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SUMMARY
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THE MICROBIAL ECOLOGY OF COW SLURRY IN VERMICULTURE BEDS.
PAUL HAND DOCTOR OF PHITOSOPHY, 1984

The suitability of cow slurry as a substrate for vermi-
composting by Eisenia fetida was investigated. Particular
attention was given to the effects of the earthwom on the
decomposition and stabilisation of the slurry, and to the
interactions between E. fetida and the microflora of the
substrate.

Assessment of the chemical and microbiological changes
in cow slurry stored under forced aeration, and subsequently
in shallow trays, showed that neither method was suitable
for the treatment of slurry.

A comparison of two methods of vermicomposting showed
that top-feeding of glurry was more efficient in promoting
earthworm growth and cocoon production than the mixing of
slurry with solid materials, Management practices were found
to have an important influence on the efficiency of the

process.

An investigation of +the effect of B, fetida on the
decompogition of slurry indicated that the presence of thig
earthworm enhanced the stabilisation of the substrate and
increased the Plant-available nitrogen content.

Specific mtritional interactions were observed between
B. fetida a".nd micro-organisms in sand/cellulose nicrocosms.
The earthworms were found to be feeding directly upon the cells
of certain micro-organisms. Other Species were found to be
toxdc to BE. fetida. A technique wag developed for the
pProduction of axenic E. fetida, and the use of such earthworms

.

in feeding experiments confirmed the importance of same

Vermicompogted nixtures of cow élmir?’ and spent mushroom
compost were shown to have potential application ag casing
materials in mushroom cultivation.

ETSEITIA FETTDA COVW SLURRY

VERMICOMPOSTTIG EARTHWORI1/}ICROBE LEIITERACTIONS
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Taxonomy of Eisenia fetida.

Earthworm taxonomy has undergone congiderable
re-organisation in recent years, and one result of thig
has been the re-classification of many earthworm geners
and species. The earthworm which has been used in experimental
work in this study is included in thege changes. In much
of the published literature and virtually all of the studies
quoted in this thesis, this earthworm is referred to as

Bisenia foetida: the correct name ig Eisenia fetida, as

proposed by Savigny (1826). Two forms of this species

occur together in nature, one having a distinct dorsal band

of red pigment on each segment, the other being mich darker
in colour and uniformly pigmented. These forms were described
by Avel (1937). Andre (1963) showed the two forms to be

scparate species, but named the Striped form Eisenia fetida

var. unicolor. Bouche (1972) correctly pointed out that
these names were invalid, and renamed the uniformly pigmented

earthworm Eisenia fetida andrei. This situation was reviewed

by Sims (1983), who considered it difficult to apply the

scientific nomenclature to these forms, since taxonomy is

ltimately dependant on Preserved type-specimens,

and earthworm pigments do not survive breservation permanently.
For the purposes of this study, this earthworm will be

considered as two separate sub-species; Fisenia fetida

(striped) and Eisenia fetida andrei (unstriped). A1l




references to Eisenia foetida in the quoted literature

are herein referred to as REisenia fetida but it shoulad

be noted that the earthworms used in published studies may have
been mixtures of the two forms. In all experiments
involving earthworms which form part of this study, the

striped form was used exclusively.

xvi




INTRODUCTION




In traditional farming systems, the application of
animal marmires to croplands is an integral part of mixed
ferming practice. In the developed countries, the adoption
of intensive livestock production in recent Years has led
to the rearing of large numbers of animals on small areas
of land. In the U.K. in 1979, 170 million tonnes of livestock
excreta were produced, of which 60 million tonmes were voided
indoors (Royal Commission, 1979). Most of the waste produced
on intensive units is in the form of slurry, a mixture of
faeces and urine. The large volumes produced may cause
disposal problems, because insufficient land islavailable
for land-spreading. ,

Excessive application of intensively-produced animal
wastes damages soil fertility, causes water pollution and
may present a health risk. The pollution problems from
animal wastes have been well-documented. They include
toxic effects on grazing animals (Gostick, 1982); inhibition
of seedling emergence (Adriano et al, 1971); pollution of
water courses by run-off (Magdoff et al, 1977); and pollution
of grcundwater with nitrates (Concannon and Genetelli, 1971).

Some form of treatment of animal wastes is therefore
often necessary to make them suitable for safe disposal
into the enviromment. Present methods of animal waste
treatment have been the subject of several reviews |
(Loehr, 1971,1977; Mann, 1975; Vanderholm, 1979) and are
based upon those employed in the treatment of sewage.

Problems of treatment are greater, due to the higher B.0.D.,



C.0.D. and sclids concentration of animal mamires and slurries.
In general the most efficient systems consume large amounts
of energy and require a high initial investment.

The large increase in energy costs in recent years has
promoted research into the application of low-cost, low-
technology systems of animal waste manggement. Several
biological methods have been investigated, including anaerobic
digestion, single-cell protein production, solid state
fermentation, and refeeding of wastes to animals. One method
which has considerable potential is the utilisation of
natural decomposition processes involving invertebratjes.

The commercial-scale use of earthworms in the treatment of
organic wastes has been Proposed, and the earthworm Eisenis
fetida appears to be a suitagble species, because of its
rapid growth rate and reproductive potential, and occurrence
in rich organic substrates in nature.

A review of the relevant literature revealed several
areas in which further research and development were needed
if the full potential of vermicomposting was to be realised.
More information was required on the suitability of different
animal wastes as substrates for vemicompdsting, and on the
Parameters which determine this suitability. The changes
brought about by earthworms in a substrate, and the properties
of vermicomposted materials compared with material aged
without earthworms were not well documented. This knowledge
would enable comparisons to be made between vermicomposting

and other methods of animal waste treatment, in terms of the

Ino



efficiency of the process and the quality of the treated
waste. The utilisation of vermicomposted materials as a
resource is another area which has received little attention.
This represents a Possible source of revemue for a waste
treatment operation, and may be an important factor in
determining the economic feasibility of large-scale systems.
An important area in which further work was needed
was on the food source of earthworms in vermicomposting
systems. Evidence in the literature suggested that E. fetida
was able to selectively digest some micro-organisms, while
others could remain viable on passage through the earthw?rm
gut. However, these studies were performed in the presence
of contaminating micro-organisms, and this may have affected
the results obtained. The true feeding interactions of
E. fetida with micro-organisms could only be determined
precisely by studies involving axenic earthworms. If the
microbial species associated with E. fetida in this way
could be identified, manggement practices and vermicomposting
systems could be adopted to increase the mmbers of beneficial
micro~organisms in animal and other wastes, and hence

encourage the consumption of the materials by earthworms.

The main objectives of this study were therefore to
determine the suitability of cow slurry as a substrate
for vermicomposting; to investigate the changes brought
about by E. fetidae in the chemical and microbiological

properties of cow slurry; to consider possible applications



of vermicomposted slurry; and most importantly, to develop
techniques to enable the specific relationships between
E. fetida and micro-organisms isolated from vermicomposting

systems to be determined.




SECTION 1.

BEVIEW OF RELEVANT LITERATURE




1.1, Cormmnsition ~nd fertiliser value of cow slurrv,

The large volumes »f ~nimal wastes produced in intancive
livestock-rearing units present a disvosal problem ~nd possihle
pollution ha=ard. Most of the waste produced is in the fo-m »f
siurry (a mixtnre of faeces ard urine) and thongh this does
have some plant mitrient value, indisexriminate landsoreading
may damage soil fortility, cause waier pollution 2nd present a
health risk. The composition end fertiliser wvalue of sglurries
may vaxry considerebly dve to such factors as the diet of the
animals, and differences in handling and storage methods
between farms.

In the case of cow slurxry, several workers have noted
or upH, dry matter and chemical constituents, based upon

samples of varying size. The results give an idea »f the

@
6]
)
i

e of values encountered vhen the major constitient

cow slurry are determined. »E has been found to ranze betweon
|

5.9 and 8.7; organic nitrocen from 0.16 - =% phosohorug

from 0.04 — 2%s potassimm from 0.25 - 5 (211 on 2 A~y weicht

e

.

acis); end solids content from 1-19%%, on a fresh weight bnosis

o’

(Wedekind and ¥oriath, 1969; Staley et al, 19715 0'Connell,
19745 Jones and Matthews, 1975)

Pl

"
.J

nt =2vailability of the mitrients in cow slurry is ar
important factor in determining the fertiliser velue of the
material. In the latest suidelines to U.¥. farmexs, the
availability of the major matrients to plants during the

season of spnlication is siven o8 nitromen 20-508% nhosphorus

o~




50025 2nd motassium Q0K A.D.2.8.,1982). These firures show

that cow slurry does not have = good mutrient balance for use

as a fertiliser, beins 2 good source of potassium and nitrogen
but low in phosphates. Becanse of the imbalance, it may be
impossible to achieve the full potential fertiliser value of the
materizl. Dangers to grazing znimals may arise through repeated
applications of slurry containing a high proportion of potassium
(Cestick, 1982). & build~up of this element in soil cazn

reduce the upteke of mermesium in herbzme and lead to a condition
knovm as hynomezsmmesaemiz in animals.

The figures given for the composition of slurry refer to

freshly-voided materizl. However, sirmificent losses of

A

1trients may occur on storase and immediately folleowing
lendspreading. The mejor mutrient lost is nitrogen in the form
of armonia, which is readily volotilized. It hzs been found
thet initially 95% of the nitrogen in both faeces 2nd urine is
orgenic, with the remainder being armonium nitrogen (Muck,1982).
However,40-50% of the orgsnic nitrosen fraction is in the form
of urea, which is readily decomposed to armonium nitrogen.

The author estimated that almost 1009 urea decomposition

would occur in 24 hours at 10°C, so that half of the totzl
slurry nitrogen would be ocuickly converted to the armonium
form. Substantial losses of nitrogen from slurry could
therefore occur in the first few hours after nroduction.
Subseguent storage increases mutrient loss: Losses nof nitrogen
from different waste storare and treatment systems have been

given as 30-90% for aersted systems; 10-75% for =nsewobic

o




systems; and 25-9%7 for wastes stored on feedlot suxfoces
Vanderholm (1975). Un to 60/ of total nitroson present in
dairy cow slurry has been found to be lost over 7 weeks storare
under simlated field conditions (Cheng and Johanson,1977).

A study of the losses of nitrogen from stored cattle slurry
was carried out by Gracey (1979). Slurry samples were stored
in 2n above-zround tank for 3-A month intervals before land-
spreading. The mean total nitrogen loss was 6%, and the mean
soluble nitrogen loss wes 8%, These fipgures are much lower

than those in guidelines by A.D.A.S. (1982), who guote losses

between ferms, as the A.D.A.S. figvres are based upon results
from a large number of samnles from different units, rather
than repeated samples from the same system.

Further loss of nutriénts may occur when animsl wastes
are spread onto land. Hoff et a1 (1981) found that 11.2-14.0¢/
of surface-applied ammonium nitrogen in Pig slurry was lost as
ammonia within 4 days of application, whereas only 2.5% of
ammonium nitrogen was lost when the slurry was injected below
the surface. Flowers and Armold (1983) found theot very low
losses of ammonium nitrogen occurred when pig slurry wves
thoroughly mixed with soil. In addition, it has been found
that ammonium nitrogen was r2pidly converted to nitrate
nitrogen in slurry mixed with soil (Flowers and 0'Callzghen,
1983). Similar resvlts micht be expected from the anplication

of cattle slurry to the land, but further work is needad to




verify this, These resulte chov thet 2 cirmificont promortion
of the mutrients prescent in slurry 2»e in 2 form +hich is
readily loct. Careful storame and treatment of snimel woctes

before and during lend 2pnlication is therefore desirzbhle if

3

the maximm possible fertilicer benefit is to be obtained.

1.2.  IMicrobiolorw of cow slury,

Rhodes and Hrubant (1972) studied the microflora of cattle
feedlot waste and runoff from a storzre site. They found
totel counts of ~reater then 10 losqo micro-orsanisnms g"1 ax
wveisht of slurry. They stated that anaerobic bacteria formed
the most numerous grouv present, but the isolztion techniqgues
used were not strictly anaerobic, 2nd most of the orranisns
isolated were in fact facultative anzerobes. Gram-negative
bacteria were also present in large rumbers, with Bacillus

species, fungi, yeasts and Strentomyces species also present

in lower rumbers. The composition of the microflora was
found to be consistent throuchout the year, though there

woe some increase in the rumbers of Streptomrces dvring the

surmmer months. In a2 stvudy of Enterobacteriz in feedlot vaste,

it was Tound that nurbe*s of this group ranged from A.4 to
6.8 x 107 g1 ary weight of slurry (Frubent e 51; 1972).

Cf these, more than 90°) were non-pathorenic strains of

]
]

Dscherichia coli. Citrobacter species and Bnterobacter closc

mede up most of the remrinder. Hrubant (1973) degscribed 2

Cormmebacterium isolate which wee s2id t0 be consistentls

joo




associnted with fecdlot waste, beines present as between 2 and
70¢% of the nexrobic bacterinl norulation., INMmberg of thig

organism were found to decrease markedly on storace, and *he

u
ch
Fye
0

“+

auther considnere at it did not »lay an z2npreciahle paxt in
the overall decomposition of the waste. Several studies haove

been mede on the incidence of nothor~enic micro—orgonisns in

1979). These papers describe the isolation of Salmonsllas From

cattle slurry and menure, but do not sive actual numbers of

Selmonells organisms present. Jones (1976) found that temnerature

affected the survival of S-2lmonella, a »anid decline in mmbewa
occurring with increasing temmersture. Jones et ol (1977)

studied the effoct of the microflors of cottls gslu~r on the

suxrvivol of Salmonells dublin., They izolated 13 senera of

bacteria from cattle slurry, and these 2re listed in taple 1.1.

Whon S=21rmonells, dublin was geeded into csamples of no>mal

slux~y, hizh mortality of this orgenicm resulted. The suntho—g
concluded that this was due either to direct competition for
mitrients, or the production of inhibitory compounds by other

organisms. TFllis and McCalla (1978) sugmested that there is
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host orgenism. This is not strictly true, 25 some v2thomenic

organisms are known to mersist for lons periods in the

D

envirorment, but their rumbers are usually too low to nresent

2 significant health hazard. There seems to be no reasan wh,




given the proper precautions, animzl waste treatmont ang
disposal should pregsent a significantly greater disesse haza=d

then any other waste treatment operation.

Tzble 1.1. Genera of bacteria isolated from cattle slurry

(Jones et a1, 1977).

Gervs 7 No. of strains

Acinetobacter

d

geudomones
—e 0T

Alkalirenes
e —— ——————t—

AN N 3 w0

Corvnebacterium

Bacillus
ST
Micrococecus
= eus

Aeromonzs
20008

N W o

Achromobzacter

Flavobacterium 2

Rurthig 2
Escherichiz 1
Ser~ztiz 1

Strentomvees 1




1.2. The role of ea»thworme in organic matter recveline,

The contr-ibution of earthworms to soil fertility throush
their» burrowine and feeding activities was recopnised by
WVhite (1789). Charles Damsin (1881) showed that they nley
an imnortant role in the disappearance of surface plant litter,
and its breakdovm and incorporation into the soil. More recent
work on the ecology of earthworms has shovn more precisely
the irmportance of earthworms in the cycling of orgenic matter
in terrestrial ecosystems, and their effects upon soil fertility.

Rew (1962) found thet the earthworm Tumbwicus terrestris

removed more then 909 of the auturm leaf fall of an apple
orchard during the folloving winter. This was calculated to be
1.2 tonnes d»v weight of leaves per hectare. ZEdwards and Heath
(1963) considered that earthworms may be responsible for up to
78% of total litter disintegration in woodlands. C2lculated
rates of conrumption of litter znd organic matter by earthworms
are prodigious. It has been calculated that individuals of

L. terrestris consumed 10-30% of their live body weight per

day. and that the earthwowm population of a deciduous wood

could consume the anmial leaf fall (3t. hz-1) in approximately

3 months (Satchell, 1967). Tt was also calculeed that the
enmount of dung prodnced by dairy cattle (6-7.5 tommes hectare~1)
w28 only one quarter of the zmount that a typiczl earthworm

pormilation could congume,

The dircct contribution of earthiowms to orpenic matter

N

decay is, however, ouite low. Barley and "loini~ 1964)
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~rleulated *hot o nanulation of Allolahanho~a cnli~inana in -

Tosture vonld contribute only A% of +the *total ~rmual cnemes
of decey of the orranic matter present, and the ener—y of

respiration of a woodland L. texwostris popul~tion was calevlnated

as 8% of *he total enaragy content of the ~rmusl leaf fall
(Satchell, 1967). Tofty (1974) states thet the direct
contribution to soil metabolism by earthworms may be considered
to be much less then that by other soil animal orouns tocether.
The effect of earthworms upon the mineralization of nitroren

in soils has been the subject of much research, as this process

can have a significant effect upon the fertility of soil.

3

Needhzm (1957) considered that very little nitrosen was exereted
in the faeces of earthworms, though Lunt and Jacobson (1944)

and others, found considerably moxre nitrosen in cests then in
the surrounding soil. This may be dne teo =2 concentration

effect of the eelective ingestion of litter by esxthim—ma.

However, Barley and Jemmings (1959) found that 6.4% of the

non-available nitrosen ingested by A, calicinng was converted

to available nitrogen in castings. In 2 stndy of nitro~en

*ﬁ

nig slurry to

trancformations following the =2pplication
soil, it was found that armmonium and nitrite levels decreased,
vhile nitrate-nitrocen levels increased similtoneously (Debvv
et 21, 1983). The preserce of earthworms in the soil was
found to greatly increase the speed 2nd efficiency of this
transformation. Kaplen and Hartenstein (1977) found no

evidence of nitrogen fixetion or nitrite reduction in e:rthwommns,

and concluded that observed increases in available mitrocon




in s0ile nontainine carthworms mist be due to sources other

e

than their ovm metoholic activi+s

i

es. Syers et 2l (1979)
produced data which supnorted this hypothesis. They found
that 73% of the total nitrooen content of litter inpgested by
worms was accumilated in castings, 2nd thet most of the
inorganic nitworen ercreted wag in the form of ~mmoninm.

However 65% of this wasg rapidly nitrified to nitrate ~fter

R

voiding.
The role of earthworms in the breakdovm of the more registant
ligno-cellulose fraction of organic matter is not completely
defined. Tracey (1951) isolated cellulase enzyme from extracts
of 17 species of British earthworm. Txwtracts from the foresut

of L. terrestris contzained the greatest amount of the enzyme,

while 1little or no enzyme was found in the middle nortion of
the eut ( the crov =nd sizzard), and the hindrut contained 1084
of the levels in the foregut. Howeve~, the author wes unahle
to exclude the possibility that the enzyme wes nroduced by
micro~ormenisms in the =it of the earthworm. Hartenatein
(1982) isolated cellulasze from earthvorms, and fonund the
mavimum activity of the envvme to occur =t vH 4.6, Piearce
and Phillins (198Q) however, measuwed th pH of the eaxthuorm
gt 2s ranging from 6.5-7.2. euhruser et al 71978} ~lzo

found that the ecarthworm Ticenia fotida wos unsble to degradn

together writh the renid sut traneit times sugsesied by the

consvmntion ates stated previoncgl

of errthwo s npon the decomposition of *hege motarinlg ic

13



Livelr do he indizect, by the Alereical hvasicinm 19m and mdardmem
- S oETheRTect, by the mhyteical brooltine vp ond mixins
0f tho mote=ial with cnil, ~m@ +he atimilotian o0f mis—ghinl

}'\'w"r\,{w‘l'r: avm

Varthiorme 2lan howe phveical offanta 1inan ~uthatrotes

Tl vt s rmy s nocte Ararntair mAasAa wrntrcatahl s amrmeaent s 4 ~n +ha
SRTIRNINYTI T e ONToAN more votrmeatrhlen o ZCoTer wnn Th
——

surrounAins coit (Mawvesn, 1044) Soile rontnining corthioyme

° B

hovo beon frund to dw»ain A-10 timac foctor thon so0ilzs withont

nothuorme (Aann 2nd Slater,

1949)

! o

1.2,  The notentisl of esorthworms in waste treatment orocesses.

orronic motter in noture has led 4o congicdereble interect

in the wtilication of certzoin gneciec in tha trestment of o

f this method over existing svstems
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lorpe enoxcr inputs, 2nd the prodnets of the process earthworm

(D

corienlturel weste  disposal was undertaken hv Fosmoin and

f

Bzbh (1972). Heutralised bovine foeceg was fed +to Tambhricne

torrestric in culture, and 2 1097 conversion efficiency of
e e e ] ‘ o
subctrate to earthworm biomoss wos ~eno—ted, The coxthuorme
were found to contain 58 protein on o g veicht bacis, and

the momire was reduced in weight by 50¢ Auring the exmeriment.

The digeated recidue wae reporied to be o satizfactory potting

14




soil for flawewins plants. Graff (1974) considered W. fetida

to have notential in waste conversion cystems, on the basis

of labora®ory experiments on the growth and revroduction of
this species on a co dunu/s+rav mivture Support for this
view came from a study of a field porulation of E. fetida
(Watenabe and Tsukamoto, 1976). Mitchell ot 21 (1977) compared

the efficiency of L. terrestris and ®. fetida in the decomposition

of sewage sludge, and concluded that B. fetida is the most
suitable, es it is a common inhabitant of rich organic substrates
in nature.

Very little work has been published on the suitebility
of other earthworm species for waste treatment. NWeuheousemw

et 21 (1979) assessed Eudrilus eugeniae in this respect, and

Keplan et 2l (19804 studied Amvmthus haversna end Armvmthus

rodericensis. In both cases, the crowth and reproduction

rates were found to be sreatly below those of B. feiids on
the same substrates.
Most of the detailed work on the annlication of

vermicomosting has been carried out on E. fetida, 2nd hag

conicentrated on the treatment of sewage sludees. Mitehell

al (1980) and Hovmer znd Mitchell (1981) simdied +the offect

I(D
ct

of this gpecies on the decomposition of two sewass gludres.
They found increased and prolonged oxygen consumntion and
decreased anaerobic decommosition in both sludres vhen earthwovns
were present.

The practical zpnlication of earthworms to the fronimant

of sewage sludges wos discussed by Hartenstein et 2l (1979a)

b




and Hevhouger gt 21 (19803). T+ was coneluded thot such o
Drocess copenred to be feasible, bt thig was baged on
extrapolotion fronm small-scale experimentzl data, and remains
to be proven on a large sceole..

Netheuser et 21 (1980k) investimted the potential of
E.fetida in the treatment of a wide variety of materialas,

It was found that eaxthwerms were able to gain weizght on

organic marmires angd sludges, but not on simple mitrient

[45]

(proteins, lipids and carbohydrates, including cellulose).
The addition of soil to orgenic substrates was found to increase

weisht g2in, and this was attributed to the inorgsanic fractio

[

3

of the soil. It is possible that the soil vas supnlying
trace mitients vhich were limiting in the marmires ard sludges
alone.

Hartenstein (1981) published figures for production
efficiency of B, fetida znd optimum menagement practices.
It was stated that the optimum retention veriod of worms in
a substrate was 6-8 weeks for biomass production. From thae
point of Qiew of weste treatment, however, it may be more
efficient to have longe» retention times in the substrate,
and have separate breeding beds which sme transfer~ed more
often to maximise cocoon Production. The ma~irmum camyving
capacity of a horse marmure substrate was found to be 9.5~
live weizht of B. fetida on a surface areasvolume ratio of 24 cm2:
110cm3.  The maximum production of biomass at this density was
2g live weicht in seven weeks., The anthor evirapolated this

figure to give 2 U.S. potential production of 6685Kg eamthwnrm




protein ha-1 vr=1, vhich is 100 times higher then the current
productivity of beef vrotein in the U.S.A. Until date zre
aveilable from larse secale vermicommosting systems, the accuracy
of this extranolation cannot be determined. However, it does
indicate that the potential contribution of E. fetids to
protein nroduction may be significant.

~In general,work on the application of earthworms to waste
menacement has concen’rated on the production of earthworm
biomass, and there are few detailed reports on the changes
brousht 2bout in wastes by the action of earthvorms, thoush
some reneral effects may be inferred from the literature
ouoted nreviously on the role of earthworms in orgenic recycling
in soils. Ieny authors simnly refer to the physical proverties
of materials after ingestion by earthworms. Some chenges
effected in sewage sludpe by E. fetide werc documented by
Hartenstein 2nd Hartenstein (1981). It was found that sludge
respiration rate stabilised ecually repidly with or without
earthvorms present, but semples conteining earthworms haod 2
significantly higher overall oxygen consumntion, and showed
2 grecter degree of mineralisation than those without E, fetida.
The presence of earthworms also coused = greater decrezse in
the CAT ratio of the stebilised sludge, due to assimilation
of nitrosen br the earihworms. Mo datz were presented on the
forms of nitrogen present in the fresh ¥s stebilised sludges.
Many of the effects of earthworms on the sludge were attributed

to the stimilation of microbial activity by the tunnelling

de

and casgt: ctivity of the woxms, which served to increase

ng
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the ceretion and surface area of the sludee. Hornor ond
Mitchell (1981) 2lso found that tﬁe nassage of sewaze sludge
throuch the sut of E. fetida stirmlated microbial resvniration,
and reduced the production of volatile sulphur compounds by
anzerobic bacteria. This produced 2 material which was said
to be steble and free from offensive odours.

An economic assessment of the use of earthworms in waste
treatment is difficult, as much of the data on earthworm
growth rates and substrate turnover must be extrapolated from
small-scele laboratory experiments. Pilot-scale treztment
plants have been set up and operated sucessfully for short
periods, for exemple the vlant a2t Iufkin, Texas, though these
have been unable to sustain long-term continuous oneraztion
(Green and Penton, 1981). Operational problems have been due
to lack of knowledge of lonz-term management of the treatment
operation, rather than inherent shortcoﬁings in the process.

A detailed feasibility study into tﬁe economics of
vermicomposting of municipal refuse was published by Camp,
Dresser and McKee, Inc. (1980). This was based uvon pilot—
scale vermicomposting trials in Utah, U.S.A., in vhich 10
tons of so0lid municipal waste was vermicomposted. The
estimated anmual cost of vermicomposting the refuse from a
corrminity of 50,000 people was §1,065,000. This gave a unit
cost of §24-32 per ton of waste. This compared unfavourably
with the alternmative methods considered. However,
approximetely half the cost of the process was incurred in

the pre-trectment stese, including separation of ferrous




metels end chredding. If these costs were not taken into
account, the cost of vermicomposting dronped to $9-17 per
ton, which wes compvareble with inscineration.

The avthors of this remort stated thet beczuse of the
health aspect of feeding worms to animsls, and the potentizl
heevy metel content of worms and castings from this process,
the potential markets for these products covld not be
econonically assessed, but were not considered to be significant.

Hot all vermicomposting systems would necessarily be
uneconomical, however. Data has been presented which was
based upon a study of the Lufkin plant (Pincince et zl, 1980).
This nroject used E. fetida to treat 2 nrovortion of the
primery sludge produced by & seoware treatment plant. The
totel ~nrmal cost of a similar plant treating one dry ton of
liouid sludge per dzy was put at §38-86,000. This was
equivalent to a plant serving a commmity of 10,000 to 15,000
people. The cost per dry ton produced was 8105—235,4and the
authors stated thet these costs compared well with alternztive
treatnent methods. They gave the cost 6f landspreading or
dewetering and composting as $150-250 per ton. This assessment
did not consider any possible reverue from the products of the
processg, regarding the operation purely as one of treatmenf of
2 potentially nolluting waste.

These two anelyses clearly demonctrate the importance of
the correct choice of substrate for vermicomposting.
Heterogenous solid wastes which recquire expensive pre-treatment,

an? nrovide sub-optimal growth conditions, are unsuitable




for treatment by earthworms. More homosenous westes of better
mitriert quality which renuire little or no nmre-treztment

are better suited to vermicommosiing.

1.5. TLife cycle of Bisenig fetida.

The 1ife cycle of E. fetida is shown in Fig. 1.1. .

The early work on earthworm biology was reviewed by
Stephenson (1930). This book is still »regarded as 2 classic
reference work on Oligochoetes. Other detziled reviews of the
subject include those by Satchell (1967) and more recently,
Edvards and Lofty (1972). The latter authors cormmented upon
the lack of deteiled knowledge of the life cycles of even

cuite common earthworms. E. fetida is commonly found in

habitats containing high concentrations of decomposing orgenic
matter, such as compost and mamure heaps, sewage sludge drying
beds and under pastures receiving dung from grazing animals.
It is 2 hermaphrodite and is not usually self-fertilising,

so the normal method of reproduction is by copulation followed
by cocoon production. Two 2dult worms come together with
their ventral surfaces closely anpressed, snd their anterior
ends pointing in opposite directions. The spernethecal openings
of one wornm come into close contact with the clitellar region
of the other. These areas become constricted =znd come into
close contact. Lérge guantities of mucus are secreted, so
that the reproductive orgons of each vorm become covered with

slime tube. Seminal fluid is carried forwards from the mzle

]




Fig. 1.1. Life cycle of E. fetida.

cocoon

up to 2-12 weeks
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Adult %ﬁatchlmg
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nore to the clitellar »eogion of cach wornm, ond eventuzlly
enters the spermathecze of the opﬁosing worm, thoush the

exact mechenism of this transfer is not completelr understood.
Clasping and relezsing movements of the clitellum are believed
to assist this process.

Following corulation, the individuals senarate, and the
clitellvn of each produces a secretion which eventally
hardens over its outer surface. ¥ach earthworm then moves
backwards, drawing the tube over its head. The ends of the
tube then close, to form the cocoon, vhich is lemon-shzped
and measures on averase approvimately Amm long and 3mm wide
in this species (Bvans and Guild (1947)). The cocoons zre
vhitish in colour when formed, and gradually darken to yellow,
then brovmn as they age. The walls of older cocoons become
semi-transnarent, and mature embryos are visible inside.
Stephenson (1930) stated that up to 20 ova per cocoon are
produced, though from these only 1-6 embryos develop. Evans.
and Guild (1948) recorded 1-8 hatchlings per cocoon, with
most cocoons (30%D Producing 2 hatchlings. Incubation time
varies with temperature. Stephenson (1930) stated that most
cocoons hatched within 2-3 weeks in the laboratory, but gave
no date on culture conditions. Tsukemoto and Watanabe (1977)
found a direct relationship between incubztion time and
temnerature with mean incubation time varying from 85 days
at 10°C to 19 deys at 25°C. Ther calculated the theoretical
ninimm temperature for development of cocoons as 5.6°C.

Fa

Howewer, it was also found that the viability of cocoons



wes reduced with incrcasing temperature. At 10°0 88 of
cocoons hatched, vherecas =t 25°C,.o“ly 200! did so. Other

worlzers have renoried hatching rotes of 81.%% and 85 at

25°0 (Hartcnstcin‘33'5;,1979b; —aff, 1974). The reason for

these diffcrences is not clear: it mey be due to the mutritive
2lne of the substrate to the perent eaxthweorms, as different
substrates were used in these experiments: there mey elso be

differences bhetween stroine of B, fetide from different sovrces.

Grovth of T, fetida following hatching is also dependen
upon environmental factoms. Tsukemoto znd Wetanzbe (1977)
found thet individusls grow from 6me-680mg in 70 days at 25°C
with wnlimited food supply (in the form of compost) but at 10°C,
the ma~irmum weight achieved was 150mg in 200 dzys. However
Heuheuser et al (19809 achieved much higher growth rates at
15°C on 2 variety of substrzies. Meen earthworm weights at 70
dzys were 871mg on horse manure, 1132mg on cow marure, and 1454mg
on activated sewage sludge. Initial growth rate was found to -
be slow, regardless of food source, for 3 weeks, and this was
followed by a period of rapid growth for 5-8 weeks. Growth
rate then slowed, but weight was maintained provided that
food supply was not limiting.

Onset of sexual maturity occurs between 3 and 10 weeks after
hatching at 25°C, depending upon population density and food
source (Hartenstein et a1, 19799. Most worms become mature
between the 2oes of 4 and 6 weeks, and this zpneared to be
independaent of the two variables mentioned above.

Erang and Guild (1948) found that reproduction in E. fetide




and othexr species, closely followed seasonal chenges in soil
temperature, and was contimious af soil temveratures greater
than3°C. The total anmial mumber of cocoons produced yer wvorm
was given 2z 11. The cvlture conditions used by these workers
were however, chosen to similate conditions in the soil, and
this enviromment is not typic2l of the breeding habitat of
B.fotida. These firures do not therefore, reflect the true
reproductive notential of this earthworm. The breeding season
of B. fetidz was stated to be between Mazrch and November, but
Stevhenson (1930) points out that in active compost heaps,
populotions of E. fetida were able to continmue breeding, even
at quite lovw ambient temperatures, for =zn extended period.
Active brecding populations of E. fetide have also been found
in sewzre sludge heaps in Jamumary under a covering of snow
(unpublished observations). It is possible then, that under
suitable conditions, field poouletions of E. fetida may be able
to mroduce cocoons throughout the year. This is certainly the
case for laboratory cultures. Graff (1974) reported a maxirmum
cocoon production of 3 per individual per week at 25°C vhen
earthworms were cultured in a2 mixbture of cow mermure, soil and
straw. Hartenstein et 21 (1979Q,xﬁm>also‘worked vith cultures
2t 25°C, calculated that 2t a low population density (3-5
2Aults in 300cc substrate) E. fetida should actively reproduce
for A4 weeks. Their observetions showed that cocoon production
was still occurring in cultures after 45 weeks, though at a
low level. The same workers calculated optimum population

density for reproduction to be 8 z2dult E. fetida per 300cc.
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of subsirate at 25°C. They found that such a pomulaztion
would produce more than 500 cocoons in a2 22 week breeding
period, before food cupplies became limiting. Hovever these
fizures relate to = noprlation from which 211 cocoons were
removed 25 they were nroduced. Subsecuently there was no
comnetition with hatchlings for food. This would have the
effect of reducing reproduction rate, as the data

presented by the seme authors for hish nopulation Aensities
show . These figures do chow the hish potentizl fecundity
of this enecies. Yorschelt (1914) is cuoted by Edwards and

Lofty (1972) as having kept individusls of E. fetida in culture

I

conditions for 4% vears. ;
|

1.6, Optirmm physicochemical recuirements of E. fetida.

The optimum envirommental conditions for E. fetidza have
been documented by Vaplan et al (1980), vho studied the growth
of eerthworms in response to a veriety of parameters. The
optimum temperature range was found to be 20-29°C, with high
mortality and weight loss above this level. At temperatures
below 20°C, worms geined weight dowm to 5°C, though a 30%
mortality rate wes observed at this temperature after 2 weeks.
At moisture levels of 70-85%, uaximunm weight gein occurred,
wvhile at higher levels, mortzlity occurred. A%t lower moisture
levels (down to 43%) no mortality was observed, but weight
gein was reduced. The tolerable pH range was found to be

59, with mexirmm growth at pH7. The response of the
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earthworms to salts was found to be variable. Armonium ion
was very toxic at 2 concentration>of 0.1, celcium carbonate
and sulphate were non-toxic up to 502 concentration, whilst
the other s2lts tested were toxic 2t the 5-10%% levels. Overall
electrical conductivity was also assessed, and it was found
that enimal mamires alone, with conductivities of 1.5-3 mmhos
do not affect weight gein, but mamures which heve been
conteminated with urine, with conductivities up to 15 mmhos,
are tovic to worms within 24 hours. XE. fetida can tolerate
conductivity un to 8 mmhos without mortality (R. .rtenstein,.
pers. corm. ).

The datzs presented in section 1.1. on the composition of
cow slurry, shows that the pH and moisture content of this
material, though variable, fall within the ranse which is
tolerable by E. fetida. The high ammonia content revorted
for fresh slurries suggests that problems mey arise in the
vermicomposting of this material, due to the toxicity of the
ammonium ion to earthworms. Curxry (1976) showed that fresh
cattle and pig slurries applied to the land were toxic to
earthworms on contact. The toxicity of pig slurrv was found
to decline repidly, but cattle slurry remained toxic for
7-8 weeks of storage. The presence of ammonia znd other
volatile breakdowvn products in slurry was given as the mzain

reason for this toxic effect.



1.7. Ttiliestion nf the nmodAncts of vernicomnostine,

The products of vermicommosting are esrthworm biomsss
and earthworm castines. In an animal waste treatment overation,
the process may be run simpnly with 2 view to stobilis ing the
waste for land apnlication. However, potential markets exist
for both of these products, thouch very little research has
been carried out on the size of these markets or fhe financial
retums to be expected from the sale of these materizls.

The sale of earthworms to fishermen zs bait is already
an established practice, and the use of earthworms in bulk as
food for animels and man has been proposed. Lawrence and
Millar (1945) suggested that earthworms could be a source of
" protein for humens. They found that a mixed field vopulation of
earthworms contained 70-80°% nrotein on s dr 7 weicht bagis
McInror (1971) ifvccflqvted the mitrient content of T, fetido,
and found that this species had o protein content equiv~lent
to that of commercial fish neal.

Severzl workers have ottempted to define the quality of

Q

earthworm protein. Schulz and Graff (1977) found that *he
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essential cmino-acids were present in earthworm me
concentrations for feédirg to domestic animels, with the

exception of methionine and cystine. Earthworm protein wes
found to be especially rich in lysine, ard it was eu

that it could therefore be used to supplement grain diets,

3

which are lysine-poor. In feeding trisls on lzboratory rats,

v

the nett protein utilisation of eaxrthworm meal was found to be
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equnl to that of hish cuslity fishmeal. Szbine (1978) published
results on the feeding of earthwofm meal to poultry and young
pigs, and 2lso found that the protein cuelity of this food

was equzl to that of fishmeal. A recent study by Tacon et 2l

(198%) has shovm that A.lonme ond L. terrestris are a suitable

food for roinbow trout. However, in the same study, E. fetida
vwag found to be totally unacceptable to the fish. it was found
that the coelomic fluid of the earthworms was the cause of
this problem, 2nd various treatment methods were described
vhich would render the worm meal pzlatzble. This problem

was not described by the other workers quoted zbove, and it

is possible that it is confined to trout. The necessity for
additionsl treatment of earthworms before they can be used as
a food would obviously affect any financiel benefits to be
obtained from the production of earthworm biomass, and further
research into this finding is warranted.

A further problem which may arise in the feeding of eathworms
to animzls is the occurrence of heavy metals in earthworm
tissues. It has been found that earthworms concentrate heavy
metals from the surrounding environment within their tissues
(Gish and Christemnson, 1973). Hertenstein et 21 (1980)
found this phenomenon in E. fetida grovm on sewage sludge
containing high levels of cadmium, zinc, nickel,lead and
coprer. Although 2 later study showed that the growth of
earthvorms would not be affected at the heavy metal concentrations
normally encountered in sludges. the presence of heavy metal

contaemination would certainly preclude the use of earthworm



biomass as an animal food (Hartenstein et al, 1981). Animal
wastes in general do not present a problem in this regard,
though pig slurry is one possible exception, as copper is
sometimes added to the diet of pigs as a growth promoter.
Significant amounts of this metal are found in the faeces
of such animals. Heavy metal content would not, of course,
prevent the utilisation of earthworms solely for the production
of stabilised castings from a waste.

Possible markets for earthworm castings were discussed
by Pincince et al (1980). The good physical and structural
properties of castings were emphasised, and it was suggested
that the two most promising outlets for this material were as
an organic soil amendment or as an ingredient in potting mixtures.
Southgate et 21 (in press) considered the marketing of
windrow—-composted municipal sludge, but the general principles
may equally be applied to earthworm castings. It was suggested
that the sucessful marketing of such a material devends upon
the maintenance of a consistently high quality of the final
product. Variability of the product is less significant in
landscaping and land reclaimation than in the horticultural

zrkzet, and the foimer areas were suggested as the major

outlets for composted material. However, the finahcial return
from bulk sales would be much lower than those expected
from the horticultural market.

Because of the variable nature of many animal wastes, wvhich
would be expected to be reflected in the vermicomposted material,

the area of quelity control is an important one, which merits
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further reseaxrch.

1.8. Possible application of earthworm castings in the

mushroom industry.

One possible horticultural application of earthworm

castings is in the mshroom industry, as a casing materizl.
Mushrocm cultivation is a significant horticultural industry:
anmial world droduction of fresh Agaricus mushrooms was estimated
at 800,000 tons by Declaire (1978).

Recent general guides to the rmushroom cultivation process
include Atkins (1972, 1974); Heyes and Nair (1975) and Cheng
and Hayes (1978). Bagsically cultivation involves three stages.
Firstly a suitable substrate is prepared by composting. This

is then inoculated with a pure culture of Agericus bigvorus

grown on cereal grain and termed spawn, and the compost is
incubated to allow complete colonisation by the growing
mycelitm. A thin layer of soil, peat or other suitable material
is then spread over the compost surface, and this casing layer,
in combination with controlled envirommentsl changes, induces
the fungus to switch from vegetative to reproductive zrowth

and produce fruitbodies.

The first crop, or "flush" of mushrooms is produced 16-24
days after cesing, and further flushes are produced at 7-10
day intervals. llost commercial growers find it most cost-
effective to produce four flushes from eazch batch of compost,

after which the process is repeated with fresh compost.




The function and importance of the casing layer in mushroonm
production have been the subject of ruch research. Though
some aspects still require clarification, the general vroperties
of a good casing material are known.

The physical properties of a material which affect its
suitability as a casing include water-holding capacity, pore
space and particle size. Bels—Koning (1950) showed that casing
materials with higher water-holding capacities produced better
yields, and stressed the importance of good casing stfucture.
Reeve et al (1959) concluded that a casing soil moisture
between 60-90% was optimal for cropping.

The optimum pd of casing is 7.6, with a range froﬁl 5.5 to
8.0 within which pH is not a2 limiting factor (Lamber‘céa.nd
Hunfeld, 1939; Allison and Kneebone, 1963). The addition
of calcium to casing does not only increase yields by improving
pH: calcium~-rich soils have a better structure which favours
high moisture capacity and good aeration (Stoller, 1952b).

The gaseous enviromment of the casing layer hes been
found to be very important in the production of fruitbodies.
Lambert (1933) found that high COo, concentrations in the air
2bove mushroom beds adversely affected fruitbody morphology and
yields. Stoller (1952a) emphasised the importance of sufficient
air movement above mushroom beds to ensure that carbon dioxide
concentrations were reduced to 0.01 - 0.03% during cropping.

The growing mycelium of A. bisvorus has also been shown to
produce 2 mumber of gaseous metabolites which can affect
fruiting by producing abnormal fruiting bodies (Stoller, 1952b).
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A possible indirect function of the casing layer in the removal
of these metabolites has been suggested (Hayes et al, 1969).
Certain casing bacteria were found to be zble to utilise these
volatiles as a sole carbon source.

The importance of micro-organisms in the casing layer on
the production of fruitbodies has been explored by several

wofkers. Hayes et al (1969) found that A. bisvorus would not

produce fruitbodies in sterile culture if cased with sterile
casing. Use of unsterilised casing, or the addition of casing
micro~-organisms to sterile casing, a2llowed normal fruiting.

The stimulatory organisms were identified as Pseudomonas vutida

and group IV Pseudomonads.Fume and Hayes (1972) consistently
obtained high numbers of primordia in agar cultures of A,
bisvorus by the addition of agar plugs containing Ps. putida.
Work by Arnold (1972) and Eger (1972) confirmed these results.
Although the requirement for bacteria in a casing material

has been demonstrated, the exact role of micro-organisms in

fruitbody formation remains unclear. Some workers have suggested

that bacteria in the casing may absorb nutrients lesked from the
mycelium of A. bisporus, so that the mycelium becomes "starved!
and produces fruitbodies (Bger, 1961; Long and Jacobs, 1974).
Other workers consider that it is the removal of inhibitory
compounds by the casing microflora which causes fruiting to
take place (Nair and Hayes, 1975; Hayes and Nair, 1976; Couvy,
1976).

Several studies heve demonstrated that the casing layer does

not appear to provide nutrients to A. bisporus (Stoller, 1952c;
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Edwards, 1953 ; Flegg, 1958). Indeed other workers have
suggested that the lower availability of mutrients in casing
compared with compost is partly responsible for the initiation
of fruiting (Mathew, 1961; Long and Jacobs, 1974).

A good casing material then, has a2 good physical structure
and moisture holding capacity, and an optimum pH of 7.5. It
should not contain a high concentration of soluble salts, and
should allow adequate diffusion of gases from the compost to
the air. It should preferably have some ability to immobilise
or remove volatile metabolites produced by the growing mycelium.
It should contain a suitable microflora and be relatively
poor in matrients compared with a compost.

The most widely-used casing material in mushroom production
today is neutralised Svhegnum peat. lMost of the peat used in
the U.X. industry is imported from Eire. In recent years,
as peat resources have begun to decline in that country, the
price of peat has increased dramatically. This, coupled with
the growth of mushroom cultivation in developing countries
where peat is not readily obtainable, has led to increased
research into the use of alternative casing media (Mair, 1977;
Hayes and Shandilya, 1977; Bowden and Allen, 1978). Recently
full-scale trials have established the suitability of an
industrial waste from paper mamufacture as z substitute

casing material (Hayes et al, 1978).




1.9. Interactions between earthworms and micro-organisms.

It is generally accepted that earthworms do not posess an
indigenous gut microflora. The species of micro-organisms
isolated from the digestive tract of earthworms are essentially
the same as those present in the surrounding substrate.

Parle (1963a) found that types of bacteria and actinonvc.etes
were the same in the gut of three earthworm species as in

the surrounding soil. Khambata and Bhat (1957) isolated
common soil-inhabiting bacteria from the gut of Pheretima
species in India. Work by Marialigeti (1979) has suggested
that there may be exceptions to this view: the species Eisenia
lucens was found to have a gut microflora dominated by Gram-
negative bacteria which he identified as members of the gemus
Vibrio.

Several workers have found very large differences in the
mmbers of micro-organisms in the earthworm gut and surrounding
goil. Parle (1963a) found that the gut of L.terrestris,
Allolobophora caliginosa and A. longs contained significantly
higher mumbers of bacteria and actinomycetes than the surrounding
goil. It was shown that the mumbers of both types increased
exponentially between the fore-gut and hindgut, and that the
transit time was approximately 20 hrs. Ghilarov (1963) also
found higher mmmbers of miocro—organisms in worm casts than in
the surrounding soil in three different habitats, and greater
mumbers of nifrogen—fixing and cellulose-decompcsing bacteria

have been found in earthworm casts and burrows than in the soil
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(Loquet et al, 1977)

The stimlatory effect of earthworms on soil micro-organism
appears to differ between species. KXozlovskaya and Zhdammikova
(1961) compared micro-organisms in the gut of a deep burrowing

species Octolasium lacteum with those in the litter-feeding

Lumbricus xubellus . It was found that the gut of 0. lacteum
contained approximately the same mumber of micro-organisms as
the surrounding soil, while microbial mumbers in the gut of
L. rubellus were at least ten times greater than in the surrounding
soil. However, castings of both species contained more fungi,
actinomycetes and cellulose-decomposing and Clostridium-type
bacteria. The effects of passage through the earthworm gut are to
increase the surface area of soil for microbial colonisation,
and to add mutrients in the form of earthworm waste products.
The gut also provides a suitable medium for the proliferation
of many micro-organisms. In the mtrient-poor deeper soil layers,
a greater proportion of the microflora would be in the form
of resting stages, and may not be able to take advantage
of these effects during gut transit. The surface-litter
microflora however, contains large mumbers of active micro-
organisms which would be able to respond much more rapidly
to the enviromment in tke earthworm gut.

The stimulation of microbial activity has been found to
contimme after castings are produced. Parle (1963b) found
that mumbers of yeasts, filamentous fungi and actinomycetes
sincisaged as castings aged, while bacterial numbers remained

high. Oxygen consumption of castings decreased following
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production, suggesting that am increasing proportion of the
microflora formed resting stages. However, oxygen consumption
remained higher in castings than in the surrounding soil for

more than fifty days. The nitrate-nitrogen content of castings
increased with age, while levels of smmonium nitrogen decreased.
Barley and Jemnings (1959) also found increased metabolic
activity in experimental pots containing Allolobophora caliginosa.

Half of the increases in O, consumption and nitrogen accumulation
were attributed directly to the earthworms, the remainder to
stimulation of the decomposer microflora. Mitchell et al (1982)
found that E. fetida increased carbon fluxes in sewage sludges.
This was again partly attributed to stimulation of microbial
activity caunsed by communition and aeration of the substrate

by the worms.

Earthworms may also act as dispersers of micro-organisms
which survive passage through their gut. Flant pathogens,
especielly, may be spread in this way, though little research
has been carried out on this subject. Khambata and Bhat (1957)
found that spores of a plant-pathogenic:Fusarium species
remained viable after passage through the earthworm gut, and
Hutchinson and Kamel (1956) also found that the presence of
L.terrestris greatly increased the spread of fungi through
sterilised soil, either by ingestion or by transport on the
outer surface of the worm. The significance of this
dissemination in the incidence and spread of plant diseases
is unknown.

It has been suggested that at least some earthworms may
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utilise micro-organisms as a food source, thongh much of the
evidence to support this view is circumstantial. Dawson

(1948) stated that the mumber of species of bacteria decreased
following the ingestion of soil by earthworms, while fungal
species were largely unaffected. This was attributed to the
greater resistance of fungal spores to digestion. Solbe (1971)
found populations of Eisemiells tetraedras and Dendrobaens
rubide f. subrubicunda in a percolating filter, and concluded
that the worms were grazing on the microbial biomass of the
filter film. Miles (1963) suggested that the presence of
bacteria, fungi and soil protozos were all necessary for the

| normal growth and development of E. fetida, but these experiments
were conducted in soil, which is not the preferred substrate
of this species, and so may not reflect normal feeding behavior.
Brusewitz (1959) found that Escherichia coli inoculated into
s0il was reduced in mumbers in the presence of E. fetida,

and Khambata and Bhat (1957) found E. coli only once in the
gut of Pheretima species, even though these worms were common
inhabitants of soil mamired with human excrement. The latter
authors suggested that intestinal secretions of the earthworms
affected the growth of pathogenic bacteria. However, no data
was presented on the mumbers of these organisms in the soil
from which the worms were collected. Brown and Mitchell

(1981) found that survivel of Salmonella in sewage sludge

was greatly reduced by passage through the gut of E. fetida,
but when Salmonella was inoculated into a mixed culture of

bacteria isolated from earthworm faeces, similar reductions
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in mumbers of the pathogen occurred. This suggests that the
reduction may have been largely due to competition from the
indigenous microflora.

Evidence of selective feeding of earthworms on micro-
organisms was presented by Cooke and Luxton (1980) and Cooke

(1983). It was found that L. terrestris had definite preferences

for filter paper disecs inoculated with some species of fungi.
Satchell and Lowe (1967) had earlier found leaves from some
tree species to be more palatable than others, and attributed
this to their phenolic content. Wright (1972), however, found
that L. terrestris actively ingested leaves and filter paper

. discs spread with cells of the bacterium Pgeudomonas aeruginosa,

and suggested that the earthworms were chemically attracted to
food colonised by micro-organisms. It is posgible that other
specles which feed by ingestion of soils or organic matter
selectively ingest parts of the substrate containing palatable
micro-organisms. Dash et al (1979) suggested that earthworms
fed selectively on soil particles which had been coloniged.

by fungi.

Several workers have suggested that earthworms selectively
digest micro-orgenisms. When Day (1950) inoculated soils
heavily with cultures of Serratia marcesens and Bacillus
gereus var. mycoides, then added L. terrestris, he found that
Serratia was totally destroyed by passage through the earthworm
gut, while mumbers of Bacillus were greatly reduced. It was
concluded that vegetative cells were destroyed, while spores

could survive. Piearce and Phillips (1980) found that ciliate
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protozoans were lysed in the midgut fluid of L. terrestris,

while astomatous ciliates were unaffected. Dash et al (1980)
found evidence of selective digestion of fungi by Enchytraeid

worms. Trichoderma and Syncephalustrum species were digested

or rendered non-viable after passage through the gut, while

spores of Penicillium and Aspergzillus gpecies remained viable.

Beuelle (1983) studied the fate of amoebae and bacteria in

the gut of L. terrestris and E. fetida. In both worms it

was found that non-encysted protozoa disappeared in the

mid-gut region. The bacterium Rhizobium Japonicum was isolated
from all parts of the gut, and was apparently able to pass
through unharmed, though mumbers were not assessed quantitatively.
The anthor suggests that the presence of organic matter in the
gut of the earthworm may protect some micro-organisms from
contact with digestive enzymes, and so allow them to pass

through unharmed.

Another theory of earthworm mmtrition is that it is the
products of microbial metabolism, rather than the organisms
themselves, which are the important food source for earthworms.
If this is correct, then it would be expected that earthworms
would grow better in the presence of live micro—organisms than
dead ones. Neuhauser et gl (1980 published data which seem to
support this theory, though the results obtained were variable,
and there was z possibilty of interference from the presence of

other micro-organisms.




SECTION 2.

MATERTALS AMD METHODS




2.1, Chemicel =nd microbisl chanmes in decommosing cow glurry

2.1.1. Collection of slurrv samples.

Suppnlies of dairy cow slurry were obtained from Meathon
Park Farm, Groenge-over—Sands, Cumbria. On this famm, slurry
deposited in the milking shed was scraped into 2 holdine pi%
during the cleaning overation immediately after every milking
session. Every 2-3 weeks, the slurry from the pit was rumved
into a tanker and spraved onto the fields.

In order to obtain slurrv in a fresh condition for
experimental purposes, semples were collected during the
scraping—-out operation following the morning milking session.

Slurry was shovelled into a 2271, P.V.C. water tank mounted on

a2 vehicle trailer for transportation to the laboreatory (Fi302.1.)

2.1.2. Storace conditions.

Slurry was stored in the collecting tank, which was kept
under cover at ambient temperature. To promote aerobic conditions
in the slurry, ar a2ir pump was connected to the air inlet pipe
shown in fig.2.1.2nd a2ir ai 1.4g.mm‘2 pressure was blovn through
the slurry. The slurry was a2lso thoroughly mixed everv 12-24h
to reduce settling.

As an alternative to aerated storace, 2 sub-sample of the

slurry wes spread in a2 layer 25mm deep in free-drainine nlastic




Fig., 2.1, Vessel for aerated storame of cow slury,
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2.1.%. Samoling of slurry for chemical and microbiolosical

analyses.

Samples of decomposing slurry were talken from the tarlk at

time O and every 2-3 days thereafter for 15 days after collection,

then every week for the next two weeks. Samples were taken from

also taken from the slurry trasys after thorough mixing.

2.1.4. Zsiimation of aerobic microbial populations.

Tumbers of bacteria, fungi, and actinomycetes were estimated
by dilution plating (Brierley et al, 1927) and an agar film

technique (Jones and Ilollison, 1948).

(1) Dilution nlates.

The diluent used throughcut this study was 0.1% peptone
water. This was found to cause lesg cell disruption and
mortality than other diluents, such as Ringers solution or
seline (Straka 2nd Stokes, 1957).

42




Dilvution hl-rks rare nrepzred by Aisvensine Oml alinnots
of 0.1 peotone water into 20ml screw—cepped lcCorinevy bottles.

The bottles were gtorilire  antoclavin To Drens—o n
> ¢ o gtoriliced by aut To prenore n

ﬂ.ua

Ailution series, a 1Ml sormle of slurry woe 24ded +o 90ml oFf

sterile dilvuent. The suspension was shaken a2t 100+,n.m. for

min., and 2llowed to settle for a further 5 min. A sterils
tml pipette was rinsed out five times in the suspension, in

order to minimise exrors by adsowption of cells onto the

Dette wells, and to further mix the sammie., A 1ml alicuot
was then transferred aseptically to 9ml of sterile diluent.
A second pipette was used to remeat the operation, transferrines
1m} from the first dilution blank. The sample was thus diluted
ten-fold for each step in the series. Three renlicate dilu
series were vprenared for each sample. Suiteble dilutions
(dpte ined by prelininary experiments ) were selected, and 1ml
aliguots of these were pipetted asevntically into 75mm diemeter
petri dishes. For bacteria 10"6—10‘10 dilutions were prenared,
and for fungi, 10~4-10-7 ailutions were prepared. The pla
were immediately noured with ager media.

Tryptone soya agar (Oyo1d) and Bacto-mutrient agar (Difzo)
were used as culture media for both bacteriz and actinomvcetes.
These were chosen because thev are seneral-purnose medin
which support the srowth of a wide range of orcenisms. Thnes
were cultured on 2% malt extract ager (Ovoid), with the addition

of Rose Bengal at 0.6g.17 1. Rose Bengol haog been found by
several workers (Martin, 19503 Ottow and Glathe, 1968) to

prevent the growth of bacteria and to restrict the snread of

fast-growing funsi wvhich misht swemp the vlates.
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Media 2t 45°C were added to each Potri dish and the dishes
were rotated and moved backwards and forrerds four times in
each direction, in order to thoroushly mix and disperse the
diluent in the medium. For each culture medium, three replicste
plates were prepored per dilution series, Fiving nine revplicates
of each sample at each chosen dilution. The high dilutions
were Dlated out for bacteria, and lower dilutions for actincomycetes
and funed.,

A1l plates were incubated =2t 25+ 0.5°C, and bacteria were
counted after both seven and twenty-one days, to allow for slow
growth of some snecies. Plates showing 30~300 bacterizl
colonies, and those showing 3-30 colonies of fun~i znd

actinomycetes were counted. Counts were expressed a5 numbers of

Colony-Formine Units (C.F.U.s) per gramme dry weight of slurry.

(33) Bocterial counts using agnr films

The agar film technigue was devised by Jones and Mollison
(1948) and subsequently modified by Thomas et 21 (1965) and
Nicholas and Parkinson (1967). Tt was orizinally intended as
a technique for estimating the length of fungel hyvphae in soil
sarmles, but mey 2lso be used for the estiﬁation of nmumbers of
bacteria of different size classes (Jenkinson, Powlson znd
Vedderburn, 1976). Agp>» filme of stondard thickness, conteining
2 knovm emount of sample, are prepared and stained, and suspended

bacteria can then be counted veing 2 light microscone.

The method 2llows more precise counts then @3lution rlotine,
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as colony-forming units on plates may originate from clumps of many
organisms. In addition, all media used in dilution plating are species
selective to some extent. With dilution plating only viable organisms
are counted, but these are not necessarily in an active form e.g. spores
may germinate to give seemingly high counts for some species. Comparison
of the results obtained from the two methods, however, can give some
indication of the proportion of the microflora that is present in a
viable, active condition.
Freshly collected samples of slurry were weighed into aluminium
tins for dry weight estimation. At the same time 0.3g samples for agar
films were placed in square-bottomed McCartiney bottles, and 4ml of sterile
distilled water was added. Single samples were homogenised in a Wareing
blender at 14,000 r.p.m. for 3 min. The homogenate was then washed
into Pyrex boiling tubes with a further 6ml of distilled water. Molten,
filtered 1.5% Oxoid no.3 agar was then added to each tube in 40ml aliquots.
The tubes were then capped and inverted slowly several times, to mix
the suspension with minimal formation of air bubbles. The tubes were
maintained in a water bath at 50°C until the agar films were prepared.
Tmmediately before preparation of the films, each tube was again
inverted and allowed to settle for 10 sec. A small amount of the
suspension was then taken with a sterile pasteur pipette, inserted
just below the surface. The suspension was then pipetted onto the
platform of a haemocytometer slide of 0,1mm depth. The well of the
slide was immediately covered with a glass coverslip, and a 5g weight

was added. When the agar suspension had solidified, it was immersed

in a tray of




distilled weter and the coverslip was carefully removed.
Excess egar was trimmed away from the slide well with 2 razor
blade. The agar film was then floated off the hazemocytometer
slide and onto a2 flat glass microscope slide. Manipulation of
the film was cezrried out with a fine sable-haired brush.

The prepared slides were allowed to dry at room temperature
in a covered container to evclude dust. The dried films were
stained for 1h. with phenolic aniline blue, weshed in 2bsolute
alcohol, 2nd mounted in Fuparal for storage until they could be
counted. For each set of films prevmared, control films of
onlyv agar and sterile distilled water were made. Three
revlicates of samnle and control films were prepared. Counts
were made 2t 1000 megnification, using azn evepiece grid.

Five fields of view were chosen 2t random on each slide, and
mumbers of bacterias within the vhole grid were counted for

each field of view. Bacteria were separated into size classes
similar to those used by Jenkinson, Powlson and Vedderburn
(1976), but in these experiments only two classes were recorded:
spherical organisme (cocci) less than 6Fm in diometer; and
cylindrical orgenisms (rods) less then ﬁpm in length. Control
counts were subtracted from the experimentzl counts before

anzlysis of the results.

2.1.5. Teolotion of micro-orgeanisms

Colonies of the most mmerous bacteria, fungi and actinomyrcetes

on dilution nlates were picked off usin~ 2 fla
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nichrone wire needle, 2nd subcultured on trypione sova 2or

bacteriz and actinomycetes), o» 2 malt evtroct arox
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funsi). to check murity.
Pure culftures were then transferred to ager slopes for
storage. Bactoriz and actinomycetes were stored in duplicate
on tryptone sova amar, and fungi were stored in dnplicate on 2%

notato dextrose 2maxr.  Stock cuitures were maintained at 18°C

and 6°C and subcultured at three-monthly intervals.

2.1.6. Tdentification of Micro-ormonisms.

Bacterie were clessified uvsing the A.P.T. 20B microbial
identification system (A.P.I. Laboratory Products. Basingstoke,
Honts.). This congists of 2 strip of 20 microtubules containing
dehydrated substrates which enable a total of 22 biochemical
tests to be performed on each isolate. Resvlts are obtaired
after 24-48 hours incubation zt 25°C. For purposes of
identification, the results of these tests are combined with
supplementary tests on Gram-staining, respiratory metabolism
and microscopic examination of morphology. Isolates were
identified by reference to Skerman (1959), Buchenan and Gibbons
(1974) and Skinner and Lovelock (1979).

Fungd were identified uging colony characteristics,
especizlly the structure of reproductive stames, with reference
to Barnett and Hunter (1972), Barron(1968), Pitt (1979),
Reper,Fennell and Austwick (1977), Rifai (1969), Hermanides-

Nijhof (1977), and Richerdson and Watling (1968).
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Letinomyrecetes weore classified using the methods described
by Villieme et 2l (1969), with meference to Buchanaon and

Gibbons (1974).

2.2 TLaboratorv culture of Eisenia fetide.

Stock cultures of Eigsenia fetida were maintzined in the

laboratory for use in experiments. Earthworms were obtained
from notural populations in paper waste and sewage sludge.
The worms were hand-sorted to exclude species other than

Eisenia fetida (especially Riseniz fetida andrei and

Dendrobaenz son., which are commonly found in association

with Eisenia fetida in nature) and then placed in culture

vessels,
Two types of culture vessel were used throughout this study.

The first consisted of a large plestic funnel (0.65m x 0.47m diem)
supperted in a metal frame . The base was filled with coarse
gravel for dresinage, and a layer of coarse ruslin meterial was
rlaced over this to prevent the escape of earthworms. A thin
layer (0.25m) of moist garden soil wes then placed in the
bottom of the funnel, and the sorted earthworms were added.
The fumnel was then filled to a depth of apnroximately 0.30m
with fresh horse manure, obtained from =2 loczl stables, as a
food source. The culture vessel was covered with thick
polythene shertine to reduce water loss bv evapcration.

Consumption of the mamure by the worms was assessed by

visnnl examination, and fresh supplies of mermire were added
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to the surfece of the hnada ot resnlor intervals. Every 3-4
months the bed wac replenished. A thin loier of fresh momuire
vas 2dded to the sunface, left for 2-3 deys to a2llow worms to
move up inte it to feed, then the top 50-100m lcyer of
earthworn-rich meterial was scraped off. The remcinder of the
wvorm—vorked material was removed from the funnel ond hond-sorted
to geoparate any remzining earthwormc. The earthworm-rich leyer
wog then reploced in the emptyr funnel o form the base of a
fresh culture.

The second type of culfure vessel uged in this study wes

2 lerpe circular vlestic tank with supporting legs (0.375m
¥ 0.9m diam.). A 50mm dismeter plestic vipe, with holes
drilled at reguler intervals along its length, was ingerted into
the centre of the tank to cid drainase and aeration of the bed,
and further drainace holes were drilled into the bottom of the
tank. Ali drainace holes were covered with sauecres of coarse
mislin cloth to prevent escape of worms.

Paper tissue waste, obtazired from Boweters Peper Co. Ltd.
Kemsley, ¥ent, vas used as 2 bedding moterial. This wes placed
in the tank to a depth of 220rm, end earthworms were added.

The food source used in this culture was cow slurry. This was
obtained from the Royal Agricultural Showground, Stoneleish,
Warvickshire, and stored in a deep freeze until required.
Slurry was applied to the surface of the culture bed to replace
that consumed by the earthworms. The bed weas covered with
thick polythence sheeting to reduvce water loss.

Renlenishmont of the worm bed was carried out every 3-A months,
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using 2 simile> procedure to that described for the other

culture syrstem. The bad wes refilled with fregh tiscue wrste
over a thin leyer of earthworm-rich moterial. Both types of
culture vessel were kept in a2 darkened rToom at on z2ir temperature

of 25°C 2nd 2 relative humidity of 70-80%

2.3. Vermicomostin~ of cow slvurrv,

2.3.,1. Toxicityr of »aw slurrv.

Fresh cattle slurry was found by Curry (1976) to be toxic
to earthworms under both laeborstory and field conditions, but
in a vermicomnosting system. it is desirable that the slurry
should be available to earthworms as a2 food source as soon as
posgible after production. Different storsge and treatment
methods were therefore investisated, in an attempt to guickly

reduce slurry toxicity.

2.3.2. Storare and treatment of slurry.

The zeration svetem described in section 2.7.2. for
storage of clurry was employved: compressed air was blown throurh
the ¢lurrv, combined with resular thorough manuel mixing to

prevent build-un of znaerobic conditions.




(ii) Trav dryine.

Slurry was spread in epnrovimately 25mm layers in free-
drzining plastic provagating trays (250 x 220 x 50mm) and allowed

to drein end are at room temmerature.

(ii1) Semnaration and dilution.

Thvsical separation of slurry into solid and ligquid frections
was achieved by menuelly pressing it through fine ruslin mesh
in a2 5mm soil sieve. The liguid fraction was collected in 2
contziner beneath the sieve. Bofh fractions were placed in

ghallow trevs and stored at room temperature.

Fresh slurry was diluted 1:1, 1:5. 1:10 and 1:20 (v/v) by
the z2ddition of distilled water. The diluted slurry was
immedistely tested for its toxic effects upon earthworms.

Presh

slurry was mixed by trowel with freshly-dug woodlend
s0il and several-month old dried cow dung. Soil/slurry and
dung/slurry mivtures of 1:1, 2:1, and 3:1 Oy@ﬂ vere prenared.

The mixtures were ared in shallow trays 2t room temperature.

Semnlec of stored slurry were talen every 7 dayrs, and

nlaced in ema2ll nlestic pots. In the case of the ligurid
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frection of cencrated slurrvr and the diluted glurry, the pots were
filled with polystyrenc pocking "chips", 2nd the licuid was
poured over them. Five replicates of each samnle were mrepared.

One F. fetida was 2dded to each pot, Aand the potc were sealed

v

with fine muslin cloth and incubzted zt 25°C for 24 hours.
Toxicity of szmples was assessed by recordines earthworm mortality

after 24 hours. The experiment was run for three weeks.

2.5.4. Assessment of different vermicompostine svstenms.

i) Mivine of slurrv with beddine materials.

Soil end peat were chosen as possible bedding meterialgs
for eemthworm culture becense they are readily available
and have a2 good moisture absorbing capacity. They also provide
sites for adsorption of toxic fractions of cow slurry. 1In
2ddition to these materials, two types of waste from the paper
industry were examined: paper mill by-product (P.M.B.), which
is a solid maeterial produced as a result of newspaper manmufacture,
and vaste from the mamufacture of paper tissues. Lerge volumes
of these wastes are produced each year, 2nd they represent a
disposal problem to the paper industry.

A1l the materials were wetted to at least 60% moigcure
content and neutralised using powdered calcium carbonate. Tresh
slurry was then mixed with the bedding materizals in the provortions
1:1 and 2:1 (w/w) bedding:slurry. Controls were prenared by

addine distilled water to the neutralised bedding materiels.
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The mixtures were then heaped onto polythene sheeting in the
laboratory and tested for toxicity to E. fetide every day,
as described in section 2.3.3.

When the materials became non-toxic to the earthworms,
50mm deep Petri dishes were filled with 1007 wet weight of the
material. Thrce replicates of each mixture were prevared, with
a further Fhree replicates of each conirol materizl. Large
Juvenile specimens of K., fetida were removed from laboratory
stocks end washed several times in ditilled water to clean
them. The worms were then blotted dry on filter paper and weighed
in grouns of five. One group was added to each premared dish.
The dishes were covered with stendard Petri dish lids and
incubated at 25°C in 2 humid envirorment. The worms were
remnoved from the dishes weekly, washed, blotted, and reweighed.
After five weeks, the mumber of cocoons present in each dish

wzs counted.

(ii) Top—feedins of slurry onto worm beds.

In this system, cow slurry was applied to the surface of
so0lid bedding materizls containing earthworms. Soil and tissue
waste were used as bedding materials in this ex¥periment. All
were moistened to 2t ieast 60% moisture, and neutralised with
calcium carbonate.

4 series of 50mm diameter plestic flower pots were filled
with 100g wet weight of bedding material, ten pots containing

soil and fifteen pots containing tissue weste were prepared,

22




Juvenile X, fetido were talen from loboratory cultures, washed
end blotted, then weighed and 2392d to the nots, five worms
to each one. Five pots containings soil and five containing
tissue waste had 10z of fresh slurry applied to the surfoce.
A further five pote containing tissue waste reczived 20-~ of
fresh slurry. The remaining five pots of each series were
watered with 20m) of distilled woter as controls. All pots
were then covered with aluminium foil and secured with rubber
bands. Small holes were punched into the foil with 2 dissecting
needle to allow gaseous exchange. Pots were incubzted at 25°C
at 2 controlled humidity of 80

Eyperimentel pots were examined visually each day for signs
of feeding by earthworms on the applied slurry. Appropriate
amounts of fresh slurry were added to the pots as needed.
Control pots were watered weekly. Each week, the earthworms
vere removed from the pots with as little disturbance of the
surface as possible, then washed end weighed. At the end of

the experiment, the number of cocoous per pot was counted.

2.4. Chemical and microbiolosical chanees during the

vermicomnostine of cow slurry.

2.4.1. Slurrvy mixed with a bedding material.

Twelve sgquare plastic tubs were set up, eeach containing
500g of 2:1 (w/w) tissue waste:cow slurry mixture, prepared

2s described in the previous gection. Six tubs were inoculated
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with cleaned juvenile E, fetida, twenty-five worms to each

tub. All the tubs were then covered with aluminium foil
gsecured with rubber bands. The foil was pierced with a needle
to allow aeration. The tubs were incubated at 25°C and 80%
relative humidity.

£t the beginning of the evperiment, three tubs were chosen
at rendom from each of the treatments to be sampled for microbial
analyvsis. At weekly intervals, the contents of each tub were
tipped out onto sterile plastic trays and mixed with a sterile
gpatula. Three replicate 1g samples were removed from each
tub for determination of mumbers and types of micro-orgenisms
present by dilution plating. A 20g sample was also removed
from each tub for estimation of moisture content.

The remaining tubs provided samples for chemical analysis.
The three tubs containing tissue waste:slurry mixture and
earthvorms were sampled at the beginning of the experiment,
and subseguently after 2, 3 and 6 weeks of incubation. The
tubs without earthworms were sampled at the beginning and end
of the experiment. The tubs were emptied onto plastic trays
and mixed. From each tub, 50g of material was removed, and

samples from each treatment were combined to give a composite

sample for chemical analysis.

2.4.2. Tovp—feedins of slurrv to worm beds.

Holes were drilled in the sides of six plastic tubs as

shown in fig. 2,2. . The holes were covered with insulating
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FPige 2.2. Top—feeding of cow slurry to worm beds-

experimental boxes.,
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tape, and 500g of tissue waste was placed in each tub. Fifty
weighed adult and juvenile E. fetida from laboratory stocks
were added to each tub. Three tubs then had 250g wet weight
of fresh cow slurry added as a thin layer on the surface.

The remaining tubs were well watered with distilled water as
controls. All the tubs were covered with aluminiwm foil and
incubated at 25°C and 80% relative humidity.

At O, 2, 5 and 7 days after application of cow slurry,
horizontal samples were taken at the surface of the beds and
at a depth of 50rm by inserting a sterilised cork borer through
the pre-drilled holes in the tubs. Moisture content, pH, and
electrical conductivity, ammonia volatilisation and ammonium-—
nitrogen content of the samples were determined, and microbial

counts were also taken. Dilution plates were used to egtimate

the mumbers of fungal propagules present, while bacteria

and actinomycetes were enumerated by the droplet technique
(Sharpe and Kilsby, 1971; Sharpe et al, 1972). This is a
miniature pour-plate method. Each dilution was plated out
as a series of 0.1ml agar droplets containing suspended
bacteria. After 48 hours incubation, colonies in each

droplet were counted using a magnifying viewer. In this

study the Colworth Droplette apparatus was used for both
dispensing and viewing of droplets. Ifumbers of micro—-organisms

isolated from each sample were recorded.




5.5. Intersctions between earthworms and micro-organisms.

n.E.1. Choice of exmerimental substrate.

Tor initizl screening of micro-organisms for their mutritive
value to . fetida, it was considered necessary to minimise any
secondary effects arising from the experimental conditions.
Several relztively inert materials were therefore tested for
their suitebility as substrates for E. fetida. The main
criterion for this was that the sterilised materials should
allow survival and normal behzavior of the earthworms for at
least seven days and preférably longer.

Materials tested were; shredded filter paper, sand mixed
with shredded filter vaper 50/50 (v/v), sznd mixed with
x—cellulose povwder 5:1 (v/v), neutralised peat, and neutralised

"nerlite". Wetted test materials were placed in glass tubes

for 20 min. Three tubes of each material were prevared, and
five adult earthworms were added to each. Survival and activity

of the earthworms was monitored daily for fouxrteen days.

2.5.2. Reduction of microbial contamination of earthworms.

In order to achieve meaningful results from studies of
earthworm feeding preferences, it was considered necessary

to achieve a large reduction in the level of microbizl
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contamination of earthworms. Two approaches were taken to this

problem: the first involved the treatment of earthworm cocoons
i+th chemical agents =znd antibiotics with subsequent ste orile
culture of hatchlings. The second approach was to apply chemical

and sntibiotic treatments to juvenile wowvms, which could then

be used directly in feeding experiments.

(i) Treztment of earthworm cocoons vi.th chemical sterilants.

Cocoons teken from stock cultures of E. fetide were washed

o

in distilled water, then immersed in several concentrations

Q
2
®

of chemical sterilants. The sterilants used were: sodium
hypochlorite 0.5 formalin 1%% mercuric chloride 0.0%%: and
cetrimide 5. In additicn, a solution containing 2.5% sodium

hypochlorite and 0.5 Teepol 4n distilled water wes 2lso tested.

dd

b

¢ has been suzgested as a surface sterilising agent for
arthworm cocoons (J.Rouelle, pers. comm.). Exposure tim

of the cocoons in the sterilising agents were 5, 10, 20, 30

and 60min. Control cocoons were immersed in sterile de-ionised
ater for 60min. At the end of the contact time, cocoons were

removed and washed in sterile de-ionised wafer for 5 min. Six
cocoons from each treatment were then placed singly in Petri

dishes, washed with 1ml of sterile de-ionised water, then

replaced. Three dishes from each treztment were then over—-poured

with mutrient agar, the remazinder with malt extract agar and Roce

Bengal. Plates were incubated for 14 days at 25°C, and the

level of contamination of treated cocoons wes compared with
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controls, as a measure of the effectiveness of the treatments.
Cocoons were transferred in pairs to Petri dishes containing
asterile filter paper moistened with sterile de—ionised water.
The dishes were enclosed in plastic bags and incubated at 25°C
in 2 humid incubztor for 8 weeks. During this period, numbers
of hatchlings produced were noted, and these were removed
asentically, and placed in large pyrex boiling tubes contzining

sterile tissuve waste.

'(ii) Antibiotic treatment of earthworm cocoons.

Initiel experiments were run to determine the effect of
different concentrations of antibiotics on the hatchability of
cocoons. IFrom the results of these trials, a concentration of

abq;ml—1 of tetracycline,streptomycin, cycloheximide and nisin

was chosen for use in further experiments, as these concentrations

did not significantly affect the number of hatchlings produced
compared with control cocoons.

Cocoons from laboratory stocks were washed in distilled
water, then immersed in sterile antibiotic mixtures. The
mixtures vere as follows: cycloheximide + each of the other
antibiotics in turn; cycloheximide + combinztions of two of
the other antibiotics; and a mixture of all four antibiotics.
In all treatments, the final concentration of each antibiotic
in the mixture was BOpg ml=1. Controls contained sterile
de~ionised water only,

Twenty cocoons were used per treatment. Thev were soaked




in the antibiotic solution for 10 hours, then transferred in
paire to Petri dishes containing sterile filter paver moistened

with the sopropriate solution. The Petri dishes were then

\n

d

:

placed in nlastic bags and incubated at 25°C under h
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During this period, hatchlings whi
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were removed, and the dishes were overmoured with nutrient or
ma2lt extrect agar, and incubated at 25°C for 14 days. Numbers
of contaminatins micro-organisms on treatment and control

plates were compared.
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Treatment of earthvorms with chemicsl sterilants.

Larse juvenile E. fetida from stock cultures were wached in
distilled water and immersed in different concentrations of
the chemical sterilants sodium hypochlorite, mercuric chloride,
formaelin and cetrimide. TImmersion times were 30 sec., 1, 2, 3,
5, end 10 min. Control worms were immersed in de-ionised wzter
for 10min. The worms were then rinsed in de-ionised water, and
placed singly in 10ml sterile peptone watér for 30Omins.
Dilutions up to 104 were prepared in rmutrient and malt
extract agars, and incubated at 25°C for subsequent counting.
Barthworms were kept under observation for several hours for

assessment of the long-term effects of the treatments upon

earthworm survival.



(iv) Antibiotic treatment of earthworms.

Pollowins initinl experiments to determine the toxicity of

|

several antibiotics to earthworms the following antibiotic

mixture was chosen for further investigation: cycloheximide
at 100p~.ml=1 concentration; aureomycin (chlortetracycline
é
hydrochloride) at 6}15;.1111*1; and nisin at 50}1g.m1“1.
The effectiveness of this mixture in reducing microbial

contamination of E. fetida was investigated. Pyrex 250ml conical

flasks containing de-ionised water were sterilised by auvtoclaving.

Concentrated antibiotic solutions were filter-gterilised and
added to the flasks in approovriate amounts to give 100ml of the
final antibiotic mixture.

Large adult E.fetida were removed from laboratory stocks,
washed clean in de-ionised water, and irmersed in frech sterile
de-ionised water for 24 hours to encourage voiding of the zut
contents. Earthworms were then transferred to fresh de—ionised
water and rinsed for two hours. Individual earthworms were
then transferred aseptically to the flasks containing the
antibiotic mixtures and stored in darkness at room temperature.

At the beginming of the experiment, and every 24 hours for
the next four days, three worms were removed from the flasks
and rinsed in sterile de-ionised water for 2 hours. Each worm
vas then placed in a McCartney bottle with 10ml sterile peptone
water and shaken vigorously for 1 min. The worms were left in
the bottles for 30 min., then removed aseptically. The pentone

water was then used to prepare dilution series. Dilutions uv



to 10’4 were mixed with mutrient and malt extract agars.

Plates were incubated at 25°C in Petri plates for subsequent
counting. The results of this experiment enabled a standardised
method to be developed for cleaning earthworms prior to their
use in feeding experiments.

Filter—sterilised stock antibiotic solutions were made up
and zdded aseptically to sterile de-ionised water in 250ml
conical flasks, to give 100ml of final mivture. DLarge juvenile
Fi. fetida were washed clean in de-ionised water, then immersed
in de~ionised water for 24 hours. After rinsing in fresh
de-ionised water for 2 hours, worms were blotted dry on sterile
filter paper and weighed in batches of five. Zach group of
five worms was then transferred to a2 flask containing the
antibiotic mixture. Flasks were stored in darkmess at room
temperature for 24 hoursg, then the earthworms were transferred
in batches to sterile de-ionised water for a further 2 hours

2s a final rinse.

2.5.3. TFeeding of earthworms with pure cultures of micro—orgenisms.

Initial screening experiments were performed in microcosms.
These consisted of glass tubes, 50mm in diameter and 200mm deep,
filled with 150g of a 5:1 (v/v) mixture of fine acid-washed
send and powdered «-cellulose, at a moisture content of 75%.
The tubes were sterilised by autoclaving at 121°C for 1 hour.

Antibiotically treated earthworms of knovm weight were then

added to the tubes, five earthworms per tube.
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The following micro-organisms were isolated and enumerated

fiom cow slurry and cow slurry/tissue waste mixtures:

Acinetobacter lwoffi

Acinetobacter citroalkalisenes

Alkalicgenes faecalis

Arthrobacter simplex

Arthrobacter tumescens

Bnterobacter cloacae

Flavobacterium lutescens

Micrococcus luteug

Micrococcus varians

Pseudomonas fluorescens

Pseudomonas putida

Rhodotorula sv.

Asvergillus fumigatus

Aureobasidium pullulans

Pusarium oxysporum

Gliocladium deliguescens

Gliomastix murorum var. felina -

Mucor nlumbeus

Penicillium purpurogenum

Trichoderma harziamm

Scopulariopsis 8p.

Trichoderms hamatum




Nocardiz salmonicolor

Streptomveces sp.

Pure cultures of these isolates were growm un in ghake culture
at 25°C for 48 hours in tryptone soya broth (for bacteria and

actinomycetes), or for 72 hours in melt extract broth (for fungi).

=3

he resulting biomass was harvested by centrifugation at 5,000
r.p.m. for 10 min. Pellets were re-suspended in sterile peptone
water and re-centrifuged. The supernatant was discarded, and
two further washings were performed. The pellets were finally
re-suspended in peptone water. The cell suspensions were then
divided into two halves, and one half was autoclaved at 110°C
for 20 min. to kill the organisms.

Live and heat-}killed micro-organisms were presented to the
earthworms as a food source by pipetting 5ml of the appropriate

suspension onto the surface of the substrate in each of five

tubes. Controls consisted of tubes watered with sterile peptone
water only. ZExperiments were run for 7 days at 25°C. During
this period, tubes were re-fed with the appropriate cell
suspensions every 48 hours.

At the end of the experiment, the earthworms were retrieved
from each tube, washed in de-ionised water, blotted, and
re-weighed. The interaction of E. fetida with test micro-organisms
was assessed as the mean weight change of fed Qorms compared with
that of unfed controls. TFive replicates of each experimental
treatment were performed, with nine replications of the control
treatment. The results were analysed using Dunnetts analysis

of variance.




2.5.4 Production of axenic earthworms.

Round flasks (1.1)contzining A00mi of de-ionised water
were autoclaved at 121°C for 1 hour, then allowed to
re~-oxyecenzte by standing for two days. Antibiotics were then
added tec give the following concentrations: Aureomycin 6Fg.ml*1,
Cvycloheximide 5OPgm1'1; Wisin 50pgm1-1; Novobiocin 50P5m1“1~
Large adult and juvenile E. fetida were teken from laboratory
stocks and washed in de-ionised water. The earthworms were then
nlaced in en zutoclaved sand/cellulose mixture for two days,
then washed and trensferred to frech autoclaved mixture for a
further two deys. The earthvorms were washed in sterile
de—-ionised water for 1 hour, then placed in the flasks containing
antibiotics. Five wormgs were added to each flagk, and flagks
were stored in the dark at room temperature.
Barthuorms were transferred to fresh antibiotic mixture
every day for five days, and every two to three days subsequently.
Beginning on day seven, O.1ml. 2liquots of waste antibiotic
mixturejwere pipetted into Petri dishes after each transfer,
and the dishes were overpoured with molten culture media at
45°C. Replicate plates of rutrient and melt extract agax
nlates were prepared from each flask. Three replicate plates
of mutrient and malt extract agers from each flask were incubated
at 25°C and 52°C aerobically, and a further three mutrient agar
plates were incubated.at 25°C under anaerobic conditions.
Plates which produced between 30 and 300 colonies were counted.

When counts were reduced to less then 10 C.¥.U.s per plate,




e, different plating technigue was employed. Individuzl worms

were removed from each flask and transferred aseptically to
10ml. of sterile peptone water in McCartney bottles. The
yorms remzined in this solution for 30 min. with regular shaking.
The earthworms were then aseptically transferred to fresh
entibiotic mivture. Aliguots of 0.5ml. of the pentone water
wvere tised to prevare dilution plates as described above.

When colony-free plates were produced using this method,
one worm was removed from each flask and dissected under sterilé
peptone water. The gut was removed and suspended in 10ml of
peptone water, 2nd 1ml aliguots were used to prepare 5 dilution
plates of mutrient agar. These were incubated at 25°C. Three
1ml aliquots of the peptone water were also spread onto the
surface of plates of protozoan medium (Anon,1958) seeded with

Interobscter serogenes and examined hourly for the presence of

excysted protozoa. 0.1ml drops of peptone water were also
examined microscopically vnder phase-contrast illumination.
Vhen microbial contamination of the earthworms could no longer
be detected by the above methods, the earthworms were transferred
asepticzlly into individual Pyrex boiling tubes containing
sterilised peper tissue waste. After 24 hours, the worms were
aseptically removed and placed in sterile Petri dishes to produce
faeces. The earthworms were then placed into fresh sterile
tissue waste.

1ml of peptone water was added to the faecal material
in each Petri dish,and the dishes were swirled to mix the

contents. Dishes were then filled with 15m1 of molten mutrient




arar and incubzsted at 25°C for AB hours. Any earthworms

which produced contaminated faeces were discarded. The remeining

earthworms were utilised in further feeding experiments.

2.5.5. Teeding of nure cultures of bacteriz to earthworms

in avenic culture.

Concentrated suspensions of the following live bacteria
n peptone water wvere prevared as described in section 2.5.3.

Acinetobacter lwoffi

Pseudomonss fluorescens

ml .
Threejalicuots of each suspension were added to large Pyrex

boiling tubes containing AO0g of sterilised tissue waste.

Ten replicate tubes were prevared for each treatment. Control
tubes were watered with peptone water only. The tubes were
left for 3 deys at room temperature to equilibrate.

Individual earthworms, prevared as described above, were
wveighed aseptically and transferred to the Pyrex tubes. The
tubes were incubzted at 25°C for 21 days. ‘Evéry seven days,

a further 1ml of the appropriate bacterial suspension was zdded
to the tubes. At the end of the experimental period, the worms
were removed from the tubes, rinsed in de-ionised water,
blotted, and weighed. Mean weight change of worms fed with
different bacteria was compared with control worms without

bacteria.



2.5.6. _Seedins of vermiculture beds with vure cvltures of

micro-oxrenisms.,

e

the
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n:

tial screening tests, several micro-organisims
vere chosen for testing as a food source for earthworms in an
environment similar to that found in vermiculture beds. The
following micro-organisms were tested:

Acinetobzacter lwoffi

Enterobacter cloacae

Pseudomonas fluorescens

Nocardis szlmonicolor

Strevtomvces sp.

Asperzillus fumigstus

Trichodermz hamatum

Experimental units were 50mm diameter plastic flower pots
containing shredded paper tissue waste. The tissue yaste was
wetted to 75% moisture and amtoclaved in bulk at 121°C for 1
hour on two consecutive days. 100g amounts were then added to
each erxperimental pot, and the pots were then éovered with
aluminium foil and auteclaved at 121°C for 15 min. Live
suspensions of the test micro-organisms were prepared as before
and watered onto the surface of the substrate in the pots in

bml aliquots. Control pots were watered with sterile peptone
water. An additional series of pots was also set up, containing

non-sterile tissue waste watered with sterile peptone water.

£9



The pots were then incubated at 25°C for four days to allow

micro-orgenisms to colonise the substrate.

Farthworms were cleaned using antibiotics and weighed in
groups of three. One group of worms was added aseptically
to each pot, with five replicates of each treatment. Pots
were incubated at 25°C for 14 days, with re-feeding every
four days. 4t the end of this time, the earthworms were
recovered from the pots, washed and weighed. Weight change
of fed worms compared with controls vas once more used as zn
indication of the suitability of the micro-organisms as food
foe E. fetids.

In 2 further experiment, unsterilised shredded tissue
waste was added to ten 75mm diameter pots. Half of the pots

were watered with a suspension of Acinetobacter lwpnffi in

peptone water, the other half were watered with peptone water
only. Pots were covered with z2luminium foil and incubated at
25°C for three days. Earthworms from laboratory stocks were
washed in de-ionised water, blotted, and weighed in grovps of
three. One group was added to each pot. Pots were incubated
at 25°C for a further three weeks. The pots were watered
every five days with 5ml of bacterizl suspension or with
pentone water. BEach week the earthworms vere removed from the
pots and weighed. The degree of trezkdown of the substrate
was 2lso noted visually, by estimating the percentage of the

tissue waste which had been converted to wormcasts.

10



2.6, Utilization of vermicomposted moterial.

(i) Exveriment 1.

A %21 Og/v) mivture of paper tissue waste and cow slurry
was prepared and placed in three 0.5m? wooden trays to a depth
of 150mm. A further three trays were filled with the same
volume of tissue waste only. Approximately 200 E. fetida were
added to each box, and the boxes were incubated =zt 25°C and 85%
relative humidity. After 6 weeks, the material had been
comqletely vermicomposted, and the boves were tipped out and
handsorted to remove the earthworms. The treatments were
bulked and sieved through a 5mm mesh. The following casing
mixtures were prepared: vermicomposted tissue waste: vermi-
composted tissue waste/élurry mix; and commercial peat. All
treatments were nuetralised where necessary with powdered
celcivm carbonate, and pasteurised at 60°C + 5°C for 30 min.

The materials were then applied to boxes each contzining

1kg. of spawn-run mushroom compost. Numbers and weights of

fruitbodies produced were recorded for four flushes.

(ii) Fyperiment 2.

Spent mushroom commost was obtained from a commercial
grover, and leached with running water at 2 litres min.~"
for 3 hours to reduce the soluble salts content to a level

tolerable to E. fetida. After drainage the leached compost

A



was placed in three 0.5m? wooden treys and 200 E. fetida were

a2dded to each. The trays were each top-fed with 2.5 litres

of cow slurry, and the boxes were incubated at 25°C and 85%
humidity for 6 weeks. The boxes were then tipped out and the
worms separated from the vermicomposted material. The material

was bulked and sieved through z 5mm mesh. Four casing treatments

were nrepared: vermicomposted spent compost/éow slurry mixs
vermicomposted compost/bow slurry mixed 50:50 with moist peat;
leached unwormed spent compnost; and commercial peat. All
treatments were neutralised and pasteurised as in section 2.6. (i)
then applied to boxes containing 1kg of spawn-run mushroom
comnost. Four boxes were cased with each test material, and

numbers and weight of fruitbodies produced were recorded for

four flushes.

2.7. Physical nroperties and chemical anglvsis.

Samples for analysis were oven-~dried at 40°C unless otherwise

stated.

2.7.1. Drv weight as % fresh weisht.

Between 10g and 20g of fresh sample was weighed and
oven-dried to constant weight at 105°C.

Dry weight = oven dry weicht (=)x100




A mixture of 10g fresh sample and 20ml de-ionised water

was prepared and thoroughly mixed by stirring for 5 min. The
mirture was allowed to stand for 30 min. in a water bath at
20°C. The vE of the sample was then determined at this

temperature using a glass electrode and 2z Pye Unicam pH meter.

2.7.3. Flectrical conductivity.

Flectrical conductivity of a sample is a measure of its
dissolved salt content. In this study the method of Flegz
(1958) was adopted. This a2llowed DH to be determined on the
same suspension.

10g fresh samples were nived with 20ml of de-ionised water
and stirred for 5min. The sample was then placed in a water
bath at 20°C for 30 min, after which the donductivity of the
susvension was measured using a portable éonductivity measuring
bridge type MC3 (®lectronic Instruments Ltd.). The result was
corrected for dilution and dry weight of the sample, and
conductivity expressed as mmhos em=1. The mean of three

replicate measvrements per sample was determined.




2.7.4. Gas concentration.

The concentration of volatile gases at the surface of
gtored slurry and above vermiculture beds, was measured using
a Dreeger gas detector. This consists of a bellows unit
vhich is used to suck a measured volume of zir through a
celibrated gless tube containing a suitable rezgent. Gas
concentration (ppm) was read directly from the tube.

Semples were teken at the same time each day, before any
disturbance of the material. The gas sampling tube was held
within 20mm of the surface of the material. The mean of three

replicate measurements per sample was determined.

2.7.5. Soluble Carbohydrates.

The colorimetric method of Allen et al (1974) was employed.
The 50mg semples were extracted by boiling under reflux before
estimation. The extracts and water blanks given the same
treatment, were then immediately used in the colour development
procedure, using anthrone-thiourea mixture.

A series of standard glucose solutions, containing between
0 and O.1gm of glucose.ml’1, , wag also developed. Colour
intensity was read at 625nm on a Unicam colorimeter and a
calibration graph prepared from the standards. The amount of
carbohydrate in the sample aliquot was read directly from the
graph. Where necessary, blank determinations were subiracted

hefore calculetion.




If Cm~r = glucose obtained from the graph, then

Soluble carbohydrates (%)= C(ms)x extract volume (ml)

i0x aliguot (ml)x sample wt. (g)

2.7.6. Armmonium and nitrate plusc nitrite nitrogen.

The distillation method of Allen et al (1974) was used.
Presh samples were pre-extracted in 6% sodium chloride before
determination. 150ml of extract were pipetted into a2 round-
bottomed mecro-Kjeldshl flask. In the first stage of distillation,
0.2g of magnesivm oxide were added to the distillation flask,
end 50ml were distilled over and collected in 10ml of saturated
boric acid solution. The flask was then removed, 0.4r Devarda's
21lov (amproximately A5% aluminium; 50% copper; snd 5% zinc)

was added to the extract, and the flask was quickly replaced.

A further 50ml of distillate was collected in 10ml of saturated
boric acid solution. The collected distillates were titrated
azaingt M/14O HC1 using Tashiro's indicator (methyl red 2.0

~ 1-1, nethylene blue 1.0z 1-1: in absolute alcohol).

Ammonium nitrogen was determined from the first collected
distillate and nitrate plus nitrite nitrogén from the second
distillate.

Extractzble

NHA — N(me.100g~1) Y = titre (ml) x extractant volume (ml) x 10

alicuot (ml) x sample wt. (g)
Evtractable HOB— N +

Yo, ~ W (mz.100g7")




Rerults were erpreossed as the meen of three replicate

determinations, on 2 dry weight besis.

Total organic nitrogen was cstimated bv the semi-micro
¥jeldahl digzestion procedure, followed by steem distillation
es described by Mlen (1974), using 0.10s of sample. Reagent
blanks were also prepared. Digested samples were stored at
1°C 2nd distilled within 24 hours. Distillate wes collected
in 10m) of saturated boric acid solution and titrated against

| using Tashiro's indicator (methyl red 2.Og.1‘1;

=
™~
~3
Y
]
i
3

methylene blue 1.Og.1‘1; in absolnte alcohol).

Digestion blanks were subtracted from the sample titrations,
and results were expressed as the mean of three replicate
determinations.

If Tml M/140 HC1 are required for the titration then:

Orzenic W(%)= T(ml) x solution volume (ml)

102 x aliquot {ml) x semple wt (g)

2.7.8. Orgenic carbon.

Orgenic carbon was determined according to the wet
oxidation/titration method of Tinsley (1950). The indicator
solution:was 5¢ BaCl,. 2H50 and 0.3g barium diphenylamine-
sulphonate dissolved in 100ml de-ionised water. Finely ground

0.05¢ sammles were used. After reflux, Sml of indicator

3
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solution were added, and the suspension was titrated with

ferrous ammonium sulphate, to determine the amount of unused
dichromate present. A further 2.5ml1 of dichromate mixture weve
added when the first colour change occurred, and the titration
was completed dropwise. If Tml = ferrous ammonium sulphate
uged in the titration, then

Organic carbon (%) = (27.5 = T) ml x 0.12

sample wt (g)

2.7.9. Carbon/hitrogen ratio.

The C:N ratio was calculated using the values obtained
for organic carbon in 2.7.8. and organic nitrogen in 2.7.7.

C:N ratio = g. organic carbon/100g dry sample

g. orgenic nitrogen/100g dry sample

2.7.10. Organic matter content.

Organic matter was expressed as percentage loss on ignition.
Porcelain crucibles were pre-heated to 500°C in a muffle
furnace for 15 min. The crucibles were then cooled in 2
desiccator and weighed. 1g of ground samnle was added to each
crucible, and semmles were placed in a cool muffle furnace and
heated to 450°C for 4 hours. Samples were then removed and
cooled sufficiently to allow transfer tc 2 desiccator. Vhen

completely cooled sammles were weiched.

17



[

sarmle wt (g)

Orpenic HMetter (%) = 100~ fing)

nitial samnle vt (g)

e

2.7.11. Hnlo-cellnlose,

The sodium chlorite delignification procedure of Wise et 21

17 finely-ground semples were used. After 4 hours extraction
the flask was renoved =2nd cooled immediately in iced vater.
Contents weme filtered through a weighed No. 2 Pyrex sintered

crucible, and washed with ice cold water, acetone znd ether.

The sinter funnel was dried in an oven at 105°C for 30 min, then

Semnles were corracted for ash and crude protein content

(N = 6.25) of the holo-cellulose before calculation.

Q

Holo-cellulose (¢ = Corrected holn—cellulose () = 102

Samnle wt (g)

2.7.12. Alpha—-cellulose.

The procedure of Allen (1974) was used for determination
of alvha-cellvlose, using holo-cellulose sazmples obizained in
section 2. 7. 11. z2bove.

0.1g holo-cellvlose samples were used. After VOH digestion
for 2 hours, the residue was filtered end washed through a

veighed no. 2 glass sintered crucible. The crucible plus

sammle was then dried at 105°C for 30 minutes, cooled

18
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in a desiccator, and the weicht of alpha-cellulose determined.

Corrections for ash and crude

o]

rotein content were subtracted

§

before calculation.

2-7.13. _Tlif’r;lino

The acid hydrolysis method of Allen (1974) was followed.
A 1g sample was pre-extracted in glass-fibre paper in a Soxhlet
apparatus for 6 hours, then dried and veighed. About 0.80g
from the extracted sample was accurately weighed into a tall
6C0ml Pyrex beaker. Samples were extracted in sulvhuric acid,
then filtered and washed through a weighed no. 2 zintered glass
crucible and contents were then dried at 105°C fqr 3 hours,
cooled and weighed. Ash and vrotein content were determined
on sub-sermples, and subtracted before calculation of lignin
content.
Lignin % =

corrected lignin (g) x total ether extracted sample (g) x 102

wt takin for water extraction (g) x sample wt (g).

2.8. Satigtical analvsis.

2.8.1. _Analvsis of variance.

This procedure was used to test the data obtained from
experiments with more than two treatments. It showed whether

any significant difference existed among treatment means.

12




Variance ratio (T) was calculated as follows:

F = between treatments mean square

erYor mean square

2.8.2. Least sismificant difference (1.S.D.).

there ANOVAR indicated the existence of a significant
difference, estimation of L.S.D. was used to locate which of
the means caused the difference. L.S.D. is the smallest
difference which can exist between two significantly different

means.

1.S.D. f/% X BMS X Fppq po

n= no. of replicates HMS = Error mean square

T

ni no = F value at P = 0.05, where n1 and n2 = error 4.f.

2.8.3.  Dumnett's test (Dumnett, 1955).

Data from feeding of vure cultures of micro-orgonisms
to earthworms wes subjected to Dunmett's analysis of varisznce.
This test allowed several treatments to be compared in turn
with a control treatment, so that significantly different
treatments could be identified. A standard analysis of
vVariance was performed on the data, and t-values obtained from

Dunnett's tables were used to calculate I..S.D. between means.
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The t-Test was employed in the comparison of two treatments.

t is a measure of the difference between the sample means.

Zxy/n; - Bx,/n,

Zx42 =~ [(2::1)2/:11] + Expl- [(23:2)2/n2] nq + 0y

nq{ + np = 2

with N4y + 05 = 2 degrees of freedon.

where: X4

x>

4

o2

sample 1.
sample 2.
no. of scores in sample 1.

no. of scores in sample 2.

n1 n2






%.1. Chemical and Microbiological changes in cow slurry

during storage.

3.1.1. Physical and chemical composition of cow slurry

gtored under forced aeration and in shallow trays.

The results of the analysis of stored cow slurry are
shown in Figs. 3.1 to 3.5.

The moisture content of slurry stored in a tank
under forced aeration remained relatively stable during the
sampling period. When the slurry was transferred to shallow
trays after 24 days, some loss of moisture occurred, though
insufficient data were available for statistical analysis.
The slurry tended to form a surface crust in the trays which
was broken up during mixing at each sampling time.

The pH of the aerated slurry fell slightly over 24
days. A small increase in pH occurred when the slurry was
Placed in shallow trays, after which the PH remained stable
for the remainder of the experiment.

Electrical conductivity of the slurry under forced
aeration was initially stable. A significant (t<0.05)
decrease occurred between days 9 and 14 of the experiment,
followed by a further significant fall between days 22 and
24. When the slurry was placed in shallow trays, conductivity
continued to decline, stabilising after four days of tray
Storage. Overall a significant decrease (t<0.91) in

conductivity occurred during the experiment.
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The organic matter content of the stored slurry showed

no significant change during the experimental period. The
variability of the results obtained reflects the imprecision
of the method of determination employed in this study.

A large significant (t<0.01) fall in ammonia
volatilisation from the slurry occurred during the first 24
hours of aerated storage, followed by gradual stabilisation
at a steady rate of ammonia loss. A further fall (t<0.05)
in ammonia volatisation occurred when a sample of slurry was
transferred to tray storage, and ammonia was not detectable
at the surface of the slurry after 18 days of tray storage.

The organic nitrogen content of the stored slurry
showed a small decrease during aerated storage, but this
was not significant (t>0.05). The level of organic nitrogen
in slurry placed in shallow trays remaired relatively constant
throughout the sampling period.

A significant (£<0.05) fall in the organic carbon
content of the cow slurry occurred during the first day of
forced aeration. No significant change in organic carbon
occurred during the next 23 days of storage. In tray-stored
slurry, a further significant fall in organic carbon content
between days 4-9 of storage was followed by further
stabilisation to the end of the experiment. The carbon:nitrogen
ratio of the slurry showed a small overall decrease over the
whole experiment, the largest fall occurring during storage

in sghallow trays.
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The soluble carbohydrate content of the cow slurry
was low, and showed no significant change during forced
aeration and tray storage.

The results of the determinations of the polysaccharide
content of the stored slurry showed considerable variation.
In the aerated slurry, the overall trend was for a small
increage in the proportion of holocellulose but this was not
significant. The proportion of x-cellulose in the total
polysaccharide fraction remained relatively constant over
the 24-day aerated storage period, suggesting that no
preferential breakdown of x- or hemi-cellulose took place.
When the slurry was transferred to shallow trays, the results
showed an initial fall in the proportion of x-cellulose,
though this was not significant, followed by a significant
(t'<0.05) decrease in the proportion of holocellulose
present, suggesting decomposition of hemicellulose under
this storage method. Overall, however, little cellulose
decomposition occurred during the experimental period.

Lignin determinations were also variable, though no
significant change in the proportion of lignin present

occurred over the timescale of this experiment.

It can be seen from these results that the major
chemical changes in slurry stored under forced aesrgtion were
the initial rapid loss of nitrogen as ammonia from the
slurry, and the initial large decrease in the organic carbon

content, which suggests an initial high level of microbial
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respiration which is subsequently greatly reduced. The pH
of the aerated slurry decreased during aerated storage,
vhile the electrical conductivity of the material also
declined during the experiments. No significant change
occurred in the other parameters measured .

When slurry was transferred to shallow trays, ammonia
volatisation decreased further, eventually falling to zero.
The organic carbon content also decreased during storage,
but the largest fall occurred after some days, suggesting
a lag period before micro-organisms were able to exploit
the new conditions created by the storage method. The
moisture content of the slurry in shallow trays decreased
during the sampling period as expected. Electrical conductivity
also declined initially, while pH increased slightly.
Evidence of hemicellulose decomposition was also observed
during tray storage of slurry.

Neither method c¢f slurry storage produced significant
decomposition of the waste, the pattern in both cases being
one of initial loss of nitrogen (as ammonia) and organic
carbon, followed by stabilisation of the material, though
the tray storage method allowed some decomposition of hemi-

cellulose during the experiment.




3.1.2. Microbiological changes in cow slurry stored under

forced aeration and in shallow trays.

Fig. 3.6. shows the total numbers of the most abundant
micro-organisms in cow slurry during storage. During forced
aeration, total counts obtained by the agar film and dilution
plate techmiques were recorded, and in addition, the mumbers
of bacterial rods and cocci present were estimated from
agar films. Over the first 24 hours of aerated storage,
mumbers of bacteria estimated from dilution plates showed a
ten~fold increase, indicating rapid multiplication of organisms
under favourable envirommer:tal conditions. Thereafter
mumbers declined slowly wniil day 22, when a temporary fall
in numbers was recorded.

Total numbers of bacteria estimated by the agar film
technique were consistently higher than counts from dilution
plates. The initial increase in numbers shown by this
method was much smaller than that estimated from dilution
plates. Numbers slowly declined following this initial
increase, stabilising after dsy 13. Rods and cocci were
present in similar numbers throughout theAexperiment. The
latter were more nmumerous until days 15-19 when rods became
nuﬁerically dominant, this situation contimiing until the
end of the sampling period.

The total mmbers of aerobic bacteria in cow slurxry

stored in shallow trays were estimated by the dilution plate
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technigque. Numbers declined between the second and ninth
days of tray storage, then increased to the end of the
sampling period.

Fig. 3.7. and appendix 1.1., show the changes in the
abundance of the commonest micro-organisms isolated from
slurry stored under forced aeration. Of the species isolated
from fresh slurry, most increased in numbers over the first
few days of aeration. However, two species were isolated

on only one sampling dates; Flavobacterium lutescers on day

0, and Arthrobacter tumescens on day 1. Another Arthrobacter

species, A. simplex, and a grey Streptomyces sp. were initially

nmumerous, but numbers of these fell rapidly after day 7.

After 7 days of storage, Acinetobacter lwoffi was the most

abundant species present until day 24, with a Rhodotorula

sp. and Micrococcus luteug present in relatively low numbers

for most of this period. Alkaligenes faecalis was isolated in

large numbers from day 22 to the end of the sampling period,

and Pgeudomonas putida was the most abundant species in the

slurry at the end of the experiment.

Pig. 3.8. and appendix 1.3. show the changes in the
relative abundance of bacteria when slurry was transferred
to shallow trays following 24 days of aerated storage.

The initial microflora was similar to that of the source

slurry in the aeration tank. DPs. putida and Alk. faecalis

were initially most mumerous, with Ac. lwoffi present in
lower nmumbers. This pattern contimied throughout the sampling

period, though numbers of the two most abundant species fell

2
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at day 9 and recovered by day 12, with Ac. lwoffi showing
the opposite trend. This suggests a temporary change in
envirormental conditions at this time which favoured Ac.
lwoffi at the expense of the other species. After 12 days

of tray storage, Micrococcus varians and Enterobacter cloacae

appeared, and were isolated in low mumbers for the remainder
of .the gampling period.

The overall trend represented by these results is one
of an initially diverse microflora which was soon dominated
by one species. This was in turn replaced by other micro-
organisms after approximately 3 weeks of aerated storage.
These species then remained mmerically dominant during

the period of tray storage.

Fig. 3.9. shows the total numbers of fungi in stored
slurry, estimated from dilution plates. In aerated slurry,
numbers declined slowly for the first 8 days of storage,
then more rapidly up to day 13. This was followed by an
increase in mumbers to the end of the sampling period. When
the slurry was transferred to shallow trays, a slow increase
in numbers of fungi occurred over the first 9 days followed
by a more rapid increase to the end of the experiment.

Fig. 3.70. and appendix 1.2. show the changes in the
relative abundance of fungi in slurry under forced aeration.
In the early stages of the experiment, the most frequent

s
fungi were Aureobasidium pullulans, Cladoporium herbarum, and

two Penicillium species. However, the Penicillia were not
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isolated after day 5 of the experiment. C. herbarum was not

found in high numbers after day 8, and A. pullulans was

reduced in rumbers by day 5, but persisted at a low level
until days 19-22 when mumbers of this species increased
once more. At the end of the sampling period, the most
numerous fUDga; species present were isolated for the first
time, the initial microflora having been totally replaced.
Fig. 3.11. and appendix 1.4. show the sucession of the
most abundant fungal species in cow slurry in shallow trays.

Two of the initial most numerous species, Scopulariopsis

carbonaria and Penicillium paxilli were isolated from

the source slurry under aerated storage. In addition, an
unidentified floccose, hyaline, non-sporulating species was
isolated at this time. The Penicillium species declined in

rmumbers after 2 days, while S. carbonaria was not isolated

on day 2, but re-appeared in relatively high mumbers between
days 9-12. The unidentified hyaline species was not
re-isolated until day 12 when it re—appeared in high rmmbers.
Another species which was present in the early stages of the
experiment and re—appeared in large mumbers later was

Trichoderma hamatum. This species, Aspergillus fumigatus

and Penicillium species II were the most abundant fungi

at the end of the experiment. Trichoderma harzianmum and a

Trichosporonoides sp. were each isolated on only one sampling

date.




The pattern of fungal succession during the aerated

storage of cow slurry was of the initial isolation of several
gpecies which may have been present as spores which passed
through the gut of the cows, and which quickly déclined in
rmumbers. This was followed by the persistence of one species
at a relatively low level for some time with sporadic
appearance of ‘heavily sporing épeciés vhich are common members
of the airspora.

When the slurry was transferred to shallow trays, the
sporadic appearence of members of the airspora contimmed,
and mumbers of isolated species tended to increase during the
experiment, suggesting that conditions in the tray-stored

slurry were becoming more favourable for fungal growth.

3.2. Growth and reproduction of Eisenia fetida in

vermicomposting gystems.

3.2.1.  Reduction of cow slurry toxicity.

The results of this investigation are summarised in
tables 2.1., 2.2. and 2.3.. Slurry stored under forced
aeration remained highly toxic for three weeks. Tray-stored
slurry showed a small decrease in foxicity after three
weeks, but even after this period only one earthworm out of
five survived 24-hour contact with the material. Crude
separation of the slurry into solid and liquid fractions

had no immediate effect upon toxicity, though the solid

01
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Table: 2.1. Survival of earthworms in cow slurry

during forced aeration, tray drying, and separation and ageing.

Slurry No.earthworms surviving in slurry
Treatment following storage for:

Odays 7 days 14 days 21 days
Forced aeration 0 0 0 0
Tray--drying 0 0 0 1

Separation and ageing
(i) Solid fraction 0 0 0 1

(ii)Liquid fraction 0 0 0 0

Tnitial n = 5 for all treatments.

Tgble 2.2. Survival of earthworms in cow slurry

following dilution and aerated gtorage.

Dilution (v/v) No.earthworms surviving in slurry
following storage for:
0 days T days 14 days 21 days

Undiluted 0 0 0 0
121 0 0 0 0
1:5 0 0 0 0
1:10 1 1 1 3
1320 5 5 > 5

Initial n = 5 for all treatments.
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Table 2.3. ©Survival of earthworms in cow slurry

mixed with soil or aged cow mamure.

Mixture (w/v) No.earthworms surviving in mixtures
following storage for:
Odays 7 days 14 days 21 days

Soil/slurry 1:1 0 0 0 1
Soil/slurry 2:1 0 0 3 3
Soil/slurry 3:1 0 1 5 5
Mamure/slurry 1:1 0 0 3 5
Marmure/slurry 2:1 5 5 5 5
Mammire/slurry 3:1 5 5 5 5

Initial n = 5 for all treatments.

fraction was slightly less toxic following three weeks of
ageing, suggesting that the toxic factors were concentrated
in the liquid fraction.

Dilution of slurry with water was effective in reducing
toxicity at a 1:10 dilution, and the slurry was gpparently
de-toxified at a 1:20 dilution. This effect was immediate,
and the toxicity of the 1:10 dilution was further reduced
after 14 days of storage.

Thege results suggest that the toxic fractions present
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in cow slurry persisted in the material over several weeks

of storage, and were present in concentrations which required
considerable dilution to reduce their adverse effect upon

B, fetida.

The mixing of cow slurry with solid materials (Table 2.3.)
was more effective in reducing the toxicity of slurry. In
the case of soil/slurry mixtures, a reduction in toxicity was
observed, especially in the 3:1 soil/élurry mix, which was
completely de-toxified after 14 days. VWhen the slurry was
mixed with aged, dried cow mamure, de-toxification occurred
more rapidly. The 2:1 and 3:1imanure/élurry mixtures were
de-toxified immediately, while;the 1:1 mixture became totally
de—toxified after 21 days. The immediate de-toxification of
the slurry when mixed with larger volumes of dry cow mamire
suggests that the effect may have been due to absofﬁion

and adsorption of the toxic slurry fraction by the dry solid.

3.2.2. Mixtures of cow slurry with different bedding

materials.
Slurry was not quickly de-toxified by mixing with soil or P.M.B.

(1) Weight change of E, fetida.

The weight change of E. fetida in different peat/slurry-
mixtures is shown in Fig. 3.12. and appendix 2.7.. Peat
alone provided little or no mutrients to E. fetida. Worms
in this substrate lost weight rapidly for 14 days, then

maintained weight at a low level, presumably as they reached
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Fig. 3.12. % Weight change of B, fetida with time in different

'oea:t/ cow slurry mixtures.
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starvation point. In the 2:1 (w/w) peat/slurry mixture,
a significant initial worm weight gain occurred, but between
7 and 14 days weight loss occurred at the same rate as the
control worms, and by day 21, earthworm weights in this
treatment were not significantly different from controls.
This suggests that the slurry fraction was quickly consumed,
and the worms were. then unable to obtain further mmtrients
from the substrate. The 1:1 peat/slurry mixture supported
significantly greeter earthworm weight gain than the control
with maintenance of weight for a short time, but this was
followed by rapid weight loss between days!14—21, to a

|
level which was not significantly differen? from the control.

The rate of ingestion of cow slurry in the 1:1 peat:
slurry mixture was calculated as 17.6g slurry g’1 earthworm
dey~1 (fresh weight). However, the conversion of slurry to
worm biomass was low, at O.3%.

The use of paper tissue waste in mixtures with slurry
is shown in Fig. 3.13. and appendix 2.2.. In controls
containing tissue waste only, initial earthworm weight loss
was comparable fo that in peat, but this weight loss
subsequently slowed, and a small weight increase was recorded
during the later part of the experiment. The addition of
slurry in different proportions produced large significant
worm weight increases. The proportion of slurry in the
mixture did not appear to affect the growth rate of the worms.
When feeding on tissue waste:slurry mixtures, the ingestion

rate of E. fetida was much lower than on peat mixtures, with
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Fig. 3.13. % Weight change of E, fetida with time i3

different tissue waste/cow slurry mixtures.
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Table: 2.4. Reproduction of E. fetida in cow slurry mixed

with two bedding materials. Mean number of cocoons after 35 days.

(n = 3).

Treatment

Peat control
2:1 peat/slurry

1:1 peat/slurry

Tissue waste control

2:1 T.W./slurry

1:1 T.W./slurry

mean No cocoons
per worm (n=3)

0.4

0.7

4.2%

6.1%

S.B. = Standard error of the mean.

S-E.

*t0.12

*0.17

¥0.28

*0.37

* = Treatment significantly different from control: P <0.05

a maximum value of 4.8g slurry g’1 earthworm day"1. Conversion

of slurry to earthworm biomass was, however, considerably

higher at O.7%.

(ii). Cocoon production.

Table 2.4. shows the mumbers of cocoons produced by E. fetida

after 35 days in peat:slurry and tissue waste:slurry mixtures.
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Cocoons were first observed in peat/slurry mixtures after

two weeks, and in the tissue wate/slurry mixtures after

four weeks. In both cases this marked the onset of earthworm
weight loss in the treatments producing cocoons. In the

case of peat/slurry mixtures, few cocoons were produced
overall, and only the 1:1 peat/slurry mixture produced
significantly more cocoons than the control. More cocoons
were produced in the tissue waste/sluxxy mixtures, indicating
the greater mutritional value of this substrate to E. fetida.
Both 2:1 and 1:1 tissue waste/slurry mixtures produced
significantly more cocoons than controls, with the largest

mumbers produced in the 1:1 mixture.

3,2.%3. Surface addition of cow slurry to bedding materials

containing earthworms.

(i) Weight change of E. fetida.

The weight change of E. fetida in soil with surface
addition of cow élurry is shown in Pig. 3.14. and appendix
2.3.. Control earthworms in soil only lost weight in a
similar manner to worms in peat: a gradual weight loss for
some weeks, followed by maintenance of a much reduced weight.
In soil with regular applications of cow slurry, a small
earthworm weight increase for 14 days was followed by a
significant weight increase for the remainder of the

experiment. Initially, slurry was consumed slowly, but
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Fig. 3.14. 9% Weight change of B, fetida in soil too-fed

with cow slurry (10% w/v).
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pots required weekly additions of cow slurry from day 14

onwards. Overall, the rate of consumption of slurry by

E. fetida in this system was lower than in the peat:slurry

mixtures, at 4.1g slurry g”1 earthworm day”1. However, a
similar conversion efficiency of 0.4% was calculated.

Weight change of E. fetida in tissue waste with added

cow slurry is shown in Fig. 3.15. and appendix 2.4.. Earthworms

in tissue waste alone showed little weight change for 14 days
followed by a small weight increase to the end of the
experiment. Pots with 10% cow slurry additions produced
significantly higher worm weight gains than controls between

days 7 and 28. Evidence of feeding by earthworms on the

slurry was observed 2-3 days following application. Earthworms

began to lose weight after 21 days, and this weight loss was
not reversed by further additions of cow slurry. This
treatment produced the greatest assimilation efficiency of
the systems tested, at 1.%%, and 4.3g slurry g1 worm dzy~1
were consumed during the experiment.

Barthworms in pots with 20% slurry additions showed
mach lower weight gains than those fed at the 10% level.
Feeding by earthworms on the applied slurry was observed
after 5 days. Slurry was consumed slowly and incompletely:
slurry remaining on day 28 had formed a dry crust on the
gsurface of the pots. Addition-of fresh slurry at this time

did not prevent subsequent earthworm weight loss.




Fig. 3.15.

% Weight change of E. fetida in tissue waste

top-fed with cov slurry (10 and 20% w/v).
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Table 2.5. Reproduction of E. fetida in worm beds

top-fed with cow slurry. Mean number of cocoons after 35 daya.
(n = 5).

Treatment Mean no. cocoons
per worm (m=5) S.E.
Soil control 0 -
Soil+10% (w/w) 0.8 *o0.22
cow slurry
Tigsue waste control 1.8 t0.16
. *
Tigssue waste + 6.3 t0.44
10% (w/w) slurry
*
Tissue waste + 4.3 t0.48

20% (w/w) slurry

S.E. = standard error of the mean.

% = Treatment significantly different from control: P <0.05

(ii) Cocoon production.

After 5 weeks of incubation, the mmber of cocoons
in each pot was counted, and the mean number of cocoons
produced per worm during the experiment was caiculated.
Cocoon production during the experiment was higher in tissue
waste pots with added slurxy than in soil pots with added slurry.
Cocoon production in the pots is shown in Table 2.5. Cocoons

were first observed in the soil pots with slurry added after
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four weeks. No cocoons were produced in control pots during
the experiment. Cocoons were first observed in all pots
containing tissue waste after four weeks. The earthworms
fed with added cow slurry produced significantly more cocoons
than the control earthworms. Pots with slurry added at the
10% level p.roduged more cocoons than those with slurry added
at the 205% level.

The results of earthworm growth rate and reproduction
from the mixing and top-feeding systems (sections 3.2.2.
and 3.2.3.) allowed comparisons to be made between the two
vermicomposting systems. Cow slurry was quickly de-toxified
when mixed with certain solid msterials, or when added to
the surface of earthworm beds in thin layers, and formed a
suitable food source for the growth and reproduction of

E., fetida. Pea.t/slurry mixtures were vermicomposted more

quickly than tissue waste/slurry mixtures, though the earthworms

gained weight more quickly and produced more cocoons in the
latter substrate. When slurry was applied to the surface

of earthworm beds, equivalent amounts of slurry vere vermi-
composted T=r unid of time in both soil and tissue waste beds,
though earthworm growth and cocoon production were again

higher in tissue waste.




3,3, Chemical and microbiological changes in cow slurry

during vermicomposting.

3.3.1. Chemical and microbiological changes in a 2:1 (w/w)

tissue waste/covw slurry mixture with time.

(i} Chemical Changes.

Fig. 3.16. shows the changes in the moisture content
of a 2:1 (w/w) tissue waste:cow slurry mixture with time,
in the presence and absence of E. fetida. In both cases,
an increase in moisture content occurred over 6 weeks, but
this increase was greater in the presence of earthworms.

The organic matter content of the substrate in the
presence of earthworms is shown in Fig. 3.17.. The rate
of organic matter decomposition was greatest at the begimming
of the experiment, but had slowed considerably after 6 weeks.

Fig. 3.18. shows that the ammonium-nitrogen content of
the mixture with time was almost identical in the presence
and absence of earthworms. Most of the initial ammonium-
nitrogen was lost by day 14. This corresponds with the
period of maximum armonia vola‘b:‘;.:sation from stored slurry
(Fig. 3.3.) and it is therefore possible that a significant
proportion of the slurry ammonium-nitrogen is normally lost
from the mixture in the form of ammonia gas. However, Fig.
3.19. shows the changes in nitrate plus nitrite nitrogen

content of the mixture. This rose from an initial low level




Fig. 3.16. Changes in moisture content of a 2:1 (w/w) tissue
waste/cow slurry mixture.
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Fig, 3.19. litrate + Nitrite-nitrogen content of a 2:1 (w/w)
tissue waste/cow slurry mixture.
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in both treatments at the same time as ammonium nitrogen
was being lost from the mixture, gesting that some of

the ammonium nitrogen is converted to nitrate. In the
treatment containing earthworms, a large increase in nitrate
nitrogen content was observed in the first 14 days, and

this level was subsequently maintained to the gnd of the
experiment. In the control mixture, a much smaller initial
increase in nitrate levels occurred, and the concentration
achieved by day 14 rapidly dropped to a level below that

at the beginning of the experiment.

Fig. 3.20. shows the changes in organic nitrogen
content of the mixture with time. This declined at a steady
rate in the presence of earthworms, while a very small
overall decrease occurred in the control mixture.

The organic carbon content of the mixture containing
earthworms (Fig. 3.21.) declined rapidly at the beginning
of the experiment, but after day 21 no further loss of
organic carbon was recorded. The mixture without earthworms
had a higher organic carbon content after 42 days than
that containing worms. The carbon:nitrogen ratio of the
mixture containing earthworms (Fig. 3.22.) initially decreased
rapidly as organic carbon was lost from the substrate. The
ratio then stabilised, and finally rose slightly, due to
the contimued loss of organic nitrogen. The control mixture
has a slighty lower C:N ratio than the mixture containing
earthworms after 6 weeks.

Fig. 3.23%. shows that the holo-cellulose content of




without worms




Fig, 3,22, Carbon: nitrogen ratio of a 2:1 (w/w) tissue waste/
covw slurry mixbure with time.
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Fig. 3.24. ox—cellulose content of a 2:1 (w/w) tissue waste/

cow slurry mixbture with time.
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the mixture containing earthworms showed no significant
change over 6 weeks. However, in the mixture without worms,
evidence of cellulose decomposition was observed.  This
trend was also observed in the levels of x-cellulose
(Fig. 3.24.), which were lower in the control mixture
than in the presence of worms after 6 weeks.

Fig. 3.25. shows that the proportion of lignin increased
glightly with time in the mixture containing worms, but
ghowed z much greater increase after 6 weeks in the control

mixture.

(ii) Microbiological Changes.

Fig. 3.26. shows the changes in the total mumbers
of the most abundant micro-organisms in a 231 (w/w) tissue
waste:cow slurry mixture with time, in the presence and
absence of E. fetida. Total mmbers in the two treatments
were similar for 6 weeks, and followed the same trend of
a slow decline. Between weeks 6 and 7 however, the rumber
of bacteria in the mixture containing earthworms fell
sharply compared with the control mixture.

Figs. 3.27. and 3.28. and appendices 3.1. and 3.2.
show the relative abundance of the most numerous bacteria
igsolated from the mixtures. The pattern of succession

was very similar in both treatments. Numbers of Acinetobacter

1woffi and Micrococcug luteus were initially high, but fell

gradually. Numbers of these igolates in the control mixture
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were slightly higher throughout than in the mixture containing

earthworms. Pseudomonas fluorescens was isolated in large

mmbers from both treatments from day 14 onwards, and
mumbers of this species rose to a maximum after 5 weeks and
gubsequently declined. Again, mumbers of this species

were slightly higher in the control mixture than in the

mixture with earthworms. A Streptomyces species was found

in both treatments in relatively low rumbers at the beginning
and end of the experiment.

In the control mixture, Alkaligenes faecalis was

igolated after 6 weeks, and had increased in mmbers by the

end of the experiment. The same species, and Flavobacterium

lutescens, were isolated in slightly lower numbers from the
mixture containing worms at the end of the experiment.

Fig. 3.29. shows the total mmbers of fungi isolated
from the tissue waste/cow slurry mixture with time. As in
the case of the bacteria, numbers were similar in tubs with
and without earthworme for the first 6 weeks of the experiment
The total rumbers of propagules showed a small increase
over the first four weeks, followed by a decline in numbers.
Tn the control tubs, this trend was reversed over the last
week of the experiment, while mmbers in the tubs containing
earthworms contimued to decline at the same rate.

Changes in the relative abundance of the most mumerous
fungal species with time are shown in Figs. 3.30. and 3.3%1.
and appendices 3.3. and 3.4. Again the pattern of change in

relative numbers was very similar between the two treaiments.
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The same fungal species were most numerous throughout the

experiment in both treatments. Trichoderma hamatum was

isolated in significant rmumbers from the mixture without
earthworms between weeks 5 and 6. The same species was
isolated only once in large numbers from the mixture
containing earthworms at day 28. Numbers of all species

in the mixture containing worms fell at the end of the
experiment, but no other significant differences in rumbers

of the species isolated were observed.

3.%,2, Surface addition of cow slurry to paper tissue

waste containing Eisenia fetida.

(i) Physical and chemical changes.

Figs. 3.32. to 3.35. show the physical and chemical
changes which occurred at the surface of earthworm beds
containing tissue waste following the application of cow
slurry to experimental beds.

The surface pd of beds with slurry applied (Fig. 3.32.)
was higher than that of controls throughdut the experiment,
end did not change significantly during thisg time.

The initial high electrical conductivity at the surface
of beds with applied slurry quickly declined, becoming
equal to that in control beds by day 5 (Fig. 3.33.).
Ammonisa volatisation at the surface of experimental pots

was constant for 2 days, then declined over the remainder

L




Tiz, 3.32. 7pDE at the surface of earthworm beds containing

tissue vaste.
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Fig. 3.33. Electrical conductivity at surface of earthworm

beds containing tissue waste.
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of the experiment (Fig. 3.34.). No ammonia volatisation
was detected at the surface of control beds without applied
glurry. ‘ ?Q

The ammonium nitrogen content of slurry at the surface , %
of the experimental beds (Fig. 3.35,) declined slowly v
throughout the experiment. Ammonium nitrogen concentration

at the surface of control beds was not determined.

(ii) Microbiological changes.

Figs. 3.36. and 3.37. show the total mumbers of aerobic
bacteria and fungi at the surface and at 50mm depth in
tissue waste earthworm beds with and without surface
applications of cow slurry.

As expected, the surface of beds with applied cow
glurry had higher bacterial populations than control beds.
Samples taken at 50mm depth in beds with applied slurry
contained similar mumbers of bacteria to samples from the

control beds, suggesting that little or no mixing of the

gurface slurry with the substrate at this depth took place
during this experiment. Numbers at each sampling point showed

no significant change over 7 days.

Mumbers of fungi in all samples initially declined.

Tumbers at the surface of control beds became stable after
2 days, while mumbers at the surface of beds with applied
glurry declined over 5 days, then increased slightly to the

end of the experiment. At 50mm depth in the beds with
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Tig., %.36. Total mmbers of aerobic bacteria in tissue waste

beds following surface application of cow slurry.
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Fig. 3.37. Total mumbers of fungi in tissue waste vermiculture

beds following surface application of cow glurry.
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applied sluxrry, rmumbers of fungi declined throughout the

gampling period.

3.4. Specific interactions between Eisenia fetida and

Micro—organisms.

5.4.1. Chemical and antibiotic treutment of earthworm

CcOCOONS.

(i) Chemical treastment.

Table 4.1. shows the effect of chemical treatment
upon the hatching and microbial contamination of cocoons.
The sterilants tested varied in their toxic effects upon
cocoons. Sodium hypochlorite produced viable cocoons after
smmersion for 60 min., as did the de—ionised water control.
Formalin solution was toxic at immersion times greater than
30 min., while the maximum immersion timeg for sodium
hypochlorite + Teepol and mercuric chloride were 15 min.
and 5 min., respectively. Cetrimide proved immediately
toxic to developing earthworms. All treatments reduced the
percentage of cocoons which subsequently hatched compared

with controls. The mmber of hatchlings per cocoon was also

reduced, but these differences were not found to be significant

when tested by analysis of wvariance (Section 2.8.1.).
At the maximum tolerable jmmersion time, the effects

of the sterilants in reducing microbial contamination of
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the cocoons differed. All treatments produced an immediate
ten-fold reduction in the mumbers of bacteria present. The
effect upon mumbers of fungi was less marked, with only
mercuric chloride causing an appreciable reduction in
numbers. Formalin and mercuric chloride treatments produced
the largest reduction in the mumbers of actinomycetes
associated with the cocoons.

On subsequent incubation of all cocvons, it was found
that many of the cocoons which did not produce viable

hatchlings became covered in heavy fungal growth. Moreover,

when hatchlings from viable cocoons were transferred to

sterile tissue waste, all died within 24 hours.

(ii) Antibiotic treatment.

Tables 4.2. and 4.3. show the effect of antibiotic

treatment on the subsequent hatching of cocoons. Large

variations between treatments were observed, both in the

percentage of cocoons which hatched, and in the mean
mumber of hatchlings produced. Numbers of hatchlings
produced after treatment were, however, not significantly

different from controls when tested using analysis of

variance (Section 2.8.1.).
When mutrient and malt agar plates were examined
following incubation of cocoons, high levels of contamination,

especially by fungi were observed in all treatments and

- the control.



Table 4.2. FEffect of sequential mixtures of antibiotics

on hatchability of cocoons of E. fetida (n = 20).

Treatment % Cocoons Mean number
hatching  Hatchlings/cocoon
(* standard error)

Control (water) 50 0.6 X0.36
Cycloheximide a
+ HNisin 33 0.3 %0.%9
Cycloheximide

+ streptomycin 25 0.5 *0.28
Cycloheximide

+ Tetracycline 54 0.7 *0.21

A1l antibiotics at 50pg ml~1 concentration.
Rumbers of hatchlings were not significantly different

from controlgs, P>0.05.

When hatchlings were transferred to sterile tissue
waste the same pattern of mortality as found after chemical
- treatment was observed, with death of hatchlings occurring

within 24 hours.




Table 4.3. Effect of combinations of antibiotics on

hatchability of cocoons of E. fetida (n = 20).

Treatment

Control (water)
C+S+ N
C+S5S+ 1T
C+T+ R

C+T+XN+ S

C = Cycloheximide; N = Nisin;

% Cocoons Mean no. hatchlings/cocoon

hatching ¥ standard error)
36 0.4*0.13
71 0.9*0.21
55 0.9%0.20
67 0.9*0.19
25 0.3%0.15

S = Streptomycin;

T = Tetracycline (all at 50pg ml™).

Numbers of hatchlings were not significantly different from

controls, P>0.05

3.,4.2. Chemical and antibiotic treatment of juvenile

earthworms from laboratory stocks.

(i) Chemical treatment.

Table 4.4. shows the maximm survival time of juvenile

B. fetida when immersed in different concentrations of

sterilants and the microbial contamination of earthworms

after treatment for these times.
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Table: 4.5. Effect of immersion in antibiotic mixture on

microbial contamination of E. fetida. (n = 3).

Immersion time Microbial contamination (C.F.U.s/worm)

(Days)
Bacteria
0o 8.9 x 104
1 9.6 x 102
2 6.8 x 102
3 3.6 x 102
4 3.2 x 102

Fungi

1.0 x 103
4.2 x 102
5.3 x 102
1.6 x 102

2.4 x 102

Actinomycetes

3.9 x 101
2.6 x 101
Not detected
Not detected

Not detected

Results are the mean of three replicate samples.

Antibiotic mixture: Aureomycin, 6Pg m1~1; Cycloheximide 1OOPgml‘1;

Novobiocin 50pg ml~1; Nisin 50pg m1-1,

of the sterilants were quickly toxic to the earthworms.

Toxicity was reduced in lower concentrations of all the

sterilants except cetrimide, which was immediately toxic down

to the lowest concentration tested, 0.075%.

The concentrations

which were tolerable by earthworms were ineffective in

reducing microbial contamination.

(ii) Antibiotic treatment.

Table 4.5. shows the levels of microbial contamination of

the earthworms during prolonged immersion in the following

antibiotic mixture: cycloheximide 100pg ml~'; aureomycin 6Pg m1~ 7,




novobiocin BOPg m1"1; nisin 50Pg ml~'. The greatest reduction

in microbial numbers occurred in the first 24 hour period.
Subsequently, mwmbers of bacteria showed a further decrease,

while numbers of actinomycetes fell below detectable levels.

No earthworm mortality occurred during the experimental

period.

Because the greatest reduction in microbial numbers
occurred in the first 24 hours of immersion, this period
was adopted as the standard treatment in the preparation
of earthworms for investigation of feeding interactions

with micro-organisms.

3.4.3. Pure cultures of micro-organisms ag a food source

for E. fetida.

A guitable substrate for use in the screening of
micro-organismg for their mutritive value to E. fetida
was chosen as described in section 2.5.1.. Table 4.6.
gshows the survival of earthworms in the substrates
under test after 14 dzys. A 5:1 (v/v) mixture of acid-
washed sand and X~celluloge powder allowed survival and
normal behavior of E. fetida, but provided minimal
mitrition to the earthworms, so this substrate was adopted
for use in further experiments.

In initial screening experiments, the feeding inter-
action of BE. fetida with test micro—organisms was assessed

by comparison of weight change of earthworms fed with
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Table: 4.6. Earthworm survival in potential substrates for

use in feeding experimentg. Initial n = 15.

Earthworm survival

Substrate after 14 days.
Sand +x-cellulose (5:1v/v) 15
Sand + Filter paper (1:1 v/v) 5
Filter paper 4
Sand : 0
"Perlite® 0

pure cultures, with weight change of unfed controls.
Significance of the results was determined using Dunnett's
test (Section 2.8.3.).

The following four sgpecies tested were found to be

toxic to Z. fetida: Flavobacterium lutescens; Pseudomonas

fluorescenss Ps. putida; and a Streptomyces species.

High mortality of the earthworms occurred within seven
days when these gpecies were fed as both live and heat-
killed cells.

The effects of feeding single species of non-lethal
bacteria and an actinomycete to E. fetida are shown in
Fig. 3.38. and appendix 4.1. Both control and experimental
earthworms lost weight during the experiment. Positive,
negative, and indifferent effects of micro-organisms on

earthworm mutrition were observed. Heat-killing of the
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Figure 3.38 (Contimued).

—h
il

Acinetobacter lwoffi (L).

Ac. Iwoffi (mE)*.

N
]

11 = Micrococcus varians (L)
12 = M. variansg (H)

13 = Arthrobacter simplex (L)
14 = A, gimplex (H)

15 = Micrococcus luteus (L)

16 = M. luteus (H)

h
17 = Artrobacter tumescens (L)
-T_——_—_—.—___

18 = A. tumescens (H)

¥ = Mean significantly different from control, P = 0.05.

L = Live cells.

[9a]
i

Heat killed cells.
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microbial cells tended to enhance both increased and
decreased weight loss of earthworms compared with controls.

The positive effects of Acinetobacter lwoffi, Ac.

citroalkaligenes ang Nocardia salmonicolor were thus

congiderably enhanced by heat-treatment. Live cells of

Enterobacter cloacae Produced a weight change identical

to that of control worms, while heat-killed cells produced
an increased positive effect. The negative effect of

Arthrobacter tumescens was enhanced by heat-killing.

Fig. 3.39. and appendix 4.2. show the results of feeding
experiments using pure cultures of fungi, including a
yeast species. Again, control and experimental worms
generally lost weight over 7 days, though feeding of Mucor

plumbeus and Trichoderma harzianum produced weight gain

of BE. fetida.

In all but two cases, the test fungi produced positive
effects upon worm mitrition. The exceptions were heat-

killed cells of Fusarium oxysporum and Gliocladium

deliquescens. However, live cells of these two Species

produced definite positive effects. The effect of heat-
killing on the remainder of the species tested wag less
- marked than that observed with bacterias. Most of the
test species small positive effects on earthworm growth
when heat-killed. However the mutritional value of

Gliomastix murorum var. feling and Trichoderma hamatum

was greatly reduced by autoclaving, while that of

I. harzianum was reduced to a smaller extent.
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Figure. 3.39 (Contimed)

1

]

Irichoderma harziamm (L)*

2

i

T. harziamm (H)*

il

3
4 = M. _plumbens (H)*

> = Gliomastix murorum var. felina (L)

6 = G, _murorum var. felina (H)

Mucor plumbeus (L)*

7 = Irichoderms hamatum (L)*
8 = T, hamatum (H)*
9 = Scopulariopsis carbonaria (L)

10 = S. carbonaria (H)

11 = Rhodotorula species (L)

12 = Rhodotorula species (B)*

il

13 = Gliocladium deliquescens (L)

14 = G. deliguescens (H)

15 = Aurebasidium pullulans (L)

16 = A. pullulans (B)

17 = Aspergillus fumigatus (L)

18 = A. fumigatus (H)

19 = Penicillium purpurogermum (L)

20 = B, purpurogenum (H)
21 = Fusarium oxysporum (I)
22 = ., oxygporum (H)*

* = Mean gignificantly different from control, P = 0.05,
L = Live cells.

Heat killed cells.
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Apart from the effect of autoclaving on T. hamatum,
the two Trichoderma species tested showed similar effects
upon earthworm mutrition. The greatest gignificant
positive effects upon earthworm growth were produced by

Trichoderma harzianum (live and heat-killed); IMicor plumbeus

(1ive and heat-killed); T. hamatum (1ive), and Rhodotorula sp.
(heat-killed).

Following these initial screening experiments, several
micro-organisms were chosen for testing in an environment
which rather more closely resembled that found in large-
scale commercial vermiculture beds. The resulis are presented
in Pig. 3.40. and appendix 4.3. As expected, earthworms
in unsterilised tissue waste showed a large weight increase
over unfed controls in sterile substrate. Controls and
earthworms fed with micro-organisms suspended in peptone
water lost weight over 14 days. However, +he effects of
the species tested were generally the same as those observed
in the initial screening experiments, differences being
of magnitude only. Most of the species tested showed an
enhanced posifive effect on earthworm mutriion. However,

Trichoderma harzigmm oroduced a reduced positive effect

in this system, possibly due to production of zecondary
metabolites by this species during growth on tissue waste.

Pseudomonas fluorescens was not toxic to E. fetida in this

experiment, though weight loss of the earthworms was very
similar to that of controls. It is possible that the

earthworms in this experiment were able to avoid contact
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Fig. 3.40. Zffects of the addition of different micro-organisms

to sterile tissue waste containing ¥, fetida,
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Mean worm weight change (mg) in comparison with controls.
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1 = non-sterile tissue waste

2 = Acinetobacter lwoffi

5 = Aspergillus fumigatus

4 = Nocardia salmonicolor

5 = Trichoderma harziarum

6 = Enterobacter cloacae

7T = Pseudononas fluorescens

* = lMean significantly different from control at p = 0,05,

Vertical bar indicates least significant difference at p = 0,05,
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with the toxic factor associated with this specigs, but

were consequently unable to gain rutrition in this system.

3.4.4. TFeeding of single species of bacteria *o earthworms

in axenic cultures,

The feeding of bacteria to axenic earthworms in sterile
culture was investigated to determine if the results of
the initial screening experiments represented true
interactions between E. fetida and the test micro-organisms.
The results are shown in Fig. 3.41. and appendix 4.4.
Both unfed controls and earthworms fed with bacteria lost
weight during the experiment, indicating that E. fetida
was unable to utilize the species tested as a sole source
of mitrition. The observed effecis were similar to those

obtained in the initial feeding experiments. Acinetobacter

lwoffi produced a significant weight change compared with
controls, indicating the importance of thig Specieg in

earthworm mitrition. The effects of Alkaligenes faeczlis

and Enterobacter cloacae on earthworm weight change were

very similar to those produced in the initial screehing
experiments, suggesting that the results of the Screening
experiments provided an accurate indication of the type

of interactions occurring between E. fetida and the species
tested.

Pseudomonas fluorescens produced a larger weight losg

of earthworms than the controls, and some earthworm mortality
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occurred in this treatment during the experiment, confirming

that close proximity of this species to =. fetida produces

toxic effects.

3.4.5. Seeding of vermiculture beds with a pure culture

P of g micro—organism.

In this experiment, the effect of the addition of a

pure culture of Acinetobacter lwoffi to vermiculture beds

on the breakdown of the substrate and on growth of E. fetida
was investigated. This species,which had already been
found to have a significant effect upon earthworm growth

in feeding experiments, produced the results shown in Fig.
3.42. and appendix 4.5. Weight gain of earthworms in

tissue waste with added bacteria was significantly greater
than that of controls feeding on unamended tissue waste.
After 14 days, as much as 70% of the tissue weste was

subjectively estimated to have been consumed by the

earthworms feeding on tissue waste plus Ac. lwoffi compared
with only about 30% of the control material. After 21 days,
90~-95% of the tissue waste with added Ac. lwoffi was
estimated to have been consumed, compared with 50% of the

tissue waste in the controls.

These results provided further evidence of the importance

of Ac. lwoffi in the mutrition of E. fetida.
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3.5, Utilisation of vermicomposted material as a caging

soil in mushroom cultivation.

(i) TUse of vermicomposted tissue waste/cow slurry mixture.

Fig. 3.43. shows the total yields and rumbers of
fruitbodies obtained when vermicomposted tissue waste and
tigsue waste/élurry mixture were used as casing soils in
the production of mushrooms. During the experiment, the
tissue waste casing tended to break down structurally with
repeated watering, and became compacted on the surface
of the boxes. The vermicomposted tissue waste produced a
yield of mushrooms comparable with that from the peat
control, but produced significantly fewer fruitbodies.

The vermicomposted tissue waste/bow glurry mixture

retained its open structure throughout the experiment,
but produced significantly lower total yields and mmbers

of fruitbodies compared with boxes cased with peat.

(ii! Use of vermicomposted spent mashroom compost/cow

glurry mixture.

The results obtained using vermicomposted spent
% mushroom compost and cow slurry as casing materials are

shown in Fig. 3.44. Some overgrowth of A. bisporus

mycelium occurred at the surface of boxes cased with spent

compost. Fruitbodies did not develop where overgrowth
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Fig. 3.43. Mean vweight and number of A. bisporus fruitbodies
harvested from comnost cased ith vermicomposted tissue waste
and cow slurry. (n = 5)
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Fig. 3.44. liean weight and number of A. bisporus fruitbodies
harvested from compost cased with vermicomposted mushroom
compost and covw slurry (n = 4).

300+
I -
1 = T
i -
-
~200- L
=z
o
—~
()]
o
;>D100
g
L
0 1 5 3 2
30+
_*I’_ E
g il T
3 L T T
9 1
-+
-g *
: 1
S 104
i
Q
a
g
= 0]
-~ i 2 3 4
1 = peat/chalk mixture (control)
2 = Vermicomposted spent mushroom compost
3 = Vermicomplsted spent compost/covw slurry mixbture
I 4 = 50:50 vermicomposted spent compost/cow slurry:peat mixture
Vertical bars indicate standard error of the mean
* = Treatment significantly different from control, p = 0.05,




occurred, and this treatment produced si

mumbers of fruitbodies than the peat control.

of fruitbodies was also slightly low

Dilution of the spent comp@ét/bo
had no significant effect upon the tota

of fruitbodies produced.
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4.1. Chemical and microbiological changes in cow slurry

during storage.

Despite increasing problems of animal waste disposal and
utilisation in recent years, little detailed research has
been carried out on the effects of different storage methods
on intensively-produced wastes. The ultimate disposal of
the majority of treated and untreated animal wastes is onto
land as a fertiliser or soil conditioner. Although different
storage and treatment methods are known to produce considerable
differences in the plant nutrient value of wastes (Vanderholm,
1975), the reasons for these differences are not fully
understood.

The experiments described in section 3.1. were conducted
with the aim of quantifying the main chemical and micro-
biological changes in stored cow slurry, and assessing how
rapidly cow slurry became acceptable as a substrate for
B. fetida. As anaerobic wastes were known to be toxic to
this earthworm (Neuhauser, et al, 19808, storage under
forced aseration was first employed, and when this was found
to be ineffective in de-toxifying slurry, storage in shallow
trays was also considered.

The initial values recorded here for slurry moisture
content, pH and chemical constituents were within the ranges
quoted in the literature (Wedekind and Koriath, 1969; Staley
et al, 1971; O'Connell, 1974; Jones and Matthews, 1975),

showing that the sample studied was representative of slurry




generally produced on farms. The pattern of chemical
change was found to be one of initial rapid decomposition
followed by a period of relative stability, when little
further breakdown occurred. As cow slurry is largely made
up of plant residues which have survived passage through
the digestive tract of cattle, it would be expected to
contain a relatively poor supply of available nutrients
which would quickly be assimilated by micro-organisms.

A major loss of ammonium nitrogen from the slurry
occurred during this study, in agreement with the findings of
Vanderholm (1975) and Chang and Johanson (1977). The high
initial pH of the slurry provided conditions which favoured
ammonia volaé?sation. The initial high rate of ammonia loss
probably represented the rapid conversion of urea from the
urine fraction of the slurry to ammonia. As the concentration

of ammonium present fell, and the pH fell below 8.0,

volatilisation was reduced to a steady rate. The further

losses which occurred when the slurry was placed in shallow
trays were probably due to disturbance of the material and
the increase produced in the surface area/volume ratio.

The large decrease in c¢rganic carbon content observed
in the first day of aerated sluxry storage probably
represents losses of carbon dioxide due to microbial
respiration. Subsequent organic carbon loss was minimal,
suggesting that the slurry microflora entered a stationary
phase of low metabolic activity, until the slurry was disturbed

and placed in shallow trays. The further loss of organic
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carbon some days after the beginning of tray storage suggests
a further short phase of rapid microbial decomposition.

The initial high rate of slurry decomposition probably
reflects the replacement of the largely anaerobic gut
microflora of the cow by proliferating aerobic micro-~organisms.
These may have beeq enviromental contaminants, or facultaiive
anaerobes from the gut of the cows (Bryant, 1959). The
mitrients released by the death of anaerobic micro-organisms
would represent a readily available nutrient supply for the
microflora which replaced them.

Tre stability observed in the organic nitrogen content
of the slurry suggests that cycling of this mutrient took
place: nitrogen initially released from dead microbial cells
quickly becoming immobilised in the cells of the proliferating
microflora.

The pattern of change in the celluloge fraction of the
stored slurry showed that little decomposition of this
fraction took place over the aerated storage period.

Storage of slurry in shallow trays provided a more favourable
enviromment for hemicellulose decomposition, though little
gsignificant loss of cellulose occurred over the timescale

of this experiment.

As expected, no decomposition of lignin occurred during
the experiment, as the aromatic structure of this fraction
makes it highly resistant to chemical and microbial

degradation.
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The two methods of estimation of bacterial numbers
in stored slurry produced a predictable difference in the
results obtained. However, the difference was not so great
as is sometimes reported for soil samples in the literature
(Clark«, 1967). The microflora of a substrate such as cow
slurry may contain a higher proportion of viable cells
than soils, which are usually comparatively poor in matrients.
The results suggest that in this case, plate counts gave a
reasonably accurate estimate of the mmber of viable bacteria
present. The large initial differences between plate and
agar film counts were probably due to counting of moribund
anaerobic bacteria by the latter technique. This highlights
a major disadvantage of the agar film technique: it cannot
provide information on the importance of micro-organisms
counted in the decomposition of the substrate.

The use of dilution plates for estimation of numbers of
fungi also has disadvantages: the counts obtained do not
indicate whether the colonies produced developed from hyphae
or spores, and fragmented hyphae may give rise to many more
colonies than the biomass of fungi in the substrate reflects.
Heavily-sporing fast-growing types are favoured over others
by this method. Many ifungi have been directly observed
growing heavily on a substrate, but are never detected on
dilution plates. During this experiment, regular direct
observation of slurry samples indicated that fungal spores

rather than hyphse were more prevalent in the stored slurry.

i




The data presented on the relative abundance of bacteria
in aerated slurry showed the initial proliferation of
species which are comonly found in the enviromment, so
that it is not possgsible to categorically state which, if any,
may have originated from the rumen. The species isolated
in large numbers were all members of genera reported from
slurry by Jones et al (1977). The Arthrobacter species
isolated from slurry during the first few days of storage
may correspond to the unidentified quyggggggzbacterium
reported by Hrubant (1973) to be consistently present in
slurry but quickly reduced in mumbers during storage.

The pattern of bacterial succession in aerated slurry

showed that an initial diverse microflora developed which was

quickly replaced by the mmerical dominance of Acinetobacter T

lwoffi, which persisted for some time, until in turn replaced

by other species. The role of Acinetobacter lwoffi in

slurry decomposition is unclear. This species isg generally

biochemically unreactive, and may be able to utilise compounds
which other organisms are unable to assimilate, being thus
able to remain abundant when mutrients have become limiting
for other species.

A similar pattern of fungal succession occurred in the
aerated slurry, with an initial growth of a diverse microflora
followed by dominance of one main type. The initial high
mumbers of several of the fungal species recorded suggest
that they were present in the slurry when it was produced,

and probably originated from the cattle feed, surviving
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passage through the animals ag spores. Support for this
hypothesis comes from a study of fungi on cattle feeds by
Bonner and Fergus (1959), who found many of the species

recorded here in cattle feed. In addition, Cladosporium

herbarum and Aureobasidium pullulans are commonly isolated

from vegetation.
The decline in species of fungi present in slurry
after the first few days of storage may reflect a reduction in
the presence of readily-available mutrients, or a drop in
the viability of the fungal spores under the storage conditions.

Aureobasidium pullulans is a member of the so-called "veast~

like fungi", and the growth form of this species may be
more suitable for growth in slurry than the ramification of
hyphae. This may explain the contimmued presence of this
species in high mumbers. The rapid rise and fall in mumbers
of other species during slurry storage may represent brief
growth of airborme contaminants which enter the slurry.

The greatest rate of slurry decomposition measured by
chemical analysis occurred during the early part of this
experiment, during the period of greatest diversity of the
microflora. It appears that following this period the
microflora enters a resting phase when little further

decomposition takes place.

The increased rate of decomposition which was observed
when aged aerated slurry was placed in shallow trays (Section

3.1.3.), was probably due to aeration and mixing of the
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slurry during handling. The bacterial microflora which was
dominant in slurry in trays reflected that of the aerated
slurry at the time of removal, and it is possible that this
represented types which were able to utilise more recalcitrant
fractions of the substrate. The physical condition of the
slurry was changed by the tray storage procedure, the material
rapidly becoming semi-golid due to loss of moisture. This
change appeared to favour the development of fungi, as the
mumbers of these rose during the experiment, largely due

to increases in Scopulariopsis and Trichoderma species.

The increase in fungal numbers co-incided with a reversal

of the slow decline of the mumbers of dominant bacteria,

and a considerable decrease in the hemicellulose fraction of
the slurry. A wide range of micro-organisms are able to
utilige hemicellulose, but it is probable that the fungi
were largely responsible for the decomposition of this
fraction in this experiment. The bacteria may have been
utilising the by-products of hemicellulose decomposition for

growth.

4.2. Growth and reproduction of E. fetida in vermicomposting

Systems.

The experiments described in section 3.2.2. showed that
neither of the tested methods of slurry storage de-toxified
the material sufficiently for direct vermicomposting.

However, the mixing of slurry with solid materials was




effective in reducing toxicity to Z. fetida. The mechanism for
this may be the adsorption of the toxic fraction by the

solid material. Curry (1976) suggested that ammonium is

the most toxic constituent of fresh slurry, and Kowalenko

and Cameron (1974) reported that this ion is adsorbed by

clay particles. Psat, vhich contains many sites for
adsorption, was found in this study to be effective in reducing
slurry toxicity, while materials such as straw and POly-
styrene gramiles were much less so (unpublished observations).

The experiments described in section 3.2. show that
de-toxified cow slurry provided a suitable food source for
B. fetida, both in mixtures with solid materials and when
applied to the surface of material containing earthworms.

In mixtures of peat and slurry, eaxrthworm weight gain
was proportional to the amount of cow slurry present in the
substrate. The 1:1 peat/slurry mixture produced the
highest slurry ingestion rate, but the lowest conversion

efficiency of slurry to earthworm biomass of any of the systems

tested. Cocoon production was also low in peat/slurry
mixtures. Peat appears to act as an inert carrier of cow
slurry, providing no mutrition to E. fetida. The high

slurry consumption rates in this gystem would entaii frequent
replenishment of vermicomposting beds. In addition, the low
reproductive rate of E. fetida in this system would be
insufficient to maintain esrthworm stocks in a vermicomposting

operation.

Vhen supplied with mixtures of tissue waste and cow
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slurry as a food source, the ingestion rate of E. fetida
was much lower than in veat/slurry nixtures, though conversion

efficiency and reproduction rate were considerably higher. ¥

P

Cocoon production in tigsue wastq/slurry mixtures approached
the maximum levels reported by Graff (1974). Although the
Proportion of slurry in the substrate did not affect the
growth rate of &, fetida, the rmmber of cocoons produced was
proportional to the amount of slurry available. It is
therefore possible that earthworm growth rate was maximal
in the 2:1 tissue waste/slurry mixture, and increased amounts
of slurry were utilised by the earthworms for reproduction.
Neuhauser et al (19809 observed a similar effect on earthworm
growth when sewage sludge was added to soil containing
5. fetida: 1little difference in growth rate was observed
on the addition of 10-100% sludge.

Although the mixing of slurry with solids was found - %‘

to be effective in producing a suitable substrate for

vermicomposting, the process would incur high handling and
labour costs on a large scale, which may render the system
uneconomic.,

The surface addition of slurry to soil beds containing
B. fetida produced a lower slurry consumption rate than
peat/slurry mixtures, but with a similar conversion efficiency.
This system allowed the earthworms to feed upon a concentrated
substrate compared with slurry mixed with peat, so that
the energy budget of E. fetida top—fed with slurry would be

more favourable. The reproduction of the earthworms in thig




system was similar to that in the peat/slurry mixtures.

This is at variance with work by Neuhauser et al (19809,

who found that the addition of soil to organic wastes
increased cocoon production. However, until a specific
factor is identified which is resposible for thig effect,

no valid comperisons may be made between soils from different
sources.

The increased conversion efficiency, slurry consumption
rate and cocoon production of earthworms in tissue waste
top—fed with slurry compared with those in soil top-fed at
the same rate, and the fact that earthworms in tissue waste
only maintained weight, suggests that tissue waste has some
mutritional value to E. fetida. It is also possible that
tigssue waste enhanced the de-toxification of slurry so that
it was consumed more quickly after application, and therefore
when it contained more mutrients, than in other systems.

The lower weight gain of E. fetida in the beds with the
higher loading rate of slurry may have been due to slower
de-toxification of slurry when a larger volume was apvlied,
with a corresponding greater loss of available mutrients
before feeding by earthworms could begin. The greater rate
of cocoon production: at the lower rate of slurry application
supports the suggestion that slurry fed at this rate had a

greater mutrient value to E. fetida.




4.3. Chemical and microbiological changes in cow slurry

during vermicomvosting.

The experiments reported in section 3.3.2. were designed
to elucidate the chemical and microbiological changes brought
about by the presence of E. fetida in a mixture of tissue
waste and cow slurry. Much research hag been carried out
in the past on the effects of earthworms on decomposition of
organic matter in terregtrial ecosyste@s, but the applicability
of this knowledge to the study of vermicomposting of animal
wastes is largely unknown.

The aims of the experimemnts in section 3%.3.3%. were to
study closely the changes which occur in cow slurry following
application to earthworm beds, and to determine the most
significant of these changes in relation to de-toxification

of the slurry and the commencement of feeding by B, fetida.

The overall effect of the presence of earthworms was to
cause g faster decomposition of organic matter in the
substrate during the experiment. Thig effect has been noted
by other workers (Hartenstein and Hartenstein, (1981); Mitchell
et al, (1982)), and was attributed partly to the uptake of
mitrients by worms, and partly to stimulation of the
decomposer microflora.

The presence of earthworms had a significant effect
upon nitrogen transformations in the substrate. Nitrogen

mineralisation was greater in the presence of worms, and
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this mineral nitrogen was retained in the nitrate form. This
suggests that T. fetidg produced conditions which favoured the
action of nitrifying bacteria. EBarthworms digest orgenic
nitrogen, and excrete approximately equal amounts of nitrogen as
ammonium and mico-proteins (Weedhan, 1957). This is the probable
cause of the reduction in organic-N in the substrate containing
worms. The féct that ammonium nitrogen levels were not elevated
in the presence of earthworms suggests that excreted ammonium-N
was rapidly conver%ed into nitrate. Thig effect has been noted
by several workers to occur in soils (Syers et al 1979; Parle,
1963k), and following application of slurries 4o land (Debry et al
1982). The maximm level of nitrate nitrogen recorded here in
the presence of earthworms compared well with that found by Iunt
and Jacobson (1944) in worm casts in soil. Kaplan and
Hartenstein (1977) found no evidence that earthworms were
capable of nitrogen fixation, which further suggests a microbial
role in this trénsformation.

The fluctuations in nitrate content of the substrate
without earthworms may have been due to immobilisation of
nitrogen by the microflora. Ammonium isg the preferred nitrogen
gsource for micro-orgenisms and ig preferentially utilised over
nitrate nitrogen. However, the losses of ammonium from the
subgtrate in the first 14 days may have necessitated a sviitch
to nitrate utilisation by the microflora. Some denitrification
may also have occurred in the substrate without worms, as low

oxygen tension, which favours this process, may have

developed at the centre of a mmber of the large
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undisturbed particles of materizl. E. fetida also appeared
to inhibit cellulose decomposition in this substrate, with

a greater effect on hemicellulose decomposition than
x-cellulose. The much greater increase in the proportion
of lignin in the absence of earthworms reflected the greater

decomposition of cellulose in this treatment.

A study of the literature on the effects of earthworms
on soil micro-organisms suggests that E. fetida should
increase the mumber of microbes in a substrate as it was
converted to castings. In this experiment, however, little
change was observed in total numbers of micro-organisms
in the presence and absence of earthworms until the end
of the experiment, when a large reduction in numbers of
micro-organisms occurred in the presence of earthworms.
This may have been due to competition with E. fetida for
available mutrients, or more complete decomposition of the
substrate containing earthworms. Satchell (1967) pointed
out that the effect of earthworms in readily degradable
organic matter, which naturally contains a high population
of micro-organisms, is likely to be less significant than
iz soils. The absence of a significant effect of E. fetida
on microbial numbers may have been due to predation by the
earthworms on the microflora. This has been suggested by
gseveral workers (Day, 19505 Cooke and Iuxton, 1980 Rouelle,
1983). This experiment did not produce direct evidence to

support this view: however, the rapid fall in mumbers of
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the initizlly dominant species of bacteria during days
14-35 correspond to a weight loss of earthworms, suggesting
that these species may be of mutritional importance to f
Z. fetida.
The same species of fungi remained dominant in the

substrates with and without worms, though numbers were again

slightly reduced in the presence of earthworms. The dominant
gpecies were not those found in stored cow slurry, suggesting
that conditions in this substrate favoured other species:
these have been found to originate from the tissue waste,

rather than the slurry fraction of the mixture. Trichoderma

hamatum was found in greater mumbers in the substrate without
worms. Thig gpecies is gble to decompose cellulose, and

may therefore have been responsible for some of the cellulose
breakdown observed in this experiment. T. hamatum was
igolated-less frequently from the mixture containing earthworms.

This may have been due to the physical action of the worms

in disturbing the substrate and inhibiting fungal growth, or

to grazing by worms on this species.

Tre - experiment described in section 3.3.3. showed that

the main chemical changes in surface-applied cow slurry

were a reduction in ammonium-nitrogen levels, accompanied
by a fall in electrical conductivity. Barthworms were
observed feeding on the slurry after 3 days, when levels
of these constituents were higher than those quoted in the

literaure as the maximum tolerable by E. fetida (Kaplan
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et al, 1980). However those figures refer to earthworms

in intimate contact with materials. In this experiment
earthworms were free to move away from the toxic enviromment,
and were probably able to tolerate short periods of contact
with the slurry. No gross microbiological changes were
observed in the slurry which might have explained the reduction
in toxicity. Ammonium ion concentration may - have been
largely responsible for the toxicity of fresh slurry to

5. fetida, but the levels of this ion quickly reduced to a
tolerable level following application of the slurry to the

surface of earthworm beds.

4.4. Specific interactions between E. fetida and

micro—organisms.

The results presented in sections 3.4:.1. and 3.4.2.
show that both chemical and antibiotic treatment of cocoons
were unsatisfactory for the production of large numbers
of earthworms with reduced microbial contamination. Rapid
mortality of hatchlings when placed in sterile tissue waste
occurred following all treatments, including controls.

This may have been caused by production of a toxic substance
in the substrate during autoclaving, but adult and Juvenile
E. fetida were able to tolerate the same substrate.
Mortality was possibly due to rapid starvation of hatchlings
with little or no food reserves in a mtritionally poor

gubstrate.




Chemical treatment of juvenile earthworms was also
found to be unsuitable, because of the toxicity of most

of the sterilants tested. Concentrations of the sterilants

which were tolerable by earthworms were too low to be
effective in reducing the numbers of contaminating micro-
organisms.

Immersion of juvenile E. fetida in antibiotic solution

was found to be the most effective method of reducing microbial

contamination without causing mortality of earthworms. This
method was therefore adopted for the preparation of large
mumbers of earthworms for use in the initial screening of

micro-organisms.

In this study, definite mutritional interactions were
found to exist between E. fetida and micro-organisms.
These interactions appeared to be highly gpecies-gpecific,

supporting the findings of Day (1950), and Rouelle (1983).

With bacteria, the types of interaction observed appeared
to be correlated with cell structure. Bacteria are classified
according to their Gram-reaction, which differs according

to cell wall composition. In these experiments, bacteria

with a positive effect upon earthworm mutrition were
generally Gram-negative, while those producing indifferent or negative
effects were generally Gram-positive. The composition of

the cell wall of bacteria therefore seems to be an important

factor in determining their digestibility by E. fetida

Heat-killing of the cells by autoclaving undoubtedly




affects the cell structure and composition to some extent.
The fact that this process generally appeared to increase
their mutritional value to E. fetida suggests that the
earthworms were feeding directly upon the bacteria, rather
than on products of the living cells. These findings
disagree with those of Neuhauser et al (1980): however, in
the latter study, bacteria were added to earthworms in non-
sterile substrate mixtures, so that secondary effects may
have occurred due to the DPresence of large munbers of other
micro-organisms.

The observed negative effects of Micrococcus varians

and Arthrobacter simplex may have been due to active feeding

of B. fetida on the live cells which were subsequently
indigestible by the earthworms. The reduced negative effect
when the cells were heat-killed may reflect a small increase
in digestibilty caused by autoclaving.

The negative effects of Micrococcus luteus and

Arthrobacter tumescens were increased when the cells were

heat~killed, suggesting some toxic effect of these species
on B. fetida which was enhanced by the autoclaving conditions
employed. However, no earthworm mortality occurred in these
treatments during the experimental pericd. Several other

species were highly toxic to E. fetida, causing earthworm

mortality within 7 days. Of these species, the Pseudomonas

and Streptomyces species are known to produce anti-microbial

compounds, and it is possible that these were responsible

for the observed toxic effects, though the exact nature
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and mechanism of action of the toxic factors was not
established. The toxic effect was not reduced by the
autoclaving conditions employed in thig experiment,
suggesting that the agents responsible were not readily
heat-labile. Toxicity of Pseudomonas species and other
bacteriz to earthworms has been reported by Rao et al (1983).

Fungal species appeared to provide a more readily
available food source than bacteria, as ‘several~ - of the
species tested produced a positive effect upon earthworm
mutrition. The interactions were once more species-specific,
in agreement with work by Cooke and Luxton (1980) and Cooke
(1983).

The effect of heat-killing on fungi was more variable
than that on bacteria. The autoclaving of some species
produced marked differences in their effect upon the nutrition
of E. fetida, whereas with other species little difference
was observed between live and heat-killed cells. Heat
treatment may release mutrients from less easily digested
species, and destroy the mutritional value of others. Some
Species may be easily digested by E. fetida, so that
autoclaving has little effect upon their nmutrient value.

One species, Fusarium oxysporum, produced a significant

weight reduction compared with control when presented to
L. fetida as heat-killed cells. This effect may have been
due to the production or release of some toxic factor on

autoclaving.




The testing of pure cultures as food for E. fetida
in a more complex sterile substrate produced results which
were similar to thoge observed in the initial screening
experiments. Thig Suggests that the interactions observed
in the simplified system reflect the type of interactions

which may occur in vermiculture beds. Irichoderma harziarmm

produced a lower positive result than in the Screening
experiments. In thig system, the test micro-organisms were

Probably growing and producing metabolites. 1. harziamm

is able to decompose cellulose, so could readily utilise
tissue waste as a substrate. It ig possible that breakdown

products of this process had the observed effect on

earthworm mutrition. Toxicity of Fseudomonas fluorescens

was not apparent in thisg system. The earthworms may have
been able to avoid contact with the toxic factor associated
with this species.

The significant earthworm weight gain over the control

produced by the feeding of Acinetobacter lwoffi provided

further evidence of the importance of thig Species in the
muitrition of E. fetida. The fact that non-sterile tissue
waste produced the greatest increase in earthworm weight
over the sterile control suggests that the true feeding
relationship of E. fetida with the microflora of a substrate

is probably complex, involving intersctions betveen several

8pecies.

The development of a technique for the production of
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axenic I, fetida allowed the testing of micro—organisms
as a food source in the absence of secondary interactions

due to contaminants. Thig technique may have a significant

application in future studies of earthworm/microbe interactions

in a variety of substrates.

- The effects of the species tested in this experiment
were similar to those observed in experiments with non-
axenic earthworms. This is in agreement with the generally-
accepted view that earthworms do not possess a specific
gut microflora which has an important mitritional role
(Edwards and Lofty, 1972).

Pseudomonas fluorescens once more produced a toxic

effect upon E. fetida, though toxicity was reduced in
comparison with the initial Screening experiments. Thig
reduction in toxicity was also noted in the previous
experiment using tissue waste as an experimental medium.

It is possible that the bacterial suspension is less widely
distributed through this substrate than through the sand/
cellulose mixture, so that the earthworms were able to avoid

contact with the toxic factor.

The addition<pf_a suspension of Acinetobacter lwoffi

to tissue waste in vermiculture beds stimilated both
earhtworm growth and the consumption of the waste. This
result differs from that observed in a brevious experiment

(section 3.4.3.) in which Acinetobacter lwoffi was fed to

worms in sterile tissue waste. This suggests that at least
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part of the enhanced effect was due to interactions between
the established microflora of the tissue waste and the added
species. Ac. 1lwoffi may have had a stimlatory effect upon
other micro-organisms in the gubstrate which resulted in an
increase in the amount of food available to the earthworms
within the systemf The increased rate of consumpvion of

the substrate in the presence of added Ac. lwoffi may have
been due to enhanced palatability of the tissue waste:

Wright (1972) observed that materials coated with a bacterial
raste were more readily consumed by earthworms.

The finding that earthworms ceased to gain weight when
most of the tissue waste had been consumed, despite further
additions of Ac. lwoffi, is similar to results observed in
other vermicomposting systems in this study (Section 2.3.4.
(ii)). This effect may have been due to a build up of
earthworm waste products and/br toxic micro-organisms in

the substrate. MNumbers of Pseudomonas fluorescens were

found to increase during the vermicomvosting of tissue waste/
cow slurry mixture (Section 3.3.1. (ii)), the period of
greatest abundance of this species corresponding to a period
of weight loss of E. fetida in the substrate (Section 3.2.2,
(i)). It is possible that the migration of earthworms out
of a depleted substrate may be due, in part, to the presence
of large mmbers of toxic micro-organisms (R. Hartenstein,
personal communication).

The technique of seeding vastes with beneficial

micro-organisms has a potential application in the
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vermicomposting of meny agricultural and industrial wastes
which are naturally poor food sources for E, fetida. A
system could easily be developed whereby wastes weré seeded
with food micro-organisms before or during vermicomposting
in order to enhance the speed and efficiency of the process.
Such a system would allow the upgrading and safe utilisation
of many waste materials which currently present a disposal

problem.,

4.5. Utilisation of vermicomposted material,

The utilisation of vermicomposts in mushroom cultivation
showed that some of the materials are potential alternatives
to peat as casing soils. Vermicomposted tissue waste produced
problems of water management and breakdown of physical
structure. The consequent compaction of the casing layer
reduced the mumber of fruitbodies produced, compared with
peat. The reduced yields and mmbers of fruitbodies when
vermicomposted tissue waste/cow slurry mixture was used as
a casing may have been caused by chemical or microbiological
factors. The mixture may have been too high in mtrients,
especially nitrogen, or may have contained an unsuitable
microflora, both of which are known to affect the
transformation from vegetative to reproductive growth in
A. bisporus.

The overgrowth of mycelium on the surface of mushroom

boxes cased with vermicomposted spent compost suggests that
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this material was also toc rich in mitrients to function as
an ideal casing medium. The lower yields and fruitbody
mmbers produced compared with controls were similar to
results obtained from a study on the use of leached spent
compost as a casing (Nair, 1977).
Hixtures of vermicomposted cow slurry and spent mushroom
compost produced rumbers of fruitbodies and yields which
were comparable with peat controls. Vermicomposted slurry/
compost mixture in fact produced a larger nmumber of smaller
mushrooms than controls. Smaller mushrooms are popular
with consumers and therefore attract a higher price. These
results suggest that the mutrient balance and microflora
of the cow slurry/compost mixtures were suitable for their use
a8 a casing. The mixing of cow slurry with spent compost
probably improved the mutrient balance of the latter which
would allow more complete decomposition of this substrate,
producing a more suitable product than vermicomposted spent compost.
Dilution of the slurry/compost casing with peat produced
yields which fell between those from the whole mixture and
the peat controls. Further dilution would be expected +to
produce yields which approached more closely those from
peat only, though none of the measured differences in yield
were significant. The price of peat is currently high,
and not expected to fall in the future, so these results
suggest that even partial replacement of this material with
vermicompost could produce a substantial saving to growers,

without affecting quality or yields. Further experimentation
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may produce yields from vermicomposts which

are better than those obtained from peat casing.

4.6. Conclusions,

Mach qf the mutrient content of cow slurry was found
to be immobilised in the form of microbial cells, or present
as ligno-cellulose which was not easily biodegradable.
Major losses of ammonia~nitrogen occurred from stored cow
glurry. Cow slurry contained high rumbers of micro-organisms,
with bacteria present in the highest numbers. Following an
initial large increase in the rmumber of azerobic bacteria,
little significant change in total numbers of micro—organisms
occurred during storage. The pattern of microbial succession
observed in stored slurry was one of an initially diverse
microflora, .which became dominated by one species of bacteria.
This was in turn replaced by other species.

Aerated storage caused some chemical stabilisation
of the slurry, but the process was not complete, and appeared
to be limited by mutrient availability. Subsequent tray
storage produced further short-term decomposition, which
was apparently-due chiefly to micro-organisms which were
able to degrade hemicellulose. Aerated storage consumes
energy while +tray storage requires a large area. Both
methods proved unsatisfactory in the treatment of cow slurry
for disposal, and neither storage method de-toxified slurry

for direct use in vermicomposting.
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The major toxic element in cow slurry was ?m”L§B
armonium. Slurry was de-toxified by mixing with solids
or by application to the surface of earthworm beds. Two
vermicomposting systems utilising these methods were
developed and compared. Cow slurry was found to be a suiteble
substrate for treatment using earthworms. The %top-feeding
of slurry to earthworm beds was found to be the most efficient
vermicomposting system in terms of the rate of slurry
consumption and reproduction of E. fetida. Management
practices were found to be an important factor in the
efficiency of vermicomposting: frequent small applications
of cow slurry were consumed more rapidly than larger, less
frequent applications.

The presence of E, fetida in a tissue waste/slurry
mixture was found to produce greater organic matter
decomposition, and conservation of nitrogen as nitrate.
Little effect was observed on the microflora of the substrate
during decomposition, though mumbers of bacteria and fangi
were reduced in completely vermicomposted material. The
overall effect of E. fetida was to enhance the stabilisation
of the substrate and cause conservation of plant--available
nitrogen.

eSpecific muitritional interactions were found to exist
between E. fetida and micro-organisms isolated from its
substrate. Positive, negative and indifferent interactions
were - identified. The earthworms were found to be feeding

directly upon the cells of certain micro-organisms. In
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general, fungal species appeared to form a more readily
available food source than bacteria. The cell wall structure
of bacteria was correlated with their effect upon earthworm
nutrition, Gram-negative species producing a positive effect.
Toxicity of some microbial species to E. fetida was also
observed.

.A technique was developed for the production of axenic
earthworms which may have application in future studies of
earthworm/microbe interactions. Feeding experiments
conducted on axenic earthworms confirmed the direct interactions
of E. fetida with certain microbial species. In particular

Acinetobacter lwoffi was found to consistently produce a

positive effect upon earthworm mutrition. The +rue feeding
relationship of E. fetida in a substrate is probably complex,
involving interactions between several species of micro-
organisms. The single-culture studies described here
represent an imporant first step in defining the interactions
between this earthworm and the microflora of materials
which it inhabits. Further studies are required in order to
define the combinations of micro-organisms which are important
in earthworm mmtrition.

The seeding of tissue waste vermiculture beds with

Acinetobacter lwoffi stimulated both earthworm growth and

consumption of the waste. This technique may have an
application in the vermicomposting of other agricultural
and industrial wastes.

Vermicomposted mixtures of cow slurry and spent mushroom
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compost were found to be suitable repla

traditional casing materials in mshwoom cu

PrOVided that such vermi--
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Appendix 1,3. Relativ e of aerobic bacteria in

cow slurry ageing in shallow trays.

Storage time (days)”
Species 0 2 9 12 16

Pseuwlomonas putida 10.27 10.32 9.74 10.25 10.44
Alkaligenes faecalis 10.17 10.24 9.64 10.31 10.38

Acinetobacter lwoffi 9.17 9.74 8.61
Micrococcus luteus 8.35 8.84 T.74 T.71
Micrococcus varians 8.91 8.47
Enterobacter cloacae 8.82 8.89

(Nos. expressed as leg no. - C.F.U.s g"1 ary weight).

* Slurry 24 days old at begimning of experiment.
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Treatment .’

Peat onl
 (Control

2:1 (w/w)

Peat/slurry

1 21 (w/w)

Peat/slurry

155 to, 5

+10.9%£0.6

+6.6 *0.9

% = mean significantly different from control (P<0.05)
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Appendix 4.1.

Effect of feeding single species of bacteria

and actinomycetes to E. fetida.

Test organism

1 Acinetobacter
lwoffi (L)

2 Ac. lwoffi
H

3 Ac.
citroalkaligenes

L)

4 Ac.
ci¥roalkaligenes
8:9;

5 Alkaligenes
faecalis

6 Alk. faecalis
(")

7 Nocardia
8 mcolor (L)

8 H.
gaTmonicolor (H)

9 Enterobactexr
cloacae (L)

10 E. cloacae (H)

11 Micrococcus
varians (L

12 M. varigng (H)

13 Arthrobactex
simplex (L)

14 A. simplex (H)

Mean worm
wt. change
gmg)
*S.E.)
-19.03 *16.8
+39.4 Y6.2

-78.6 *25.0

-40.9 *11.7

-60.3 ¥11.3
-43.1 £27.0
-66.1 ¥12.0
-66

-27.1 ¥17.01

-69.3 ¥25.0

-52.1 X6.1

-54.6 *11.7

-39.7 £26.9
-91.7 8.7

-76.7 £15.4

Mean worm

wt. change

v control
(mg)
+30.27

+88.7T%*

+7.0

+44.7

+25.3

42.5
+6.0

+45.0
+1.1

+18.3

-7.4

+7-5
-22.9

~7.9

L.S.D.
(P = 0.05)

78.9

78.9

78.9

78.9

78.9

78.9

60.9

60.9

71.3

1.3
53.2

53.2
53-.4

53-4



‘Test organism

15 Micrococcus
luteus (L) - ‘
16 M, luteus (E) -95.1%15.2

-59.9 £22.8

48.4t18.6  -29.4

n = 5 (treatments);n =9 (e :

S.E. = Standard error ,o/iz‘/zi;hej méég{

rence

L.S.D. = Least significant diffe
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Appendix 4.2.

Effect of feeding single gpecies

of fungi

(including yeasts) to E. fetida.

Test organism

1 Trichoderms
harzionum (L

2 T. harziznum

()

3 Mucor
plumbeus (L)

4 M. plumbeus
(2

5 Gliomastix
mprorum var.
felina (L)

6 G. murorum
var. felina (H)

T Trichoderma
hamatum (L

8 T. hamatum
(7

9 Sco ariopsis
carbonaria ZL;

10 S. carbonaria

(7)

11 Rhodotorula
sp. (L

12 Rhodotorula
sp. (H

13 Gliocladium

deliquescens (L)

Mean worm
wt. change

(mg)
(£s5.B.)

+54.7 T 6.3
+44.5 16.2
+31.0 *14.9
+30.9 *3.9

-61.5 ¥ 3.0
-33.1 ¥5.2
-69.4 *14.6
-42.6 ¥30.4
-14.5 5.6
-41.8 5.5
-29.9 Fé.1

-15.7 ¥23.6

Mean worm
wt. change
v control

T (mg)

+72.2%
+62,.0%
+48 . 5%
+48.4*

+43.4

+42.2%
+5.9
+4.6
+32.7
+15.8
+27.T%*

+33.6

L.S.D.
(P = 0.05)

35.7

35.7

357

35.7

T71.3

71.3

40.3

40.3

53.2

53.2

24.6

24.6

8.9



Appendix 4.2. (Contirmed).

Test organism Mean worm Mean worm L.S.D.

wt. change wt. change (P = 0.05)
(ng) v control ;

(£s.E.) (mg)
14 Gliocladimm  ~-51.7 £32.4 2.4 78.9
deliquescens (H)
15 Aureobasidium -37.0+18.8  +10.2 53,2
pullulans (L)
16 A. pullulans -17.4 ¥11.6  +29.8 53.2
(H)
17 Aspersillus ~39.8 *12.0 +8.4 35,4 |

igatus (L

1(8)A. fumigatus  -38.3 ¥9.5  +10.0 35,4
H
19 Penicillium -A7.4 *2.3 +0.8 35.4
purpurogermum (L)
20 P. -40.4 *6.5 +7.8 35.4 |
parpurogenum (H) §
21 Fusarium ~39.7 *14.0  +17.9 24.6 3
oxysporum (L) I
%Q)F. oxysporum  -84.5 ¥17.8  -26.9% 24.6
H

n = 5 (treatments); n = 9 (controls).
S.E. = Standard error of the mean
L.S.D. = Least significant difference

H = Heat killed cells; L = Live cells

il

* = Treatment significantly different from control: P <0.05. !

]
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Appendix 4.3. Effects of the feeding of gingle species of

micro—organisms to E. fetida in tissue waste. (n = 5)

Treatment Mean worm Mean worm L.S.D.
wt. change wt. change (P = 0.05)
(mg) v control
(£s.E.) (mg)
1 Unsterilised +39.0 *25.0 +116.0% 65.3
tissue waste
2 Acinetobacter -5.0 £6.0 +72.0% 65.3
lwoffi
3 ASEéI‘gllu.S -15.9 i‘ 5.0 +6101 65-3
fumigatus
4 Nocardia -22.0 *20.0 +55.0 65.3
salmonicolor :
5 Trichoderma -48.5 *12.0 +28.5 65.3
hargziamm
6 Enterobacter -62.0 *4.0 +15.0 65.3
cloacae :
7 Pseudomonas -76.0 ¥20.0 +1.0 65.3
fluoresceng I

S.E. = Standard error of the mean
L.S.D. = Least significant difference

¥* = Mean significantly different from control: P <0.05.




i
Appendix 4.4. Effect of feeding axenic E. fetida with

gingle cultures of bacteria.

Test organism Mean worm Mean worm L.$.D.

wt. change wt. change (P:= 0.05)
(ng) v control :

(*s.2.) (me) |

1 Acinetobacter -36.9 *7.9 +55.5% 427

lwoffi ;

2 Alkaligenes -71.7 £12.1 +20.9 42.7

faecalis

3 Enterobacter -90.7 *9.1 +1.7 42.7

cloacae

4 Pseudomonas ~122.9 ¥13.4 -30.5 A2.7

fluoregcens

S.E. = Standard error
L.S.D. = Least significant difference at P = 0.05.
* = Mean is significantly different from control at P = 0.05.

Resultis are the mean of 10 replicates, except Pseudomonas

fluorescens result, which is the mean of 6 replicates.
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