u l a r e (L) 

Rumex acetosella. agg (Meisn) 

Rumex o b t u s i f o l i u s (L) 

Kyosotis arvensis (L) 

Galeopsis soeciosa ( M i l l ) 

Plantago l a n c e o l a t a (L) 

Senecio v u l g a r i s (L) 

Tussilagp f a r f a r a (L) 

B e l l i s perennis (L) 

M a t r i c a r i a inodora (L) 

A c h i l l e a m i l l e f o l i u m (T,) 

Cirsium arvense (L) 

Girsium vultrare (Savi) 

Hieracium o i i o s e l l a (L) 

Lolium oereane (L) 

Meadow Buttercup 

Charlock 

Wild Raddish 

Penny Cress 

Sheperds Purse '\ 

F i e l d Pansy 

Greater S t i t c h w o r t 

Common Chickweed 

Corn Spurry 

Common orache 

Gorse 

hed Clover 

White Clover 

Lesser Yellow T r e f o i l 

Knot Grass 

Sheeps s o r r e l 

Broad leaved dock 

Common forget-me-not 

Large flowered hemp n e t t l e 

Ribwort p l a n t a i n 

Groundsel 

C o l t s f o o t 

Daisy 

Scentless mayweed 

Yarrow 

Creeping t h i s t l e 

Spear t h i s t l e 

Kawkweed ? 

Perennial rye grass 



1 i Toopoil Reinstated i n 1978 ( l year o l d s i t e ) contd. 

Poa t r i v i a l i s (L) 

Poa annua (L) 

Cynosurus c r i s t a t u s (L) 

Bromus arvensis (L) 

Agropyron reoens (L) 

Anthoxanthum odoratum (L) 

Avena f a t u a (L; 

Fough stalke d meadow grass 

Annual meadow grass 

Crested dog's t a i l 

F i e l d brome 

Couch 

Sweet v e r n a l grass 

Oats 

1 i i Undisturbed S i t e (100 ye^rs o l d ) 

Ranunculus repens (L) 

Cerastium vulgatum (L) 

T r i f o l i u m pratense ( L j 

T r i f o l i u m arvense (L) 

T r i f o l i u m reoens (I.) 

Myosotis arvensis (L) 

Plantago lanceolata. (L) 

Taxacarum o f f i c i n a l e agg (Dahlst) 

Senecio .jacobaea (L) 

B e l l i s oerennis (L) 

D a c t y l i s glomerate. (L) 

Cynosurus c r i s t a t u s (L) 

Lolium perenne 

Bromus m o l l i s 

Alopecurus geniculatus (L) 

Phleum oratense (L) 

Creeping buttorcup 

Mouse ear chickweed 

Red cl o v e r 

Haresfoot t r e f o i l 

White clover 

Common forget-me-not 

Ribwort p l a n t a i n 

Dandelion 

Ragwort 

Daisy 

Cocksfoot 

Crested dogs t a i l 

Meadow grass 

Perennial rye grass 

S o f t brorae grass 

Marsh f o x t a i l 

Timothy 



1 i i i T o o s o i l Reinstated i n 1958 (11 year o l d site) 

Ranunculus reoens (L) 

Cerastium vulgatum (L) 

Ulex europaeus (L) 

V i c i a cracca (L) 

V i c i a sepum (L) 

Lathyrus o r a t e n s i s (L) 

Lotus c o r n i c u l a t u s (L) 

T r i f o l i u m reoens (L) 

Lathyrus montanus (L) 

Veronica chamaedrys (L) 

Rumex a c e t o s e l l a agg (Meisn) 

Plantago l a n e e o l a t a (L) 

Cirsium arvense (L) 

Luzula campestris (L) 

Agropyron reoens (L) 

Anthoxanthum odoratum (L) 

Cynosurus c r i s t a t u s (L) 

Holcus lanatus (L) 

D a c t y l i s glomerata (L) 

Lolium perenne (L) 

Poa t r i v i a l i s (L) 

Festuca ovina agg (L) 

Deschampsia caespitosa (L) 

Festuca r u b r a (L) 

C r e ep i n g b u 11, ••; r c up 

Common mouse ear chickvee 

Corse 

Tufted vetch 

Bush vetch 

Meadow pea 

Birds f o o t t r e f o i l 

White cl o v e r 

B i t t e r vetch 

Germander speedwell 

Sheeps s o r r e l 

i-ibwort p l a n t a i n 

Creeping t h i s t l e 

F i e l d wood rush 

Couch 

Sveet v e r n a l grass 

Crested dogs t a i l 

Y orkshire f o g 

Cocksfoot 

Perennial rye grass 

Rough stalked meadow gras 

Sheeps fescue 

Tufted, h a i r grass 

Creeping fescue 
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APPENDIX 2 ORIGINAL DATA 

2 i S o i l Texture Analysis 

% Tota l Mineral Par t ic les i n Each Fract ion 

S o i l Coarse Medium Fine Coarse Medium Fine Cla; 
Treatment Sand Sand Sand S i l t S i l t S i l t 

Cla; 

(Age since 2.4- 0.6- 0.21 - 0.06 - 0,02 - 0.006- 0, • 
Disturbance) 0.6 0.21 0.075 0.02 0.006 0.002 

years mm mm mm mm mm mm mm 

T_ 5 10 24 25 Q 7 20 

i !•> C.I q 19 1 p 7 19 

3 6 10 21 17 9 Q 28 

11 6 6 26 21 11 14 16 

100 3 10 39 22 6 c 
J 15 

2 i i S o i l Temperature 'C 

Date 
Collected 
f Ju ly 79) 

S o i l Treatment 
Age Since Disturbance (years) 

inn 

7 13.0 12.5 12.0 10.5 12.0 

12 16.5 15.0 14.0 13.5 16,0 

14 xc„>. o 13.0 13-0 11.5 12.5 

19 16.5 16.0 IS, 5 j.o.O 16.5 

20 17.0 13.0 18.0 15.0 16.0 

21 17.0 17.0 17,0 14.5 15.0 

26 .10.5 13.0 11.5 3.1.0 12.0 

27 12.5 13.0 11.0 12. Q 12.0 

28 15.0 u . o 13.5 13.0 13.0 

29 15.0 13-5 U.O 13.0 12.5 
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2 i i i % Moisture of S o i l Samples 

Date S o i l Treatment 
Collected /i£>:: Since Disturbance (years) 
(July 79) 1 " 2 • 3 11 IDC 

7 15.07 37.16 "'I. 79 46.-78 16, 50 

12 19-80 20.37 28.40 23.81 22.82 

u 19.30 20.62 33.68 27.60 27.17 

19 14.80 17.97 17.05 34.90 18.18 

20 5.47 13.41 17.80 31.16 18.03 

21 11.61 13.96 13.45 22.78 15.23 

26 12.83 17.72 20.28 30.01 2 A. 78 

27 13.73 16.37 27.72 36.25 23.63 

28 0.88 20.77 22.07 29.82 15-52 

29 14.28 IS. 62 18.97 19.58 16.44 

2 i v S o i l oK (mean o f 2 readings) 

D.?.te S o i l Treatment 
.lee ted 
i l y 79) 

f..{ 
1 

~.e Since 
2 

Disturbance 
3 

(years) 
11 100 

7 5.70 5.95 5.05 6.15 5.30 

12 6.00 5.55 5.05 5.55 5.25 

14 5.55 5.80 5.10 5.60 5.60 

19 5.75 6.15 5.00 5.20 5.50 

20 5.25 5.60 4.90 5.60 5.35 

21 5.45 5.95 5.20 5.75 5.70 

26 5.65 5.85 4.80 5.25 5.75 

27 5.55 5.55 5.05 5.70 5.35 

28 5.30 6.00 5.15 5.80 5.55 

29 5.30 5,75 4.65 5.25 5.45 



2 v % Carbon 

Date S o i l Treatment 
Collected 
(July 79) 1 

Ape Since 
p 

Disturbance 
3 

(7/-e.?.rs) 
" 11 100 

27 2.03 1.62 3.66 T 11. 3.97 

23 1.75 1.79 L.52 3.35 3.14 

29 2.53 2.34 1.64 3.76 3-84 

Average 2.10 1.92 2.27 3.62 3.65 

2 v i % Nitrogen 

Date S o i l Treatment 
Collected 
(July 79) 

Age 
1 

Since Disturbance (years) 
2 3 11 100 

27 0.154 0.133 J . 280 0.266 0.315 

28 0.126 0.175 0.126 0.233 0,280 

no M o "i r\ 0.154 0.364 

Average 0.163 0.156 0.187 0.289 0,301 

: Nitroeen Ratio 

Date 
Collected 
(July 79) 

Age 
1 

S o i l Treatment 
Since Disturbance (years) 

2 3 11 100 

27 13.182 12.180 13.071 14.060 12.603 

28 13.889 10.229 12.063 14.076 11.214 

29 12.048 11.939 10.649 10.330 12.468 

Average 13.040 11.449 11.923 12.822 12.095 
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2 v i j . j % S o i l Organic matter 

Date 
Collected 
(July 79) 

Age 
1 

r 
S i nc e 

2 

o i l Treatment 
Disturbance (years) 

3 11 100 

27 3.500 2.793 6.310 6.448 6.845 

28 3.017 3.086 2.621 5.776 5. AM. 

29 4. 362 4.034 2.828 6.4S3 6.621 

Average 3-304 3.920 6.236 6.293 

2 i x % Moisture Content o f Earthworms 

Species of Sample Wet Wt. o f Dry W't. of wt. • or 
/« Earthworms Size Preserved Earthworms Water Mois-ture 

Earthworms (g) (g) Content 
(g) 

(g) 

0, cyaneum 5 1.89 0.57 1.32 69.84 

L. t e r r e s t r i s 3.10 1.60 6.50 80.25 

A. longa 7.31 1-57 5,74 78.52 

L, castaneus 5 0.84 0.18 0.66 78.57' 

L. rubellus 5 2.76 0.6/ 2.12 76.81 

A. ch loro t ica 5 0.96 0.57 0.39 40.63 
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2 x : Earthworms Collected by Formalin Sampling from the Undisturbed S i te 

Date 
Collected 
(July 79) 

L .c . L . r . A . l . O.c. A.c 

No. 6 
'/it. 0.91 

10 
8.00 

Totr-.l No. 
worms Snecies 

5 21 
0.56 9.47 

12 No. 
ft "t« 

2 2 7 11 
1.72 2.10 0.12 4.84 

U No. 2. 
••;t. 0.50 

9 2 15 23 
5.88 1.34 1.58 9.30 

19 l J O . 

v:t. 
5 

3.36 
3 8 

0.53 3.89 

20 No. 
wt. 

2 
1.77 

1 3 
0.22 1.99 

21 
0.36 

1 2 
0.26 0,62 

26 No. 
0.50 0.50 

27 Wo. 4 
Wt. 0.18 

4 
0.18 

28 No. 
2.12 

12 20 
1.56 3.68 

29 No. 
Wt. 

1 
0.22 

2 
0.65 

7 10 
0.92 1.79 

Key: L .c . = L.castaneus, L . r . ~ L. rubel lus , A . l . = A. longa, 

O.c. - 0. cyaneum, A.c. = A. ch loro t ica . 
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2 x i Earthworms Collected by Formalin Sampling from the 1958 Si te 

(Numbers -?nd weights per 0.5 m )̂ 

Date 
Collected 
(July 79) 

L.c . L . r . L . t . A . l . O.c. A.c. Tot. No. 
vorms Species 

"o. 4 2 3 4 1 9 23 
: . t . 0.47 1.02 5.06 5.34 2.25 2.14 16.28 

12 .'•io. 
1/t. 

4 
1.00 

5 1 8 18 4 
6.39 0.83 2.15 10.91 

14 No. 7 6 3 1 1 11 29 
Wt. 0.51 1.41 8.11 1.45 0.55 1.87 13.90 

1Q No. 
Wt. 2.97 

2 4 
0.25 3.22 

No. 2 
0.81 

6 
9.19 

3 11 
0.5S 10.58 

21 
0,31 

4 
0.31 

26 No. 7 1 
Wt. 0.96 0.71 

2 15 26 
1.42 2.31 ?.36 7.77 

27 No. 3 7 
wt, 0.36 3.24 

1 3 6 20 5 
1.97 0.77 0.65 6.99 

28 No. 6 1 
Wt. 0.61 0.69 

1 6 14 4 
0.32 0.67 2.29 

29 No. 3 1 
Wt. 0.41 0.59 

3 
2.11 

2 9 4 
0.29 3.40 

Key: L.c . = L. csstaneus, L . r . = L. rubel lus , L . t . - L. t e r r e s t r i s , 

A . l . = A. lonpa, O.c. = 0. cyaneum, A.c. = A. ch lo ro t i ca . 
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2 x i i Earthworms Collected by Formalin Sampling from the Heaped So i l S i te 

(Numbers and weights per 0.5 m )̂ 

Date L. c. L. r . L. t . A. 1. D.m. A.c. Tot. No. 
Collected worms Species 
(July 79) 

7 No- H 62 3 13 92 4 
V;t. 1.95 17.30 3.49 2.14 24.88 

12 No. 9 29 7 3 48 
Wt. 0.35 8.31 1.76 0.40 11,02 

14 No. 5 34 18 9 66 
Wt, 0.17 5.22 5.57 1.35 12,31 

19 No. 3 12 2 3 20 4 
Wt. 0.11 2.91 0.35 0.23 3.60 

20 No. 11 11 3 4 29 
••it. 1.14 5.91 0.44 0,29 7.78 

No. 6 3 1 2 12 
Wt. 0.76 1.63 1.43 0.02 3.89 

26 No. 11 15 3 2 11 42 
Wt. 1.47 6.33 1.26 0.12. 0.77 9.95 

Mo. 6 12 1 1 20 
Wt. 0,75 5.63 0.86 0.17 7.41 

28 No. 5 25 1 2 1 34 
Wt. 0.53 10.58 6.89 3-13 0 = 05 21.18 

29 No. 13 41 2 7 63 
7 t . 1.85 12.24 0.21 0.73 15.03 

Key: L.c . 

A . l . 

= L. castaneus, L . r . = L. rubel lus , L . t . = L. t e r r e s t r i s , 

= A. longa, D.m. = I), mamraalis, A.c, = A.chlorot ica . 

I 



2 x i i i Earthworms Collected by Formalin Sampling from the 2 Year Old Si te 

(Numberp and weights per 0.5 m-) 

Date A . l . A.c. Tot. No. 
Collected worms SDecies 
(July 79) 

No. 1 1 2 
V t . 2.06 0.12 2.18 

14 No. 6 6 
K t . 2.29 2.29 

28 No. 10 10 
: ; t . 3.73 3-73 

29 No. 2 2 
v;t. 0.76 0.76 

Key: A . l . = £. Longa, A.c. = A- ch loro t ica . 

N.B. There were no earthworms col lected from the 1 year o ld s i t © . 
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2 x i v Fungal Colonies Cultured by S o i l Crumb Method from Samples Collected 

oiLUndisturbed S i te (100 years.old,) 

Fungal Genera Date Collected (July 1979) 

12 14 19 20 21 2.6 27 23 29 

Mucor 

Absidia 

Zygorynchus 

Thamnidiura 

Gwuaa^wmella 

S.croBulario.asls 

Aureobasidium 

OlMosporj^jri 

B o t r y t i s 

Acremonium 

Trichoderma 

Paecilomyces 

Pen ic i l l ium 

Fusariua 

Dcndryphion 

Pink S t e r i l e 
Mycelium 

'Anther'Fungus 

Grey/Black 
C te r i l e Mycelium 

10 

1 1 

1 1 

6 17 

1 4 3 

4 

J . -L 
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2 xv Fungal Colonies Cultured by F o i l Spread Method from S o i l Samples 

Collected on Undisturbed Si te (100 years old) 

Fungal Genera Date Collected (July 1979) 

7 12 1A 19 20 21 26 27 28 29 

i rucor 

Rhizopus U 

Absidia 1 6 2. 7 

H o r t i e r e l l a 1 

Zygorynchus 

Thamnidium 

Cunninghajnella 

Papulaspora 

£cr;o puJ^r iop_si e 1 

Aureobasidium .3 1 

Cladosporium 8 5 30 5 9 3 10 1 

B o t r x t i g 1 1 

Acremonium 

V e r t i c i l l i u m 2 2 2 

Trichoderma L 

Paecilomyces 

F e n i c i l l i u m 12 31 20 5 13 

Fusariuia 

Dendryphion 

Pink S t e r i l e 1 2 1 
Mycelium 

'Anther' Fungus 

Grey/Black 2 2 1 1 
S t e r i l e Mycelium 

1 



2 E W a l Colonies Cultured by Soli Crumb Method from Soli Samples 

Collected on 1958 Site (11 years old) 

Fungal Genera Date Collected ( J u l y 1979) 

7 12 U 19 20 21 26 27 28 29 

Mucor 3 

Rhizopus i 

Absidia 1 1 1 1 2 7 1 4 " 7 3 
Mortierella 

Zygorynchus 1 

Thamnidiura 

Cuhninghamella 

Papulaspora 

Scrooulariopsls 5 

Aureobasldium 2 

Cladosporlum 1 4 1 3 5 2 

Botrytis 

Acremonium 

Verticillium 2 2 1 3 2 1 8 

Trlchoderma 2 4 4 4 2 

Paecilomyces 

Penicillium 10 10 20 2 1 6 2 1 2 

Fusarium 

Dendryphion 

Pink Sterile 3 2 3 
ffycelium 

'Anther1 Fungus ^ 

Grey/Black X 

S t e r i l e Mycelium 



2 >rvii Fungal Colonies Cultured by F o i l Spread Method from S o i l Samples 

Collected on 1958 Si te (11 years old) 

Fungal Genera Date Collected (July 1979) 

7 12 H 19 20 21 26 27 28 

Mucor 1 1 2 

Rhizopus 

Absidia 6 1 6 6 3 5 

Mor t i e re l l a 1 

Zygorynchus 

Thamnidiuin 1 1 

Cunninghamella 

Papulaspora 

Scropulariopsis 

•Aureobaaidium 

Cladosporium 3 30 9 3 1 3 

B o t r y t i s 1 

Acremonium 

V e r t i c i I l i u m 1 3 2 

Trichoderma 2 2 1 1 1 2 

Paeciloin.yces 1 

Pen ic i l l i um 69 9 30 60 2 3 5 13 

Fusarium 

Dendryphion 

Fink S t e r i l e 1 1 
Mycelium 

'Anther' Fungus 1 

Grey/Black 
S te r i l e Mycelium 
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2 x v i i i Fungal Colonies Cultured by S o i l Crumb Method from S o i l Samples 

Collected on Heaped So i l Si te (3.years old) 

Fungal Genera 
Date Collected (July 1979) 

12 14 19 20 21 26 27 28 29 

Mucor 1 1 1 T-

Rhizopus 1 1 1 

Absidia 2 3 1 1 1 

H o r t i e r e l l a 2 1 1 

Zygorynchus 1 1 

Thamnidium 

Cunninghamella 

Papulaspora 1 

Scropulariopsis 

Aureobasidium 

Gladosporium 3 2 1 2 4 1 3 

Bo t ry t i s 

Acremonium 1 

V e r t i c i l l i u m 1 2 

Trichoderma 5 2 1 2 

Paecilomyces 

Pen ic i l l ium 3 11 7 2 5 5 3 2 

Fusarium 2 

Dendryphion 

Pink S t e r i l e 1 3 1 4 3 
Mycelium 

•Anther' Fungus 2 

Grey/Black 1 
S t e r i l e Mycelium 
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yi-x Fungal Colonies Cultured by F o i l Spread. Method from S o i l Samples 

Collected on Heaped S o i l Si te (3 years old) 

Fungal Genera 

Fusarium 

Dendryohion 

Pink S t e r i l e 
Mycelium 

'A.nther' Fungus 

Grey/Black 
S t e r i l e Mycelium 

Dote Collected (July 1979) 

12 -U 19 20 21 26 27 28 29 

Mucor 2 2 1 1 1 1 

Rhjgopus 1 2 13 

Absidia 1 2 7 2 

M o r t i e r e l l a 1 

Zygorynchus 

Thamnidium 

Ounninghamella. 

Paoulaspora 

Scropulariopsis 

Aureobasidium 1 1 1 

Oladogporium 3 4 2 8 3 3 

Bo t ry t i s 

Acremonium 

V e r t i c i l l i u m 1 1 1 7 

Trichoderma 2 1 1 1 1 

Paecilomyces 1 

F e n i c i l l i u m 1 7 70 13 8 6 1 1 12 

1 



2 xx Fungal Colonies Cultured by S o i l Crumb Method from S o i l .Samples 

Collected on Site wi th Toosoil Reinstated 1977 (2 years old) 

Fungal Genera 
Date Collected (July 1979) 

12 14 19 20 21 26 27 23 

Mucor 1 4 2 2 2 5 1 1 

Rhizopus 1 

.Absidia 1 3 - 1 2 1 

Mor t i e r e l l a 2 1 3 

Zvgprrnchus 

Thamnidium 

Cunninghaiaella 

Paoulasnora 

Scropulgjiopsis 1 

Aureobasidium 1 3 1 

Cladosporium 3 4 1 5 10 3 2 3 

Bo t ry t i s 

Acremonium 

V e r t i c i l l i u m 1 1 1 1 

Trichoderma 3 2 3 1 3 

Paecilomyces 

Pen ic i l l i um 8 3 6 17 1 2 3 

Fusarium 

Dendryohion 

Pink S t e r i l e 3 1 2 6 1 
I^yceliura 

•Anther' Fungus 

Grey/Black 1 

S t e r i l e Mycelium 
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2 x x i Fungal Colonies Cultured by F o i l Spread: Method from S o i l Samples 

Collected on Si te w i t h Topsoil Reinstated 1977 (2 years old) 

Fungal Genera 
Date Collected (July 1979) 

U 19 20 21 26 27 23 2Q 

Mucor 3 3 2 1 

Rhizopus 1 /. 

Absidia 6 3 1 1 1 

Mor t i e re l l a 2 

Zygorynchus 

Thamnidium 

Curininghamella 1 

Papulaspora. 

Scrppulariopsis 

Aureobasidium .1 2 1 

Cladosporium 1 1 36 & 7 3 4 4 

Bo t ry t i s 3 

Acremonium 3 i 

V e r t i c i l l i u m 1 2 20 1 2 

Trichoderma 3 1 1 

Paecilomyces 

Pen ic i l l ium 21 2 25 31 2 6 1 

Fusarium 

Dendryphion 

Pink S t e r i l e 
Mycelium 

'Anther ' Fungus 2 

Grey/Black 2 1 
S t e r i l e Mycelium 
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2 x x i i Fungal Colonies Cu l tu r ed by S o i l Crumb Method f rom S o i l Samples 

C o l l e c t e d on S i t e w i t h T o o s o i l Re ins t a t ed 1978 ( l y e a r o l d ) 

Fungal Genera 
Date C o l l e c t e d ( J u l y 1979) 

12 M 19 20 21 26 27 23 29 

Mucor 3 2 2 2 5 I A 

Khizoous 1 1 

A b s i d i a 1 3 1 2 

i i o r t i e r e l l a 2 

Zygorynchus 

Thamnidium 

Cunnin^hamella 

Papulasoora 

S c r o o u l a r i o p s i s 

Aureobasidiuni 

Cladosporium 1 1 3 4 

B o t r y t i s 1 

Acremonium 

V e r t i c i l l i u m 1 A 2 A 1 1 

Trichoderma 1 1 3 4 1 

Paecilomyces 

P e n i c i l l i u m 12 3 A 19 2 5 1 3 A A 

Fusarium 

Dendryphion 

Pink S t e r i l e 2 1 5 
Mycelium 

' A n t h e r 1 Fungus 

Grey/Black 1 1 
S t e r i l e Mycelium 
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2 x x i i i Fungal Colonies Cu l tu red by F o i l Spread Method f rom S o i l Samples 

C o l l e c t e d on S i t e w i t h T o p s o i l Re ins ta ted 1978 ( l year o l d ) 

Fungal Genera 
D?te Co l l ec ted ( J u l y 1979) 

1? U 19 20 21 26 27 28 29 

Mucor 2 1 1 1 1 2 1 

Khizoous 1 1 

A b s i d i a 1 3 5 6 1 2 

Zygorynchus 2 

Thamnidium 

Cunninghameila 

Papulaspora 

S c r o p u l a r i o o s i s 

Aureobasidium 1 

Cladosporium 1 3 9 1 1 

B o t r y t i s 1 2 

Acremonlum 

V e r t i c i l l i u m 1 4 - 9 1 30 1 

Trichoderma A 7 4 2 

Paecilomyces 

P e n i c i l l i u m 6 15 18 53 2 8 1 1 20 

Fusarium 

Dendryphion 

Pink S t e r i l e 3 
Mycelium 

1 Anther ' Fungus 1 

Grey/Black 1 2 
S t e r i l e Mycelium 



APPENDIX 3 

L i s t - j f Funpal Genera I d e n t i f i e d , w i t h / . u t h o r i t i e a 

/ i b s i d i a (van Tieghem) 

Rhizoous (^hrenberg) 

Mucor ( r i i c h e . l i ) 

Zygorhvnchus ( V u i l l s m i n ) 

Thamnidium ( L i n k ) 

H o r t i e r e l l a (Coemang) 

Cunnine;hame1>.B (Matruchot) 

Papulaspora (Preuss) 

Sc roou l a r i opp i a ( E a i n i s r ) 

Aureobasidium ( V i a l a e t Boyer) 

Cladosporium ( L i n k ) 

B o t r y t i g ( M i c h e l i ) 

Acreaanium ( L i n k ) 

V e r t i c i i i i u m (Nees) 

Trichoderma (Persoon) 

Paecilonryces ( S z i l v i n y i ) 

P e n i c i l l i u m ( L i n k ) 

Fusarium ( L i n k ) 

Dendryphion ( i / a l l r o t h ) 



I n t r o d u c t i o n 

S o i l d i s turbance i s associated w i t h many o f man's a c t i v i t i e s , bu t l i t t l e 

i s known o f i t s e f f e c t on s o i l organisms and t h e i r r e - e s t ab l i shmen t : 

they are e s s e n t i a l f o r the n a t u r a l c y c l i n g o f p l a n t n u t r i e n t s , The ob.lect 

o f t h i s p iece o f work was to study the changes i n earthworm and f u n g a l 

a c t i v i t y associated w i t h s o i l d i s tu rbance . 

L i t e r a t u r e Review 

1. Previous s tud ies have found t h a t f u n g i are not a f f e c t e d by passage 

through the earthworm gut , and there i s more m i c r o b i a l a c t i v i t y i n casts 

than i n s o i l . 

2. The comminuting- e f f e c t o f s o i l fauna, e s p e c i a l l y earthworms, f a c i l i t a t e s 

m i c r o b i a l decay, and provides n u t r i e n t s necessary f o r the growth o f some 

f u n g i , 

3. M i c r o b i a l a c t i v i t y increases o a l a t a b i l i t y o f l i t t e r f o r earthworms. 

There fore earthworms and micro-organisms are m u t u a l l y b e n e f i c i a l . 

4 . S o i l d i s tu rbance increases d r y i n g ou t and temperature f l u c t u a t i o n s 

i n the s o i l . Decrease i n s o i l o rganic ma t t e r , associated, w i t h h a r v e s t i n g 

crops , and the use o f i n o r g a n i c f e r t i l i s e r s , reduces earthworm f o o d . 

5. M i g r a t i o n r a t e s o f earthworms i n r e - c o l o n i s a t i o n s tud i e s are slow, 

and t h i s r e t a rds the r a t e o f s o i l imorovement. 

6. S o i l d i s tu rbance , and the a d d i t i o n o f organic mat ter reduces the 

f u n g i s t a t i c e f f e c t o f the s o i l , and increases f u n g a l a c t i v i t y . 

7. Earthworms oromote crumb f o r m a t i o n , and imorove the s o i l s t r u c t u r e , 

e s p e c i a l l y i n pas ture s o i l s . Fungal hyphae and b a c t e r i a l gums a c t as 

b i n d i n g agents between the s o i l p a r t i c l e s . 

S. Earthworms improve a e r a t i o n o f the s o i l to a l i m i t e d e x t e n t , and 

f a c i l i t a t e dra inage , r o o t growth, and i n c o r p o r a t i o n o f su r face l i t t e r 

i n t o the mine ra l hor izons o f the s o i l . 



Methods 

1 . The aim was to s tudy a c t i v e f u n g i ; s eve ra l d i r e c t and i n d i r e c t t ech

niques are compared. 

2 . The c o n t r o l o f b a c t e r i a l con tamina t ion i s discussed. 

3. Methods o f sampling Cor earthworms are assessed, and the seasonal 

a c t i v i t y o f earthworms noted. 

I . k method o f p r e s e r v i n g earthworms, and. adjustments f o r gut content 

and weight loss i n p r e s e r v a t i v e are g iven . 

5. The f i e l d , sampling techniques f o r earthworms, s o i l temperature; s o i l 

cores , and the p r e - t r ea tmen t o f s o i l are descr ibed . 

6 . The N.C.B. opencast min ing s i t e a t B i g g i n South i s desc r ibed , g i v i n g 

d e t a i l s o f the p rev ious management o f the f i v e exper imenta l areas used, 

which va ry i n ege f rom 1 to 100 years s ince d i s tu rbance . 

7. Fungal a c t i v i t y o f the f i v e s i t e s i s es t imated us ing two s o i l c u l t u r e 

techniques : s o i l crumbs and a f o i l spread. The medium used throughout 

i s oo ta to / sucrose agar. Methods employed to i d e n t i f y f u n g a l genera are 

desc r ibed . The number o f co lonies o f each genera oer p l a t e were counted. 

8. The earthworms from each sample wei e i d e n t i f i e d , counted, and weighed. 

9 . S o i l analyses i nc luded t e x t u r e , n i t r o g e n , carbon, pH, and mois tu re . 

Resul ts and Discuss ion 

1 . The d i s t r i b u t i o n o f 4 species o f earthworms, and 2 genera o f f u n g i was 

a f f e c t e d by the t ime i n t e r v a l s ince d i s tu rbance . 

2. P h y s i c a l f a c t o r s i n f l u e n c i n g d i s t r i b u t i o n o f earthworms i n c l u d e s o i l 

t e x t u r e , a c i d i t y , mois ture and temperature , and carbon & n i t r o g e n l e v e l s . 

3. P h y s i c a l f a c t o r s i n f l u e n c i n g f u n g a l a c t i v i t y i n c l u d e s o i l t e x t u r e and 

mo i s tu re . 

4. A nega t ive c o r r e l a t i o n was found between bo th number o f species o f 

earthworms and +-ofe.l we igh t o f earthworms w i t h number o f Mucor c o l o n i e s , 

bu t number o f Abs id i a co lon ie s and number o f earthworm species showed a 



5. Two l i t t e r d w e l l i n g species o f earthworms were c l o s e l y c o r r e l a t e d ; 

also a shal low bur rowing species and a l i t t e r dwe l l e r were assoc ia ted . 

This may i n d i c a t e f avourab le sur face c o n d i t i o n s , 

6. Two negativH c o r r e l a t i o n s were found between genera o f f u n g i , i n d i c a t i n g 

d i f f e r e n t subs t rn te ^ r e f e r e n c e . One o o s i t i v e a s r o c i a t i o n i n d i c a t e s the 

use o f by-products by one genus, or to l e rence o f a n t i b i o t i c s produced. 

7. Bias f rom e i t h e r o f the f u n g a l c u l t u r e methods was reduced by summing 

r e s u l t s f rom the tv/o methods. C o r r e l a t i o n s between the r e s u l t s f rom the 

tv/o methods were s i g n i f i c a n t , t h e r e f o r e one method o n l y would be s u f f i c i e n t . 

8. I n the case o f the tv/o most common species o f A l l o l o b o p h o r a found , 

one measurement, e i t h e r biomass or number per sample would be s u f f i c i e n t , 

as these two parameters were c l o s e l y c o r r e l a t e d . 



ACKNOWLEDGEMENTS 

Acknowledgements are g r a t e f u l l y made to Mr. P. A. Wood, and Mr. R. Bone 

o f the N a t i o n a l Coal Board, f o r a l l o w i n g sampling on t h e i r s i t e , and f o r 

p r o v i d i n g background i n f o r m a t i o n on reques t . 

I would a lso l i k e to thank Dr. G.H. Banbury, my superv i so r , f o r h i s 

va luab l e ass is tance w i t h the f u n g a l i d e n t i f i c a t i o n and a c t i v i t y s tudy, 

and Dr. V. Standen, f o r her advice on earthworm p o p u l a t i o n s tud i e s and 

computer analyses. 

I am a l so most g r a t e f u l to Dr. M. Alexander and h i s t e c h n i c a l s t a f f i n 

the Department o f Geography f o r p r o v i d i n g f a c i l i t i e s f o r s o i l a n a l y s i s , 

and to the academic and t e c h n i c a l s t a f f o f the U n i v e r s i t y f o r t h e i r he lp 

and suppor t . 



69 

BIBLIOGRAPHY 

A n s t e t t , M.A. (1.951), i n Burgess, A. and Raw, F. (1967) , S o i l B i o l o g y . 

Academic Press Lond. and N.Y. 

A t l a v i n y t e , 0 . and J . D a c i u l y t e , (1969) . The e f f e c t of earthworms on the 

accumulat ion o f v i t a m i n B i n s o i l . Pedobio log ia . 9_, 165-70. 

B a r l e y , K . P . , (1961). Adv. Agron. 13_, 219-268. 

B a r l e y , K.P. and. A.C. Jennings, (1959) . Aust. J . A g r i c . Res. 10, 364-70. 

Baweja, K . D . , (1939) . Studies o f the s o i l fauna w i t h s p e c i a l r e f e r ence 

to the r e c o l o n i s a t i o n o f s t e r i l i s e d s o i l . Jou rna l o f Animal 

Ecology. 8, 120-61. 

Bouchl , K . B . , (1969) . i n Edwards, C.A. and J .K . l o f t y , (1977) . B i o l o g y 

o f Earthworms. 2nd e d i t i o n , Chapman & H a l l , Lond. 

B r i t i s h Standards I n s t i t u t i o n . Methods o f t e s t i n g s o i l s f o r c i v i l eng ineer ing 

purposes 3S 1377 : 1967. E . S . I . 2 Park S t . , Lond. W , l . 

Brocks, Brown, and. Handley, (1963) . i n S o i l B i o l o g y , Burgess, A. and 

F. Raw, (Eds.) (1967) . Academic Press, Lond. N.Y. 

Brown, J . C . , (1953) . i n Burgess, A. and F. Raw, (Eds) , (1967) , S o i l 

B i o l o g y . Academic Press, Lond. and N.Y. 

B r u e l , W.E. van der , (1964) . i n Edwards, C.A. 8Jid J .R. L o f t y , (1977) , 

B i o l o g y o f Earthworms. 2nd e d i t i o n . ChaDman & H a l l , Lond.. 

Cheaters, C.G.C. , (1.940). Trans B r . mvcol . Soc. . 2 £ , 352-55. 

Cholodny, N . , (1930) . i n Burgess, A. and Raw, F . , (1967) , S o i l B i o l o g y , 

Chapter 3- Academic Press, Lond. and N.Y. 

Domsch, K . H . and »•/. Gams, (1972) . Fungi i n A g r i c u l t u r a l S o i l s . Longman, 

Lond.o 

Dunger, W., (1969). Annual Succession. Pedab io log ia . 9_, 366-71 . 

Ecker t , J.W. and P.H. Tsao, (1962) . Phytopathology. 52, 771-77. 

Edwards, C.A. and C.'.v. Heath, (1963) . i n Doesken, J . and J . van der D r i f t , 

(Eds ) , (1963) . Nor th H o l l a n d , Amsterdam, pp 76-84. 

Edwards, C.A. and J.!-. L o f t y , (1969). E f f e c t s o f c u l t i v a t i o n on e.-irthworm 

p o p u l a t i o n s . Reo. RothamsLead exo. Gtn. f o r 1968, 247-8. 



Edwards, G.A. and J.R. L o f t y , (1976). i n Edwards, G.A. and J . I t . L o f t y , 

( E d s . ) , (1977). B i o l o g y o f Earthworms 2nd e d i t i o n , Chapman & 

H a l l , Lond. 

Edwards, C.A. and J.R. L o f t y , (1975). The i n v e r t e b r a t e fauna o f the Park 

grass p l o t s . Rep. I'othamstead exo. S tn . f o r 1974.. P t . 2 pp 133-54. 

Edwards, C.A. and J.P.. L o f t y , (1977). B i o l o g y o f Earthworms 2nd e d i t i o n . 

Chapman & H a l l , Lond. 

Evans, A . C . , (19 /8) . Ann, apa l . B i o l . 1-13. 

Evans, A.C. and W.J.McL. G u i l d , (1947). S tudies on the r e l a t i o n s h i p s 

between earthworms and s o i l f e r t i l i t y , I 3 i o l o g i c a l s tud ie s i n 

the f i e l d . Ann, a p p l . 3 i o l . 307-30. 

Evans, A.C. and W.J.McL. G u i l d , (1948). S tudies on the r e l a t i o n s h i p s 

between earthworms and s o i l f e r t i l i t y , V F i e l d p o p u l a t i o n s . 

Ann, a p p l . B i o l . 25, 485-93. 

G a r r e t t , S .D. , (1955). Trans. Br . mycol . Soc. . 3_8, 1 - 9. 

Geography, Dept. o f , (7L973). Fundamentals o f S o i l Science Labora to ry 

Handbook. U n i v e r s i t y o f Durham. 

Gerard, B . M . , (1964). Synopses o f B r i t i s h Fauna (6) Lumbr ic idae . L i n n . 

Soc. Lond. 55pp. 

Gerard, B . M . , (1967). Factors a f f e c t i n g earthworms i n pas tures . J . Anim. 

E c o l . . 26, 235-52. 

C-hilarov, M.S . , (.1963). On the i n t e r r e l a t i o n s between s o i l d w e l l i n g . 

i n v e r t e b r a t e s and s o i l microorganisms. I n S o i l Organisms. 

Doeksen, J . and J . van der D r i f t , (Eds.) Nor th H o l l a n d Pub

l i s h i n g Co. , Amsterdam, pp 255-9. 

G r a f f , 0 . , (1953). i n Edwards, C.A. and J.R. L o f t y , (1977). B i o l o g y o f 

Earthworms 2nd e d i t i o n . Chapman & H a l l , Lond. 

G r i f f i t h s , E. and S i d d i q i , ( l 9 6 l ) . i n Burgess, A. end F. Raw, ( E d s . ) , 

(1967), Chapter 3, S o i l B i o l o g y . Academic Press , Lond. & N.Y. 

G u i l d , W.J .McL. , (1955). I n Kevan, D.K.McE. , (Ed.) S o i l Zoology pp 83-91. 

B u t t e r w o r t h s , Lond.. 



11 

Hamblyn, C.J . and A . I i . D i n g w a l l , (1945) . Earthworms. N .Z . J l . A g r i c . 

21, 55-8. 

Hine, R . 3 . , (1962) . Phytopathology. $2, 736. 

Hoeksema, K . J . , A. Jonger i i l s , and K. van der Meer, (1956) . I n Burgess, A. 

and F. Raw, ( E d s . ) , (1967) . S o i l B i o l o g y pp259-322. Academic 

Press, Lond. ft N.Y. 

Hoffman, J .A. and L . H . Purdy, (1964) . Germinat ion ->f Dwarf Bunt ( T i l l e t i a 

cont roversa) t e l i o s p o r e s a f t e r i n g e s t i o n by earthworms. 

Phytopathology. 54, 878-9. 

Hopp, H . , (1946) . Earthworm f i g h t s o i l e ros ion t o o . .So i l Consery. f 

1 1 , 252-4. 

Hutchinson, S.A. and M. Kamel, (.1956). The e f f e c t o f earthworms on the 

d i s p e r s a l o f s o i l f u n g i . J . S o i l S c i . . 7 (2 ) 213-8. 

Jensen, H . L . , (1931) . S o i l S c i . . J51, 123-58. 

Khambata, S.R. and B h a t t , J . V . , (1957) . I n Edwards, C.A. and J.R. L o f t y , 

(1977) , B i o l o g y o f Earthworms. 2nd e d i t i o n . Chapman ft H a l l , Lond. 

Kazlovskaya, L .S . and E.N. Zhdannikova, (1961) . I n Edwards, C.A. and 

L o f t y , (1977), B io logy o f Earthworms 2nd e d i t i o n . Chapman & 

H a l l , Lond. 

Kubiena, V . L . , (1953) . Ths S o i l s o f Em-ope. Murby, Lond. 

L a d e l l , V . R . S . , (1.936). A new apparatus f o r s epa ra t ing i n sec t s and o the r 

ar thorpods f rom the s o i l . Ann, app l . B i o l . . 23, 862-79. 

Laverack, M . S . , ( I 9 6 l ) . I n Burgess, A. and F. Raw, (Eds. ' ) , (1967) , 

S o i l B i o l o g y , pp 259-322. Academic Press, Lond. & N.Y. 

KacWithey, H . S . , (1957) . I n 3urgess , A. and F. Raw, ( E d s . ) , (1967) , 

S o i l B i o l o g y . Academic Press, Lond ft N.Y. 

M a r t i n , J . P . , (1950) . S o i l S c i . . 62, 215-232. 

Mason, C . F . , (1977) . Studies i n B i o l o g y No. 74. Decomposit ion, p 40. 

Edward A r n o l d , Lond. 

M u e l l e r , K . E . and D u n - e l l , L .W. , (.1957). Phytopathology. 47, 243. 

Nelson, J .M. and J .S. S a t c h e l l , (1962) . I n Murphy, P.V;., ( E d , ) . Progress 

i n "n-n 7n.^nrr.r. -nn 9 Q / . - 0 0 . P n + . t , o n , ' n r t h R . T iOnd-



Pady, S .M. , C.L. Kramer and. V.K. Pathak, (1960- . Mycoloeia . 347-50. 

P a r l e , J ,N . , (1963a) t Micro-organism? i n i n t e s t i n e s o f earthworms. 

•J. Gen. M i c r o b i o l . , , 1&, 1-13. 

P a r l e , J . N . , (1963b) . A m i c r o b i o l o g i c a l study o f earthworm cas ts . 

J . Gen. M i c r o b i o l . . 13_, 13-23. 

P h i l l i p s o n , J - , P. Abel and S.J.R. Woodel l , (1976) . F-srthworms and the 

f a c t o r s governing t h e i r d i s t r i b u t i o n i n an Eng l i sh beechwood. 

Pedqb io lo^ i a . 16, 258-85. 

Raw, F . , (1959) . E s t i m a t i n g earthworm popu la t i ons us ing f o r m a l i n . 

Na ture , 184, 1661-2. 

Raw, F . , (l96o). Earthworm p o p u l a t i o n s t u d i e s : a comparison o f sampling 

methods. Na ture . 187, 257. 

Raw, F . , (1962) . S tudies o f esrthvorm popu la t i ons i n orchards : I Leaf 

b u r i a l i n apole orchards . Ann aop l . B i o l . , 50. 389-404. 

Reynolds, J . V . , (1973) . I n Edwards, C.A. and J.R. L o f t y , (1977) , B i o l o g y 

o f Earthworms. 2nd e d i t i o n . Chapman Zc H a l l , Lond. 

Rhes, J .A . van, (.1969). I n o c u l a t i o n o f earthworms i n a newly— dra ined 

p o l d e r . PedobioloEia . % 123-32. 

Ross i , G.M. , (1928) . I n Burgess, A. and F. Raw, ( E d s . ) , (1967) . S o i l 

B i o l o g y . Academic Press, Lond, St N .Y. 

S a t c h e l l , J . E . , (1967) . Lumbricidae. I n Burgess, A. and F. Paw, (Eds) 

S o i l B i o l o g y . pp259-322. Academic Press, Lond. & N.Y. 

S a t c h e l l , J .E . and D.G. Lowe, (1967). I n G r a f f , 0. and J .E . S a t c h e l l , 

( E d s . ) , Progress i n S o i l B i o l o g y . Vieweg, Brunswick. 

S a t c h e l l , J . E . , (1969) . Studies on methodical and taxonomical ques t ions . 

Pedob io log ia . 2, 20-5. 

S a t c h e l l , J .E . , (1970) . Measuring, p o p u l a t i o n and energy f l o w i n earthworms. 

I n P h i l l i o s o n , J . , ( E d . ) , Methods o f Study j n S o i l Ecology UNESCO. 

Schmitthenner, A . F . , (1962) . Phytopathology. j j 2 , 1.133-8. 

S l a t e r , C.8. and F. Hop 1, (1947) . Proc. S o i l S c i . Soc. Am. . 12, 508-11. 

Smith and Dawson, (1944) . S o i l S c i . . 58, 467-71 . 



73 

Svendsen, J . A . , (1955) . Nature . Lend . , 17^, 864 

Swaby, J .R . , (1950) . J . S o i l S c i . . 1 , l ° 5 - 7 . 

Tandy. C .R .V. , 0 9 7 3 ) . I r T.ove.ioy, D . , ( E d . ) , Land Use and Landscape 

P lann ing , op 199-233. Leonard H i l l Books, Bucks. 

* a i d , J . S . , (1960). The growth o f f u n g i i n s o i l . I n Park inson , D. and 

Symposium. L i v e r p o o l U.P. 

J a id , J .S. and M . J . Woodman, (1957) . I n Burgess, A. and F. Raw, ) E d s . ) , 

(1967) , S o i l B i o l o g y . Oh, 3 . Academic Press , Lond. & N.Y. 

::akeman, S .A. , (1922) . J^JSact. , 7, 339-41 . 

Warcup, J . H . , (1950) . Nature . Lond , , 166, 117. 

Warcup, J . H . , (1955) . Trans. Br . mycol . Soc. . 298-301. 

Farcup, J . H . , (196o). I n Parkinson, D. and J .S. Waid, The Ecology o f 

S o i l Fung i , pp 3 - 2 1 . L i v e r p o o l U.P. 

warcup, J . H . , (1967) . Fungi i n s a i l . I n Burgess, A. and F. Raw, (Eds . ) 

S o i l B i o l o g y . Academic Press, Lond. & N.Y. 

Zhdannikova, ( 1 9 6 l ) . I n Edwards, C.A. and. J.R. L o f t y , (1977) , B i o l o g y 

o f Earthworms 2nc e d i t i o n . Chapman 4 H a l l , Lond. 

Z i c s i , A . , (1958) . I n Edwards, C.A. and J.R. L o f t y , ( E d s . ) , (1977) , 

B i o l o g y o f Earthworms. 2nd e d i t i o n . Chapman St H a l l , Lond. 

Z i c s i , A . , (1962) . De te rmina t ion o f number and s i ze o f sampling u n i t 

f o r e s t i m a t i n g Lumbr ic id popu la t ions o f a rab le s o i l s . I n 

Murphy, P . V . , ( E d . ) , Progress i n S o i l Zoology. B u t t e r w o r t h s , Lond. 

Z i c s i , A . , (1969) . I n Edwards, C.A. and. J.R. L o f t y , ( E d s . ) , (1977) , 

B i o l o g y o f Earthworms 2nd e d i t i o n . Chapman & H a l l , Lond. 

J.S, V a i d , ( E d s . ) , The Ecology o f S o i l Fung i : An I n t e r n a t i o n a l 

Or 
SCIENCE 

*6 MAY 1980 
SECTION 

l i b r a r y 


