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GENERAL INTRODUCTION

Studies on the ecology of lumbricids have mainly been
concerned With the effects of this invertebrate group on
the formation and fertility of agricultural soils.- This
voluminous literature was excellently reviewed by Satchell
(1958); other reviews on the subject have been given by
Stephenson (1930), Barley (1961), Tembe and Dubash (1961)
and Kevan (1962).-4to name but a few. Satchell (1960)
summarises by stating that lumbricid activity increases
the number of water-stable aggregates, total soil pore
spacevand capacity, soil‘aeratioP and the stability of soil
structure as a whole. Lumbricids increase soil base-
exchange capacity and enrich its nutrient status by re-
qycling the mate;ials drawn from the topsoil by plants and
leached out by precipitation. Hopp'and'Slater (1948; 1949)
demonstrated the beneficial effects on plant growth of
including’lumbricids in the culture soil. Evans and Guild
(1947a, 1948a) indicated the deleterious effects of ar;ble
farming on lumbricid populationé by the lowering of soil
temperatures and moisture content. The beneficial effects
of lumbricids iﬁ promoting soil fertility are no longer in
question and worms have in fact been marketed for this
purpose. Howéver, it is alsb generally acknowledged that

terrestrial plants can grow successfully in soils completely
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lécking in lumbricid worms. Soil fertility is a function
of the combined activities of the soil biotic community.
_Although primary production can be enhanced by mechanical
tillage and the addition of fertilizers, there is an |
incregsing conviction améﬁgst soil biologists that world
problems of food supply will only be solved by the
application of techniques derived from a better understanding
of the functional rglationships occurring in soil, and .
other, biotic communities. One of the most basic
functional relationships in biotic communities - and one
which isldirectly.related to human problems of efficient
food utiiization - is the pattern of energy flow through
community food webs. The presént studies are concerned
with this aspect of soil community structure.

Hutchinson and Kamel (1956) showed that sterile soil
‘was more rapidly colonised by an important group of
decomposers (soil fungi) in the presence of lumbricids;
Barley (from Satchell, 1960) showed that the introduction
of lumbricids increased total soil oxygen consumption by
twice the amount consumed by the worms'themselves; Byzova
(1965, 1966) showed that lumbricid species with known
differences in mode of life and habitat preference had
different rates of metabolism and different metabolic
responses to changing environmental conditions. There is a

paucity of knowledge'on the detailed ecological relation-

ships of individual lumbricid species and an even greater
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lack of informationvon lumbricid metabolism, The examples
quoted above illustrate the importance and inseparability
of general lumbricid ecology and physiology'in the analysis
of soil metabolic activity. These factors were therefore
necessarily studied in combination with lumbricid
ecological energetics, the primary object of the present
investigations. Satchell (1958), in concluding his review,
stated that 'ecological studies have reached the stage where
physiological reSearch into earthworm (lumbricid)
metabolism .... is needed. An integration of future
ecologicgl and physiological research is essential for an
understanding 6f the relationship between earthworms and
soil fertility'.
| The study of energy flow through natural communities
obviously entails meésurements in situations where civilised
mankind has éexerted minimal interference. Such situations
are becoming extremely rare in Britain though the site
used in the present studies (sée P.7 ) may be considered a
close approximation to the ideal requirements. These studies
of lﬁmbricid general ecology, physiology and ecological
energeticé were underfaken as part of a general investigation
- by myself and my associates - into energy flow relations
of the dgcomposer food web in soils and litter of a
deciduous woodland. As Murchie (1958) points out, the role
of lumbricids in forestvsoils is poorly'gnderstood and the

results of studies in agricultural soils are often of

limited applicability to forest conditions.
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The field étudy site and major factors of the soil
physical environment‘were studied in detail. The observed
habitat preferénces and niche relationships of lumbricid
species in the study area were simultaneously assessed in
relation to previous information for other situations. A
soil sampling tool was devised which allowed quantitative
estimation of the maximum proportion of the lumbricid
population. The‘total population estimates were sub-
divided into épecies coﬁponents.

‘Growth, reproduction énd apparent mortality aspects of
secondary production by the dominant topsoil lumbricid
specieé were quantitavely assessed.for the field population.
The feeding biology of the same species was.investigated
in relatiop to similar considerations for:othér‘lumbricid
spe01es " The respiratory metabolism of four lumbricid
spec1es was studled in relation to ratlos of gaseous
exchange and the rate of gaseous carbon dioxide output
under simuléted field conditioné. A new respirometef was
devised for the purpose of determining the latter. All.the
above estimates were made-at intervals throughout the year.

OXYgen consumption rate was studied, in the dominant top-

soil species, as a function of acclimatisation and ambient

temperatures. Annual field population respiratory metabolism

was computed for this species - and approximately estimated

for the total lumbricid population (deflned above).

Informatlon drawn from the results of calorific content
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determinations, performed during these studies, allowed
the construction of population energy budgets for the
dominant topsoil lumbricid species. Efficiencies of food
utilization were also estimated for this species.

After substantiating a general relation between
logarithmic rafes of respiratory metabolism and secondary
production in poikilotherms, the function was used to
abproximately estimate annual secondary production by the
total lumbricid population (defined above) in the study‘
area.

The thesis is concluded'with'a general discussion and

a -summary of the results obtained during these studies.




PART I

I The Field Study Site

1. General Site Description

The site chosen for this investigation was a forestry-
managed belt éf alder/birch woodland, Normal National Grid
Reference NZ 420480, at Wynyard, near Sedgefield, Co.
Durham. The site was known locally as the Newton Hanzard
and was situated on the section of the Londonderry estate
which was preserved and developed jointly by the Forestry
Commission.and the gamekeepers employed by Lord Londonderry.
The area was 68 metres above sea level and flat except for
a sfeep-side valley which meandered along the cpﬁrse of a
small stream. The stream did not pass close to the area
chosen for study. The study area, approximately 120 x
180 metres in extent, was bordered on the eastern and
southern éides by a ride and sparée birch woodland with
arecas of alder; the northern side was bounded by a young
birch plantation, whilst the western boundary was formed
by arable and pasture land.

The majority of the birch trees of the study area were
between twenty and fifty years old, though one tree - dead
at the time of examination - was found to have been 120
years old (Hughes, pers. comm.). Threg generatioqs of
naturally regenerating alder_were present in the area, though

thinning and coppicing of alder was thought to have occurred
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at some early stage - in contrast to the completely
natural status of the birch woodland development. In
'A History of the County Palatine of Durham' (1855) a
refe;ence{ dated 1600, to the Wynyard region as being 'so
fruitfull of soyle, and pleasant of situation, soe beauti-
fied and adorned with woods and groves, as noe lands in
that part of the countrie be comparable to them' indicates
that the area has béen‘wooded for some considerable time.
Managément by the Forestry Commission since 1953 did not
involve any interference with the vegetation of the study
area, thoggh the region had been beaten for game shooting
purposes for an unknown period.

The climate of the region was of the typical low
altitude temperature type with minimum air temperatures
in winter of approximately O to 5°C and maximum summer
temperatures of about 20 to 25°C. Precipitation was
moderatély high throughout the year. By the classificétion
of Taylor and Pohlen (1962), the study area was 'imperfectly

or somewhat poorly drained.'




2. The Grid Area

Preliminary sampling within the mixed deciduous
woodland indibated an irregular distribution of a variety
of Lumbricidae, presumably due Eo.the complex pattern of
soil and vegetational typeS'Within the ecosystem. Since
the;e were no obvious habitat boundaries, it was deéided
to delineate the populations for study b& means of an
arbitrarily defined grid area. A location was chosen well
within the woodland belt, to avoid perimeter effecté due
to the access road and surrounding areas of arable land,
low moor-type grassland and the young birch plantation.

Using a prismétic compass, a metre'tape and marker
stakes the grid area as marked out in the form shown in
Fig. 1. The grid consisted of six 20 x 20 metre squares -
A, B,.C, D, E'and F in Fig. 1 - separated from each other
and the surrounding areas by pathways two metres in width.
The pathways allowed maximum access to the six sampling
squares with minimum habiFat disturbance. Each of the six
squares was divided into four 10 x 10 metre quadrats

(numbered 1, 2, 3 and 4 as shown for square A in Fig. 1)

for sampling purposes.
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3.Vegetation

A plant species list for the Newtéh Haﬁzard grid area
is given in appendix 1. Common names are given with this
list to which reference may be made to determine the
systematic names for species mentioned by common name in
the course of this work.

(i) Trees and Shrubs

Appendix 1 -includes a species list of all trees and
shrubs present in the grid area but, apart from the
dominant alder and birch, only‘the occasional dog rose
and sycamore attained sufficient size to affect the
adjacent litter and soil formation. For simplicity, the
positions of the individua} trees are not shown on the
vegetation map given in Fig. 1. The area was densely
wooded, with trees spaced at appioximately-O.S to 3 metres
apart. There were two major cover zones: one dominated
by alder, a zone which included the whole of square A, the
most southerly parts of B3 and B4, the whole of C1, C3
and C4, part of C2 and parts of El, E3 and E4; the
remaining area - north of the line which passes through
B3, B4, C2 ,' B1l, E3 and B4 - formed the zone dominated by
birch. Dominance was here assessed according to amount of
leaf cover and the consequent effects on groﬁnd vegetation,
rather than by numbers of trees, since'thé broader-leafed
alder tree was found to have a more pronounced effect on

ground vegetation and soil type than a birch tree of
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similar age.

(ii) Ground Vegetation

For the purposes of this study the ground vegetation
was split into three major. categories; these were named,
according to fhe dominant vegetational type in each:
tbramble', 'ferns' and 'grasses'. The species composition
of these arbitrary categories was seen to differ in the
two major tree cover zones. Beneath alder the 'bramble'
ground layer consisted of a luxuriant growth of mosses
and leafy liverworts, with sparse occurrence of grasses -
mainly creeping soft-grass and rough-stalked meadow-grass.
Beneath birch the 'bramble' ground layer was dominated‘by
grasses characteristic of the birch zone: mainly tufted
‘hair-grass and common bent-grass.

The 'ferns' beneath alder were exclusively male fern
and soft shield-fern, having - with the exception of the
limited areas of particularly high fern density - a rich
ground layer composed of various forbs and mosses. Beneath
the birch the male fern and soft shield-fern had a ground
layer mainly composed of birch zone grasses. In F2 the
1ferns' category consisted of an extensive pure stand of
bracken.

whilst tufted hair-grass and common bent-grass
occurred occasionally in the alder zone where creeping
soft-grass and, to a lesser extent, rough-stalked meadow-

grass were common, these two former species - together
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with some oat-grass in square B - assumed complete
dominance of the 'grasses' category beneath birch. The
'grasses' in the birch zone were much more extensive than
beneath alder where individual plants.were more dispersed.
Fig. 1 shows the spatial distribution of the major vegetation
categories within the grid area in November, 1965 - at the
commencement of the present study - and Plates 1, 3, 7,
and 2, 4, 6, " show various regions within the grid area in
the summer of 1967 and the winter of 1967/68,'respectively,
No significantlchange in the veggtation distribution was
observed during the course of this work.

Apart from the areas of:complete.dominance shéwn for
the 'bramble'! category in Fig. 1, the bramble plant
itself occurred over most of the grid area - dominance not
being attributed in the ﬁnmarked areas of Fig. 1 due to
the close association and interspersion of other plants,
including male fern, soft shield-fern, various grasses
and numerous forbs. Rose-bay willow-herb occurred in all
the grid squares, but was noted to be particularly common
»undef birch in squares B, E and F. However, the
distribution of this species was generally sparse so that
soil and litter formation was not appreciably affected.
Dog's mercury occurred commonly in E3 and occasionally in
C4, to the notable exclusion'of bramble. The distribution
of dog's mercury is not shown in Fig. 1 since the soil

formation associated with this spécies was indistinguishable
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from that under "bramble!'.
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4.. Soil Structure

Magnesian limestone forms the rock layer beneath the
thick deposit of boulder clay which is characteristic of
the region. To determine the extent of soil structure
variation over the grid area, pits were dug to a depth of
approximately one metre to expose the soil profiles beneath
major vegational types. Plates 7', 8) and 9 show the soil
profiles beneath 'bramble', 'grasses' and bracken,
respectively. Although bracken is not extensive over the
grid area, it was the only 'ferns' type which was found to
affect the soil profile and is included for this reason.
The commonest ferns - Male fern and Soft Shield-férn -
were usually associéted with bramble and even whefe dominant
they were associated with soils.of the 'bramble' type.

Using the classification of Taylor and Pohlen (1962),
the illustrated profiles may be described as follows:A

'Bramble' Soil Profile (Alder Tree Cover)

Layer Depth Comments
0, or L : 0 to 0/1.5 cm.; depth varies
according to season.

Plant debris.

O, (F and H) : 0/1.5 cm. to Variable depth,
' 1.5 cm.,; never extensive.
A : 1.5 cm. to 14/ Dark clay loam.
16 cm.;
A2 : ABSENT
A; and B, 14/16 cm. to Transitional.
20/22 cm;
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Layer , - Depth Comments

V 32 : 20/22 cm. ; Gleyed Boulder Clay..

'Grasses' Soil Profile (Birch Tree Cover)

Layer Depth Comments
0, and 0, : O to 4/7 cm., Dead grass material and
: sparse Birch debris.
Aj s 4/7 cm. to Lighter-coloured clay
14/16 cm.; soil.
A2 : ABSENT
A; and By : 14/16 cm. to Transitional.
25/30 cm.;

B : 25/30 cm. ; Heavily gleyed Boulder
Clay. e

Bracken Soil Profile (Birch Tree Cover)

Layer Depth Comments
O1 ; 0O to 4 cm.; Dead fronds of Bracken.
0, : 4 cm. to 9/ Slowly decomposing fronds.
12 cm.;
A1~ : ABSENT
A2 : ABSENT
A3 and B1 ABSENT
B2 : 9/12 cm. ; Heavily gleyed Boulder
: Clay.

Depths were measured from the surface of maximum litter
cover.

The soil profile beneath tbramble! under Birch tree

cover was similar to that under Alder, though the A1 layer

was a lighter-coloured soil of higher clay content. Better

soil aeration under Birch was indicated by the replacement

T ——
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of mosses and liverworts (the dominant 'bramble' ground

layer ) by various grasses.
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II Lumbricidae of the Field Study Site

1. Identification and general taxonomy

Mature specimenss, preserved in 4% formalin, were
identified with the aid of the new edition of the Linnean
Society key to the Lumbricidae (Gerard, 1964). The -
nomenciature and spelling of names found in this key have
~ been used in the present work. Gerard incorporated many
changes, based on recent advances in lumbricid taxonomy,
into the new edition but the most significant in relation

to the present study is the transfer of Eisenia rosea

(Savigny) f. typica to the genus Allolobophora (Muldal,

1952a; Omodeo, 1956). Allolobophora rosea was the most

abundant species found in the grid area.

The Lumbricidae are said to comprise 220 species, of
which 201 are endemic and 19 cosmopolitan (Muldal, 1952a).
This is probably a highly conservative estimaté to judge
by the situation in southern France where a considerable
number of species have yet to be described (Bouché, pers.
comm.). The Lumbricidae of the British Isles, impoverished
by periods of glaciation;ginclude 27 recorded species -(Gerard,
1964); 16 of these are widely distributed, peregrine
species, the remaining 11 species occurring in specialised,
restricted habitats though only four species are thought
to be endemic. Most of the species found at Wynyard were

forms of widespread occurrence throughout the British

Isles and quite readily identified. One species however,
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Bimastos muldali Omodeo, was a rare form not previously

recorded, to the author's knowledge, in the north of
England. ApartAfrop the general characteristics given
by Gerard for this species, the feature noted by Muléal
(Muldal, 19525) - the grooved ventral surface near the
posterior end - was utilised in making the final identi-
fication. This species was found in a similar situation
to thé 'moist clay in forest ground' habitat described
by Muldal.

To the lumbricid taxonomist the identification of
preserved mature species in order to compile a
comprehensive species list, with appropriate notes on the
céliection'site, might be considered sufficient to complete
a systematic survey of the Lumbricidae at Wynyard. For an
ecologist the taxonomic problems are more complex:
identificatioh ofvimmature spedimens is vital_gnd for
most purposes animals must be identified alive. The
identification of living adults can soon be achieved.by
study of fresh material prior fo its preservation and
detailed taxonomic investigation. The identification of
immature lumbricids has received little attention from
taxonomists, the ecologist being required to familiarise
himself with the species present in a given area, by
éxamination of adult specimens, and subsequently become
aquainted with the immature material by a process of

elimination. The usual procedure followed has been
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similar to that for adults, i.e. examination of preserved
material in conjunction with observations on living animals.
In the present study it was found more reliable to
concentrate attention on the living animals, division into
species being achieved by a combination of:

(a) Comparison of external characters with

those of adult animals,

(b) Assessment of the population size of
immature 'types' in relation to the
estimated abundance of adults,

(c) Isolation §f adults of a particular
species in laboratory cultures, with
examination.of immature animals produced
by reproduction.

Procedure (b) was of value for only the most abundant
species, being complicated by specific reproductive and
mortality rates. Procedure (c) providéd conclusive
evidence for species separation and was essential when

considering immature animals of (i) small pigmented species,

and (ii) A. rosea and A. caliginosa (Sav.). The
laboratory culture vessels used'wé:e aluminium tanks
(length: 60 cm; width: 38 cm; depth 27 cm.) with a

4 cm. 'lip' and perforated polythene cover to prevent
escape. Soil and litter, from the typical habitat for the

specieslunder investigation, was cleared of lumbricid worms

and cocoons by freezing at -20°C and subsequently placed
A small

in the culture ranks to a depth of 10 cm.
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quantity of soil and litter, from which lumbricid worms
and cocoons had been removed by careful hand-so;ting,'was
then placed in the appropriate tank, which was incubated
at 10°C for at least two months. Considerable numbers of
adult specimens of the required species were then added
to the culture medium which was kept at IOOC. The
cultures were dampenéd'with de-chlorinated tap water,
according to the water content of the soil type in the field,
and examined at intervals for the presence of immature
lumbricid worms. Litter in the tanks containing pigmented,
surface-active species was supplemented at intervals by
small quantities of hand-sorted litter from the field.

"A key to the immature lumbricids of Moor House Nature
Reserve, N.R.80, has been published (Svendseﬁ 1955).
Since such 'local' keys may eventually facilitate the
production of a general key to the immature British
Lumbricidae, an artificial key to the immature lumbricids

of Wynyard Alnus/Betula woodland is presented in Appendix

2. This key is based on the external features of living
specimens; the use of a hand-lens or binocular micro-

scope may be necessary in some cases.
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2. Species list

As will be seen from the guantitative estimates of

population size (p.102), the soil and litter of the

Alnus/Betula woodland ét Wynyard supports a relatively
Vpoor lumbricid population in terms of absolute numbers

of individuals, when compared with more neutral mull soils.
However, a wide variety of species was found to occur in
thé region, probably due to the complexity of habitats

available.

The fourteen species found on or near the field study

site were:-

Genus: Allolobophora Eisen, 1874

caliginosa (Savigny) B.M., *
chlorotica (Savigny) ' B.M. (*)
rosea (Savigny) f. typica B.M, *

and f. macedonia B.M.

‘Genus: Bimastos Moore, 1893

eiseni (Levinsen) B.M.
muldali Omodeo ' _ B.M. (*)

Genus: Dendrobaena Eisen, 1874

mammalis (Savigny) , (*)
- ) .
octaedra (Savigny) I B.M, *
rubida (Savigny) f. subrubicunda B.M. *
~ (Eisen)
and f. tenuis B.M.

(Eisen)
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Genus: Eiseniella Michaelsen, 1900

.tetraedra (Savigny) f. typica B.M.

Genus: Lumbricus Linnaeus, 1758
castaneus (Savigny) B.M.
rubellus Hoffmeister ‘ B.M.

terrestris Linnaeus

Genus: Octolasion Oerley, 1885

cyaneum (Savigny) B.M.

lacteum (Oerley)

B.M. = Checked and confirmed by the British

‘Museum (Natural History), London.

*
n

Occurring commonly or frequently

within the grid area.

(*)

Occurring rarely within the grid area.

_ Typical specimens of five of these species are by
request deposited at the British Museum and their B.M.

numbers are listed in Appendix 3. These species are:-

Allolobophora rosea (Savigny) f. macedonia (Rosa)

Bimastos eiseni (Levinsen)

Bimastos muldali Omodeo

Dendrobaena rubida (Savigny) f. tenuis (Eisen)

and Octolasion cyaneum (Savigny)
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3. General Ecology of the Lumbricidae at Wynyard.

(i) Introduction

The. earliest workers in the field of lumbricid ecology
tended to ignore the variety of species, with widely
'differing habits, included in the category 'earthworms'.
Even the work of Darwin (1881) is thought to have
included observations on-species other than Lumbricus

terrestris L. As shown by the review of Svendsen (1955a),

much work was done on the effects of particular physical
~and chemical faqtofs on single species, usually

L. terrestris or Eisenia foetida (Sav.).

More recently, increasing attention has been given
to the habité;_preferences and niche relatioﬂships of the
various species of Lumbricidae. Most work has been done
with a view to assessing the effécté of lumbricids on soil
fertility (reviewed by Satchell, 1958). Bornebusch (1930)
recorded the habitat preferences of lumbricids found in
‘woodlands of Denmark; Perel (1964) studied the distribution
of Lumbricidae in the 'taiga', 'sub-zone' and 'steppe'.
forests of the European U.S.S.R. ASimilar studies have
been made on pasture-land soils in S.E. Scotland (Guild,
1951) and on Pennine moorland (Svendsen, 1955a).
Satchell (1955a, 1960) hés used the experimental approach,
in conjunction with field measurements, to investigate the
PH tolérance of a number of lumbricid species; Laverack

(1960) and Satchell and Lowe (1967) have, by experimental
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analysis, done much to elucidate the selective feeding

behaviour and related physiology of L. terrestris L. and

Allolobophora longa Ude. Gerard (1960) described the

level specificity and burrow formation of various lumbricid
species living in pasture-land soil, subsequently studying
the depth ahd activity of these species in relation to
field measurements of soil temperature and water content
(Gerard, 1963§ 1967). |

Obviouély, it is difficult to generalise when
considering the results of previous ecological studies,
therefore relevant information is incorporated into the
following species by species a;count of the habitat
.‘preferences and niche relationships of the eight principal
1umbricid.species found at Wynyard. In this account the
author's observations at Wynyard are initially presented,
in note form, followed by information from other sources
for the same species in various situations.

(ii) Habitat Preferences and Niche Relationships

a. '"Pigmented' Species

Dendrobaena octaedra (Sav.)

A surface active species, occurring most.commonly in
the litter and raw humus of mor-type soils under Sycamore
and Birch. Occasionally found in the litter and surface
loam of mull-type soils under Birch and Alder.

Bornebusch (1930) called D. octaedra 'the most frugal

of all European species'; both Guild (1951) and Satchell

(1955a) described the species as 'acid tolerant'.
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Svendsen (1955a) found it occasionally on all soil types,
but typical of the most acid conditions. Perel (1964)
found it the commonest lumbricid in natural forests of
fhe 'taiga!'.
The active, surfacé dwelling mode of life adopted by

D. octaedra was thought to account for the high

respiration rate, with strong dependence on body weight
and a marked sensitivity to external oxygen concentration,
found in this species (Byzova, 1965, 1966).

Dendrobaena rubida (Sav.) f. subrubicunda (Eisen)

A surface dwelling species found in vgrioug media
rich in decaying organic matter, and usually with a high
water content (see I@bieﬂl&;&pzzg)Usually found to penetrate
the'sﬁrface loam of mull-type soils ;nd often seen to
aggregate in the decomposing 'litter wads' at the entrance

to burrows of L. terrestris.

D. rubida f. subrubicunda was found to aggregate in
fresh molehills of almost pure clay; this behaviour may
reflect some mineral requirement of this species. 1In

laboratory culture, D. rubida f. subrubicunda only survived

in the presence of surface soil or heayily decomposed
litter of fine texture. |

The habitat of this species»at Wynyard was in
accordance with the generally acknowledged requirement of

a rich organic medium. Satchell (1955a) described

D. rubida f. subrubicunda as 'ubiquitous' in acid tolerance.
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In addition to its normally terrestrial habit (Gerard,
1964), the species is found in compost heaps and occurs

commonly in sewage percolating filters (Solbé, pers. comm.).

Roots (1956a) showed that D. rubida f. subrubicunda was
one of several normally terrestrial species which could
live under water in the laboratory, often for considerable
periods (31 to 50 weeks) if soil wés present in tﬁe medium,

Lumbricus castaneus (Sav).

A surface active species typical of the surface soil
and litter of mull-type soils and grassy sward.

L. castaneus was one of the few species found to feed -

on raw leaf litter in laboratory culture. Arthur (1965)
has sfated that whilst this species can penetrate the soil
to a depth of about»lo cm. the burrows are poorly defined,
considered by Arthur to be indicative of the feeding habits
of this species which 'does not seem to ingegt much soil'.

With D. rubida f. subrubicunda, it has been found to

aggregate in L. terrestris 'litter wads'! and fresh molehills

of almost pure clay (see D. rubida f. subrubicunda above).
Pickford (1926) and Bornebusch (1930) regarded

L. castaneus as typical of mull soils, though Guild (1951)

also found it in acid soils in S.E. Scotland and Satchell
(1955a) described it as 'ubiquitous' in acid télerance.
Svendsen (1955a) recorded the species ohly once, beneath
dung on a mull area. Byzova (1965) showed a high

respiration rate for L. castaneus, strongly dependent on

body weight; Byzova regarded this as typical of a soil-
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"litter dwelling species showing a high degree of muscular
activity.

There seems to be some disagreement concerning the
soil preference of this species; however, its occurrence
in acid soils.at Wynyard would suggest that Satchell's
conclusions regarding acid tolerance are correct. The

restriction of L. castaneus to mull soil habitats in

many situations must be due to some limiting factor other

than pH.

Lumbricus terrestris L.

A deep-burrowing species found in both mull-type

and mor-type soils at Wynyard. Smaller immature specimens
typically found nearer to the soil surface. Larger
specimens accumulating 'litter wads’, composed of leaves,
twigs, buds, faecal material and surface soil in a
complex decomposing mass, at the entrance to the permanent
burrow.

In lighter coloured clay’soils, decomposing organic
material could be seen to line the upper ;egion of the
near-vertical burrow to a depth of about 15 cm. Where the
burrow was occupied by a mature individual, this organic
layer was usually found to contain numeroué cocoons,
suggesting a possible 'provisioning' response in soils of

low organic content. The common occurrence at Wynyard of

cocoon capsules packed with soil suggests that the hatching

worms initially feed in the immediate vicinity of the

cocoon, faecal material being deposited within the cocoon

T
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capsule. This habit of lining the upper burrow must also
increase the efficiency of mor to mull soil conversion.

L. terrestris is exceptional in being a deep-

burrowing species which feeds almost exclusively on material
collected from the surface of the soil. There have been
Amany studies on the mode of litter-feeding by this species
‘(the more important papers are reviewed by Satchell, 1958},
the classical example being that of Darwin (1881) and the
most recent work being thét by Satchell and Lowe (1967).
Since the time of Hensen (1877) it has been known that

at certain times of the year the adults of L. terrestris

are capable of burrowing to a depth of over two metres,
under suitable soil conditions. It 'is generally agreed
that the species is almost purely terrestrial, though as

with L. castaneus there seems to be some confusion over the

type of soil inhabited. Pickford (1926) and Bornebusch

(1930) recorded L. terrestris in mull soils, Guild (1948)
found it most numerous on light loam, and its occurrence
in‘garden,'arable and pasthre-land soil is widely known -
" though it is not éo common]in these situationé as was once

thought through confusion with the deep-burrowing, surface-

casting species Allolobophora longa Ude and A. nocturna

Evans. In contrast, Guild (1951) recorded L. terrestris

in acid soils and Satchell (1955a) describes it as ’
tubiquitous!' in acid tolerance. Cernosvitov and Evans

(1947) stated that it showed a preference for clayey. soil,
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though Gerard (1964) simply indicates it to be 'especially
abundany in clay soils'. It must be acknowledged that the

specialised mode of life adopted by L. terrestris gives

the species a certain independence of soil type. It thus
occurs in most soils of suitable depth with sufficient
available litter, provided the soil acidity is within the

generally accepted extremes for lumbricid tolerance (pH

4 to 7)..

b. 'Unpigmented' Species

Allolobophora caliginosa (Sav.)

A soil dwelling species typically found in the mull-
type topsoil beneath Bramble. Multidirectional, ramifying
burrows formed to a depth of about 15 cm. - as against the
7.6 cm given by Gerard, 1960, for a pasture~land population.
Rarely occurring in more clayey soils and never in mor-type

soils. Immature specimens occurring nearer to the soil

surface.

In some regions at Wynyard, where mull-type soils

occur extensively, A. caliginosa was predominant in the
loamy topsoil, whilst A.rosea retained dominancy in the
restricted areas of more clayey soil. In the study area,

where more clayey soils occur extensively, A. rosea was

predominant throughout the range of topsoil types. It

would therefore seem that although A. rosea inhabited a wide

range of soil types, and was the fitter species in more

clayey soils, A. caliginosa assumed dominance in the mull-
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type soils to which it was restricted, provided they were
of sufficient extent. This 'critical area' of mull-type
soil possibly reflected a late succession.change in mull

soil cqnditionS'which favoured A. caliginosa. During the

early stages of mull soii development there may be an

element of direct competition in which the more active

A. caliginosa gains adyantage (for feeding biology see
p.168 ). The assumption of complete dominance by

A. caliginosa would seem more_adequately explained by a

change in the environment. Pickford (1926), Bornebusch
(1930), Guild (1951) and Satchell (1955a) all regarded

A. caliginosa as intolerant of acid soils. Variation in

pH, and the associated effects on soil flora and fauna,
was probably the most important factor affecting

A. caliginosa distribution at Wynyard. The lower moisture

content of the mull-type soils may have enhanced the

success of A. caliginosa in mull soil regions. Roots

(1956a) found that in the laboratory A. caliginosa had
only a limited capacity for survival under water.

A. caliginosa.f. trapezoides (Duges) has been shown to

actively vacate a submerged soil medium (El-Duweini and
Ghabbour, 1965a).- It must be noted however that this
species is known to occur occasionally in the wet soil

of river banks (Gerard, 1964), so that high moisture
content of the soil is not in itself a barrier to dispersal.

A. caliginosa is most abundant in garden, agricultural

In the Stirling district of central

and pasture-land soils.
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Scotland, Guild (1948) found it to be most numerous in
light loam, and in Pennine moorland conditions Svendsen
(1955a) fouﬁd it to be absent froﬁA'poorer soil!.
Studying the distribution of this species in soils of
New Zealand, Nielson (1951) showed that the popﬁlation
size of A. caliginosa’was directly and positively related

-

to the calcium content of the soil. It would, however, be

difficult to generalise from this observation since

.

A. caliginosa was almost the sole lumbricid species occurring

in the region studied.

A. caliginosa shows a facultative dormancy (gut

emptied,'worm coiled within a mucus-lined earthen cell)
under soil conditions of high temperature and low moisture
content (Evans and Guild, 1947a). This inactive state has
unfbrtunately'been described as a 'diapause' by many
authors, despite lack of evidence to relate earthworm

dormancy to this highly specialised condition. The summer

dormancy of A. caliginoesa is typical of a grassland
population, but it was also shown by a high number of

A. caliginosa individuals at wynyard where the soil moisture

content was not drastically reduced during the summer.

A. caliginosa trapezoides is dominant in the soils of

Egypt (El-Duweini and Ghabbour, 1965b) so that temperature

alone does not induce inactivity in this form of the
specieé. A laboratory test was carried out to determine

the effect of high soil temperature on A. caliginosa

two sets of twelve individuals

épecimens from Wynyard:
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(five small immatures, four large immatures and three
adglts)'were kept in separate glass jars filled'with.mull
-soil'whose moisture content was maintained at a high level.

One jar was placed at 15°C and the other at 1OOC; the
activity of the worms on the outer surface of the soil was
checked daily and the condition of all the specimens was
assessed after thrée weeks when the jars were emptied.’
None’of the worms sthed any signs of dormancy after three
weeks, suggesting that the summer soil temperatures at
Wynyard (12-14°C) are not the primary cause of the observed

dormancy. It may be concluded that A. caliginosa is highly

sensitive to a fall in soil moisture content and summer
dormancy is esseptially an aestivatory process. It is
well known that the drying qut of a laboratory soil

medium, even at low temperatures, produces dormancy in

A. caliginosa, and as a means of avoiding death through

desiccation this behaviour is remarkably effective: the
author has observed the survival of two large immature

specimens of A. caliginosa after more than four months in

dry soil, and A. caliginosa trapezoides has been known to

survive up to two months under similar conditions,
retreating deeper into the soil prior to dormancy (El-
Duweini and Ghabbour, 1965a). This Egyptian form of

A. caliginosa is said to be capable of penetrating the soil

to a depth of about 60 cm. (El-Duweini and Ghabbour, 1964a).

v

The low respiratory rate, with little dependence -on

body weight, found for adult A. caliginosa (Byzova, 1965)
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can be considered typical of less active soil dwelling
lumbricids. Byzova (1966) has also shown this species to
be capable of maintaining a constant respiratory rate in
conditiops of low oxygen tension; this is thought to be
an important metabolic adaptation to the soil dwelling

habit (see also A. rosea below).

Allolobophorairosea (Sav.) f. typica

The dominant lumbricid species in the topsoil of the
study area. Forming multidirectional, ramifying burrows
to a depth of 15 cm. and occasionally as deep as 20 to
25 cm. - as against the 7.6 cm. given by Gerard (1960)
for a pasture-land population. Newly-hatched individuals
occurring mainly in the top 1 to 3 cm. of the soil. Found
in all soil types except the clay 'mor!' beneath pure stands
of Bracken; most abundant in the mul}'-type soil beneath

Bramble. See above for relations with A. caliginosa in

different soil types.

Satchell (1955a) regarded A. rosea as intolerant of
acid soils, though his parameter for 'intolerance' was
absence from soils of pH less than 4.6. At Wynyard,

A. rosea was found to be more tolerant of the acid

conditions in clayey and mor-type soils than A. caliginosa.

A. rosea was not abundant in the pasture-land soils of

central Scotland, though it occurred throughout the range

of soil types, being most numerous in light loam and silt-

clay soils (Guild, 1948). Guild (1951) regarded A. rosea
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as intolerant of acid soils in the pastures of S.E. Scotland.
Stephenson (1930) gave the habitat preference for A. rosea
as 'under rotting 1e§§es in woods.' Perel (1964) recorded
the species as dominant in the western regions of wooded
steppe forests in the European U.S.S.R. in addition to
its occurrence in the loamy and clay soils'of pastures,
gardens and woodlands, A. rosea‘has been frequentiy found
on the Banks of rivers and lakes in limnic localities
(Gerard, 1964). The species was particularly common amongst
the roots.of Juncus spp. in the waterlogged soil of a low
moor area at Wynyard, and whilst the occurrence of A. rosea

in this situation may be primarily due to the availability
of nutritious material (see p.177) theiGaterlogged
conditions caused no apparent stress on the individuals
concerned. Chugunova (1957) showéd that A. rosea could
survive up to 460 days in-a small layer of stagnant water.
Soil conditions of high temperature and low water
content induce a facultative dormancy in grassland
populations of this species (Evans and Guild, 1947a).
Such a'dormancy'was not observed in the field populations
at Wynyard where soil moisture content remains high
throughout the year, though it could be induced in the
laboratory by drying out the soil medium, even at low

temperatures. It seems probable, therefore, that dormancy

in A. rosea is a response to extreme dry soil conditions

(c.f. A. caliginosa above). A. rosea at Wynyard showed a

winter quiescence in which the animals became lethargic,

e
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showed little or no body growth and had a very low

regpiratory rate - though feeding was continued. This
qﬁiescence was almosf certainly a direct response to low
winter temperatures.

The inactive éoil dwelling habit adopted by this
species has been said to account for the low respiratory
rate, practically independent of body weight aqd

unaffected by oxygen tensions as low as 10%, found in

adult specimens of A. rosea (Byzova, 1965, 1966).

Eiseniella tetraedra (Sav.) f. typica

Occurring in,the top 1 to 3 cm. of waterlogged soil;
found in the whole range of soil types from mull-type.
soils to pure cla&, provided the water content was
sufficiently-high. An extremely active species; tail
fragments easily, presumab%y protective in allowing the
escape of the individu%; - fegeneration of the tail regiqn

was found to be rapid, as in most lumbricid species.

Many ‘authors have regarded E. tetraedra as a purely

aquatic species. Pickford (1926) described it as 'limnic'
at Wi;ken Fen, Bornebusch (1930) found the species only
in swampy-situations and Guild (1951) found it in flushesf
though he did record it in some numbers from a damp, but

-

not wet, permanent pasture on a sloping hlllslde in

Perthshire. Svendsen (1955a) also found E. tetraedra

in stream beds and flushes, with one record of a specimen
found in sheep dung. Perel (1964) described the appearance

of this species in the wettest areas of boggy spruce forests
\.

s —
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in eastern Europe. Gerard (1964) described the species
as 'amphibious' (see also Beddard, 1895, and Stephenson,
1930), occurring in wet 'soil 'mostly covered with Qater'

as well as in purely aquatic habitats. Reynoldson et al.

(1955) recorded E. tetraedra from arable land on Bardsey,
near Anglesey, and whilst the species undoubtedly requires

a high water content in its surroundings it is not

restricted to the aquatic situation. However, it must be

noted that the ability of E. tetraedra to live totally
submerged amongst the weed of ponds and streams allows this

species to penetrate an environment rarely exploited by

any other member of the British Lumbricidae (A. chlorotica
(Sav.) was found amongst the roots of water-plants, at a
depth of 2 metres, up to 20 metres from the shore of Lake
Windermere (Cernosvitov, 1945), but the species has never
been. reported as free-living in an aquatic situation).

{ .
Byzova (1965) showed E. tetraedra to have a high

respiratory rate, strongly dependent on body weight,

typical of a highly active surface dwelling species. The

A

restriction of this small species to the surface layer of
the soil would seem to substantiate the theory that smaller
worms, including small immatures of larger species, are

better adapted for surface or shallow 'crevice' movement,
!

whilst larger worms are capable of deeper, true burrowing

activities (Arthur, 1965). There are, however, certain

notable exceptions to such a general rule: specimens of

Helodrilus oculatus Hoffmeister, together with one specimen

L
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of Bimastos muldali Omodeo, were found at a depth of

2.5 to 4.6 metres in a Roman ditch at Verulamium (Dobson
and Satchell, 1956) though it was suggested that the
original worms might have entered the ditch in the 1st.

_century A.D. At Wynyard the rare species Bimastos muldali,

though usually occurring near the ground surface, has been

[

found at a depth of 30 to 35 cm. in wet clay.

Octolasion cyaneum (Sav.)

A deep burrowing species commonly occurring in almost
pure clay beneath grassy sward, as well as in better soils
beneath Bramble and Méle Fern. Newly hatched individuals
living in the top 2.5 to 5 cm. of soil in all soil types
though more common in grassy areas. Larger worms living
in clay apparently unaffected by the moisture content of
the surroundings,.being equally common in dry and almost
wateilogged conditions. Bur{ows well-defined{.though
temporary and multidirectional; unlinea and easily
distinguishable, in lighter-coloured clay soils, from the

vertical shafts of L. terrestris. Form and content of the

gut and faeces suggest feeding to be a process involving
thé passage of large quantities of the sqfroundipg medium
through the intestinal tract with the assimilation of

all available organic matter - O. cyaneum is one of the
lumbricid species in which both cellulase and chitinase
are known to occur in the intestine, especially the

_anterior portion (Tracey, 1951).
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O. cyaneum is a widespread species, found in a wide

variety of soil types, though it is usually regarded as

occurring locally and never in large numbers (Evans an?

v

Guild, 1947a; Guild, 1948, 1951; Gerard, 1964). Bornebusch

v

(1930) recorded it from 'humid mull' and the species is
thought to prefer moist conditions, though flooding is

known to cause evacuation of burrows - individuals being

}

Svendsen (1955a) found O. cyaneum to be common in all but

the most peaty moorland soils and Satchell (1955a) regarded
it as 'ubiquitous! in acid tolerance. In pasture-land the
burrow system of adults and 1arge immatures is usually at

a depth of about 15 cm. (Gerard, 1960), but at Wynyard

the larger burrow systems extend from 5'cm. below the

surface to a depth of 30 to 35 cm., and probably deeper

during the winter months.




- 38 -

III Physical Factors of the Soil Environment

1. Water Téble and Soil Moisture content.

Introdﬁction

Although the moisture content of the soil on the grid
area was known to be high for most of the year; it was
considered desirable to Pave a record of any major spatial
or temporal variation through the year and also to assess
Quantitatively the average soil moisture content. The
measuremeﬁt of major variation would allow comparisoﬁs
with lumbricid population distribution over the grid area
throughoué-the year. It would also provide supporting
evidence fér the assessment of arbitrary fseasons'. The
quantificati?n of average soil moisture content was
reduired for the rééonstruction of field soil conditions

during various laboratory experiments - notably those

for the investigation of egestion rates in Allolobophora

a~

rosea (Sav.) f. typica.
Methods

'Spot' measurements of the depth of the soil water
table were made on or about the 15th day of each month
for a period of 15 months as follows: twelve holes of
approximately 8 cm. diameter were bqred to a depth in
excess of 1 metrs at the pésitions shown in Fig. 1. A
plastic container was placed in the top of each hole to
prevent the entry of wind-blown litter, etc., and the

depth of the water table from the soil surface was
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measured to the nearest inch (2.5 cm.) gsing a metre
rule. |

For a six month period - June to November, 1967 - a
porous pot tensiometer wés available for this work and
measurements of 'bramble' topsoil (0 to 15 cm; depth)
m?istq;e tension near various boreholes were made at
intervals in conjunction with simultaneous measuremenfs
of water table depth. These measuréments were made not
less than 24 h. after any period of prgcipi}ation to avoid
spurious results due to temporary increases in topsoil
moisture content.
Results

Fig. 2 shows diagrammatically the level of the soil
water table over the grid area, orientated>as shown for
January, 1967, throughout the year. The contour lines,
spaced according to the éctual depths measured, demarcate
areas of similar water tablé éepth at the time of 'spot'
measurement. The mean annual water table depth was found
to be 12.5 ins (31.6 cm). For m?st of the year the water
table was within 15 ins. (38 cm), and commonly within
10 ins (25 cm), of the soil surface over the whole grid

area. However, there was a fall in the level of the water

table during the months of June, Julyk August and September.

The increase in water table depth appeared to originate in

the region of Al and B3, and to spread towards the centre

of the grid area, affecting the whole of the grid area to a

somewhat lesser degree. There was a regression in August
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with a resumed increase in depth¥in September, again from
the A1/B3 region. October figurgs showed a marked rise
in the wafer table level which had assumed a uniformity of
depth at a high level in_the month of November., The water
table remained at a high level ﬁntil April, 1967 - the -
last month of measurement - when the situation was very
similar to that in May, 1966.

The mean water table depth (over the whole grid area)
.forieach month of measurement is shown, to some extent
aiaérammatically, iﬁ Fig. 3. Apart from a slight fall in
January and Februéry, 1967, the mean wate; table level was
remarkably.constant throughout the year, except for a sharp
fall in June and July, 1966 and sustained low levels in |
August andlseFtember. Thg relative mean depths in April,
Mayrand June Qere almost identical in 1966 and 1967.

A significant, positive proportionality between
topsoil moisture tension and qgter table depth was indicated

by the data shown in Fig. 4.
L.

Discussion

It can be seen from Fig. 2 that the water table level
was usually uniform'overvfhe whole grid afea so that the
mean figures given in Fig. 3 are comparable in terms of
: grosé seasonal changes. The similarity between the
?éasurements made in April, May apd June, 1966 and those
for Ehe same months 'in 1967 indicates a cqnstancy in the.

annual cycle. Murchie (1958), studying a southern Michigan
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upland forest soil inhabited by Allolbbophora rosea, found

that the moisture content of the soil conformed essentially
to two distinct tseasons!. He noted a constancy of soil
moisture content for most of the year with a marked fall

in moisture content‘during the period from late June to
late September. The situation at Wynyard seems very
similar, with a distinct 'dry' season from June to
September, inclusive. This inforﬁation has been used as
supporting evidence for the demarcation of arbitrary seasons
in the analysis of the field soil temperature curve (see p.i).
It has also been useful in the;interpretation of lumbricid
population data through fhe year. Since spatial variation
in water table depth was little in evidence, this factor
could not be counted as a major variable affecting the
spatial distribution of the lumbricid populatioﬁ. The

only consistent spatial feature of importance-was the
initiation of falling water table levels from the region

of A1/B3. The only 1argé mole fortrgss on the grid area
occurred in £his region and it would seem likely that the
~water table levels were affectea by improved drainage due to
mole burrowing acﬁivities. In wet soilé, such as occur at
Wynyard, Satchell (1960) has pointed out that even narrow

tunnels drain clear of water at very low suctions;

jumbricid tunnels will therefore be particularly important

in the drainage and aeration of Wynyard soils in the course
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of succession.

The cmrre}ation between topéoil mois;ure contént and
water table depth was somewhat better tha; might have been
expected - considering the variation possible in surface
evaporation (as affeéted by vegetation and litter cover)
gnd topsoil drainage (affected by both floral aqd faunal
actioq). The high degree of correlation was probably due
to three major factors: the selection of one soil type for
measurement, the woodlénd_situation'with gniformly high
vegetational cover reducing evaporation from the soil
surface, and the high level of the water table compared
with most terrestrial habitats. From this relationship
between topsoil moisture content and water table depth it
was possible, using the mean annual water table depth, to
designate 'bramble' soil moisture tensions of within 5 to
9 mm. Hg as suitable levels of méistﬁre content for 'bramble'
soils u;éd in laboratory media. Soil media at such levels

of moisture content were used for purposes of culturing

and experiﬁentation concerning Allolobophora rosea, where
information collected was intendéd for application to the
field situation. It was not possible to reproduce exact
field moisture levels within the sand medium used for
respirometry, though the lumbricids were kept in soil taken
from the field at the time of animal collectioP and the

sand medium within the respirometer was kept at a high level

of moisture content during the period of measurement.

high

L

Since the moisture con%ent of the soil was also at a
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level for mo?f of the year, the moisture conditions within
the respirometer were taken as a close approximation to

L

tpe field situation.
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2. Temperature and 'Seasons'

Introduction

In field studies of individual or population
bioenergetics it is essential that the temperature regime
within the habitat is known in some considerable detail
throughout the year. Such knowledge is required since it
is rarely possible to measure all parameters of energy
flow under field conditions; laboratory measurements are
generally carried out at various constant fémperatures to
determine the relationship betweeﬁ the variable factor
involyed and the ambient temperature. When this relation-
ship is known, extrapolation to the field situation 1is
possible by reference to habitat temperature data, providing

alg other factors are simulated or adequately compensated

during the experimeﬁtal procedure.

Methods

Long-term measurements of field soil temperatures were

effected by use of the technique involving saccharose

inversion rates. This method was first described by

Pallmann, Eichenberger and Hasler (1940) and later modified

by Berthet (1960).

The saccharose inversion, according to the equation:

Saccharose + H20 —> fructose + glucose

proéeeds at a rate which is related to the ambient

temperature, prbviding the pH of the solution remains

constant. The pH of the reaction was controlled by the use

of a buffer solution and a neutral antiseptic material

-
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(formalin) to prevent the activity of micro-organisms. The
degree of inversion QQer a known period was estimated by
polarimetry.

The method used in the present study was essentially
simiiar to that outlined in detail by Berthet (1960). It
was not found possible to aéhieve the exéct pH value of
1.21 given by Berthet for rapid conversion rates. Therefore
the constant (K.X below) used by Beithet was not-applicable
to solutions used in this work. The problem was solved by
placing'a;set of control portions in rooms of constant
temperature for~each solution prepared for field use. Thus
the copstant KX was recalculated for each set of measure-
ments, ensuring accurécy despite slight differences between
the buffered pH values of the solutions used in the course
of this studx. |

Calculation of the temperature of inveréion was by

means of the following formulae:-

(a) K'T= 1 . log 26 - Bo
t a - B
o
where k! . is the constant of inversion,

T

t is the period of measurement in days,
a, is the degree of rotation at t=0,

a is the degree of rotation at time t,
B is the degree of rotation at complete
. . O, Al
inversion (-9 10 )

(b) T = 5,854
K, - log K'
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where T is the absolute temperature (eOC==T-273.2),
KX is a constant dependent on the pH of the solution.
In the laboratory, the saccharose and buffer solutions

were mixed by vigorous shaking

within a measuring cylinder.
Portions of the mixture were pipetted into glass tubes of
0.64 cm. internal diameter and 10 to 13 cm. in length.

Four bottles were filled with the mixture; one bottle,
containingla sample of the original mixture for the
calculatioﬂ’of a, in equation (a) above, was placed
immediately in a refrigerator at -2OOC; of the remaining
three bottles one was placed in a constant temperature
room at.SQC, one at 10°C and one at 15°C. The latter three
bottles were removed after a known time interval and placed
in the refrigerator at -20°C for subsequent use in
determining the constant'Kx in equation (b? above. The
experimental tubes were tightly stoppered with rubber
bungs and placed immediately in vacuum flasks containing

a calcium chloride and ice mixture at -20°C. Under these
conditions the tubes were transported to the field.

Field soil temperatures &ere measured throughout the
yéar at‘various depths beneath two distinct vegetational
types. There were two measurement sites under alder
beneath 'bramblet! and two under birch beneath 'grasses'.
At each site a pit of approximately one square metre in

surface area was dug to a depth of 60cm. One vertical soil

face was carefully prepared, preserving the integrity of the

soil structure, surface litter and ground ‘vegetation.
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Three experimental tubes were horizontally inserted into

the soil face of each pit at each of the following depths*:

(a) beneath 'bramble!
O cm (litter layer - alder and bramble debris),
5 cm (mull-type topsoil),
22 cm (A3/B1 transitional horizon), and
50 cm (subsoil - boulder clay);

(b) beneath 'grasses'

O cm (litter layer - dead grasses),
5 cm (clay topsoil),
22 cm (transitional to boulder clay).

* All depths measured from the soil surface.

Six experimental tubes were thus available from each
of the depths specified above for each vegetational type.
Five tubes were required to éompletely fill the polarimeter
tube (capacity: 10 ccs.), léaving one spare tube as a
replacement in the event of damage to any of the other
five sample units.

After the insertion of tubes, each soil face was covered
with a nylon mesh sheet and tﬁe pit refilled with the
original soil. The subsoil was packed down to its original
firmness and the topsoil pieces, including surface litter
and vegetation, were carefully replaced.

The tubes were changed monthly from November to May,

inclusive, and every two weeks during the W%Fmer months due

to the more rapid inversion rates. The returning tubes
i

were transported back to the laboratory, in vacuum flasks
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containiné calcium chloride an%iice, and placed in the
refrigeﬁgtor at -ZO?C. They - and the sample of original
solution, plus cont£§1 bottles from constant temperature
IOOmMS - were subsequeptly analysed for rotation by
polaximetry.

Results

The relation between mean soil temperature and soil
depth beneath 'bramble' and 'grasses' from early August
1966, to early October 1967, inclusive, is shown in Fig.
5. The ordinatg values of soil temperature are varied
according to thé temperature range encountered for each
period of\measurement, but the abscissa soil depth valﬁes
are as shown for the final period of measurement: late
September/early October 1967. Soil temperatures were almost
identical beneath 'bramble' and 'grasses' at all depths.
The greatest differences occurred in the winter of 1966/
67 and the early spring of 1967. However, the maximum
difference between surface temperaturés - occurring during
March 1967 - was only 0.7°C and the maximum difference

between soil temperatures at depth - occurring at a depth

of 22 cm. during January 1967 - was 0.4°C. Temperature
differences between soils of the two vegetational types

were usually much less than these maximum figures, being

i

only of the order of 0.1 to 0.2°C. Greater differences

-occurred between surface and topsoil temperatures beneath

'grasses' than occurred between these strata beneath

tbramble!. The c¢lassical situation of soil temperature
being proportional and inversely proportiomal to soil
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depth in winter and summer, respectively, is shown quite
clearly in Fig. 5. The maximum difference between surface
temperature and the teﬁperatuxe at 50 cm. depth - occurring
in December 1966 - was 1.5°C. Soil temperature inversion
beneath both 'bramble'! and 'grasses! occurred in September/
October 1966, March 1967 and September/Oétober 1967.

Fig. 6 sﬁéws the mean field soil temperature curve
for the period August/September 1966 to September/October
1967 at a depth of 5 cm. beneath 'bramble'. The annual
cycle has:-been divided into arbitﬁéry seasons and the times
of éeasonal measurements of lumbricid respi?atory quotients
are shown. The annual range of mean soil temper;£ures was
8 or 9°C. Minimum temperatures of about 5°C occurred in
-January 1997 and maﬁimﬁm temperatures of about 13 to 14°¢
in July/August 1967. August/September soil temperatures
differed by only 0.6 to 0.7°C in the two years of measure-
ment.

Discussion

Since the rate of inversion of saccharose is not
directly proportionél to ambient temperature, being very
'élightly biased towards the higher temperatures under
varying temperature conditions, the mean temperatufes
umeasured were somewhat highgr than the arithmetic mean
temperatures over each period of investigation. Berthet
(1960) has described the saccharose inversion temperature

measurement as the 'ecological mean temperature' being more

‘meaningful than the arithmetic mean in terms of biotic
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activity. However, the difference involved éonforms to a
logarithmic relationship with absolute temperature and is
only of tﬁe order of 1OC at an amb}ent temperature of 20°c.
The-differences occurring in the ranges of temperatures
measured during the present study would therefore be
negligible in terms of the aspects of field population
metabolism to which the soil temperature data were applied.

The use of small sample units dispersed through a
number of situations with the same depth characteristic
served the dﬁal purpose of delineating accurately the depth
of measurement and ensuring an average value for a
particular depth? | |

In any particular period, soil temperature differences
bet&een 'bramble! and 'grasses' at the same soil depth,
shown in Fig. 5, were usua}ly not significant in absolute
éerms due to errors in the ;alculation of KX caused by
slight fluctuation ‘in 'constant} temperature room conditions
in the course of this work. However, each set of measure-
ments, for a particular period, calculated for a particular
solution mixture with a defined KX value, were significant
in relative terms within the set. Thus comparisons of the
temperature/depth relation in different periods of
measurements, as shown in Fig. 5, are possible, but it
would be unrealistic to plot comparatively the soil
temperature curves for different depths or the different

vegetational typés in the form shown in Fig. 6.

Allolobophora rosea (Sav.), the species to which calculations
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involving temperature data were applied, was found to
prefer the 'bramble' soil type (see pp.7717pnd to be most
abundant in the upper levels of the topsoil, usually

"
penetrating the soil to a depth of only 15 cm. Since soil
temperature variation between different vegetational types
and at differeng_dep?hs was so small - and often insignifi-
cant in absolute terms - the mean temperature measurements
obtained for soil at 5 cm. depth beneath 'bramble' (shown
in Fig. 6) wefe used for allccalculations involving
correction for field soil temperature. The arbitrary
'seasons' shown in Fig. 6 were demarcated for the purpose
of dividing the annual cycie into its major components
with regard to the state of the physical environment. From
such divisions paraﬁeters of energy flow through the
A. rosea population could be better defined on a temporal
basis. In view of the complex buffering systems existing
in éoils at the Wynyard level of succession it was
assumed that soil pH variation through the year would be
minimal. Therefore the demarcation of 'séasons' was based
solely upon soil temperature and the soil moisture content
through the year. The level of the soil water table,
closely reléted to topsoil moisture tension beneath the
major vegetational type, was shown to be constant for most
of the year, thF only major variation'being an increase in
depth during the months of June, JulyévAugust and September

(see pp.40,41). This period of low soil moisture tension

was seen to correspond with the highest measurements of
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soil temperature and thus the period from mid-June until
the end of September was termed the 'summer'! season. The
ofher three seasons, in the absence of soii moisture h
variation, were demarcated on the basis of the temperature
status of the soil: the period of rapidly falling soil
temperatures from the beginning of October until the end
of November was termed 'autumn'; the period of minimal
soil temperatures from the beginning of December until
mid-March was termed 'winter'; +the period of rising soil
temperatures from mid-March until mid-June was termed
'spring'. |

The annual range of soil teﬁperatures - 8 or 9°%C - is
only about half the annual range measured by Healey (1967a)
for the soil of an exposed ridge of Welsh moorland over the
period May 1962 to June 1963. He recorded maximum
differences between temperatures at the soil surface and
only 3 cm. soil depth of 4 or 5 OC, during the summer of
1962. These very great differencesAbetween the soil
temperature regimes at Wynyard and for moorland are undoubt-
edly due to a number of factoré: differences between the
year and the altitude of measurement will have a considerable
effect, and the use of a method involving measurement of
fortnightly or monthly means at Wynyard, as against Healey's
use of integrating thermistor units to obtain weekly mean
temperatures, will certainly have produced a 'damping'
effect on the annual fluctuation of soil temperaturés.' The

maximum and minimum mean daily air temperatures recorded
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by the Durham University Observatory over the period
August 1966 to October 1967 were 14.9°c, in August 1967,
and 3.26C, in January 1967, respectively. It is theregore
pr?bablé that the factors outlined above were largely ‘
responsible for the difference in annual range between the
two soil situations. The somewhat higher mean winter
temperatures in Wynyard soil, compared with air tempera-
tures, wére ﬁrobably due to the insulating effect of woodland
litter and ve?etation. The gxeaggr similarity between
woodland soil temperatures at various soil depths than those
in moorland soil are almost certainly due in part to the
insulation and equilibriation effected by dense vegetation
" - and a high sPil water table, since water has about 25
times the thegﬁal conductivity of still air (Russell, 1961).
Satchell (1962) measured soil temperatures at 10 cm.
depth in a woodland situation during 1960. The tree cover

was comprised of coppiced hazel (Corylus sp.), ash

(Fraxinus sp.) and sycamore (Acer sp.) and the soil was a

deep, base-rich glacial drift overlying Carboniferous
limestone. Despite differénces in woodland type and the
year of méasurémént, Satchell's annual range of soil
temperatures - 3.2 to 13.8°C - shows close agreement with
the temperature data for Wynyard.

The importance of soil temperatures to lumbricid
activity is outlined by the fact that moét species living

in a temperate climate have relatively low heat death

temperatures. In carefully temperature equated laboratory
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experiments Miles (1963a) demonstrated heat death tempera-

tures for Allolobophora terrestris (Sav.) f. longa (Ude)

and Eisenia foetida (Sawv.) of only 25.7°C and 33.3°C,

' respectively. Grant (1955a) demonstrated a positive relation
between acclimatisation:.temperature and the heat death

temperature in the megascolecid species Pheretima hupeiensis,

but recorded heat death temperatures of only 24.7°C and

26.3°C for the 1qmbricid species E, foetida and A. caliginosa,
respectively, after acclimatisation at 22°c. Species

adapted to a warm climate are more independent of soil
fémperature; El-Duweini and Ghabbour (1965) showed

Allolobophora caliginosa (Sav.) f. trapezoides (Duges) to

have a temperature preference range of 2 to 37°C! Many

temperate climate species avoid the desiccatory effects of
high temperatures by entering a phase of dormancy within a
mucus-lined soil cell. Low temperatures decrease the
agtivity and general metabolism of lumbricids in the manner
normal for poikilotherms. Under temperature conditions
approaching 0°C a state of quiescence was obser?ed in

A. rosea ét>Wynyard and Murchie (1958) found that whilst
this species was undergoing dormancy, due to low soil
moist;re content, a fall in soil temperature tended to

prolong the quiescence. A. rosea at Wynyard did not

undergo the period of summer dormancy normally found in

The unifor@ity and

grassland populations of this species.
stability of soil temperatures at Wynyard were thought to
be factors beneficial to the successful establishment of

lumbricid popuiations.
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3. Soil pH

Introduction

Hurwitz (1910) and Shohl (1912) were amongst the first
workers to investigate the reaction of lumbricids to.
extreme pH conditions. They found that irritation of

Eisenia foetida (Sav.) was proportional to the

concentration of hydrogen and hydroxyl iqnsvin the medium.
Arrhenius (1921) said that the presence or absence of
lumbricids in a soil depended on the pH of the soil. From
experiments in Java and California he concluded that
lumbricids were extremely sensitive to sgil reaction and
could only exist in neutral or slightly acid soils

(minimum pH : 6). Such a generality of statement might

‘be considered of little value, but it did give rise to a
surge of interest in lumbricid pH relations. Moore (1922),
fhillips (1923) and Wherry (1924) investigated the minimum
level of soil pH under which lumbricids could exist. It
was generally concluded that this.minimum level was in the
region of pH5. Wherry reported the existence of Helodrilus
IIBnnbergi Hoffmeister - a species with exceptionally large
calciferous glands - in a root peat soil of pH 4(7 to 4.9.
Allee et al (1930) studied the occurrence of lumbricids

in soils of pH 5.6 to 8.3. On the basis of population
aensity they defined the optimum field soil pH as lying
between pH 7.0'and pH 7.8. In laboratory experiments
involving the study of 'avoidance reaction' to filter papers

dampened by solutions at various pH values they found that
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all the lumbricid species studied - including Allolobophora

rosea (Sav.), the commonest species at Wynyard - showed a
wide rénge of tolerance to pH. However, these workers
could not corfe1a£e species distribution in the field with
soil pH differences, concluding that other factors of the
soil environment must be more limiting - though the effect

of pH on soil miCro—oEganisms may affect overall lumbricid

abuqdance.

In the laboratory experiments of Allee et al,

Allelobophora caliginosa (Sav.) f. trapezoides (Duges)

showed the widest range of pH tolerance. Bodenheimer (1935)
considered the high pH values in Egyptian soils to be
responsible for a paucity of lumbricids. El-Duweini and

-

Ghabbour (1964b) found that A. caliginosa trapezoides

could tolerate highly alkaline conditions in laboratory
experiments and E1-Kifl (1958) disagreed wi}h the conclusions
of Bodenheimer after studying the distribution of this
species in Egyptian soils. Satchell (1955a) showed that

pH is not_the primary irritant in acid soils sence five
common species could tolerate solutions containing sulphuric
acid to pH values as low as 3.0 before finding them strongly

1rr1tat1ng, yet Allolobophora chlorotica (Sav.) would not

burrow in .soils of pH4.4 and lumbricids were rarely found
in soils of pH less than 4.5. Bornebusch (19%0) found only

the rare occurrence of Dendrobaena octaedra (Sav.) in

Danish forest soils of pH 4.3 or less.
v

Laverack (1961) has shown that lumbricids have sense

organs in the body wall which respond directly to stimulation
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by acid solutions and oscilloscope recordings of activity
in segmental nerves were ufed towdemonstfate inter-species
differenc%s in the sensitivity of thesé sense organs.
Using information from variou; spurces (Laverack, 1963)
he concluded that the internallpH of lumbricids was well
regulated - to the exclusion éf variation due to external
soil conditions. Despite these conclusions, in the present
work it was considered advantageous to carry out labo¥atory
studies under pH conditions which simulated those in the

(o

field soil environmenF as far as possible. It was assumed
that field soil pH wouid vary iittle over the year due to

| the action of complex buffering systems existing in soils
at this staggbof s%ccession. Whe;ever possible, soils from
the study areé were used fOﬁllaboratory cultures and

experiments.

To determine the extent of any variation in soil pH
over the grid area, and to estimate a mean soil pH value
for use in lumbric%d respirometry, it was considered

desirable to carry out a complete survey of the pH values

of the various soil types within the grid area.

Methods

The soil types were categorisgd according to vegetation
cover. For this pgrposeLthe ground vegetation was divided
into eight types: pure bramble (Bre; pure bracken (Bf) or
male fern/soft shield-fern (Ff); pure grasses (G); pure
rose-bay willow-herb (Rggh); mixed bramble and male fern/

soft shield-fern (Bx/Ff); mixed grasses and male fern/soft
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shield-fern (G/Gf); mixed bramble and grasses (Br/G);
mixed bramble, grasses and male fern/soft shield-fern

- (Bx/G/Ff). Sq?ares A and C wgre taken as repFesentative of
alq?r tree cove{, and squares E and F to be similarly
representative of birch tree cover. Eight soil samples,
one from each ground vegetation soil type, were taken from
each of the four grid squares. Samples were cut to a
dﬁpth of 7 to 8 cm., after the removal of surface litter

~

an raw humus, and transferred without handling into poly-
théne bags for transport to the laboratory. The pH of
the samples was estimated immediately on return to the
laboratory, using a Beckman potgntiometric meter with a
g%ass electrode at the plastic limit of the soil.
Results

" Table 1 shows the pH values determined for the eight
soil types, classified acqprdiﬁg to grgund vegetational
cover, in the two tree cover zones. No consistent
differences in topsoil pH values were observed between
different ground vegetational types. Sémilarly the alder
and bir;h zones showed no gignificant differences with
regard to topsoil pH: the mean value beneath alder was pH
6.23 anQ beneath birch pH 6.21. The distribution of pH
values measured was as follows: pH 5.00 to 5.49 - one
sample; pH 5.50 to 5.99 - eight samples; pH 6.00 to 6.49
- four;een samp1e§; pH 6.50 to 6.99 - sgVen\samples; pH
7.00 fo 7.49 - two samples. The data thus céﬁformed to a

normal distribution curve about the mean pH value forLthe
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total number of.samples measured. This mean value was
found to be pH 6.22 * 0.07 (St. Error), with standard
deviation ¥ 0.41.

Discussion

The use of a glass electrode with soils at the plastic
limit, or in suspenéion at dilution 1 : 0.5 (e.g. 100 gm.
fresh soil to 50 ml. distilled water), was recommended by
KrupskiY et al (1962) for the measurement of soil pH. They
found that greater dilutions did not measure the true acidity
of the soil due to varying aikalifyin? effgc?s on\different
soil types. Quinhydrone and antihony electrodes were
tested but fqund less reliaﬁle than the glass electrode.

The present survey showed a high degree of homogeneity
in topsoil pH over the grid area. This was thoughtAto
indicate a sfability of“physico—chemical conditions in the
soil due to the complex vegetational pa?tern over the area.
The only vegetational stand of absolute~purity was that
of bracken in F2 a?d the pH of this soi} (pH 5.25) was the
lowest recorded value. Bracken is knowﬁ to increase the
acidity of soil conditions.

In deciding the pH value suitable for buffering the
media used in respirometry, it was assumed that lumbricids
in the field would tend to avoid the soils of lerst pH
value. Thus the mean pH ?f the soils inhabited by the
majori&y of lumbricid individuals was assumed to be some-
what higher than the mean pH (6.?2) calculated. Since the

-

occurrence of soils with a significantly low pH value was
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not extensive, this difference was assumed minimal and a
pH value of 6.50 was considered suitable for artificial
laboratory media. Any errors involved in this estimation
of an average pH value encountered by the lumbricid
population may be considered negligible - in view of
Laverack's conclusions regarding lumbricid physiological

independence of external pH conditions.
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PART II

I The Population Survey

1. Sampling Technique

(1) Lumbricid Extraction Methods -~ a short review
— -

As Safchell (1958) pointed out, nd single extraction
technique has yet been deyised which will give complete
recovery of all.lumbricids from any soil sample of-suitably
large size. The efficiency of recovery achieved by a
particular method is therefore difficult to assess in
absolgte terms. The principle quantitative extraction
techniques used in field studies are the application of
the chemical vermifuges potassium permanganate seolution
(Evans and Guild, 1947a, 1948b; Guild 1948) and formalin

(Raw, 1959); the use of electrical discharge as an irritant

(Johﬁgtone-Wallace, 1937; Doeksen, 1?50; Satchell, 1955b);
the use of washing and flotaEion apparatus, either singly
(O'Connor, 1968) or in combination with other methods (Raw,
1960); the mechaniéal extraction of lumbricids by hand,
commonly known as 'hand-sorting' (numer?us authors including
Hensen, 1877; Pickford,N1926; Bornebusch, 1930; Dreidax,
1931;. Kollmansperger, 1934; Nielson, 1951; Svendsen
1955a,b; Murchie, 1958; Raw, 1960; Van Rhee and Nathans,
1961; Nelson and Satchell, 1962; Zicsi, 1962{ El-Duweini
and Ghabb?gr, 1965b); the creation Ofgé temperature gradient

within a soil block sample unit on the principle of the

Baermann funnel (Satc?ell, 1968).

Most comparative studies have been directed towa{ds the
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assessment of the efficiency of 'automatic'! methods in
relatibntto that achieved by hand-sporting. Svendsen (1955b)
showed that perman?anate extraction yieldedwonly a small
proportion of the lupbricid population in a moorland soil,

v

whilst Murchie (1958), in studies on Allolobophora rosea

(Sav.) said that 'wet sampling' methods were inoperable
under soil conditions of high water content, high clay
content or with periods of extreme cold or drought. El-
Duweini and Ghabbour (1965b), working in heavy clay soils
(c.f. Wynyapg soils), found permanganate and formalin
methods impraptical or inefficient for lumbricid sampling.
Other objectors to the uge of the permanganate method have
included Reynoldson (1955), Satchell (1955b) and Boyd (1957).
A major disadvantage of the chemical vermifuge technique
is the destruction and pol}ution of the habitat by the
necessary addition of chemicals and removal Qf ground
vegetation over quite large areas. Electrical sampling
methods are inefficient in their present form due to
difficulties in defining the volume of soil samples, since
electrical resistance varies between‘sucdessive soil
horizons (Satchell, 1960), and in assessing the degree of
irritation on deep-burrowing, inactive or dormant lumbricids.
Flotation tecpniques, originating from the Sa1£ and hollick
apparatus based on the principles outlined by Ladell and
Morris (see Kevan, 1962), have been little used due to their:
3.

cumbersome and somewhat 'untidy' nature. However, with

refinements of structure and procedure the flotation apparatus
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could produce the most efficient yield in terms of iumbricid
numbers. Raw (1960) has shown thatﬂwashing and flotation
methods, compared with hand-sorting, produce a much greater
yield of lumbricid numbers in soils with a thick surface
mat of vegetation. However, the recovery by hand-sorting
in, texrms of lumbricid biomass - of major importance in ‘
studies of ecolqgical enefgetics - was a much higher
percentage, and in soils without a Eurface mat (such as
mainly occﬁ? at Wyﬁyafd) the recovery by hand-sorting of

numbers and biomass was 89% and 95%, respectively, of that

y
found by the more laborious method of w%ehing and magnesium
sulphate flotation. Nelsoqﬁand~8atche11 (1962) testedlthe
hand-sorting method by introducing known numbers of lumbricids
of various sizes and species into blocks of varieus soil

types - previously cleared of lumbricids by f{eezéng at

-16°C. The blocks were sorted by experienced operators who
had no knowledge of the introductionvprocedufe. The
investigators found that large and medium sized Worms were

not miseed in appreciabie n?mbeis but there was evidence

that quite appreciable losses occurred with individuals

which possessed one or more of the facto;s of small size,
dark colouration, immobility and presence in turf rther

than soil. These workers also noted, however, that total
biomass recovery was practically complete, despite the

losses in numbers of lumbricids. Nelson and Satchell

L .
‘outlined the difficulties due to limitations on depth of

sample with regard to the recovery of deep-burrowing sRecies,
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suggesting the use of a chemical expellent aftern the
removal of topsoil. Such a technique would doubtless
improve the recovery of deep-burrowing species, but would
be inadvisable for use in a restricted area, such as the
grid area at Wynyard, where repeated sampling was carried

out over an exten?ed period.

(ii) The Sampling Method used in the Present Study

Introducfion

Chemical and electrical methods were considere?

ES

unsuitab}e for use in a quantitativeAstudy.qf this type.
Heat extraction is a useful techq}que for recovery of small
suxféce active pigmented worms from maEteA turf or highly
organic surface soil layers, but the method was impractic-
able with mineral soil samples of high clay content and
with a minimum of surface organic matter such as were most
common at Wynyard. The hand-sorting technique was adopted
in preference to methods involving washing through sieves
and/or flotation in magnesium sulphate solution since it
was considered desirable to extract the lumbricigs with a
minimum of damage or contamina{ion which might affect
measurements of biomass and calorific, content. The soil
conditions at Wynyard were considered conducive t? the
efficient application of fhe hand-sorting method in the

extraction of most lumbricid species for the purpose of

biomass estimations. The primary aim of this population

investigation was t? obtain quantitative biomass data, on
. .

\
a metre square basis, for as.many as possible of the
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species occurring in the grid area. It was acknowledged

that the deep-burrowing species, Lumbricus terrestris L.

and Octolasion cyaneum (Sav.), would be underestimated by a

'digging; and hand-sorting method of the type used, but

it was_ﬁoped that some qualitative information on the
abundance and activity of these species through the year
would emerge in the course of this work. Such acknowledg-
ments were thought necessary in any work oﬁMthis type since,
as Satcheil (1960) has pointed out, no one method is equally
‘suitab%e for the extraction of all stages of all lumbricid
specieél Ghilarov (1968) stated that since hand-sorting
methods are used more univérsally in soil ecolégy they are
to be preferred to more exotic extraction technique§Adue-
to the facilitation of data compariso?s. Whilst this
argument has an element of practical significance, the
determination of soil fauna population data to the maximum
degree of accuracy, by whatever extraction techniques are
most suitable for prevailing soil conditions, must remain

the only true basis for comparative research in tPis field

[

of soil ecolaqgy.

Sampling Tools

The 'digging' of soil sample units has usually been
carried out usingAa standard gardening spade. This method
involves the disturbance of the sample unit for a
considerable time prior to removal, so that many subsoil
species retire to deeper spil. The area of the sample unit

is. poorly defined, since the 'vertical' sides are invariably
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sloping, and lumbricid worm;Aare often needlessly bisected
by random movements of the cutting edge. Svendsen (1955a,
b) partially overcame this inefficiency—by the use of a
spade whicE was semicircular in cross-section, whilst
Zicsi (1962) used a metal square with flat vertical sides;
b?th these implements were pushed into the ground by foot
pfesgure..zicsi's method was preferable since the area
sampled was perfectly defined by the vértical sides of the
implement; however, bo%h these sampling tools were
unsuitable for use at Wynyard where the Qeavy cléy soil
cogtained a network of tree roots in the surfacehlayers,

in contrast to the moorland and arable soils studied by
Svendsep and Zicsi, rgspectively. Plate 10 shows the
sampling tool used in the pfesent studyt> It was essentially
a modification of the Zicsi implement, consisting of a
square steel base with vertical flat.sidés and an upper
portioh for use in lifting the sample unit from the ground.
The upper portion, which was detachable, included a
horizontal bar for 'rocking' the sample to break loose the
base of the soil block: The steel square, measuring

25 cm. x 25 cm. in area x,30 cm. in depth was providgd with
a sharp cutting edge and two blocks of specially hardened
steel, welded to two sides of the upper edge for hamPering

purposes. To remove a soil sample unit the cutting edge
of the steel square was thrust into the ground surf%ce and
the square was rapidly hammered into.the gro%ﬁd, using a

10 1b. sledge hammer, until the upper edge was level with
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the soil surface. The soil was levered away from the upper
edge of the square on the two sides not used for hammering,
exposing the holes for attachment of the upper portion.
Four metal pegs, two on each side, at the base of the
upper portion were slotted into the holes by expandng
slightly the upper frame which was then tightened ﬁsihg
the spindle and wing nut provided. The sample un%t was
'rocked' using the horizontal bar and lifted on to a metal
traxﬁwhere it was expélled from the sampling tool by
minimal foot pressure. The soil block was usually removed
in its entirety;..ocgasional%y pieces of subéoil‘broke
away from the main sample block and Fhese were recovergd
using a standard gardeginghspadei For maximum efficien?y,
the cutting edge of the steel square Qas sharpened before
eech.monthly sampiing occasion and the time for the complete
removal of a soil sample unit, measured for each sample
unit taken in the field sampling programme, varied between
1.5 and 2.5 min.

The Sampling Procedure

The sample unit size of 1/16th square metres in area
by approximately 30 cm. in depth was chosen in accordance
with Zicsi's findings regarding optimal sample unit area
and with due {ega¥d to the size, abundance and depth of
activity of lumbricid individuals to be sampled at Wynyard.
Healy (1962) has emphasised the importance oﬁ.stratified
random sampling to ensure a éertain degree of even coverage.

In the present study the grid area was divided into the Six
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grid squares: A, B, C, D, E and F, and each square was
subdivided into quarters numbered 1, 2, 3 and 4 as shown
for square A in Fig. 1 . Each of the quarter-squares was
then sampled on a random basis using Snedecor's list of
random numbers (Snedecor, 1956).

On or about the first day of each month, over a twelve
month period, one so%l sample unit was removed from each
quarter-square - a total of twenty-four sample units per month.
The exact position of each sample unit was decided as follows:
the qﬁartei-square was theoretically divided into ten one
-metre sections, numbered 0 to 9 from west to east, along the
north side and similarly divided, with one metre sections
numbered O to 9 from north to south, on the west side. Random
numbers were used to compose a four digital code for each
sample to be taken. The first number referred to a particular
metre. section on the north side of the quarter-square and
the second number to a similar section on the west side. By
use of a large metal right angle and strings marked at one
metre intervals, the metre square which was opposite the two
sections, so that the lines joining them were at right angles,
was located in the field. The third and fourth code digits,
composed only of numbers 1 to 4 inclusive, referred to

quarters and 1/16ths of the metre square, respectively.

The quarters of the metre square, and the 1 /16ths within
each quarter, were numbered 1, 2, 3 and 4 in the same
orientation as was used for the sub-division of the

grid squares. Thus the complete four digit
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code allowed the isolation of a single 1/16th square metre
sample unit area in the field. If any sample unit area
was found to be unsuitable for sampling purposes - e.é.
across the base of a tree - then the next available sample
unit within the quarter metre square, in a clockwise
direction, was taken. _Bach sample unit, after removal on
to the metal tray, was transferred to a suitably labelled,
thick polythene sack for transport to the laboratory.

(iii) Treatment of Samples and Specimens-

Sample units were stored in a constant temperature
room at 10°C. The total sample for each month was hand-
sorted over a period of five days; there was considerable
variation due to soil type but, on average, each sample
unit was sorted in approximately two hours. Each lumbricid
individual found was washed in dechlorinated tap water to
remove surface sbil and detritus and placed, in a labelled
glass tube, in a vacuum oven at 60°C. For each sample unit,
the soil type, surface vegetation, grid position and time
for removal were noted and the extracted lumbricids
classified and counted according to species and size class.
Worm fragments were counted as 'half' for population numbers
assessment. It waé assumed that approximately equal numbers
of ffagments which were greater or less than one 'half-worm'
would occur in the complete monthly sample, so that, on
balance, the 'half' worms counted would involve negligible
error. Lumbricid cocoons were collected and treated as for

lumbricid worms, though it was appreciated that the
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extraction of cocoons by hand-sorting on this scale would
be qual}tative for most species.

Worms were usually classified as 'adult' (with a
fully formed clitellum) or 'immature' (without a fully
formed clitellum). Immatures of A. roséa‘were later
subdivided - accorging to body weight - into“'smail
immatures' (without a fully, foxmed clitellum; body fresh
weight less.than 100 mg.) and 'large immatures' (without
a fully formed clitellum; body fresh weight greater than
100 ‘mg.) - c.f. lumbricid age categories of Gerard (1967)
and Van Rhee(1967). The relation between fresh and dry
weigh; for A; rosea was determined by fresh-weighing a
number of individuals on each sampling occasion, prior to
their drying in the vacuum oven at 60°C. The animals, after
washing in dechlorinated tap water, were rolled briefly on
Whatman's No. 1 filter paRgr to remove surface water aqd
individually weighed in a stoppered weighing bottle
containing a.small amount 6f dechlorinated tap water.

After a period of not less fh;n 24 hrs. in the vacuum
oven, all the extracted lumbricid worms and cocoons were
cooled in a desiccator and individually dry-weighed on a
tared watch-glass. The weights were noted, according to
‘'species, size class and soil sample, and tﬁé dried material
for each species size class was grouped and stored.in a
desiccator for determ%nations of calorifig content. From

the dry weights of the A.rosea individuals previously

fresh-weighed, the fresh weight: dry w?ight relationship
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for worms of this species was determined. Biomass figures
1. .

wére calculated from population density, on a metre square
basis, and the mean individual body weight for a particular
species size class. For calculation of lumbricid biomass
in terms of calories, the mean calorific content of A. rosea
(three size classes) was estimated seasonally, and other
species annually, according to the techniques described
in Part III, Section I. Monthly, 'seasonal' (see Fig. ¢ )
and annual meq?»biomass figu;es.were based on the monthly
'spot' measurements.

Each sorted sample unit was returned to thg field
and replaced in the same hole froﬁ which it had been
removed; The position of the returned sample unit was
mafked with a coloured stake and the a{ea defined by a
circle of radius 0.5 metre, with the stake a{ its centre,
'was‘regarded as unsuitable for sampling on any later

occasion.
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2. Results of the Population Survey

(1) Allolobophora rosea (Sav.) f. typica

The upper limit of the fresh weight size range for
sma}l immatures of A. rosea was arbitrarily set at 100 mg. -
later found to correspond with changes in growth.rate (see
pp.111,118). Fig. 7 shows the relation between dry.weight
and fresh weight for worms of A. rosea. In addition to
defining a mean upper limit to the dry weight size range for
small immatures (21.2 mg.), this relation provided supple-
men?ary evidence for fhe division of immatures into distinct
size classes at about 100 mg. fresh weight. The dry weight
increase per unit of fresh weight was gréater for immature
worms. weighing more than 100 mg. fresh weight Ehan for
immatures of lower fresh weight. The relations between
dry weight and fresh weight for large immatures and adult
worms were yirtually identical, conforming to the single
set of regression coefficients shown in Fig. 7.

Fig. 8 shows the seasonal variation in numbers of each
of the A. rosea size classes, measured at monthly intervals
(on or about the first day of each month) and calculated
on a metre square basis. Adult worms were present in low
numbers for most of the year. The highest numbers were
recorded in spring (May, 1966, and April, 1967). Large
immature numbers showed two peaks in September and
December with comparatively low numbers in winter, spring

and early summer. Small immatures were present in the

field throughout the year, with increased numbers in May,
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1966, September, 1966, and April, 1967. Fig. 9 shows the
'Disturbance Index' of Lexis, A , evaluated for each size
class of A. rosea on each monthly sampling occasion (on or
about the first day of each month). 'The monthly index for
the total A. rosea population is shown for comparison.
For small immatures the index approached unity in mid-
summer and late winter; the inde# was greater than unity
at other times of the year, with a peak value in May, 1966,
and somewhat increaséd values in September, 1966, and mid-
winter, 1966/67. The index for large immatures showed an
approximately constant value for much of the year, with
somewhat higher values in autumn and values approaching
‘unity in mid-winter, 1966/67. There was a marked difference
between index values obtained for immatures and adults of
A. rosea; the index for adult worms approached unity for
most of the year, slightly higher values occurring in spring:
(May, 1966; April, 1967) and in September. The index
calculated monthly for the total A. rosea population showed
a constant value of approximately 1.85 throughout the year,
with the exception of values for May, 1966, and Sepﬁember,
1966, which were notably higher.

Monthly biomass estimates for the three'size classes
of the A. rosea popula%ioh are shown in Fig; 10. Biomass is
presented as fresh weight, dry weight and Kcalories, all
calculated on a metre square basis. Mean numbers of

individuals per metre square and mean individual weights

were estimated on or about the first day of each calendar
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month. Monthly biomass averages were calculated as
averages of consecutive monthly estimates, assuming near
constancy of mortality, recruitment and emergence rates.
Seasonal estimates of calorific content were used to
convert dry weight biomass figures to estimates of
Kcalories per metre square. For the purpose of standing
crop estimationé, it is sufficient to consider the mean
monthly biomass figures in Kcalories.

For most of the year, small immature worms showed a
constant, but small, biomass; it was only in the spring
months of April and May that this size class assumed
biomass proportions comparable to those for larger worms.
Large immature worms formed the bulk of the standing crop
during the late summer, autuﬁn and early winter, with
relatively lower values at other times. A well-defined
peak in large immature biomaés occurred in November/
December, 1966, subsequent to the high values of the previous
three months and prior to thé minimal values in mid-winterx.
Adult biomass was at a maximum in the spring months of
April and May. A low value was obtained in June, 1966,
prior to the moderately high standing crop observed over
the summer and autumn periods. There was a marked féll~
in adult biomass over the early winter months of December
and January, followed by a sharp rise in February and March
towérds the attainment of maximum standing crop in April,
1967, Seasonal and annual mean biomass figures for A. rosea

are shown in Table 4 (p.95).
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To construct Fig. 11 the total number of A. rosea
worms collected during the sampling programme was sub-
divided and summated according to the quarter grid square
of collection. Since A. rosea is a relatively inactive,
soil-dwelling species, this presentation was taken as
accurately representative of the spatial distribution of
the A. rosea population over the grid area. Comparison
with the vegetation map for the area (Fig. 1) shows an
association between low A. rosea densities and the areas
of 'grasses'! and bracken dominance which are delineated
in Fig. 11. The bramble plant was seen to occur extensively
in areas of maximum A. rosea population density, suggesting
a posifive relationship between the bramble plant and
A. rosea distributions. Since the vegetational type
occurring on each soil sample unit was recorded, it was
possible to divide the total number of A, rosea extracted
from each monthly sample into those taken from sample units
with and wifhout associated bramble. From the proportion
of the total sample in which bramble occurred the expected
numbers of A. rosea were estimated and a chi square analysis
was performed, as shown in Table 2. The numbers of
- A. rosea found under vegetation including bramble was seen
to be significantly higher than expected in nearly every
month. The difference showed a tendency to be less
significant in May and June (though still yielding 98%
and 99% confidence, respectively) and was not significant

in October and February. All other chi square values

yielded a statistical confidence of 99.9%.
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Discussion

In the population survey the relation between fresh
weight and dry weight was used solely for determining the
upper limit of the small immature dry weight size range.
However, these calculated regreséion coefficients were
used extensively in the course of this work for inter-
conversion of individual fresh and dry weights. The
lower slope of the regression line for small immatures
suggesté that worms of this size incorporate a component
of higher water content than the equivalent in larger
worms. Since body tissue is unlikely to vary significantly
in composition, the gut contents may be the causal factor
involved. Small immatures of this species - in common
with small immatures of many soil-dwelling species - are
known to inhabit the more organic upper layers of the
topsoil, burrowing deeper into the mineral soil as their
size increases. It might therefore be postulated that the
lower slope of the small immature regression of dry weight
on fresh weight was due to a more organic gut content in
these worms. It should be noted that the difference in
slopes could be explained by a relatively larger gut volume
in larger worms (Satchell, 1968), but this was thought
unlikely to produce a distinct change in the fresh weight/
dry weight relation.

Due to the displacement caused by the lower slope of

the small immature dry weight/fresh weight regression line,

the large immature and adult relation between dry and
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fresh weights is not a direct proportionality - incorpor-
ating an appreciable negative constant factor. It should
be noted that as a consequence of this factor, the
percentage water content of these worms is not a constant
- varying from 89.1% for a worm of fresh weight 100 mg.
to, for example, 73.7% for a worm weighing 300 mg. fresh
weight. Grant (1955b) estimated the water content of

A. caliginosa (Sav.) to be 85.0% of total fresh weight.

Such an estimate for a soil-dwelling species may be viewed
with suspicion. A similar estimate of 70.7% water for

0. cyaneum (Sav.), measured by Bouché (1967), may be less

in error for this larger species - see Fig. 25 below. which
shows the relation between gut content weight and total

body fresh weight for O. cyaneum. Calculations of

percentage water conteht for surface-active pigmented

species might be expected to yield more constant values,

but the percentage water content of L. terrestris L., as
calculated by Durchon and Lafon (1951), French et al (1957)
énd Bouché (1967) may include some error for worms without
fully voided guts since larger worms of this species are
known to ingest soil in addition to the litter materiai
which forms the diet of the smaller immature stages.

The A. rosea population was shown to vary, both in
numbers and biomass, through the year. In contrast to
many invertebrate populations, the A. rosea population
showed at least similar, and often greater, fluctuations

in biomass to those shown in population numbers. This




- 80 -
was attributed to the relative constancy of mean A. rosea
population individual weight throughout the year, due to
a continuous emergence of young worms. The division of
the A. rosea population into its three component size
classes facilitated the analysis of temporal variations,
though such divisions were criticised by Murchie (1958).
He considered a classification into juvenile, immature
and mature individuals unjustified since individuals
mature at various sizes and regression in sexual activity
may render adults and immatures indistinguishable. It
was shown during thés study that precocious adults show
equivalent growth rates and cocoon production to normally
developing individuals so that Murchie's first objection
would seem of little practical importance. Adult regression
is a more disturbing phenomenon, on which there is little
information. In 1898, Foot recorded the disappearance of
North American tearthworm' clitella during the coldest
months (Stephenson, 1930), though Pickford (1926) said
that in this country clitellate individuals of a number of
species - including A. rosea - were found throughout the
year. In the present study it was found that in laboratory
media regression of A. rosea adults occurred only under
conditions of (a) high soil temperature (15°C) over long
periods (3 to 4 months) (b) low soil moisture content
sufficient to induce dormancy or (c) extensive soil

pollution. At Wynyard only the first of these situations

is relevant, and since the maximum soil temperatures of
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approximately 14°C were only of comparatively short duration
any regression effects must be limited. Field growth and

mortality data (see ppdi/112,148) for A. rosea at Wynyard

showed no evidence of regression so that, for the practical

purposes of this study, the effect can be assumed negligible.

The occurrence of high numbers of small immatures in
spring and late summer was undoubtedly due to increased
emergence from cocoons. The decline in small immature
numbers in early summer probably reflected a high mortality
due to higher temperatures and falling moisture content in
the surface layers. The period from September until
December was characterised by increased numbers of large
immatures. This period is centred on a time exactly 13
years after the péak small immature emergence of the
previous year and the late summer and early autumn decline
in small immature numbers was probably affected by the
recruitment of larger individuals into the large immature
size class (see p.119). High soil temperatures during
September may also have caused losses of .small immatures
due to mortality. ‘

The late summer and autumn rise in large immature
numbers was. interrupted by a fall in numbers during the
month of September. There was no corresponding rise in
adult numbers so the decline must be assumed due to
mortality caused by high soil temperatures and/or mole
predation. The marked fall in large immature numbers
during December was most probably due directly to mole

predation (see below).
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Murchie (1958) found that numbers of A. rosea
clitellate individuals in a southern Michigan population
increased in May and June but were very low at other times
of the year. At Wynyard a similar spriﬁg peak was observed
and must be assumed due to increased large immature
recruitment. Such recruitment is not directly indicated
by the large immature population numbers at this time,
though the steady fise in large immature numbers over the
period from January until April, 1967, suggests continuous
small immature recruitment which may have masked maturation
effects. The decrease in adult numbers in May/June was
attributed to mole predation.

Thus the overall pattern of variation in A. rosea
population numbers through the year resolves into an
approximately constant level with three periods of peak
ﬁumbérs: a spring peak in April/May caused by high numbers
of adults and small immatures, a September peak.caused by
large immatures and small immatures, and a November/December
peak due solely to high numbers of large immatures. The
validity of this analysis is supported by the observations
of Evans and Guild (1948a) who studied seasonal variation
in total population numbers of A. rosea in old grassland,
of deciduous woodland origin, at Rothamsted. They also
found three population peaks, two of which corresponded
exactly with the April/May and September: peaks at Wynyard

and the third, in October/November, was sufficiently close

to the large immature peak at Wynyard to be regarded as
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equivalent. Evans and Guild, using the permanganate
expellent method, did not extract A. rosea during the
peribd from May/June to July/August. They realised the
limitations of the expellent method and, in accordance
with the qualitative nature of the study, simply recorded
the species as 'inactive', The summer dormancy found in
grassland populations of A. rosea was not observed at
Wynyard, presumably due to sufficiently high summer levels
of soil moisture content in the wogdland situation.

It will be noted that mean figures only are used in
the presentation of lumbricid population data in the
present study. It became obvious at an early stage in this
work that the lumbricid populations at Wynyard were of the
aggregated type, and the aggregation of A. rosea individuals.
on a large scale is clearly shown in Fig. 11. This was
not surprising since aggregation is known to be a feature
of lumbricid populations in most natural situations (Guild
1952a, b; Satchell 1955a; Svendsen 1957; etc.).
Aggregated population data can be transformed logarithmically
for the purposes of statistical analysis (Debauch, 1962;
Southwood, 1966) but such manipulation of the data was
considered unnecessary in the.present work since only the
‘arithmetic mean monthly values were required for the
computation of mean annual biomass and energy flow para-
meters. The arithmetic means obtained by the random
sampling technique were considered valid since selective

and random sampling of aggregated populations have been
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shown to produce similar frequency distributions (O'Connor,
1968b). Debauche (1962) recommended the use of the
'Disturbance Index' of Lexis, X , as an index of aggregation
since it is dependent on the number of aggregates in the
population and on the density of iﬁdividuals within these
aggregates. Whilst accepting the arithmetic mean values
for monthly population estimates, it was considered desirable
to assess the degree of A. rosea population aggregation
through the year by use of the Lexis index.

Thé small immatures were seen to be aggregated for
most of the year, maximum aggregation occurring at the peak
emergence period. This suggests two possibilities: either
the adults became aggregated during pe;iods of maximum
cocoon deposition or those cocoons deposited in 'less
suifable' soils failed to develop. Since the adults were
more aggregated in September - a possible time for the
deposition of over-wintering cocoons (see p.139) - the first
alternative does have some credibility. However, the second
explanation seems more likely since in the present study
cocoons were shown to be sensitive to anoxic soil conditions
such as might occur during pefiods of waterlogging (see p.132).
Since the water table level at Wynyard was so high for most
of the year, such waterlogging was inevitable in certain
regions. During the period of minimum small immature

numbers during July the individuals were found to be more

randomly dispersed.
Large immatures were also aggregated for most of the

year, with maximum aggregation at the time of peak numbers
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in November and Decembei. This factor was thought to
support the suggestion of mole predation to explain the
rapid decline in large immature numbers, since predation
by moles would probably be most effective on an aggregated
lumbricid population (see Appendix 6). The near random
distribution of this size class in January and February
was coﬁsidered evidential of extensive aggregation
destruction by moles.

The approximately constant, near random distribution
of the A. rosea adults could be due either to similar
recruitment rates from the large immatures in all areas
due to the increased aggregation mortaliiy postulated above,
or to a greater degree of dispersive activity in this size
class. Whichever of these explanations is correct, the
conclusion remains that the high.degree of aggregation
shown by the monthly Lexis index for the total A. rosea
.population‘was due solely to the immature stages.

As previously stated, biomass variation was essentially
similar to that found for population numbers. The use of
monthly mean figures tended to smooth the data, eliminating

minor fluctuations due to chance. Owing to their high
individual weight, the adults contributed much more to the
biomass than their numbers might suggest. The contribution

of the large immatures to total population biomasswas maximal.

This was due to comparatively low small immature mortality,
followed by rapid growth in the large immature phase (see

pp.147 ,118 ). The high mortality rate in larger worms was
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responsible for the depression of adult biomass.

The correlation of lumbricid population distribution
with variation in environmentai factors has received
considerable attention from workers in the field of
lumbricid ecology. Kollmansperger (1934) showed aggregation
of various lumbricid species to be associated with patches
of wetter soil, and Guild (1952a) considered soil moisture
the most important limiting factor on hill land in Boghall

Glen, Midlothian. However, Satchell (1963) - for L. terrestris

- found no statistically significant relation between soil
moisture content and population estimates obtained using a
formalin expellent technique. Since water table depth,

and associated soil moisture tension, showed no consistent
spatial variation at Wynyard, it was not possible to attempt
the correlation of A. rosea population density with soil
moisture content. Murchie (1958) failed to correlate

A. rosea distribution with soilipH,Awater retaining capacity,
organic content or clay content - results which illustrate
the lack of knowledge on factors determining distribution
in this species. Guild (1951) suggested high soil acidity
to be responsible for decreases in lumbricid numbers and
species, and Satchell (1955a) considered pH to be an
important limiting factor on lumbricid distribution. Soil
pH variation at Wynyard was within such a narrow range that
it was not possible to test this hypothesis. Satchell
(1955a) showed correlations between the density of a

grassland population of L. castaneus (Sav.) and various
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environmental factors including soil pH, calcium content of
the soil, abundance of Leguminosae in the surface vegetation
and -numbers of Staphylinid beetles in the soil and litter.
However, he concluded that these factors were insufficient

to explain local aggregations within L. castaneus and

A.rosea populations. He suggested that !family' groupings
were the primary cause of aggregation in these species.

In L. castaneus such groupings were said to result from a

high rate of cocoon production with rapid maturation of
immature worms (shown by Evans and Guild, 1948b), and in
A. rosea, with a low cocoon production rate, the effect was
said to be due to 'several seasons in which conditions
have continued to favour the aggregating effect of
reproduction more than the randomising effects of mortality
and dispersion'. As in the present study, the aggregations
found were largely due to concentrations of immature worms,
adults being more dispersed. Svendsen (1957) did not
support this theory of 'family' groupings since, in moorland
soil, aggregations were mainly composed of mature individuals.
Svendsen considered lumbricids sufficiently active for
aggregation to develop by slower movement of individuals
through'mbre favourable localities.

Much work has been devoted to the correlation of
lumbricid distribution and population density with soil
type (Bodenheimer, 1935; Saussey, 1956; Lee, 1959;
Kihnelt, 1961; Volz, 1962). Guild (1951, 1952b) stated

that lumbricids show aggregation by both species and numbers
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according to local soil, and associated Vegetation, conditions.
The 'family grouping' and ;1oca1 soil and vegetation'
theories are generally recognised as the two major approaches
to the problem of lumbricid aggregation. |

In the present study, A. rosea population density was
shown to be lowest in the 'grasses' and bracken areas.
These areasoccurred exclusively in the birch tree zone and
were associated with poorer soils of high clay content.
On a more local scale, individuals of A. rosea were shown
to occur more commonly beneath vegetation including bramble,
than beneath other vegetational types. This was assumed
due to the mull-type soils which were associated with
~bramble. Thus A. rosea aggregation seemed primarily due fo
soil and vegetation type, whether considered on a broad ‘
scale or iﬁ more local proportions. However, the restric-
tion of aggregation to immature individuals suggests that
the life cycle of this species affects population distribu-
tion. 'Family' groupings according to the chance effects
of climatic conditions seem extremely unlikely and the true
explanation of A. rosea aggregation must incorporate both
life cycle factors and the influence of soil and vegetation.
In the author's opinion A. rosea aggregation at Wynyard was
due to either aApositive taxis of adult worms, prior to
cocoon deposition, towards favourable soil types, or random
deposition of cocoons with high cocoon mortality in

unfavourable soils. From the low value for the adult

aggregation index throughout the year and the moderately
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high values estimated for cocoon mortality (see p.150),
the 'random deposition' theory according to classical
concepts of natural selection would seem the more likely
explanation of A. rosea aggregation. The 'taxis' theory
might be more applicable to populations of surface active
pigmented species where only immatures show aggregation

(e.g. the L. castaneus study by Satchell, 1955a), though

experimental evidence would be required to substantiate

such a proposal. It may be significant that L. terrestris

has been shown to possess prostomial chemosensory organs
(Laverack, 1960; Satchell and Lowe, 1967).

The close association between the abundance of
A. rosea individuals and the occurrence of bramble in the
soil vegetation cover (see also soil preference experiments,
p.172) was considered sufficient basis for the use of
'bramble' soil in field studies of production and in
laboratory experiments for the investigation of A, rosea
ingestion, assimilation and egestion (see Part II,

Section III).
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(ii) The Total Lumbricid Population

Fig.'12 shows the extent of variation in total lumbricid
population numbers and biomass, in Kcalories, per metre
square through the year. The total lumbricid population
referred to in this section is that which was available
to the sampling device used in the preseﬁt study, i.e. the
lumbricids occupying the top 30 cm. of the soil. The
section of the deep-burrowing species (O. cyaneum (Sav.)

and L. terrestris L.) populations occurring below 30 cm.

depth is therefore not included and the effects of this
source of error are discussed below.(see p.104).

Both total lumbricid density and biomass showed three
peak values in April/May, August/September and early
December. These parameters of population size were
numerically low in May/June and September/October, and
minimal in mid-winter.

The mean lumbricid population density over the year
of study was 101.69 worms per metre square - equivalent to
. approximately 400,000 worms per acre. In Fig. 13 total
lumbricid density is divided into its component species
populations through the year. Since the single species
data were insufficient for quantitative examination in most
cases, the total numbers of worms collected on each sampling
occasion - from 24 samples, each 1/16th metre square in
area - were plotted accumulatively, by species, against the

time of sampling. Pigmented and unpigmented species are

treated separately for ease of comparison of these lumbricid

3
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Fig. 13. Accumulative representations of the species components

comprising the total lumbricid population in the grid
area through the year. (See text).
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groups, -which show basic differences in mode of life énd
habitat relations (see Part I, Section II, sub-séction 3).
Both pigmented ana unpigmented species showed the three
peaks in density found for the total lumbricid population,
However, the importance of the individual peaks varied
between the two groups.. In pigmented species fhe August
peak w#s pf little importaﬁce; however, the December peak
was Qery pronounced, being of comparable size to the greatly
inéreased population numbers in mid- spring. For most
uﬁpigmented species the situation regarding the late summer
and early December peaks was reversed: the August/September
peak was of sizeable proportions in .all species, whilst
the December peak was much less in evidence in all species
except A. rosea (Sav.) Unpigmented species also showed the
mid-spring period of abundance.

D. octaedra (Sav.) was the only pigmented spécies which

did not conform to the overall analysis for the group.

This species was collected more frequently in May, 1966,
and August, 1966, but was present in approximately constant
numbers at other times. After the August period of peak

numbers, O. cyaneum showed a steady decline in numbers

through late summer, autumn and early winter. There was
an increase in numbers collected in mid-winter but the
April, 1967, peak was not shown in this specieé.

Thé size class distribution for A. rosea was described"

above. Variation in numbers of O.cyaneum was primarily

due to variation in immature population density, since
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adults were present in a near constant level of low

numbers throughout the year. E. tetraedra (Sav.) and

B. muldali Omodeo showed higher numbers of immatures in
mid-spring with sporadic occurrence of both adults and

immatures at other times. A. caliginosa (Sav.) immatures

were collected more frequently in August/September, November
and mid-spring with adults occurring mainly in the summer

months of July, August and September. A. chlorotica (Sav.)

immatures and adults occurred very occasionally in mid-
spring, with one immature recorded in December, 1966.

L. terrestris immatures showed peak numbers in late summer,

early December and early spring; adults occurred more
frequently in early spring, mid-summer and early December.

Adults of L. castaneus (Sav.) showed somewhat higher numbers

in early January, being present in low numbers at other
times. Immatures of this species were abundant in early
December and mid-spring. Adults and immatures of D. rubida

(Sav.) f. subrubicunda (Eisen) were present in approximately

equal numbers throughout the year, though immatures tended
to be more frequent in mid-spring and early November whilst
adults showed higher densities in early December and in the

early spring of 1967. D. octaedra population numbers were

mainly composed of immatures throughout the year, though
adults were more frequent in the late spring and early

summer of 1966. D. mammalis (Sav.) adults occurred in mid-

summer, 1966, and both adults and immatures were found in

the mid-winter and early spring of 1967.
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Though the number of species in each of the pigmented
and unpigmented groups was similar - five and six,
respectively - the individual species populations in the
pigmented group were of more similar size than those in the
unpigmented group, which was dominated by A. rosea and

0. cyaneum. The mean total population density of the

unpigmented species was approximately 2.5 times the
similar figure for pigmented species.

The aggregation index,‘x , was calculated monthly for
the total lumbricid population density per metre square;
the variation in X through the year is shown in Fig. 9.
The highest values were recorded in mid-spring, with minimal
aggregation in mid-summer and mid-winter. For the rest of
the year the population showed approximately constant
aggregation at a high value ( A 2.0 to 2.3).

Table 3 shows the mean annual standing crop, in terms
of dry weight per metre square, for the various species
occurring in the grid area. The group totals for deep-
burrowing species, small unpigmented topsoil species and
surface active pigmented species are shown. The total dry
'weight biomass of unpigmented and pigmented species were

8.49 g/m2 and 4.286 g/mz, respectively; i.e. these values
The total lumbricid

were in the approximate ratio of 2 : 1.
population was found equivalent to 51.71 Kg. dry weight
per acre. Seasonal and annual mean biomass figures in

Kcalories per metre sduare are shown in Table 4. For the

deep-burrowing species O. cyaneum the spring and summer
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. Mean Biomass
S ;
pecies (gms. dry wt/m2)
0. c'aneum 7. |
4 008 10.872
(= 44.00 : Deep-burrowing
L. terrestris 3.864 Kg/acre) speciles
A. rosea 1.114
A. caliginosa 0.328
, Small
E. tetraedra 0.025 1.483 . Unpigmented
: t il
(=6.00 epocies
A. chlorotica 0.012 Kg/acre)
B. muldali 0.004
L. castaneus 0.200
D. rubida f.
subrubicunda 0.086 0.422 Surface
. . active
(z1.71 ’ pigmented
D. octaedra 0.123 Kg/acre) species
D. mammalis 0.013

Table 3. Lumbricid mean annual biomass in the grid area
in grams dry weight per metre square, calculated
from monthly measurements over a one year period.
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values were similar, but the autumn figure was lower with

minimal standing crop during the winter months.

L. terrestris, however,showed a constant biomass throughout

the year. Small unpigmented topsoil species, greatly
influenced by the A. rosea population, showed similar
biomass in spring and autumn with lower values in summer
and, especially, in winter. The standing crop of surface
active pigmented species was constant for most of the year,
but was reduced by approximately 50% in summer. The total
lumbricid population maintained a mére or less constant
biomass in spring, summer and autumn but the figure was
lower in winter. The deep-burrowing species (0. cyaneum

-and L. terrestris) contributed 35 Kcalories/m2 to the mean

-annual lumbricid biomass, whilst the topsoil and surface-
living species amounted to only about 6.6 Kcalories/mz.

The total unpigmented and pigmented species biomass
estimates for the year, 24 Kcalories and 17.5 Kcalories/mz,
respectively, were in the approximate ratio . 4 : 3.

The mean annual lumbricid biomass of 41.644 Kcalories
per metre square was accumulatively constructed by species
andAspecies groups in Fig. 14 to demonstrate the importance
of A. rosea relative to other topsoil and surface-1living
species, and of deep-burrowing species relative to the total
population, in terms of standing crop. The ratio of
A.‘rosea mean sténding crop in Kcalories to that of rare
unpigmented topsoil species and surface active pigmented
:'2 : 3., Deep burrowing

-

species was approximately 6

species accounted for 84% of the mean annual standing crop.




Kcals
50 7 KEY: A.c.= Acaliginosa; L.c.= L.castaneus;
Achl.= Achlorotica; D.m.= D.mammalis;
B.m.= B.muldali; D.o.=D.octaedra;
i E.t. = E.tetraedra; D.rs.=D.rubida f.
subrubicunda.
~ '40_ _ L.c;0.m;D.o;D.rs. Surface active species
c-Ac;Achl;B.m;E.t:>21 — | “Rare topsoil species
T - :
//<<’ AJosea‘/f/;;/ Doquncny
] e :)?;;i;?//ﬁ/f:j topsoil species
304
- .o ngcneum' . Deep -
burrowing
204 LT ‘ . species
(84°% M
i of total
_ lumbricid biomass)
0 |——— _
— L.terrestris —
0

Fig. 14. Lumbricid species and species group contributions
to the total mean annual lumbricid biomass on the
grid area at Wynyard (1966/67).
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Numbers of cocoons collected each month were totalled

for the pigmented species L. terrestris, L. castaneus,

D. rubida f. subrubicunda and D. octaedra, and for the

unpigmented species A, rosea and O. cyaneum. These two

groups were dominated by the higher recovery of L. terrestris

and O. cyaneum cocoons, respectively, but the groupings

were considered valid since similar trends to those of the
dominant species were shown by the species with fewer
recoveries. Fig. 15 shows the annual variation in collected
numbers of cocoons of these two groups. The data are
presented in the form of monthly means, calculated from
measurements made on or about the 1st of each month. The
two histograms are markedly different in form. The cocoons
of pigmented species showed peak numbers in August, 1966,
followed by a sharp fall in September before the major peak
in November, 1966. From November, 1966, to April, 1967,
cocoons of pigmented species showed a steady decline which
appeared to continue until June/July, judging from data
obtained for May and June, 1966. More constant numbers of
cocoons of unpigmented species were collected through the
year. There appeared to be two extended periods of rising
numbers - from June to August and from October to April -
the first being followed by a fall in numbers in September,
and the second, after an interiupting fall in February,
being terminated by the fall to lower numbers in May.

Cocoons of both unpigmented and pigmented species were present

in the field throughout the year but the:unpigmented group
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PIGMENTED SPECIES /
10 (L.terrestris; L.castaneus; D.rubida f.
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(O.cyaneum; A.rosea.)
«——— ~Continuous deposition and >
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_ - 1966 — 1967 — (1967/66)
Fig. 15. Numbers of cocoons of pigmented and unpigmented

lumbricid species collected during the population

survey at Wynyard.
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showed less synchronised variation in numbers.

"Since the recovery of O. cyaneum and L. terrestris

cocoons was reasonable good, yielding mean annual densities
of 8.67 and iZ.SO cocoons per metre square, respectively,
the cocoon biomass of these two deep-burrowing species was
calculated. Biomass was estimated from the mean cocoon
dry weights (given for a number of species in Appendix 4)
and cocoon calorific values (see Part III, Section I). The
mean annual biomass of O. cyaneum cocooné was 0.081 gms.
dry weight or 0.422 Kcalories pei metre square; equivalent

figures for L. terrestris cocoons were 0.224 gms. dry

weight and 1.171 Kcalories per metre square. The total
biomass of cocoons of deep-burrowing species - 1.593
Kcalories/mzi- was equivalent to 4.5% of the deep-burrowing
worms' biomass, 3.8% of the total lumbricid biomass and
24.3% of the total fopsoil and surface active worms'
biomass in Kcalories.

Discussion

Total lumbricid biomass in Kcalories fluctuated to a

slightly greater degree, proportionally, than population

numbers. However, in view of the considerably greater
influence éf the two deep-burrowing species on population
biomass than on population numbers (see Fig. 13, Table 4
And Fig. 14), the synchronisation between these parameters
was of a remarkably high order.. The mid-spring and late

summer peaks corresponded to peak immature numbers in most

species, periods of increasing overall aggregation, and

periods of maximum decrease in numbers of cocoons of both
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pigmented and unpigmented species. It can therefore be
assumed that these peaks were due to the emergence of both
pigmented and unpigmented worms in places where conditions
were locally favourable.

Early December was a time of peak numbers of immature
worms of pigmented species; it was also a period of peak
A. rosea large immature numbers and biomass. The very

slightly increased numbers of immature A. caliginosa in

November were of negligible proportions. The early December
peak in totalllumbricid numbers and biomass was thus
assumed due primarily to increases in the pigmented worm
population, supplemented by an increase in the large
immature population of the dominant unpigmented topsoil
species. Since the aggregation index for both the total
lumbricid population and the total A. rosea population did
not change significantly over this period, the population
of pigmented worms - including newly-hatched worms - was
assumed to have remained in the same aggregation localities
but to have maintained the original density within
aggregates by a degree of local dispersion (c.f. increase
in A. rosea aggregation on increased emergence of young
worﬁs). This emergence phenomenon may have a similar basis
to the fact that total pigmented species population density
was found to be less than half that for unpigmented worms

- despite the higher reproductive rates in pigmented
species (Evans and Guild, 1948b.). In addition to their

restriction to favourable localities, characteristic of
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both lumbricid groups, the pigmented species are limited to
an essentially two dimensional habitat. The latter limita-
tion is most obvious for the small, surface active species

but applies equally well to L. terrestris, which relies

largely upon food obtained at the soil surface. Whereas
the density-increasing effects of emergence are countered
by the volume of nutritious medium available to unpigmented
soil-dwelling species, for pigmented species these effects
must be countered by dispersion of individuals to the limits
‘of the favourable locality and/or regulation of population
size. Population density of the pigmented species will

be kept at a low level by high mortality rates: the surface

active species are vulnerable to both predation and

fluctuation in physical conditions; L. terrestris is
eagerly sought by moles ksee Appendix 6). The high mortality
factors probably account for the high reproductive rates of
pigmented species, but when these factors fail to regulate
numbers adequately - possibly as in early December at
Wynyard, following the optimum temperatures and food avail-
ability of autumn - then density may be lowered by two
dimensional dispersion. Such dispersion will obviously have
less effect on the aggregation index, based on area measure-
ments, than the three dimensional and predominantly vertical
dispersion typical of soil-dwelling species.

The periods of rapidly decreasing total lumbricid

population numbers, following each of the peak periods

described above, were attributed to an increased mortality
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of young worms in late spring and summer - due to high soil
temperatures and a fall in surface soil moisture content -
and to high mortality of both large and small individuals
in autumn and early winter as a result of predation by
moles and carnivorous invertebrates.

The mean aggregation index value of 2.0 to 2.3, for the
total lumbricid population, was comparable to the value of
approximately 2.6 measured for oribatid mites in oaK litter
(Debauche, 1962). Though the lumbricid figure was, on
average, somewhat lower than the value for mites, it is
inte;esting to note that in May, 1966, and April, 1967, the
lumbricid population reached degrees of aggregation
described by.x indices of 2.7 and 3.2, respectively.

Satchell (1958) listed seven British authors, and
twenty-seven authors from other countries, who have
estimated lumbricid population densities in the range
1.25 to 3 millions per acre. Satchell considers this range
to be a reliable indication of 'acceptable' population
estimateé. It is relevant to note that the large majority
of these studies were carried out in grassland, pasture-
land or arable soils where soil conditions are usually most
favourable to the majority of lumbricid species. Very

1ittle information is available on lumbricid population

size in 'poor quality' soils. Minimal estimates of
approximately 73,000 and 50,000 lumbricids per acre were

recorded by Bornebusch (1930) in spruce raw humus and by

In Egyptian

Guild (1948) in peaty acid soil, respectively.
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heavy clay soils Bishara and E1-Kifl (1954) recorded
maximum densities of about 670,000 lumbricids per acre;
Habib and Issa (1958) found numbers ranging from 33,000
to 165,000 per acre and of the fourteen localities
studied by El-Duweini and Ghabbour (1965b) seven had
lumbricid population densities of less than 500,000 per
acre, four were in the range 0.5 to 1.25 millions per
acre and only three were within the 'acceptable' range
quoted by Satchell (1958). Van Rhee and Nathans (1961)
found only 101,000 to 608,000 lumbricids per acre in 'green
manure' plots compared with 1.22 to 2.03 millions per acre
in grass plots. The acid clay soil with high water content
found in the grid area at Wynyard was similar to that found
in a nearby low moor area'wherelwaégrlogged soils were
overgrown by Juncus spp. A. rbseé was common in both areas
and it is interesting to note, in relation to the mean
figure of 101.69 lumbricid worms per metre square (412,000
per acre) in the grid area, that Pickford (1926) hand-
sorted the soil amongst Juncus spp. roots and found a
lumbricid population density of 96.9 worms per metre square
(392,000 per acre). Satchell's population density range of
1.25 to 3 millions per acre is undoubtedly correct for
climax grassland or cultivated soil situations, but the
lower 1limit of 1.25 millions per acre (about 300 worms per
metre square) is to be regarded as a maximum figure for

fringe habitats with soils of poor structure and conditions

adverse to the growth and development of lumbricid populations.
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Apart from the major controlling factors of mortality
and emergence from cocoons (Evans and Guild, 1948a), the
insulation effects of organic soil cover in relation to
soil freezing (Hopp, 1947), 'flushes' of dead root and
herbage debris (Waters, 1956) and dispersion (Murchie,
1958)-have been cited as factors affecting seasonal varia-
tion in lumbricid population densities. Though winter air
temperatures were frequently below OOC, the soil in the
grid area did not freeze at any time and this was attributed
to the insulation effects of dense vegetational cover,
supporting Hopp's observations in relation to cultivated
soils. The abundance of.raw organic debris in autumn and
early winter was thought to.affgct the population size of
pigmented species but to be.of,little importance to soil-
dwelling species. A discussion of the possible effects of
dispersion, considered in a three'dimensional was well as
the two dimensional sense, was given above.

The influence of the deep-burfowing species O. cyaneum

and L. terrestris on lumbricid population biomass at

Wynyard has been shown to be considerable. Examination of
the seasonal mean estimates of biomass showed certain

differences between the two species involved: O. cyaneum
biomass was constant in spring and summer but with values

decreasing in autumn and winter, whereas L. terrestris

biomass remained approximately constant throughout the year.

Variation in O. cyaneum numbers was shown to be due mainly

to an August, 1966, peak in immature numbers, followed by a
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steady decline until January, 1967, and a second period of
peak immature numbers in early and mid-spring. Adultc
numbers were low and constant throughout the year. Immature

and adult L. terrestris numbers showed similar variations

throughout the year. It thus seems possible that whilst

the whole L. terrestris population and adults of O. cyaneum

were underestimated to a constant degree, immatures of

O. cyaneum tended to be active nearer the surface of the

soil in spring and mid-summer and were therefore sampled
more adequately. It might be possible to calculate a
correction factor on this basis but the present data were
considered inadequate for this purpose.

The 2 : 1 ratio of unpigmented to pigmented worm
biomass in terms of dry weight was shown to give a false
impression of dominance when compared with the ratio of 4
: 3 for the same parameter in Kcalories. This was due to
the high weight of inorganic material in the gut contents
of soil-dwelling, unpigmented species. In terms of
Kcalories per metre square, A. rosea was shown to provide
54% of the total topsoil and surface active lumbricid
population biomass; absolute numbers and biomass of A. rosea
were considered sufficiently large and consistent for their
utilisation .in constructing a population energy budget for
this species. Using information from various authors, in

addition to that gained in the present study, the popula-

tion metabolism (as an indicator of energy flow) of each

species or species group was estimated below for comparison
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with the proportions of population biomass shown in Fig. 14
(see Table 22 and p.282).

The cocoons of pigmented species would seem to be
deposited mainly in the summer and autumn months, deposition
occurring, but at a much reduced rate, at other times of
the year. Cocoons deposited in late spring and early summer
probably accounted for the minor hatch indicated by the fall
in cocoon numbers in September, 1966, though little inform-
ation is available on cocoon incubation periods and the
effects of soil temperature (Evans and Guild, 1948b). An
extended period of emergence of pigmented worms, from early
winter until late spring or early summer, was indicated by
a steady decline in cocoon numbers. Satchell (1967 ) showed

a well-defined spring peak in the emergence of L. terrestris

in a woodland situation. At Wynyard, where L. terrestris

provided the bulk of the collected cocoons of pigmented
species, the spring emergence was not so synchronised.

The collected numbers of O. cyaneum and A. rosea

cocoons indicated continuous deposition and emergence of
cocoons, with increased emergence in early spring, late
summer and possibly over a short period in mid-winter.

The first two peak emergence periods were supported by the
occurrénce of increased immature numbers of both O. cyaneum
and A. rosea. The mid-winter fall in cocoons numbers
coincided with an increase in numbers of O, cyaneum

immatures. Observations on cocoon deposition and emergence

in A. rosea (see p. 138) indicated that cocoon deposition
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in this species occurred mainly in the spring and summer
months, worms emerging in September having had an incubation
period of less than three months. Worms emerging at other
times were thought to have had a much longer incuba£ion

period. Cocoons of O. éyaneum were kept in Wynyard soil

in a constant temperature room at 10°C for more than six
months without any sign of development. This suggests
that long-term experimentation, involving observations at
both field and laboratory temperatures, will be necessary
for a better understanding of lumbricid cocoon incubation
periods.

The figures given in the present study for numbers:

and biomass of O. cyaneum and L. terrestris cocoons have

shown that the density and biomass of cocoons of deep-
burrowing species can be readily estimatéd by even a hand-
sorting method. With a more suitable technique these
quantities could be measured to a much higher degree of
accuracy. Experiments could be carried out under field
conditions to determine the rate of cocoon deposition by
.adults of deep-burrowing species, and to determine the
variation in incubation periods. It might then be possible
to use the density and/or biomass of cocoons - deposited in
the topsoil - to determine indirectly the adult population

size of these species for which there is no adequate direct

sampling technique.
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IT Secondary Production of Allolobophora rosea (Sav.) f. typica

1. Growth Studies in the Field

(i) Growth of Individual Animals

Introduction

The purpose of studying individual growth rates of
A, rosea was twofold: first, to obtain a growth curve for
use in ageing_the field population in ordér to estimate field -
mortality rates; second, to measure rates of tissue prod-
uction of the various life.stages, under fiéld conditions,
throughout the year. Measurements of growth rates could
have been made under laboratory conditions, but the elaborate
correction techniques necessary for extrapolation from the
laboratory to the field situation were avoided in the present
work by performing these studies entirely under field
conditions. During the course of these studies note was
taken of the sexual. condition of the individual animals to
determine the rate of attainment of sexual maturity and the
degree of adult regression.

Methods

Red-clay porous plant pots, measuring 15 cm. internal
depth by 16 cm. upper internal diameter, were filled to a
depth of 12 cm. with mull-type soil from a 'bramble' site
adjacent to the grid area. Soil layers were placed in the
pots in the same relative positions as they occurred in the
field. The pots'were spaced on a grid square system,

allowing a minimum of 50 cm. between pot positions, and

sunk into the soil of the growth studies site so that the
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internal and external soil surfaces for each pot were at
the same level. Ground vegetation and soil structure of the
site were carefully preserved throughout the study.

Twenty to twenty-five A.rosea individuals of each of
the major size classes - small immatures, large immatures
and adults - were dug from the site and fresh-weighed.
Parameters of size class distinction and the mode of fresh-
weighing were as described for A. rosea in the population
survey (p.71 ). Two, and occasionally three, worms of
markedly unequal size were placed in each pot. To prevent
escape, each pot was provided with fine mesh nylon gauze
at the base and muslin sheet, éeéured by elastic bands, over
the upper surface.

At monthly intervals over a one-year period the pots
were transported to the laboratory and stored overnight at
10oC. On the following day the soil from each pot was
caréfully removed by layers and the worms extracted by hand-
sorting. The soil layers were replaced in the pot in their
original arrangement and lightly compacted to field texture
and firmness. The worms were fresh-weighed, assigned to
categories of sexual development and returned to the pot

media for transport back to the field. All soil media

were exchanged for 'fresh' soil from the same site at

three-monthly intervals. Any worms which died, became
damaged or parasitised, or escaped from the pots were
replaced by individuals of similar size taken from the

same area. Growth data were recorded separately for
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individual animals; any animals progressively losing weight
prior to paralysis - and eventually death - through parasi-
tisation were thus easily detected and discounted throughout
their period of measurement. In the final data analysis
for growth.curve construction the animals were assigned to
arbitrary weight classes and mean annual growth incremént
rates were calculated from all individual increments
measured for animals in each weight class throughout the
year. The weight classes were chosen such that the mean
annual increment rate for each class was calculated from
data on growth rates of about fifty, or more, individuals.
Calculations of mean growth increment per month by the
three major size classes at different times of the year
were made on a two-monthly basis to ensure an adequate
sample size for each period.

A mean annual growth curve for the species was
constructed as follows:

A mean emergence weight for the species was determined
by the fresh-weighing of 28'new1y-emerged individuals -
after cocoon incubation at 10°C in 5 cm. x 0.5 cm. glass
tubes containing mull-type ‘'bramble' soil and a dampened
cotton wool plug. The cocoons were chepked daily so that
the young worms were fresh-weighed within one day of
emexgence. The mean emergence weight was used as the
starting point for the time-based growth curve. The mean
annual weight increment per month for the lowest weight

class was added to the emergence weight and the total
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weight plotted at time, or age, one month. For greater
accuracy the actual figures used were a multiple of the
mean increment rate, e.g. ten times the monthly mean
increment, added to the emergence weight and plotted at
time, or age, ten months. The straight line lying between
the emergence weight and the summated weight, located as
above, was drawn from the emergence weight to the upper
limit of the lowest weight class. If the summated weight
was greater than the upper limit of the weight class the
line was stopped short at the upper limit, and if the
summated weight was within the weight class range then the
line was continued through the summated weight to the.upper
limit of the class. The terminal weight and time, or age,
thus determined for the lowest weight class were then
treated as the 'emergence' weight and starting point in
time for the construction of the growth curve section
passing through the 2nd. lowest weight class. This procedure
was continued until the growth curve was complete.

Results

The mean emergence fresh weight for A. rosea worms
was found to be 6.32 % 0.02 mg. (St. Error). This initial
weight is seen as the stafting point of the fresh weight
growth curve for an 'ayerage' individual shown in Fig. 16.
The curve ié imperfectly sigmoidal in form, with an inflexion
after approximately two years (see Bertalanffy, 1949). The
horizontal_lines adjoining the curve demarcate the’wéight

ranges used for purposes of calculation. The growth
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increments for worms of weight in excess of 221 mg. were
initially calculated in two weight ranges - 221 mg. to
260.9 mg. and 261 mg. plus - producing the growth line 'a!
in Fig. 16. Since A. rosea individuals of fresh weight
greater than 261 mg. occurred in the field the broken line
'a' was considered unrealistic and unsuitable for ageing
purposes. The growth increment data for all animals of
weight in excess of 221 mg. were therefore pooled and a
grand mean increment rate was calculated. This procedure
allowed the construction of line 'b' in Fig. 16 and this
line was used for ageing purposes. The growth curve hés
been apportioned into 'small' immature, 'large' immature
and adult categories according to the parameters used in
the population survey.

The inset A in Fig. 16 shows the course 6f fresh weight
increase over the first two years, weight being plotted on
a logarithmic basis. The arrow marks the point, after one
year, when the rate of weight increase per unit time appears
to change: during the first year the rate gradually'
diminished but over the second year the rate of increase
was approximately constant. After two years the rate of
weight increase per unit time was found to fall off rapidly.
Fig. 17 shows. the percentage frequency, in the sample of
A. rosea individuals used for growth studies, of the

various stages of sexual development, plotted against worm
body weight. Stages of maturation occurred over a wide

weight range - 60 mg. to 260 mg. - but no evidence of




%o

FREQUENCY |
IN 1004 ' No sexual characters

TOTAL
SAMPLE 50

| | I J |

1004 . :
Developing tubercula

. pubertatis
504

) T | I { l
100+ Tubercula pubertatis
fully developed

504 \ Z

1004

Clitellum
fully developed

I | | |
0 100 200 300 400
WORM FRESH WEIGHT (mg)
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regiessioniwas iecorded during these field measurements.
The arrows in Fig. 17 mark the peak percentage frequencies
of the three intermediate maturation stages. These peaks,
'which must signify maximum maturation development, were
found to occur over a quite narrow weight range and to
approximately coincide with the 50% frequency.of méture
individuals at fresh weight 175mg. The overall percentage
frequenéies of the intermediate maturation stages suggest
that the tubercula pubertatis develop rapidly, persisting
for some time prior to the rapid development of the clitellum.

'P!' in Fig. 17 marks the minor peak of earl& maturing
individuals, hereafter termed 'pygmy adults'. The pygmy
adults were largely responsible for the width of the matura-
tioh_weight range. They occurred in the field population
in similarly small proportions to their frequency in the
sample of worms used for growth studies.

In Fig. 18 the mean monthly growth increments -
calculated from data collected over a full year - for
'average' individuals in each of the weight ranges are
shown in thé form of a histogram of growth production.

Body tissue production, in absoluté terms, showed a broad
peak over the weight range 101 mg. to 181 mg. and. was
usually negligible in animals weighihg more than 261 mg.
Considerable variation occurred in the growth increment
data but me#n values obtained over the peak range indicated

above were significantly different from the mean monthly

increments of smaller or larger worms at the 95% level of
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confidence. The arrows A and B in Fig. 18 show the
transition weights between 'small immatures' and 'large
immatures' (as defined in the population survey) and
between 'large immatures' and 'adults' (as defined by
the 50% frequency of mature animals given above), respect-
" ively. |

Seasonal variations in the mean monthly fresh weight
growth increment for'the three A. rosea size classes used
in the population survey are shown in Table 5. Net body
tiésue production was negligible in all size classes over
the late autumn and early winter period from mid-November
to mid-January. Adult growth was slow in mid-summer and
early autumn, showing a peak value in late winter - though
adult‘body tissue production was low, relative to immature
production, and variable throughout'the year. Apart
from the significantly low values in late autumn and early
winter, the growth production of worms in each of the
immature size classes was fairly constant throughout the
year. |

- Discussion

Evans and Guild (1948b) observed the emergence from
cocoons of various lumbricid species. They kept cocoons,
for ease of observation; in beakers containing clean sand
and water. Dﬁring the population survey, 'empty'! cocoon

cases of L. terrestris L. were frequently found to contain

fine textured soil resembling faecal material - and indeed

this material could only have been egesta of the emerging
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individual since the exit hole of the cocoon case would
not allow penetration of surrounding soil. Cocoon cases

of A. rosea and O. cyaneum (Sav.) also showed this phenomenon

on occasion, and it seems certain from the amounts of
faecal material present that young worms of soil-dwelling
species can ingest considerable quantities of mineral soil
prior to their complete emergence. This suggests that the
' emerging individual is in immediate need of food material;
animals emerging into an inorganic medium such as sand were
therefore considered abnormal and unsuitable for weighing
purposes. Apart from the considerations. outlined above,
for the purpose of growth curve construction it was consid-
‘ered important that the mean emergence weight should be
directly comparable with the weights of worms used in the
growth studies, i.e. weighfs including gut contents. It
was therefore imperative that cocoons should be kept in a
soil medium, so that newly-emerged worms could ingest food
material prior to their collection for weighing.

The age structure of the A. rosea field population
was of a similar pattern throughout the year due to continuous
emergence from cocoons and size class recruitment which
produced a complex overlapping of generations. The over-
lapping was such that sequential cohort measurements, such
as are commonly used in growth studies of insect populations,
_ were impossible for A. rosea at Wynyard. Satchell (1963)
has used the cohort method fbr measurements of the growth of

young L. terrestris in a population with a highly synchronised
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.spring emergence, but even in this study considerable
‘emphasis was laid on simultaneous measurements of the
growth of isolated individuals.

The simplest method for constructing é lumbricid growth
curve 1s the confinement of a nuhber of newly-emerged
individuals - at the time of peak emergence - within porous
containers which can be suﬁk into the soil or litter.

The body weight of these individuals can then be monitored
continuously throughout their life cycle. Such a method is
suitable for studies on a species with synchronised emergence
and a life span covering only one or two years. However,
for the construction of a growth curve for a species with a
life span covering several years this method is tedious and
time~consuming, involving the initial confinement of a

very large number of worms if the fuil life cycle is to be
covered, despite natural mortality. The method is also
inaccuraté if emergence OCCurs over an extended period, as
is often the case in long-lived species, since environmental
conditioné encountered in the field will depend on the
season of emergence. Satchell (1963) used this method for

early stages of L. terrestris and was obliged to use initial

growth rates in calculations of total population growth

production.

The method used for growth curve construction in the
present study was designed to provide data on growth rates

of all life stages of A. rosea at all times of the year,

whilst allowing the study to be completed in one year of
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measurement. Van Rhee (1965) found that A. caliginosa

(Sav.) preferred cages (cuvette structures, originally
described by Evans, 1947) to pot conditions, but his pots
were of plastic construction and packed with clay soil

which had been air-dried, pounded, sieved through a 1 mm.
mesh and mixed with ground leaves and fertilizer. It has
'since been found that this species behaves normally under

pot conditions providing the soil is not packed down or
'puddled' (Van Rhee, pers. comm.) In porous plant pots
containing loosely-packed soil, A. rosea showed no signs

of abnormal behaviour and, with the exception of a number

of parasitised individuals, the worms remained in perfect
health throughout the study. All growth data from eventually
parasifised individuals were discarded for two reasons:
first, the parasite was found to cause weight loss in the
later stages and it was not possible to-determine exactly

the time of initial attack, and second, parasitised worms
did not occur in the grid area population. A description

of the parasite, and its effects on infected A. rosea
individuals, is given in Apbendix 5. The soil medium in

the pots was replaced by 'fresh' soil at intervals since
there was a gradual degeneration of soil crumb structure

with repeated hand-sorting. A renewed supply of unworked
soil was also desirable in pots containing larger individuals.
Various authors, including Hassan et al (1956), Barley

(1959) and Miles (1963b), have studied lumbricid growth

under varying soil media conditions; in the present study
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the growth of A. rosea in a field soil medium was considered
the.mos? relevant parameter for computation of the A. rosea
field population growth production. The mull-type soil
from beneath 'bramblé' vegetation, used in the A. rosea
growth studies, was known to be the optimal soil type in
the grid area but its use was considered justified by the
close association of A. rosea with this soil - as revealed
during the population survey (p. 77)} ‘

Individual variation in the weight of gut contents
was assumed to account for a major proportion of the varia-
bility in the growth increment data. The hypothesis that
this variation tended to cancel out when considering a large
number of animalsWas borne out by the smoothness of the
growth curve, constructed from mean values.

Worms weighing between 100 mg. and 180 mg. were found
to produce the highest monthly growth increments, in
absolute terms; comparison with parameters used in the
population survey (based on the body fresh weight/dry weight
relation) and data on maturation weights showed this weight
range included the bulk of the 'large immatures'. The
enhanced growth production in the large immature phase
was thought to account for the temporarily halted decline
in growth rate over the second year of development. Hassan
et al (1956) recorded high growth rates prior to clitellum

formation in A, caliginosa (Sav.) f. trapezoides (Duges),

followed by greatly decreased growth production on the

assumption of maturity. This situation is identical to
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that found for A. rosea in the present study.

The 'small immature' phase of A. rosea was found to
include the first’1.5 years of development, with maturation
occurring, on average, approximately 6 months later at age
2 years. Evans and Guild (1948b) recorded an average period
of approximately one year for development to maturity in
this species. Their growth measurements, under coﬁditions
of optimum water and artificial food supply in a subter-
ranean cellar, are obviously not comparable with field
growth rates, even when the latter are measured in mull-
type field soils with a high water content. |

Pygmy adults of A. rosea were included with immature
animals of similar weight for purposes of growth curve
construction and ageing. Exact ageing of these individuals
was impossible and their inclusion with immatures for growth
curve construction could produce little error due to the
small numbers involved. 1In all size class calculations they
were included with clitellate worms of normal size.
Kollmannsperger (1934) showed that A. rosea attained a
larger size in loamy soils than in sandy soils. The same
author (Kollmannsperger, 1956) showed 'dwarfism' in

A. caliginosa living in fields around the Oasis Tazerouk

mountainous region in the central Sahara. The dwarf

A. caliginosa were only 50 to 65% of the normal European

length. The maturation weights of pygmy A. rosea at Wynyard
were found to be a similar proportion of normal maturation

weights. Kollmansperger attributed the dwarfism of
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A. caliginosa to 'limited space' in the Oasis soil. At

Wyhyard the pygmy A. rosea individuals existed in the same
soil habitat .as the normally developing worms so that the
phenomenon can not be directly related to soil conditions.
Prior to maturation, the pygmy individuals showed similar
growth rates to those of normal small immature worms,
suggesting that the pygmyism was induced through a factor
or factors affecting only the onset of maturation. The
slower growth rates bbserved in the pygmy adult phase -
equivalent to normal adult rates = could be governed by
adult growth hormones of the normal type. This hypothesis
. -~ and the use of the term 'pygmy' - presupposes a genetical
basis for the phenomenon; this seems probable, despite
the parthenogenetic nature of the species (Muldal, 1952a),
but data on the course of development of offspring from
pygmy adults would be needed for a full analysis of the
situation.

-Growth of A. rosea individuals was shown to be negligible
during the earlyiwinter of 1966/67. However, during the late
winter months from mid-January until mid-March growth
production was similar to that in the spring, summer and
autumn months - and even at a maximum in adult worms.
Winter soil temperatures were lowest in mid-January, with
similar average'temperatures in the two-month periods before
and after this date (see Fig. 6 ). It follows, therefore,
thét'growth production in A. rosea is limited not by

absolute low temperatures but by falling temperatures in a
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low range. This limiting effect was observed in each of
the three major size classes of A. rosea.

(ii) Population Tissue Growth

Introduction

In applying data on the growth production of individual
animals to the total A. rosea population the assumption
was made that the field population individual was growing
under the same conditions, and therefore at the same rate
~ subject to individual variation, as its counterpart in
the growth study 'population'.

Methods

Using the known mean population individual fresh and
dry weights for each size class throughout the year, the
measured mean fresh weight increments per individual were
converted to their dry weight equivaient as follows:

The mean fresh weight increment for a particular period
and size class was added to the mean individual fresh weight
for the same period and size class. This total individual
fresh weight was then converted to its dry weight equivalent,
using the known fresh/dry weight relation for A. rosea..
Finally, the mean population individual dry weight was
subtracted from the total dry weight, obtained as above,
yielding the growth increment as a dry weight.

To obtain a measure of total population growth production
over the year, the mean numbers of individuals in each size
.class in each two-month period through the year were

multiplied by twice the monthly dry weight increment per
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individual of the same size class over each period. All
calculations were made on a metre square basis. Total
annual figures were obtained by summing the six two-monthly
estimates for each size class.
Results

Table 6 shows the growth production of the A. rosea
population through the year. The pattern of results is
basically similar to that found for individual increments
in different seasons, though the higher numbers of small
immatures in early spring and late summer, and of large
iﬁmatures in early autumn, enhance total growth production
in these periods. Theré was negligible growth of small
immatures and adults during the early winter and the large
immatures showed a net fall in body weight. The total
figures in Kcalories for annual growth production of each
of the three A. rosea size classes, shown in Table 6, were
calculated from the two-monthly vglues using seasonal

estimates of calorific content (see Part III, Section I).

Discussion

Smalley (1960) and Saito (1965) calculated the population
growth production of a grasshopper and an isopod, respectively,

by use of the formula:

(NtxAW)_,_(Qxl x AW) ool 1
At At 2 At

where Nt is the number of surviving individuals at time t,

At is the time interval t, to tys

_AN is the change in population numbers (N0 - Nt) in at,
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and A W is the weight change of an individual (WO - Wt) inAt.
Thus the growth production of the survivors at time t, over

the period At (Nt X —%%, in equation 1) is added to half
~the growth production of animals which were lost to the
population over the same period, assuming they were all
lost half way through the interval A t, i.e. thaf the
mortality rate was constant over the period.

Formula 1 reduces to the form:

AN .
(N, + 557) (210) e, e e cer. 2

Both Smalley and Saito were dealing with population
cohorts in which numbers were constantly declining so that,
despite a degree of overlapping of generations, the prin-
ciples of cohort analysis could still be utilised. 1In a
population with continuous emergence, recruitment between
age classes and mortality throughout the year the situation
is more complex. The growth production of newborn and
recruited animals must be taken into gccount; in addition
to that of the surviving and dying animals of the original
population structure. The final population density Nt may
be greater than Nb over certain periods of increased
emergence or recruitment, so that A N becomes a negative
quantity. The A. rosea population at Wynyard was of this
complex type, but the cglculation of growfh production was
found to be no more difficult than methods involving cohort

measurements: .

If the mortality rate over the period A t is M

Then total growth production Pg is determined as follows:
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Pg:: (Survivors! growth-over A't) + (% x dying animals!
growth over At)+4 (3 x recruits' growth over At)
(assuming both mortality and recruitment (and/or emergence)
rates are constant over the period aAt)

Thus:

Pg:[(l -M).N_ x Aw] [ZxM N wa]_*_[—xMN.].ﬁl;I')xglg

where AN' can be positive or negative according to the
balance between mortality and recruitment, and AW is
assumed a constant for survivors, dying animals and recruits

over the period At.

This formula reduces as follows:

Pg:[(l-M). No+(; x M.N_ )+(3 x M.N_)4 AN'] x _aW
- 2At at

(N +AN')XAW D R e O O N A L R I I ) e e 0o 0060000 c 000 00 e 3

2At At

Formula 3, for a population incorporating recruits, is thus
similar to formu