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With a rapidly expanding world population, growing use of. intensive animal husbandry, and
increasingly stringent waste disposal legislation, the problem of disposing of livestock effluent is already
severe. This article discusses, both qualitatively and quantitatively, how such organic waste can be
effectively disposed of on a large scale by systematically managing the destructive and productive
activities of earthworms.

Doubling of the human population has
occurred four times since about 2000
years ago [I): intervals of about 1500.
350. 90, and 45 years were required
sequentially. Based upon the intrinsic
rate of human population growth in
1975-84, doubling from 1984 onward
could be achieved by 2024, bringing the
total to 9500 million. if possible (2).

Relative to this trend. and heading
toward what will be the thrust of this
paper, the same ration of food was
available per person worldwide from
1975 through 1984. This happened de-
spite a 20 per cent increase in popula-
tion in this interval. In relation to live-
stock that can be intensively housed,
0.30 cattle were available per person in
1975, 0.26 in 1984; 1.56 poultry per
person in 1975, 1.52 in 1984; and 0.17
pigs per person throughout 1975-84 [3].

In Europe, a land mass whose
population is verging toward carrying
capacity - based upon an intrinsic
growth rate that is approaching zero - a
significantly greater ratio of pigs was
produced per person in 1984(0.37) than
in 1975 (0.32). In the USSR, where a
dramatic change in economic policy is
ringing, as indicated by glasnost and
perestroika, a significantly greater ratio
of poultry was produced per person in
1984 (4.0) than in 1975 (2.9). These
trends for Europe and the USSR sug-
gest that nations near or at land-
carrying capacity or economic-carrying
capacity will be shifting their husbandry
practices increasingly toward produc-
tion of livestock that can be housed in
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coops, pens, and feedlots. Correspon-
dingly, the stringency of land for the
management of faecal-urinary wastes
from these animals will become in-
creasingly great [4).

The objective of this article, accor-
dingly, is to describe a procedure by
which animal wastes can be managed (i)
at minimal cost; (ii) on minimal land;
(iii) with minimum damage to the en-
vironment; and (iv) with the production
of a commodity from the waste mate-
rial. Several species of earthworms are
required if these goals are to be
achieved. The species recommended in
the following pages are normally found
mainly in the temperate zones of the
world. The procedure called for,
however, will lend itself to their use in
the tropics as well. At the outset specific
definitions for slurry. prepared-slurry,
and slurry-unit are needed.

Definitions

Slurry consists of the dung, urine, bed-
ding, and wasted food material derived
from intensively housed cattle, pigs,
and poultry. Prepared-slurry is a term
we shall use for a comminuted slurry
with particle sizes equal to or less than 2
mm; electrolytic conductivity of approx-
imately 3 mS/cm or less; and a pH in the
range 5 to 8. We use slurry unit to
denote a specific dry mass of solute and
suspended matter in prepared-slurry.
To be exact, it is an amount that can be
applied daily to one hectare of land for
an indefinite period of a century or
more without harming the environ-
ment. To be sure, it is an amount that
cannot cause failure of the biological

components of the system to manage
the decay and stabilization process. Fail-
ure of the system to manage itself
would be revealed at any time during
the century or more by a sudden de-
cimation of earthworms due to an over-
load of prepared-slurry; an obvious
accumulation of slurry particles within a
few days on the surface of the soil;
offensive odour; or any combination of
these symptoms.

As an alternative to managing the
system unimpaired over the indefinite
period the user may wish to harvest the
products from time to time, depending
on market conditions. These products
will include stablilized slurried soil and
earthworms. By stabilized slurried soil
is meant soil that will not allow the
earthworms Eisenia fetida or Eisenia
andrei to grow from 5 milligrams at
hatching to more than 500 milligrams in
5 weeks at 20° to 25°C [5]. Similarly, it
will not allow any other earthworm
species to gain 10 or more milligrams
live weight per day [6).

As a stabilized product the slurry will
be non-putrescible and without offen-
sive odour. In addition, all its organic
matter will be present as humus. This
could be shown by revealing the pre-
sence of fewer than several hundred
bacteria per gram dry weight of the
slurried soil and by finding 1011> to 10111

free radicals per gram of organic matter
present [7].

On average, cattle 550 kilograms in
weight produce 40 kg of slurry daily
with 12 per cent solids; pigs weighing 68
kg produce 4 kg with 10 per cent solids;
and 1000 laying hens produce 110 kg
with 24 per cent solids [81. As an exten-
sion of the above definition of slurry-



unit we propose that this unit will con-
tain 10 tons of any of these solids singly
or in combination. with or without an
admixture of any type of organic matter
used as bedding. Finally. we suggest
that this mass of material will consist of
solutes and suspended solids in a final
volume of 1000 to 5000 tons or more of
water prior to sprinkling upon land. The
lower of these numbers will imply a
need to apply the slurry-unit to a depth
of 1 centimetre over I hectare daily; the
higher number to a depth of 5 cm/
ha/day.

Treatment of slurry prior to land
application

The procedure for forming a prepared-
slurry may call for (i) adjustment of
slurry water-content based upon soil
permeability and electrolytic conductiv-
ity; (ii) adjustment of electrolytic con-
ductivity if further necessary; and (iii)
adjustment of pH if necessary. Soils
sufficiently deep and adequate in tex-
ture. structure. and permeability can
easily drain 5 ern of water daily. During
periods of heavy rainfall, however, it
may be necessary to apply the slurry as
a water hcad not exceeding 1 cm in
height.

Prerequisite to the successful use of
earthworm biotechnology for the man-
agement of slurry is the need to main-
tain this material in a tank. if and until
its values of pH and electrolytic conduc-
tivity are appropriate. Problems may
arise if the slurry is applied to land with
pH far below 5 or high above 8. Prob-
lems may also arise if the ions in slurry
conduct more than about 3 millisiemens
of electrolytic current per centimetre.

Just as pH is easily measured with a
pH meter. the measurement of mS/cm
is carried out with an electrolytic con-
ductivity meter. This is accomplished by
simple insertion of a pair of electrodes 1
cm apart into the prepared slurry to a
depth established in calibrating the in-
strument with standards 19J. Distilled
water displays a conductivity of about
ll.05 mS/cm. drinking water 0.15 mS/
em, mammalian urine 20 or more mS/
em. Should the slurry have a conductiv-
ity of 4 or more mS/cm. an incubation
period should be allowed within a hold-
ing tank before applying it to land.
Aeration of the slurry. as with activated
sludge at municipal used-water treat-
ment plants. will be required if offen-
sive odours are to he precluded. During
this incubation period ions will he
assimilated as microorganisms prolifer-
ate. thus decreasing the electrolytic con-
ductivity.

From an economic view. ionic con-
ductivity should he adjusted before
adjustment of pH. After falling to a
value below about 3 mS/cm. and if the
pH falls below 5.ll. dolomitic or calcitic

limestone can be added. If the pH
should exceed 8.0. sulphuric acid can be
added instead. The need for adjusting
electrolytic conductivity and pH may
disappear once this system has been
used long enough to determine that its
properties of desalination and buffering
are adequate to withstand planned de-
viations from the values of mS/cm and
pH proposed here.

Earthworms

Central to the management of slurry in
soil is the need for three hiotechnologic
classes of earthworms (10). In them-
selves they are not part of the system of
management. In fact. only a 5 per cent
yield of their biomass can he expected
from any applied amount of organic
matter to soil [II). Their main function
is to provide surface area within the soil
upon which a large number of microor-
ganisms and visible organisms can be
involved in the decomposition and sta-
bilization of the organic matter.

Epigeic earthworms include species
that reside mainly in the superficial
organic layer of soil. and for this reason
they arc absent in agricultural soil. They
are present only in patches of soil here
and there throughout the temperate
zone where decomposing organic mat-
ter may occur throughout the year.
They can be found only where manures
are frequently stored upon soil; in trick-
ling filters associated with used-water
treatment plants; and along streams
that receive a rich flow of organic nut-
rients from some nearby accumulation
of decaying plant life. such as leaves.
throughout the year. For the manage-
ment of slurry. epigeic earthworms are
required principally for their ability to
clear such matter quickly and to obviate
malodour throughout the management
process. Their ability to eliminate offen-
sive odour rapidly is related to the
abundance within their body wall of
olfactory sense organs. organs that are
especially abundant around the mouth.
Through activation of these receptors
they are led to the causative agents of
malodour, namely microorganisms that
operate anaerobically upon metabo-
lites. In turn. the microbes are con-
sumed. In the course of feeding on
these organisms. which constitute a por-
tion of one of two components in the
mainstay of their diet f12], aerobic con-
ditions are produced in their vicinity. In
this way. environmental conditions arc
obviated for microbes that produce foul
odorivectors such as cadaverine. agma-
tine. skatole. and hydrogen sulphide.

Whereas epigeic earthworms can bur-
row into soil. they arc primarily crevice
crawlers who slither in and out of spaces
between organic matter in the super-
ficial 0 layer. Earthworms of the
second biotechnologic class. in contrast.

arc true burrowers. Known as endogeic
earthworms, they arc commonly pre-
sent at a depth beneath that occupied by
epigeic earthworms. Regardless of
whether epigeic earthworms arc pre-
sent. however. endogeic earthworms
generally form their habitat two or
more centimetres below the soil sur-
face. They commonly occur within the
two mineral layers of soil. the A and B
layers.

The chief value of endogeic earth-
worms to the management of prepared-
slurry resides in the functions they nor-
mally exercise in soil management.
These functions are twofold and
overlapping. By creating an extensive
network of tunnels oriented mainly
horizontally and obliquely to the soil
surface. they enhance soil aeration and
provide conduits for rainwater and
melted snow. And by mixing any
leached microbial and other organic
matter with clay. silt. and sand particles
they enhance the texture and structure
of soil.

The network of tunnels created by
endogeic earthworms is extended furth-
er by earthworms of the third biotech-
nologic class - diageic earthworms.
Named for their ability to burrow
throughout the depth of soil. diageic
earthworms commonly establish their
long-term habitat near parent rock be-
neath the A and B horizons of soil.
They linger here in particular during dry
spells of the year.

Together. or alone. endogeic and di-
ageic earthworms arc the principal
route through which soil bulk density
may be reduced. and this is related to
their tunnelling activity [l3J. Soils inha-
bited by earthworms commonly weigh I
g/crrr' whereas soils void of these tillers
arc generally compact. as indicated by a
hulk density of about 1.3 g/crrr'. The
numerical difference of 0.3 g/cm:' sig-
nifies the conversion of soil from unit
volume to a volume at least 30 per cent
larger. It implies expansion of soil up-
wards. against the force of gravity. But
most importantly it signifies a vast inter-
nal space for accommodation of air and
moisture, and an enormous surface upon-
which hydrolytic and oxidative catalysis
can be effected by soil micro-
organisms, soil macroorganisms, soil en-
zymes, clay minerals. and humic subst-
ances.

Commercial procurement of earth-
worms from each biotechno logic class
may he essential at the onset of slurry
management. Epigeic earthworms may
be obtained from commercial growers.
diageic earthworms from commercial
harvesters. Endogeic earthworms arc
not available commercially. but may be
obtained contractually in the way de-
scribed below. Following procurement.
in all cases. additional earthworms need
never be purchased again. provided
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food in the form of prepared-slurry is
placed upon the soil year in, year out.

The commercial availability of
epigeic earthworms from growers is re-
lated to the ease with which they are
produced. Throughout the United
States most growers produce what they
call redworms, tiger worms, wigglers,
and so on. Some of these earthworms
are African nightcrawlers, known jax-
onomically as Eudrilus eugeniae. Care
should be taken not to purchase these,
since they succumb easily to tempera-
tures below 100e. Based upon their
ubiquitous distribution in the temperate
zone of the world, and because of their
proven success as prolific consumers
and processors of decaying wastes, as
indicated below, only one or both of
two species of Eisenia ought to be
purchased instead. Believed once to be
monospecific, both species were refer-
red to jointly before the 1980s as Eisenia
foe/ida. The striped morph is now rec-
ognized as one species, E. foe/ida, and
the unstriped form as another, E.
andrei. From a practical view both spe-
cies are equally effective in every way.
They will be referred to simply as red-
worms in the remainder of this article.

The commercial availability of di-
ageic earthworms is related to the ease
with which they are harvested. Domi-
nant within this context is the species
Lumbricus terrestris. Commonly known
as the nightcrawler, it can be purchased
readily through bait dealers in the
northern United States or southern
Canada. They are so abundant in Cana-
da, that exports from there in 1980 to
bait dealers in the United States alone
exceeded US$54 million on the retail
level (14].

Of the more than two thousand en-
dogeic species worldwide, Aporrectodea
caliginosa stands supreme for biotech-
no logic purposes. Along with other
earthworm species commonly found in
garden and agricultural soil in which
zero-till or low-till farming is practised, it
is commonly known as a garden worm.
Unlike E. foe/ida, E. andrei, and L.
terrestris, however, an initial stock of A.
caliginosa, if needed, must be obtained
by arranging for their collection at cer-
tain times of the year under specific
conditions.

To determine whether these earth-
worms are needed on the site where
prepared-slurry will be processed, the
following procedure may be used. Fol-
lowing a winter thaw, or after treating
several sample areas of soil 0.5 m in
diameter with water and allowing the
water to drain to field capacity, 4 litres
of 0.3 per cent formaldehyde is distri-
buted over each area. Within minutes
earthworms will emerge from their bur-
rows. Endogeic earthworms are usually
light brown or pale grey in coloration,
and never able to form their tail end
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into a spade-like shape. If at least sever-
al of these earthworms emerge, it will
suffice to purchase nightcrawlers
(assuming none of these with spade-like
tails show up) and redworms. If neither
nightcrawlers nor garden worms are
flushed from the soil with formalde-
hyde, garden worms may be obtained in
the following way.

In early fall, as deciduous leaves drop
from trees to the ground, the soil
temperature is warm and microorgan-
isms proliferate. Heading into winter,
as the soil temperature drops, in-
creasingly large numbers of soil mic-
roorganisms become dormant.
Throughout winter and early spring the
soil interstices become saturated with
moisture. Midway through spring the
soil temperature begins to rise, mic-
robes become active again, and soil
oxygen begins to wane. At a critical
point along this trend, should it rain
moderately to heavily, the soil becomes
excessively saturated with water, soil
microbes become enormously active,
and soil moisture becomes deficient in
oxygen with respect to what is required
by earthworms. This deficiency induces
the earthworms to emerge from their
burrows and crawl upon the soil sur-
face. In the course of their travels,
many individuals wander on to paved
streets. In the early morning hours hun-
dreds to thousands of specimens may be
collected in an hour or two.

Based upon numerous surveys con-
ducted by ecologists over the past half
century, the land area chosen for man-
agement of prepared-slurry will prob-
ably contain 10 to 100 endogeic earth-
worms per square metre [15]. Con-
ventionally ploughed farmland and land
left fallow for more than two years may
be devoid of earthworms. If 10 or more
endogeie and 10 or more diageie earth-
worms are present per square metre,
no additional earthworms from either of
these classes is called for. In all prob-
ability, however, redworms will be ab-
sent or deficient. If management of
slurry is to proceed in a failsafe way, it is
necessary at the outset to have about
100 of these organisms per square
metre. Further to ensure success, ino-
culation ought to be initiated early in
spring, when the population could pro-
ceed through three generations before
cold temperatures set in again. No such
time constraints would need to be consi-
dered in the tropics.

The salient points underlying the im-
portance of redworms to the manage-
ment of prepared-slurry relate to the
short generation period of these species
(16]; their high rate of production [17)
and reproduction [161; and high
throughput capacity for organic matter
and soil [18). Central to maximizing the
achievement of these characteristics for
individuals and populations of red-

worms is the need for food richer in
cellulose and microorganisms than is
required by endogeic or diageic earth-
worms. Linked to this requirement is
the higher basal metabolic rate of red-
worms. They constitute a species that
can add biomass to their developing
tissues and progeny to their environ-
ment faster than any other species of
earthworm known. Slurry, sludge de-
rived directly from holding tanks at
used-water treatment plants, and anim-
al manures are especially suitable as
sources of the required energy.

Over the temperature range 20° to
25°C the generation period of the red-
worm - from the time a cocoon is
deposited until the developing young
within the cocoon began to produce
their own first cocoon - is nine weeks.
Longer periods are required at lower
temperatures. Temperatures higher
than 29°C often inflict a high degree of
mortality [19].

On average, three weeks elapse at 20°
to 25°C between cocoon deposition and
the emergence of hatchlings. Sexual
maturity is reached within six weeks
thereafter. Also on average, five hatch-
lings are produced weekly by each red-
worm. This rate of reproduction can be
sustained for at least 26 weeks, during
which each adult can theoretically pro-
duce 8500 progeny [20].

Manageability capacity

The throughput for redworms varies
with gut load and gut transit time [18].
Gut load is defined as the amount of dry
matter in the intestine as percentage of
dry-weight earthworm. Gut transit time
is the time required for ingested matter
to pass from mouth to anus.

Gut load varies from 0 to 70 per cent.
A value of zero per cent is obtained
when the earthworm refrains from in-
gesting. This may happen when biologic
sludge is essentially void of microorgan-
isms and cellulose. At this point the
organic matter in the sludge consists of
humins, fulvic acids, and humic acids,
the three constituents of humus. Zero
per cent gut load may also be observed
when toxic materials are placed into a
dish but space is allowed to permit the
redworm to avoid bodily contact with
the noxious material. On food maximal-
ly enriched with microorganisms and
microscopic strands of cellulose, such as
activated sludge obtained directly from
a treatment tank and dewatered to 10-
12 per cent solids, gut load lies in the
range 3-5 per cent. Serial dilution and
homogenization of this sludge with
mineral soil to provide a range of
carbon/nitrogen ratios of 7.0 to 9.0 re-
sults in a corresponding linear increase
of gut load from 5 to 65 per cent.



Redworms selected from nature how-
ever, in which non-homogenized mate-
rial permits selection of good intake,
exhibit a gut load that generally lies
between 4 and 16 per cent.

To suggest maximum throughput of
these worms at 20° to 25° in the manage-
ment of prepared-slurry when the red-
worm is present in a layer of substrate 4
cm deep, we shall assume a gut load of
10 per cent. Carrying capacity for red-
worms under ideal laboratory condi-
tions in a substrate of this depth is 3
kg/rn? [21]. Multiplying this number
times gut load 10 per cent and 8 gut
transit excursions per day (redworms
work through their substrate 24 hours a
day) gives a throughput value of 24
tons/day/ha at 2(jO to 25°C. A lower
throughput can be expected at lower
temperatures.

Despite the common dominance both
numerically and in biomass of A. caligi-
nosa in temperate soils worldwide, little
is known about its life history. Informa-
tion is not available on the length of its
generation cycle in relation to tempera-
ture. Nor are data available on fecundi-
ty or longevity. Attempts to obtain such
information in our laboratory led to
negative results over a three-year
period. Cocoons were not produced
under the artificial conditions tested.
Nonetheless, this species and other en-
dogeic species are generally found in
equal or greater abundance to diageic
earthworms in field surveys [13, 15].

Similarly, little is known about the
generation cycle of the nightcrawler.
Longevity may exceed one decade [22).
Cocoon production occurs at the rate of
two per month throughout the year
[23]. and a single earthworm develops
within each cocoon. In grassland soil
gut load lies around 25 per cent; in silt
loam 45 per cent; in cellulose 9 pcr cent;
and in activated sludge 2 per cent. Gut
transit time at 25°C is eight hours [24).

A very conservative estimate of
throughput for the nightcrawler can be
provided by assuming a gut load of 25
per cent, one gut transit excursion per
day, and laboratory carrying capacity of
0.5 kg/m in dishes 5 cm deep [24).
Expressed per day at 25°C the through-
put value is about I ton/ha.

A very conservative estimate of
throughput for prepared-slurry per hec-
tare per day can be made for earth-
worms of the three biotechnologic
classes collectively at 20°C. This
temperature can be expected as an aver-
age year-round (global year-round sur-
face temperature of soil is 15°C) value
worldwide in view of the very aetive
microbial activity in slurry. This esti-
mate must necessarily be 25 tons/hal
day, based on the throughput of the
redworms. From this it follows that 25
tons of prepared-slurry, on a dry weight
basis, can be applied per hectare of soil

daily. This amounts to a 2.5 mm layer of
solids, dry. Looked at this way, one
hectare of soil would be required for the
management of 2.5 slurry units daily.
This corresponds to the faecal-urinary
output of slightly more than 200 cattle,
or more than 2500 pigs, or nearly 3
million laying hens.

To repeat, these are conservative
estimates, but nonetheless they can
pose a problem. Should all the slurry-
unit be placed upon the soil instantly,
earthworms may encounter anaerobic
conditions and succumb. It is important
to sprinkle the slurry and thus to apply
it intermittently on any spot of soil over
as long a period as the delivery system
can be adjusted to.

On the other hand, an n-fold greater
load of prepared-slurry than I slurry-
unit/ha/day may be manageable if the
single most important principle in the
management of any decaying organic
matter can be adhered to. Known as
perturbation, it refers to the need to
obviate static biological conditions and
preclude them from ever arising. To be
sure, any organism that is forced to
remain in its own excretory matter for a
critical period will cease to proliferate
and possibly cease to convert carbon
atoms in complex organic wastes into
carbon dioxide. Even under anaerobic
conditions it is necessary to perturb the
microbial organisms by mixing if they
are to produce methane as an end-
product of catabolism at a maximum
rate.

This is a simple principle, but one
which is often unknown to practising
engineers and therefore in need of
emphasis. In Petri dishes, for example,
a colony derived from a single bacter-
ium will grow rapidly at first, then morc
slowly, and then immeasurably, if at all,
despite an enormous amount of space
and nutrients. Failure to continue colo-
nial growth after a while can be attri-
buted entirely to the stagnant ehemical
nature of the enivronment. This can be
attested by directing a stream of sterile
air or sterile water at the colony, caus-
ing some members to disperse, settle
upon fresh substrate, and begin to pro-
liferate once more. The doubling time
required for most bacteria at 25°C is
about one hour. Assuming constant
perturbation; a continuous clearance of
exerctory material produeed by one
species of bacteria by other microbial
species; an abundance of nutrient mat-
ter; and no limitation of space, a single
bacterium could give rise to more than
16 million bacteria in 24 hours, or more
than 280 million bacteria in two days!

Indeed, thc success of intensive man-
agement of effluents from intensively
housed livestock hinges on a continuous
perturbation of the soil in which the
animal wastes are to become humificd.
Earthworms will perturb the system

through tunnelling; through mixing va-
rious microbial species during through-
put; through the creation of internal soil
surface beneath the external soil sur-
face; by establishing conditions through
which nematodes, potworms, oribatid
mites, springtail insects, terrestrial iso-
pods, snails, slugs. millipedes, and pre-
dators of these animals - including
mesostigmatid mites and centipedes -
are brought into the system. Additional
activity results from exposing an cnor-
mous surface to rain which carries acids,
hydrogen peroxide. and various other
oxidants such as the pcrhydroxyl radic-
al. hydroxyl radicals, and superoxide
anions into the soil.

Similarly. the proper operation of the
delivery system will serve to perturb the
slurry management system. As indi-
cated above, this ealls for as many re-
peated applications of small volumes of
prepared-slurry per unit area as soil
drainage and the delivery system will
permit.

Wc conclude by saying that the sys-
tcm outlined here can also be applied to
the management of slurry from inten-
sively housed humans. By 2024, regard-
less of how many humans are on Earth.
probably more than 1)0 per cent will be
urbanized [31. In the event that doubl-
ing of the human population from 11)1{4
could occur, in accord with the present
inherent rate of population increase [2],
more than one million dry tons of body
wastes will be in need of management
daily.
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