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I. I N T R O D U C T I O N 

A. TAXONOMY AND IDENTIFICATION 

The Enchytraeidae are a family of microdrilid oligochaetes most closely 
related to the Naididae and Tubificidae (Cernosvitov, 1937). Anatomically 
they form a relatively simple and uniform group. Figure 1 shows the typical 
body form. The smallest species are less than 1 mm long as adults whilst the 
largest species reach up to 5 cm in length. Because of the relative uniformity 
of bodily organization throughout the group, generic and specific distinctions 
must be based on combinations and permutations of a limited number of taxo-
nomic criteria (Cernosvitov, 1937). Until recently (Nielsen and Christensen, 
1959, 1961, 1963) the taxonomy of the Enchytraeidae was confused. This was 
due largely to inadequate definitions of many genera and species, combined 
with the failure of many workers in the past to recognize the wide intra-
specific variation for which the group is remarkable. In addition, the atten-
tions of amateurs have added considerably to the confusion ; thus of 70 
"species" described by the Rev. Hildric Friend only two have survived 
critical revision (Cernosvitov, 1937, 1941; Nielsen and Christensen, 1959). 

The most fundamental contribution of Nielsen and Christensen's review of 
the taxonomy of European species was to establish a standard set of criteria 
for the description and identification of genera and species. The most clearly 
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FIG. 1. The typical body form of an enchytraeid worm; ± indicates features which may 
be present or absent. 

amp., ampulla; br., brain fd.bv.o., origin of dorsal blood vessel; d.bv., dorsal blood vessel; 
ec.g., ectal glands; e.op., ental opening; m.f., male funnel; m.pha., muscular pharynx; 
neph., nephridia (1 pr/seg.); oes., oesophagus; oes.-int. trans., oesophageal-intestinal tran-
sition; ooc, oocytes; p.b., penial bulb; pepneph., peptonephridia; sept.g., septal glands 
(1-2 pr./seg., 3 prs±2); sm.v., seminal vesicles; sp., spermatheca; t., testes. 
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recognized and widely used criteria are shown in Fig. 1 ; all these features are 
visible in live specimens under a light microscope. Nielsen and Christensen 
(1959, 1961, 1963) now recognize 21 genera containing 141 European and 
191 non-European species. In addition they list 75 inadequately described 
doubtful species. Their key to the European genera is reproduced below. 
Sufficient illustration for the operation of the key is given in Figs 2 to 8, most 
of which are taken from Nielsen and Christensen (1959). 

Key to the European genera of the Enchytraeidae 
(After Nielsen and Christensen, 1959) 

I. Setae absent. Achaeta, Vejdovsky, 1877. 
II. Setae sigmoid, forked at distal end (Fig. 2(a)). 

Propappus, Michaelsen 1905. 
III. Setae sigmoid, simple with nodules (Fig. 2(b)). 

1. Medium or large sized worms. Egg sac present. Post-septal part 
of nephridium bi-lobed; efferent duct arising between the lobes 
(Fig. 3(a)). Mesenchytraeus, Eisen 1878. 

2. Small or very small worms. Egg sac absent. Post-septal part 
of nephridium entire; efferent duct terminal (Fig. 3(b)). 

Cernosvitoviella, Nielsen and Christensen 1959. 
IV. Setae sigmoid, simple, without nodules (Fig. 2(c)). 

1. Dorsal blood vessels originating in the ante-clitellar region. 
A. Oesophagus merging gradually into the intestine ; oesophageal 

and intestinal diverticula absent. Spermathecae without 
opening to oesophagus. Dorsal vessel originating in segment 
ix. Only nucleate lymphocytes present. 

Stercutus, Michaelsen 1888. 
B. Sudden transition between oesophagus and intestine at sep-

tum vii/viii; oesophageal appendages in segment iv; one or 
two large intestinal diverticula at septum vii/viii (Fig. 5(a)). 
Spermathecae attached to the oesophagus (Fig. 6(a)). Dorsal 
vessel originating from anterior end of intestinal diverticula. 
Small, hyaline, a-nucleate corpuscles present in addition to 
nucleate lymphocytes (Fig. 4). Buchholzia, Michaelsen 1887. 

2. Dorsal vessel originating in intra- or post-clitellar region. 
A. Four oseophageal diverticula in segment vi (Fig. 5(b) and 

6(b)). Spermathecae merging into a common, narrow 
canal which communicates with the oseophagus dorsally 
(Fig. 6(b)). Lymphocytes discoid or slightly oval. 

Bryodrilus, Ude 1892. 
B. No oesophageal diverticula. Spermathecae free or communi-

cating separately with the oeseophagus. Lymphocytes not 
discoid. 

8 + S.B. 
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(a) Spermathecae free (Fig. 6(c)). Seminal vesicle compact. 
Efferent duct of nephridia long, narrow, arising antero-
ventrally (Fig. 3(c)). Genital organs often displaced 
forwards. Usually white, slender worms inhabiting limnic 
or wet terrestrial habitats. 

Cognettia, Nielsen and Christensen 1959. 
(b) Spermathecae attached to oesophagus. Seminal vesicles 

regularly lobed (Fig. 7). Efferent duct of nephridia short, 
stout, arising mid- or postero-ventrally (Fig. 3(d)). Genital 
organs in normal position. Usually reddish or greenish 
worms inhabiting marine (littoral) habitats. 

Lumbricillus, 0rsted 1844 (partim). 
(c) Spermathecae attached (in M. riparia occasionally free). 

Seminal vesicle compact—or almost absent. Efferent duct 
of nephridia terminal (Fig. 3(e)). Genital organs in 
normal position. Small worms inhabiting marine and 
limnic littoral or wet terrestrial habitats. 

Marionina, Michaelsen 1889 (partim). 

V. Setae straight or bent, simple, without nodules (Fig. 2(d), (e)). 
1. Salivary glands present. 

A. Salivary glands (peptonephridia) unpaired, dorsal (Fig. 8(a)). 
Spermathecae free. Dorsal vessel arising in segments xii-xiii. 
Small bisetose species. Dorsal pores absent. Only nucleate 
lymphocytes present. Hemienchytraeus, Cernosvitov 1935. 

B. Salivary gland paired (Fig. 8(b)). Spermathecae attached to 
and communicating with the oesophagus (Fig. 6(d)). Dorsal 
vessel arising behind the clitellum (segments xiv-xxv). 
Setae 2-16 arranged fan wise within the bundles with the 
shortest pair at the centre (Fig. 2(d)). Dorsal pores present 
from segment vii. Nucleate lymphocytes and a-nucleate cor-
puscles present (Fig. 4). Fridericia, Michaelsen 1889. 

C. Salivary glands paired (Fig. 8(c)). Spermathecae attached to 
and communicating with the oesophagus. Dorsal vessel 
arising in segments xii-xviii. Setae of equal length within the 
bundles (Fig. 2(e)). Dorsal pores absent. Only nucleate 
lymphocytes present. Enchytraeus, Henle 1837. 

2. Salivary glands absent. 
A. Sudden transition between oesophagus and intestine. Intesti-

nal diverticula often present at transition. 
(a) Dorsal vessel arising well in front of the clitellum (in seg-

ment viii or ix) with heart-like pulsating expansions in 
2 to 3 segments near origin. 0, 2 or 4 intestinal diverticula 
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in segment vii (Fig. 5(c)). Always more than 2 setae per 
bundle, with shortest near centre but not arranged pair-
wise. Henlea, Michaelsen 1889. 

(b) Dorsal vessel arising in segment xiii; no pulsating heart-
like expansions. Two lateral intestinal diverticula in 
segment vi. Two setae per bundle; dorsal bundles absent 
in segments viii-xi. 

Enchytronia, Nielsen and Christensen 1959. 

B. Gradual transition between oesophagus and intestine. Intesti-
nal diverticula absent. 

(a) In addition to nucleate lymphocytes, numerous small 
hyaline a-nucleate corpuscles present. 

Hemifridericia, Nielsen and Christensen 1959. 

(b) No a-nucleate corpuscles present. 
i. Seminal vesicles well developed, regularly or somewhat 

irregularly lobed (Fig. 7). Ante-septal of nephridia 
consisting of funnel only (Fig. 3(d)). Blood usually 
red. Lumbricillus, 0rsted 1844 (partim). 

ii. Seminal vesicles absent or well developed, compact 
when present. Ante-septal of nephridium with coils 
of nephridial canal (Fig. 3(e)) (exceptions: M. lubifera, 
M. cambrensis—with spermathecae merging before 
entering oesophagus). Blood colourless (exception: 
M. filiformis—with intensely white lymphocytes). 

Marionina, Michaelsen 1889 (partim). 

Thirteen of the 21 genera recognized contain less than 5 species; Table I 
shows the numbers of species in the remaining 8 genera. 

TABLE I 

Numbers of species in the most common genera of the Enchytraeidae 

Genus 

Fridericia 
Lumbricillus 
Marionina 
Enchytraeus 
Mesenchytraeus 
Achaeta 
Henlea 
Cognettia 

European 

33 
19 
17 
13 
10 
9 
8 
5 

Non-European Species dubiae 

31 
30 
25 
14 
45 

1 
26 
— 

30 
11 
12 
6 
4 

— 
7 

— 
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B. DISTRIBUTION 

The Enchytraeidae have been recorded from every continent, but because 
of their sensitivity to drought they reach their greatest abundance in moist 
temperate climates. In the Tropics they tend to occur at high altitudes. The 
family has been commonly supposed to be of Arctic origin (Stephenson, 
1930); certainly the Enchytraeidae are well represented in the Arctic and 

II 
(a) (b) 

(c) U (d) (e) 

FIG. 2. Setae of (a) Propappus, (b) Mesenchytraeus, (c) Lumbricillus, (d) Friciericio, 
(e) Enehytraeus. 

North Temperate zones, but the smaller number of records from the southern 
hemisphere is probably due to a lack of study rather than of Enchytraeidae. 
They are now known to occur commonly in soils within the Antarctic zone 
(J. B. Cragg, personal communication). As Nielsen and Christensen (1959) 
remark, the unsatisfactory state of the taxonomy of the Enchytraeidae, even 
now only partly resolved, makes a detailed discussion of the geographical 
distribution of genera and species impracticable at present. Such a study can 
be expected to throw light upon the origin and evolution of the family. 

\ 
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The Enchytraeidae are terrestrial, littoral or aquatic in habitat and only 
very broad generalizations can be made about the habitat preferences of 
different genera. Thus, the genera Fridericia and Achaeta contain a preponder-
ance of terrestrial species and the remaining common genera (Table I) 

^0r^\ F I G . 4. Large nucleate and 
V ■■■] small a-nucleate lymphocytes. 

contain terrestrial, aquatic and littoral representatives. Of these, Lumbri-
cillus, Mesenchytraeus and Cognettia tend to occur most often in wet places. 
The former genus is predominantly marine littoral while Mesenchytraeus 
and Cognettia occur in limnic or very wet terrestrial situations such as 

FIG. 5. Oesophageal-intestinal transition and diverticula. (a) Buccholzia appendiculata, 
dorsal and lateral views, (b) Bryodrilus ehlersi, lateral view, (c) Henlea similis, dorsal view. 

bogs or fens. Marionina, Henlea and Enchytraeus have representatives in 
a wide variety of habitat types. 

No detailed studies of the autecology of individual species have been made 
but Nielsen (1955a) has studied a variety of habitat types in Denmark and 
remarks on the surprisingly wide distribution of many species. Of 10 species 
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FiG. 6. Spermathecae of (a) Bucchoîzia appendiculata, (b) Bryodrilus ehlersi, dorsal view, (c) Cognettia sphagnetorum, lateral view, 
(d) Fridericia penieri. 
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recorded in his sampling sites only one was restricted to a single site, the rest 
occurring in at least three sites with no obvious common features. For 
example Fridericia ratzeli (Eisen) was recorded in habitats ranging from water 
courses to dry sandy soil and raw humus. Mesenchytraeus beumeri (Michael-
sen) occurred in such diverse habitats as alder swamp, small streams, old 
tree stumps, Sphagnum and Polytrichum near a spring and in spruce raw 
humus. 

Although evidence of this sort makes it difficult to define the habitat require-
ments of individual species, it is possible to characterize a given habitat type 
by the Enchytraeidae present. The author has examined a number of sites 
where moder humus (Kubiena, 1953) has developed on non-calcareous silty 
soils under a variety of tree species. In three similar habitats examined the 
same genera were represented but the species differed from site to site (Table 
II). In all the sites Cognettia occurred most abundantly in the litter layer, 

FIG. 7. Sperm funnels and seminal vessicles of Lumbricillus lineatus. 

decreasing in numbers with depth; Marionina was most numerous in the 
humus layers and Achaeta in the mineral soil. Springett (1963) has recorded a 
similar assemblage of species from four sites in northern England. She does 
not give descriptions of the soil profiles of her sites but the vertical distribu-
tion is closely similar to that recorded in soils with moder humus. It is highly 
probable that the occurrence together of these three genera is related to the 
division of the soil profile into distinct litter, humus and mineral layers com-
bined with a high moisture content and a low pH. 

There is every probability that similar assemblages of characteristic genera 
and species will exist in a variety of habitat types, and when precise details 
of the occurrence of species, both spatially and vertically in the soil profile, 
are known it may become possible to relate the distribution of species to 
measurable factors in the soil. 
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TABLE II 

Species of Enchytraeidae in three sites 

Site Cognettia Marionina Achaeta 

Douglas fir cognettii (Issel) cambrensis 
(O'Connor) 

Oak glandulosa (Michaelsen) cambrensis 

Beech sphagnetorum (Vejdovsky) cambrensis 

eiseni 
(Vejdovsky). 

camerani 
(Cognetti) 

bohemica 
(Vejdovsky) 

C. POPULATION ECOLOGY 

Apart from taxonomic difficulties, now fortunately much reduced, the 
study of the soil-dwelling Enchytraeidae was hindered by the lack of adequate 
techniques for obtaining the worms from soil samples. Thus, in spite of 
pioneer studies by Jegen (1920) and Moszynski (1928, 1930), who recorded 
large numbers of worms from a variety of soil types, the group received 
little attention for some 25 years. However, the development of reliable 
quantitative methods for extracting the worms from soil on a large scale 
(Nielsen, 1952-53; O'Connor, 1955, 1962) opened the way for population 
studies. Nielsen (1954, 1955a, b) in Denmark, O'Connor (1957b, 1958) in 
North Wales and Peachey (1959, 1962, 1963) in the northern Pennines have 
studied seasonal changes and related phenomena in a number of soil types. 
These studies have confirmed Moszynski's (1928) observation that the Enchy-
traeidae reach their greatest abundance in acid soils with a high organic 
matter content. Thus, O'Connor (1957b) recorded a maximum of 250,000/m2 

in a coniferous forest soil in North Wales, and Peachey (1963) has recorded a 
maximum of nearly 300,000/m2 from a Juncus moorland soil in the Pennines. 

The Enchytraeidae, being relatively simple animals both structurally and 
physiologically, have proved particularly suitable for studies of population 
respiration. Both Nielsen (1961) and O'Connor (1963a) have integrated the 
results of their population studies with laboratory estimates of respiratory 
rates. 

While the last 10 years have seen a considerable advance in our knowledge 
of the population ecology of the group, many other aspects of their life in 
the soil remain virtually unexplored. In particular, no detailed studies of 
feeding habits or of breeding biology in natural conditions have been made. 
Nielsen (1962) has made a preliminary study of the enzyme compliment of 
some enchytraeids. Christensen (1961) has contributed a great deal of 
information on cyto-genetical mechanisms in the Enchytraeidae, much of 
which is relevant to ecological problems. 

In this contribution it is proposed to consider recent developments in 
population ecology as the main theme. An attempt will also be made to draw 
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together a number of autecological observations, particularly on the repro-
ductive and feeding biology, more in order to point out the need for further 
work than with any claim of completeness. 

II. THE EXTRACTION OF ENCHYTRAEIDAE FROM SOIL 

The extraction of enchytraeids from soil on a large scale can be carried 
out by two methods. Both rely on the movement of the worms in response to 
physical stimuli but differ considerably in their mode of operation. The details 
of construction and the dimensions of the two types of apparatus are shown 
in Figs 9 and 10. 

1 t 

No 
cooling eC Cooling 

26 + 16 

Cooling coil 

| — Earthenware 
' cylinder 

Wire gauze 
Plaster of Paris 

FIG. 9. Nielsen's (1952-3) extraction method. 

In Nielsen's (1952-53) method, soil cores are removed from the field using a 
stainless steel cylinder designed to take soil cores of 7-3 cm diameter and 
6 cm depth. The cores slide directly from the corer into the extraction cylin-
ders. Deep cores are stratified into 6 cm layers before being placed in the 
cylinders. The cylinders are then placed in a water bath which is heated so 
that a temperature gradient, high at the bottom and low at the top of the 
column, is established. At the same time, water evaporating from the lower 
gravel layer recondenses in the lower part of the soil core and a moisture 
gradient is established, again high at the base and low at the top of the 
column. Under the influence of these two gradients, worms present in the core 
move into the upper sand layer. When extraction is complete this layer is 
removed, and the worms separated by repeated washing and decanting. 
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Extraction takes 3 hours, and any number of cylinders can be used to-
gether. In practice three cooling coils are connected in series, several series 
being supplied with water at 10° c from a single, rake-shaped manifold. 

The alternative method (O'Connor, 1955, 1962) uses soil cores of 6-3 cm 
diameter taken with a cylindrical corer split longitudinally so that it can 
be opened and the core subdivided into as many 2 cm deep layers as desired 
without forcing the core from the corer. This method has the advantage that 
the profile can be separated into its natural divisions before extraction. In 
highly compacted silt or clay soils great force is required to remove a soil 
core from the corer; this results in damage to the worms and a loss of ex-
traction efficiency. The split corer obviates this difficulty. 

Cylindrical 
shade' 

45° Funnel 

Asbestos baffle 

60w Bulb 

Soil sample 

Rubber tube 

2 cm 
Screw clamp-

FIG. 10. Wet-funnel extraction method (O'Connor, 1955, 1962). 

The sub-cores are placed upside down in the wire gauze sieves and the 
funnels filled with water. During extraction, the heat intensity is increased by 
means of a variable resistance at such a rate that the surface of the soil reaches 
a temperature of 45° c after 3 hours. By this time the worms will have moved 
through the sieve into the water below and can be run off with a little water 
from the bottom of the funnel. 

Both methods have been used widely for studies of population density 
change (Nielsen, 1955a; O'Connor, 1957b; Peachey, 1959, 1963). The 
efficiency of the methods has been compared on a variety of soil types (O'Con-
nor, 1955, 1962; Peachey, 1962). In general it seems that there is little dif-
ference in the efficiency of the methods when used for extraction from sandy 
or alluvial soils, but the wet funnel method is better for soils with a high 
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organic matter content. The final choice of extraction method for any particu-
lar study will be decided not only on the basis of efficiency but also on the 
availability of materials and the ease of construction of the apparatus. From 
this point of view the wet funnel method has the advantage of simplicity 
and ease of operation; heat control is easy and extraction is a single process. 
Nielsen's method is more readily modified for larger diameter soil cores, 
since the form of the temperature gradient is not affected by core diameter. 
The extractor units of the wet funnel apparatus cannot be increased in 
diameter without modification of the heating system because horizontal 
temperature gradients tend to be established in large funnels. 

III. FEEDING HABITS OF THE ENCHYTRAEIDAE 
No detailed studies of the feeding biology of the Enchytraeidae have been 

made and the information presented here is gathered from a variety of sources 
of varying reliability. Jegen (1920) states that they ingest plant remains and 
particles of silica and, while burrowing in the soil, assist in the subdivision 
of plant detritus and mix it with the mineral soil. Clark (1949) recorded 
Enchytraeidae in Australian forests ingesting finely divided plant remains 
together with considerable quantities of fungal mycelium. Zachariae (1963) 
has observed that, in the leaf litter of coniferous and deciduous forests, 
Enchytraeidae consume the droppings of litter-feeding Collembola, along 
with all other loose particles of leaf material. He also states that the Enchy-
traeidae produce crumb-like droppings of finely divided plant remains in 
which there are no cellulose residues. These can form a considerable propor-
tion of the moder humus of coniferous forest soils. Kubiena (1955) states 
that, in some mineral soils, the Enchytraeidae can form a micro-sponge 
structure, analogous to that produced by earthworms but on a smaller 
scale, in which clay-humus complexes form water-stable aggregates. The 
Enchytraeidae of sewage beds feed extensively on algae, fungi and bacteria 
(Reynoldson, 1939a). His observations suggest that Lumbricillus lineatus 
(Müller) feeds on the alga Phormidium in the live state. The Enchytraeidae 
of wrack beds, L. lineatus, L. rivalis (Levinson) and Enchytraeus albidus 
(Henle), ingest large quantities of decaying seaweed and must play a major 
part in its decomposition. In laboratory culture they are capable of reducing 
fresh seaweed to a dark-brown amorphous mass of faeces in a short space of 
time. 

Enchytraeus albidus is often aggregated in large numbers in and around the 
bodies of dead fish and marine birds thrown ashore with seaweed. Kühnelt 
(1961) states that a liquid given off by the worms liquefies the flesh of the dead 
animal and that the resulting mess is sucked up by the worms. His evidence 
for this statement is obscure, and it seems equally possible that the worms 
rely upon saprophytic bacteria to perform the preliminary softening of the 
body. Jegen (1920) observed large numbers of Enchytraeidae, of unspecified 
species, in and around the roots of nematode-infested strawberry plants. He 
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contended that enchytraeids are able to kill root-feeding nematodes: they 
enter the roots of the infected plant and collect where nematodes are present, 
converting them into a liquid mass and consuming the resulting fluid. In 
pot experiments, Jegen found that nematode infections of strawberry plants 
could be checked by introducing enchytraeids to the soil in the early stages of 
damage. If, however, the attack had proceeded too far the Enchytraeidae 
accelerated the process of decomposition. 

The actual feeding mechanism of the Enchytraeidae appears to involve, 
in some species at least, a preliminary softening of the food material before 
ingestion. Stephenson (1930) and other authors have observed the pharyngeal 
plate extruded onto the food prior to ingestion. The septal glands in many 
enchytraeids are connected by strands of tissue to the dorsal surface of the 
pharyngeal plate and, according to Stephenson (1930), the strands convey 
disintegration products of the septal glands to the exposed surface of the 
pharyngeal plate. This material, presumably liquid in life, may have a diges-
tive function. Kühnelt (1961), without stating his authority, claims that the 
attack on plant residues is achieved by the release of a strongly alkaline 
secretion from the salivary glands (septal glands ?) and that the material is 
already softened before being ingested. Reynoldson (personal communication) 
has also observed extrusion of the pharyngeal plate onto algal food prior to 
ingestion by the Enchytraeidae of sewage beds. Christensen's (1956) observa-
tions on the use of the pharyngeal plate in cocoon laying indicates that its 
secretions are mucilaginous in nature—so its use in feeding may only be for 
lubrication. 

In an attempt to investigate the possibility of selective feeding in the soil-
dwelling Enchytraeidae, O'Connor (1957a) made a preliminary study of 3 
species from a moder soil under Douglas fir in North Wales. The proportions 
of plant, fungus and silica ingested by the worms were estimated from squash 
preparations of the gut contents from the 3 species. The quantities of 
each component were expressed in arbitrary units, each measurement corre-
sponding to the number of squares of a lattice over the high-power field of a 
microscope occupied by the various components. These estimates were 
compared with the proportions of plant, fungus and silica present at different 
levels in the profile. Figure 11 shows the results of this comparison, based upon 
an examination of 10 specimens of each species from each layer of the profile. 
No estimates were possible for Achaeta eiseni from the litter layer nor Cog-
nettia cognetti from the mineral soil layer because of their scarcity in these 
layers. It was impossible to estimate the proportions of plant, fungus and 
silica in the litter layer because of the presence of a great many whole fir 
needles. From Fig. 11 it is apparent that Achaeta and Cognettia from the 
humus layer tend to consume about twice as much fungus as would be 
expected if they ingested their substrate at random: Achaeta apparently 
avoids plant material and Cognettia avoids siliceous material. In the mineral 
soil, Achaeta again tends to avoid plant material. Marionina cambrensis 
shows no great selectivity in either the humus or mineral layers. No direct 
comparison between gut contents and substrate is possible for the litter layer 
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but the high proportion of fungus taken by Cognettia in comparison with 
Marionina suggests that it is feeding selectively on fungus in this layer also. 

While these results support the view that the Enchytraeidae, in general, are 
important agents in mixing plant debris and mineral soil, it is apparent that 
two out of the three species examined eat more fungus than would be ex-
pected if they fed entirely at random. 

Recent work by Nielsen (1962) upon the carbohydrases of soil- and litter-
dwelling invertebrates indicates that the four species of Enchytraeidae which 
he has examined do not possess enzymes which would enable them to 
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FIG. 11. Feeding preferences of Cognettia cogne tti, Marionina cambrensis, and Achaeta 
eiseni in coniferous forest soil. 

utilize the complex structural polysaccharides of higher plants. Indeed, this 
seems to apply equally to the large group of soil invertebrates currently 
regarded as primary decomposers. Nielsen suggests that the primary decom-
position of plant remains is largely attributable to the soil micro-flora (bac-
teria, actinomycetes and fungi) and that, with the exception of snails, some 
tipulid larvae and possibly Protozoa, the so-called decomposing soil fauna is 
in reality a group of primary consumers utilizing the micro-flora as food. 

The selective fungal feeding reported above is in line with Nielsen's obser-
vations, and the apparent lack of any structural change in plant remains 
while passing through the guts of enchytraeids becomes explicable. Un-
fortunately, no account was taken of the bacterial content of the food 
ingested and, in any case, it is difficult to see how selective bacterial feeding 
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could be accomplished by an enchytraeid worm. However, it is probable that 
bacteria, ingested along with other materials, will form an important compo-
nent of the food. In this connection Dougherty and Solberg (1960) have suc-
ceeded in rearing Enchytraeus fragmentosus (Bell), a species which reproduces 
asexually by fragmentation, in monoxenic culture with the bacterium Eschen-
chia coli growing on agar slants. However, it was necessary to add a few 
grains of autoclaved rolled oats to the surface of the agar slant for continued 
vigorous growth and reproduction. More recently, Dougherty and Solberg 
(1961) succeeded in keeping E. fragmentosus in axenic culture on nutrient 
agar supplemented with heated lamb liver extract. On this medium the worms 
showed growth and reproduction by fragmentation and have been kept for 
many generations. In some cultures (Dougherty et al, 1963) the worms 
showed signs of disintegration when the cultures became too wet, presumably 
due to osmotic unbalance. They also reported complete lysis of the worms 
in some cultures of about 3 months age, accompanied by the production of 
virus-like bodies. In spite of these difficulties, the successful use of a bacterium 
as food lends weight to Nielsen's views and the work has considerable 
potential application in an analysis of the nutritional requirements of 
Enchytraeidae. 

From the foregoing account it will be apparent that our knowledge of the 
feeding habits and digestive abilities of the Enchytraeidae is inadequate. There 
seems little reason to suppose that all Enchytraeidae have a similar diet; some, 
like those inhabiting decaying seaweed and sewage beds, may be capable of 
utilizing living or recently dead plant material, while others, living in the soil, 
may not. In any event, it is apparent that the long accepted generalization 
that the soil-dwelling Enchytraeidae are primary decomposers of plant litter 
is untenable. The elucidation of their true trophic position will provide a 
fruitful field of research. It is possible that, although the soil enchytraeids 
rely on bacteria and fungi for food, the mechanical effects of passing large 
quantities of plant and mineral material through their guts may more than 
compensate for this by stimulating the growth of the microflora. In addition, 
the mechanical processes of feeding are likely to have an important effect upon 
the development of soil humus forms; the role of Enchytraeidae in this respect 
is but little understood. 

IV. REPRODUCTIVE BIOLOGY OF THE 
ENCHYTRAEIDAE 

Christensen (1961) states that the normal method of reproduction in the 
Enchytraeidae is by mutual transference of spermatozoa between herma-
phrodites, though some species are parthenogenetic and a few cases of 
asexual reproduction have been recorded. In the majority of Enchytraeidae 
copulation and mutual transference of sperm takes place, the penes of one 
worm being inserted into the spermathecae of the other. Ova are passed into a 
mucilaginous cocoon secreted by the clitellum and, as the cocoon passes 
forward over the spemathecae, spermatozoa are passed into it and the eggs 



8. THE ENCHYTRAEIDAE 231 

develop into worms of 1 to 2 mm length; hatching takes place by rupture 
of the cocoon wall. 

The only detailed studies of breeding biology of the Enchytraeidae are 
those of Reynoldson (1939b, 1943) on Lumbricillus lineatus and Enchytraeus 
albidus from sewage bacteria beds and Ivleva (1953) on E. albidus from labora-
tory cultures. Table III summarizes data from these sources. Reynoldson 

TABLE in 
Summary of data on reproductive biology of Lumbricillus lineatus 

and Enchytraeus albidus 

Cocoon size (mm) 

Eggs/cocoon 
Cocoons/worm/day 

Fertile eggs (%) 
Hatching success (%) 
Viable eggs/worm/day 
Incubation period (days) 
Maturation period (days) 
Size at hatching (mm) 
Total life cycle (days) 

Temp, range for reproduction 

Data of Reynoldson 
L. lineatus 

1-8x0-84 

6-7 
013 

76 
74 

0073 
15-7±0-9 
101 ±6-4 

1-0(13 segs) 
1170 

E. albidus 

0-59x0-55 

4-5 
0-22 

83 
97 

0177 
23-8±l-7 
44-5 ±0-9 

— 
68-3 

Data of Ivleva 
E. albidus 

0-5-1-8 
(length) 

1-35 (av. 10) 
0-40 (young worms) 
0-13 (old worms) 

— 
— 
— 
12 
21 

1-5-3-0 
261 (mean max. 

longevity) 

(°c) 7-20 5-25 

(1943) gives 10° c as an average annual sewage bed temperature and the 
table shows the results of his breeding experiments at this temperature. 
Ivleva's results are for worms kept at 18° c, the optimum temperature for 
laboratory culture. The cocoons of the two species vary from 0-5 to 1-8 mm 
in length, depending on the size of the parent worm; large cocoons tend to 
contain more eggs. Cocoon production continues throughout the life of the 
worm, but is more rapid in young than in old worms. Temperature has an 
important influence on the reproduction of Enchytraeidae. Multiplication is 
possible over the range 7 to 20° c for L. lineatus and 5 to 25° c for E. albidus, 
The fertility of the eggs of E. albidus was fairly constant at approx. 83% over 
the range 4 to 20° c, dropping sharply outside these limits. In L. lineatus 
egg fertility showed a maximum of 76% at 10° c, declining above and below 
this. It is interesting to note that sterile eggs were consumed by the surviving 
embryos in the cocoon. The hatching success of cocoons showed little varia-
tion with temperature within the tolerable range, but was always higher for 
E. albidus. The incubation and maturation periods both declined with 
increasing temperature up to a lethal limit between 20 and 25° c. 
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From a consideration of the entire life cycle, the optimum breeding tem-
perature for both species will be around 18°c. At sewage bed temperatures E. 
albidus produces viable eggs at more than twice the rate of L. lineatus, and 
the eggs develop to maturity in half the time. Thus, E. albidus has a decisive 
reproductive advantage over L, lineatus. 

Christensen (1961) states that, in addition to this normal sexual reproduc-
tion, parthenogenesis is not uncommon in the Enchytraeidae. Parthenogenetic 
reproduction has been established with certainty in 5 species and probably 
occurs in at least 6 others. In 2 species the eggs have to be activated by sperma-
tozoa before development proceeds (Christensen and O'Connor, 1958). In a 
number of other parthenogenetic species spermatozoa are produced and 
enter the cocoons as they are laid, but it is not known whether pseudo-
fertilization is necessary for the development of the eggs. In one species only 
very few worms produce spermatozoa and no spermathecae are present in 
polyploid individuals so that activation of the eggs is presumably unnecessary. 

Recently, a number of cases of asexual reproduction have been reported. 
Bell (1959) has described a new species, Enchytraeus fragmentosus, in which 
sexual maturity has not been observed. Fully grown worms break into 3 to 11 
fragments, of about 5 segments each, and the fragments regenerate into com-
plete worms in about 10 days. Christensen (1959) has observed asexual 
reproduction by a similar fragmentation process in the species Cognettia 
sphagnetorum, C. glandulosa and Buchholzia appendiculata (Buchholz). 
Cognettia sphagnetorum has occasionally been observed to lay eggs but they 
never complete their development. C. glandulosa and B. appendiculata are 
able to produce eggs which develop normally as well as to reproduce by 
fragmentation. The eggs of C. glandulosa develop parthenogenetically, but 
the mode of development is unknown in B. appendiculata. In natural popula-
tions of these last 3 species sexual maturity occurs only for a short period 
during the winter. 

Out of a total of 88 cytotypes examined, Christensen (1961) recorded 41 
polyploids. He regards this high proportion of polyploids, and the fact that a 
number of genera contain polyploid parthenogenetic and non-partheno-
genetic types as well as normal amphimictic diploids as evidence that the 
family Enchytraeidae is evolving rapidly by polyploidy. 

No studies comparable to those of Reynoldson (1939b, 1943) and Ivleva 
(1953) have been made for the fully terrestrial enchytraeids, but Christensen 
(1956) used glass observation chambers (Fig. 12) in order to describe the 
process of cocoon production in a number of littoral and terrestrial species. 
In all the Enchytraeidae the cocoon is laid as a clear-walled mucilaginous 
bag containing 1 to 35 eggs depending on the species and the individual. In 
the genera Enchytraeus, Fridericia and Henlea, but not in Lumbricillus the 
worms actively cover their cocoons with a layer of sand grains and organic 
debris. The particles are picked up by the protrusible pharyngeal plate and 
plastered onto the wall of the cocoon with mucus secreted from the pharyn-
geal region. The covering process results in a complete disguise of the cocoon 
and accounts for the difficulty experienced by several authors in finding 
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cocoons of Enchytraeidae in soil samples. Personal observation of cocoon 
production in Achaeta eiseni, Cognettia cognetti and Marionina cambrensis 
has shown no indication of cocoon covering. Reynoldson (1939a, b, 1943) 
does not report cocoon covering in E. albidus or L. lineatus from sewage 
bacteria beds. Figure 13 shows the two cocoon types. 

The habit of cocoon covering may be of ecological significance in relation 
to drought resistance. Nielsen (1955a, b) has noted that, in a sandy permanent 
pasture in Denmark, a population consisting predominantly of Fridericia 
bisetosa (Levinson) was severely decimated by drought. However, at the onset 
of rain in the autumn, the population recovered by the sudden appearance of 
large numbers of young worms which could only have hatched from cocoons 
already in the soil prior to the drought. By contrast, a population of 3 species 

J - Rubber band 

Absorbent cardboard 

— Moist filter paper 

FIG. 12. Observation slide (after Christensen, 1956). 

from North Wales, which do not cover their cocoons, were unable to survive 
even moderate drought. The fact that Reynoldson did not observe cocoon 
covering in E. albidus may be related to the permanently moist conditions of 
the sewage bed habitat. Evidence of this sort is strongly suggestive of some 
advantage for covered cocoons during drought. An experimental investigation 
into this problem would be justified and would present no great technical 
difficulties. 

Several authors have noted that a greater proportion of the individuals in 
enchytraeid populations are sexually mature in winter. It has been argued 
from this that the Enchytraeidae are of Arctic origin. However, there is no 
evidence from Reynoldson's (1943) study of the life cycles of L. lineatus and 
E. albidus in relation to temperature to suggest obligatory winter breeding. 
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FIG. 13. Cocoons of (a) Lumbricillus rivalis and (b) Enchytraeus albidus (drawn from Christensen, 1956). 
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V. P O P U L A T I O N E C O L O G Y O F T H E E N C H Y T R A E I D A E 

Studies of population ecology have recently been made on a variety of 
habitats in Denmark (Nielsen, 1955a, b), in a coniferous woodland in North 
Wales (O'Connor, 1957b, 1958) and on peaty moorland in the northern Pen-
nines (Peachey, 1959, 1962, 1963). These habitats cover a wide range of 
environmental conditions. The North Wales habitat is remarkable for the 
relative stability of temperature and soil moisture conditions. The moorland 
habitats have, in a normal year, a relatively stable moisture regime but a 
much longer and colder winter than North Wales. The Danish habitats 
undergo wide changes in both temperature and soil moisture status. It is thus 
instructive to compare the course of seasonal change in population density 
in these habitats and, in examining the causes of differences between the 
regions, to arrive at some general conclusions regarding the factors controlling 
the numbers of Enchytraeidae in natural populations. 

Figure 14 summarizes population changes in selected sites from the three 
regions and Table IV shows the annual mean density levels in three of Niel-
sen's sites, in North Wales and in the Pennines. The data, in general, support 

TABLE rv 

Annual mean density in different habitats 

Author and Region 

Nielsen, Denmark 

O'Connor, North Wales 

Peachey, pennine moorland 

Site 

sandy permanent 
pasture, 
Stn 1 

4 
18 

Coniferous wood 

alluvial grassland 
Juncus moor 
Nardus grass 
eroded peat 

Nos, 103/m2 

44 
30 
74 

134-3 

10- 25 
130-290 
37-200 
12- 50 

Biomass g/m2 

2-97 
303 

10-50 

10-79 

15 
53 
35 
10 

the long-accepted view that organic soils contain the greatest number of 
Enchytraeidae. Thus, the highest densities and biomass are recorded from 
Juncus squarrosus moor and the lowest from alluvial and sandy grassland soils. 
A comparison of seasonal changes in population density in relation to environ-
mental factors is more revealing than a consideration of general density 
levels. 

In the permanently moist habitats, with the exception of Peachey's Nardus 
grassland site, maximum densities occur in summer followed by a decline 
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FIG. 14. Population density of Enchytraeidae in (a) dry, (b) warm and wet, and (c) cold 
moorland situations. (Data from Nielsen, 1955a, b; O'Connor, 1957b; Peachey, 1963.) 
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throughout the winter to a minimum in late winter. A comparison of popu-
lation changes with the seasonal variation in temperature (Fig. 15) reveals 
closely parallel trends. The peak density occurs in July in North Wales, in 
August in Denmark and September-November in the Pennines. The position 
of the peak density is probably related to the duration of the cold season; the 
spring increase in temperature occurs earliest in North Wales and latest in the 
Pennines. While coincidence of temperature and population density changes 
does not necessarily imply cause and effect, such a relationship could be 
deduced from Reynoldson's (1943) data on the life cycles of L. lineatus and 
E. albidus in relation to temperature. He has shown that the minimum tem-
perature for breeding is 5 to 7°c and the optimum about 18°c. In addition, 

T 1 1 1 1 1 1 1 1 1 1 r 

J 1 I 1 I I I I I I 1 I L 

A M J J A S O N D J F M A 

FIG. 15. Seasonal temperature change in Denmark, North Wales and the Pennines. 

the age class composition of the population and the incidence of sexual 
maturity have been used as evidence of breeding activity, underlying the 
seasonal trend in population density in North Wales (O'Connor, 1958). 
The population studied consisted of 3 species, but the trends in age, class 
composition and the incidence of sexual maturity were similar in all 3, so 
that they can be considered together. Figure 16 shows the seasonal trend in 
numbers and percentage of juvenile worms (less than 2 mm in length) in 
relation to the trend in total population density. It is at once apparent that 
the number and percentage of juvenile worms is greatest in the early summer 
when population density is increasing. There is a slow decline in the prevalence 
of juveniles throughout the late summer and winter, with an increase apparent 
in the following spring. Both Nielsen (1961) and Peachey (1963) have shown 
a similar decline in the average weight of individuals during population in-
crease and conversely, an increase in average weight as population density 
declines. When the numbers and percentage of mature worms are considered 
(Fig. 16) it appears, somewhat surprisingly, that there is an inverse relation-
ship between sexual maturity and the prevalence of juveniles, and that the 
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number of sexually mature worms is always small. It is apparent from the 
graphs that marked changes in the population were occurring in April. 
Accordingly, a more detailed examination of the inverse relationship was 
made for the month of April. Figure 17 shows changes in the population at 
weekly intervals for April 1954 and April 1955 and the inverse relationship 
is apparent for both. As indicated in Fig. 17, the changes in the population 
were preceded by, and doubtless related to, a rise in temperature. The rapid 
decline in the number of mature worms, coinciding with the increase in the 
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FIG. 16. Seasonal trend in population density in relation to numbers ( # ) and percentage 
(O) of juvenile and mature worms (from O'Connor, 1958). 

number of juveniles, suggests that mature worms either die or undergo 
regression of their sexual organs at this time. In spite of this, the population 
continued to increase, and can only have done so by the hatching of cocoons 
accumulated in the soil over winter. It is hardly conceivable that the small 
number of mature worms remaining in the population during May-July 
could have been capable of producing the observed increase in the juvenile 
population. The final proof of this hypothesis must await more detailed 
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knowledge of the rate of cocoon production, development and hatching in 
relation to temperature. 

There is no evidence of temperature-induced mortality in the Enchytraeidae ; 
population density tends to decline slowly throughout the cold season. The 
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FIG. 17. Changes in numbers ( · ) and percentage (O) of mature and juvenile worms in 
April 1954 and 1955. (After O'Connor, 1958.) 

decline is always associated with a reduction in the proportion of juveniles 
present in the population or an increase in the average weight of individuals ; 
this suggests that the decline results more from a cessation of cocoon hatching 
or of asexual reproduction than from mortality. Nielsen (1955a) reports that 
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a spell of severe frost (—10 to — 18°c) lasting for 28 days produced no sudden 
decrease in enchytraeid numbers and concludes that they are able to survive 
the Danish winter without appreciable loss. 

The available evidence strongly supports the hypothesis that enchytraeid 
numbers in permanently moist habitats are regulated by the effect of tempera-
ture on reproductive activity, so that density change follows the course of 
seasonal variation in temperature. This relationship holds good in spite of 
considerable differences in the vegetation cover and species composition of 
Enchytraeidae in the habitats studied. Thus, the North Wales population 
consisted of Achaeta eiseni, Cognettia cognettii and Marionina cambrensis, 
that in Denmark of Fridericia bisetosa and that in the Pennines predominantly 
of Cognettia sphagnetorum. It is particularly interesting to note that, although 
C. sphagnetorm reproduces asexually, populations of this species show 
similar changes in density and average weight of individuals as do those of 
sexual species. Out of the 6 examples of density change considered (Fig. 14) 
only in Peachey's Nardus grassland area do enchytraeid numbers fail to 
parallel temperature change—here population increase continued, though at a 
reduced rate, throughout the winter. This may have been related to severe 
depletion of the population by an exceptional drought prior to the beginning 
of sampling in 1956. 

In the stations studied by Nielsen (1955a, b), and under exceptional con-
ditions in North Wales, drought can override the association with temperature 
found in wet places. The effect of drought on enchytraeid numbers can be 
illustrated from a consideration of population changes in Denmark for the 
years 1954 and 1955 (Nielsen, 1955a, b) (Fig. 14(a)) and in North Wales 
during a period of abnormally low rainfall in the summer of 1955 (O'Connor, 
1957b) (Fig. 14(b) at right-hand side). The most noticeable feature in the 
Danish habitats was a sudden accentuation of the winter decline in popu-
lation density in early May 1954, leading to a pronounced minimum in late 
May to early June. This is the period of greatest increase in moist habitats 
(Fig. 14(b), (c)). Nielsen (1955a, b) has shown that the failure of these popu-
lations to increase was due to heavy mortality brought about by the onset 
of a severe drought during April. In late June, with the end of the drought, 
numbers increased very rapidly to a peak in late September. Nielsen (1955b) 
has shown that this increase was brought about by the sudden appearance of 
large numbers of juvenile worms in the populations. The only possible 
explanation of this phenomenon is the mass hatching of cocoons already in 
the soil since before the drought. It is interesting to compare the delayed 
hatching of cocoons due to drought with the delay due to low winter tempera-
tures postulated for the North Wales habitat. It certainly seems possible 
that the eggs or embryos of some enchytraeids are capable of suspended 
development in the face of adverse physical conditions. 

In 1955 drought occurred in both Denmark and North Wales, beginning in 
late May in Denmark and in early June in North Wales, and persisting in both 
regions until late September. The slight delay in onset of drought as compared 
with 1954 permitted the expected temperature-dependent spring increase to 
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occur, but drought soon resulted in a premature curtailment of this increase, 
earlier and more severe in Denmark than in North Wales. In both cases low 
densities persisted until the following autumn. 

There are indications that the Danish populations recovered from drought 
more readily than did the North Wales population. Nielsen (1955b) has 
observed that the severity and duration of drought affects the subsequent 
recovery of the population. In the less severely desiccated habitats the popu-
lations were capable of rapid recovery by the hatching of cocoons in the soil. 
In North Wales, although more than 6,000 worms/m2 survived the drought, 
artificially increased water content of experimental plots during August 
caused no increase in population density even when soil moisture contents 
were restored to a normal level for the time of year. Thus, although the mini-
mal density recorded during the drought in North Wales was high compared 
with the same period in Denmark, it is apparent that no viable cocoons were 
present in the soil at the time of the watering experiment. This differential 
survival of cocoons may well be related to the fact that the Danish populations 
studied by Nielsen consisted predominantly of Fridericia bisetosa, a species 
with covered cocoons, while none of the species from the North Wales habitat 
have covered cocoons. 

From the available evidence, it seems that the seasonal trend in density in 
permanently moist habitats is controlled largely by the effect of temperature 
on the rate of population increase. No evidence for temperature-induced 
mortality was found, but exceptionally dry soil conditions result in severe 
mortality and can override the normal association with temperature. In 
continental conditions, where low rainfall combined with high summer 
temperatures generally leads to summer drought, the increase in numbers in 
response to rising temperatures in the spring is prevented, sooner or later, by 
the onset of low soil moisture conditions. This will result in a summer mini-
mum with peaks of density in spring and autumn, the relative size of which 
will depend on the timing and severity of summer drought. 

It is interesting to find that fluctuations in the numbers of Enchytraeidae 
in widely different habitats can, in general, be explained in relation to only 
two physical factors in the environment. In no terrestrial population has it 
been necessary to invoke competition for food or space, nor predatory 
mortality in order to explain the observed population phenomena. The 
available evidence suggests that the numbers of Enchytraeidae in terrestrial 
populations are regulated by the balance of favourable and unfavourable 
conditions in the environment, as suggested by Andrewartha and Birch 
(1954). 

An important element in the hypothesis of population regulation presented 
above is the over-wintering of cocoons in permanently moist situations and 
the survival of cocoons during drought in continental climates. While there is 
considerable circumstantial evidence for these phenomena, an experimental 
study of survival and development of cocoons under controlled conditions 
would be of great value in confirming the hypothesis, and would present no 
great technical difficulties. 
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VI. A G G R E G A T I O N IN T H E E N C H Y T R A E I D A E 
The detailed distribution of individuals of enchytraeid populations in 

small areas is probably better documented than that of other organisms in the 
soil. Certain peculiarities of the distribution of observations about sample 
means, calculated from routine population census data, led Nielsen (1954) 

FIG. 18. Distribution pattern of worms in a coniferous forest soil. (After O'Connor, 1957a.) 

to study the micro-distribution of Enchytraeidae by means of complete 
enumerations of the population in several small plots of a sandy permanent 
pasture. Similar studies have been made in a coniferous woodland in North 
Wales (O'Connor, 1957a, b) in a variety of moorland soils (Peachey, 1959, 
1962, 1963) and in oak woodland soils (O'Connor, unpublished work). 
These studies have an intrinsic value in that they throw some light on the 
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biology of the soil-dwelling Enchytraeidae and an applied value in relation to 
the interpretation of routine estimates of population density. 

Figures 18 and 19 show maps of the spatial distribution of Enchytraeidae 
in areas of 0-75x0-75 and 1 x 1-2 m respectively. Figure 18 refers to a plot 

FIG. 19. Distribution pattern of worms in a sandy permanent pasture. (After Nielsen, 1954.) 

from a coniferous woodland in North Wales where Marionina cambrensis 
was the most abundant species and Achaeta eiseni occurred in small num-
bers. The population was estimated by removing soil cores of 6-3 cm diameter 
as close together as possible, and extracting the worms separately from each 
core. Figure 19 is based upon data obtained by Nielsen (1954) from a sandy 
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permanent pasture where Fridericia bisetosa was the only important species. 
Nielsen used cores of 7-3 cm diameter. In both cases about 80% of the 
total area was removed. These maps were selected in order to show distribu-
tion patterns at extremes of high and low population density. The contours 
and shading indicate areas of different density expressed in terms of unit 
standard deviations from the plot means. Table V summarizes data from a 
variety of other mapping experiments and here the numbers and percentage 
of sample units falling into each standard deviation class are given. 

TABLE v 

Distribution of observations about sample means for mapping 
experiments 

Site 
and 

Author 

Standard deviation units Total no. 
of sample 

units 

-3 - 2 + 3 
N. Wales coniferous 

forest 
(O'Connor, 1957b) 

f% 
\Nos 

Lake district oak wood< -*vj > 
(O'Connor, unpub.) L iNOS J 

Denmark sandy perma 
nent pasture 

(Nielsen, 1954) 

ON 

o 
ce 

PU 

- / % 
\Nos 

"N. Pennines/«#cm f % 
moor \ N o s 

eroded peat 

Nardus grass 

Total for all areas 

Theoretical normal dis 
tribution 

J % I 
iNosJ 
J /o 
\Nos 

\Nos 

■{·/. 

0 
0 

0 

0-4 
2 

0 
0 
2 
0 
0 

0-4 
4 

2-35 

81 
13 

7 

12-7 
57 

13-3 
4 
18 
160 
14 

121 
113 

13-5 

531 
85 

51 

44-2 
199 

400 
12 
27 
37-9 
33 

43-9 
407 

340 

21-9 
35 

31 

27-1 
122 

300 
9 
38 
33-3 
29 

28-5 
264 

340 

14-4 
23 

7 

10-9 
49 

13-3 
4 
12 
6-9 
6 

10-9 
101 

13-5 

2-5 
4 

4 

4-6 
21 

3-3 
1 
3 
5-7 
5 

4 1 
38 

2-35 

160 

100 

450 

30 
100 

87 

927 

100 

The most striking feature of this considerable body of data is the similarity 
of distribution patterns obtained from a variety of habitats in spite of con-
siderable differences in species composition. In all cases the distribution of 
observation about sample means is skewed, with a small number of large 
positive deviates balanced by an excess of negative deviates falling just below 
the plot mean. The large positive deviates result from the presence of small 
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areas of very high density while the high proportion of small negative deviates 
results from the fact that about half the area of the plots is occupied by a 
general background density a little below the plot mean. Between the two, 
the density gradient is non-linear; Fig. 20 shows the size and form of an 
idealized aggregation based on data from Fig. 18. This illustrates the dimen-
sions of an aggregation and the form of the density gradient expressed in 
standard deviation units. 

It has not been possible to relate the position of aggregation centres to 

5 10 15 20 25 30 cm 

FIG. 20. An idealized diagram of an aggregation based on data from Fig. 18. (After 
O'Connor, 1957a.) 

physical factors in the environment existing at the time of the studies (Nielsen, 
1954). This, however, does not preclude the possibility that aggregations are 
related to some factor operative before the study was made. Both Nielsen 
(1954) and O'Connor (1957a) have observed that aggregation centres contain 
a high proportion of young worms and hence may form centres of breeding 
activity. Unfortunately, no quantitative data is available on this point. It is 
possible that aggregation centres result from differential survival of cocoons 
during drought or low temperature (see p. 233). This, however, is unlikely, 
since Peachey (1959) has shown that Cognettia sphagnetorum, a species which 
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reproduces asexually, is just as markedly aggregated as are sexual cocoon-
producing species. In the North Wales study, an analysis of species compo-
sition at aggregation centres showed that the two species present at the time 
of the study aggregated independently. However, the consistency of pattern 
in the distribution of different species, in spite of very different environmental 
conditions, suggests that aggregation is a result of some behaviour pattern 
characteristic of the Enchytraeidae in general. The underlying causes of the 
distribution pattern remain obscure and, as Nielsen (1954) points out, the 
relationship of the position and permanency of aggregation centres to en-
vironmental factors, the part played by migration of worms in and out of 
aggregation centres and the effects of mortality and natality remain to be 
analysed. 

Whatever the causes of aggregation, the phenomenon has an important 
bearing on the analysis of routine population census data and the design of 
sampling schemes. The original aim of micro-distribution studies carried out 
by Nielsen (1954) was to discover the underlying causes of an asymmetry in 
the distribution of observations about the means of random samples obtained 
during his population census. Table VI shows the distribution of observations 
about sample means from routine census data from the habitats listed in 
Table V. The distributions about individual sample means have been sum-

TABLE VI 

Percentage distribution of observations about sample means from 
routine census data (Authors as in Table V) 

Standard deviation units 

N. Wales 

Lake District 

Denmark 

Pennines Juncus moor 
All areas 

Overall routine 
Micro-distribution 

0-4 

0 

0 1 

0-4 
0-4 

0-26 
0-4 

15-5 

18 

11-6 

13-5 
131 

14-3 
121 

39-4 

38 

46-5 

401 
39-6 

40-7 
43-9 

25-9 

27 

260 

30-9 
30-2 

280 
28-5 

151 

13 

11-3 

11-6 
14-4 

131 
10-9 

3-7 

4 

4-5 

3-5 
2-2 

3-6 
41 

mated to arrive at the values shown. There is a striking similarity between the 
distributions for different habitats and between these and the values obtained 
from the micro-distribution plots (Table V). Histograms based on the entire 
body of data for random sampling and micro-distribution sampling are shown 
in Fig. 21 ; their similarity is obvious. A consequence of the aggregative 
distribution pattern is that the standard deviation about sample means is 
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related to the size of the mean. Figure 22 shows this relationship for the 
North Wales sample data. Nielsen (1955a) and Peachey (1959) have produced 
remarkably similar graphs for their sample data. The similarity between 
distribution of observations about sample means for randomly sited and 
intensive sampling indicates that the distribution for randomly sited sample 
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FIG. 21. Frequency distribution of observations about sample means for random sampling 
and micro-distribution sampling. 

Mean no. of worms per soil core 

FIG. 22. Relationship between standard deviation and mean size for random sampling from 
a coniferous forest soil. (After O'Connor, 1957b.) 

units is a reflection of the aggregative distribution of the worms. It is apparent 
that the variance associated with sample means from aggregated populations 
of this sort will be due in part to random sampling errors and in part to non-
random distribution in the population. For the purpose of statistical analysis 
of routine sample data the effects of the aggregative distribution can be 

9 + S.B. 
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removed by a logarithmic transformation. This has the effect of normalizing 
the distribution of observations about sample means and of rendering the 
standard deviation independent of the size of the mean (O'Connor, 1957b). 

Reynoldson (1957) has pointed out that the aggregative distribution 
provides a safety mechanism against the possibility of extinction of the 
population when unfavourable physical conditions occur. Since neither 
the population distribution nor the severity of action of physical factors 
will be uniform over an area, and since the two are apparently unrelated, 
it is unlikely that maximum percentage mortality during the onset of un-
favourable conditions will coincide with maximum population density. 
This mechanism is likely to be particularly important in a population which, 
like the Enchytraeidae, is regulated largely—if not entirely—by the alterna-
tion of favourable and unfavourable weather conditions. 

VII. M E T A B O L I C A C T I V I T Y OF E N C H Y T R A E I D 
P O P U L A T I O N S 

A. INTRODUCTION 

Lindeman (1942) indicated the possibility of relating quantitative measure-
ments of energy flow through different trophic levels or species populations 
to the total energy input to the community. While Lindeman's principles have 
been widely applied to marine and freshwater communities, no such studies 
of complete terrestrial communities have been made, and measurements of 
energy flow among soil-dwelling organisms have been confined to the popu-
lation level. Macfadyen (1961, 1963) has ably reviewed available data on 
metabolic activity of the soil organisms and has shown how studies on popu-
lations of one or a few species can be fitted into an overall picture of com-
munity metabolism. Bornebusch (1930) estimated biomass and respiratory 
rates for a number of soil animals from a variety of forest soils. Outstanding 
though this study was, the inadequacy of extraction methods available at 
that time led to a relative underestimate of the importance of the smaller 
animals. Recently, a number of more reliable estimates of population meta-
bolism have been made for the smaller animals by integrating the results of 
field population censuses with measurements of respiratory rates of animals 
taken from the same populations. Such estimates are available for Nematoda 
(Nielsen, 1949, 1961) Enchytraeidae (Nielsen, 1961; O'Connor, 1963a) and 
oribatid mites (Engelmann, 1961; Berthet, 1963). The studies on metabolic 
activity of enchytraeid populations reported here were made with the ultimate 
aim of a synopsis of soil community metabolism in mind. 

B. RESPIRATORY ACTIVITY (OXYGEN CONSUMPTION) 

The data on respiratory activity of the Enchytraeidae fall into two cate-
gories: (1) general information on levels of oxygen uptake in different genera 
and species, and (2) data on individual species obtained specifically for the 
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calculation of population metabolism in well documented habitats. For 
laboratory estimates of oxygen consumption Nielsen (1961) and O'Connor 
(1963a) used the Cartesian diver respirometer (Holter, 1943) for detailed 
studies of particular populations and the author used both the diver and the 
Warburg respirometer for a more general study. 

Before embarking on a discussion of the results of these studies, it is rele-
vant to consider the applicability of respiration measurements made on worms 
living in water in a glass vessel to the actual activity in natural substrates. 
As Nielsen (1961) points out, there is no factual basis for discussing this 
problem at present. He regards the work done by a worm writhing in a water 
film inside a respirometer flask as small, and observes that in nematodes the 
oxygen uptake of active worms is only 5% greater than in immobilized 
worms. It is probable that the movements of enchytraeids in water result in a 
similar increase above the basal metabolism. All except the very smallest 
Enchytraeidae make burrows through the soil in which they live and so the 
work performed in the soil will tend to be larger than in a respirometer. Thus, 
laboratory measurements of oxygen uptake will tend to underestimate actual 
respiratory rates in the soil. The magnitude of the underestimate will pre-
sumably increase with the size of the individual. In large enchytraeids such 
as Fridericia galba and F. ratzeli the expenditure of energy in burrowing may 
well be larger than 5%. 

Nielsen has also considered the possible effects of oxygen tension in the 
soil on the respiratory rate. He has shown that a 10% reduction in oxygen 
tension does not produce a significant change in respiratory rate. Since the 
majority of Enchytraeidae live in the upper few centimetres of soil, they are 
not likely to encounter appreciable oxygen deficiencies. 

1. General level of oxygen uptake 
The respiratory rate of many of the common species of Enchytraeidae have 

been measured, and the available data is combined in Fig. 23. The curves for 
Lumbricillus and Enchytraeus are plotted from data obtained with the War-
burg respirometer and the others are based partly on Nielsen's (1961) 
studies with the Cartesian diver and partly on the author's own diver and 
Warburg data. Most of the measurements were made at a standard tempera-
ture of 20° c, but a few made at lower temperatures were corrected to 20° c 
from the curve relating oxygen uptake to temperature (Fig. 24). Nielsen's 
results were converted from μΐ. 0 2 ^ g N per hr to μΐ. 02/g live weight per hr. 
As shown in Fig. 23, the rate of oxygen uptake for the genera studied declines 
with increasing size up to a weight of about 1 mg. Above this weight the rate is 
fairly constant, irrespective of size, but clear-cut differences between the levels 
of oxygen uptake at which size ceases to influence respiratory rate can be 
detected for the genera studied. They can be placed in order of descending 
respiratory rate as follows: Lumbricillus, Enchytraeus, Henlea, Fridericia. 
Further curves are likely to emerge as more genera are studied in detail; 
already some estimates for Mesenchytraeus suggest a position intermediate 
between Henlea and Fridericia. 



250 F. B. O'CONNOR 

The underlying physiological basis of these inter-generic differences remains 
obscure. It is, however, worth noting that the genera studied so far form a 
series of increasing adaptation to the terrestrial environment. Lumbricillus 
and Enchytraeus are normally found in the wettest habitats and Fridericia in 
the driest with Henlea falling in between. It may well be that the low respira-
tory rate oïFridericia species is associated with reduction of water loss through 
the relatively thick body wall characteristic of the genus. 
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FIG. 23. The relationship between size and oxygen uptake at 20° c. 

Direct observation of worms from the three respiratory groups leaves the 
firm impression that high respiratory rate is associated with greater mobility, 
both in water and when the worms are kept in semi-natural conditions in 
observation slides (Christensen, 1956). It would be of interest to know the 
extent to which differences in activity are associated with utilization of dif-
ferent substrates. Measurements of respiratory quotients would go some way 
towards answering this question, but the work remains to be done. 

The results described so far were all obtained at a temperature of 20° c 
and, although of value for a discussion of some general problems, they are 
somewhat unrealistic in relation to field conditions. In order to relate the 
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curves shown in Fig. 23 to field temperatures, supplementary measurements 
were made over a range of temperatures for a number of species. Worms 
stored at 5°c for about 24 hours were placed in a Warburg respirometer and 
their oxygen uptake measured for about 30 minutes at 5, 10, 15, 20, 25 and 
sometimes 30° c. The worms used were all of more than 1 mg body weight so 
as to rule out variations in oxygen uptake with size. Figure 24 shows a 
temperature-respiration curve based on at least 2 species from each of the 3 
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FIG. 24. The relationship between temperature and oxygen uptake. 

respiratory groups indicated in Fig. 23. The rate of increase in oxygen uptake 
with temperature was comparable for all species, so that a single temperature-
respiration curve can be drawn. Inter-generic differences in respiration were 
removed by placing the curves for all species at the same height above the base 
line. Another series of experiments in which worms were stored for long 
periods at different temperatures prior to being used for respiration measure-
ments indicated that temperature adaptation does not occur to any great 
extent in the Enchytraeidae. 
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The Information presented in Figs 23 and 24 will permit an interpretation 
of population census data for many common species in terms of population 
metabolism. 

2. Metabolism of natural populations 

The population studies made by Nielsen in Denmark and the author 
in North Wales (see above) have been integrated with laboratory measure-
ments of oxygen uptake. Figure 25 shows the relationship between live weight 
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FIG. 25. The relationship between size and oxygen uptake for Cognettia cognetti, Marionina 
cambrensis, Achaeta eiseni (after O'Connor, 1963a) and Fridericia bisetosa (recalculated 

from Nielsen, 1961). 

and oxygen uptake at 20° c for the species present. The curve for Fridericia 
is recalculated from Nielsen's (1961) data and those for Marionina, Cognettia 
and Ächaeta are taken from O'Connor (1963a). In both studies the population 
metabolism was calculated for each month as the product of population 
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biomass and oxygen uptake corrected to field temperature ; the size structure 
and species composition of the populations was also taken into account. 

Table VII shows the mean annual levels of density, biomass and metabolic 
activity for Nielsen's Station 1, 4 and 18 and the North Wales population. 

TABLE vn 
Mean annual levels of density, biomass and metabolic activity (after 

O'Connor, 1963a) 

Density 
(103/m2) 

Biomass 
(g/m2) 

Metabolic activity 
(ml. 02/m2 (1. 02/m2 

per hr) per annum) 

North Wales 
Denmark 

Stn 1 
Stn 4 
Stn 18 

134-3 

44 
30 
74 

10-79 

2-97 
303 

10-5 

3-61 

0-84 
110 
3-70 

31-6 

7 
10 
32 

Nielsen's stations form a series showing decreasing effects of summer deci-
mation of the population by drought. The North Wales habitat is wetter than 
any of Nielsen's stations. There is an increase in the general level of metabolic 
activity with decreasing drought effect in the Danish stations. The similarity 
of population metabolism in Station 18 and North Wales cannot be more than 
coincidence because of differences in species composition, though both are 
permanently moist situations. 

The comparison between seasonal trends in population density already 
made can be extended to a consideration of population metabolism. It is 
generally accepted that the Enchytraeidae are a relatively homogeneous group 
with respect to their reaction to environmental conditions, and so such a com-
parison will not be invalidated by differences in species composition between 
the sites. Figure 26 shows the population metabolism in Nielsen's Stations 
1, 4 and 18 and in North Wales, plotted on the same graph for ease of com-
parison. 

In both the permanently moist situations, North Wales and Station 18, 
the seasonal variation in the average size of individuals in the population is 
small, and this factor has only a small influence upon changes in respiratory 
activity. Summer maxima and winter minima of population density and 
biomass are related to temperature. This fact, combined with the increase 
in respiratory rate at higher temperatures, produces a summer maximum in 
population metabolism. The greater amplitude of temperature variation in 
Denmark results in a more pronounced seasonal change in population meta-
bolism than in the more temperate conditions of North Wales. 

The situation where temperature has a controlling influence on population 
metabolism can be contrasted with Nielsen's Station 1. Here the depletion 
of the population by summer drought and its almost complete replacement 
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by the mass hatching of cocoons lead to pronounced changes in the average 
size of individuals in the population. The effect of these events on population 
metabolism is to override the association with temperature found in wet 
situations. During the onset of drought in April, population metabolism 

Δ M J N D M A 

FIG. 26. Comparison of population metabolism in Denmark (from Nielsen, 1961) and 
North Wales (from O'Connor, 1963a). (Note different scale for Station 1.) 

follows the fall in biomass in spite of rising temperatures. During recovery 
from drought, the small size of the newly hatched worms results in an increase 
in respiration sufficient to counteract the expected decrease associated with 
falling temperature in the autumn. During the winter months temperature 
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becomes the most important factor determining the rate of population 
metabolism. 

Station 4 is intermediate between the wet conditions of Station 18 and 
North Wales and the extreme summer drought of Station 1. In this locality 
drought did not result in a marked drop in population metabolism, but merely 
delayed the occurrence of the summer peak by some two months as compared 
with the wetter sites. 

3. Calorific requirement of enchytraeid populations 

It is possible to calculate an approximate figure for the calorific equivalent 
of oxygen consumption of enchytraeid populations. The respiratory quotient 
has not been determined for any enchytraeids; however, their diet consists of 
organic debris, fungi, bacteria and probably other soil organisms. Thus, it 
seems reasonable to use the calorific equivalent of 4-775 kcal/1. 0 2 (Heilbrunn, 
1947). Table VIII shows the average calorific equivalent of oxygen consump-
tion for the four populations studied in detail. For the sake of completeness, 

TABLE vra 

Habitat 1.02/g 
per annum 

North Wales 2-90 
Denmark 

Stn 1 2-40 
Stn 2 3-30 
Stn 18 3-10 

Northern Pennines 
Limestone grassland 
Juncus moor — 
Nardus grassland 
Bare peat 

kcal/g 
per annum 

13-84 

11-46 
15-76 
14-80 

14 

g/m2 

10-79 

2-97 
303 

10-50 

15 
53 
35 
10 

kcal/m2 

per annum 

149-5 

340 
47-7 

155-4 

210 
742 
490 
140 

* Biomass figures for N. Pennine habitats from Cragg (1961). 

Peachey's biomass figures (quoted from Cragg, 1961) for a number of moor-
land habitats are expressed in the same terms in the lower part of the table, 
using an approximate value of 14 kcal/g per annum as the calorific equivalent 
of oxygen consumption. 

A complete assessment of the energy utilization of these populations is 
impossible from respiratory data alone. To estimate the amount of energy 
used in growth and replacement of individuals in the population, data on 
the rate of cocoon production, growth rate of individuals, and the distribu-
tion of mortality between age classes in the population will be required. In 
addition, the calorific value of cocoons and worms will be required. The data 

9* 
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available for terrestrial enchytraeid populations is inadequate for a meaning-
ful calculation of this component of energy flow to be made. 

Macfadyen (1957) suggests that the utilization of energy for growth and 
replacement will be low compared with that for respiration. However, Engel-
mann (1961) has shown that 18% of the total energy output from an oribatid 
mite population is in the form of egg and adult mortality. Since the fecundity 
of enchytraeid populations is high (Reynoldson, 1939a, b) it is quite probable 
that the use of energy for replacement will be considerably more than for 
Engelmann's mite population. The assessment of this component of energy 
flow for the Enchytraeidae must await further work. 

The relative importance of a population in a community can be calculated 
as the percentage of the total annual rate of energy input into the system 
released by the population. In the Douglas fir plantation studied in North 
Wales the total energy input was contained in approximately 300 g dry weight 
of litter/m2 per annum. Using Ovington and Heitkamp's (1960) figure of 
approximately 4,500 cal/g dry weight of Douglas fir litter, this amounts to an 
annual calorific input of 1,350 kcal/m2. The respiratory activity of the 
Enchytraeidae releases 150 kcal/m2 per annum or 11% of the total annual 
energy input. This will represent a minimum figure to which must be added 
the use of energy for body building. Nonetheless, the figure is high in relation 
to Macfadyen's (1963) estimate that, in general, #//the animals in a community 
release between 10 and 20% of the total energy input. The figures serve to 
illustrate the importance of the Enchytraeidae in the energy balance of a 
moder type coniferous forest soil. Their contribution to energy flow will 
doubtless be considerably less in mull soils. 
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