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Abstract

The primary objective of this study was to examine the
N

. role of earthworms in structural development. Secondary

bbjectives included an examination of their rble in
decomposition and influence on soil chemistry.

"A microcosm study was set up using biologically.
unaltered parent materials from three textural classes and
earthworms from two ecological groups. After one yga}
chemical, microbiological and X-ray diffraction‘analyses
were performed on co%ponent parts of the microcosm and‘
microﬁorphological techniques were used to study the:
stfuctural development.

Lumbricus ‘terrestris played a primary role in

. structural development by withdrawing litter from the

surface into the soil and bringing it into intimate contact
with inorganic constituents. Octolasion tyrtaeum and
Aporrectodea turgida(geophages) played a secondary role by
ingesting large qguantities ofﬁmatrix material which was
physicalj§ altered and translocated, resulting in
homogenization of the soil. A synergistic effect occurred
where both ecological groups of earthworms co-existed.
Significant ;ontributions to organic plasma
concentrations, which bound inofganic soil constituents
together, were made by all sﬁecies. Wheré a high proportion

of clays were present earthworms increased the degree of

theif\biientation.
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" In the silty clay loam(SiCL) soil grénular structure
Gevelopea in the presence of-all species of eérthwo;ms; This
structure was strongly,éssotiated with high concentrétions
of clay-bound nedtrél sugaré:in the faecal pellets. In this

soil earthworms accelerated decompositidn through their

: ability to maintain viable populations of.fungi and

i

anaerobic bacteria. Accelerated decomposition in the

7

presence of earthworms proved beneficial since alhigh
Rroportion of exfractable carbon was stabilized through
intimate association with clays. Stabilization of organic
carbon was attributed to a high proportion of smectite clays
in the SiCL soil.

In the clay loam(CL) 'soil fusion of the matrix material
was strongly expressed where L.teﬁfestris was active alone
aﬁd with the geophages. Fusion of the matrix was associated
with low concentrations of clay-bound®neutral sugars in the
faecal material. Decomposition was apcelérated by earthworms
in ‘the CL soil in a fashion similar to the SiCL soil but
proved far lessvbeneficial. A small proportion of
extractable carbon was present in the clay-bound Eomponent‘
and respiration losses of carbon were high. The poor ability
of the CL soil to stabilize carbon was attributed‘to the low
proportion of smectite clays present. ~

In the sandy-léam(SL) soil weakly expressed granular
structure developed where the geophageé were active, Tﬁis

was associated with the highest concentrations of clay-bound

neutral sugars in the faecal pellets for this soil. Fusion



of the matrix occurred where L.tenPeStPisbwas active alone
and‘decomposition‘was retarded. Retarded.dedompositionjwaé
attributed to the inability of the earthworm to maintain
viable fungal populations whereas it could in the CL and
SiCL soils. |

| All species of earthworms enhanced the mobiliiation of
calcium, magnesium and sodium. Losses of'}heée elements were
highest where L.terrestris was pgesent since its tunnelling
behavior was conducive to enhahced_leaching Potassiﬁm}data
suggestea that geophaggous speéies'may be involved in

de-potassification of clay minerals.

[y
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1. INTRODUCTION

Numerous soil fauna aré involved, to some degre;, in
pedological processes but eértthrms are most often singled
out as -being uniquely important in the development of a
4stab1e,vg:anular, mull structure. This ‘belief-’has .arisen
mainly from the association observed between theipreﬁeﬁce of
earthworms and soils having a well developed granular
structure. Although it is implicit in many/ééakements that

. i
earthworm activity alone pfoduces granular s%ructure, little
‘ direct~ ;vidence for this exists. The majérity of studies
which have led to this conclusion were conducted uSing.soii;
~in  which- earthworms had been ‘active for a considerable
length*of time or a granular type of structure already
existeg: Under these cdnditions it 1is difficuit to determine
what features in 4the fabric éan be attribﬁted to the

o

activity of earthworms, as oppéséd to those resultiﬁg from
other genetic processes or the activities of other soil'
fauna. Thus, Eonflicting opinions exist regarding the role
earthworms play in the genesis of humus forms. Can . they,
acting aloné, modify the organic constituents of the soil in
a manner that facilitates binding with the iﬁorganic
fractidﬁ to“produce a mull type of fabric or;udé they simpiy
play a secondary rple in mixing ana homogenizing materials:
already modified, Aeitper, by other 'soil biota of through
other pedogenic>processes?

The notio. that the effect earthworms have bn soil

structure is always a positive one originates mainly from
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studies conducted in Europeanh eccosystems where soils,
climate, vegetation, species of eérthWo:ms‘ gnd,"\fheir
population: numbers differ signifiéantly from those found in
Canada. The contrést is particularly sharp ‘when Europeann
ecosyétems- are compared ‘with the - parkland and prairie

regions ‘Qf Canada. .In these regionS\‘individuals have

‘reported that earthworms destroyed what had previously Heen

good granylar structure in their garden soils. In

Rl

A %

. corfespondence- to J. Thorp, Av Léahej(former head of the

Dominion Soil Survey Staff of Canada) stated tbat soils of

-.Alberta and Manitoba were damaged by earthworms that were

introduced(Thorp, 1949). He related an experience where

residents on a farm north of Edmonton observed that

‘earthworms ruined their gardenbin less than two. yéars. The

earthworms turned. the granular, friable structure’ of a

' Chernozemic clay soil into a sticky mass which was extremely

difficult to manage. hgarwal et al.(1957) observed a similar .
effect where earthworhs belonging to the genus AlfolopophOPa
destfoyed the’ grandla; structure of’soils having claflloam
and 'silty clay loam textures. Thus; another.‘conflict‘ of
opihfons  exists. Is the efféct‘ éarthworms havevon soil

5

structure alwayé a positive one?

The -species Lumbricus terrestris has been used
eitensively by researchers for the study of eagthworm—soil
relationshipé, Information derived from these studies is

often incorrectly interpreted as . representative for all

species of earthworms. Earthworms can be classified into



ecologically, distinct groups which are defined by feeding
behavior and spatial distribution in the soil. The effect

earthworms have on soil processes reflects how they function

ecologically, yet little work has been done - to demonstrate -

these differences in terms of soil structure deyelopment.
‘The mechanisms and processes which are thought to be
involved 1in aggregaie formation and stabilization have been
étudiéd for yegrs and were'summe;ised in a reQiew article by
Harris et al.(1966). Despite the évaiiability of this
information few efforts have been made to defermineiwhich of

these processes may be influenced by earthworms to produce

or stabilize soil aggregates.

Based, on the fofegoing conflicts of opinions and gaps

Y

in knowledge thé'fbilowithpfimary'ObjeCtives'wete' set. for =

this study. !

1. To detérmine if'eérthworms, acting alone, can produce a
granular type of soil structure:
If'So;;‘

:é) Does 'the efféct vary depending on the original

texture of the soil?

b)-DQes the effect vary depending on the species of

.earthworm involved?

VR



2. To determine if processes traditionally considered td be
involved 1in éggregate formation and stabilizatién are
"influenced by the activities of‘ earthworms. The
processes:to be examined include:

a) Formation of organo-clay complexes

b) Enhancing production of polysaccharides

aﬁd/orvuronic acids

c) R;orgaqization and compaction of soil material

d) Movement and concentration of colloidal materials

e) Promoting growth of microbial populations

|
Almost no information is available rLgarding earthworms
.
rFd
and their 1influence on the cycling of elements, with the

J .

information gathered to satisfy the primary objectives, the

following secondary objectives were set for this study.

a .
1.. To gather baseline information regarding earthworms and

soil chemistry.

2. To gather information regardfng the 1influence of
eafthworms,on decomposer organisms.

3.. To determine'changes in soil porosity as influenced by

earthworms. /
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In order to saiisf" these objectives a microcosm study
was set up under controlled environmental conditions.
Unalte;ed parent materials from three different textural
classes Qere paékgd int& columns. Earthworms from different
ecological groups were allowed to inhabit the columns for
approximately one year. At montﬁly intervals grass was added
to the top, and leachates were collected from the bottom of
the columns. -~ b

Thin sections(32um thick) were prepared from these
soils and described to- meet primary objectiée #1 and

AN

portions of #2. The soilkig each column was dissected and

N ,
separated into portions affected and not affected. by

"earthworm activity. These samples were analyzed using the

appropriate method?ﬁto meet primary objective #2.

The following . analyses - were don to . meet Qpe

requirements of the secondary objectives.

\

OBJ. #1: Elemental analysis of grass residues)
soil samples, and leachates.

OBJ. #2: Soil samples were used to determine
total microbial numbers and to obtain

isolates for specific assays.

OBJ. #3: Examination of 32um thin sections.

™~
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2. LITERATURE REVIEW

2.1 Introduction
Much of our thought and understanding about earthworms

and their involvement in the soil system originates from

¥

European research. This review provides an overview of the
current line of thought regarding earthworms and fheir‘
function in the soil system. However, these. observations and
conclusions'apply largely to European ecosystems and species
of earthwormsl The " basic information must be interpreted
with caution due to larée differences in ecosystems, -
approaches to land management, and the limitedbavailability
of knowledge reéarding the pogglation density, distribution
and kinds of earthworms in CanadH{ ‘

~ N

2.2 History of Research on Earthworms
The 1initial surge of interest in earthworms and their
involvement in soil processes began with the work of Charles

Darwin(1881). His book, Earthworms and the Formation of

Vegetable Mold was met with considerable criticism. Darwin

made a case for the positive influence of earthworms on
-enhancing:the Qroductivity of land, when the current mode of
thinking was the cbntrary(Edwards, 1981). This attitude
quickly changed and by the turn of the century earthworms
were béing vieQed in an overwhelmingly positive light.

Numerous theories were put forth regarding the influence of

earthworms on a wide variety of soil physicél and chemical

>



properties (RUSSel,1910;Salisbury,1924;Wherry,1924). This
period of interest was short lived and it was not until the
mid 1950's that a resurgence of earthworm research was
spearheaded by John Satchell. Alﬁalid and reputable research
group was formed in England under the auspices of Satchell,
including individuals such as D. Lowe, G. Heath, J. Lofty
\and C. Edwards. During the 1960's researchers in several
other countries began making significant contributions to
the study of earthworm;soil relationships including O. Grafft
in Germany, C. Jeansdn in France, J. Van der Drift and J.
Van Rhee in the Netﬁerlands, K. Lee in New Zealand and K.
Barley in Australia. Over the last decade several r. carch
groups, emphasizing an ecological approach to the study of
earthworms, have emerged from Russia,'New‘Zealand, Australia
and‘several Scahdinavian countries.

In North America the scenerio is much less positive
where publications regarding earthworms can be found, but
they occur intermittahtly as "novelty items" and do not
reflect a strong interest 1in the area of earthworm-soil
relationships. An exception to this 1is the work of the
Canadian, John_Reynolds,>who has published extensively oﬁ
the ecology and taxonomy of earthwormévin Canada and the

United States.



2.3 Distribution and Occurrence of Species in Canada

One of the major reasons for the scant interest
expressed in studying earthworms and soils at the process
level in Canada 1s 1likely the distinct lack of knowledge
regarding the distribution of speéies and population numbers
which occur here. Since there is only a dearth of knowledge
on this subject it has been inferred that these soil fauna
are of little significance to the soil system.

The most commonly accepéed theory regarding the
distribution of .earthworms in North America is that during
the Quaternary Périod most species indigenous to glaciated
North America were exterminated(Reynolds, 1977). Those.
species with which we are most familiar 1in Canada are
thought to have been'introduced by man through colonizers
from other continents or from southern refugia
(Reynolds, 1977). Reynolds(1977) stated that of 19 Ontarid@
species of earthworms bnly 2 are native to North America. If
one were.Ato accept this‘ theory, it would be logical to
expect that the distribution of earthworms in Canada largely
follows the pattern of settlement of the country by human
occupation. This seems to be the case as earthworms do
commonly occur in populated af%as whereas in remote areas. it
is considered unusual to find them.

Although virtually nothing is known régarding eérthworm.

population numbers in Canada, Reynolds(1877) publication Thk2

Earthworms of Ontario provides considerably detailed

information regarding species distribution in Ontario along’



with general information on distribution in North America.
Of the 19 species described by Reynolds(1977) the existence
of only 6 has been documented in the prairie provinces. In
fact, some of the species used in this study are the first

documented evidence for their existence in Alberta.

2.4 Taxonomy and Ecological Classification of Earthworms
Taxonomically earthworms belong to the phylum Annelida
and order Oligochaeta. The majority of specimens whose

existence is documented in Canada belong to the family

>

Lumbricidae, while some occur in the family
Sparganophilidae(Reynolds, 1977). Recently specimens
belonging to the family Megascolicidae were found on

Vancouver Island(McKey-Fender amd Fender, 1982).

Considerable confusion exists regarding taxonomy at the
species level. For example, Reynolds(1977) described the
species OCtoIaSioh tyrtaeum and lists over 10 different
species names which have been assigned to this eérthworm in
research articles. This'type of confusion makes 1t difficult
to collate research on any one species in order to
understand -its fﬁnction in thé ecosystem.

In order to circumvent this problem several individuals
have devé{oped ecological <classification systems. This
enables one to study earthworms as ecologically functional
groups whére ~ knowledge of individual species 1is not
essential for interp:egfhg information (Gates, 1961;Bouche,

1972;Norstrom and Ruhdgren, 1973;Perel, 1977).

(/\

~

L
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Strong similarities ‘exist between most of these
ecological ciassification systems which are largely based on
feeding habits and spatial distribution of the earthworms.
One such system described by Perel(1977) 1is outlined as

follows;

TYPE I:Feeding on or at the soil surface consuming
only slightly decomposed plant residues. i
GROUP 1:Soil surface or.litter dwellers
GﬁOUP,Z:Topsoil and litter dwellers

GROUP 3:Deep hole-makers

TYPE II:Feeding on decaying plant matter dispersed

in mineral soil layers.

GROUP 1:Top—soil dwellers

GROUP 2:Middle mineral strata inhabitantg

GROUP 3:Dee§ hole bpring species .
Perel(1977) referred to the Type I and 1I feeders as
."mcrph-ecologiéal typeé" as their adaptation to different
feeding habits 1is reflected in distinct mo:phologies;.Type
‘11 feeders are characteristically'pigmentle§s, less motile
with primitive bundle-like muscle fibres, and the typhlosole
is intensively folded providihg a large surféce area for
nutrient ébsorption from finely divided organic matter. Type
I feeders are commonly pigmented, highlf mobile having

complex muscle fibre types, and the typhlosole is small with



few or no folds.‘ R

Classification at the group level is based on vertical
distribution in the soil which reflects the feeding behavior
and adaptation to surviving adverse moisture or temperature
conditioﬂs. For example, deep-hole borers are adapted to
well drainéd soils where periodic drying occurs, since they
can escape to depth(150+.cm) and diapause. On the other hand
OCtolanon lacteum, a mineral soil layer dweller, has a weak
ability to diapause‘but is well adapted to sites which are
permanently moist or eveh periodically flooded, having yé
ﬁell—déveloped subcutaneous net of blood vessels and a high

concentration of haemoglobin(Perel, 1977).

s

v

With  the current confusion regarding ‘tﬁxonomy of
eafthworms at the speéies level, it 1is apparent that an
ecological classification. syétem such as £hat developed b;
Pérel(1977) hés far more utilitarian value in terms of
~synthesizing and applying information. Howevér,'this does
not diminish tﬁe value of a traditional taxonomic system
which should ultimately expedite the process of applying
.information when a species is identified and placed. in an
ecological | group whose‘ function in the écosystem is

understood.
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2.5 The Ecology of Earthworms

Numerous ecological studies have.been carried out in an
attempt to"determine what environmental factors érctaté the
distribution and population ~ numbers of earthworm
species(Nordstrom and Rundgren;_1974;R§zeﬁ, 1980;Ljundstroﬁ
et al, 1973; Heitor, 1969). Conflicting observations
resulting from these studies only serve to emphasize “the
fact that one can not view the ecology of earthworms in an
oversimplified vein. Earthworms can not be grouped into a
singular taxonomical unit .whose members all function in a
similar manner within the ecos?stem. In order to sort out
the complex inre;actidns of earthworms with each other, with
other biota ir the ecosystem, and with their environment,
studies must be carried out at the species, or at least at
an ecologically functional group, léﬁel. \It must be
recognized that ecological niches exist for different
species or groupé of species of earthworms.v

The following review will discuss the most popular
viewpoints regérding earthworm ecology while providing

examples to illustrate that these generalizations must be

interpreted with caution.

The basic requireménts of earthworms were listed by
Lee(1959) as follows; |
1. Adequate and suitable rood supply
2. Adequate moisture assuming 1. is met

3. Adequate dissolved O



13

4. Protection from light
5. Favourable temperature regime

6. Suitable pH

Some disagreement exists as to the relative importance of
these factors. Logically one may assume that aepending on
the species of earthworm and the ecosystem under
consideration the relative 1importance of environmental
factors would shift.

Although - Lee(1959) 1included protection from light and
the presence of adeqﬁate dissolved 0. as important
requirements for earthworms, they will not be discussed in
detail. Considering that eartthrms are basically subsurface
dwellers which are relatively mobile they could easily
escape any damage from éxposure to 1ight through avoidance
behavior. Although '  the lack of adequate dissolved O, may
explain the absence of earthworms on a localized basis this
notion may be applied to any biological entity dependent on
aerobic respirationvfor existance, therefore this factor
should not be considered uniquely important in contrélling
the distribution and activity of earthworms.

Thus, the following discussion will focus on the
remaining factors listed.by Lee(1959). >I have chosen to
discuss these factors by dividing Ehem' into two broad
categories. The first, earthworm nutrition, will be
discussed 1in the traditional sense of litter providing an

" ultimate energy source for the earthworms, ‘but will also
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include a discussion of earthworms as grazers as opposed to
detritivores. The second éategory will include a discussion
of soil properties, both. physical and"chemical, which are
considered to influence earthworm activity and distribution.
Factors outlined by Lee(1959) such as moisture, temperature

and pH are included in this section.

2.5.1 Nutritional Requirements and Feeding Habits  of
Earthworms ‘ ‘
In order to support a viable earthworm population an
adequaté@quantity) and suitable(quality) food supply must be
available(Lee, 1959). Since the feeding preferences of
earthworms have ﬁot been established the gquantitative
aspects of food supply will not be discussed. The following
discussion will lay out the current status of knowledge

regarding feeding preferences.

- Miles(1963).stated,
"It is clear that some of the effects produced in
soil both with regard to composition and structure
are consequences of the feeding hébi;s and‘hutrition

requirements of earthworms”

Despite this concept, virtually nothing is known regarding
the nutritional requirements of earthworms. Because
earthworms obviously ingest organic materials(leaf litter,

grass etc.) most feeding'experiments, although limited in
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themselves, have been oriented towards studying the
selection of different types of leaf litter(Satchell et al.,
1967;Gast; 1937;Edwards and Heath, 1963;Mangold, 1951).

These stud{es were conducted using one species,
Lumbricus terrestris, and yet few consistencies in selection
Qere observed. It can not be overemphasized that these
feeding studies wutilized only one species of earthwérﬁ. L.
terrestris is widely popular for earthworm research since it
‘is feadily available and easy to handie and maintain. It is
particularly attractive  for feeding’ studies  as ;t
characteristically withdraws  litter from the surface into
- ﬁhe ground(Type I - Group 3 - Perel, 1977). Because of fhis
uniq&e ﬁeeding habit the job of the researcher is simplified
as food selection cén‘ be monitored easily. It must be

recognized that this speciésfoccupies a unigque ecological

niche and data collected regarding feeding must be

" considered to apply only to that species or at best, only to

surface feeding, deep burrowing earthworms.

Gast(1937) studied L. terrestris and established the

following levels of preference.

Most preferred - large toothed aspen, white ash, basswood
Secondary - sugar maple, red maple
Refused - oak

He attributed these preferences to mineral content of the

leaves stating the earthworms preferred those speéies able

\ J*/
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e,

to cycdle basic nutrients{K, Ca) from the depths of -the soil.

Mangold(1951) coated boiled pine needles with a gelatinous

substance: containing .ground up material from different

leaves. He established the following order of preferences.

Fresh - beech, maple, oak, horsechestnut,
lime, willow, false accaria
Decayed - willow, false'accaria, cak, lime,

[3 . .
beech, maple, horsecheStnup

He attributed the sequence of preference to the accumulation

[ £

In 1963 Edwards and Heath found the stage of leaf

of polyphenols.

maturity determined its succeptability to decomposition when
'it reached the forest floor; They stated it was important
that the leaves ébscised before the” accumulation of
polyphenols occurred Since fhis resulted in - the
precipitation of proteins making leaves’ less digestible.
They‘ found that oak 'décomposed faster &han beech. Leaves
that were unacceptabie ‘to earthworms were also not
decomposed by bacteria or fungi.

A comparison of these studies regarding :the
palatabili€§ of 1litter to eagthworms points out noticeable
discrepancies. For thisu reason Satchell and Lowe(1967)
embarked on a comprehensive: pélatébility study with L,

terrestris. They stated that in the vegetation preference

studies conducted up'tb that time, little work had been done
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on  the contents or physical properties of litter. It was

thought that a study of these properties might provide some
clue as to why one type of vegetation was pfeferred over
another. They conducted numerous éestsbon the physical and
chemical properties of vegetation and generally concluded
that physical properties such és, thickness, toughness and
water céntent,‘had little influence on the preferences of L.
terrestris. Tﬁe' chemical }ésts resulted in better
correlations. The analyses can briefly be summeriséd as

'followé.

1. A correlation existed _between nitrogén content and

preference but the earthworms demonstrated no sensory

detection of amino acids. Also, alder was not highly
:préferred even though;i£~is a kno&n nitrogen fixer.

2. A broad correlation was ‘established Dbetween sugar
content aﬁd palatability, but again Ehé‘ earthworms had

no sensory detection for the presencebbf sugars.
3. A very high negative. correlation was found between
initial polyphenolic <content and palatability and

palatability increased after polyphenols were weathered

—_out. The ekception to this was alder which was highly\“

palatabe‘relative to its polyphenolic content.

4, A strong negative correlation existed between

palatability and tannin content but the authors failed

to explain why ten species remained unpalatable after

|

tannins were removed. from the vegetation.‘s?

-~
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/

From their studies Satchell and Lowe(1967) indicéted that
tannins wére the most important chemical substance rendering
végetation unpalatable to earthworms.The general conclusion
was that the factors controlling food selection remained
unknown; They did observe that as litter became inc;easiﬁgly
aecomposed it was preferentiall? selected and attributed
this to the breakdo&n' and leaching of polyphenols,
Subsequent tests in this regard ﬁfoduced' inconsistant
results. Cooke et al.(1980) thbught this, observation may
have resulted from the earthworms preference for the agents
of decomposition, rather than the predispésed plant' material
itself. Usidg control discs plus thoéé cultured.with Mucor
‘hiemal‘es, Penicill ium ép. and Pseudoménas* f luorescens, they
found fungi &eré preferred over the bacteriym, which was
seleéted over» the control discs."They speculated the

v
: ' : : : Rt
preference was due to the higher nitrogen content of "the

fungi.

~ The following observations provide further supporf for
the concept that earthworms metabolize microorganisms,
rather than .plant materigi, to satisfy their nutrient and
énergy requirements. | ' |

|-

1. Decreases in microbial numbers in “the intestine of

éarth%orms(Dgwson, 1947;Déy, 1950 ;Nekrasova et

| 51.,1976;At1‘$v’1ny‘t'e et al.,1973a). |
2. The majﬁrity of plant detritus paésed through the gut

"without extensive degradation(Pierce, 1978;Parle, 1963;

I

'
J



Nielson, 1962).

3. EBarthworms lack the enzymic complex necessary for the
breakdown of complex carbohydrétes(Nielson, 1962).

4. C:N ratios of casts sometimes are greater than the
surrounging soil(Syers et al., 1979;Lunt et al.,
1944 ;Watanabe, 1975)&

5; Low carbon assimiiation rates for ingested
materialé(BolEon and Phillipson, 1976).

6. Occurance ,of fatty =~ acids in 1lipid fractions of
earthworms, which were most 1likely assimilated from
ingestion of soil microorganisms or other fauna, rather

than plant materials in which they  were not

detected(Hansen et al.,1975).

Although these points support thé concept that earthworms
.métabolize microorganisms sufficient conflicting data exist
tdrgﬁaicate further research’is néeded in this area (Parle,
1963b;Day, 1950; Nielson, 1962; Bolton et al., 1976).
Parle(1963b) found that gut bacteria( and ' actinomycetes
increaséd logarithmically through the gut of L. terrestris.
He was hot certain why this héppened but suggested it may be
the presence of sugars released from enzymatic degradation
of organic matter increased accessability to organic matter

after comminution by the earthworm. Day(1950) found no

consistant increase or decrease in numbers of microorganisms
. ,:o” -

in the gut of earthworms. However, his work was contested by
- o v ,

e
N
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Parie(l963b) and Edwards et al.(1977) because the earthworms
were placed in compacted soil forcing them to establish
burrows first. This resulted in abnormal feeding, where the
_earthworms ingested proéortionally higher amounts of mineral
soil. Therefore estimates of microbial numbers approximated
those of the soil ftuclf. Erroneous results may“be obtained
when ' earthworms are sampled during a season when they are

not actively feeding. Bassalik in Dawson 1947) found that

\

numbers of 11/10/52(x10¢) organisms per gram océuﬁed in the
intéstine/casts/soii at "3° C, but 20/148/64(x10¢) at .16°C.
Hansen et al.(1974) found 13.3% fatty acids in earthworms in
the spring and dniy 3% during the winter. They attributed
this to the\ greatér feedihg on microorganisms during the
spring period.

Bolton et al.(1976) felt that the highly comminuted
nature of the gqut <contents in Allolobophora caliginosa
Andicated that plant detritus, rather than microorganisms,
was the main source of food for these earthworms. Because
their work was not accompanied by microbial experiments this
conclu51on appears unsubstantiated. The fact that A.
CaVIglnosa prefers ’to feed on highly decomposed organic
matter may in fact indicate a greater preference ' for the
'deCOmp051ng organisms. o

Although it was- - stated by Nielson(1962) that earthworms
do ' not possess the digestive enzymes to break down complex

materials, some enzymes which could aid 1in this function

have been detected 1in gut extracts(Table 1.). Some dispute



Table

Enzyme

Cellulase

Chitinase

Protease

Amylase

Urease

Oxalase

Lipase

el

1:Enzyme activity detected in the gut and.

of isolates from the gut of earthworms

Earthworm

Dendrobaeina octaedra
17 species
Nicodrijlus longus

N. r Turnus
Pheretima sp.
Dichogaster bolaui
Octolasium lacteum
Lumbricus rubellus
Eisenia nordenskioldi
Eisenia sp.

L. terrestris

L. terrestris
12 species
Dendrobaena octaedra

L. terrestris
Allolobophora sp.
Pheretima sp.
Octochaetona surensis
Drawinda calebi
Lampito mauritii

L. terrestris %

surensis

calebi

mauritii

L. terrestris
Dendrobaena octaedra
A. caliginosa

Lampito mauritii
Drawinda calebi

Pheret ima sp.

Tsuga heterophylla
Lumbricus rubellus

L. rubellus
A. caliginosa
L. terrestris

Reference

Nielson, 1962
Tracy, 1951
Loguet et al., 1977

Khambata et al., 1957

Mishra et al., 1980
Kozlovskaja, 1969

Arthur, 1965

Parle, 1963b
Parle, 1963b
Tracy, 1951

Nielson, 1962

Laverack, 1965

’

Mishra et al., 1980

Robertson, 1939

Mishra et al., 1980

Robertson, 1939
Nielson, 1962

Mishra et al., 1980

Khambata and Bhat
(1953,1955,1957)
Cromack et @wl., 1977

. Hansen et al,, 1974

Robertson, 1939
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exists regarding the source of these enzymes. That is, are
they secreted by the earthworm 1itself, extracted from
ingested microbial and plaht material, or are they the
product of some indigenous gut microﬁlora or fauna? The wérk
of Parle(1963b) substantiated reason&bly weil that cellulase
was produced by the earthworm itself, while chitinase was
produced by the earthworm and gut microorganisms. Mishra et
al.(1980) worked solely with microorganisms 1isolated from
the gut,. so it appears these enzymes were produced by the
gut microbes. The}% work did not confirm that the brganisms
studied were indigenous to the gut. Much disagreement exists
on this point although 1little work has been done to
definitively prove whether or not microbes unique to the gut
of the earthworm exist.

Three papers relevant to the topic of'gut 6rganisms
Q;ovide evidence that earthworms may, have indigenous
protozoa or at least that.protozoa are essential to their
nutrition. Dixon(1975) described three common genéra of the
Astomatida ciliatés from the gut of British earthworms. He
stated that astomatous ciliates occur in many invertebrates
but are most ‘common in annelids and are very abundant in
oligochaetes. Pierce et al.(1980) tested the effect of
alimentary ‘fluids from L. terrestris 5n k£he ciliate
Colpidium‘canpylum. They found the mid gut fluid(the region
of highest enzyme concentrations) was extremely hostile to
these organisms; halting their activity and 1in some cases

disintegrating them. Yet, 78 -specimens of astomatous
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ciliates were found living in this hostile gut fluid and
demonstrated no abnormal activity. They concluded that these
protozoa could not be considered a mere extension of soil
and water inhabiting ciliates, since they had developed a
unique physiology in order to survive the alimentary fluid.
Miles(1963) cultivated populations of Eisenia foetida under
sterile conditions. These earthworms were placed 1in
containers inoculated wﬁth bacteria and fungi, and bacteria,
fungi and protozoa. Earthwofms having the protozoa grew
significantly larger than those without and were the' only
ones to maﬁure.

Digestivé fluids of earthworms not only affect
ciliates, but also bacteria and fungi, in different ways.
Aichberger (in Day,1950) found organiéms that did not
possess a firm ‘outer coating, such as desmids, blue-green
algae, yeast and rhizopods,.wefe preéent in the <crop and
gizzard but significantly decreased. in number 1in the
intestihe. Day(1950) found that ‘SePFatia hanceﬁéens, a
non-sporing bacterium, was present in the >pharynx, but ;
completely'absént from the crop and intestine. Bacillus
cereus var. mycordes, a sporing bacterium waé reduced in
numbers but still persisted. The spore forming bacteria B.
idosus éhd B. cereus were 'also found to be,higherﬁin number
in the casts of Pheretima sp.(Edwards et al;, 1977).
Day(1§50) attributed this to earthworms assimilating the
vegetative cells but not the spores. Nielson(1962) 1lent

further «credance to this observation when he found that

C
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trehalase activity was non-existant in the gut of three
earthworm species. He stated that trehalose constitutes a
large percentage of material in fungal spbres. I1f earthworms
do not have the enzymes necessary to.geérade the, spores they
will persist whilé passing through the gut. |

The foregoing evidence 1indicates that prétozoa and
bacteria are important in the nutrition of earthworms.
Symbiotic bacteria and .protozoa are known to have an
impOrtant‘ function 1in the breakdown of plé;L materials in

other animals(cow,shipworm) and it is likely they serve a

‘similar function in earthworms.

‘The previous discussion has emphasized the current lack
of éonsisteﬁt' information regépding the nutrient
requirements and féeding‘habits of earthworms. These are
obviously more complex than the simple ingestion-of plant
detritus. Recent work indicates that either microorganisms
are in themselves a primary nutrient'sourcg for earthworms,
or they act, possibly 1in association with other gut
. organisms, 1in the décomposition of plant tissues to release
basic constituents for assimilation by eartﬁworms. :“M

As previously stated, an understanding of the feeding
Babits and nutrient requirements of earthworms is important
in gaining an understanding of their influence on soil
processes and behaviour in  their enviroﬁment. The
.traditional wview. that earthwbrms merely ingest, comminute,

and expel plant detritus in a physically altered form should

4
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be re-examined. In addition, large differences 1in feeding

habits and nutritional requirements between species or
"morph-ecological groups" should be recognized to allow for
valid  interpretation of the function and activity of

earthworms in their environment.

2.5.2 Soil Properties

Soil moisture, temperature and reaction are most
commonly cited. as factors controlling the distribution of
earthworms (Reynolds and Jordan, 1975). Edwards and
Lofty(1977j “emphasized that soil properties, such as tﬁose
listed above, in addition to inorganic éalts, aeration and
texture are. impértant in. determining the horizontal
distribution of earth;éyms while seasonal wvariations 1in
moisture and temperatu}e play a more important role in
»_detefminihg vertical distribution. The latter portion of
this statement*may, in part, be true but recent studies have
.blaced greater emphasis on considering the ecological niche
as a major determinant for vertical distribution(Phillipson
et al., 1976;Ljundstrom et * al.,1973). The following
discﬁssion will focus on those soil properties which are
‘commonly cited 1in controlling earthworm distribution

although - some reference 'will be made to ecological

interpretations. -

.

2.5.2.1 Soil Moisture 4
Given the availability of an adequate and suitable

food source, adequdte so0il moisture becomes the most
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important factor determining the ¥survival of earthworms
(Abbott et al.,1980;Reynolds et al.,1975). This is
particularly ‘true for earthﬁorms, as opposed to many
other soil organisms. Earéhworms lack .a mechanism to
conserve water and are dependent on the diffusion of
‘water soluble gases throug£ the body wall for
respiration(Leé, 1959;Reynolds et al.,1975). In nature
earthwérms can évoid fatal desiccation either. through
diapause(facultative or obligatory) or through:retreat
to the subsoil(Roots, 1956).

Some researchers havé been able to relate the
‘mechanism used by a particular species to deal with
desiccation! . to its ecological niche. For example,
Roots(1é56) fbquMA. chlorotica had a wide tolerance to

fluctuations in soil\ﬁbigﬁure and interpreted this as an

\\

adaptation of surface d&;ﬁldng species which are
frequently subjected to such variations. Conversely she
found L. terrestris was less>ntoleréﬁt‘ to extremes 1in
soil moisture, but because of its greater mobility and
ability to burrow to gfé@t~depths it caﬁ escape from
adverse soil moisture conditiohs. Similarly Ljundstrom
et al.(j973) observed . in Argéntina that the species
Eukerria halophila had a low tolerance to desiccation.
In the field its distribution -was festricted to
water-logged soils Qith moisture contenté ranging from

60-62% (w/v) .
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In reference to population dynamics 1t appears that
fluctuations 1in moisture have their greatest influence
on population structure and thus an.  indirect influence
on total numbers. A strong correlation between
precipitation and population numbers was observed by
Ljundstrom et 'al.(1973)- and Van Rhee et al.(1973). Van
Rhee et al.(1973) stated that these  changes in
population numbers were strongly associated with changes
in age class distribution. During wet mild years
reproductien increased and a larger number of'juveniles
were added to  the population. This observation 1is
supported by Nordstrom and Rundgren(1974) who noted that
moisture .was eatremely important to the activity and
aarvival of cocoons and juveniles which are exposed to
greater variability in soil conditions. This observation
may not only apply to Jjuveniles and cocoons but to
entire ecologieal groups which %&habit the soil near the
surface. Phillipson et al.(1976) found that population
numbers for Dendrobaena mammalis and L.  castaneus
(litter dwellers) were strongly correlated with soil
drying,:but.this did not hold true for mineral soil

dwelling species studied.

2.5.2.2 Soil Temperature

Soil temperature affects the metabolism, growth,
respiration, and - reproduction of ~ earthworms
(Minnich,1977;Lutz et - al.,1947;Edwards and Lofty,

1972;Barley, 1961).
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Although qarthwofms can not survive prolonged
exposure ‘to temperatures at or below freezing similar
mechanisms to those wused for escaping adverse soil
moisture may be utilized to avoid unfavourable -
temperatgres(Lee, 1959;anards and iofty, 1972). Cooler
temperatures can reduce fecundity and hatching(Edwards
and Lofty, 1972)  but do not change species
distribution(Nordstrom and Rundgren(1974). |

Determining the upper limit in temperature for the
survival of earthworms 1is more difficult since higher’
temperétures often occur in association with reduced
soil moisture. As a result it is difficult to separate
out the effects of the two factors(Nordstrom and
Rundgren, 1974). Edwards éﬁd Lofty(1972) stated the upper
limit for L. terrestris was between 25-29°C. There
appears to be no record available for . ‘mum
temperatures for other spécieé of earthworms .ough
one would expect them to be highly variable.

| Reynolds and Jordan(1975) determined the optimal
temperature. for  six species of éarthworms as ranging
from 12°C to 25°C. These - results were~rnot considefed
'surprising once the ecolotl;ica1 niches of the different
species were taken into consideration. For example,
Eisenia foetida, a manure 1inhabiting species, had an
optimal temperature of 25°C, D. rubida, a bark dwelling

species had an optimal temperature of 18-20°C and the

soil dwelling species 'Aponrecfodea' turgida had  an
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optimal temperature of 12°C.

2.5.2.3 Soil Reaction
Considerable disagreement exists as to the
-Jmportance of s0il pH in determining distribution and
poéﬁlé£ion numbers of earthworms. Edwards and Lofty
(1972) felt that pH limits the distribution, numbe;g.and
specieé found, while Satchell(1980) claimed thét no
relationship exists between distribution and pH. Yet
Laverack(1961) found nerves in the eﬂidermis of
earthworms which are sensitive only to pH. Much of this
confusion appears to arise from attempting to generalize
about the behavior of earthworms.

The most common spatément made is that earthworms
prefer a pH near neutral (Edwards and Lofty,1972). A
closer examination of the literature shows this 1is not
totally correct. At pH‘sﬁwhich approach neutrality total
population numbers. are highest(allee et al.,
1930;Nordstrom and Rundgren, 1974;Pierce, i972) but
several species have been observed to do well 1in, or

"even be preferentially adaptéd to, pH conditiéns well
away from neutralf The occurrénce of different speciés
under widespread pH conditions appears to be'relatqd, as
with spil moisture and temperature, to the earthworms
ecological niche. The distribution of litter or surface
feeding species such as Lumbricus  rubellus  and
Dendrobaena sp., is relatively pH independent(Pierce,

1972). Dendrobaena sp. along with Bistmatos eiseni and
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Eukerrias halophila, two other surface feeders, have

even been termed acidophilic(Phillipson et al.,
1976;Ljundstrdm et al., 1973;Nordstrom and Rundgren,
1974) . The species - Arct iostrotus simplicigaster

~vancouverensis. occurred in soils having a range in pH
from 2.6-6.2. The highest population »ndmbers were
recorded at sites with a pH of 2.9(Spiers et al., 1983).
Pierce(1972) related this association of litter feeding
species and acidic soils not to pH _directly but to
calcium avaiiabilitY) The calciferous glands of
earthworms serve the function of controlling  the
acid-base balance of the body(Laverack, 1963). The
litter feeding species have very active calciferous

glands which enable - them to inhabit acid soils where

calcium is concentrated in the litter(Pierce, 1972).
Cpnversely,' mineral soil feeders have less active
v ‘

calciferous glands and are more restricted in the range
of soil pH's 1in which they can exist. Indeed species
suck as® Allolobophora caliginosa, A. nocturna, A.
chlorotica and L. terrestris, which are mineral soil
dwellers,'-are dominantly found in soils with near
neutral pH's or are considered.acidophobic (Nordstrom
and Rundgren, 1§74;Phillipson et al., 1976;Pierce,
1972). No record of species inhabiting soils with a
highly alkaline reaction exist with™ the exception of

Helodrilus oculatus which Pierce(1972) observed to occur

exlusively on sites of high pH.
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2.6 Overview of Earthworm-Soil Research

2.6.1 Earthworms and the Devélopment of Soil Structure and

Humus Forms

Earthworms. can change soil morphology in a variety of
Qays which include.distufbance, mixing and aggregation of
the soil, formation of channel structures and ihcorporation
of organic matter(Rogaar and Boswinkel, 1978). The study of
soil fauna ‘and their role in the development of -structural
units and humus forms originatas largely from morphological
‘observations at thé field and microscopic level. It may also
be inferred that earthworms are important in ﬁhe formation
of structural ‘units from aggregate stability studies. These
will be discussed in’a.subsequent section on earthworhs and
soil . physical .properties in the context of stability of
aggregates as opposed to formation of structural units.A

Several observations made at the field level indicate
the importance of earthworms in the development of * surface
horizons having a granular structure. Nielsonvand Hole(1964)
found that the earthworms L. terrestris and A. caliginosa
were a dominant force in the de&elopment of coprogenous AT
horizons of forest soils.in Wisconsin. In Dakota worm-worked
soils were considefed to be so distinctly different in their
" morphological, chemical and physical prdperties.that Buntley
‘and  Papendick(1960) suggested they be classified as
Vermisols. The activity of ‘earthworms resulted in the

formation of a strongly expressed secondary structure of
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subangular to angular aggregates down into‘ the B and C
horizons as oppopéd to the classical long medium prisms of
the associated chernozems. Earthworm species such as L.
terrestris, L. festivus, A. tuberculata and-D. octaedra vere
found to dramatically alter the profiles of virgin podzols
after invading these soils for a period of only three
‘yearé(Langmaid, 1964). .Typically F, H and Ae horizons and
the upper portion of thevbfh horizon were homogenized into a
singular horizon haviné a strong coarse crumb structure.

At the microscopic level the majority of work involving
soil fauna has focussed on their role in the genesis of
humus forms rather than modifications to structure in
subsurface horizons. For this xreason'.the following
discussion dill emphasize differentiations made ‘betweén.
humus forms. Examples of humus forms in which other soil
fauna play an important role in dgvelopment will be included
to provide a contrast to humus forms in which earthworms

play a unique role. ~

P
oot

The concept of terrestrial humus forms was Briginated
by P.E. -:-ller in 1879. These forms are commonly referred to.
as mull, mull-like mor(moder) and mor(Barratt, 1964).
Kubiena(1955) emphasized that the humus form 1is not a
chemical.concept reférfing to a group of organic substances,
but' comprises the organic and inorganic components of soil
ana the way in.which they are mixed or combined. In addition

the humus form connotates the formation of a typical ‘fhumus

p;ofile and 1is associated with a typical complex of soil



biota and their activities.

Barratt(1964) stated that™ Kubiena(1953) described
numerous. microfabrics but did not relate these to the
horizons of thé humus forms in which the. occurred. She
atﬁempted to show these relationshibs by describing the
microfabrics of twelve humus forms occurring in soils of
temperate grasslands. Although the fabric descriptions were
based on grassland humus forms Barratt(1964) emphasized that
they are véry similar to their forest countérpérts'but are
less well defined, possibly because of the' differeﬁce in
diversity and ‘quaiity of plant specieé involved. The  humus
forms described ranged from weak and strong mull humus to
mull-like moder, moder and raw humus: Earthworm casts were
considered to dominate the fabric of the strong mull humus
and enchytraeid droppings dominated the mull-like moder .
fabric. The activity of insects such as mites and collembola
dominated the formation of most moder humus forms while
fungal activity was considered ﬁto be the dominant agent
active in the  formation of raw humus forms. Babel(1975)
described six differenf‘humus forms after examining profiles
from a variety of ecosystems includingiforests, na£ural
grasslands :ahd‘ pioneer vegetation. The ‘humus  forms he
described were mostly mull and moder types. Only earthworms
were impiicated in the genesis of mull humus forms while
enchytraeids dominated the formation of mull-moder and moder
forms. Thus, the work of these individuals appears to

‘support the claim of Kuhnelt(1958) that earthworms and
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v
enchytraeids are the only animals which build up clay-humus
complexes(i.e. mull humus forms) 1in soiis of temperate

gé;jregiéﬁs while others builld moder. AlthougP this statement

may be true it should not be interpreted as meaning these
fauna are exclusively 1involved in the formation of mull
humus forms, only that they are agents capabie of promoting
the process of mull formation.

< Reflecting back on the ecological classification system
for earthworm species éné group was de%ined by Pefei(1977)
as soil surfaée or litter dwellers which consumed only
slightly decomposed plant residues(Type I - Group 3).
Species such as D. mammalis, E. foetida and L. castaneus,

which belong to this group, function almost exclusively in
{

. .2

the litter layers. It is logical to assume these species are
invél&ed in the formation of moder and mor as opposed ﬁo
mull humus forms as their contact with the mineral soil 1is
minimal, at best only occﬁrring du;épgbperiods of relative
inactivity while avoiding adverse moisture and temperature
conditions in the 1litter layer. Indeed this appears to be
true. Bal([970)'when studying the gengsis of moder-humus
profiles determined that D. rubida played a dominant role in
the formation of an H1 humus layer under red oak. This
earthworm acted as a secondary devourer of -orbatid mite
excrement, thus contributing to the aging process: of the
humus profile 1in a zone well above' the mineral soil.
Similarly Dinc et él,(1976) consistantly réferred to the

role earthworms played in the aging process and development

o
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of peat soils 'and Barratt(1964) referred to "small red worm
droppings" as contributing to a mull-like moder redzina.
Recently, on Vancouver Island, the classification of a mor

humus form resulting from the activities of Arctiostrotus

& simpl icigaster vancouverensis even became problematic since

the taxonomic system utilized in the area for humus forms
did not accomodate . for mor or moder forms resulting from

earthworm activity(Spiers et al., 1983).

2.6.2 Earthworms and Soil Physical Properties

Earthworms frequently have been observed to affect a
widé variety of soil physical properties. These effects are
largely the result of earthworms influencing structural
development, creating channeling systems and integrating
organic matter into the surface horizon. Wollny (in Teotia

et al.,1950) was the first to record the positive effects.pf

" earthworms on soil physical properties. He concluded they -

increased infiltration rates and non-capillary porosity.
Since that time‘numerous studies conducted on earthworms and.
thgﬁf”influence on soil physical properties have all lead to
positive conclusions.

A two to five fold increase in aggregate stébility of
earthworm worked soils over corresponding controls has been
observed consistantly(Teotia et ai., 1950; Hopp and Hopkins,
1946;:Pierce, 198%;Van Rﬁée, 1977). Teotia et al.(1956) found

the stabiiity of aggregates to vary with the texture of soil

: zoecies of earthworm involved. Aggregate stability was
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found to be highest with Helodrilus caliginosa and lowe:t
with Diplocardia riparia. The stability of earthworm formed
aggregates in fine sand approximated that of the original
soil, those 1in loams were twice as stable as the original
soil while aggregates formed in clay soils were the most
stable. Aggregate stability also increased 1if organic matter
additions accompanied the earthworms and varied Qiﬁh the
nature of the addition(Teotia et al.; 1950;Swaby, 1950).

The reason why aggregates formed by earthworms are more
stable to destruction by water i% poofiy understood. The
most popularvnotion is -that aggregates(or castings) ‘are
stabilized by microbial gums synthesized by the increased
number of micro-organisms commonly recorded in- faecal
“hqterial(Swaby, 1950). Hopp and Hopkins(1946) contested this
notion when they fouﬁd incubating castings did not’ increase
their stability. The authors concluded the aggregates ﬁust
already be stable when expelled from the earthworms gut and
not through a subsequent 1increase in microbiai activity.
Dawson(1947) suppofted this conclusion’after comparing the
stability of control soil material, casts and aggregates
extracted from the earthworms gut. He found that lowest
bacterial numbers occurred 1in ~association with the mosﬁﬁj-
stable aggregates originating in the earthworms gut and
suggested these aggregates were bound by metabolic products
excreted in the gut. Pierce(1981) felt that frequently, in
culture studies, aggregation was observed to occur ;soof'

rapidly that it could not be due to casting. He collected
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the mucus secreted through the exterior of the earthworms
body from various species and tested its ability to bind
sand. The results in order of 1increasing ability to bind

sand were as follows:
control<A.]longa,L.terrestris<L.rubel lus<E.foet ida

Pierce(1981) also ran pot experiments where starved L.
terrestris (i.e. no casting contributed to ‘the soil)
significantly increased the aggregate stability of the soil
in which they gxisted. h

Other soii physical properties such as water retention,
‘aeration, infiltration and drainage are influenced by
changes in porosity amd pore size:distribution brouyght about
by earthworm activity.‘This, in turn, is determined by the
burrowing and feeding habit of the éarthworm so one may
expect the nature of the effect to . vary according to the
species of earthworm.

In general earté&orm activitg leads to an 1increase 1in
water retaining capacity and aeration porosity. Guild(1955)
ran pot experiments where control and worm-worked soils were
/kept at similar moisture contents. &he control soil was
soggy, structureless and water was held in «the saturated
state to the total exclusion of air. In the wo m worked soil
moisture was held within the.aggrégates and surplus water

drained out permiting an increase 1in aeration porosity.

Similar observations were made 1in the field(van de
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5.

Westeringh, 1972). Inoculating a newly drained polder with

A. caliginosa increased total porosity and the percent of

'large capillary pores where water was less tightly bound(Van

Rhee, 1969b). The pefcent water between pF 4.2(wilting
point) and pF 2.2(f;eld_capacityf‘was 37.3% where earthworms
were present as opposed to 26.5% where they were abseht.‘On

these same plots the increase 1in porosity was found  to.

correspond with a three fold increase in ailr

permeability(Rogaar * and Boswinkel, 1978). The influence

earthworms have on water retention was shown to vary with

species(Guild, 1955). Mineral soil dwellers such asAd.longa, .

A.caliginosa and L.terrestris, increased water retention

significantly,‘while litter dwellers such asl. rubellus and
D.subrubicunda did not.

increases in pofe volume have been attributed to
channels built by earthwo;ms while tunnelling and iﬁ the

surface horizons due to pores in and between surficially

' deposited casts(Ehler,1975;McColl et )al.,1982;Régaar and

Boswinkel, 1978;vVan de Westeringh, 1972;Van Rhee,1969b).

This increase 1is often associated with an increase in the

{

percent of non—cépillary pores which are important to thel
drainage of free water(Van de .Westeringh, 1972; Ehlers, \

1975). Earthworms are 'generally - thought to increase

‘infiltration rates and improve drainage(Slater and Hopp,'

1947;Carter et al., 1981;Ehler, 1975). In this respect it is
important to recognize that strong differences exist between

the tunnelling behavior of ecological groups of earthworms.
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The configuration of the-tunnelling systems will, in cturn,
determine 'the magnitude‘ of their impact on drainage and
inf&ltration(Kirkham, 1982). Rogaar and Boswinkel(1975)
described two distinct burrow morphologies. The first type,
attributed to the activity of Allolobophora sp., occurred
dominantly in the upper 18 cm, had a twisted morphology
where burrows ranged from 0.8-5.0 mm. in diameter and were
commonly infilled with faecal material. The second type,
resulting from the action of L.terrestris, had diameters ub
to 8.0 mm. and predominantly vertical orientations down to a
depth of 96 cm. Obviously the.permanent channels constructed
by L.terrestris which are open to the surface would be much
more effective in increasing infiltration | rates and
.improving «@fainage as oppdsed té those <constructed by
Al7olobophOPa sp. which were non-permanent Iand
discontinuous, occuring only at the soil surface. This is
supported 'in a study by Abbott and Parker(1981). E.foet idala
species active ét the surface) did not improve drainage
significantly while Microscolex dubius(a surface‘»féeding
mineral dwelling species) increased infiltration

significantly through the tunnels created when coming up to

the surface to feed.

2.6.3 Earthworms and Decomposition
It is commonly accepted . that earthworms are
instrumental in accelerating the process of decomposition.

The nature and magnitude of their influence varies depending
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on tho species of earthworm involved, the quality and
guantitity of organic matter additions and the nature of the
decomposer community inherent to the site.

At the field site 1level the 1dea that earthworms
accelerate decomposition has been.inferred after obsorving
the removal(of litter in the presence of earthworms, or the
accumulation of litter where earthworms have been
éliminated. After the invasion of wvirgin  podzols by
oarthworms LFH horizons ranging from 2.5-5.0 cm in thickness
were completeiy mixed into thé mineral soil(Langmaid, 1964).
The decomposition of straw was increased from 10-50%

»

depénding on the number of earthworms present (AtlaVinyte
and Pociene,'1973a). The acoumulation of undecom%osed plant
material commonly occurred . where agronomic practices had
resulted in a decrease or elimination of ‘earthworm
populations (Van de Westeringh, 1972;Cook et al.,
1975;Rogaar and. Boswihkel, 1978). Stout and Goh(1980)
evaluated d'”’ C(bomb radiocarbon) in order to demonstrate
the éffectivéness of earthworms at incorporating organic
matter into the mineral soil. In two hardwood stands where
earthworms were absent plant 1litter was enriched in bomb
radiocarbon at 5-0 cm while at 0-10 cm older carbon .was
detected in -low qoantities. This indicated no significano
incorpofation of-recenfly deoosited iitter had occurred.
Conversely, where earthworms were present,'no 1i£ter had

accumulated and the top 10 cm was higher in both total

carbon and radiocarbon. A similar effect was demonstrated by
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, ‘the same authors in grassland ecosystems.

Although Satchell(1967) claimed that it is difficﬁlt to
estimate the _quantity of plan£ and other organié materials
eaten or buried by earthworms some estimates are ava&lable.
Populatiohs of L. terrestris were observed to completely
remove énnual litter fall in a period of 1less than one
year(Hazelhoff/1981;Cook et al.,1975). Similarly‘Nielson and
Hole(19é4)»found 46 leavgs/yeér were gatheré@ into middens
of L. terrestris. Taking into consideratién the number of
middens per acre they. calculated the amount of litter
~translocated by  these earthworms closEly ‘ppfoximated
estimates for a&erage’annual leaf fall in the sam forest.
Only th ~years aﬁter théir.introductibn into vege aéively

reclaimed coal mine spoils L. terrestris buried or copsumed

81% of the litter and 43% of the humus which would\have
otherwise accUmuiated (Vimmerstedt and Finney, 1973).  Th
estimates indicate that significaﬁt amounts of iitter are
.removed‘from'the surface and integrated into the soil but
they are based on the action. of. a single species of
earthworm, namely L. terrestris, which is a deep bu;rowing'
surface feeding species. Again it hust be emphasized that

conclusions drawn regardinc -he activity and influence _of
b

this species should not be applied to all earthworms. A.

‘caliginosa, a mineral soil dweller, feeding on decaying

plant }M¢¢er(Type II-Group II;Perel, 1877) had no effect on
straw decomposition after six months, but after ten months a

noticeable = effect was evident(Atlavinyte, 1971). This
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indicated that some predisposition of the straw was
necessary before the accelerating affect on the
decomposition process .was brought about by the activity of
this species. In the sfudy by Stout and Goh(1980) surface
dwelling species were present 1in the forest litter layer-
which was enriched in bomb radiocarbon and had accumulated
at the soil surface. Even though earthworms were present
theip impact on reducing the accumulation of litter: was
apparently minimal. These examples serve to re-affirm that
the magnitude and nature of the effect earthworms have on
soil processes largely depends on ‘their ecological niche.

In ‘terms of ecosystem dynamics it 1s .of greater

importance to evaluate the; chemical and physical alterations

to organic matter additions under the influence  of
earthworms énd not only the total amounts of litter "buried
or eaten”. There remains little doubt that earthworms alter
the physidal constitution . of 1ingested organic matter,
comminuting litter and increasing its exposure to microbial
and’ enzymatic aétack (Nielsoh,19é2;Bolton and
Phillipson, 1976;Heungens, 1969;Arthur, 1965). The question of
~how or if earthworms chemically alter ingésted érganic
matter, and to what extent, is much more controversial and

less well understood.

i

4
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In order to examihe this quesﬁion critically two
aspects must be considered.
1. Partitioning of ingested organic matter intol  the
fractions assimilated, transformed and/or egeéted and,
2. Through what mechanisms and where are chemical

transformations occurring.

The feeding preferences and behavioural patterns of

different groups of earthworms will determine the relative
prdportiohs of organic versus inorganic material ingested,
as well as the quality of organic matter ingested. The end
products of ingestion and their relative proportions vary
accordingly. Piearee(1978) studied the gut contents,
particularly that of the crop and gizzard, in six species of
lumbricids including Am caliginosa, A. chlorotica, A. Ionga,
D. mammalis, L. castaneus, and L. rubellus. L. castaneus and

L. rubellus took in the highest amounts of organic

fragments. These were in a relatively undecomposed state. 4.

caliginosa and A. chlorotica ingested the least amount of

organic matter most of which consisted of well decomposed

detritus. Ingestion of organic matter by A. Jonga and D.
mammal is was intermediate between the above two groups where
no preference for organic matter in a particular state of
decomposition was shown, |
Differences also exist between species in regard to the
transit time of gut contents(Table 2) and ability to
assimilate organic constituents. This @n turn determines the

proportions of organic’ matter assimilated, transformed
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and/or expe! . ad.

Table 2:Gut transit times for different
species of earthworms

Species Transit Time Reference
L. rubellus and :13-24 hours Piearce, 1972
A. caliginosa Barley, 1959.
L. terrestris 20 hours Parle, 1963

~Satchell, .1967

E.:foéf?ﬁ; 2.5 hours Hartenstein et al., 1981

B 4

A. ros®3." #°.9 hours - Bolton et al., 1976

_ Q .
%}.(1981f“found the gut transit time for E.

q«Haft%hsﬁéiﬁ
foetida was 215 hou;s.‘lt was. independent of whether mineral
or organic mattef was ingested as well as the weight or
length of the earthworm. Conversely, transit times could
ra%ge from .85 hours for small earthworms to 2.19 for large
eartthrms of fhe species A. rosea(Bolton and Phillipson,
1§76).. Kretzschar(1977),  when‘ studying populations of
Nicodrilus Jongus and N. noctuknus(Evans) var. c;'ster"eianus,
found no differences in.gut transit duration during the.same
season, between stages, taxa or weiéht_and length classes of
earthworms. He did find that.durations were quickest in the
spring, followed by the fall and lastly the winter, prqbably
reflecting the availabiiity of food and soil temperature.
iCrossley et al.(1971) used '*‘Cs labelled forest litter-
to study the passage of organic matter through the gut of 0.

lacteum, E. hortensis and L. terrestris. Using this method
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they were able to determine the proportions and turnover

rates of organic matter égsimilated and egested by the

various earthworms. They referred to the non-assimilated

portion as the "short component” and the assimilated portion
as the "long component" because of the large difference in
their turnover rates. For example, with 0. Jacteum, T1/2 for
the short component was 5.8 hours and T1/2 for the long
component was 6.2 days. 0. Jlacteum(top soil dweller)
assimilated the lowest-proportion of organic matter ingested
*and once excreted this component had the longes§  turnover
rate. E. foetida(litter dweller) had similar turnover rates

to that of 0. lacteum for the gut contents, but assimilated

a higher proportion of the organic and this component turned

over at a faster rate. L. tePFéstFis, on the other hand,

assimilated a similar proportion of ingested litter’ to that
of Eu.fbetida but the turnover rate of this material was
highest rfelative to both "the other species. The turnovér
rate of the gut contents of L. terrestris was the lowest of
all three spec}es studied. hittle further.inEOrmatio?'is
available regarding the amount of ingested organic -matter
which 1is assimilated by earthworms. Proportions.§f 1.1.6%,

28.5% and 25.4% were considered to be digestively

"assimilated by O0. Jlacteum, E. foetida and L. terrestris,

respectively(Crossley et al., 19%71). Comparative figures of

1.4%, 2.0% and 2.4% were dgtermined for adults, large :

immatures and small immatures ¢$f the species A. rosea(Bolton

and Phillipson, 1976). Because of the limited amount of

N
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information regarding assimilation rates and how they differ
between species according to their -ecological niche and
behavioral patterns it is difficult to make any definitive
statement regarding the impact of earthworms. on the dynamics
of organic matter turnover. Indications are that litter

dwelling species(including immatures‘.belonging to other
ecologicél | groups) ingest the largest proportions of
relativefy undecomposed organic matter.. Assimilation rates
for this group fall 1into an intermediate range but gut
transit times are shortest. The net effect of this gréup of
earthworms on organic’ matter transformations aﬁd turnover
rates may be the greatest. Topsoil dwelling species appear
to pléy the 1eést(important role in organic matter turnover
since they ingest the lowést proportion of organic matter
which is already. in a relatively decomposed ététe. Thg?l
proportion of organic matter assimilated and the turnover
rate of the long componeht'wés'the lowest for .0. Jacteum in
the study by Crossley et al.(1971). Lastly, deep .burrowing
litter feeding species, such as L. terrestris, may blay a
role secondary in importance to the litter dwelling species
in terms of organic matter dynamicé. L. terrestris ingesté
relatively high proportions df undecomposed organic matter.
It was shown to havé? assimilation rates similar to E.
foetida, the highest turnover rate of the ‘short component
but much longer gut transit times(Crossley et al.,1971;Table

2) ..
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There 1s further debate as to whether chemical
transformations of ingested organic matter occur directly in
the earthworms gut, either through the action of digestive
enzymes bor gut flora, or 1if the acceleration of the
deéompqsition procéss by éargﬁworms is an indirect effect on
the decomposer community H;here’ microbial processes are
influenced after the egestioh of faecal material. .

The controversy over the enzymatic capability of
.earthworms has, for the host paft, been discussed in the
context of‘ nutritional 'requirements of earthworms(section
2.5.1). Nielson(1962) stated that it is ecologically
unimportant to know whether enzymes found within the
earthworm . are produced by gqut flora or the animals
themsé%§es as long as their existance and functional

oo
Ly

importan

v

@é can be determined. Many questions in this regard
* . ;‘...,.“‘_'" ‘ : "

stilLi‘fémain ‘unanswered. Frequently cellulasé actiyity has

been detected in the gut of earthworms and the conclusion

drawn  that  these fauna must be instrumental in the

»décomposition process(Mishra and Dash,-> 1980;Table 1.

ﬂﬂ§i¢I§§H(1962> 'pointed out that detection of cellulase
A S S . -

aéﬁivity alone does not automatically imply that earthworms
can degrade plant material. Stfuéturally and chemically

plant materials are very complex and numerous other enzymes
. : 1 .

must - accompany the action of c¢cellulase in order to complete

its breakdown. As yet, many of these othérfgnzymes have not

-

been detected 1in the gut of the eérthwgrm. In addition,

cellulase assays are often c;ﬁrfed out using hydrolyzed or
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soluble forms of cellulose. In n.ture, and particularly 1in
reference 'to earthworms, little isk known regarding this
initial step of converting native cellulose to a soluble
form(Nieison,. 1962). Even though numerous kinds of enzyme
activities have been det®cted in the earthworms gut it
remains unknown if thef‘ are utilized in thé breakdown of
plant material. Arthur(1965) felt that, if anything,
hydrolysis of cellulose was éffgcted by gut é;zymes, siéce
the length of time food Temains in the gut is not long

enough - for microbial enzymés to have any significant

influence. A statement of this kind presupposes a firm

4

‘knowledge of ‘both gut transit times and enzyme kinetics,

within the environment of the gut of the earthvorm. ~Th.

0

;. type of information 1is lacking for a single species of .

earthworm and considering th. kn. n variability 1in gut

transit times that exists oetweeh .species; ,it becdmes

ﬁ a .made . by
Afthur(1965). ‘Few enzymes have been unlversally detected in~
all épecies of earthworms for which assays havea.be;n?
performed(Mishra ,and Dash, 1980;Khambata and Bhat, +1957)
p0551bly 1nd1cat1ng that dependlng on the species, dlfferent
enzyme complexes have evolved as an adaptatlon ‘to thelr
ecological~niche’énd food supply.

Although the issue of"eniymatic capablllty and ‘the

:'-.-"/

or1g1n of the act1v1ty remains controver51al the notlon that

,arthworms have a marked influence on m1crob1al act1v1t1es

1

“x1nx=the‘ so;l is more commonly 'aécepted. Atlavinyte et

Sh,
S e
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al.®977) concluded that the direct effect of earthworms on
plant decomposition was much less pronounced than their
indirect affect through 1influencing the size of the

decomposer community.

Increases in microbial numbers in the order of  two: to

five times in ‘faecal material and/or scil in which
earthworms were active have cowmonly’ been

. 0

recorded(Atlavihyte et al., 1969;2* "avinyte et

al.,1977;Atlavinyte et al., 1980;Kozlovskaja, 1969;Loquet et
: 4 R RN »

-~

al., lB?T&CZé}Qaﬁgki et al., 19%&;Ausmus, 1977). The
‘;magniéhde@@%?ihéj{néggase may depend ‘on the size of the
mdcuéﬁf%iﬁjéépﬁiétion inherent to the soil. Czerwinski et
-f“al.(ié7}5;f5ﬁnd that no significant increase occurred in
ueaggﬁQQ?m césfs ‘when micpg?ial;numbers in the control were
al%eaay high but significégﬁfincgga;es Qere recorded where
numbgrs were inherently low. Further evidence indicatgs that
earthworms do not necessariiy inoculate the soil witht»ﬁew
microbial ofganisms and ﬁhUS.acceleréte the decomposition

process, but  rather they alter the qualitat&ve and

quantitative balance of the existing decomposer community.
. . o - =

Through ‘this action ‘they can enhance the intensity “and

'Ldifection of microbial précesgés already gcqqrring. The
di;ection microbial,processéstggke ﬁnder the ‘ihfluence of
eaffhﬁ§§ms is a funbtionvof S;ii type, microflora and the
qualify:x and .;quantityr of organic . matter ingesteé
(Koziovskaja, ”;%969;Czerwinski et élﬁ, - 1974;Petal et

al.,1977).

[
~
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Although scanty, evidence exists to support the concept
of , Ausmus(1977) in regards to the role that channelizing
invertebrates play 1in tﬁe decomposition of wood. This
concept may be more broadly applied to decomposition in
other ecosystems. Ausmus(1976) described channelizing

invertebrates as srential - rate  regulators of wocd

decomposition, al:-rir~ the substrate as a resuluiﬁdof_

Vx\-

comminution, affect.. , the available 1noculum, Mﬁﬁ%oV1ng_

X

readily available materials aﬁd shifting the competlﬁive
advantage from fungal to bacterial populations. The
cumulative effect of tﬁééejaétivities allows for an increase
in nitrogen fixation and carbon catabolism. Four mechanisms
for the regulatlon of wood decompcsition by 1nvertebrates as

postulated by Ausmus(1976) are as follows;
1. translogﬁtion and defecation increase nutrient input to,
i

and the ‘inoculum potent1a1 of, wood substrates; h
I 4K

’

2. passive 1noculat10n, as in the case of wood-Surface
colonizing invertebrates péssively inoculating wood and
predlsp051ng wood substrates to fungal and subsequent

channellzlng 1nvertebrate co;ﬁhlzatlon~

-

3. microbial succession and the .rates- of - microbial

catabolism are regulated >by ifvertebrate dynamics,
I ‘ [ .

creating éuccessive waves of temporélly distinct periods

of time. when nitrogen ‘fs atmospherlcally fi#ed' and

carbon rapidly catabolized; these succe551onal waves

stabilize -and increase microbial respiration  and
, J .

probably microbial catabolism rates;and

S~y

e
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4, by creating spatial heterogeniety within woody
substrates and microsites ~ of \intense
physical-chemical-biological activity.

Sevyeral observations regarding earthworms and their

interaction with decomposer organisms tends t§ support this

hypq;hesis of Ausmus(1976). Low carBon lutilization of
organic mafgér passing through the gut indicates . that ‘the

earthworm most likely assimilates the readily available

) . - . D . L
sources of organic carbon and egests the resistant’

vt

fraction{Bolton and Phillipson, 1976). Earthworms are highly

proteinaceous(French et al.,1957) and may be expected to

preferentially assimilate nitrogen. Syers et al.(ﬁQjQ)ﬂfand

Vo

‘that 73% of the total nitrogen in removed litter was

accumulated in surface casts, implyirg 27% must be*utilized. .

by the earthworms. Tﬁéy considered this a -relatively poor
efficiency of nitrogéﬁi utilization, howgver it can be
considered Eelatively‘ high ‘compared to E%é 2.5% carbon
utilization estimated by Bolton and Phill?%%%n(1976). The
net effect of prefecential assimilation of nitrogen, low

- carbon utilization and removal of the more labile organic
. 0,. ‘

'

fraction‘duting passage through the gut results in the

excretion of higher C:N material in the casts. In fact, C:N

! 7

ratios of ,fgecal material have been obéefved to be higher

than that of control soil material(Table 3). .

Earthworms also appear to cause a qualitative shift in

-

microbial popdiationS‘ in a manmer such as that proposed by

-~
o

‘¢§§
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Table 3:C:N ratios of casts and assoc1ated
control soil material

Casts Control Soil Reference

10.7 15.0 Syers et al., 1979

14.7 13.8 Lunt et al., 1944

25.1 18.0 Lunt et al., 1944

- 10.7 7.9 Watanabe, 1975

8.5 15.9 De Veeschauwer et al., 1981
8.2 7.2 De Veeschauwer et al., 1981
8.7 5.7 De Veeschauwer 2t al., 1981
8.3 4.5 De Veeschauwer et al., 1981
9.7 7.0 De Veeschauwer et al., 1981
12,1 6.4 De Veeschauwer et al., 1981

' Ausmus(1976). Earthworms have been observed to
: uwx‘%g
preferentially ingest or cause a decrease in the number of
fungi which would aid in causing a temporal shift from
fungal = to bacterial populations as described °= by
Ausmus (1976) (Cooke et “al.,1980;Kozlovskaja,1969). Further,
'spore forming bacterla(BaCIllus sp.) have been observed to
survive passage through the 'gut of earthworms(Edwards et .
al. 1977 Day, 1950'Kozlovska]a 1969f and numbers of;
cellulolytlc and nitrophilous microorganisms have been shown
to increase in freshly deposited casts(Loqyet- et
al.,1977:Kozlovskaja, 1969;Gzerwinski et al.,1974;Petal et
al.,1977). Thus, . fhe shift in microbial populations
temporarily gives the competitive edge to those organisms
capable  of attacking more resistant materials and
1faa¢celeréting the‘procéss of decomposition. et
; ~ Some ev1dence for enhéncement of nitrogen fixation in

ji501ls under 7;he influence of earthworms, 1lends further

.5supﬁbrt to the :hypothesis ~of Ausmus(1976).‘Khambata and
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Bhat(1957) cultured 31 isolates on nitrogen free media from
the gut of ehrthworms. They emphésized'the isolates were not
assayed for the capability to “fix atmosphefiC'nitrogen.
Bhat(1974) stated that earthworms are instrumental in
"Azotobacterization” of soil, disseminéting Azotobacté#w
which he had shown were associated with the alimentary canal
and castings of earthworms. Both Loguet et al.(1977) and
Ausmus(1976) showed that significant rates of . acetylene
reduction were associated with faecal tunnel linings of
-different species of earthworms indicating that atmospheric
nitrogen fixation may indeed be enhanced by these soil
fauna. Ausmus(1976) emphasized 4that '*N experimeﬁts are
necessary to confirm that atmosbheric nitrogen fixation was
indeed occurring in association with éarthworm actiQity:
Although fragmentary this evidence iindicat;s that

earthworms may function in the decomposition process 'in the

manner postulated by Ausmus(1876). Obviously it is necessary
o : =3 S '

to undertake more studies in¥%order to. confirm the
. e o _

hypothesis. Most 1likely, as with other soil processes

affected by'eartﬁyorms, numerous factors such as the species

(-1

of earthworm, its feeding habits, the quality‘and guantity
of organic matter 1ingested and the ecosystem under
consideration will strongly affect the direction and nature

of microbial processes as influenced by earthworms.
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2.6.4 Earthworms and Nutrient Cycling

Research into the Asubject ‘of earthworms and their
involvement'inwbasic nutrient cycling is far more limited in
scope than investigations into their role in dqumpositiqn
even‘ though botl processes are intimately
associated(Rrivolutsky et al.,1977). It has .been determined
frequently that the availability of nutrients .increased 1in
soils where earthworms were active(Teotia et al.,1950;Lutz
et. élf;1947;Lhnt ané. Jacobson, 1944 ;De Vleeschauwer et
al.,1981). This has commonly been attributed to earthworms
préfefenfially ingestiné nutrient.rich litter and releasingr
elements by apcelerating the process of decomposition(Kale
et al.,1980;Krivolutsky et al.,1977). Only a dearth of

information 1is available regarding ‘earthworms and their

R
& Fenia

“involvemeht in the gyéling 6f ielements sufh as Mg, Na and K.

The‘ emphasis ﬂashwbeen plaééd éh the cycling of Ca, mainly
because of the presence of cal;iferous glands 1in " a large
numger of  species of earthworms. Most genera'of British
_origin posses§ both glands and pouches, but the latter are
iécking “in generé such as Eisenia and
Helodrilus(Arthur,1965).

The majority of literature avaiiable indicates that
eapfhworms utilize ' the formation of. CaCO; 1in order to ~
maintain the acid-base balance of .-their -body. The
célciferous glands are the most important organ in the

earthworm which influence this equilibrium. The net effect

on the soil system is reflected in changes to soil pH, and

3
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the form(soluble vs. insolublé) in which Ca exists. THe

CéCO{/cérbbnic acid/bicarbonate »equilibfium'.within the

earthworms body is dependent on the follow1ng factors:

1. Presence or absence of calciferous glands and/or pouches
in the earthworm. |

2. The level of activity of the calciferous glands.

3. The level of CO; concentrations in the earthworms

external environment or in the earthworms body as a

result Gf metabolic activity.

4. The availabiliﬁy of soluble and diffusable Ca.

5. The presénce or absgnce of CaCO, in the soil.

6./ The chemical nature 6ﬁ méterial ?ngested by the
earthworm,

It 1is important ‘to understand the function of the
calc1ferous glands and the mechanisms through which they act
in order to fully apprec1ate the role earthworms play in the
cycling of. Ca. Arthur(1965) and Laverack(1963) provided
ample evidence to indicate that the primary function of - 2
calciferous glands is to control the COz‘concehgration,".and
therefore the acid-base balance, of the é&gthworms body
fluids. Laverack{(1963) describecd two mechanisms whereby
CaCO; is synthe51zed in the calciferous gland region(Fig.
1). The flrst involves the action of carbonic fanhydrase. to
fdrm carbonic acid which under the prevailing conditions of
pH aissociates to form bicarbonate. The bic%rbonate reacts

with Ca** which is concentrated in the lumen of the glands

through a procéss of filtration. This mechanism probably




C02 {from tissue)

' +—— direction of blood Flpw
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Gut Lumen

Mid Region Posterior

Figure 1:Formation and secretion of CaCO; concretions from
two areas in the calciferous glands.
(after Laverack, 1963)
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dominates due to the rapidity of the catalyzed formation of
carbonic acid aﬁd the fact it occurs in the posterio;'region
of the élands. The second mode of fofmation occurs in the
mid region of the glands. Once the blood has }eachgd this
region 1its constitution has been modified so that CaCb3 1s
formed within the glands and is released by rupture of the
.cells into ﬁhe lumen. -

In natural systems the formation of CaCO, by earthwormé
can result in signifiéanf alterations to the reaction, and
therefore the chemical environment, of the soil s&stem.
Wiecek et al.(1972) concluded that spheroids of CaCO; found
in‘th¢3A1‘horizon of otherwise acidic forest soils were
biologicall; :syﬁtheSized through the action.of earthworms.
The‘pﬁ'of the A1 was 8.0 where .2.55 .gm. spheroids/m?/25cm
and was 6.2-7.8 where .83 gm. spheroids/m2/25cm were found.
pH values in'excéss of 7.0 were attfibuted to the weathefing
of the calcite spﬁeroids. | v

In the early literature it was proposed thét CaCO,
formed in the <calciferous glands was used‘to/neutralize
acidity in the guprarising from decdmposition of ingested
organic matter(fg;erack.1963). ‘Robertson(1939) and
Arthuf(1965)_rejécted “his idea but eVidenée presented by
Kale et él.(1980} inuicated t?e hypothesis may beAvalid;
They studied the partitioning of Ca in earthwprms and soil
after the earthworms Qere éctive in calcareous\matefial. Ca
in the ionic, exchangé%ble and/or scluble form was

determined in the calciferdus gland region, body and gut of

A

\75
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/y\;\- r/V,

: L i)
the earthworm {as _well/*ﬁﬁ’

the soil material before and

/

after passing through the earthworm. Only a slight increase
in total Ca 1in the castings was determined but large
differences in the form in which the Ca occurred were

found(Table 4).

Table 4:Pontoscolex corethrurus:Calcium and carbonates
in soil and castings.(after Kale et al.,1980)

ug/g dry weight

Constituent Soil Castings
. Ionic Calcium 12.24+.41 145.00+9.81
"Exchangeable Calcium 12.83%,37 85.23+7.28
Insoluble Calcium 179.62%,02 32.09%0.93

Ionic/Insoluble Calcium 0.15+.01 6.98%2.22

The majority of Ca in ti2 (astings was tﬂed in an
ma} 1al

ioniégﬁprm as opposgd to ﬁhe original soil e where
‘the largest percent of Ca occufred in an insoluble form. It
was determined that the pH valueé*rwi;hin the earthworm
iﬁéreased from 6.8 in the gizzard fegi6h to 8.4-9.3 in the
inéestine. These gbserVa&ions‘ led Kale et 4alf(1980) to
conclude that. secfetidhs' frém the calciferous glands were
© important in raising - the pH within the earthworms intestine,
It was inapproﬁfiate for the authors to conciudghthat it was
the CaCO; secreted By the calciferous 'giands‘ which
dissociated in the gut to control pH, and not CaCO3 ingested‘
by tﬁe’ earthworm from the ‘soil. None the less, they

presented. evidence which indicates that ‘dissociation.df

CaCO; occurs in the gut to buffer DH, regardless of the
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source. Laverack(1963) suggested that in addiéion to
controlling body fluid acid-base balance equilibrium the
-calciferous bgland‘ of earthworms "living in ' .calcareous
habitats - may be used to maintain their salt and water
balance. Such species are known to have larger glands than
fhose inhabiting less célcareous soils.

&a The available evidence suggests ‘that CaCO; - frdﬁ the

soil and secreted by the calciferous glandé ére both sources

of material for buffering the pH of the gut.

Stephenson(1930) (supporteé thi;' view by stating that in.
addition to controlling CO, levels the calciferous glands

_prbbably have a further use in Aeutra’inng the ccntentsAof‘
the alimentary tract. He pointed c ' the imilarit? éf
digestion in the earthworm to pancreatic digestion in higher
animals which takes plape}only in an alkaline ﬁedium and
pro&ided evidencé for increased activity of the glands when
earthworms were feéding on acidic orgéniclmatter.

The degree in development of the calciﬁeroué glands and
their activity vary according to the species of earthworm,
This, in turn, 1is important in determining the ecological
niche of the earthworm and therefore how it affects the
dynamics of Ca «cycling. Mouréi et 'al.(1975fw found A.
caliginosa, which possesses acti?e calciferous glands, was
a%le to. withstand high doses of CO; and function at depths

3in ‘the soil where CO, concentrations are considerably higher

than‘ atmospheric: Conversely Pheretima californica, which

!
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lacks calciferous glands, could not tolerate high dé%%éﬁof

CO, and therefore hqﬂds an ecological niche af the. soil_
surface;” Stephenson(1930) pointed oﬁt‘that the presence of
calciferous glands is associated with dry environments and a
large size of body. The excretion of CO.; mainly takes place
through the body surface where there is a film of water
which is continually chgnging. An zlternazte mechanism of
excretion is needed if the latter cc dition can not be met.
With .large species of earthworms the body surface area does
not inéreése §ufficiently along with body volumeiinlgrder to
accomodate 'the increase inu respiration, and again an
alternate means of excretion ig‘%ecessary. High activity of

the calciferous glands 1is associated with acid tolerant

species such as Dendrobaena rubida whose retention of Ca and

turnover of litter was determined to be higher than that of
acid .intglerant species(Ireland, 1975;Pierce, 1972).

Allolobdphoﬁa Sp. possesses reducedvvcalciféfous glands

_resulting in low retention and turnover of Ca, while, L.

2

terrestris ’exhibited high Ca turnover during periods of
activity(Andérson,i979). In addition, the stage of maturity
of the earthworm can determine the magnitude -of its
influence on Ca cycling. Kale et al.(1§80) found that as the
earthworm ihcrgased in .size less Ca went into the biomass
and the Ca binding capacity of the proteins decreased

resulting in more Ca being excreted in an ionic form.

£



A model 1is presented in Fig. 2 to Sumheri;elthg
mechanisms for acid-base control in the earthworm utilizing

ot

CaCo, equilibrium. The pathways used in an§ one case will
depend on the species of earthwofm involved because OE its
physiology and ecological requirements, the natur ~he
soil material(calcareous vs. non-calcareous) and the .. -ure
of the organic matter“ingested b; Fhe earthwor%ﬁ”

The available evidence irdicates that under  acidic
conditions species active 1in the’surface'layeré of the soil
dominate. These species are typically small in size but very
active. Their demand for Ca is high and the Ca is obtained

A Y

mainly fromngrganic sources. Cromack et al.(1877) suggested

‘that degradation of organic salts such as Ca-oxalate in the
gut of earthworms may also contribute to moderating pH by

converting a stronger acid to a weaker one. Large amounts of
- m— . L .‘ . - * . .. ‘ ' -
Ca are retained within the body of these earthworms 1in order

to serve the dual function of contrqlling Cog;levels~in the

Sta

body fluids and pH balance in the gut. In caldareohs systems -

one would find larger species of earthworms which burrow

deeply and possess well developed ca‘u‘fefdui: glaﬁds. The
"ﬁhysiology of these species alldws‘them tg'function under
conditions of high CO, and salt'fcoﬁcentfatfbns. but ' their

P

retention of Ca is low. The net efgécﬁioﬁ*tne“soil system is .

v

an increase in the available forms of Ca which can be taken,

up by plants or become involved in other soil reactions. .

- - y
-
RN

q
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" 2.6.5 Earthworms and Soil Management @ ' e

4

Numerous studies exist in the literature regarding
%arthworms and theif 1nfluence on crdp product1v1ty Theae
studies are prlmarlly concerned with the nutrient uptake and
dry matter prdd@étion of cereal crops. Recent studies .in

W . . . A
agronomy efiphasize cropping '.and cultivation practices and

me Y on theﬁpmpulation dynamics of earthworms;

'thelr 1n,‘
y goal being to promote -or maintain a favourable
.population of.earthworms Earthworms have: also been bsed

stcéé%?Ully. as an 1noculant for reclalmlng mine spoils and

l
A

1ncrea51ng product1v1ty‘ of dralned land . and ﬁprest

,:u‘ . Jout
R '\‘:"" R.ow

"In h.agr1Cultural practlces

i S
A ! DA by &

‘5roductlon resultlng from the aCtIV@tTE§?ﬁOf ‘earthworms -

L4 N . 5 s - "“'. ‘»,v '

b i;' a .;1973b'Atlav1nyte- et. .,1982 Russell 'mL9307Mart1n et

' attrlbuted malnly to the 1nct§ase-1n avallablllty of plant
¥ . ~, vy "' b - . i

W 'nutrlents and 1mprovement41h
N2

by
. .'VJ

g@ -on plant nutrlent uptake and dry matter prgdhétlo depends

won’ the ‘type of agronomlc pra’tlces UtlIlZ&Fi and the nature
{

of the soil. In,pothexperlmentsvw1th non—ferglllzed soils,’

_ o _ § L
earthworms increased dry matter produgtion of barley but

: o L . &L .
decreased the amount of ash i the gra;n(Atlayrnyte et

V -~

1.,19825. When mlneral fertlllzers weretadded the 1nfluence'

of earthworms on plant product1v1ty was-nggllgable but when

. . ‘

P T

1n%feaSQs. 1naddry matter
ranged from .20+ 200%(Atlav1ny§;l et alu,1968 Atlav1nyte pet“

. v
et l.,1976 Graff et al.,198Q3Abpot» *et. a ., 1981) .- This ‘was

phy51cal propert1es‘ by'

dxa earthworms. ‘The magn1tudevo£>the 1nfluence earth:;?mglhavg@%

»

/J/
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Vbenef1c1al populatlon
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the soil Was ammended with straw 51gn1f1cant increases 1n

product1v1t) and uptake of nutr{ents occurred(Atlav1nyte et

\ } -

al. 1982 Atlaylnyte et al,,1973b).

In“ order to realize the beneflt 'of increased nutrient .

e

availabillty(fgum the activity of earthworms it is essential

that organlc matt‘ be returned to the 5011 When both

~

earthworms and straw were added to 5011 as oppos od to straw
' : X

alone, ‘51gn1ﬁ1cant beneflts B to plants were
realized(AglavinyE% .wet ar.,1973b Atlav1nyte et al,
1968-Mansell%’ al., 1981ff'The return of organlc matter to

--_ ‘ IS
. ¢

.the 5011 provldes an energywsource 4for maintainance of a

and ‘they, in‘turn,{‘

[

“el

: e
enhance mlnerallzatlon processes whlch return nutrgent?, to-
: -,u 2 - VR PO ¥

the N@mants 1n' avalﬁable fdrmsu_ Thls i's parelcularly
x‘;;\ SN

ugportant in 1nflueng1ng the ava11ab111ty of P. and to’

'...nh

e plants. Where. 50115'*were ammended with bd?h “straw dnd,

b
3.

~

hl -
s

e

&t -

R ST : Dy Wy - .
earthworms$1ncreases 1n . uptake byu plants ranged fromL
A 1 @ . s T S N

36- -68% over controls where only'straw was, added(Atlavgnyte

. o ~ W

B ' .
‘et! al.,1973b) Slmllarly, Manse&% et al (1981) found 2 3

Yy o
aulants from 32P labelled casts

tlmes?gmore P was taken up i
Fn :

.,d to, labelled dead herbage.

a

'Indlcat1ons are that ‘earthworms have. an 1mportant

influence ©. on ) n1trogen - dynamics - and (,therefore - the

availability of N £ plants. While Russe11(1_91o)'and

8. «

Atlav1nyte et al.(1982) found live worms had no effect on

plant uptake ’of‘_N, Southwell et al (1?82) and McColl et

al.(1982) found earthworm'act1v1taes resulted in increased N.

. -7 '. ) J « -y
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uptake. Earthworms were found to 1mmob1112e 10% of available

soil N when food supply was 11m1ted(Abbott et al.,1981), Kt

2

~when fed with clover litter 6.4% of non-available N was
_converted into availgple ~forms(Barley et al. 1959). These
data indi ate that earthworms mayuincfease or decrease the

B3

availa’ 1ty of N’ to plants deﬁhk

D : .2
ing on whetheg; or pot. the

rsyste n prov1de an adeq ate ource of organie N to meet

the »itial_ demands of \the/fearthWorms. ‘The demand for .

‘nitrogen by earthwormé'is expected to be high since 53-64%
- of their: dry mattet compbsition is protein(Frendh et
al;,1957) Earthworms are expected to retain tor‘ immobflizq

amounts mof N whlch .are suff1c1ent ~to meet their own
—requxrements before excrétlng an excess either in 'available

‘ _dr unavarlable .forms. Once’ organg% N is added to the 5011 m%g
W : s i

,earthworms play a signif;cant role Cifi7 its transformﬁtlon
‘into vreadily“ available'forms. Pathwaysffo:#transfgrmatlons'

'Qf N by earthworms include’ the follow1ng

~ . =
& :"-'M . : g : oo, .
1. .N is assimilated into the biomgss *0f .the ‘earthworm.
, : = S 7
: 3 “ - ’ : . ¢ .
Barthworm = bodies regdily decompose to refease N to

S

~

) plants/Russeil,.1910), S
.

-'2. ‘Mucoprotein, secreted through the body wall of the -
" ‘v . . . « v"
“ ' earthwormreturns labile N to the soil(Laverack 1963).

) SR T
"3.--ﬁ, }s excreted as ammonia through the intestine of the

-

T earthworms(Tllllnghast 1967) . Parle(1963b) found 96%  of

“inorganic N7 released by earthworms was in .the form of

£ » "
NHa\whlch upon excretlon was rapldly converted to NOyy; G

-~
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.

?ﬁégg is converted by.nitrifying oacterié to plant n

available Nogf“, An ﬂncrease in rates of nitrification |

and amounts of' nitrate in 'earthworm casts has been.

_obserQed frequently(Parle 1963a,Day 1950 ; Gupta et
al.,1967:Syers et al.,1979).

4. N is secreted as urea through the nephridia‘ of tHe
‘earrhworm(Tillinghast,1967). Once ‘in the soil urea ie
rapidly converted‘ to ammonia by urease. Syers et

ﬁ-al (1979) found " urease act1v1ty p081t1ve1y correlated
%Pw1th earthworm act1v1ty The NH; resu}tlng from the
activity of urease can _then pass through the same’

nitrification pathway as excreted NH;.

% .

- ' 4?:‘::,“ - . <

4
R I

Earthworms -also inﬁlwence‘ nitrogen " cycling. indirectly by

afﬁectang the aé%1v1t§&%f n1trophllous mldroorganlsms.rry

of ’these, effects have béan eauded 'to throughou‘

literature review. All are'summerlsed_and'presented in  .the

form of a model(Fig. 3). ST e " L
| S T |
Numerous studies have been conducted regarding cropping

-

. R AR .
and cultiva®ion practices and. how ﬁﬁmse‘ influence
;! . ) . R I ' : -
earthworms. A strong interest has developed in this area
. ,'\“‘5 e

recently along with the increased: interest 'in zero and

.
1

minimum tillage. Soil fauna are considered “important - in. J

v

counteractlng the compactlon "and poor infiltration'whichn

&S va u"; M

‘OEten accompan1es Zero~~‘t111age(Ehlers 1975;Abbott ‘et
, - - . . N .. . - ‘ ‘ ' \(3
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al.,1979). In studies where direct drilling replaced
conventional ploughlng for periods of 3-4 years, earthworm

- populatlons 1ncreased 2-6 fold, and earthworm biomass

'uincreased 2-3 fold(Edwards’ and Lofty,1978;Ellis . et
‘1 1977 Barnes let al. (1979; Gerard and Hay,1979). The'se
increases were attrlbuted to reduced mechanical damage and

‘crop_gre51dues prov1d1ng protect1on from extremes in soil

e
S

temperature"and .ang-additronal, food supply(Gerard and
' -If{ ’v ﬁ’;’f .
-#sday, 1979;Barnes et*al 1979) C

After four years of no t1llage ‘the number and volume
A P B
pegcent of ‘earthworm channels onearly doubled 'in the Ap

horizon} s’comparedftor conventlonal ulla@e(Ehlers 1975

- oo hl
.: LI

These channels were' stable to the surface and resulted in
' \’h.b N s ; i -

3 g /‘4'

s;gnlflcant 1ncreases in ﬁanfiltratlon rates 4, : ploughed
. - g - | 0 Lo e N [ B

50115 ‘no cont1nuoUs‘ macropores ‘existed so that' no wa%er
. e o R

moved below the Ap(EhLers 1975) : It‘fis'ﬁfelt that ~ direct

.

rdrllllng restrlcts root ,growth, ‘especiallyv~in the early

stages of seedllng development(Ellls et -a1.11é77);, Edwards
“ : N o
and Lofty(1978) ~found tha{ once dlraatndrilledigoils were

s . 2y

inoculated with earthworms, root growth and development .

‘approiimated that=~ of. loughed soils. The presence of
> ‘ P '

earthworms also resulted .in improved germination and

establishment of seedlings, and increased growth of the

L3

aerial portion of barley plants. On the other hand Gerard

T

et al.(1979) felt that after s1x years of direct drllllng'

earthworm activity had not counteracted the effects of hlgh

bulk density and low air filled porosity. They did find that

<!
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N
in direct drilled soils where earthworm populatlons

increased, the aggregate stablllty of the 5011 was greater

- ‘us‘
It was felt this may have long term positive effects in

: 2
alleviating th@nproblems associated with high bulk density.

In addition to cultibation‘ practices, the manner in

which crop residues are managed affects the structure"and

‘f’a‘

.dynamic¢s of earthworm populations. Hopp(1947) counted

population numbers before and after the first frost wunder
different ~cropping ‘practices. He found that when a straw

mulch was applied,tofact as'an insulating layer a greater

number of earthwofms'survived and in particular the mature

individuals. Individual spec1es, as well as total numbers of

earthworms, are affected by cropplng practlces in dlfferent

< 3

ways. Helodrilus. dfglglnosa was present under all types f

WS S

.Ccrop rotationsﬁ"

. »,-' Yoo
[}y \b“,‘ !
straw'mulch plot

,greatest numbers where sweet clover was used as ‘a surface

\; -

mulch(Hopp 1947). 'Barnes ‘et al.(1979) ; found dlfferent
qultivation~ treatments had no unique affect on any single
spec1es but the manner in which crop re51dues were dfsposed
of d1d When straw ‘re51d§£§g'uere chopped‘and spread‘the

number of L. tePPeStPf1h1 ignificantly but when it

L 4

w“s}“burned tw1ce as many A. CthPOflCa were found relative

to the- mulched treatment

In non-agricultural ecosystems earthworms have been

.successfully used as an - -indculant to enhance. soil

3.

1
LB

wf

g®., as H. pahvus was only found in. heavy;.

ﬁaﬁﬂ?Dlglocanla PIpaPIa occurred in'.the»1ﬂ
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development and‘improve productivity. Stockdill(1979) and
Martin '‘and Stockdill(1976) described methods: and machinery
which can be used to inoculate sdils with earthworms. |
Huhta(1979) 1inoculated soils under spruce stands with
A. Calfginosa(mineralcsoil dweller). This species did ndt
- . |
occur natnrally in the soils and this was attributed to soil
acidity and low palatabilit @?f»the litter. For this reason
soils were also ameliorated\with 1ine, deciduous litter and
a combination of both. Three years after 1noculat10n A.
Caliginosa was still present 'in all the: amelloratedﬁglots
Where litter alone was '‘added both the popdlation‘density and
biomass of the earthworms were lpw and few 1nd1v1duals were
found in the _m1nerak soil, Where only lime was added
. B

vigorous 'populations” were found, earthworms had penetrated,

the mineral soil, and some mixing of humus had occurred. It
was concluded that, on a practical scale, 1nterplant1ng-with

e

decidubus trees would prove ,adequate for establishing;

'populations of deep burrowing species in coniferous forest

stands(Huhta, 1979). : ¢
Where topsoil was strjpped and removed for other uses
earthworms were , introduced - 1nto the remaining  soil to

increase productivity(McColl et al ,1982). Wh. soils were

inoculated with A. caliginosa and planted to ryegrass the

‘earthworm populatlons fiourished. - At nine months after

1noculat10n the earthworms were mature and after 14 months

47% of_ the. population was represented by small immatures.

Early growth and an increase in dry matter production and




%
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nutrient uptake of ryegrass was observed when earthworms

were present.‘iMcColl et al.(ﬂ982) thought these data

(

“1nd1cated eatthxorms could 1mpro¢p product1v1ty of stripped

land and suggested keeping rgﬁk%v01rs of earthworms, when
stripping, for'uee in the reclamation process.
Vén Rhee(1969a,1969b) inoculated newly drained polders,
which were planted to apple orchards, with three 'species of
9

earthworms. A. caliginosa was the best colonizer. It spread

at a rate of 6m/year and increased its total populatlon size

from 4664 individuals, at the time of 1noculat10n to abouf=*
350, 000 in a perlod of three years. A. chlorotlca survived
well expandlng its populatlon 25 47 fold over the same time

span. It spread at a rate of 4m/year. L. tePPeStPIS dld not

fare so well and no individuels“could be found “.5 years

. after 1noculat10n. Vacm Rhee(197&concluded at t‘ne' end of

B

elght years_ that“&g%ﬁé earthmorms were 1mportant' in
. “ ST

accelerating the breakﬁ%wn of organlc matter and forming> a
4 .

E

stable crumb -structure. Development and growth.of orchard

tree roots increased in response to the improvement in soil

structure. In most plots inoculated with earthworms yields

of fruit increased by 6-14%.- _' . : ' o

, &

~*Inoculation with earthworms Hés also been used for-

v

. 3 * A . " 3
reclaiming - mine sp01lsé( and re51dues from baux1te

refining(Southwell et al.,1983; Vlmmerstedt et al.,1973)

residues had an alkaline reactlon and were comprised malnly

e ‘\

of 1ron oxﬁaes and 5111ca clay. -Reclamatlon entalged.

coverlng these re51dues with a layer, of coarse. sand: and

e '
P

4k
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i

. -

planting with.annual rye'grassGSouthwell et al.;1982). The

: ' i . N
»vaygtem was not 'self sustaining and required repeated

,ertlllzatlon. Inoculation with E. foetida proved succe®sful
'y : T . .
since the earthworms were able to survive and increase

nutrient availability to plants. The residues were also used
as an ammendment in sandy soils but problems aro8%e with

crusting and cementing. Inoculation with E. foetida remedied

& this problem through “improving the fertility status and

~

structure of the soil. In ©Ohioc strip mining spoils were
reclaimed by planting with hardwood trees.  Problems -arose

when litter. from ,these trees falled to decompose and

accumulated(Vimmerstedt et 1.,1973) Both calcareous’and

acid shale spoils‘byere _succesgfui y inoculated with L.

.4’

terrestris.  Only .two years-’aiter introductioh these

) o : ,. ¥
oy earthwormS'were ablév,o bury or coﬂ Q@é 8{ : of» ‘the litterw;

it

and 43% of the humus whlch would: hav%‘ggﬁerwlﬁu accumulated'

The fore901ng prov1des a few examples ‘where earthworms

‘55were?vutilized or manipulated,succeesfully to .solve problems

in 'soil management. Their potential #¥8T .use in  soil

At I

' . . : LW . ' /.t .
management in Alberta and Canada refjains largely unexplored.
Possibilities-whieﬁ~should not be overlooked include:
1. Inocﬁlation'fnto,Luvisolic soils in order to improve
: - : o : :

.f . soil;structﬁre_andaenhance.mixing ef organic matter into
éhe mlneral 5011 for fOrest regeneratlon. I
— 2. -Reclamat}onngf §80115 from. str1p m;nes, open pit 'mines'
and tar sands. | “_:'_“
3. ’Uﬁilization in reclamation of fly ash re31dues, and™
| - p * R

-v—-h.
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aiding in the successful incorporation of fly ash asla

soil ameliorant,.
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3. MATERIALS AND METHODS

3.1 Introduction to the Study

1

In some réspects it would have been desireable to

culture earthworms used in thls study under

field

conditions. However, given the lack of ~knowledge regardlng

survival of earthworms .after inoculation as well -as the time

]

& s

constraints involved, it . was decided a laboratory study

would sufflce to meet the prev1ously stated objectlves. ThlS

L]

'for‘

'_..

Y ‘ J) e N ‘ - -

’env1ronmenta1 cond1t1ons‘ such as “sail ﬁbisture'

ve)

ST

v )

V&
RS
transparent plex1g®ass cyl1nders allowed observatlon

; ¢ » Lo~
behaviour of*the earthyormsobelow thé“-soxl,vsurfaCe
could not’ be‘so easily accomplished in ‘the field.

s LT . . - .

3.2 Selectﬁbn of 80115 _l," V ¥

order'v~o accomodate the prlmary object1Ves

AN .

I « - ) - . -
three bas1c requ1rements. - t

o

%

a longer t1me per1od than Seasonal? restrictions
b

would

e

'temperature, daylength and 1liglit 1ntemslty, known to. affect

'the behavlour and act1v1ty of earthworms,'could be monltored
o

vand  in. some':cases controlled allow1ng better control ‘of

of the

which

- approach permltt - the'earthworms to be active in the 50110’

.'allow in the gleld FurthermoreL in-the laboratory setting'

and

;rlaballty 1ntrodu%pd by these factors. The ut1112at1on of'

gt

1

of the

"study 1t was felt that the 5011 mater1als used should meet .

”
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1. “They should  be . essentially devoid "of pedological

-

structural development.’ : o , ' S

2. _They should possess qualltles representlng a broad range

[

in domlnance of parﬁlcle size.
3. Wh1le ma1nta1n1ng the 1ntegr1ty of the above two the . B
materlals selected should, to the greatest‘ extent

p0551b1e, be free of those qualities known to- affect the 0
s v T e

activity of earthworms adversely.

-

InJ H% of the above, it Was decided that undistufbed .
’ MQ 0 3 R
calcareousJ parent or C horlzon materlal would best meet the

equ;rem”ﬂ; of thlS study. Lack of structural development -
V1n the materials allowed for the observatlon of structural ;, s
RCH A .
features resultlng from the act1v1ty of, the earthworms Ve ~
: . .
Inheggntly low .in oerganic mattefJ the.“chosen materlal was .
o R

also ideal for studylng the 1nteract1on between the organlc :

i

o and 1norgan1c fractlons of the 5011* as mJght be. Olnfluenced ;

LY

by the earthworms. Ut111zat10n of the laboratory approach to-;t' s

'-the\;study allowed ¢ontrol or monltorfng of most soil
,conditions implicated in controlllng 'the‘~activity of
, L . AV ' " T ‘
_earthworms with' the exception of, SOll reaction. .The - N

; -

. selection - of ,calcareous parent. material‘ engured an:
"enVironment;;off‘moderate reaCtion'.iﬁithin < thd . range, | o @ |
§ , 1
. (:,‘_ .
considered in "the 11terature, optlmal for the act1v1ty of™

. .
f 2 N B . /

'earthworms(Reynolds 1977) e Ty | .

. i . ¢ .//. ] .
: : - lb_ ' ) . ~ ! / : : /
R o h S L o /
+ . i . — . ! ‘ -,
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Three 5011 parent materials were chosen, all were
calcareous rand each exhibited a different particle size
distribution. The first, hereafter referred to as Spruce
Grove, 1is of a pitted deltaic origiq and possesses a
dominance of fine sand particles. The second, hereafter
referred to as Cooking Lake, is of a morainal till origin
and exhibits -a fairly wuniform distribution of particle
sizes, whiie the third, of lacustrine origin dominated by
silt particles; is referred to as Ellerslie. The names
attached to these soil materials refer, in a general way, to
the location of the site where the ' samples were collected
and should not, 1n any way, be considered as a
claséificétidn of the pedons associated with the parent
materials. Particle size analysis of samples taken from bulk

soil collection are given in Table 5.

Table 5. Particle size analysis for Spruce Grove,
Cooking Lake and Ellerslie parent materials

‘ "Textural
Soil Mater}al %Sand %Silt %Clay Designation
"Spruce Grove 84.4%.3 6.1x1.2 9.5+£1.5 SL
Coéking Lake 35.1+.1 29.6+ .1 735.3% .3 CL
Ellerslie | 8.6x 0 58.4% .6 33.0x .4 SiCL

All soil samples were collected in the vicinity of the

sl

city of Edmon-or As well as collecting bulk samples of
each, bulk density cores were also taken using a Uhlander

bulk density core sampler. Bulk samples were air dried,



J 77
ground to pass a 2 mm. sleve and stored in air tight
containers for future use. Bulk density cores were collected

in the field, wrapped 1in plastic bags and atored in

cardboard containers until needed. .

3.3 Selection of Food

As discussed earlier in the 'T.iterature Review' only
limited And conflicting- informc.1on fegarding the feeding
prefergnces of vérious earth o1 _pec es ié available. The
majority of these studies have L. punducted with deciduous
tree litter where the ultimate objectiie was to utilize the
results to discern distribu;ion and function - of earthworms
in a natural environment. For the purposes of this study it
was deemed appropriate to use common lawn grass since it
vascular in nature and not considered repugnant to
earthworms. Preliminary éxperimentation proved this premise
to be ﬁrue and bulk collection of the grass proceeded. A
single collection from a site known to be free of
contaminants provided sufficient material for the duration

of the study. The bulk grass collected wﬁs oven dried(60°C)

and stored in air tight bags for later use.

3.4 Selection of Earthworms

| All earthworms do not behave or function ecologically
in a uniform manner(Reynolds, 1377). For this reason species
of earthworms from two distinctly different ecological

groups were selected for this  study. Lumbricus
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terrestris(Linnaeus) was chosen from the anecigue group as
defined by Phillipson et al.(197$). Its most distinctive
behavioural patterns include the construction of permanent
burrowing systems and the collection and withdrawal of
litter from the soil surface fof transport to greut depths.
Bec;dse of its characteristic nocturnal bebaviour it is
commonlf referred to as the "nightcrawler" or "dewworm". The
second group of earthworms was chosen from the endogie
group(Phillipson et al.,1976). This group constructs
non-permanent channels and their activity .ﬁs "normally
limited to the top 10-20 cm of the soil. From this group the
species Octolasion tyrtaeum(Savigny) and Aporrectodea
turgida(Eisen) weré chosen for this study. Individuals
representing the species used are shown in Plateh1.

The earthworms were collected from an -area within the
city limits of Calgary known to have large pbpulations of L.
‘tePPésfFis. After collection they were stqred in a cooler
full of moist soil and quickly transferred back to the
iaboratory.. Once in the -1aboratory indiYiduals of L.
terrestris were sorted out and stored in é large plastic
garbage can filled with a mixture of peat moss and ming;al
soil. The container was covered with a fine net to allow
free circulation of air and prevent the escape of the
earthworms. Individuals of 0. tyrtaeum and A. turgida were

stored in a similar manner using a smaller container. Both

containers were maintained at a temperature of about 10°C,
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-

Plate 1:Individuals representing the species used in this
study.(left to right) Octolasion tyrtaeum
(1 specimen), ~porrectodea turgida (1 specimen)
and Lumbricus terrestris(2 specimens).
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A subsamplerf these earthworms was preserved according
‘to the procedure described by Fender (1982-Appendix 1) and
sent to Dr. Valin Marshall at the Pacific Foresﬁ Research
Station in Vicfo:ia, B.C. for 1identification. Tﬁe_ results
£rom his work are shown in Appendix IT.

3.5 Experimential Design; :

The experiment was c¢onducted 1in a gpld room where
earthworms were housed in plexiglass cylinders. Appropriate
control were included 1in the experimental deSign. Room
teﬁperature was maintained at approximately 10°é. Light'
bulbs (60 wattss were attached to shel;es above the'cdlumhé
and their height adjusted to provide ‘40—70 ft.c. at the
surface of the columns. The lighting system was contrdlled
by a timing device to provide a 14:10 hour /géy/nighﬁ cycle
similar to that suggested by Tomlin(1977).

The cylinders, as shown in éig. 4, were-constructed of
piexiglass fubing‘ with a drainage outlet provided at tﬁe
base. A centrally located opening was locé;ed on the side of
the tubing to allow access for a soil moisture cell(obtained
from SOILTEST,INC.) to be used for monitoriﬁg soii moisture
and temperature. All soil moisture cells had been previously
calihrated in the éame type of soil material:that. would be
‘mahitored during the experiment. Cylinders wused for the
controls*and-endogie.species of earthworms were 25 cm "in
height, while those>housing the individuals of L. tePPesti7%

were 60 cm in height; the latter being taller 1in order /to

{
{
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_ «—- Qutside Diameter 89cm —»
/J::‘l’nsi-de Diometer 7.6cm—»
{nverted '

Petri Dish\ﬁE — : Y

v ' S5cm

15.5 cm(or 61)

Soil From’

Dg Core 7.6cm
Ccuze Net - .
- Glass Wool w #
' "Loose Soil Material 2.5cm(or 48)
|
L -
| »|

—»13cmle—

Figure 4:Design and specifications for plexiglass columns.
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accomodate the earthworms deep bufrowing habit.

In order to pack the cylinders with éoil- a circle of
mesh screening was first placed in ‘the bottom o¢f the
cylinder to brevent escape of the earthworms. A mat of
fibreglass wool was placed over theastreen allowing the
leachateé to filter through but pfev%nting the soil material
from passing through the drainage outlet. Buik éoil, ground
to pass a 2 mm. sieve, was added to the c§1inders'thrdugh a
long necked funnel with constant shaking in order to achieve
an even packing. When the level of the soil was even with
the moisture cell opening}'the‘cell Qaé placed vertically
into the gfil} the wires were fed through the access hole to
the outside of the cylinder and the access hole was sealed.
off with caulking. The rem;inder of the <cylinder was then
filled with soil, to about 15 ém from the surface in order
to. provide sufficieﬁt 'space for the addition of the
undisturbed soil core, and eventually theladdition of grass.
Once the soil cores were placed in positioﬁ' packing was
completed, and the éylinders were transferred to a basin of
distilled water. The cylinders remained in the basin until
fully saturated from the bottom up. They were thén removed
and allowed to drain freely before any addition of
earthworms. | | ‘

Before the earthworms were transferred from the storage
‘contaipers into .the cylinders; they were placéd in smaller

( ‘

containers holding soil material corresponding to that found

in the cylinders into which they would eventuaily would be
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placed. After a period of two days the-earthworms had
expelled the soil material from théin"gut.that Qas‘ retaiaed
from the stbrage containers and were ready for transfer into
the cylinders. Once the earthworms were in the columns an
inverted piastic petri dish was used to cover the ‘top of the
column to prevent their escapé. A black cover was placed
around the «c¢ylinders in order totsimulate subsoil lighting
conditions. - \
' - Five -treatments for each of the threé'soil“materials
cdllected, were»réndomly%assignéd in triplicate as follows;.
Treatment 1:S0i1l + grass
..Treatment 2:50il1 + 0. tyrtaeum + A. turgida + grass
Treatment 3:Soil + L. terrestris + grass

Treatment 4:Treatment 2 + L. terrestris

_Treatment 5:Soil alone

Thus 15 columns were set up for each soii material,
giving a total of 45 columns for the experiment. Soil
moisture cells were ‘included in only one of the. three
replicates for each treatment.

Results from soil moisture and .temperature readings
taken at two week intervals are found in Aépendix IIT1.
Details regarding the numbers, weight and species ~of
earthworms as well as amounts of soil added to each column
are itemized in Appendix IV. Through the duration of the

a .

experiment some earthworms escaped or, as in the case of the

™
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Ellerslie soil, had difficulty adapting and died. Dead
earthworms were removed ' ~om the columns and replaced with
live ones. These édditions and removals are itemized in
Appendix v,

Through preliminary experimentation it was determined
that the ad?ition of 0.5 gm.(0.D. Basis) of grass to the
columns . on ; monthly gasis would provide adequaﬁe substrate
for the earthworms. Thus 0.5 grams of grass was édded to
treatments i74, every month for ‘th; duratioﬁ of the -
experihent.

The original intention of the study was to allow the
earthworms to work thé soil for a period - of one year.
Unfortunately a malfunction in the cooling unit resulted in
temperatures rising to the poiﬁt where all the -earthworms
died. For this reason data were collected for a period of
‘8,10 and 11 months fbr the Ellerslié, Cooking Lake and
Spruce Grbve soils respectively. |
3.6 Leachate Samples

Leachates were collected from all the columns at one
month intefvals for fhe duration of the experiment. In ordé%
to prepare the cylinders fdr  the leachate study 7.5 cm
diameter # 41 Whatman filter papers Qere placed on the
surface of the soil columns'in order to prevent disruption
of the grass and/or soil by infiltrating water. 50 ml of

distilled water were added to the top of each of the columns

and collected at the drainage outlet. After collection the
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leachates were filtered through 0.2 milliéore filters . to
remove colloidal material. This stepbwaé felt necessary to
prevent interfefencé‘with‘;fu£ure anaLys%s, The filtrates
were transferred into autoclaved nalgeneébottles and stored

at “4°C. Poor hydraulic conductlvgxy through the columns

4"‘

containing Ellerslie 5011 caﬁﬁyé d%iflculty in collectlng

leachates. Saturatlon of the”SGll’

water resulted in

z “~

Vo

.-,;(“ \ N \.,\;\‘\ i
reducing condltlons and the” bnesence of gley which appeared
U
C

to affect the actlQlty of the, earthworms deleteriously and
in some cases cauSed' their death. ansequently, by the
'second sampling period, a lijﬁt vacuum(<1/3 bar-monitored
using a vacuum gauge) was applied to the bottom of the
columns in order to withdraw .the leachate. This approach
appeared to be successful in removing excess weter from the
goil and was used for several ensuing sampling 1intervals.
Unfortunately by the end of the:  fifth sampling period
repeated application of the vacuum had - resulted in
compaction of the soil and this further reduced hydraulic
conductivity. The tension of vacuum‘required to remove water
at this stage would have been too great a stress on the
earthworms. As a result subsequent sampling from these
columns was halted'until>tﬁe termination of the experiment.
Thué leachates were 6011ected3for a périod of 8,10 and 11
months for the Ellerslie, Cooking Lake and Spruce Grove
columns respectively.

~aemical . analyses of the leachates included the

determination of pH, ~concentrations of Ca, Mg, Na, and
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K(using ICP emission spectroscopy) and concentrations of
soluble total and 1inorganic ,carbon(using a Beckman IR
Sélpble Carbon Analyzer). . . |

After preliminary analysis it was; concluded‘ that
bulking of samples was just{fied since -difﬁerences in
chemical‘Compésition of the leachates collectéd mon£hly were
moderate. Thus final chemical analyses were -performed on

leachates collected monthly but bulked to repfesent

bimonthly intervals.

3.7 Soil Samples

After the experiment was terminated éll of the so1il
columns were transferred to a cold room and stored at -4°C
in order to prevént chemical deterioration of the samples.
Two replicates from each treatment were  selected for
chemical analyses while the third was used for impregnation
éndv phe preparatign of thin sections. Samples chosen for
chemical analyses were taken out of cold storage, .the
plexiglass - cylinders removed, and the soil carefﬁlly
dissected and separated into faecal pellets, tunnel linings,
~and soil material which had apparently not passed througﬁ
the earthworms' gut. Soil materials that were in contact.
with dead earthworms, and the dead earthworms themselves,
were completely disposed.of to eliminate the possibility vof
erroneous results(especially for total N) because of
contamination from the bodies of the earthworms. The samples

Te

were air dried, ground to pass a 2 mm. sieve and stored in
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air tight jars. Sub-samples used to determine total carbon,
total inorganic carbon and total N were further ground to

pass a 100 mésh sieve.

3.7.1 Chemical Analyses

¢

‘3.7.1.1 pH
- va was determined in 0.01M CaCiz according to
McKeague(13978). - ;

~

3.7.1.2 Exchangeable Cations . ~
N L :
Exchangeable cations were extracted with 1N NH,OAc
using centrifugation aécording‘ to Thomas(1982).

Concentrations of .metallic cations were determined using .

a Perkin Elmer 303 atomic absorption spectrometer.

3.7.1.3’T9tal Exchange Capacity

Total exchanée capacity was determined by NaOAc
saturation(McKeague,19785. The cpncentration of
exéhangeable Na was determinea on a Perkin Elmer 303

atomic absorption spectrometer.

3.7.1.4 Carbon Analysis

.Total Carbon was determined by dfy’éombustion using
a Leco Carbon Detefminator(Model CR12),

Inorganic Cérbon was determined according to Bupdy
ana Bremner(1972). “

Organic  Carbon was derived by subtraction of

inorganic carbon from total carbon.
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3.7.},5 Total Nitfogen

‘ Samples(approximately .5gm.) were diéested in a
Kjeldahl apparatus using calpak(K;S50,-CuSO4) as an
oxidizing agent and catalyst. Total N was determined as
NH,* thrbugh the - forimation- - of an ammonia-salicylate
complex. Concentrations were‘determined colorimet;ically

-+

at a wavelength of.: 660nm. on a Technicon

nutoanalyzer(lnduétrial Method No. 334-74 W/B'-Technicon™

Autoanalyzer IT1).

3.7.1.6 Neutral Sugars/Uronic Acids

-
Colorimetric Determination of Neutral Sugars

Doutre et al.(1978) compared both the anthrone

and phenol sulphuric acid methods to results

obtained wusing gas liguid chromatography(GLC) for

determinatioh of aldoses. They gound that results
from the phenol sulphuric acid method were
comparable to those from GLC provided interfering
- cations’ and anions were first removed. Conversely
the rate of color development and fading wusing
“anthrone was highly temperature- and time-dependent
and results were low compared to GLC. ®ubois et
al.(1956) suggested that measurement of sugars using
vanthrone- may be 1limited to free ,-sugars and
glycosides while the phenol sulphurit acid method
may be more suitable for a broader range of sugars

including their methyl derivatives, oligosaccharides



and polysaccharides.

In this study it was most desireable to determine
suéars as 5 general group rather than specifié
kinds. The phenol sulphuric acid method was chosen,
as . described by buFois et al.(1956), because it
reacts wi+*h a broader range of sugars and produces' a
more stable color than the anthrone determination.
D-galactose was used, as a synthetic standard.
Absorbance was read at a wavelength of 490 nm on a

Pye Unicam SP1800 spectrophotometer.

Colorimetric Determination of Uronic Acids

The use of <carbazole 1s the most common
colorimetric method for the determination of uronic
a;ids. The procedure described by Bitter and
Muir(1962) was . used in this study. Reproducability
and reliability of results were greatly improved by
freezing the test tubes and the -
Na-tetraborate-sulphuric acid reagent in an acetone
bath(-70°C) prior to layering the sample on top of
the reageﬁt. Galacturonic acid monohydrate was used
as a synthetic | standard as recommended by
Mc3r-th(1971). Absorbance was -eci at a wavelength

~° 30 nm on a Pye Unicam SP1800 spectrophotometer.

Removal of Metallic Cation Interferences
The colorimetric techniques wused for both

neutral sugar and uronic acid determinations require
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the removal of metallic cations, especially iron
(Doutre et al.,1978;McGrath,1971). Dormaar and
Lynch(1962) stated that 1large amounts of iron

released through hydrolysis and alkali extraction
could not be reﬁoved ‘adequately stannous chloride
reduction. After assessing various techniques for Fe
femoval they "concluded that ’}emoval through ion
exchange was the only feasiblé approach. For this

purpose Amberlite IR-120 exchange resin(H* form) was

used.

Separation of Neutral Sugars and Uronic Acids

To ‘analyze for uronic acids properly they must
be separated from aldoses 1in order to avoid
interference during the colorimetric determination
(Greenland et al.,1975). This was accomplished using
Amberlite fRA—4OO exchange resin. The exchange resin
was purchased.in the chloride form and converted to
the acetate form by leaching with 1IN NaOAc as
recommended by Thomas and Lynch(1961). They éound
that the acetate form, but not thg chloride form,
permitted separation of mixtures after hydrolysis

williout neutralization.

Ion Exchange Columns
Pyrex open ended burettes of 42 cm height and 1
cm diameter were used as chromatographic columns.

Rubber tubing was attached to the bottom of the
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burette and a screw clamé was used to control the
flow rate. Glass wool was placed in the bottom of
the burrette 1in order to prevent the resin from
flowing out. A slurry of the resin was poured 1into
the burette to a height of 30 cm. A rubber stopper,
through which a glass rod was inserted, was placed
into the top of the burrette. A length of tygén
tubing was attached to the outer portion of the
glass rod to complete a“siphon system. This system
permitted the entry of either sample or regenerating
solution. Utilizing a siphon system increased the
overall efficiency of the analysis‘ such that 16
cation and 16 anion exchange columns could be set up

and monitored simultaneously.

Elution of Hydrolyzates

Cation Exchangé Columns(Amberlite IR-120)

"5 ml of hydrulyzate was transferred into a test .
tube and diluted to 15 ml with distilled water. A
150 ml beaker was placed under the column and the
screw clamp adjusted to set the flow rate of the
siphgn at 1_drop/3 seconds. The diluted hydrolyza;e
was then completely siphoned into the column. The
test tube was rinsed down twice with distilled wafer
where each rinsing was .allowed to be completely
sdphonea into the- chromatographic column. To

complete the elution of the hydrolyzate, distilled

water was siphoned through the column until 100 ml
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of effluent was collected in the beaker under the
column.
Anion Exchange Columns(Amberlite IRA-400)

Elution of samples ;hrough the anipn exchange
column was a two step procedure for séparation of
neutral sugars(eluted with distilled water) from
uronic acids(eluted with 1IN H,SO,). Routinely this
process would require that only an aliquot ffom .the
cagion exchange: colymn effluent be eluted tk;ough
the anion exchange column. Sihce concentrationg\ of
both substances to be analyzed were very low, Epé
gntire 100 ml of effluent was immediately siphongé
through the anion exchange column. A 300 ml beakef\
was placed beneath the outlet of the column and the
flow rate adjusted to 1 drop/3 seconds. The 150 ml
beaker was rinsed ﬁwice:with distilled water. Each
rinsing was allowed to siphon completely through the
column. Distilled water was siphoned through the
column until 300 ml of effluent had been'gollected
in the beaker positioned under the exchan column.
Once full, the beaker was transferred onto a sand
bath (40°C) and allowed to evaporate down to less
than 25 ml. The concentrated solution was
quantitativelr transferred into a 25 ml volumetric
flask and made up to volume with distilled water.,
Subsequently a 1 ml aliquot from this "volume was

used to determine the concentration of uronic acids.
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by the carbazole method described earlier.

)

Regeneration of the Exchange Columns

16 cation and anion exchange columng could be
easily and simultaneously regenerated by using a
manifold system: to transport the regenerating
solution (gravity fed) from a carboy througﬁ the
manifold outlets attached to the lengths of tygon

tubing. The regeneratin%ﬁsolution then simply flows
PRy
¢ ,‘ﬁ(‘\')(

out of the bottom of théf'columns into-a drain. This
manifold system served to regenerafe the columns
with little supervision(Fig. 5).

Cation exchange columns were regenerated with
6N HC1l until the effluent was coloriess‘and free of

Fe(Doutpé et al.,1978). With the size of columns

used anywhere from 100 to 300 ml of acid were

required. Once regenerated the columns were further

leached with distilled water until the spot test for
Cl- (AgNO,;) was mnegative(Doutre et al.,1978). Columns

were regenerated at their inception and after each

.sample had been eluted. The columns were fepacked

after 8-10 cycles since their continual’ re-use
resulted in compaction and degradation 6f the resin.

Anion exchange columns were regeneréted by
flushing the columns first with distilledb water to -~

remove excess acid and then with 1N NaOAc until a

| negative spot test for SO, -~ (BaCl;) was

attained(Doutre et al.,1978). Subsequently the
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columns were leached with excess distilled water to
remove the excess NaOAc. Theée columns were also
regenerated at their inception and after each sample
had been eluted.. This resin, éspéciallyA in the
acetate form, dégeﬁerated and comp?cted much more
rapidly than the cation exchange r%sin and required

repacking after every 4 to 5 cycles.\

Extraction and Hydrolysis
Numerous approaches to extraction and
hydrolysis for the study of organi; compounds in
soil- exist. Many of these have been discussed in
.review arFiclés such as those by Cheshire(1979) and
Greenland et al.(1975). Generally the approaches use
organic solvents for extraction or are constituted 
by a single alkaline or acid hydrolysis. In this
“study it was preferred to use a stepwise extraction
where sugars and-uronic »azids could be separated
into a free or weékly organic bound fraction, a clay
bound fraction, and a residual fraction. For this
reason the extraction procedure described by
Anderson et al.(1974) was ‘chosen and modified> in
this study to accomodate a smaller sample size. Once
obtained, all extracts were hydrolyzéd in- 3N H.SO,4
& 121°C and 15 pis.i. for one hour{(Dormaar et
.,1962). The hydrolyzates were filtered through
*/» glass mic-ofibre filters, and the filtsate made

© ve ume with distilled-water in 50 ml flasks. A
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5 ml aliquot from this volume was used for
subsequent ion exchange chromatography and
quantification of sugars and uronic acids.

Standard addition experiments = using - soil
extracts, where the .standard was added prior to
.hydrolysis, were done for all extracts including
.01N HC1 wﬁich was discaraea in the original
extraction . process of Anderson etr al.(1974).
Recoveries from standard addition ekperimehts for
'sugafs were considered acceptable and in\line with
those reported by McGrath(1971) with the exception
of the NaOH-Na,P,0, extraction where blanks were
unusually high and recoveries low; Althouéh some
attempts were made to determine the reason for these
poor recoveries none could be .éonsidered truely
successful. Further investigétion into thi's problem
was nqt considered to be within the scope of this
study. Therefore a ‘.5N ~NaOH extraction like thaf
used by Dormaar and Lynch(1962) was substituted for
the NaOH—NauPZO7. This proved successful. Recoveries -
for uronic acids rangéd from 41—47%; in 1line with
those reported by McGrath(1971). Although
McGrath(1971) suggested the use of a correction
factor to make  up for the losses of uronic acids
that resulted from >hydrolysis it was not deemed

necessary for this study. .
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Once the standard addition experiments were
completed, analysis of the soil samples from the
cylindérs were undertaken. After all the faecal
pellet Samplés and one half of the tunnel lining and
soil 'samples had been extfacted and analyzed,ino
sugars were detected {n the .01N HCl extract and no
uronic acids were found in any of‘the extracts. For
this reason the .01N HCl extract was disposed of and

_the uronic acid analysis aborted for the remainder

of the samples to be analyzed.

3.7.2 Microbiological Analyses

Preliminary experiments in microbiology were conducted
to determine the areas of study which would be mosf valuable
to pursue'in detail. Serial dilutions in sterile 'water were
made using Spruce G;ove samples from both control columns
and faecal pellets of L. terrestris. Aliquots of 0.1ml size
were transferred onto PCA ' plates to produce a dilution
series that ranged from 10°' to 10°7. Aliquots were also
transferred, using pasteur pipettes, into broths of Lactose,
FVM, Butlins and M77. Bbth plates and broths weré incubated
for one week at room temperature. before observations and
counts were made.

At the end of the incubation period counts were higher
on the PCA plates from £he faecal pellets as compared to the
control. As well, an enrichment of large, yellow colored

'Recipes for all plate and broth media are found in Appendix
VI. ' )
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colonies was observed on the faecal pellet plates. Several
of these colonies were isoléted,‘transferred onto #1 and
Skim Milk plates and observed under a phase—éontrast
microscdpe. The colonies were concluded to belong to thé

genus Cytophaga for the following reasons.

1. They exhibited a spreading growth form on the #1 media.

2. They demonstrated lytic capability against protein(Skim
Milk plates). .

3. They produced pungent aromas.

4. They were observed as large motile rounded-rod shaped

organisms under the phase contrast microscope.

After uconsidefing these observations a more detaiied
experiment to, inveétigate organism numgers and lytic
aétivity of the ' Cytophaga began. Serial dilﬁtions'for the
control soil, endsgie faecal pellets, and L. terrestris
faecal pelletél‘from all three soiis were made. Aliquots of
0.1ml size were transferred onto PCA plates in duplicace for
enumeration of Cytophaga, bacteria and actiﬁomycetes, and
similarly onto Rose Bengal plates for enumeration of fungi
and yeast. The plates were incubated at room temperature for
7 days befgre the counts were made.

After the counts were completed 21 colonies .of
Cytophagz were isolated and assayed for 1lytic activity

against protein(Skim Milk Agar), mannan(Yeast Agar),
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cellulose(Butlins Broth + cellulose  strips), other
bacteria(Bacterial Agar) and chitin.
Three approaches were taken to assay for lytic activity

.against chitin.

1. Puivérjzed muéhrooms were mixed in a i.5% agar solution
which was sterilized and poured into plates.

2. Chitin . suspension plates were prepared ‘uging é
commercial ghitin which was finely ground, mixed 1in a
1.5% agar ; lution, sterilized and poured into plates.

3. Hydrolyzed chitin plates were made according to Gfay and

Bell(1962).

GG
&

Initially the pulverized mushrﬁom ﬁedium" was
unsuccessful since the plates dried out quickly before the
colonies could become established. Another set of plates
were used where a film of water agar was poured overtop . of
the mushroom aéar; This proved successful. |
Selected colonies were also assayed for their ability
to attack the cellular structure of other bacteria. Cultures
6f bacteria were grown and made into plates after mixing in
a 1.5% solution of égar-and sterilization. Problems similar
to those with the mushroom agar were encoqntered where the

plates dried . out before any reliable observations could be

made, although in some cases lytic activity was observed.

Rl
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At the end of the first incubation period cultures from
ﬁhe lactose and FVM broths were transferred into fresh media
and allowed to incubate for one additional week. At this
time the cultures were transferred into septum vials and
assayed for acetylene reduction. Results from these assays
proved negative. Cultures from the FVM broths were observed
under the.phase contrast hicroscope. Although‘spirillum—like
organisms were observed in the cultures the omﬁipresehce of
protozoa in the ;ultures f;om the faecai pellet sampies were
considered so problematic as to hélt further study in the
afea of dinitrogen fixation in the faecal pellet samplesﬂ At
a lateg data tunnel lining samples were assayed similarly in
FVM broth in order ﬁo avoid problems with the protozoa.

No evidence of butyric acid production was obseryéd in
the flasks of M77 in the preliminary experiment. Bhat(1974)
claimed that earthworms caused "Azotobacterization" of
soils. Recognizing the possibility that the negative result
obtained could be specifié to the samples used a more
extensive experiment was set up using the sérial d ‘ution
alrea@g prepared for total plate counts.

 The lowest dilution(10-') from the faecal pellet
samples was the only one to Show a positive»reaction in the
Butlins broth during the preliminary experiment. In view of
the possibiiity .that anaerobic organisms may be present in
greater numbers 1in the faecal pellet‘ samplés an MPN
experiment wusing the same medium, was set up. Again the

- serial dilutions used were those already prepared for  the
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total plate countf.

|

3.7.3'Particlg/3{ze Analysis

Particle sﬁze distribﬁtion was determined for selected
‘ sambles. The . ;2um fraction was collected by gravity
separation(Jackson,1975), dried at fOS°C and weighed. The
sand fraction was collected by washing the‘remainder of the
sample thféuqh a 300 mesh sieve. This fraction was also
dried at  105°C and weighed. Silt was determined by
subtraction. | |

After the weight of the €2um’fraction was determined
this ffaction was treated with.HZOZ and ﬂeated to remove

|

"~ colloidal organic matter, dried and weighed. This approach

was used to determine what percentage of the colloidal

fraction was organic versus inorganic.

3.7f4“Microscopy

One 7.5 x ‘5 cm thin section(32umfk?br each treatment
was prepared using Scotchcast epoxy resin for iﬁgregnation.'
Selected samples of soil, faecal material and earthworms
were prepared for examinatibn on a Cambfidge Stereoscan S 4
scanqing eléctron ‘microscope. Earthworms were- transferred
through numerous solutions of ethénol with cohceﬁtrétions

. ] - . .
increasing from 70-95% before critical point drying.

-
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3.7.5 XRD Analyses

Samples of faecal pellets from Treatments 2-4 and the
corresponding control, from all three soils were prepared
for XRD analyées. The clgy fraction was collectedﬂ-from the
samples by gravity separation(Jackson,1975), Slides of Ca""
and K* saturated clays were prepared by mounting on glass
slides by the paste method(Theisen and Howard, 1962). X-ray
diffraction analyses were performed with a Phillips
diffractometer and Cu-K-a radiation, with 5ix pretreatments
as follows: )
1. ‘Ca—saturéfed,i54% felative humidity.
2. Ca-saturated, ethylene glycel sclvated.
3. K-saturated, 105°, 0% relative humidity.
4. K—saturéted, 54% relative ﬁumidity.

5. K}saturated, 300°Cc, and

6. K-saturated, 550°C. ' -

A similar X-ray analysis was done on samples treated

with H,0, to remove organic matter. -

3Q8 Grass Sampies .
| After the soil columns were removed from cold storage
and dissected thé grass on the surface of the columns was
collected, washed to remove mineral soil material, oven
dried(60°C) and weighed. Only. those samples from treatments
1 and 2 were chemically analyzed, Those from treatments 3

and 4 were not large enough to allow a proper analysis. The
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samples from treatments 1 and 2 were further sub-divided
into three sections(top,middle,bottom) 1in accordance with
the 1increasing degree of decomposition frgm top to wottom;
These samples were ground to pass a 100 mesh sieve and
digested according to Parkinson et al.(1975). Concentrations
of Ca,, Mg, Na and K were determined by ICP emission
‘spectroscopy, while total N was determined using steam

distillation(McKeague,1978).

3.9 Sﬁatistidal Analyses
,Data .were anaiyzed by- analysis of variance(ANOVA)
pr§cedures ‘using the University of Alberta public library
APL programs. Faétors'were judged significant when F ratios
exceeded the 5% probability level. Four ANOVA models were
qsed depending upon the tyﬁe of data under consideration,
Final measurements of unaltered soil chemical
properties were analyzed asia 3x5 factorial experiment with
soil . type at three levels and treatments at five levels.
Chemécal elements in the grass recovered from Treatments |1
and 2 at the termination-of the experiment were analyzed as
a 3x2 factorial. Treatment effects in leachate analyses were
evaluated Qby one-way ANOVA's from a given soil at a given
leaching time for allAtreatments and for a given treatment
and soil over time. Quantitative comparisons of leachates
across sgﬁl typesvwere.not done. Chemical data for the parts

dissected’ from the columns (tunnel linings, faecal

pellets;unaltered soil) were analyzed wusing a split-plot
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design where the whole plot was a 2° factorial with soil
type and treatment at three levels and the dissected part
was the split-plot factor.

Where significant F tests occurred means were compared .
by the Student-Newman-Keuls procedure at the 0.05

significance level. *

vy,



4, RESULTS AND DISCUSSION

4.1 Introduction

The results and discussion for this study are presented
together in this chapter. The chapter is aivided into three
parts which essen£iaily correspond to the objectives set out
in Chapter 1.

The first part includes information relevant to the
topic of earthworms and the development‘of soil structure.
It has th sub-sections which fundaﬁentally correépond to
the two brimary objectives. The first sub-section includes
results from the micromorphology along with a discussion of
earthworms and their role in the formation of soil
structure. This sub-section also includes résults relevant
to the third secondary objective; changes in soil poroéity
asrinfluenced bylearthworms. The second sub-section relates
to. the topic of earthworms and the stabilization of "soil
structure. it includes pertinent results from soil chemical,
physical and microbiological analyses.

.. The second part of this chapter inclﬁdes the resuits
and discussion relevant to the topic of earthworms and their
influence on microorganisms énd decomposition. |

The third part of this .chapter corresponds to the first
of the secondary objectives and presents data, primarily for.
the chemical analysis of the grass, soils and leachates,

related to the topic of earthworms and nutrient cycling.

105



4.2 Earthworms and the Development of Soil Structure
Brewer (1976) defined soil structure as follows,
"The physical constitution of a soil material as
expressed by the size, shape and arrangement of the
solid particles and voids, 1including both the

primary particles to form compound partlcles and the
compound particles themselves.

Allison(1968) eﬁphasized the importance of understanding
that goodv granular structure involves two separate forces.
Those resulting in aggregate formation and those enhancing
stability. He deginedvaggreQate formation as follows,
"Primarily orientation of fine soil particles’
bringing them so <close together that the physical

forces hold them firmly together when allowed to
dry."

Stabilization involves conditions outside the agg;égate as
well as. within, requiring the forces within, which tend ﬁo
hold the aggregate together, to be greater than the forces
which tend té pull them apart. Allison(1968) defined
aggregation as follows,
"a naturally occurring cluster or grouping of soil
particles in which the forces holding the particles

together are much stronger than forces between
adjacent aggregates.” :

:Godd so;l structure is not only characterized by aggregation
but also aeration porosity(Baver,1968). Aeration porosity
refers‘ to the largest pores which increase in size along
with an increase in aggregation and aggregate size. The

5'\"'

optimal 20-30% porosity is achieved with aggregates ranging
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from 2-3 mh. in diameter(Bavér,1968).

Thus, three components should | be éonsideredv in
evaluating the dévelopment ‘of soil structure - formation,
stabilization and porosity. The following results. and tﬂeir-
discussion = are presented in two sections, The first
concentrates on the aspécts of formation df soil structure
and .porosity while the second focuses on processes involved

in stabilization.

4,2.1 Earthworms and the Formation of Soil Structure

4.2.1.1 Introduction
In this study ‘micromorphElogical descriptions of
thin sections of soil facilitated the study 'of;~the
ermation of soil strbqture. Traditional apprdaches to
studying soil étructu:é have usually | been- of a
destructive nature(wet or dry sieving) or of an indirect
néture(pore size d{stribution and pore volume). Both of
tnase approaches, although useful, provide no .
information regarding the elements of arrangement and
shape 1in the definition of soil structure. In addition
\ they are usually limited to assessments .at the higher
levels of organizatioh; The micromorphological approach
ﬁécilftates a direct means of describing the arrangement
of so0il components over a wide fange of organizational

levels., Soil; fabric deals with the -‘arrangement of

constituents and is definediby Brewer(1976) as follows,
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"the physical constitution of a soil material as
expressed by the spatial arrangement of the
solid particles and associated voids" :

In the past micromorpholégy has BZeh used to sfudy
the influence of soil fauna, inclpding earthworms, ‘on
the development of soil fabrics(Babel, 1968,1975;Pawluk,
1980;Barrett; 1962;Jeahson,'1960—71). With the exception
of the work of Jeanson the soils examined were organic
in natpre or surface horizons .rich in organic matter.
These soils would have déveloped over'hundreds of years
under the influenée of most of the soil forming factors.
Because of the lack of control over theseAfactors it is
difficult tb interpret features clearly in the soil
fabrics which result specifically from the act}vity of
soil fauna. For ﬁh{s réason obsérvafions have been
restricted to obvious features, such‘as faecal pellets,
whose origin could bé\ safeiy attributed to faunal
a¢tivity; Little attention has béen given to thé
possible role earthworms may play in developing fabrié
types in . soil | horizons dominated | by inorganic
components, especially with regards to plasma fabrics.
The degfee of control in this study permits Such
interpretation. The following results will demonstrate
that earthworms not only influence the organic édmponent
of the soil to_p;oducé specific morphologies, bﬁt'also
%hat they can bring‘ébout changes to the fébric of soils

- dominated by inorganic compohents.
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The related distributioﬁ patterns between'f—members
and f-matrix and their composition are described
accord%ng“to the terminology of Brewer and Pawluk{1975).
Plasmic fabrics, pedological ’feafures and voids are
described according to the terminology of Bréwer(1976).
A glossary of terminology used in this study is provided
in Appendix X. Micromorphological descriptions of the

’;contfais and zones within the worm worked soilé. are
given in Tables 6-9. Fabrigs of the controls are shown
in Plate 2 and_schematic‘diagrams showing the locatioﬁ
of the =zones in the worm.wo:kea soils are presented as
ove?lays on.photogréphs of the thin sections in Plates
3,S.Aand .7; Micgographs shéwing selectéd.features'and

plasma fabrics‘are‘illustrated in Plates 4,6,8-10.

4.2.1.2 Variatiéns A;cording to Species
Earfhworms, acting alone, have ;Ehe cépabil%ty _of
forming a granular type of structure but this varies
"depending on-the species of earthworm and texiure of
soil'uhder considerafion. Thé discussion 'in this section
»Qiil concentrate only . on chanéés to soil » féb;ics
'résulting from the activities of the eérthworms. Fabric
types resulting‘from-thé interaction of species and soil
fexture will bé\ discﬁssed in‘a sgbsequent section on
variations according to soil texturé(Séction'4;2;1.6).
Where = grass _anné was added to the so0il
columns(Treatment 1) minor differences' in the soil

fabrics relative to the. controls(Treatment 5) were
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observed(Table 6;Plate 2). These differences are
considered to be inconsequential in terms of reflecting
alterations brought on by the presence of grass on the

soil surface. They most likely result from the natural

i
o

variability expected when sampling. parent materials 1in
the field. Since it 1is concluded that the addition of
graéé alone does not produce any profound alterations to
the soil fabrics in this study, changes to the fabric of
soils whe:se both grass ahd earthWorms were added can ‘bé
safely attributed to the activities of the létter.
Changes to soil fabrics are different when affected
by each of the ecolbgical group%.?lone or when they occur
together..ln gll treatments where earthworms were 'active
the fabrics could be'differéntiated into distinct zones.
These zones reflect regiohs in the soil where the
earthworms were moré, or less, active. Some
. \ .
generalizations can be made regarding alterations to soil
fabrics resulting from the acti;ities of similar

grouﬁ@ngs of earthworms across all three textures of

soil.
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Octolasion tyrtaeum and Aporrectodea turgida
(Treatment 2)

The soils in which the .epigeous species were
active are characterized by the pfesence of two
distinct zones(Plate 3;Table 7). Zone 1 occurs at
the soil surface- énd is generally described as
having a porphyric fabric or a mixed complex fabric

of which ~one of the components is a porphyric

-

fabric. The matrix material is browner in color than

the underlying material in Zone II. Channels occur
as pedological features along with more metavughé
and fewer aggrotubules than in Zone II. The dominant

fabric type of Zone II, which underlies Zone I, is

similar in nature to that of the corresponding .

control with thé ~exception that it typically
.contéins inélusions of the ﬁabric type found in Zone
I. Aggrotubules and metayughs Q;éur as pedological
features and zoﬁes of compégtion occur in

AN

association with some of them. Phytogranic units are

absent from both =zones and faecal pellets  are-

scarce.-

Zone 1 constitutes the region where the
epigeous species Qerébmost active Since its fabric
is ﬁodified to a éreéter_extent than the fabric of
Zone II, relative to ,thevcontrois.vThese gpecies
pléy a minimal role in mixing - litter | deposited on

: | :
the surface into the mineral soil. This,is supported

R
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grass which has accumulated oh the o0 .
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brow v color and nTrease 1 the  ooner s
plasma 1in  Zone 1 shows  thesco  ear hwiris oo
.
important role 'in the DpDrocess  of o hamolooas

dominant fabric in the control for the Spra o G

soil is matrichlamyadic(Plate 7b;Table /',  Sweoa:
grains are randomlv oriented leaving laroe

Plasma concentrations around and between the oxv:eia.
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grains are minimal. The high

plasmé indicates 1t is dcminared by clays. in Zone

of Treatment 1I1(Plate 4a) the fabric (s described as
A .

matrichlamydic-porphyric(mixed complex) where skeieta.

grains have been compressed together after passace

m

throligh the gut of the earthwerp. The voids are f1lleus

H

in with plasma consisting ¢f a combination 20 IZiave
and humified organic matter, as indlcated by the 1ows
birefringence than that observed for the zZorirol,

Changes to soil fabrics in Zone I(Treatmer: ! of <he

>

Cooking Lake and Ellerslie soils are simiiar oo noue

described for Spruce Grove.

tt
o3]
s
M)
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These species of earthworms do ndt deposit
material on the soill surface but rather defecate I
the soil while tunnelling. This is evaluated from the

presence of aggrotubules and the absernce of faeca:
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métérial deposited on tHe 'surﬁace is evidence - for
this. Whilg gunnélling the earthworm ingests matrix
material .which undergoes | ‘humification ' and
plasmification  during passage through the gut.
N B$1(1982)Asuggested'that humification in the excrement
of earthworms results,.in part, from’autooxidaﬁion-of
low vmolecula}" weight nitrogenqus compounds in an
'aklaiine ‘envifonment 'creatéd by the presen¢e’of NH,
secreted in the 'gut.‘ Contributions to ‘humificétiQn
through the influence of earthworms on microbial
populations is also Significant»but:yjll be discussed
in a latter portion of this thesis. The modified soil
material is excretedvas> a\;plaSEic, fluid;like‘ mass
lwhicﬁl»easily confofms to\\ﬁhe shape of the tunnel
behind the earthworm and £ills it in. This behaviour
of infilling tunnels forces the eafthwdrm'to\éonstruct
new tunnels and by‘doing so the earthworm continually
ihgests matrix méterial including .fﬂat which has
aiready been modified.'This"furﬁher intensifies the
N prééesseé' ‘¢f ‘ humification,"‘;lasmificatioﬁ and
compression of the matrix material resulting in the
shift 'towards..fabrics digferent'frém fhe preViOUSly
exiStingi matfichlamydic; matriffagﬁoidi?- or  wvughy
porpﬁyric fébrics>observed in‘thé'controls.

.Profound alterations to soil fabfics result%pg

: 3

from the activities of these earthworms are largely

restricted to the upper region of the soil(zone 1).
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This most likely reflect their feeding habit. These
eartnworms do not ingest raw o;ganic matter(i.e.
‘litte:) but rather finely divided organic matter or
microorganisms . existing 'in. the soil matrix. In this
iexperiment food of this type probablf occurred in
associa£ion with the litter la&er. Conseduently
earthworms were most active in the the =~ zone
immediately underlying the grass. The feeaing habit of
‘these earthWorme reqguires ingeétion of large
quantieies of so0il in order to receive adequate
nutriment. Tnerefore~large'volumes of soil are subject
- to ingestion and reingestion furﬁher‘contributing to
pnocesses that develop a modified fabric end result in

nomegenization of the soil.

Zone Ii is characterized by mixed'complex fabrics
which .are‘ similer -to those of = the corresponding
controle, but have_inclnsion ef material modified 1in
zone I 'and transported 'in by the earthworms. The
'micrograph in Plate.4c provides a closer view of the
mixed _fabric”.inv'Zone- II(TreatmenF 2) of the Spruce
Grove soil. Compressed skeletel egrains and voias
infilled with plasma'qoncentrations(A) occur in close
'prdximity”to.ranébmly orientediskeletal .grains where
voids remain emptY(B). If the experiment haa’continued
for a longe;vperiod‘of time the transport of material
from Zone i. into Zone‘ II would ’probably_be much

greater. In a natural system where the -occurrence of

\
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microofganisms 1s more‘widesbread than 1n the soil
colﬁmns and rooting systems are present it is likely
that the effect of these earthworms on soil fabrics
'.wouid be 1less restricted due to the availability of
these food sources. Jeanson(1971) found in microcosm
studies .that"the zone of greatest activity for the
specifs Allolobophora ictera was largely determined by
the placement of the substrate within the soil.v

The type of voids formed by these species are
dominantly channels andilafge smooth metavughs forhed
by tunnelling, ~as opposed to mammilate or
interconnecting'vughs‘which result from the deposition
of césts on the ;oil surface. The contribution of
these voids td total pbre volume may be minimal since
it appéars they are formed at the expense ‘of smaller
voids such as the irregular értho— and metavughs,
packing‘voids,‘channelsﬁéhd craze plénes .observed vin.
the .control soil fabrics. Althougﬂ numerous channels
occur throughout ~the soil volume they - are
discontinuous and may not éontributé,significantly to
the drainage 6f free water. When the columns of
Treatment 2 werevleached water was observed to become
entrapped;in the channels. The channels created by
these species may be imporfant‘ to water retention
‘since the matrix material surrounding them .is

compacted and colloidal in nature and contains in

smaller sized pores.
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Tunnels created by A. turgida and 0. tyrtaeum may
~ be most‘importanf/to soils whiéh are compacted or have
a hfgh bulk 'denSity. ﬁexter(1978). demonstrated the
ability of ‘Allolobobhora 'Caliginosa to eat its way
through high bulk density soils. Aporrectodea turgida
and 0. ' tyrtaeum alsét have the ability to construct
channels by ingesting soil matefial as opposed fo some
~othef species which must force or push~£heir way
- through the soil;‘These éarthworms_when introduced to
‘the soil columns immediately tunnelled 1into and
.throughout the entire soil volume. Conversely when
specimens of L. terrestris were introduced to- the
columns they cohi@ not penetfate the soil cores at the
column supface; The author had to assist their entry
into the s0i1l by making a small hole in the core. The
bulk density of the cores used were 1. _ 'm?(Spruce

Grove) and 1.52 g/cm® and and 1.47g/cm: .or Cooking

Lake and Ellerslie soils respectively.

The foregoing discussion on the effects of
| hpohnectodea turgida and&O. tyrtaeum on soil fabrics
strongly parailels th- observations of Bal(1982)
regafding the species Allolobophona chlorotica and A.
rosea. He referred to these species as geophages and
it 1is propoééd here that the species of.O. tyrtaeum
and.Aporﬂéctodea turgida be considered in a -1like

manner. Geophages play .an important role 1in soil
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genesis by ingesting, modifying the fabric of, and
homoéenizing large quantities of.sail. They have the
.ability to create, voids and channels in highly
compacted soilg and most- importantly conclude vthe

series of processes leading to humification.

Lumbricus terrestris(Treatment 3) A

Soil fabriés resulting from the égtivities of
L. terrestris can be divided into two zones as with
the epigeous species(Plateé 5;Table 8). %here these
zones occur and the degrée to Which'the.fabrics‘wére
altered differ from what was previously described
for 0. tyrtaeum ancd A. turgida. |

In all soils Zone I dccurs in association with
a singular, large vertical channel and at the soil
surface. The fabric is dominantly porphyric and the

| matrix is high in humic material. Phytogranic units

are admixed 1in the matrix material and occur in
association with faecal pellets deposited on the
soil surface. Zone 1 is typically separated from
Zone iI by planar voids. Zéne IT occurs in all
regions outsidé Bf Zone I. The fabrics ére similar
to those described for the corresponding confrols
Qith the exception of wvery minor 1inclusions of
smoothed metavughs and faecal pellets.

Behavioral patterns of L. terrestris which are
distinct from those of the geophages are responsiblé

for the differences observed in the soil ﬁabrics.
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/

The absehcg of a layer of grass accumulated at the
soil surface and the admixing of phytogranic units
into the matrix material(Plate 6a) indicates the
importance of L. terrestris in . hdrawing litter from
the soil surface, bringing it into intimate conéact
with the inorganic soil components énd _accelérating
the process of decomposigjon. Electron
micrographs(Plates 7c,7d) cleatly Show the ability of
L. terrestris - to mix and bind soil organic énd
inorganic components. Once soil has passea ﬁhrough éhe
gut of the earthworm ékeletal grains are embedded in a
mass of colloidal material and intermixed with organic
fragments(p)(Plate 7c). In the unaltered material sand
grains remain as distinct, rgndomly oriented units
separated by large voids(Plate 7d). The degree of
humification,observed in Zeﬁ% I is greater than that
observed in. the corresé;nding zone produced by the
epigeou§ species. The birefringence of humified plasma
formed under the influence of L. tePPestﬁiS(Plate'7a)
is much lower than that of piasma formed by the
epigeous species(Rlate 4a). Once treated with‘Hgoz
most of the plasma in Z2Zone ‘I of Treatment 3 was
oxidized ~and the brown coldr disapéeared indicafing.
the plasma consisted largely of organic rather than
inorganic colloidal material(Plates 7a,4b; 10c, 104).
The dominance of humified organic matter in the plasma

of 2Zone I(Treatment 3) most likely reflects the:
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feeding habit of L. terrestris. Large amounts of
organic matter were ingested and then subjected to
transformations leading to the formation of humic
material during; or immediately after, passage through
the gut. The intimate mixing of organic and 1inorganic
components by thesé earthworms indicates they play a
more ilmportant role thanlgeophages in initiating the
formation of a mull-type of structure. Large planar
voids which separate the soil matérial altered by L.
terrestris in Zone 1 from unaltered material in Zone
II1(Plate 5) suggests the gxisteﬁce of ’strong binding
between soil components in Zone I.

Thus, several processes considered important to
the development of a mull-type of fabric are greatly
enhanced by the activities of L. terrestris. These
include humification, intimaté mixing of inorganic and
organic components and strong - binding of Ehe soil
matrix materialH Although thé chéngeg to soil fabric
effected by L. té%ﬁestﬁis are more profound than those
attributed to O. tyFtaéum and A. turgida they occur
only on a localized basyﬁ. The clear separation
between Zone I and Zone II and the strong similarity
between the fabric of Zo-e II and the controls
indicates that much of the soil volume has remainea
untouched by L. terrestris. A comparison of fabrics in
Zone II of Treatment 2(Plate 4c) and of Treatment

.3(Plate 4d) to that of the control(Plate 7b) shows
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that L. terrestris transported little of the material
modified in Zone I into the bulk of the soil material
as compared to the epigeous species. Strongly modified
material occurs only as a narrow band lining the few
large chanhels and as Eurficial - deposits. L.
terrestris constructed SErmaneﬁt tunneis and  the
faecal material served to line. and stabilize them.
Once the tunnels were stabilized faecal material was
deposited on the soii surface. In some cases these
deposits occur as distinct granular units(Plate 5c)
but in general they are fused together allowing the
earthworm to extend the length of its tunnel. These
mounds formed by L. tePFéstﬁiS are commonly referred
to as middens. Surficial deposits of faecal material
 by L. terrestris may contribute to. the 'formation of
~granular units but only to a limited extent. Their
major céntribution to the development 6f a mull-type
éf structure cohes through iﬁtimate'mixing of organic
and inoréanic Soil components, enhancing 'hﬁmificatibn‘
and incfeasing the strength of‘binding between soil
hEBrticles.

Channels " formed by‘theée earthworms are open to
the surface, permanently constructed and veftiéal in
orientation and probably cénﬁribute‘ greatly to the
d;ainage of free water. The retention of water may
also be enhanced_by the presence of faecal materiai as

lihihg in the channels since it has more colloidal and
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organic material in it than the surrounding matrix

material(Plate 6b).

Octolasion tyrtaeum, Aporrectodea .tuhgida and
Lumbr icus terrestris(Treatment 4)

In this treatment soil texture emerged' as a

o 4

very important factor controlling the type of fabric
obserQed, Thus it was difficult to generalize about
the interaétions éf the two ecélogical groups‘of
“earthworms. The influence of soii teiture on fabric .
type was. also obse;véd in Treatment 3 but enough
similarities in modifications existed across all
three textures to ‘permit di;cussion. The reader
should bear in mind that the following discussion is
cursory in nature since a moré detailed explanation
of results is providéd in a subsequent’ section on
variations in fabrics according to soil texture.

Descriptions of soil fabrics are divided "into
distinct zones as.with the other treatments although
all zones are ndt»common to all éoil textures(Plate
.8;Tabie' 9). Zone I constitutes the region where the
greatest effect resulting from the interaction of
the two ecological groups is observed. No‘graés has
accumulated 'on the soil surface reflecting its-
admixing into the‘matfix material by L. terrestris.
Onég.the grass was drawn down into fhé~ maﬁrix
material it became available for ingestion by the

epigeous species as well as L. terrestis. Therefore
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less large and more small"phytogranic units are
present in Zone I in these soils than in Zone I of
Treatmént 3. Middené resulting from the activity of [.
.terrestris are no longer present since £his'soil
material has been ingested and redistributed on the
soil surface by 0. fyrtaéum and A. turgida. The
combined activity of the two ecological groups has led
to the development of a region(Zone I) at the soil
surface characterized by the presence of many
indiQidual faecal pellets and/or fused faecal péllets;

The matrix material is humified in most cases since

the organic component was subjectea to transformation

by both groups of earthworms.

Zone ITI is»common to all three textures of soil
and occurs in' the lower most portion of .theu section.
It 1is charéctérized by mixed or separated complex
fabrics, and‘the presence of smoothed . ﬁetavughs,. few
-phytogranic units, aggrotubulesv and féecal pellets.
.The fabfics occurring in this zone roughly correspond

to those of Zone II in Treatment 2. The major

difference 1lies in the fact that the porphyri%&_

.component of the fabrics increases in dominance and -’

) phytogranic units are present. ,Tﬁe epigeous species
have translocated ﬁaterial modified by L. terrestris,
which occurs only in isolated regions in  Treatment
3{(Zone 1), into the bulk of the matrix material.'The

net result is a mixed or separated complex fabric

\

N

W)
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characterized by =zones of porphyric fabric. Thé
appearance of 'phyfogranic units in Zone III suggests
that once L. tePFeStPfS has initially drawn the grass
into the soil matrix the epigeous species transport
this material to a lower depth ﬁhus further enhancing
the contact between the inbrganic and organic soil
components,
The presence of Dboth ecological groups of
EZ.Qrms had a synergistic effect in ‘term§/ of

;gnt of soil fabrics. L. terrestris played a

"bfgahiE’ constituents and enhancing humification
hé;gghinding between -soil components.10, tyrtaeum and
A. . tungida further enhéhced humification by ingesting
litter admixed with the soil ma&rixubf L. terrestris
és‘ well as féecal deposits of L. terrestris. More
importantly they homogenized tHe‘ soil fabric by
transporting organic and 1inorganic components mixed
and modified b; L. terrestris into. the bulk of the
soil volﬁme.

Additional zones of unique fabrics were observed
in some of the soilstrom this treatment(Zone I1I -
Fig. 6c,8c). These fabric characteristics aiong with
other unigue characteristics in Zones I and III
reflect differences in soil  texture and their

interaction with species. These differences w: 1 be

discussed in more detail in the following section.
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‘4.2.1;6 Variations According to Texture

The :préViOUS>diSCUSSi0n focussed on differences in
soil fabrics that reflect 'the activities of different
groupings of earthworms. = Although the following
discussion is Sub?divided_in a similar.fashioh(accordingA
to species) the emphasis will be on the fabrics observed
as a resﬁlt of species interaction with soil texture.

Differences in fébric types resulting  from
species-texture interaction are particularly evident in
soils: ~where -L.- tePPestffS was . active either
alone(Treatment 3) or iﬁ association with the epigeous
species(Treatment 4). Only minor differences in fabrics
resulting from the.inte;action between species and soil
texture were. bbserved in soils where epigeous species

.

were active alone(Treatment 2).

Octolasfon tyntaeum and Apobhectodea»tdrgida
(Treatment 2) |
The fabric 'descriptions‘ for the sandy loaﬁ
séil(SprUce Grove) in which 0. tyrtaeum and A.
turgida were aétive provide 1little gvidence‘ to
indicate‘ that a »granular type of structure is
de?eloping.‘ No faecal pellets or aggrotubules occur
s as discrete units and ﬁgg granoidic or fragmoidicv
fabrics are present(Table 7;Plate 3a).,The presence
of. a matriplectic porphyric fabric in Zone I
indicates these earthworms have some influence in

binding soil components together. In the absence of
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a significant ciay component the sﬁrength of binding
is not great enough to result in the formation of
discrete faecal pellets leading to the development
of a granular type of strﬁcture. It 1s probable that
the hajority}of soil occurring in Zone I has passed
through the gut of the earthworm and as such
constitutes faecal material which has fused together
forming a porphyric intergrade fabric# Skeleta:
graihs Qere pressed together either by passing
through the gut of the earthworm or as a result of
‘tunnelling.’Orgaﬁic plasma formed through the action
of these earthworms acts as é cementing agent which
binds the skeletal grains together (Plate « 4a).
Because a significant"clay component is not preseﬁt
one couldvsﬁééulate that the organic plasma .ié’ not
stabilized>or pro%ected against further degradation.
Therefore the binding effect 1is expected to be
temporal in nature. In a natural sYstem &here sandy
textured soil efists the activities of these
" _earthworms - may result'in,a net benefit in terms of
soil stabilization. At léasf some agent 1is present
which can enhance_binding and stabilization of,the
soil even 1if it isl temporal. 1f significant
.populations ofv these eérthworms aré present one
would expect binding of soil components under their
vinfluence to be a continuous process compensating

. for degradation of previously formed plasma.

A\
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Where the clay content of the soil is
higher (Cooking Lake and Ellerslie soils) than in the
Spruce Grove soil disc;ete granular units were
formed. They;pnly occur infequently(Plates 3b'3C)i
Although thefégiay content ‘of the Ellerslie ‘and
Cooking Lakeﬂsoils is similar (Table 5) alterations
to soil fabrics as'a fesult of the activities of
epigeous -species are different.

The formation of ~granu1ar units is mbst
noticeable in the Cooking Lake soil where a small
area of matrigranic fabric occurs in Zone I and
metafragmoidic units are much smaller than those
observed in the control. Faecal pellets and

aggrotubules occurring as discrete units are more

common than in the Ellerslie soil. In the: Ellerslie '

soil ‘faecal pellets rarely occur, np'aggrotubules
are present and the fabric 1is porphyric 'in both
Zones 1 énd II.

Changes to plasmic fabrics in the Ellerslie

soil are minimal. In-mosepic fabrics dqminate both

Zones I and II of Treatment 2 as well as the

controls(Treatments 1,5;Tables 6,7). Zone I 1is

slightly modified as indicated by the appearance of

Y

zones  of bimasepic . fabric and brown plasma
concentrations. As with observations at the F-fabric
level of organization the most significar. changes

to plasmic fab#cs occurred in  the .Cooking Lake
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soil. Skel-vo-mu mosepic - fabrics dominate the
controls(Table 6;Plate 9a) thle skel-in-masepic
_fabrics dominate both zones ;f the soil in Treatment
_‘2(%able 7). Zonés of strongly’ oriented clay are
commonly # observed throughout the matrix

material(Plate 9b) and around éhanneis and smooth

metavughs.

Oy
K

The foregoing observationSfindicate’?hat these
earthworﬁg have Ehe abili;y to alter both plasma
fabric types ana related distribution patterns at
the F-fabric level og: organizafion. Brewer (1976)
stated-'that plasma fabrics of the type observed in
'thé worm-worked soils are related t» sthSbgs suéh
. o ‘
as - wetting and dr-—-ing or'shrinking'ahd‘sweliind.
‘Most likeiy s..lla: stresses are | inQolved. ih_:
prodhcihg tﬁe change$ to plésma.ﬁabricg obserQéa;%g:u.f»
this study where -he ear?hwo:mé aé%’ as  the agénts
.wﬁo-phySiqally mbve the matrix“material or modiﬁy it
S0 thaﬁ,iﬁ is subject to change tﬁrougﬁa{pg;siéal

fofég;; In thg case of the4CoQking Lékéfsoil thé
vosepic component is lost and an inse@lc ;cdhponEnt-
~app.ears.»vTh.is may result from tunnéilihg‘aqtivities
'théh compress the métrix}materigl togéther-so‘rtﬁat

voids are lost .and previousfy existing cutans are
. s e .

L .

forced together increasing the dominance- of the.
insepic .and masepic cdﬁﬁonentsL Zones' of oriented

clays commonly obsé?ﬁédr in the ' Cooking  Lake

S
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soil(Plate 9b) may result from physical alterations
to.the matrix material while‘passihg throygh the gut
of the earthworm. When soil material passes through
the gut of an earthworm and during egestion it is in
a semi-fluid state(Guild, 1955). The matrix material
is subjected. to physical forces such as increased
preséure and compression during passagelthrough the
gut. Together the pharynx and gizzard of the

—

earthworm act as a pump which aids the peristaltic

D .
action. of the gut in forcing ingesta along the food”

L

_tract. A series of valves along the tract control
the ¥ direction and speed of flow(Arthut,1965). Soil
in a semi-liquid state subjected tontbésgxféfceé may .
/'be reorganized and orientatioh of thgééiay;dOmgins
“may increase. * e

Why alterdtions to both plasma and F—fabfids

are greater in the Cooking Lake soil than 1in the

o
N

Ellerslie__soil is not clear. ' Because clgy conténts
of both soils are similar theséi%%?ferences can not
be attributed to the guantity of clay avéilable for
ingest{gn, subjection to  physical ,xforces' or-
involveéent\ in complexing with organic métter.

Differences in fabric ‘types may, in fact, reflect

the relative proportiéﬁé of 'silt and sand. uiﬁh

Mucopolysaccharides excreted from mucin ducts in tge”

pharynx region of Lumbricus sp. and Allolobophora

sp. serve to lubricate: the passage of ingesta

—~

o

it
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through the food tfact(Arthur,1965). The presence of
a greater amount of sand in the Cooking Lake
s0i1(35% versus 8.6% for the Ellerslie soil) may
aggravate = the intestine such that it increases the
secretion from the mucin ducts., .Mucopolysaccharides
have . been impiicatéd,' ~in enhancing
binding(fﬁeng,1979) and‘thié‘ may account for the
observed increase in aggrotubules_and faecal pellets
occurring as discrete units in the Cooking Lake
. may also account for the high

It .
LR |
concentrations of organic plasma observed: in the

soil.

p

Spruce Grove soil where earthworms were acti%é(Plate
4a). Alternatively the presence of discrete units in
the Cooking Léke soil may be "due to the higher
"amount of organic carbon _inherent in \it(1.24% as
opposed to .54% in the Ellerslie soil).This-value
indicates more organic matter may be availabie in
the matrix material of the Cooking Lake soil for
binding with inorganic components after ingestion by
the epigeous species. The value for organic carbon
may be erronéoﬁsly high as an indicator of sqil
organic matter since carbon from coal present in the
Cooking Lake soil would be.included in the organic
carbon.determinatioﬁ. ’ cal

- The higher frequency in occurrence of oriented
'ff?gtclgys observed in the Céoking»Lake soil may also

bﬁave resulted from preferential ingestion of 'small
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sized particles in the soil. Piearce(1978)
determined the hqximum length and’width of mineral
particles in the gut' of Allolobophora chorotical(a
geéphage) to be .58 mm. and .41 mm. respéq?ively.
' This falls inté the fine to medium sand siigv range
of particles according to _the’Canadian‘System of
ciéssification. In - the Cooking Lake soil where
larger ﬁarticle sizes occur more frequently than in
the Ellerslie soil the earthworm may avoid ﬁhem' ana
preferentially 1ingest the smaller éized»particles.
These would then be subjected tojstresses leading to
incréaéed 'orienpation of the cléy,domains. in the
Ellerélie soii particles falling in‘ the sand size
range ‘occur less fréquently ‘and therefore little

>

. preferential ingestion would occur.

Lumbricus. terrestris(Treatment 3)

As ﬁreviousm §§tated in Section 4.2.1.2 ‘'the

influence of'Lumb#ﬁCus terrestris onzsdil:fapric§ is
far more profound than . thdsé .résuitiﬁg from the
eﬁageous specie;u. The 'Fffect_‘of thislspecies on
fabric type also viries signifiéantly depending on
the soil texture(Plate 5;Table 8).

Guild(1955) stated that when earthworms are
active in light textured soils less faecal mater%gl,
is excreted at the soil surface since it is used to
-line;and'stabilize tunnels. Con&ersély in clay soils

more ~material is ingested and expelled on the

3
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surface since less 1is required to stabilize the
tunnels. This conclusion is consistent with

observations in this study. In the Spruce Grove

soil(Plate 5a) little faecal materdal is depo8ited

on the soi1l surface and few granular units are

present.  Conversely in the Cooking Lake and

Ellerslie soils(Plates 5b,5c) more faecal material

is deposited on the soil surface and 1in the

Ellerslie soil it occurs more frequently as diséreté

faecal Units;‘

’The féfhéfion of brown plasma boﬁcentrations by
L. terrestris. is greater than that formed by the
’epigeous, Spec1es(P1ates 4a,7a). This, in  part,

probably reflects the feedlng habit of L. terrestris

ot

as mént;oned 1n sectlon 4.2% . The intensity in
deveiopment of broyn ‘plasma concentrations within
Treatment '3 is-;greatest in the faecal gaterial
Qécurring in the Spruce Grove and Cooking Lake
soils(2one i in Plates 5a,5b;micrographs in Plates

7a,9d). This plasma development may reflect
\ .

contributions from both mucoid secretions which are

increased due to the aggravating presence of a high

proportion of sand ahd deéompoéing  organic matter
~ from litter  ingested by .thé earthworms.
.Contributions to organic ‘plasma fromh Bbth these
'fsources.jappear 'to have a more positive affeét on

structural development in the sandy soil(Spruce
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y
Grove) Epmpared to the clay loam soil(Cooking Lake).

In the absence of = a significant clay
component (Spruce Grove) organic plasWa‘formed by L.
tePPestﬁiS led to the formation  of some faecal
deposits occurring as discrete‘ units in the main
tunnel‘ arear and -around channels(Plate 5a-(a)).
Piearce(1981)' concluded that body secretions of
earthworms played an important role in binding sand
in-o wafér stable aggregates. In the Cooking‘ Lake
L N 4

soil organic plasma occurs in intimate association
with orientéd clayséunistrial fabrics) leadihg to
fusion of ‘the faecal matéi} l(midden%Plate‘ 5b) .
Agérwal et al;(1958)'attributed the fusion of soil
with a élayblbam texture and under the ihfluenée of
earthworms to excretion of "some colourless waxy
.fluid from their nymphridia". |

In the Ellerslie soil less sand is présent to
induce mucoid secretion and the development of bfowh
plasma is not as great as in‘thé{ﬁother soils. The
organic plasma isvmsre black thaﬁ'bn0wn in color and
is morglintensely developed than that which occurs
# . in ione I of Treétment 2 in the same soil. Most
likely its coﬁposition is dominantly decomposéd‘ and
humified litter which has been ingésted' and
transformed by L. terrestris. Because the epigeous
species do not ingestrsignificant amounts of litter

plasma development is not as intense in Treatment 2

y 4
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of the Ellerslie soil.
The mixing of litter into the s0il matrix by L.

terrestris in the presence of clay(Plates 5b,5c) has

led to the development of unistrial "plasma

fabfics(TaBTé\B). The upper zone(U) of the midden in.;

(DS ,
. e . . .
the Cook%9q~ﬂake soil(Plate 5b) is characterized by

the prese%;k of phyﬁogranic units admixed with
‘matrix material(Plate 6a).  As the excrement

aged(lower portion .of the midden -(L)) the

phytogranic units decomposed and humified resulting

in the unistrial plasma fabrics observed(Plate 9c).
The .plasmaA fabric descriptions indicate L.
terrestris caused strong orientation of clays in the
saﬁe_ manner as the epigeous gpecieé. The degree of
orientation in the .faecal mate al is likely
stroﬁger than the fabric deécriptipns imply as much
of the fabric is masked by the organic plasma.
Treatment of faecal material with H,0, in the
Ellerslie soil removed organic plasma concentrations
reveéling strongly oriented bcléys that have an

iy

omnisepic fabric(Plate 10).

Octolasion tyrtaeum,Aporrectodea turgida and
" Lumbricus terrestris(Treatment 4)

Alterations to plasma- fabrics and related
distribution patterns of the F-matrix and F-members

are similar to those observed in Treatment 3~excep£
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. P . '
tﬁat‘thé;epyqbvus speclies appear to have accelerated

processes initiated by L. terrestris.

Net positive benefits in terms of granular
structure development were realized in the Spruce
Grove(sandy loam) and Ellerslie(silty clay loam)
soils(Plate Sa:Zone I and (c¢);Plate 5c,Zone I). In
the Cooking Lake soil(clay 1loam) the deéree of
fusion of s0il material is enhanced further than
that occurring in Treatment 3(Plate 5b,Zone I). The
most obvious changes to fabrics occur at the surface
in Zone I of all three soils, The soil was worked
over to the greafest extent in this zor . by both

ecological groups since faecal material was

deposited by L. t2rr2stris on t surface which
is the region where the epigeousi pecies wé:e most
active. Faecal deposits of L. terrestris .are
compfised of comminuted li;tér admixed with matrix
material and as ' suchdiprovides an attractive
éubstrate.for the epigeous species"

'ane .i in Treatment 3 of the Spruce Grove soil-
which ié cﬁarécterized by a  dominantly porphyric
fabric 1is absent in this treafment(4). Epigeous
species have ingestedv the porphffic méterial and
transported »i% into the bulk of the soil material
resulting in a mixed separatéd fabric(Table 9). Soil"

componerits in the faecal material of L. terrestris

are strongly bound together. After this material was
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ingested and moved by  the epigeous Species the
strength of binding was retained so that excreted
faecal material occurs more commonly as discrete
uﬁits(Zéne II1 (c))than where the epigeous species
‘were active alone(Treatment 2). The loss of a
distinct <2Zone éominated by-the preéence oonrgahic
plasma may also have resulted_ffom its decdmbosition
by epigebus species using the plasma as a source of
~organic substrate.

12

The presence of a higher proportidn of clay aﬁd

‘lower proportion of sand in the 'lerslie soil and

the interaction of the _wo groups o’ earthworms haé
led to the development a dow:nantly matrigranic
fabric in Zone I(Plate B8c). The presence of Zone II
which is similar to Zone I 1in . Treatment -2, the
redistribution and reshaping of the midden‘formed by
L. terrestris into matrigranic units and decrease in
metavughs and channels in Zo;e IIT relative to Zone
:+ IT in Treatment 2 1indicates the activi£y of.'the
- epigeous species was concentrated at the soil

surface. This likely reflects their preferential

utilization. of L. tePFeStbis'faecal material as a

~substrate. In the absence of a high proportion of .

sand to induce mucoid secretions the organic plasma

‘likely originated from decomposéd and humifie’

litter.

. ‘:“'
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In the Cooking Lake soil the fusiciH? the soil
_matrix;likely results from prodesses similar to
those described for Treatment 3. In this case fusion
appeérs more extreme since epigeous earthworms have

broken down the middens of L. terrestris so that the

fused soil occurs across t'ww entire soil surface.

.4.2.1.10 Summary
In the introductory remarks it was stated that two
fofces, formation and stabilizatioﬁ, must be active in
W ordér £§r‘stfuctu:al development to proceed. If‘tagents
or processes ére‘* active which could result in
stabilization but no mechanism is preseht to férm
aggregates, no observable or lasting change to soil
‘structure will occﬁr: | |
N Ailison(1968) attributed ‘the development of a
‘w~gigh1y stable granular structure under grasslands to the
ability - of their rooting system to simultaneously
facilitate formation and stabilization of aggregates.
The growth of roots ptovides the physical forces
nécessary to compress soil components together forming
aggregates and the physical presence of the roots
reduces .inter~aggregat¢ forces whilel providing a
éontinual supply of ‘organic matter which ultimately.
'decomposes and complexes with inorganic cémponepts. An
analogy may be drawn between the act;pn of the rooting

systems and that of earthwormsy Tunnelling and ingestion

of both organic ‘and inorganic matter provides a
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mechanism for bringing both so0il components into

intimate coHtactfwigﬁ one another while transformations .

of organic matter within the gut or immediately after

enables it to complex wih

egestion inorganic

the activities of es

components, Thus ~rms can be

very‘impcrtant to structural development, in ecosystems
- » ¥

where extensive rooting systems do not occur.
Results from the micromorphological ‘study clearly

earthworms cause alterations to soil

. demonstrate that

structure but the type of changes observed are dependanty
on  the species of earthworms and the nature”of.the soil

in which théy exist.

L. terrestris played a primary role in structural

dévelopment‘ by ingesting unaltered organic

matter(litter) and bringing. it into intimate contact
. . . s '

with inofganic:soil“components.‘Thé organic matter may
be - decomposed, outside. or -within the” gut of the

earthworm, 1into forms.'capable of binding with -he

inorganic fraction. Although alteration to soil fabrics

by L. teﬁréstﬁis‘wére proi = d,tHeY‘occurred only on a,

localized basis. Lo

Octolasion tyrtaeum éuna Apbrhéctodea rtur‘gida'v played

a secondary rble_'iaq,étruEﬁuréi development. ® They

»

ingested small quantiti®s of litter but large amounts of

matrix material which was pﬁysically a¥;ered and

et
"

translocated which resulted in homogenization of the

soil. A synergistic effect in terms of -structur%}'

A
a
&S
]
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&
e
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development occurred when both ~groups of earthworms were oy

- .,
act1ve together. L ?ePPeStPIS played the prlmary role '

)

of initiating' the mixing and binding of organlc and SR O

l’. u

inoroanic .constituents. Epigeous species played the
secondary roles of 1nten51fy1ng the processes 1n1t1ated

by L. teﬂnestnls and transportlng .the modified, amaterlalm

o ' J»- 5
‘\3 N

o ,\

Organlc plasma formed through che ~activities ’ofj

into the bulk of the 5011.

‘v

earthworms b1nd 5011 partlcles tbgether. Inference from
,t

the 11terature 1mp11es that an increase in secretlon of

bodily mucopolyssacharldes occurs ‘as a result of the

aggravatlng presence of a h1gh proportlon of sand 1n the

soil In thls‘study soils possessing a hlgh proportlon

’

of sand were fused together RS danlc plasma in such
o

Loa

influence - of earthworms r&sults f ‘;the secretlonhof - ?ég

/

manner that 0porphyr1c~ fab ypes develop It

thought that th1s fuslon of 5011 components under

b - . , oo :
R . . R . . . z,’ a’ . .».‘,- - -
mucopolysaccharldes.‘.When- contrlbutlons to _organic. -

¢ »

plasma Lgﬂflg1nated from, the“ decomposutlon- of ' plant"ﬂj
b 2 .k e G L . . . ; .-
materlal Enhanced by 1ngest1on of litter by surface 3

Ta,

feedlng sé3c1es L.: teprestrlsﬂ faecal material occurred
T - . ’ . .

more often as discrete units ic¢ading to - fragmoidic or

gran01dwc fabric types.‘ " o o :

All species of earthworms used 1n thls study causad(

,_alteratlons tO’ plasma fabflc ‘types. Where clays were

present the degree of she1r separat1on and or1entat10n

&

;Lv'lnvarlably ;ncreased. 'ThlS‘lS attrlbutedwto.earthworms L

A\

A
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sub]ectlng matrix material, oc@hrring in a semi=%ﬁquid’

N
N

,after' pasgage through the gut..Unistrial fabrlcs were

observed in faecal deposjits of L. terhestﬁls. These
fabricg?* likely resulted from oriented clays being

. A
admﬂxed with elongated phytogranlc " units: which
'“"/ 0.'.

rarthworms and”soil produced different fabric types

"depending on the texture of . 80il . and species of

fayg earthworms involved..

" Where sand 51zed partlcles dominated ;the“soil“,

R

e

tequre and‘;he occurreﬁﬁeVof clays was m1n1mal the net

Q - el ‘ "h' N -
5 ffect on 5011 structure’%&omﬂhcologlcal groups actang
: o TN

uey,

1nd1v1dua1ﬂy or-. together was aﬁposftrve one. Blndlng of

A

5011 partlcles thg&%gh the',actlon of e1ther group of

ol (.H“ f .

or1g1nat1ng from guc01d secretlons ﬁ@he resultlng fabrrc

types in worm- worked;

- 5
B 2

R
-

o JWhere-* L} ; ‘actlve alones»some faecal
K vmaterlal occurs assal Unigs‘reflectﬁi plndlng by
~organlc plasma orlglnatlng from Qeéémpoiégﬂand huglfded
"lltter. Where both - ecologlcal ~ roups were active‘
. . o { :

together faecal materlal occurs &Fhroughout ‘the soil

r‘

_ matrlx as d1screte unlts. Organpc mattér ‘introduced -to..

the soil matrik b%,L tePPestPIs became avallable to the

v

eplgeous species whlch 1ngested not only the new source

of organic matter along w1th mlgeral soil components but

. ) s
- o

wmposed toﬁorganlc plasma in 51tu These interactions:

"earthworms alone resulted frOm orgam t splasma largely -

%ones . are domlnantly porphyrlc.f.

state W1th1n the gut to compressive forces durlng Or—~-. .

[

w5

R0

iy

B
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J

ﬂalso that material already modified by L. terrestris.

i of 5011 materlal

- did not occur in high enough

Inorganlc 5011 components bound by both-. sourCesf“of

organrc piasma were mixed into the bulk of the 5011l

mater1al i by the eprgeous species resultlng 1n:‘_
; "'fv< W “‘~~1‘-~'
e

homcgenlzat1on of the 5011 and in an increase 1in contact-
between 1norgan1c and organlc components.

. When both sand and clay were prese&t in 51gn1f1cant
proportlons dlfferent fabric types developed under the
1nflued%e %pf‘ the same spec1es of earthworms. Mucoid

o , . ;

Secretlons were stlll 1nduced by ‘the presence of the

sand fractlrn bu?*the prbpence of clays(orlented through
. W%

pg® n\,.r,

‘Hm) for comblnlng w1th ‘the plasma

the act fon of : :
i A

N'resulted ,.in-»fUSion of the soil matrlxm,;Where 'Lr
i) . R » Ju: KA
‘“ ’ [ B8 /
tePPestPIS was actlve unlstrlal maseplc fabrlc develOped o
‘\ H &}
el -

._,..5
Yo
unlts w1th orlented clays. Some faeca? pellets*%ccur as G
*00
If“ . - - & y'v e k.
ilscrete ‘unlts in the reglon where organlc 'plasma« AR
& v Co ) 4 oL

concentrat1ons°or1g1nated from hpmxfled 11@ﬁer.; Where Z
) o '
both‘ ecologlcal growgs were actlve together the qulon‘x

2

ore pronounced 51nce' the 'eplgeousﬁ_

.
spec1es enhanced processes 1nt1ated by L tePPeStPIS.‘

ws B

8 Where clay and 511t dominated the soil texture sand,

gfoportlons to aggravate
excessive’mﬁcofd, secretion. Where L.r,teﬁﬁpstrls was
active alone binding,_of‘ soil aggregates ‘resclted ,V
primarily from plasma originating from decomposediyand

humified organic matter intimately combining with
. < : - Lt 3 ) ’



’geophage species\fes lted ¥h numerous smooth ‘metavughs
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oriented 'clays Faecal material deposited on the 'soil-

surface occurs more frequently as dlSCfeue unlts than in
the c¢lay loam soil. When both spec1es .uere active
together pro§§55es leading to the formation.of discrete .
faecal wunits were accelerated resulting in a zone of

Tu

’on the soil sugfacg

and channels occurring throughout the 'soil volume as the

~earthworms literally "ate" their way through' the soil.

: material \‘0ccurring around their edges. Where ‘L. A

‘.Th channels are discontinuous and llkely do not- aid in

~-the dralnage of free water.. This tunnelllng act1v1tj

increased in" importancé‘~' -+#501ls which yere hlghlgga
compacted Channels prodéﬁ;d by L. tePPestPlS are “THehg,

vertically or1ented 'and-‘openedu to the §ﬁrfacev,and‘

.

probably aid in the dralhage -of fnee wateér. In the' finei

textured 501ls compre551on features occur around the -

4 :

= - ! - W
metavughs and channels resultlng from L. “terrestris. ' .

activity These featuresareﬁfect the 1nab}11ty of this
species to'"eab’ its way through the SOll Tunnels are

created ' by = the earthworm pushing and forcing'ﬁts way
through the s8il. J -

" %pst channels ‘and met;vughs produced hby ,both
ecologicai groups are | characterized by colloidal

¥

_terrestnls was active more organlc plasma is present in ...

the tunnel 11n1ngs. These c01101da1 materlals occur‘gn

-~
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S

tdfUassociation with channels that direct the flow of water |
G <1 _ -
and may. be effectlve in increasing the retention of

water in the soil.

4.2.2'Earthworms:and Stabilization of Soil Structure
4,2.2.1 Introduction

Numerous mechanisms have been proposed to bring

o

3
Rt
>§?

i

about the . stabilization of soil structure. These have -
¢ - '
been reviewed in detail by Harris et al.(1966). 'Lt has

been demonstzated by many tesearchers that the faecal
material ot‘earghworms is more stable than aggregates in
Jsoils»where they were not active(Teotia et al.,1950;Hopp .

et al.,1946;Piearce,1981;Van Rhee, 1977), yet few efforts

Cope .
have been made to rélate this back to the proposed
. 4 e . .
. . mechag%sms f%éﬁstﬁblllzat1on., )
.y P . ¢
h S - 0f the plethora of research conducte‘

.

of stabilization mechanlsms the role of carbohydrates
such as polysaccharides and uronic acids in blndlng w1th

clays has received. the most attention and wjdespread

- )
acceptance(Harr&é et al +1966; Hepper, 1975;Greenland et

al.,1975-Cheshire 1979) Polysaccharides . and uronic

W@ \
'acids 1n the soil. may orlg1nate from plant or m1crob1al

cellular éomponents as well as extracellular secretion
! »
from plant roots. and mlcroorganlsms(Fa21o et al.,198{}

T

Cheshire/1979). The majorlty of the ava1lable llterature i

Vindicates that it 1is the carbohydrates of m1crob1al

PR ’-‘A‘.\M;

AR
IO

orlgln whlch are most 1mportant in the stab111zau;9n of



, phy51oo*chem1cal se’

2. clay-bound component
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soil structure (Marshall, 1976;Flaig et . al.,1977;

Cheshire,1979). Earthworms are also known to alter both

the qualitative and 'quantitative balance  of the
microbial community ~dramatically
(Parle, 1963b;Dawson, 1947; Day, 1950; Atlav1nyte e ét

al. 1970 shoquet et al.,1977). Most llkely ‘the 1nf1uenc§%

_4\1 )

of earthworms on aggregate' Stablllty, in.dregards %v

carbohydrates is an indirect one through their effect on
bt
,a?(

the microbiological community Inxview“bf the attention

B

W
wAT Ty

glven to- polysaccharldes and uronic ac1ds and their role,

P M

a wli

in aggregatlon; analyseS'.fdr these const1tuents ‘wg?e

70 3

W
4 ol -

and unaltered ‘parts of the “soil to determine if

,d?ne »in thlS st%ﬁy on the faecaltpellet tumnel lining_”

earthworms enhance their prééuction‘ and blnding with .

clays.' :'ﬁtepwise extractiOnr procedure ' was :usegy as -
descr1b- rffin Chapter 3 -In order to faciliate' a
. o {“‘“* ;- c ST .

Tation of neutral sugars and uronic

ac1dsrdnto three "omponents as follows. o

1. free or weakly drganically bound component

3. residual component_ ‘ : (9.

Since mlcroorganlsms and thelr metabolic products

are stongly 1mp11cated in aggregate stabilization the

study was aUgmented'with Eotal plate counts nsing faecal

and control soil ‘materials., Results. from the

5

micromorpholoéical portion~of this study showed that

e

intimate"associagﬁéh of ‘organic and inorganic plasma

v L
-ORGE
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fof‘ the control and faecal soil materlals before and ‘ N

resulted- from the activities of earthworms. In order to'ﬁﬂ
examine the role of earthworms in organo-clay complexing-
further and to augment the carbohydrate analy51s , X-ray

N
dlffractlon patterns were conducted on the <2um fractlon ¢ y

after treatment w1th H Oz.

i

4:2,2}2“Uronic Acids
3 s T .
No uroglc ac1ds were detected during the analysis

of 'all the faecal and approx1mately half of'the tunnel

>

lﬁhing' and contfol samples hNﬁThIS\ “suggests that

\9.
o

stablllzatlon . of aggregates through'?the actlon of

v’.“

earthworms does not result frqm enhanced proddgklon of
oo 1%

uronlp. *aolds v'Cheshlra(1979) istated rthe 1dea that

4 Y\‘

aggregate stabtllty ISJ related | the_ uronlc ~acid f@
E 5 o ;p . s
concentratlon 1n the 5011 has been tested frequently but ¢
N o ‘,’ Q
the4 results have been‘_-lncon51stent. Parfltt and

Greenland(1970) found that the ruronic ac1d component of

a 501l(polysacchar1de was adsorbed by montomorlllonlte
o aee . A : .
Y . | Y Ak

onLy if Al ions or hydgpxy\alumlnum spec1es were present

~at a low pH. Conversely adsorptlon.of the neutral sugar
-, .

S g ‘ .
component was “independent of the pH and type of cations

1

present. At a oH above 3.2(pk of uronic acids)
galacturonic acid would .be %largely -dissociated. The”
resulting coloumbic interaction between the ‘negativeI§:
charged © clay sur face dand the ion -wouldv prevent .
adsorption(Parfitt ‘and Greenland, 1970). Such forces-

likely prevented adsorption of uronic acids to clays in
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¥
the soils used in this study. The pH of all samples
@ *x ‘
(Appendix VIir) were well above the pPK for uronic acids.

‘nr

This explains the absence of uponic &cids in the

claygbound component but not the residual or free

components where  the potential for binding with

\

exchangeable cations cdg}d exist. It 1s also possible
that the concentratio:m‘of uronic acids in the samples
analyzed was below the detection limits of the procedure
used. Althougb estlmates of uronic acids are avallable
in the‘literature it is difficult to use these data to

extrapolate‘the concentrations ekpected to be present in

the samples used in fhis‘Study. In'bﬁhe othefl,atndies

many different exfraction ahd analytical'prbcedures were

used on;gbils which. were typlcally hlghluiq ”Organic

.
A
ey

?"7\(

'relatlveﬂgroportlon of uronic acids and neutral svgaré‘

were used as an 1ndex, a- crude estlmaté can be made for -

" the expected concentration of uronic ac1ds relatlvem £o

‘ N ) .
the .concentration of neutral sugars which were detected

in the sa analyzed. In the literature the ratio. of

uronic = ac xneubral stgars ranges from.0.2:1lto

0.5: 1(Cheshyrefﬁ979xw,_ﬁL1ng the widest ratio(0.2:1),

uronic acids shouldiha;e been detected in faecal pellet

“ samples where neltral sugar concentrations were in, the

range of 2000-3000 wug glucose eq /gram of soil, since

the detection limit for the procedure used was 200 ug
glucose or ‘galécturonic acid eq /g soil. The major

Igithe values found in the lltefature for the- v@
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factor controlling the detection limit.in the procedure

was sample size. Since the amount of faecal material

collected was small relative to the number of analyses
performed only one gram samples were available for this
analy51s..If a lower detection limit is to be achleved a

larger size of sample should be used in the

2\
extraction step‘o§ the procedure.

.

N

4,2.2.3 Neutral Sugars

i

" Statistically significant -« differe@%ﬁﬁ ~in  the

concentration of neutral sugars' wepe found Dbetween

parts(501l tunnel 11n1ngs faecal pellets) and betweenﬁ

components(free clay bound and re51dual neutral sugars)

/,

. In some cases differences in neutral . sugar

’

concentrations of the aforementioned occurred as a
result of 5011 texture, spec1es of earthworms as well as

an 1nteract10n of the two. ' -

Bl

In1t1ally it was desireable to make comparisons of’
the neutral ‘sugar concentrations betweeq<allltreatments,
components and soil textures for fthe unaltered soil

vmaterial(Tablerié).for the following reasons:

1. To test the efficiency of - sep: .ting the. faecal
materfal and tunnel linings from the unaltered soil
material in Treatments 2, 3 and 4, If the separatlon
was efficient values for the unaltered soil material

‘in Treatmenta, 2, 3 and 4 should not  differ

drastically from those in the controls(Treatment 1

and'5).




'froﬁf the grass into the 'soil dur1ngr tne_sleacHing,
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2. To prbovide- a comparison of the inherent neutral

sugar\poncentration&&between the soils of different

‘testures(Treatment . “5). This ~ would indicate 1if

differences in ?nnmral sugar concentrations
resulting from the interaction of species.with soil
texture were real and not the result of inherent
differences between parent mat@rialsr |
3. To provide a sound basis for making Further
statistical comparisons at the parts, parts | X
‘species  and parts x species X texture lejg§s of
interactﬁon. Proper statistioal analeis -at these
“levels %n Treatments 2, 3 and 4 depends on the
absence df 51gn1f1cant or 1nexp11cable differences
between Hhe unaltered soil material when comparlsons

. are madﬂ‘mth the&ntol;s.m

vM Y\)v A ‘1
ﬁo stékﬁsblcally significant differences in the
) i 7

concentratloﬁ of neutral sugars were foun@ between the

textural classes in Treatment 5(Table 10). All parent

materials had cone}stantly low 1inherent 1evels of

|
neutral sugars permitting valid comparisons at the

A1

‘interaction levels. The concentratlon of neutrar' “suflars

. i d 5
in - the residual component of Treatment 1 was

consistantly igWér for all soils relative to Treatment

5 and the other comﬁonents. This most likely-represents

h

organlc constltuents which were phy31cally translocated -

(228 Y«

process. In Treatments 2, 3- and 4(earthworms present)
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the concentration of neutral sugars in he residual

components was reduced. Organic constituents | which were

/
retained in the mineral soil in the absence of earthworms
were subjected to ingestion and enhanced decomposition in
their presence. The trend across Treatments in _the

residual component of the ' Cooking Lake soil is

particularly interesting since it reflects the funchign

of  different ecological gfoups of earthworms. in &5
decomposition process.  In Treatmeﬁt 2 the concenfratipn
of neutral sugars is similar to that ‘in,”Treatment L
Litter accumulated on the soil surface and wés not !
ingested to a significant degree by thé géobhéges(T&blé
11) . Theréfore “the foﬁﬁégtunigy exESEedn for organic
constituents to befiintroducéd ‘and iaécumula;éd'uin' theﬁ

. s v, 3

. e o L o .
mineral soil in ‘a similar fashion to "that found in
;J . -

]

Treatment 1. In Treatment _ﬁfgg,} terrestris complételxﬁe
h T ! - s Lo

removed  litter _form the surface{Table . 11) | and"Nn

e

iy e L \
" concentrated it within the faecal material. Consequently
less orgénic constituents Vere washed into the bulk of® .

) . N ." s ° -":"
the soil and neutral sugar concentrations in the residdal

cqmponéntf were 1lower. Where both-groups of earthworms °
. ’ . N . O . - . g
o . . e i T, . » R . K}- ;
co-existed(Treatment .4) -decomposition of the organic ‘@;*

éonstituénts was_ more .cqmpigte 'and"oréahjq% matter
remained céncentratédlin thé;faetél material. Tﬁefneuttél‘
sugarvg‘cpnéentration' in .the"unaltefed“ sbil 'matefiél,ﬂ
_feméiﬁéd compa:éble to that found in Treétment-‘S. ;Why |
thisv:COnditioh,isonsérvedf%r theﬁCooki g Lake soil anqi A #;‘
- : ‘ : ’ T g

T,
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not the others 1s explained in more detail in Section

4.3.4.
n':generai the neutral sugar concentrations in the
unaltefed soil material from Treatments 2, 3 and ¢ ‘wene
not statistically or #inexblieahiy. different from the
controls. Further statistical comparisons at the parts
and interaction levels are valid. The concentrations in
two instances(clay-bound component-SG(T.3)-E.(T.4)) were

signifi tly hlgher than in the controls Since these

e

differences do not exhibit. a consistant' trend ‘across.

tréétments »and-fcomponents they likeiy reflect a poor

g

1.

separat101 of the - partSJw during ' sampllng; Thesd@&

Z

_aberratlons are: not con51der@d prdblematlc for/Subsequent

&

'interpretatlon.of date at . the par%g and 1nteractlon

R AL Cou

~ . . - i . . LR

~levels. a . : . o

S . B
¢ o

and - residm§1~ components showing'the Tnteréotion of soil

.:

type wlth parts are presénted in F1%gre 6 Concentratiomé

of free‘-neutral ‘sugars exh1b1t a 51m11ar trend in each

A 4 . 8y

soil type(texture). No s1gn1f1cant ,dlfferences- in the

v

bconcentrations“ ofA free{ neutral suqers resulted from a
- A

(¥
further 1nteract10n w1th spec1es‘of earthworm. Regardless

df; 5011 texture ;or spec1es of* earthworm neutral sugar_

'gconcentratlons #in;fthe‘ faecal . material . aré always

. N
¥ .
¥

'351gn1f1cantly higher than 'concentration“Iin%theftunnel

e @

'llnlngs or unaltered sodl mater1a1 " Concentrations in-

,”tunnel l1n1ngs n.and‘ 5011 are always. low and not

Loae . .
- u'*"‘.v . v ) . \

gt
b

Data for neutral.sugar concenfrations in the free

;)

M
Nt
_.M'_‘-b

»
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Figure 6:Distribution of. freelc:an.d residual sugars(ug Q‘lucdse eqg/g soﬂv),petween

S5,
5}
(,

-

P=.05).

Paid

“soils and parts{a-d . significantly different,
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significantly different. The free neutral -sugar component
in  this study roughly corresponds to fulvic acid-a
extracted in the procedure used by Anderson et al.(1974).
This component ‘is ‘likely dominated by simple sugars
released upon decomposition of the added grass which is
accelerated in the faecal material through the influence
of earthworms on microorganisms(discussed in section
4.3.3.).

The residual component exhihits tfends similar to
those 1n the free cémponent except concentrations of
neutral sugars in the tunnel lipings are significantly
higher than in the unaltered soil for two of the three
soil types(Fig. 6). The residual component in this study
roughly corresponds to the humic acid plus humin fraction
in the classical extraction techniques used to
characterize ©organic matter(Anderson et al.,1974). Thus
the residual component ;ould‘ be' dominated by high
molecular weight polyaromatic organic compounds having a
complex structure which are resistant to microbial attack
as well as cellulose and other resistant fbrmslof soil
carbohydrates(i.e. plant fragments).The - ﬁxfracfion
precedure does not distinguish between the relative
proportions of neutral sugars occurring in the humic acid
or humin fractions. Micromorphological examination of the
thin éections suggests both plant. fragments(phytogranic

units) and humic materials(organic plasma) are present in

the faecal material. Most likely contributions from both
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sources combined to give the very high valueé for neutral
sugars 1n the residual.component of the faecal material.
The clay-bound component of the neutral sugars is of
primary interest in this study since the binding of clays
with polysaécharides 1s considered important to the

stabilization of so0il aggregates. Results from this

analysis are strikingly consistant - with the
micromorphological observations(Fig. 7). 1In every case
except one the statistically significant highest -

concentrations of clay-bound neutra’ sugars -.~cur in the
faecal material of soils where i o ivavimoidic or
mullgranic fabric were observed. . .- —-._.eption is the
high concentration of clay-bound neutral sugars in the
tunnel linings of the Cooking Lake. soil where both
ecological groups of earthworms co-existed(Treatment 4).
In this soil .an increasing degpee of fusion within the
soil matrix was observed from"Treatment 2'. through
Treatment 4. The trend showing an increase in degree of
fusion is associated with a trend thgt shows a decrease
in concentrations of clay-bound heutral sugars -in the
faecal material where the fusion occurred. The greatest
degree of aggregate formation occurred in the Ellerslie

soil. In all treatments for this soil the concentrations

of clay-bound neutral sugars are consistantly higher in

the faecal material than in the tunnel 1linings and

unaltered soil. In the Spruce Grove soil the greatest .

degree of fusion of the soil matrix occurred in Treatment
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types and parts.
different, P=_Q5)

sofl

(a-_b significant),

Figure 7:Distribution of clay-bound neutral sugars(ug gluceose eq/g scil) between treatments
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3{l. terrestris). The concentration of clay—boundAheutral
suqars 1s lower 1n the faecal matevrial of L. terrestris
than in the faecal material from Treatments 2 and 4. Of
the latter two treatments the concentration of neutral
sugars. is highest in Treatment 4 where the greatest
degree of aggregate formation occurred in this soil type.

These data strongly support the concept'that thé
enhanced production of neutrai sugars and their binding

with clay is a key mechanism for the stabilization of

aggregates formed by earthworms. The mechanism through
which earthworms enhance binding of clays with

poygsaccharides 1s most likely one in wh?ch inorganic and
organic constituents are brought into intimate contact
during ingestion and passage of soil through_ the gut.
After excretion the faepal material. is enriched with

-

microflora. In general totél microbial ©populations were
~
found to be <consicerably higher in the faecal material
than in the control.soil(Figures 10~-12). Decomposition éf
organic residues is enhanced in the faecal material and
resultant polysaccharides are available for complexihg
with clays already in intimate contact with organic
substrates. The preferential enrichment of - bacteria such
' as Cytobhaga sp.(Fig.11) in the faecal material suggests
conditions exist in the castings that are condusive to
the breakdown of resistant organic material§. Isolates of

Cytophaga sp. from the faecal material of L. terrestris

showed lytic capability against «chitin, casein and



manﬁén.. Indiéations are that cellulose is degraded by
some of these lsolates but results were
inconclusive(Table 15).

Low.concentrations of neutral sugars in the faecal
material are associated with adverse soil structure where
fusion of the soil matrix occurred. This association
occurred only in the-Cooking Lake soil(Treatment 3,4) and
where L. terrestris was active alone in the Spruce Grove
soil. Data preserted in Section 4.3.4 indicates that
decomposition was greatly accelerated in the Cooking Lake
soil in the presence of L. terrestris anq;t at/the
Cooking Lake‘soil,=in general, had a low- capacity for
stabilizing organic matter through bindiﬁg with clays.
The combination of these factors led to high net losses
of carbon in the Cooking Lake soil and the’gfvelopment of
poor structure. Conversely data ‘presented in Section
4.3.4 indicates that when L. terrestris was present alone
in the Spfuce Grove soil decomposition was significantly
retarded. Therefcre, low amounts of organic cpnstituents
in forms capable of binding with clays were introduced to
the soil. Possibly this, in _comBination with
mﬁcopolysaccharide excreted from the earthworms. body (as
suggested in Section 4.2.1) combined to»produce the fused

éiructure observed - in the Spruce Grove soil in the

presence of L. terrestris.
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4.2.2.4 X-ray Diffractometry

The <2um fractions from the control soils and
faecal pellets from Treatment 2(0.tyrtacum/A. tUPgIda)
and Treatment 3(L. teﬂnéstrls) for all three soil types
were analyzed by X-ray diffractrometry before and after
t;eatment with H,O0, to oxidize organic matter. X-ray
_patterns from ~ faecal pellet samples of
O.tyrtaeuh/A.turgida had a sharp .995nm peak similar to
the controls(Fig.8) Although the diftraction analysis
indicated that the clay separates from the L. terrestris
faeces were identical to the controls following
oxidation of the organic matter, distinct differences
are observed in .the X-ray diffrac;ien characteristics of
the expandable clay minerals prior to the oxidation
treatment. This i; illustrated(Fig.8) by the marked
broadening of the .0.995nm peak of the untreated
Eeparates in the 1.3-0.995nm region. In considering the
nine treatments analyzed(3 controls, 6 f@scal pellet
~samples from different combinations of soils and species
of earthworms) this phenomenon occurred only in’ samples
where fusion of the soii matrix Las observed in thin
section and where neutral sugar concentrations werg “low
in the faecal pellets(Treatment3 Cooking Lake and Spruce
Grove soils). This indicates some organic molecule other
th neutral sugars 1is pre§enting the collapse of

ex ndable clays. It may also be related to the fusion

of e soill matrix.
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It has been shown thét entire proﬁéin,molecules are
capable of entering the fnte}léﬁelié; space$g of
moﬁtmorillonite clays(Theng, 1979). Altﬁough data e;ist
suggestiﬁg polysaccharides behave similarly to proteins
the molecules are wusually too large to ‘enter the
interlamellar space of”expahding clays. Freqhently only
partial expansion is observed, : Bindinén of
polysaccharides with cléys is'moge commonly thought of
as being-a surface bhenomenon(Theng,1979). Proteinaceous
molecules_that.originaté'from egcretion through thé(body
of eafthworms(as 'suggestéd inv‘S;ction 4.2.1) may
possibly intercalate 'clay minerals and produce the
observed fused struéture. No doubt other mechanisms may
also be active in prdduding-the type of fused structure
observed. in some of the treatments. The effect that
proteinaceous materials have on- soil structure when

secreted from the bodies of earthworms deserves further

attention and study.

4.2.2.5 Summary - .

In tbis portion of the study an attempt was made to
relate the development of soil structure through the
activities of earthworms to mechanisms considered
important to the stabilization of soil aggregates. v

The presence of uronic acids was not detected 1in
any of the samples analyzed.suggesting their involvement
in stabilizing aggregates formed by earthworms is of

s

little or no 1importance. However, concentrations of
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neutral’ sugars in the faecal material were strongly

related to structural development observed in the thin

sections.

Three components of neutral sugars were extracted:

\

from the soils. These were free, clay-bound and
residual. Concentrations of neutral sugars were alﬁost
alwéys higher in the faecal material than in the céntrol
. soils(Treatments 1,5) or the' unaltered soil material

where earthworms were present(Treatments 2-4). Neutral

sugars in the free and clay-bound components are likely

end products from microbial decomposition of litter.
Neutral sugars in the residual coﬁponént likely
originate .both ﬂ'from humified organic matter and
.undecomposed’grass fragménts.

Only = the clay—bound’néutral sugars were related to
soil structure. In soils where ”metafragmoidic and
mullgranic fabrics resultea from the activities of
earthworms the concentrations of clay-bound neutral
sugars were higher in the faecal material than in the
tontrol‘soils and wunaltered soil' and tunnel lining
parts. In soils where the degrée of fusion of the soil
matrix was high the conceﬁtrétion of clay-bound neutral
sugars in the faecal material was low.

The different trends in 'aggregate/ formation and

concentrations of clay-bound neutral sugars were.

strongly related to the interaction of- species of

earthworms with soil type. Although it can be said from

R4
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data presented in this theg%s that earthworms can -
f\\ ﬂ;

produce granular 5011 structure ‘and this is ‘related to
the high concentratioh of clay-bound neutrai&sugars in
the faecal material no cdnclueive data'were'collected to
indidate why, 1in some cases, adverse/ﬁollAStructure is

I

<&th§ soil matrix

produced by earthworms. Fu51on
appears to be related mainl?ﬂﬁ\ Jactivity of L.
terrestris. Fusion of tﬂ;\501l ‘%ﬁgrégf io the Cooking
\ ST ~
Lake soil may be reléted\to L. tePPeStPIS accelerating
deoomposition which rESuiteg in high net losses of soil
organic matter(Sectionrn 4.3.4). It has also been
soggested that mucopolysaccharide secretions from the
bodies of earthworms may be involved in the development

of adverse soil structure.
4.3 Earthworms and Decomposition

4,3.1 Introduction

It ie frequently stated or implied in the literature
that earthworms accelerate decompoeition. This cooolusion
has been largelf based on>the observations that earthworms
mix litter into the miner;1, eoil, ‘which would otherwise
accumulate on vthe soil Asdriage«/ Earthworms also often

\

increase'the number of microorganisms in the soil. Although
these observations hold true in some cases data presented in

this thesis shows that in other cases earthworms, do not mix

substantial amounts of litter into the soil and that they do
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not always increase the number of/microorganisms present. It
will also be demonstrated that the conséquence of these
processes 1is reflected 'iqv vefy.-different trends fo; the
nature and accumulation of organic matter  in 'the soil

depending on the species of earthwbrm'-and:type of soil

involved.

3

)

4.3.2 Organic Matter Additions

 gDa£a presented in Table 11 show§ thevperéent -of grass
added to the columns which was not recovered at the
termination of the experiment. Grass not recovered was
probably aécomposed or physically removed from the surface
in the case where earthworms‘ were .present. Results are
consistant @ith the literature in that more organic matter
was not reco&ered in the presence of earthworms(Treatments
214). The higher loss of organic matter ih Tfeatments 3 and
4 than Treatment 2 teflects the feeding habit of L.
terrestris which removed almosé all of the gfass fromAthe
surface and pulled it down into the minéral soil. Conversely
"the 1loss of surficial orgahic matter in thé presence of the
geophages was far 1ess.since- their feeding habit .is not
condﬁsive to the physical removal of substantial'amounts of

o

litter from the surface.
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Table_ :% Reduction in weight of grass added
to the soil surface "

. Treatment Number

‘a 57 b 73 c 94 c 94 N/A

values not preceeded by 51m11ar letters are
51gn1f1cantly dlfferent .05

The inte:actien of species of earthworm with seil type
tesulted in noY difference in the amount of organlc matter
removed yet significant dlfferences in the fate of organic
matter were present as a result of these 1nteract19ns. These

differences in the fate of organic matter will be discussed

in Section 4.3.4. ' ‘ . J

4.3.3 Microbiology

Data presented in Figures 9-11 demonstrate Atﬁat
earthworms ‘infleence" the _quantjtative and gualitative
balance ef the microbial community in the soil. The shift in
this baiance varies depending on the- speciee of eafthworm
'ahdA nature of the microbial community 1nherent to the soil.
It 1is sometlmes -suggested in the literature that the
frequently  reported increase in‘microbial numbers in faecal
~material is simply related to the increased availabilit& of
organic substrates . mixed into the  soil by

earthwotms(Bél,fQBZ).> Data presented here and in the



Number of Organisms g Soil

10°-

-

Figure 9:

{71 Control!
Tmt. 2
Tmt. 3

104 4

i
1l

Cooki ‘
2;;;5: Tea? Ellerslie

Spruce Cooking .
Grove loke Ellerslie

Bacteria Actinomycetes

Bacteria and Actinomycetes(#/g soil) in the
controls(C) and faecal pellets of O.tyrtaeum/
A.turgida(2) and L.terrestris(3).

184



]

Fllerslie

EQ\\SpSQNNN&NN\\\\NNSQ\N\N\x.\&\N\\ﬁﬁ Gl LT LLLL LI L OIS LS Iih0w
. L — .
_ PP I I T T I LRI T YT T E R 2T T R LT T T AT T L £ T ITTIL T LT FT XTI T T LTI T T AL L
S i o hach BLALLL A famndesy
< £ E (BB O Lo or 200 S L LTSI LEETELELIL LI TG PP LT LTI LITEEIEOIE I 7 EIE
i Z
RNNNRNNNRNNNNNQNNNRNNNﬁNRNNﬁRﬁRNNNRﬁRbNNRNQNQNNNNNQSRBNENNNN
mﬁNNBNmNNNNmNNmNQNNQNmNNmNbQNmNNQNNQN@NN@NN&NQNNQNQNNQNN
e e B R O Ol Ol LLLLlllels
ok loltols

o SR A T 2T DT TR T AL T A A T T DT IR T L LT LT AL LI TL
L=
eSS S 2272227,

- 6, T i T
2 = =) b= £ >
. e Qo

[1cg B swswobig jo LmﬁEJZ

Ellerslie

loke

Cytophaga

Spruce Cooking

Grove

Ellerslie

Lake

Yeast
asts and Cytophaga sp.(#, ~ <5il)

nt:ols(C) and faecal pellets ot

Spruce Cooking

Grove

. turgida(2) and L.terrestris(3).

>

<

ey

Spruce Cooking
Ltoke
Anae:
in the
O.tyrtae:

Grove
10:Anaerc.oes,

Figure



7] Filamentous
108 [ ] Non-Filamentous
F’ N Filamentous with
: dark fruiting bodies
104+ o
3
)
"o
£
% , \
5 10 N\
o N
O
3ol E \
E = ES
3 = §§
2 ==
10% "
N
§
R
§
10 1 = g e IO O J§ ! R N\
C 2 3 C 2 3 C 2 3
Spruce Grove Cooking Lake © Ellerslie

Figure 11:Forms of Fungi(#/g soil) in the controls(C) and
faecal pellets of O.tyrtae.m/A.turgida(2) and
L.terrestris(3). .



literature suggest this 1s not true and that the infl .onge
of earthworms on the microbial community 1s more direct and
selective. \

Although L. terrestris introduced considerably more
organic matter into the soil than 0. tyrtaeum/A. turgida
(Table 11) this was not always reflected in higher numbers
of microorganisms in their faecal material(Fig. 9-11). In
some instances(SG-anaerobes;E-fungi) numbers are lower 1in
the faecal material of L. terrestris as compared with
0.tyrtaeum/A.turgida. In other cases (mainly Ellerslie soil)
the number of organisms 1in O.tyrtaeum/A.turgida faecal
material are as high as those in L. terrestris faecal
material even though they introduced less organic matter
into the soil. These data lead to the rejection of the
hypothesis that earthworms increase microbial numbers b?
introducing more organié substrate into the soil and accept
the alternative hypothesis that enrichment or decline of
specific groups of microorganisms results from a direct
inflﬁence of earthworms on the microflora. This influence 1is
most likely related to the feeding habits of the earthworms
and their subseguent digestion of ingested materials.

The decomposition of digested litter is a unique case
in which a symbiosié exists between the herbivore and the
decomposing microflora. The herbivore provides a unidue
physico-chemical environment in its gut and excrement which

ensures the continuation of the decomposerrpbpulation, while

the microflorad and their metabolic end products provide
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nutrients and organic substrates which can be digested and
assimilated by the herbivore.

Lodha(1974) discussed the processes and the symbioses
involved in the decomposition of digested litter in
ruminants and ruminant-like mammals. His discussion is
briefly summerized in the following section in order to
provide an understanding of these procesc:s. Subsequently it
will be proposed, using data collected in this study and
supporging j:evidence from theéliterature, that decomposition\
of litter as influenced by earthworms is analagous to that
of ruminants and ruminant-like mammals. \

During digestion in ruminants simple carbohydrates are
digested by intestinal juices while starch, hemicellulose,
cellulose and lignin are digested through a symbiosis with
microorganisms, Processes leading to the degradation of
resistant carbohydrates in the '‘gut are mainly anaerobic. The
faeces provide an environment condusive to initiating the
simultaneous activity of actinpmycetes, bacteria, fungi and
protozoa. Conditions in the excrement favourable to the
activity of these organisms‘include; ’ <\//

1. The presence of a large quantity of ‘feadily available
carbohydrates. |

2. Increased avéilability of nitrogen due to bacteria and
protozoa killed and digested in the intestiné.

3. The excrement is rich in vitamins, growtﬁ factors and
minerals. Coprogen, a fact:r essential to the growth and

fruiting of many fungi, is found only in dung.

v
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4. The excrement has a high moisture content and ability to
retain water. ' -
5. The pH of the excrement is around 6.5. ;

6. Theé structure of the faeces reeulting from mastication
favours good aeration.

Of all the decompeser o.ganisms, the activity end
proliferation of fungi prcrerentially adapted to dung %s
strongly favoured. These fungi not only prefervdung but have
developed features which en%@%e them to reappear in dung.

R

Their spores are pigmented, MEtrongly adhesive and are
dispersed with a high velocity. This mode of dispersion
increases the probability that the spores will be reingested
by the herbivore. The spores are not injured during
digestion. In fact the intestinal temperature and: dlgestlve
juices break their domancy -and stimulate germlnatlon in the
excrement.

Thusd two positive feedback processes are involved in
the‘deeomposition of digested litter. The first takes place
in the gut and is dominé#ed by anaerobic decompoeition while
the second takes place in the faeces and 1is dominated by
fungal activity.

It is proposed in this thesis that digestion, and
therefore decomposition, of litter by earthworms is. similar
to that just described for herbiverous ruminants and
ruminant-like . mammals. Supportive data from this-studykand

A . .
the literature)\are summerized in Tables 12-14, 1In general

data collected in this study agree with the proposed analogy
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of earthworms and ruminant digestion. Anomolies exist which
suggest that depending on the species of earthworm involved
one of the two procesﬁes dominates. This, in turn, most
likely reflects the ecology of the different species of
earthworms and wultimately their role in decomposition; L.
terrestris appears to play a dominant folé in affecting
fungal activity while the geophages play 'a dominant role in
anaerobic processes.

It was shown by Cook et al.(1980) that L. terrestris
preferentially feeds on fungi. Cook et al.(1975) found that
whén fungicides were wused in apple orchards to.control
disease, litter removal by L. terrestris was reduced. They
conciuded. the influence of the fungicide was independent of .
any direct effect on the earthworms and suggested that it
was due to fungicides interferring with *he activity of leaf
decomposing fungi and bacteria. Niklas(1981) came to a
similar conclusion in a study involving L. terrestris and
fungicides. He stated that "destruction of bark inhabiting
fungi is not only an incidental side effect of bark removal"
and that "iédividuals of L. terrestris were observed
intentionally eating the fungi". It is known thaf species in
other groups of soil fauna are fungivores(Twinn,1974;Harding
et al.,1974;Edwards,1974) and it is not unrealistic to
expect a §imilar phenomenon exists amongst earthworms. It is
also of interest that Cytophaga sp. isolate from the faecal
material of L. teﬁﬁestris demonstrated considerable 1lytic

activity against chitin(Table 15). Similarly, Parle(1963a)
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found chitinase activity was aésociated with the gqut of L.
tePPestﬂiS.‘fhis suggests that a symbfosis may exist between
the earthworm and microflora which pérmits digestion of the
\preferentially ingested fhngi.

Other soil ~ fauna which are fungivores feed
predominan£ly.. on _‘vegetative parté(hyphae,mycelium)
(Richards,1974;Twinn,1974). Thus it would be advantageous
for fungivores to propagate theygrowth of filamentous forms
-of fungi. In thisﬂstudy filamentous fUhgi were presént in
higher numbers KQ the faecal material of both groups of
earthworms | relatiy;j to the controls(Fig. 11), but" the
pjgmented fruiting bodies vsuch as those discussed by
Lodha(1974) were associated oniy with L. terrestris(Fig.
11).  Where non-filamentous fungi were prgégnt in the
soil(Spruce Grove)'pﬁeir numbers ;were unaffeétedv by the
presence of earthwbrms(Fig. 11). In addition, yeasts'ﬁere
always present in high numbers in the faeifl material of L.
terrestris but were ndt detected in the controls or faecal
material of O.tyr;aeuM/A.tUngda(Fig; 10). Pafle(1963a)
found that béth yeasts and filamentous fungi were presentvin
"higher ﬁUmbers in the faecal material of L. terrestris than
in the control soil.

J In most environments fungi constitute the  primary
decomposer population of plaﬁt materials(Ekiund et
al.,1974). L. terrestris is often said to play .a. primary
role .in decomposition by mixing litter into the soil and

through fragmentation of the litter initiating the process

"
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of decomposition.  It 1is proposed that the role of [.
fePPestPis in decomposition be extended to include control
over fungi which constitute the . primary decomposer
community. This will be discussed further in the context of
the fate of organic mat;er(Sectién 4.3.4). |

The gedphages, on the'other hand, appear to have a lesé
dramatic:influencg on fungal popufations. The presence of
fruiting bodies. aséociated with filameﬁtdus forms of fungi
?nd high humbers of yeasts‘observed inithe faécal material
-éf L. terrestris were not found in the faecal material of
O.tyrtaesum/A.turgida (Fig. 10,11)". The. higher number .of
filamgﬁtous fungi in the faecal material of the.geophages‘in
the Ellerslie soil relative to that determined in the faecal
material of L. terrestris may be indicative of less spécific
fungal feeding by O.tyﬁtaeum/A.tUPgidakFig. 11).

The different influence of the two groups 6f,earthworms
oﬁ the primary\decomposers is most likely relatea to their
feeding habits. L. terrestris actively collects and pulls
litter beneath the soil surface and therefore would have
greater access to fungi inhabiting the litter. Conversely
.thé geophages have‘little»direct contact  with' the iitter
since' they are’actidévpfeddminantly in the mineral soil. In
“this case fungal decomposition in the litter wduld not be
inteffered with and could proceed normallyf

Unlike L. terrestris the geophages have a consistant
effect on the number of anaerobes found in their faecal

material. In the case of O.tyrtaeum/A.turgida the level of
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/uenrichment of anaerobes in  the faecal material 1is the

same(Fig. 10) regardless of soil rype and inherent numbers
in the controls. In the Spruce Grove soil no .anaerobes were.
detected in ;he control soil and still the level of
enrichment 1in the.faecal material is as high as in the other

soils. L. terrestris, on the other hand, was only able to

‘enrich anaerobes to ﬁhe,Alevel of the geophages where

;\\anaerobes were detec =2d in the control soil(CL,E-Fig. 10).

THESe data suggest that the .geophéges are much more
effecrive than L. terrestris in enhancing th;)population of
anaerobes. The fact that the geophages were able to greatly\
enhance the number of anaerobes where they'were not detected
in the control suggests that the anaerobel may be ‘a gut
flora which were inoculated 'into the eoil by the geophages.
.Bal(1982) stated that geopheges blay an important role
in the final stages of decomposition since their activity,
dominantly in-the mineral soilll leads to homogenization,
mineralization and humification of Porgenic matter. It is
suggested in this thesis that thz role of geophages‘ in the
final stages of decomposirion is related to their strong,
influence on anaerobes and therefore aecompOSitiOn through
fermentation which leads to the complete breakdown of
organio substrates. Further, it is of interest to note that

pPH values for. the Spruce Grove soil in wﬂih'the geophages
wére éotive alone are significantly lower than those of the
controls(Tabﬂe 19). Also pH values for the leachates from

the Spruce Grove and Ellerslie columns are significantiy
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lower where the geophages were active-.alone when compared to
the other four treatments(Appendix VIII). This may be a,
result of organic acids released through fermentative

decomposition of organic substrates in the presence of

geophages.

4.3.4 Fate of Organic Matter

In this study the species of earthworm and type of soil“
were major factors determining the fate of organic matter in
the soil. Earthworms requlated the fate of organic matter
thrdugh 'their‘feediné habits and influence on the microbial
community(see Sections 4.3.2, 4.3.3). .Although distinctly
different fates of organic matter, exist between the
different éoils within similar treatments it is unclear what
soil properties were responsible for these differences.
Inherent organic carbon content, quéntity of smectite cla;‘
and the inherent nature of the microbial community are
properties which are implicated as being important in this
regard. Their poteﬁtia; role in..influencing the fate of
organic matter will be discussed in the 'foLlowing sections
according to Treatment. Models were prepared to represent
the fate of carbon by Treatment 'for each soil type(Figq.
12-15), Numerical values for each component represent carbon

in milligrams calculated on a mass basis. Calculations for

each component are found in Appendix VII.
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1

4.3.4.1 Con:rbl(Treatment 1) (Fig. 12)

The models presented for Treatment 1(Fig.12)
demonstrate the fate of organic carbon‘in the absence .of
earthworms., The addition of a new source of
carbon(grass) to the soils resulted in a net increase in
soil carbon in the Spruce Grove and Ellerslie soils,
while a small net.decrease in soil carbon occurred in
the Cooking Lake soil.

Indications are that conditions in the Cooking Lake
soil are more condusive to decomposition than in the

. Spruce Grove and Ellerslie soils. The value for carbon
.

lost through respiration is much higher in the Cooking
Lake soil than that for the other two soils. One reason
for this may be the inherently higher amount of carbon
in the Cooking Lake :séil which could be supporting a
microbial community that is more active than in the
other soils and therefore able to take advaﬁtage of the
new additions of carbon. Although the high values for.
total carbon in the Cooking Lake soil can partially be
;ttributgd to coal flecks some must also be attributed
to organic sources of carbon which can be utilized by
microorganisms. The facts that total organic carbon
declin;d and the value for loss of ‘carbon through
respiration is higher than carbon not recovered ffom the
grass, both indicate that carbon already present in the

T

soil was decomposed.
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?

{Total Carbon Added in Grass 2820} —#{Recovered 1218 |

[0riginal Soil Carbon(Non-evtractabie) 1020| |[Not Recovered 1607 |

|Gross Carbon 2622 |
|[Extractanle 125]| Non-extractable 1457 JLost 1040]
Net Increase 437
A
y .
|fFree ¢ |Clay-bound _ o} [Residual 125| |Leached 9| |Respired 1031|
|Fiha1 Soil Carbon 1591 Netf 571|

COOKING LAKE

|Total Carbon Added in Grass 2350 ——#{Recovered 9802 |

l0rhginal Soit Carbon(Non-extractable) 8530| |Not Recovered t1ddg)|

|Gross Carbon 100358 ]
|Extractable 305| Non-extractable 8148 |Lost 1592|
' Net Decrease 442

y_ v

, v
|Free o |clay-bound O] [Residual 305| |Leached 8| |Respired 1534 |

[Final Soil Carbon 8446  Net ¢ 144]

-ELLERSLIE

|Total Carbon Added in Grass 2350 |—s{Recovered 1136

|Original Soil Carbon{Non-extractable) 3575| |Not Recovered 1214|
2 v

|Gross Carbon 4789}
JExtractable 80| Non-extractable 3823 |Lost 886|
Net Increase 247 .

v v

|Free 0] |Clay-bound 0| |Residual 80| |Leached 4| |Respired 882]

|Final Scil Carbon 33903  Net ! 328]

Figure 12:Carbon balance for the controls(Treatment 1)
(carbon in total mg.-calculated on mass basis)
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A scenerio different from that which exists for the
Cooking Lake soil was found for the Spruce Grove and
Ellerslie solls. Unlike the Cooking Lake soil a
significant net increase in soil carbon resulted from
the addition of carbon(grass) to the Spruce Grove and
Ellerslie soils. The fact that losses of carbon through
respiration in these two soils are lower than that for
the Cooking Lake soil as well as being lower than values
for carbon not recovered from the grass inaicates that
decomposition does not proceed as rapidly in the Spruce
Grove and Elierslie soils. In addition much of the
increase in net soil carbon in these two soils can be
attributed to the increase in the non-extractable
component. This component most likely consists of
resistant and non-decomposed organic materials (such as
fragments of litter washed down into the sdil) since the
extraction procedure used would not recover such
materiéls.

When comparing Ellerslie to the Spruce Grove soil,
the former has a greater potential for favouring
gecomposition. ‘Although the .absolute value for carbon
respired is lower in thé Ellerslie soil, when it . is
taken as a percentage of carbon not recovered from the
grass, it is clear that more of the added carbon was
fespfred in the Ellerslie so0il(73%) than in the Spruce
Grove s0il(64%). When data for . the increase in

non-extractable carbon are treated similarly the
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peréentage' values are 20% and 27% for the Ellerslie and
Spruce Grove soils respectively. Therefore, of the
carbon added, relatively more was respired and less
added to the non-extractable component in the Ellerslie
compared to Spruce Grove soil. Values arrived at in a
similar ‘fashion for the Cooking Lake soil where
decomposition is highly favoured are 30% for net
iﬁcrease in the non-extractable component and >100% for
respiration. The latter value exceeds 100% since carbon
alreadly present in the soil was decomposed.

Thus ; sequence 1is established for conditions
favourable to decomposition according to soil type.
Conditions in the Cooking Lake soil highly favour
decomposition, followed by the Ellerslie soil and lastly
the Spruce Grove soil where. conditions are least
favourable to decompositibn. Th%s trend is. also
reflected -in the difference among the C:N ratio of the
soils where no grass was added(Treatment 5) 'and graés
was added(Treatment 1)(Table 16). In the Cooking Lake
soil the C:N ratio is 7.2 units "lower in Treatment 1
than in Treatment 5. 1In the Ellerslie soil it is 1.3
units lower in Treatment 1, while in the Spruce Grove
soil which least favours decomposition the C:N ratio is
3.4 units hnger in Treatment 't than in Tréatment 5.

All three soil types are very similar in respect to
the diStribption of extractable carbon(determined as

v
glucose equivalents) in that all of the extractable



Table 16:C:N r

Treatment

5

#C:N ratio's for this soil appear unusually high

Part

unaléered
soil

unaltered
soil

unaltered
soil

tunnel
linings

faecal
pellets

unaltered
soil

tunnel
linings

faecal
pellets

unaltered
soil

tur.osl

"~ linings

faecal
pellets

Spruce
Grove

6.2

15.8

11.4

13.9

Soil Type

Cookingx
Lake
24.9
17.5
19.6
16.8
15.0
22.6
20.5
17.9
24.2

20.1

15.2 ~

due to the presence of coal flecks in the soil

203

atios of parts according to soil
type and treatment.

Ellerslie
12.2
10.9
10.2
10.4
10.8

11.3

10.0

10.2
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carbon is in the residual componenﬁ and none in the free
or clay-bound components. The valu; for the Cooking iake
soil is higher than those for the Spruce Grove and
Ellerslie soils. This probably reflects‘%bntributions to

the residual component from carbon already present in

the Cooking Lake soil.

4.3.4.2 Octolasion tyrtaeum and Aporrectodea
turgida(Treatment 2)(Fig.13) |

The  presence of geophages increased.thé disparagy
between trends for carbon balances in the three soils
discussedr for Treatment 1(Fi§. 12). In all three soils
less carbon was recovered from\ the grass than 1in
Treatment 1. The additional carbon ﬁot recovered was
greatest for the Ellerslie s0il(512 mg) followed by
Cooking Lake(434 mé) and Spruce Grove(368 mg) soils.
Although additional carbonlwas not .recovered - for all
three soils highe? respiration losses were reflected
only in Ehe Cooking Lake and Ellerslie soils.

In the Spruce Grove soil the value for carbon lost
to respiration remained about the same as in Treatment
1. The majority of carbon increase in the soil is in the
non-extractable component, whiiezthe amount of carbon in
the extractable 'component is slightly 1lower than in
Treatment 1. These data indicate that. although more
éarbon‘ was added to the Spruce Grove soil in the

presence of the geophages, this did not have an

"'accelerating influence on decomposition. The C:N ratio
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SPRUCE GROVE

|?ota1 Carbon Added in Grass ZSEOF——O{RecovePed 850|

{Original Soil Carboh(Nen-extractable) 983| |Not Recovered 1970]|

|Gross Carbon 2953}
|Extractable 71| Non-extractable 1822 |[Lost 1060]
Net Increase 839
[Free 7] |clay-bound 28| [Residual 36} |Leached 14| |Respired 1046}
[Final Sc1) Carbon 1907 Net % 925
.

COOKING LAKE

-|Total Carbon Added in Grass 2350|—# Recovered 458|

|original Sosrl Carbon(Ncn-extractable) 8366| |Not Recovered 1882]

|Gross Carbon 10248 |
|Extractable 396| Ncn-extractable 7602 [Lost 2250]|
: Net Decrease 764

y
|Free 32| ‘|Clay-bound

67| |Residual 297| |Leachied 7| |Respired 2213]|

|Final Scoil Carbon 7998  Net y 368]

ELLERSLIE

|Tota) Carton Added in Grass 2350 }—#{Recovered 62.]
)

|original Soil Carbon(MNon-extractable) 3581] |Not Recovered 1726]
v

|Gross Carbon 5307 |
= |Extractable 85| Non-extractable 3155 [Lost 1067]|
) Net Increase 574

v

71 |Residual 50| |Leached 10| |Respired 1057|

y
|Free 28| |Clay-bound

|Final Soil Carbeon_ 4240 Net?t 659}

Figure 13:Carbon balance for scils in the presence. of
0. tyrtacum and A, turgidal(Treatment 2)
(carbon in tctal mg.-calculated on mass basis)
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-of the unaltered soil in Treatment 2 is higher than that
for the soil in Treatment 1(Table 16). Even though the
C:N ratios of material which passed through th~ gut of
the earthworm(faecaltvpellets,tunnel linings) are lower
than that of the soil part they are not reduced much
beyond the C:N ratio of the soil in Treatment 1(Table
16). T

A major difference between Treatment 2..and
Treatment 1 for the Spruce Grove soil exists in the
nature of the extractable carbon. Although the total
amount extracted is slightly lower than for Treatment 1
some of the carbon is present in the cla?-bound and free
components, | |

Thus some net benefits to the Spruce Grove soil
were brought coout by the presence of the geophages.
More organic carbon was introduced to the soil than in
Treatment 1. The C:N ratio of material ingested ‘by the
earthworms was lowered to a similar level which existed
in Treatment 1. Some carbon was stabilized through
binding with dlays which was not evident in Treatment 1.

Carbon.accumulated in Treatment 2 of the Ellerslie
soil in a similar fashion to the Spruce Grove soil but
decdmposition is favoured slightly more in this soil.
Although carbén lost’ to respiration in the Ellerslie
soil is about the same as for the Spruce Grov; soil(Fig.
13) this represents a‘higher‘loss relative to Treatment

1 for the Ellerslie soil(Fig. 12). The majority -of
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carbon added to the Ellerslie soil 1is present in‘ the
non-extractable component(Fig. 13) but the C:N ratio of
the unaltered soil 1is maintained at a significantly
lower 1level than in Treatment 5 and at a slightly lower
‘level than in Treatment 1(Table 16). These data indicate
that the presence o0f geophages in the Ellerslie soii
resulted in similar accumulations of carbon when
compared to the Spruce'Grbve soil and also suggests that
decomposition was accélerated over that. which occurred
in the absence of geophages(Treatment 1).I

The aifference,in the nature of extractable carbon
evident in the Spruce Grove soil was also evident in the
Eilerslie soil. Although similar amounts of carbon were
extracted from the soil where geophages were and were
not present clay-bound and free componen;s of <carbon
were found only in the présence of the geophages..Mofe
 clay-bound carbon was-exfracted from the Spruce Grove
soil(Treatmenf 2) than the .Ellerslie soil. This may
reflect the fact thatvgeophagés ingested a larger volume
of soi1l 1in the Spruce Grove soil than in the Ellerslie
soil(Table 17) thus inéreasing the prbbébi&ity for
contact between organic and inorganic soil constifwents.

The r%sponse'of the carbon balance for Treaté%nt 2
in the Cooking Lake soil was very different fgom that of
the other two soils bﬁt followed the trend established
in Treatmént 1. Although more carbon was not recovere&\\\\\

from the grass in Treatment 2 than Treatment 1 there was
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Table 17:Volume(cm?®) of soil
‘ ingested by earthworms.

Treatment Number

Soil

Type - 2 3 "4
Spruce 101 157 222
Grove
Cooking 74 157 335
Lake

Ellerslie 53 50 113

- a higher loss of carbon through respiration. The fact

that carbon lost through respiration(Treatment 2)

exceeded the value for carbon not recovered from the

&~

~grass and that carbon in tﬁej'non—extractable component

decreased significantly supports the earlier sﬁatement
that not ogly carbon from the grass was decomposed but
also carbon alreadly present in the soil was lost. The
collective result of this increased bielogical activity
was a net drop in total soil carbon. The C:N ratios of
parts in Treatments 1 and 2 for the Cooking Lake soil
exhibit the same trend as the Spruce Grove soil(Table
16). The C:N ratio for the unaltered soil material in
Treatment 2 is ‘higher than that for Treatment 1 while
those for seil which was ingested by the earthworms are
lower. The major difference lies iﬁ the fact that all of

the C:N ratio's for Treatments 1 and 2 are significantly
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lower than tha£ for Tgeatment 5 'for the Cooking Lake
soil while they are all higher than Treatment 5 for the
Spruce Grove soil(Table 16).

The fate of extractable\carbon in the Cooking Lake
soil was similar to\ that of the other two soi}sﬁ
Approximately the same amount of carbon was extracted
from the soil in Treatment 2 as in -Treatment 1 but
carbon was present in the clay-bound and free components
in Treatment 2. |

In general all three soil types benefitted by the
presence of tﬁe geophages. In all caées the absolute
amount of carbon extracted ;rom the same soils where
geophages were present(Treatment 2) and absent(Treatment
1) showed 1little difference but there were differences
in the nature of the extraéted carbon. There was carbén
extracted in the free and élay—bound component where the
geophages were‘present'whéreas no carbon was founhd in
these components in their absence. .

@ In thfs study thé clay-bound compénent is of' great
interest since it is important to stabilization of soil
organic matter and soil structure. In vthis regard the.
Cooking Lake soil appeared to ;eceive the greatest ﬁet
benefit iﬁ terms of the absoluﬁe amount of clay-bound
carﬁon extracfed. This benefit is somewhat devalued when
the efficiency of the carbon balanée is exémined. The

high 1loss of carbon'through respiration in the Cooking

Lake soil relative to the others resulted in a 1loss of
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carbon to the system whdchr would never be recovered.
Althouéh the absolute\amouht of carbon in the elay—bound
cemponenﬁ is highest for the Coqking Léke soil it
represents a relatively small(17%) proportion of the
carbon extracted  indicating a low efficiehcy for
stabilization of carbon.

The Spruce Grove soil,von the other hand, ' received
a smaller net benefit in terms of the absolute amount of

NG

carbon stablllzed but was more eff1c1ent in terms of the

carbon balance. Respiration losses were no higher than

in the control(Treatment 1) and a high proportion of the
extractable carbon was stabilized(36%). The tot%l carbon
in the Spruce Grove soil  increased significahtly.
Although this - carbon exisfs mainly_’ in . the
non-extractable componeht\at it was retained in the soil
and could be available over the long tefm for future
stabilizafion. \.

The Ellerslie soil appeared to behefit the least of
the three soils by the presence of the ge;phageé Loss

of carbon to resplratlon was slightly higher than in the

control(Treatment 1) and the proportion of carbon

extracted in the clay-bound component was the'16west’forf”

all three soils(7%). However, the net increase in total

soil carbon can be viewed as a benefit since it v~s
&

retained in the soil and would be available for future

|

utilization. \

yg

O



4.3.4.3 L.terrestris{Treatment 3)(Fig.14)

The different trends established for the carbon
"balance between the soils in Treatment 1 and accentuated
by the presenée of the geophages are very strongly
expressed in thev~prqsehce of L. terrestris. This is
attributed to the feeding habit of L. tedPeStﬁis; Grass
added to the columns was pulled beneath the soii
surface; L. terrestris interacfed with primary
‘decomposers(mainly fungi-Section 4.3.3); and a lérger
volume of soil was ingested by L. terrestris than the
geophages (Table 17). The majority of carbon -added as
grass was not fecovered in all three soils reflecting
the feeding habit of L. terrestris. Although no
significant difference existed in the amount of grassv
nbt recovered between the different soils, distinctly
| aifferent patterns for the.cgrbon balance resulted form
the interaction of L. terrestris with soil type. |

In the'presence of L. terrestris the carbon balance
in the Sprhce G;ove soil was ‘highly efficient in
stabilization 6f organic&matter. Loss of carbon due to
'r¢$piration was reduced by .nearly 80% relative to
Treatménts' 1 and 2. Signifiéantly more carbop was
extfécted from this treatmeﬁt than any other for the
Spruce Grove soil and of this éarbéh 88% is present in
the clay—bouhd component.l/The ‘net increase in soil
carbon 'is more than double that of Treatment 2. AltHough

the majority of this carbon is in the non-extractable

<
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SPRUCE GROVE

. |Total Carbon Added in Grass 2820 —#{Recovered 161|

|original Soil Carbon(Non-extractable) 3717| |Not Recovered 2659|

|Gross Carbon 6376
v
|Extractable 517] Non-extractable 5619, [Lost — 240]
Net Increase 1902

‘|Free 40| |Clay-bound 456| |Residual 21| |Leached 9| |Respired 231]|

[Final Soil Carbon 6145 Net T 2428]| -

COOKING LAKE

|Total Carbon Added in Grass 2350} —=#{Recovered 168]
¥

|Original Soil Carbon(Non-extractable) 42168| [Not Recovered 2182|
v

|Gross Carbon 44350 |
|Extractable 1784] Non-extractable 37542[ |Lost 5021

Net Decrease 4626

}Free 433] |Clay-bound 39| |Residual 1312] |[Leached 16] |Respired 5005 |

|Final Soil Carbon 39329  Net +2842]

ELLERSLIE °

|Total Carbon Added in Grass 2350 —#|Recovered 153]

Joriginal Soil Carbon{Non-extractable) 18770| |[Not Recovered 2197]
. )

|Gross Carbon ' - - 20967 |
|Extractable 43i| Non-extractable 17301 |Lost 3235].
Net Decrease 1469

|Free 254| |Clay-bound 134| |Residual 43| |Leached 8| |Respired 3225]

|Final Soil Carbon 17732 _ Net y 1038]|

Figure 14:Carbon balance for soils in the presence of
L. terrestris(Treatment 3)
(carbon in total mg.-calculated on nmass basis)

~
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coﬁponent it is retained 11 the ~soil and would be
available for future wut. .zation. The higher C:N
ratios(Table 16-faecal pellets), lower 1loss of carbon
due to respiration, and greater increase in .otal carbon

I relative to Treatment 1 and 2 indicate that
decomposition was retarded in the Spruce Grove soil in
the presence of L. terrestris. This may be attributed to
the control = L. terrestris has over the primary
decomposers(éspecially fungi) as discﬁssed in Section
4?3.3. The reﬁérdation of decomposition when L.
terrestris wa's pfesent to bring 1inorganic and organic
constituents into’ intimate - contact proved highly
beneficial \to thé Spruce Grove soil. The absolute
guantity of extractable carbon was highest for the
Spfﬂae'Grove scil in this treatment and the majority of
this carbon was present in the clay-bound component and
therefore stabilized.

The Cooking Lake soil responded'very differently to
the presence of L. terrestris. The 1loss of carbon to
reséZration was considerably higher than that from the
Spruce Grove soil(fig. 14) resulting in a significant
drop in total soil carbon. Althcugh the total
extractable carbon was highest for Eﬂfs particular soil

5&énd treatment only a small proportion(2%) of it is in
the'clay—boand component. Thus, the presence of L.

terrestris in the Cooking Lake soil led to greater

decomposition than in the  other treatments(higher
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respiration, greater drop in total «carbon) but 1little
net benefit to the soii since a very small quantity of
the extractable carbon was stabilized.

The Ellerslie soil responded entirely different
from the other two Soils. to the presence of L.
terrestris. Decomposition was enhanced .over that which
occurred in Trea‘ments 1 and 2 although not as
dramatically as the increase in the Cooking Lake soil.
Carbon lost to respiration was higher for the Ellerslie
soil in the presence of L. terrestris than in Treatments
1 or 2 but not as high as that observed for the Cooking
bLake soil. The first decrease for total carbon was
observed in the Ellerslie soil but again this decrease
1s not as great as that in the Cooking Lake soil.

" The e;hanced decomposition in the presence of L.
>tePPeStPfS in the Cobking Lake and Ellerslie soils but
not the Spruce Grove soil may be due to interactions
“with the decomposer organisms. in the Cooking Lake and
Ellerslie soils L. terrestris was able to ehriéh the
soil with anaerobes(Fig. 10) and maintain viable fungal
decomposers(as described by Lodha(1974) and discussed in
Section 4.3.3) while they were not able to do so in the
Spruce Grove soil. Assays for acetylene reduétion by
Spirillum enriched in the tunnel 1linings of L.
terrestris indicated that ethylene production by these
bacteria 1is much‘ higher in the Cooking Lake than

Ellerslie or  Spruce Grove soils(Appendix IX).
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Contribution to soil nitrogen by nitogen-fixing
Spirillum enriched in the presence of L. terrestris may
be important to the accelefated decomposition observed
for the Cooking Lake soil.

This  accelerated decomposition proved more
beneficial to the Ellerslie soil than the Cooking Lake
soil. Total carbon did not decrease as much in the
Ellerslie soil while a higher prdportion(31%) of the
extractable carbon 1is present .in the clay-bound
component of rthe Ellerslie soii as éoméared to Cooking
Lake(2%). The fact more carbon was stabilized in the
Ellerslie soil than the Cooking Lake soil may result
from the presence of. a higher percentage ‘'of smectite
clay(Table 18) which would be more active in binding
with organic constituents than other clay types present
in these soils.

Table 18:Percent of smectite clay preseﬁt in the

parent materials of the Spruce Grove,
Cooking Lake and Ellerslie soils,

Soil %clay % of clay % of soil
Type - smectitex smectite
Spruce 5 60 3.0
Grove
Cooking 35 33 11.5
Lake
Ellerslie . 33 - 60 19.8"

*references

Spruce Grove - Pawluk et al.(1982)
Cooking Lake - Abder-Ruhman(1980)
Ellerslie - Sandbourn(1981)
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4.3.4.4 Octolasion tyrtaeum,Aporrectodea
turgida,Lumbricus terrestris(Treatment 4)(Fig.15)

Benefits accrued to the Spruce Grove soil from L!
terrestris acting alone were lost when the geophages
were permitted to co-exist with L. terrestris. 1In fact
net benefits to the soil in terms of stabilized organic
-matter are less than where either ecologiéal group was
active in the soil alone. Loss of carbon to respiration
is significantly higher than that in Treatment 3 but
remainedi lower than that in the control or where'only
geophages were active. Total extractable carbon is the
lowest fof any of the tréatments in the Spruce Grove
soil and a very small qua%tit? of this 1is present in the
clay-bound component. Total soil carbon increased by an
amount similar to that in Treatment 3 but the majority
of thiék is present in tﬁe non-extractable component.
Thus net benefits that accrued to the Spruce Grove s6il
in the presence of both ecoiogical groups of earthworms
were minimal. A négligable amount of carbon was
stabilized and the majority of carbon introduced to the
soil through the withdrawal of graSs by L. terrestris
likely remained in a relatively unaecomposed state as
part of the non-extraétable component.,

Loss of carbon through respiration was lower for
both the Cooking Lake and Ellerslie soils where both
ecological groups were present, but higher where the

geophages were active alone when compared to Treatment
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SPRUCE_GROVE

|Tofal Carbon Added in Grass 2820} Recovered 173|

|0riginal Soil CarboniNon-extractable) 3678 |Not Recovered 2647 |

|Gross Carbon : 6325]
|Extractanie 23| Non-extractable 5581 fLost 721}
Net Increase 1803
] v v
|Free 3| |Clay-bound 4| |Residual 10| |Leached 8| |Respired 713|

[Fanal Scil Carbon 5613 Het T 1934

COOKING LAKE

[Tetal Carbon Added in Grass 2350 —® Recovered 86 |

|original 5071 Carbon(Non-extractable) 41221| |Not Recovered 2264
|Gross Carton 43385 -
|Extractabie 975/ Non-extractable 39944 |Lost 2566 ]|
Net Decrease 1277 )

v

v
|Free 394| |Clay-bcund 116] |Residual 465| |Leached 15| |Respired 2551

[Final Soil Carbon 10919 Net ¥ 302/

ELLERSLIE

|TotaT Carton Added in Grass 2350 —e|Recovered 212]

Origina¥ Soil Carbon(Non-evtractable) 18487| |Not Recovered 2138

|Gross Carbon- 20625
|Extractable 43| Non-extractable 17846 jLost 2336
Net Decrease 641

\o s

[Free 27| |Clay-bound 367} |Residual 49} |teached 7| |Respired 2333]

[Final Soil Carbon 18289  Net v 198|

Figure . 15:Carbon balance for soils in the presence of
0. tyrtaeum, 4. turgida
and L. terrcstris(Treatment 4).
(carbon in total mg.-calculated on mass basis)
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3. This resulted in a net decrease in total carbon for
both soils although the decrease ig small in the Cooking:
Lake soil and likely insignificant in the Ellerslie
soil. Both soiis benefitted 1in terms of stabilized
Orgdgic matter where. both ecological groups were
prese;t; but the benefits to the .Ellerslie soil by far
exceeded those” to the Cooking Lake soil. The absolute
amount (367 mg) and proportion of the extractable
carbon(83%) in the clay—bound‘component in the Ellerslie
soil was far greater than similar values for the Cooking
Lake séii(116 mg, 18% respectively). Although similar
scenarios existéd in the two soils in regards to carbon
not recovered from the grass, loss of carbon through
respiration and decline in tota%J soil carbon, more
extractable carbon was stabilizéd'én the Ellerslie soil.
This may be attributed to the diffe;ence between the
soils in regards to- the quantity of smectite clays

present which is much higher - in the Ellerslie than

Cooking Lake soil(Table 18).

\
N

4.3.5'Summary

The traditional_ viewpoint regarding earthworms and
decomposition is that earthworms ingest and mix. litter into
the soil and by' doing so increase the avéilability of
substrates to microorganisms which 1in  turn increase in
ﬁumber so that decomposition -broceeds more rapidly t&%n

where earthworms are absent. Data presented here indicates
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that such a viewpoint is too simplistic and that a wvariety
of factors must be taken into consideration when evaluating
earthworms and their role in decomposition. Some ‘of these
tactors include the species of earthwofm and how it
functiohs‘ecologically, how it feeds and interacts with
decomposer organisms and the nature of the soil inwhich it
exists. In this study where two ecoloéical groups of
earthworms;' alone and in conjunction, were active.in three
different soil types, wide ranging responses in terms of
carbon balance occurred. These responses were linked to the
aforementioned factors although.other factors, as yet not
congidered, are probably important as well.

All three soils benefitted to some degree in regards to
stabilization of organic matter when earthworms were
present. In every case where earthworms were present some of
the extréctable carbon was ~present in the clay-bound
component while in all of the controls(Treatment 1) carbon
was absent in the clay-bound compbnent.

In this study the sandy loam .textured soi/l (Spruce
Grove) Dbenefitted the most when L. terrestris was actjive in
the soil alone. The absolute amount (456 . mg and
proportion(88%) of extraétable carbon in the clay-bound
component for this soil was higher than for any other
treatment while losses:- of carbon to respiration were
lowest (231 mg).vRetarded decomposition which may have been
bfought about by the control of ' decomposer

organisms(fungi,anaerobes) by L. terrestris favoured
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stabilization of organic matter in the Spruce Grdve soil.
Where decomposition proceeded,more rapidly(Treatments 1,2,4)
less carbon was stabilized and more cafbon was lost to
respiration.

The Ellerslie soil(SiCL) benefitted the most when both
ecological groups ©of earthworms were present(Treatment 4).
The higheét amount (367 mg) and proportion(83%) of stabilized
carbon was present in this treatment while the loss of
carbon to rerirgtion_ was intermediéte to those in
Treatments 2 and 3. Decomposition was eﬁhanced in the
Ellerslie soil in the presence of both species of ear£hworms
over that which occurred in the similar treatment -for the -
Spruce Grove soil. The enhanced decomposition in the
Ellerslie soil was ‘attributed to the ability of the
earthworms to propagate microorganisms. Unlike the Spruce
Grove soil accelerated decomposition in the presence of both
‘groups of earthworms led to greater stabilization of organic
»matter in the Ellerslie soil. This +hay result from the
higher percentage of smectite clays present.

Although some extractable carbon was stabilized in each
treatment where éarthworms were present in the Cookingb Lake
soil the amounts and proportions were not as high as those
achieved in the Spruce Grove soil-Treatment 3 and the'
Ellerslie soil-Treatment 4. Decomposition was enhanced by
the presence of earthworms in all cases in the Coéking Lake
soil as indicated by higher respiration losses of carbon- and

lower C:N ratios than in the control(Treatment 1). Although
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decomposition was enhanced in Treatment 4 of the Cooking
Lakc soil as was the aaéé for Treatment 4 for the Ellerslie
soil a much lower amount(116 mg) and proportion(18%) of
extractable carbon was stabilized. This may reflect the
lower percéntage of smectite clays present in the Cooking
Lake soil relative to the Ellerslie soil. When assessing the
tafal benefit to the soil, indications are that the Cooking
Lake soil benefittea the most where the geophages were
active alone. Although more carbon was stabilized where both
ecological groups were present this was also the treatment
where extrémely adverse structure was ‘ observed(Section

4.2.1).
4.4 Earthworms .and Soil Chemistry

4.4.1 Introduction
Routine chemical analyses were performed on

parts(unaltered soil,tunnel linings and faecal pellets)
dissected from the soil columns. These .data are presented in
Tables 19-21, 1In addition the grass recovered- at the
termination of the experiment fnfm Treatments 1 and 2 was
analyzéd'for the amountbof Ca, Mg, Na and K present in orderp
to determine their loss. fhese data‘are presented in Table
'22. A similar analysis was not done on the grass recovéred
ffom Treatments 3 and 4 because of the small sample size

available. Leachates were analyzed for the same elements as

well as for the concentration of soluble inofganic carbon

.
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and pH(Appendix VIII). CollectiVeiy these data provide a
basis for a cursory examination of the role of earthworms in
cycling of Ca, Mg, Na and K. On account of the general
nature of the analyses and the fact that this- was a
secondary objective Qf the study, the 'data will not be
discussed 1in detail. Primarily, the data helped to indicate
‘areas for potential further research. The nature of the
analyses was not detailed enough to permit interpretation ofT
the origin(organic vs. inorganic) of elements 1lgst through
leaéhing although some inferences can be drawn on the basis

of the collective data.

4.4.2 Total Exchange Capacity(TEC)

The values for  total exchange capacity for the
unaltered soil from all tgeathents and soil types are not
significantly- different(Table 19). The total exchange
capacity 1is significantly Higher in the faecal pellets of
earthworms than in the unaltered soil and tunnel linings in
the Cooking Lake and Ellerslie soils(Table 20). The value
for TEC in the faecal material from the Spruce Grove soil is
also higher than the wvalues for the tunnel linings and
~unaltered soil but the difference is not statistically
significant. The amounts of e;tractable Ca(Ellerslie and
Spruce. Grove soils—Table‘21) and exchangeable Mg and K(Table
20) are also highest in the faecal material. B

The higher values for TEC in the faecal material of

earthworms may  result from the - presence of - high
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7

Table 22:Percent Loss of elements from the grass
added to the columns(Treatments 1
gnd 2) for all soil types.

Treatment Number Significantly Diffe, 1t
Element 1 2 (P=.05)
Ca 4 32 K3
Mg 43 64 iE:
Na 86 79 No Sig. Diff.
K 72 87 : (1)
¥

(1)Data provided for the Ellerslie soil only,
No significant differences were found for
the other two soil types.

concentrations of organic ﬁ;tter(% Organic Carbon-Table 20)
as well as colloidal inorganic matter(observed in thin
section). The fact that the sfénificahtly higher values for
TEC 'occurred only in soils containing a high percentage of
clays suggdests thét‘ colloidal inorganic matter may be
contributing significantly to the increase in total exchange
capacity.

An attempt was made to guantify the content of
colloidal inorganic matter -in the faecal pellets and cohtrol
soils but  no consistant"results were. obtained. This, in
part, was the result of the small samp}e size available for

analysis.

4.4.3 Calcium
Interpretation of data for calcium 1is complicated by
the = fact that the parent materials were calcareous

u

(dominantly dolomitic, calcium and magnesium carbonates) and
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that. ®n Treatment 2 losses of calcium from the grass were

significantly - greater than losses from the control(Table

- »
' %ﬁ?;)' Thus, 1t i1s difficult to determine what proportions of

S

/

~ -

Ca- loss occurred through leaching from organic(grass) vs.

dinorganic(soil carbonates) sources.

Data presented 1n Table 21 indicate that extractable
calcium is significantly lower in the faecal pelleﬁs than in
the ,unaltered. soil for the Cooking Lake soil. This likeiy
reflects losses of Cacba from the faecal material sgnce'both
pH - and 1inorganic carbon values are significantly iower in
4he faecal material(Table 20). —

Data for pH and concentration of soluble inorganic

.carbon in the leachates(Appendix VIII) tend to indicate that

reduction of pH 1s associated with an increased rate of
carbonate release from solls where the geophages wére active
alone(Treatment 2). Thié trend is most strongly expressed in
the Spruce,Grbve soil where inherent qsrbgnaté levels and
clay buffering are both low. The concentration of inorganic

carbon in the leachates is initially(2 months) high but this

‘quickly drops ,to nil at the end of 11 months. This loss of

~inorganic carbon occurs concomitantly with a significant

drdp' in pH. A similar trend exists in the Ellerslie

" leachates although it is not as stronglyiexpressed. This is

probably a reflection of the high inherent concentration of
carbonates and the high clay buffering in the Ellerslie soil

compared with the Spruce Grove soil.
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Data for calcium concéntrations in the leachates do not
follow trends which can be interpreted- as having an
association with the release of<*soluble lnorganic carbon
alone. This likely reflects contributions ‘to Ca in the
leachates from the grass.

o

4%\ Magnesium

bata presented in Table 20 indicate the amount of
exchangeable magnesium is significantly higher in the faecal
pellets and tunnel 1linings than in the unaltered soil for
the Cooking Lake and Ellerslie sofls. This likely reflects
contributions from the decomposed and leached grass.
Although a sméll amount may be added from dissolved
inorganic carbonates, more Mg was lost from the grass in the
‘ presence of the geophages(Treatment 2) than in the
control(Treatmenﬁ 1)(Table 22). Data for the concentration
of ‘Mg in the leachates(Appendix VIII) indicates that more Mg
was lost from columns where grass was added(Treétments 1-4)
than from where no grass was added(Treatment 5), regardless
of the presence of earthworms.

In some cases more Mg was lost from columns where [.
terrestris was present(Treatments 3 and 4). This mést likely
reflects";he ecology of the ea;thworm. L. terrestris
constructs permanent, vertically orientéd channels which

would enhance the leaching rate of mobile elements.
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4.4.5 Sodium

The wvalues for exchangeable sodium in the unaltered
soil from all treatments and soil types are not
significantly different(Table 19). At the interaction level
between speéies of earthworm and soil type significant
differences in the amount of exéhangeable Na present
occurred between the faecal pellets and unaltered soil(Table
21). In the Spruce Grove and Ellerslie soils the amount of
exchangeable Na is significantly lower in the faecal
material from Treatments 3 and 4(L. teFPestris present)
relative to the unaltered soil. Lower values for_
exchangeable Na in the faecal material may be related to the
ecological behavior of L. terrestris. Faecal material was
depcosited on ‘the soil surface in close proximity to the
" large, vertically driented channel. When the ‘columns were
leached, ions with high mobility such as ©Na, could be
preferentially leached from the surficially deposited casts,
through ﬁhe_tunnel and out of the soil. High conceﬁtrations
of Ca ions‘likely diSplaced Na ions on the exchange complex
and reléaséd them into the leaching solution. In general the
concentration of Na in the léachates(Appendix VIII) from
Treatments 3 and 4 are highér" than éimila; valueé from
. Treatments 1, 2 and 5.

In Treatment 2 for the Ellerslie and Cooking Lake soils
no significant aifferences in the amount of exchangeable Na
occurred between the unaltered soil and faecal material of

the geophayes(Table 21). The 1loss of Na from the added
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grass(Table 22) and through leaching(Appendix VIII) 1is not
significantly different between Treatment 2 and the control.
These data suggest that the net effect of the leaching
environment created by the tunnelling of the geophages 1is
not significantly different from the control. Although many
channels are formed throughout the soil by the geophages
they are ephemeral and diécontinuous. L. terrestris, on the
other hand, constructs .a permanent, vertically oriented
channel and this.wouid enhance leaching-and loss of mobile
nutrient elements.

Indications are that Na lost through leaching in this
.study originated largely from the grass. High concentrations
of Ca on the exchange complex likely preventedu thé'retention
of Na in the soil. Valdes. for Na concentrations in the
leachates arev frequently‘ highér in Treatment 1(control
+grass) than Treatment 5(control -grass). The concentration
of Na in the leachgtes is even higher in Treatments 3 and 4
than Treatment 1, Qhere L. tePPestFié withdrew grass from

——— Q
the surface into their' channels.

4.4.6 Potassium

Data preSénted in Table i9‘ indicate -there are some
significant differences in the amount of 'exchangeable K
present in the unaltered soil frdm all treatments. ‘Values
'for the. control where grass was present(Tr atment 1)‘are
hlgher than for the control where grass was absan (T.eatment

5). ~Exchangeable K values in the unaltered soil from
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Treatments 3 é&d 4 are about the same as for the control
where grass was present(Treatment 1). Where the geophages
were present(Treatment 2) the valueé for exchangeable K are
significantly higher in the wunaltered .sbil than  for
Treatments 1,3-5.

Earthworms in general, but especially the geophages,
appear to have a unique influence on the nature of K in the
soil. The significantly higher values for exchangeable K in

~the unaltered soil for Treatment 2 1likely reflects the
difficulty in sgparation of the parts when sahpling. An
examination of results  for the parts(Table 20) indicates
that ethéngeable K is significantly higher in the faecal
pellets of earthworms  than in the tunnel 1linings or
unaltered soil. |

The high values for exchangeable K and trends for loss
of K through leaching(Appendix VIII) appear to be related to
earthworms 1lowering the pH of Jthe soil which possibly
results in de-potassification of clay minerals._ This

phenomenon is most strongly expressed in soils where the

geophages were present. Where exchangeable K values are the |

ghghést(faecal pellets-Table 20) pH values are also the
lowest(Table 19 and 20). The pH values of the faecal pellets

from ' the Spruce Grove soil are not significantly lower than

the unaltered soil and tunnel 1linings in Table 20 where

comparisons were made between parts. When data for the
unaltered soil from all treatments for the Spruce Grove soil

are examined(Table 19) it 1is clear that the presence of

-~
v
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earfhworms, and especiigly the geophages(Treatments 2 and
4), has resulted in a sdbstantial reduction in pH. The
significantly lower pH values in Treatméﬁts 2-4 1in the
Spruce Grove and not Cooking ‘Lake and Ellerslie soils
probably reflects the neutralizing influence of inherent
concentrationsg of inorganic darbonates in these soils(Table
20). In the Cookihg Lake and Ellerslie soils carbonates are
present in high concentrations and most likely prevented the
gross | reductions for pH wvalues, 1in the presenée of
earthworms, observed for the Spruce Grove soil.

Results from the leachate analysié indicate that loss
of K in the presence of the g?ophages(Treatmént 2) for all
the soil types 1is significéntly higher than fof any other
treatment (Appendix VIII). The high léss of K over time from
Treatment 2 appears to be related to the declining pH values
of the leachates. -

If K was lost simbly ‘through leaching of the grass
results for K concentrations in the leachates would be
ekpected to parallel those for Na somewhat. This parallel
trend did not occur. A comparison of results for K loss from:
the grass 1In Treatments 1 and 2(Table 22) indicate that a
signifiéantly higher " loss of K occurred only in  the
Ellerslie’ soil where the trend for leaching loss of K is
least stroﬁgly_expressed. |

Although 1inconclusive, these data suggest that the

geophages mayvbe involved in the de-potassification of clay

minerals through theéir influence on soil reaction. Bal(1982)
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wstated. that the geophageous species he studied failed to
establish successful populations in a sandy soil despite
adequate moisture. He speculaﬁed they may require micaceous
and other clay minerals in their diet. These clay minerals
were absent in the sandy textured soil but were present in a
nearby soil where the geophages‘ sgpcessfully established
themselves. To examine this gquestion further in this study,
X-ray diffraction patterns were run on clay separates from
éhe faecal and control soil materials. No conclusive
evidencé for de—potassificatibn of clay minerals could be
observed in the diffraction patterns. Although it was deemed
necéssary to do a total dissolution analysis, 1in order to
deterﬁiné the difference(if it exists) in the amount of K
present betweén the control soil and faecal material, the

size of sample available for such an analysis was too small.

4.4.7 Summary
Although 'it was not a primary oﬁjective of this study
to examine the role of-earthQOrms in the cycling of Ca, Mg,
Na and K, the cheﬁical ahalyses'of the soil, leachates and
grass provides some basic information. The data, although
inconclusive, provide a basis for further research. |
Indications are that earthworms, in general, enhance
the mobilization of° these elementsu“Concentrations of Ca,
Mg, Na and K were generally'higher' in' the leachates from
column§ where earthworms were present.than.in fhe controls.

. : ¢
Although the elements present in the leachates are
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considered losses in this study, they would be available for
plant uptake in a Hatural environment where vegetation is
present. | |

It would  be inappropriate to conclude what the
‘origin(organic vs. inorganic) is of the elements released,.
based on data from this study, although some inferences can
be made. |

Based on data for soluble inorganic carbon, carbonates,
pH and extractable Ca, indications are that ~some Ca is
releésed throﬁgh the dissociation of carbonates where
earthworms lower the sgil pPH. Some Ca. is also released
through the decomposition. of grass.

In thig‘study the congentrations of Mg in the leachates
were highegt where earthworms were present. Indications are
this was the result éf Mg released through enhanced
decomposition of the grass in the presénce of earthworms.

Loss of Na through leaching was also highest where
.earthworms were present. Exchangeable Na was lower.in the
faecal material from treatments where L. terrestris was
present. This was attributed to L. terrestris creating an
environment conducive to accelerated leaching through its
tunnelling 'behaviour. Na, being a highly mobile &on, was
preferentially leached. ‘

Potassium data presented in this section indicates- that
the geophages méy be involved in de-potassification of ' clay

minerals. However, this requires further investigation.



5. SUMMARY AND CONCLUSIONS"

Since detailed summaries are provided at the end of
each section in the Resuits and Discussion this chapter will
include only the major findings of the study in point form,
1. Earthworms <cause 'alterations to soil structure but the

type of changes observed are dependent on the spécies of

earthworm and type of soil involved.
AN a)L.terrestris played a primary‘ role in structure
deyelopment by ‘withdrawing litter from the surface
into the soil and bringing it into intimate contaét
with inorganic components. .
b)b.tyrtaeum and A.turgida(geophages) played a:
~secondary role by ingesting large quanfities of

3

matrix material which was physically altered - and

translocated, resulting in homogenization of the
soil.-
c)A synérgistic effect = occurred where both

ecologicél groups co—existea. Pfoceéses initiated by
LitePPestPis were intensified by the geophages whé'
also transported material modified by L.fePPeStﬁis
into the bulk of the soil. —

d)Significant COntfibuqioné - to organic plasma
concentrations, which . bound:- inorganic soil
‘constituents Eogéther, were made by all speciés;

e)Where a high proportion of clays were present
earthworms  increased the degree of their

orientation.

[ | 235
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)

£)In the silty clay loam soil granular structure
developed in the presence of all species of
earthworms. This was most strongly expressed wtere
both ecological groups of earthworms co-existed.
g)Fusion of the matrix material was  strongly
eapressed in the clay loam soil where both
ecological groups of earthworms co-existed and where
L.terrestris was active alone.

h)Weakly expressed granular structure developed
where the geophages were active in the sandy loam
soil. Fusion af the soil "matrix occurred where

L.terrestris was active alone in the same soil.

The stabilization of soil structure in the presence of

earthworms is related to the concentration of clay- bound
neutral sugars, but not uronic ac1ds in the faecal
material. Where fragm01d1c and granoidic fabric types
developed concentrations of clay- bound neutral sugars in
the faecal material were high, Whare fusion of the
matrix matérial occurred concentrations of clay—béund

neutral sugars in the faecal pellets were low.

The influence of earthworms on decomposition was

»attributed to their regulation of decomposer organisms.

The interaction of earthworm/ spec1es with decomposer
organisms' and soil type/wé;e reflected in significant
differences for carbon bg{ances. |

a)All three soil types benefitted in regards to

stabilized organic carbon in the presence of
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earthworms. -n every case where earthworms wére
present some extractable carbon was present in the
clay—bound' component while in all the controls
carbon was absent from the clay-bound component.

b)The sandy loam soil benefitte?l the most in the
presence of L.terrestris where decomposition was
retarded. In treatments where decomposition was
accelerated in this soil, less carbon was stabilized

and more caidswas lost to respiration. //

C;A}1A5~ ” B3 of earthworms accelerated
decoméd‘h .J Q,:“ silty clay loam soil. This
_"pgé§ed;, = bénéfigsfl, in terms of stabilized
o organic» Céfbo%ﬁ especially wherel both ecological
groups of earth&orgs were present. Enhanced
" stabilization of carbon was attributed to the high
percentage éf‘smectite cléy in this soil-relativeuto
~the clay loam and sandy loam soils,
d)All' | speqies . of earthworms accelerated
decomposition. in the clay loam soil thch proved
non-beneficial in terms of stabilized organic
carbon.
All Species of earthworms enhanced the “mobilization of
Ca, Mg and Na 1in the soil. Leaching losses of these
elements were highest where L.terrestris was pfesent.
This was attributed to the tunnelling behavior of thé

earthworm which is conducive to enhanced leaching. Data

for K suggest that thi geophages may be involved in

~
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de-potassification of clay minerals.
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Appendix 1

" "Earthworm Preservatioh
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Y Earthworm Preservation(Wm. M. . Fender-1982)

S
bR
ok
“lzn

Relaxing - Place the worms in a solution containing 1
part saturated MgSO, solution(epsom salts) to 4 parts
water and leave until they no longer respond to

mechanical stimulus. This should take one to two hours..

- Killing -~ This is best done by dipping the worms

briefly{1 to 2 seconds for the smaller~forms{ up to 20

~
*

',secohdé; for the larger) in Bouin'é picro-formol. They

g
¥

should then be placed straight, but not stretched, on a
flat surface for about one®™ninute. A sheet of paper is

best to absorb excess Bouin's.

tfixing - Place the worms hﬁﬁ?”long @Hfshaped 'Container

N .
,'f,ﬁlled with Lavdozgky Y Flu1d(FAA) a dlssectlng pan

4.

"‘oontainer with fresh FAA.

o | o

elevatéd onvone s1de works nlcely When the ©worms - havea

..) EX

i

_stlffened, put them 1in-a glass tube or other su1tablef

-

T

. .

Preservation - After severalQEburs} overnight will do,

wkeplace the FAA with either 4% Formaldehyde or 70%.

"Ethanol. Formaldghyde must not- be allowed to toahh cork

.or the specimens w1ll be>b1ackened beyond-use.

!

”,
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Y

J BOUIN'S PICRO-FORMOL
*Picr%@LAcid, saturated ;queous solution’ 75 parts
Commerc1al Formalln - 25 parts
Acetlc Ac1d glacial | » 5 parts
.:y ‘

*Picric acid 1is explosive when perfectly dry, but iS‘safe/'

e //
4

when stored as a saturated solution. It is not necessary

that all of the solid diSSo%%e,‘as long as it is wet.

}1 P )
v "
*LAVDOWSKY S FLUID(FAA) ‘ L o
X S o
L. A : - Eoge e
Formalln N e . e . 10 parts .
%ﬁ , E 'WJ ) . @ o
95% Ethanol ,. o >+7 50 parts
Acetic Acid, glacial . o o 1 part ‘|
A o Cow T e A .
;Water . Lo Qﬁﬁ%g:- N © 40 parts
o ’ AR o TETS " ) . . ’"h." - .
. , ; -’g - o
XK fﬁ&
xmodified
2 *
B |

Ik
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-

’ Spec1es Identification on Subsamples
from Collectlon Slte .

‘T»‘wg". , e « 1} ; e .
SAMPLE NO. : SPECIES ‘ MATURITY = i
1 LumbrReus sp.(terrestris) *aclitellate
2 Lumtagicus terrestris mature
3. Aporrectodea sp. . . immature
4 Lumbricus terrestris mature
.5 Lumbricus sp.(terrestris) > aclitellate
6 Lumbricus terrestris mature
7 Lumbricus terrestris +g.  young adult
B . Octolasion tyrtaeum " mature
9 Octolasion tyrtaeum mature
10 Octolasion tyrtaeum mature
11 Aporrectodea turgida ‘ mature
, 12 Octolasion tyrtaeum matudre
N 13 Octolasion tyrtaeum ' mature
14 Octolasion tyrtaeum , mature
oo 15 Octolasgion tyrtaeum mature
& 16 . - Aporrectodea turgida* mature
17 Octolasion tyrtaeum o mature
18 Octolasion tyrtaeum o mature-
19 Octolasion tyrtaeum o mature
20 . Octolasion tyrtaeum ‘ " 'mature
21 Aporrectodea turgida © aclitellate .
22 Octolas;an tyrtaeum o - mature
23 ; mature
24 mature e
25 aclitellate L

K

PERCENT OF ‘LARGE AND SMALL WORMS REPRESENTED BY EACH SPECIES

ey f
PRI

LARGE/SMALL WORMS ~ SPECIES : PERCENT

" o

LARGE WORMS tennestnis 100

k. ‘ir/] )
on. tyrteu 78

" SMALL WORMS s ‘
. Aporrectodea’ tuﬁgtda . 22

| /o
- .
*aclitellate:no”

@Etellum,prerepfodUctive'adult.‘
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Appendix I1II

1
A

Soil Moisture and Tempkrature for Cooking Lake,“
Ellerslie and Spruce Grove Columns

263



264

n
e -
- o} R
N .w, : ' -
’
; -
) . ~€ T \mlv. o° .
S°9 v oy S [ 3% 4 z8/8¢ aunp S L 8 0t g Ll - T T8/8T wep - |
0’9 v ee - v cie §°9-. l-ge v RN L
09 9-ce £ [4%4 '8 €°'0€ £ L9 . '
0'8 .89t z 4% . oL (NS z Y )
042 iRy Bep b ziz z8/8C " Jel 5L, RN ' 49 . +8/8T° 320 ;
et g : . % e D .
- TS - g 961 z8/44 Bunp T - gH v Op g Togp z8/41 uep
09 v EE 14 SE1 . 8" : t av % ’
0-9 9°ze € 564 o £ . . .99 )
08 6" 8¢ z S64 g z 9 Ny ¥
oL S'sy b S64 z8/41 " Jen o} ' 14 _8/€1 320
59 v ov [ z8i z8/8z Aew g° S ze +8/6C 088
oL | "EE v sgi o v LE -
oL (4> £ o G581 0 € 1E .
08 L' GE 4 g8} o' z tE W -
0°¢ o' by } G81 z8/1 " Jey o ; IE © 18/8T 3das s
z's v Oop S g9l z8/41 Aey - A .0 g vl 18/11 " 28q
0's 6 it 14 L9} 0L I eT> v vl v N
0°9 € te € L9} S 9 L'82 £ J B
o's © - VLE F4 L9} - z:6 o6t [4 i oo .
S°L . 1 gy 3 L9} Z8/1+ a4 z'6 €8¢ i A . +8/1)3deg
59 v oy S £G4 z8/8z ‘uJdv * - L LE s b 18/8Z AN
0L S €€ v €St , S L L 8T v b : =
0’9 g 1e . £ £G} oL 8°LT £ b
‘08 v ag z €S} L 086 1AR:1> T o ) L
086 S Gy b £G} z8/8z "uep S'6 Lo LE i } 18/6Z " Bny
(20) IUNLSTONW JIGWNN (SAVA)IWIL . . (9,) 33NLS 10N YIGWNN  ~ (SAVA)3WIL
"dW3l -, IN3D33d NWN102 IAILVINKND arva ‘dW3L - IN3D¥3d NKNI0D  3AILVINWND 31va

] ‘sSuun|od axe Butjood ayy ui |jos K
e a ayy mOﬂ&Ueme:vmeQEmw pPue (%)aunision:cz a(qey

B . 3 .

s



265

. e
~~WOwo

‘W00 0O 00000
O~Ww YW

Nnooow
wr~ww

v

3

Qoo
R 0O

~

m
%

BN

-5

[ANei4
v EE

¥ Oop
L EE
B8°CE
Sy
9°9¢y

IYNLISION

1N3IJ¥3d

~ NN —oNoM TN TN M T W

~ONM T

ECL I
NWNT0D

SLT
vLT
vLiT
1 7%4
vLT

86¢
.LST
LST
LSZ
LSC

444
£eve
Eve
evre
Eve
oce
LeT
ice

LTC
Lzce -’

i

«

t8/8z

8/}

z8/1}1

c8/82

c8/82

8/t

[4:744"

(SAVQ)INIL
IATLYINWAD

31va

Aep

‘Bny

Aew -

Ainp

s Judy

Alnp

- ady

-3YNLS IOW
1IN30¥3d

H3IBWNN
NWN10D

ramen

]

9g1
o€}
8€
9t}
i of8

LZh
£CTH
£2T4
€Ty
€T

O}
S0l
SO}
SOt
501

(sAva) Bwiy
IATLYINWND

o -

-4

Lt

T8/TL “udy

¢8/14 "uep

T8/8T JERW

+8/62 220
oL

z8/14 " den

18/11 " 08q

14 3

z8/8¢ " qo4

18/8C AON

z8/4 ) 'qed

—m\——n)oz

3lva



\///I’lf/

z'9 o'cy
09 Z 8€E
0’9 L 8E
o's o' 65"
5°9 }6E
0L g zy.
0°'9 " 8°8E
09 .- L'BE
o8 LGS
oL g8°9z
S'9 .S'ZYy
07 t°LE
09 v 6E
o8 LSS
oL 8zt
T L Sty
09 v LE
09 9 6€
S L LGS
oL I PE
S'9 L' LE
z'9 8 6E
o'g ’ LSS
0L S pE
(26} 33N1SI0ONW
TdW3L 1N30¥3d

FNMTIN CNOTN rNOT0

~NOM TN

~ANMYWn

dIGHNN -
NWNTI02

- e
Al
bz z8/L Alnp S-SV A vy 7
A% - L0t L 5 €€
[4%4 ., 09 6 e
cie ) 06 6°LE
1 A%4 z8/h “ady ﬁm‘.m NS
> . . .
961 < z8/91 aunp o'g L Ly -
v61 - . ..'g8'9 4
V6l - 509 v ee
vei S 0l S 6E
v6t T8/ " Jen S 0t TP L.
z8l  z8/t aunp s L o Legg
181 ' St - o le
184 oL’ v pe
181 00l - 6y
184 v z8/}) Jen 00!} TP
£91 z8/vt Aen 08 8°GE
99} ’ oL v 9€
agl S°9 6°6€ °
99} . 00} 9°8p
294 c8/vi "as4y S'6 g 9°'8p
QsS4 z8/+ Ael -2 - .
094 zL O't€E
091 " L 0 6€
091t S 0} . 8°Cy
094 z8/8 as4 00l (AR A4
RIS ’
(SAVA)3WIL (J5) 33N1SION
FALLVINWND ‘31va IN32d3d

-

‘dh3l

TSUWNEOD 81 ([SJd| 3 8y} u} __ow:‘ i
8Ul} 30 (Dg)a8unieusadwsl pue (%)8JniISIOoW:pz aiqel

TNOTON O rNOTN T raNOTn v T

—oOSWw

d3IBWNN
NWNT100

>

o’

‘89 -,

(SAVA)3WIL
IAILYINWND

z8/9°ge4
18/2" AON

z8/vi " uep

18/t 300

t8/T uep

+8/57 320
L8/¥100q

P
18/91 " 1das

1 8/0€ " AON

+8/1  3des

a

Jiva

el




~0o00—-QOQ. OLDOOQ

n
~

f

' Y h H
- N T 3 * G
) . - . o A
} 0L - S 4> ¢8/€4: "ady
N : } e L. 98, 4 SE} o :
. N ) . 09 5 € . SE} ! oo
” . 0°'6 z SEL - ;.
, ) 8'8 b ‘SEV -, Z8/phuep,
L bLy g° ELT" . zg/y 3ided 0L ] Co. 0ozl vzefL tady
9 v 8E v VLT N ¢ 0L 14 - €T
‘9 9°6¢ € vie . 09 £ ECH .
‘9 065 4 vie - 0°0t z £TH , :
"9 6°EY 3 vLe, .28/T aunp 00} b LSBT * 8/t uep
L £ 9y S 'mmw z8/v) Bny 08 S 7T ZOF .. T8/viJeW .
] A1) v e 88T . - 0L 14 vor - : o
9 L 6E [ ¢ - ‘882 Sm e G'9 € 14e]!
] (A [ 562 o 06 . A 1218 O
L szp b ssz . z8/Fi AeWw - g'® S N 3¢ 18/vL " oeQ
SR A [ eve . ee/yBny 7T gy 5. .0 g o 28/ JeN
- v . zZre K _ 0L N T ST DR A
- £ . zve ) ’ 09 ° € - 16 e S
- z zve o 5°6" T 16 R
- r 3 vz ' z8/F Aew o6, « gEey b A JARELTY
z by 5 ‘ve®.  zg/ts A(np 8L ey s * vLs  ‘ze/bi aed .
v'ge. - v w%N - 6 L GpE. .t v SL - - - M
0°6€ £ . z _— 0°9 0 6E £ GL
L°SS =z vze T . oy 0'ezs “z &L . . i
g8 ov } ‘veT t8/€1 -~ udy v+ R A A | . St 18/S1 " AON
. . . 74 L X .o - . 7
JANLSION IWON . (SAVA)IWIL (0e) - 34NISION CIIBWNN (SAva)3IwIL . -,
iN30¥3d NWN10D u>:nu%§o. ! J3ivar . "dWalL - 1N3o¥3d NWNT0D . JAILVIONND - | 3Jiva
L 05. T : o :
3 1 .
. . . 4 T v A Pl . . ~
"7 , T . N

3



268

-~

ot ) .
o - : ¢
) ) I R . ]
] - = i 5 '
.m .. - : ’ ) 3 l./! _
. .
ko] S I
9 ~ o T s
- “got g 6ST - . 8/TT aunp . - zoz T T g~ 9L t8/zz 28q
0\1 N.VN 2 mmN .. O.F mmw ;V!\ . N /m,h./. . ..L..T o
(o} ] TTe ) 65T T 09 9’ gl € L 8L R .
09 v EE z 65C . 06 | 62. z # 8L . Tl e
S L 9°zt ot 68¢C ~y z8/2T ey G°'6 S €T =~ b 8L < l8/TTTIdas. -
- ;. R - . - . o.*.ﬂﬂr s .|‘v - ‘[/,/,A
- z°oc g eve” z8/9 aunp = 9°0z g ga 7 |a/e"oaq S
oL 0°9¢ v Sve . : 9 z°81 7 v9 . .
oL €22 ‘€ sve v 09 £ L1 £ N ¥9- s
0t VEE -~ [4 144 . S°6 Zo;ge T ) L
oL ] LTe 1 5144 T8/8" yen g g ege T Ty v9- t8/8 3das .
P . _ > . ) T ’
- z 0oz S :144 c8/ze Aen < S0z’ s 9y 18/22 AON
oL £°Ge 14 LET > 8°9 6° LV v BY
09 o'ze € ez 09 z Lt € 6%
09 v EE z ‘1EZ : o 0L 9'LT z - 6y . - .
0 L. o'yt } lET Z8/CC Qa4 9'L 6°2¢¢ 1 &Y~ 18/vT Bny
LN R B " e :
- [Ae74 S Ay 2879 Aew, - (VA -3 ZE 18/8° AON
oL 9°€g 14 Lz ' .0'8 v-Li . 14 LE ) .
* 09, 6712 € Lz o 0L boLE ! £ 1E -
. 0'9 —~—~ __pEE z L =" - . 0°0F b ve "z Y ] &
L o'e L°TT 3 Lz z8/8 aay ; 0704 89z ' . tE v8/9 °6ny . -
' S R D, oy : . .4,
- oot ] 661 z8/ve " udy - 0T S : oI, I8/ECT°300 ¢
) L €T 14 Loz 89 9°9i 14 Gl T
89 o'ze € 1oz 09 voLL £ Sk T«
0L (<1 4 40T 5°6 T 14 St 0Bt e
o8 L ve b OBy “528B/EC " UEBP S°6 0°€7 ! g1 b8/iz Atnp -
- £°02 g mww%: z - Loz 5 b 18/8°300 ¢
oL, 01T v L8} ~ 0L Lo oy } .
59 61z € L8t o9 m.w.ﬂb : £ ) .
o's 1> z L8} 0 0hn. 0°st . T b :
s°8 14 } L84 zg/6< uep o'or bz T b b8/LE Ao
- . AY - - R N L. ’ .
(20) JANLSION JIEWNN (SAVG)3NIL W 7 A2 ) .. 3dNISION IBWNN  (SAVA)3IWIL - T
dW3L iIN32¥3d NWN100 IAILVINKWND 31va TdW3L FLERLEE] NWATD  3ATLVINNND awva
T SUWN(OD BA0JH BINJUAS 84U} U} {i0s T . : . . B . .,._‘,
ay3y 40 Ao:mz_:urﬁ_wmema pue (%)@J4niS}iOonWY%:GZ 8iqey - :x o . - o
s . : i . ,v » -

. . -3
R o



200

- 3 Bi z
g . 8 €2 v,
g @ Loee €
<3 v EE [4
S L €' e 3

- v o€ S
C ¢ Z've v
S < Z €
[T I tvE 4
C L S v B

- g €1 S
oL [ v
PRRE] E 22 €
[OC} v oEe [
5L [ 4 3

- g Ed S
G L z te v
oo Z Tz £
CG's rEE 4
ot [ 4 L

- v el G
S 9 Z v v
(- [ a4 €
(V-] v EC 4
S 8 ¢ i
{2 .) 3ENLISICA S3gnnt
dnmil 130839 hn110D

cze
T4
GZE
oze
oze

$GE
¥CE
FOE
T
t0O¢E

682

CEZ
(474
62
(434

stLe
gLl
eLc
8L
6L

(SAvQ)3mly
3 TLVINKND

z' 9

09

(O]

06
zZ8/8 i1das

z°9

' 09

8 L

Z8/9 sunp g 8
zZ8/zt bBny

z'9

66

8 L

Z8/2T ‘en 88
zg/8 Eny

' . o ¢

S g

g9

C8/9 FUN z L
zg/Te Ainp

z L

z 9

09

z8/ve -~ aay oL
zg8/8 ALnp

09

8 ¢

S 8

Z8/0) udy 06

(2:)

31vQ L ERt

OO W e oy

nowNo

(Ve le g

Om®ON

o~ @~

[l R VO I & o5}

T0g

34

e

[43
°x4

a4

(44

‘€€

v

34NLS 10w
IN3D43d

- oNMm N AN T W OO n NSO

—ONM TN

N TN

Y3BNNN
NWNT0D

991
691
691
631
691

[4
961
964
961
9SG}

g€
6€4
6E€1
6E1
[S1}

vy
Gl
Ge
GZi
GZi

804
601
604
601
601

149
6
re
o
"6

(SAVA)3nTL
IATLYVINAND

L8/ece

r8/cce

za/8"

18/6°

Zg/ce

18/TC

zc8/8

_W\m.

Zg/ee

tg/€¢

c8/6

18/8

JeR

oagQ

Jep

28Q

‘nay

AUN

Qa4

AON

uen

1920

uep

100

jiva



Appendix IV

Weight of Soil and Earthworms added to Spruce Grove,
Ellerslie and Cooking Lake Columns
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Replacement~Earthworms Added to Soil Columns
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'Appendix VI

Recipes for Media used in
Mic¢robiological Assays
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Recipes for Media used in Microbiological Assays

1. M77(Base Medium 77 for Azotobacter-nitrogen free)

K.HPO, 0.5 gm. FeCl, trace
MgSo, 0.2 gm. Mannitol 5.0 gm.
NaCl 0.2 gm. Sucrose 5.0 gm.
MnSO,- - trace CaCoO; 3.0 gm.
Distilled water 1000 mls.

2. Butlins Medium

K,HPO, 0.5 gm.- CaCl: 6H;O 0.1 gm.
NH,C1 1.0 gm. MgSO, - 7TH,0 1.0 gm.
Yeast extract 1.0.gm. ~ FeSO, 0.002 gm.
Nastu 2.0 gm. B
Na lactate 3.5 gm.(60% solution)=2.5 ml.
~.Distilled water 1000 mls. .

final pH 7.5

3. Lactose Broth
Nutrient broth 8.0 gm.
Lactose 5.0 gm.
Phenol red 0.018 gm.
Distilled water 1000 ml.
final pH 7.5

4. Rose Bengal-Streptomycin Agar
Glucose(Dextrose) 10.0 gm. KH, PO, : 1.0 gm.
Peptone 5.0 gm. MgSO, - 7TH,0 0.5 gm.
Agar ‘ 15.0 gm. "
Rose bengal 0.033 gm.(1 ml. of standard solution)

Distilled water 1000 mls.

éterilize by autoclaving. When ready to pour add
streptomycin to give final concentration of 30 ug/ml. (6
ml. of standard solution/1000 ml.).

5. #1 Medium '
Tryptone 2.0 gm.
Agar : 10.0 gm.

Distiilled water 1000 ml.



6.

Skimmed Mil! Me
Skimmed milk
Yeast extract
Agar

Distilled water

Y-ast Agar

Granular yeast
Agar
Distilled water

PCA

Tryptone
Yeast extract
Glucose

Agar

Distilled water

FVM

Malic acid
KOH

K,.HPO,
MgSO, - 7H, 0.
MnSO, -H-0O

‘Distilled water ;
.5% alcoholic solution of bromothymol blue

final pH

frum
1.0 gm.
0.1 gm.
3.0 gm.
1000 ml.

2.5 gm.
7.5 gm.
1000 mls.

.0 im.
.5 gm,
.0 gm.
15.0 gm.
1000 ml.

— N

.0 gm. NaCl

.0 gm. CaCl,

.5 gm. Fe,S0O, 7H:0
.2 gm. NaMoO, - 2H,0
0.01 gm,. .
1000 ml.

OO,

6.3

SOOO

.1 gm.
.02 gm.
.5 gm.-
.002 gm.
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Calculations for Carbon Balances
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AN
A
SOIL NANE
|1otal carbon Added in Grass t —®{Recovered °D
[Or1ginal So1) CarboniNom-extractablel 3.] [Not Recovered E
|Gross Carbon 5 |
|Extractable G | tion-extractable 7 JLost 8 |
Net 3
. 3
[Free 10 | |CYay-bound 11 | {Residual 12.] |Leached 13 | |Respired 11 ]
[Final Scil Carbon .18 Net 16 |

Figure 16:Guide to box numbers in models.
(see following pages) .

N
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Guide to the Origin of Numerical Values
in Carbon Balances

o o e e e o e e e e e e e o e e e e e -

Column Origin of Box Number
Number Value in Model

1 Determined
2 Determined

3 Calculated
Col.1-Col.2

4 : Calculated 1
Col. 1x{(47/100)
(%¥C in grass)

*5 Calculated 2
. Col.2x(47/100)
6 Calculated 4
' Col.3x(47/100)
7 Determined
8 Determined
g Determined
10 Calculated _ 3

(Col,7x1000xCol.8)/100 i -

i Calculated 5
Col.6+Col.10(total) -

12 Calculated ' 15
. (Col.7x1000xC01.9)/100

13 Calculated - . 8
Col.11-Col.12(total)
14 Calculated o 16
Co0l.12-Col.10



Column
Number

Origin of
Value

Box Number
1in Model

19
20
21

22
23

24

25

Determined
Determined
Determined

Calculated
((Col.15xCo0l1.7)/1000)
x(40/100) (%C in glucose)

Calculated
((Col.16xC0l.7)/1000)
x(40/100)(%C in glucose)

Calculated
((Col.17xC01.7)/1000)
x(40/100)(%C in glucose)

Calculated
Sum of totals across
Col.18fCol.20

Determined

Calculated
Col.12-Col.21

Calculated
Col.23-Col.10(total)

Calculated
Col.13-Co0l.22

10(total)

I1(total)

12(total)

285
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Appendix VIII

Chemical Analysis of Leachates
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Table 33:Mean values for Ca(ug/ml) in the leachates
from the Spruce Grove, Cooking Lake and
Ellerslie soil columns. ’

(values within soil types not underlain by similar
letters are significantly different,

P=.05)

e e e e e e e e = = e e e e e - — e a m— o — — o ——

SPRUCE
GROVE

COOKING
LAKE

TIME

| (Months)

,
PR
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Table 34:Mean values for soluble inorganic
carbon(ug/ml) in the leachates from
the Spruce Grove, Cooking Lake and
Ellerslle soil columns. »

(values within soil types not underla1n by 51m11ar
letters are significantly different, P= 05)

TREATMENT NUMBER
SOIL | TIME 1 2 3 4 5
TYPE (Months) '

SPRUCE 9 16 11 14 2
GROVE 2 b b b b a
8 2. 9 7 6
8 ab a b b ap

10 0 7 7 5

11 b a b b a
COOKING . 23 20 22 | 26 18
LAKE 2 a ~a a a .a
26 14 52 34 33

8 ab a o bc be

27 16 46 40 33

10 b a d cd bc

ELLERSLIE 13 22 19 22 11
2 a b b b a

7 7 16 17 18

8 a a a a a
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Table 35:Mean pH values of the leachates from the
Spruce Grove, Cooking Lake and Ellerslie
~s0il columns.

(values within soil types not underlain by similar
letters are significantly different, P=.05)

SPRUCE
‘GROVE

COOKING
LAKE

TIME
(Months)

—_—— e

—_— e - - —




Table 36:Mean values for Mg( ug/ml
‘the Spruce Grove,

Ellerslie soil columns.

305

in the leachates
Cooking Lake and

(values within soil types not underlain by similiar
letter are significantly different,

=.05)

SPRUCE
GROVE

COOKING
LAKE

TIME
(Months)




Table 37:Mean values for Na(ug/ml) _
from the Spruce Grove, Cooking Lake and
Ellerslie soil columns.

306

in the leachates

(values within soil types not underlain by similar
letters are significantly different, pP=.05)

SPRUCE
GROVE

. COOKING
LAKE

o v i o o o = e - - ———— . —— " e = e i o = . = A= - - ——— —————
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" Table 38:Mean values for K(ug/ml) 1in the leachates
from the Spruce Grove, Cooking Lake and

(values within soil types not underlain
letters are significantly different, P=

Ellerslie soil columns.

.05)

by similar

SPRUCE
GROVE, -

COOKING
LAKE

TIME
(Months)

—— - — = ——




Appendix IX

Evidence for Enrichment of N-fixing Spirillum
in the Tunnel Linings of Lumbricus terrestris

308



308

Table 39£ethylene prOduced‘frém acetylene reduction
by SpirilJum enrichments from the tunnel
linings of Lumbricus terrestris.

Replicate um ethylene/24 hrs

[ : 1.3

2 ' 1.2

mean ‘ 1.2

Cooking Lake 1 : 14.5
-2 15,1

mean 14 .6

Spruce Grove 1 .7
2 .6

mean ' A .6

"No ethylene was produced from control soil
samples subjected to a similar assay.



Appendix X

Glossary of Micromorphological Terminology
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Glossary of Micromorphological Terminology

(taken from Buckland, 1983;Brewer, 1976;Brewer and

Pawluk, 1975)

.

Crossed polarizers:A filtering arrangement where the
orientation of th polarizing filters are such
that the first orients light in a N/S direction
and the second orients light in the E/W
direction. When an objectqcapable of rotating
the plane of polarized light(e.g. clay minerals)
is positioned between the'filtefs the object 1s
seen in a color character{étic of the.

orientation of the object with respect to the

plane of polarized light.

Birefringence:The color of anisotropic minerals when using

polarized light as viewed under cross nicols.

Skeletal Grains:grains larger‘than colloidal material which

are comprised of indigenous minerals.

pPlasma:colloidal sized, relatively soluble, organic and
inorganic material which is not bound up by

skeletal gréins.
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F-members:Recognizable entities that may be simple or

—

compound but that occur as discrete units. .

F-matrix:Grains of a size smaller than skeletal grains.

s-matrix:That material comprising primary peds, which may\

consist of plasma, skeletal grains and voids.

Related Distribution:the orientation of a group of like

The type of

individuals with respect to a different group of
like individuals. It can be described in terms
of the relationship between plasma and skeletal
grains or the relationship between matrix

material and complex three-dime.asional units.

related distribution patterns observed herein

include:

Porphyroskelxc fabric:the plasma occurs as a densge

groundmass within which skeletal grains are

imbedded.

Granic Fabric Seguence:Unaccommodated, loosely packed,

discrete units without coatings on or bridges
between units. If the units exhibit some
coalescence around the edges the term granoidic

is used. Where the units are densely packed they
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may approach a porphyric type of fabric.
Modifiers are typically added to describe thé///
composition of the graﬁic or granooidic units.
They include ortho-(mineral grains),
phyto-{(partially decomposed plant fragments),
humi-(highly decomposed, dark ,moder*like
organic units), mat;i—(métrix materiald\and
mgll:(mull—iike units consisting of plaé?a plus

skeletal Qrains with plasma birefringence masked

by organic matter).

Chlamydic Fabric Sequence:F-members are preéent as 1n the
granic seguence but have matrix material wrapped
around them as coatings. Coatings mayvbe
organic, clay, coarse grained or sesquioxides.
The coatings may becohe so thick that they form
bridges across grains(Plectic). Fabrics may also
grade into‘porphyfic types. |

‘ .

Fragmic Fabric Sequence:RelatiQely denseiy packed,
accommodated discrete units without coatings,
on, or bridges bethen units. A patternéd
appearance generally results due to separation

\ of units by horizontal and vertical joint |
planes. When édjacent units appear paftially
urnited, the term ffagmic is replaced by

fragmoidic. Densely packed units of this fabric

HvY
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sequence may also approach the porphyric type.
Modifiers may be used as in the graaic fabric

sequence. *

Complex Fabrics:Designation of complex fabrics recognizes
the presence of two or more modal fabric types
within a given zone. They are recognized as

mixed or separate.

Mixed Complex Fabrics:Fabrics in which the component
fabfics are inextricably intermixed;that is,
they are intimaﬁely associated with one another
such'thét they connot be sepgrated. An example
is matri—mullg;anoidic, in which mullgrancoidic
is dominant yet matrigranoidic material is found

in intimate association.

éeéarated Complex Fabrics:The component'moaal fabrics can
be separated into distinct, recurring zones. An
example is mullgranic/mullgranoidjc fabric where
sharp boundafies exi§t between a dominant
mullgranoidic fabric.and subdominant zones of
mullgranic fabric. A double slash(//) indicates
there is a gradual boundary betWeenithe £wWo

fabrics.

Plasmic Fabrics:AnalysiS of the plasmic structure involves
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the description and classiﬁicatién of elements
of the s-matrix, with particular reference to
the distribution and orientation of clay
domains. Optical properties, particularly
extinction patterns, are viewed under crossed
nicols and are classified according to : visible
plasma crystals; the kind and degree of
orientation of plasma grains; the kind and
degree of preferred oriehtafion; and the kind
and degree of development of plasma separations.
Plasmic fabrics observed herein fall into the
sepic class of Brewer(1976), and have
"recognizable anistropic domains with vérioﬁs

patterns of preferred orientation".

Insepic fabric:striated plasma separations occur as
isoldted patches within a dominantly flecked

plasma.

Mosepic fabric:striated plasma separations may adjoin each-

other but the gppearance is otherwise flecked.
Vosepic fabric:a portion of the plasma separations are
associated with the valls of voids, the

remainder 1is flecked.

Skelsepic fabric:a portion of the plasma separations are



<
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‘associated with the surfaces of sgeletal grains,

the remainder is flecked.

Masepic fabric:elongated zones of striated plésma-occurf
the remainder is flecked.
Lattisepic fabric:plasma separations take on a lattice like

pattern.

Omnisepic fabric:the whole field of view shows striated

plasma separations.

Complex Plasma Fabrics:can be named where more than one
plasmavfabric is present. For example, if plasma
separatiéns are dominantly flecked’with minor
zones of oriented plasma occurring
‘subcutanically in association with skeletal
grains, the apprbpriété term is skel-insepic.

Vdids:fepresent the pore fraction and are‘deséribed_with .

| respect to their size, shape; smoothness and
arrangement.
Shapes include: -
Curved:acicular and plandr voids that deviate
significantly from a straigﬁt line or flét plane
in the directioﬁ of their long axis.

Reqular:there are no reentrant or acute.angles



between faces or segments of the Qalls.

Irregular:equant and prolate voids whose walls
have a significantly irregular conformation.

Mammilate:wherebwails consist of rounded,
'interfering, spheroidal surfaces.

Descfiptors }or smoothness inélude:

Ortho:voids whose walls appear morphologically
ﬁo be ¢1e to the unaltered, normal, random B
packing of plasma aﬁdvskeletal grains.

Mggg:voias whose walls appear morphologically’
to be significantly’smoother than would result

from the normal random'packing of plasma.and

skeleton grains.
Packing_Voids:voidS due to random packing of individuals.

Vughs:relatively large voids, other than péCKing voids,
usually irregular and not normally
interconnected with other voids of_comparable‘

‘ ' 1

size. Vughs may be so irregular and numerous

that they intersect each other; these may be

referred to as interconnected vughs.

Channels:voids that are significantly larger than those
whith would result feom normal packing of single
grains, and have a generally cylindrical

shape.Descriptors for channels include:
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arched:one relatively flat, planar surface
compounded with an-arc of a circle.

dendroidic:channels branch Fafter the manner of
a trée", each branch having a downward frendvbuf
not necessarily vertical;there ﬁs no rejoining
of branches. -

trellised:channels branch ;nd rejoin to'fofm a
regular network characterized by relatively long
horizoﬁtalito~subhorizontal channels

interconnected by shorter vertical channels.

Planes:voids that are planér according to the ratios of

their.principal axes;by vir}ue ofvthéir.shapq
and extent they constitute an obvious deviatfqn
from the'normal~paCking of single plasma and
skeletal grains.Plénes are described according
to the characteristics of their surfaces and

include:

‘Joint planes:planar voids that traverse the

soil material in some fairly regular pattern/

such as parallel or subparallel sets.

Skew planes:planar,voids that tr verse the soil

“material in an irregular manner, having no

specific basis distribution or orientation

?

pattern between individuals.

Craze'planesfplanar voids with a highly complex

conformation of the walls due to the
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interconnection of numerous short flat and/or

curved planes.

Features:Recognizable units within a soil
material which are distinguishable from the

associated material for any reason, such as

. origin, differences. in concentration of some

fraction of the plasma, or differences 1in
arrangement of the constituents. Those observed

herein include:

Cutan:A modification of the texture, structure, or fabric

at natural surfaces in soil materials due to
concentration of particular soil constituents or
in situ modification of the plasma;cutans can be

composed  of any of the componeht'substances of

“the soil material. Argillans are a specific kind

of cutans composed dominantly of clay minerals.

Pedotubules:A pedological feature consisting of soil

material and having-a tubular external form,
either single tubes or branching systems of
tubes;its external. boundaries are relatively

sharp.Pedotubules described herein include:

Granotubules:gomposed essentially of skeleton
grains withbut plasma or all the plasma occurs

as pedological features.

1



320

Aggrotubules:composed of skeleton grains and

plasma which occur essentially as recognizable
aggregates within which there is no dirrectional’

arrangement with regard to external form.

Glaebule:A three dimensional unit within the s-matrix of
the'soil material, and usually approximately
prolate to equant in sﬁape. It is recognized
either because of ‘a greater concentration of
some constituent and/or a difference in fabric
compared with the enciosing soill material, or
because 1t has a. distinct boundary with the
enclosing soil material. A nodule is a kind of

 glaebule characterized by an undifferentiated

internal fabric.

Crystallaria:Single crystals, or arrangements of crystals
of relatﬁvely pure fractions of the plasma that

do not enclose the s-matrix of the soil material

but form coherent masses.






