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I. G E N E R A L ASPECTS 
The soil contains a remarkably diverse population of Arthropoda which 

reaches its greatest complexity and abundance in undisturbed habitats such 
as forest, woodland, or permanent grassland, in situations where the climate, 
vegetation and soil type combine to supply a suitable humidity, temperature 
and food supply. An account of the arthropod fauna of such habitats pro-
vides a convenient starting point for discussing the ecological relationships 
of differing arthropod groups and their effect on various soil processes. 

A. TEMPERATE FORESTS (MULL AND MOR) 

There have been numerous studies of the soil fauna of forests in temperate 
regions; indeed our understanding of the part played by the soil fauna in 
determining the form of the soil organic matter owes much to the pioneer 
work of forest zoologists and entomologists. One of the earliest studies was 
that of Diem (1903). Ramann (1911) made a preliminary study of the fauna 
of some German forests. Pillai (1922) studied the litter fauna of pine woods 
in Bavaria and Pfetten (1925) in Germany, and Soudek (1928) in Czechoslo-
vakia, made similar studies of the fauna of spruce forests. Ulrich (1933) 
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compared the soil fauna of a spruce forest where the litter decomposed rather 
slowly with that of a mixed beech/oak forest where the litter decomposed 
more rapidly. Studies of the soil fauna of Swedish forests were made by 
Tragardh (1929) followed by more detailed studies by Forsslund (1943). 
Bornebusch (1930) studied the soil fauna of oak, beech and spruce forests 
in Denmark. More recent studies are those of Jahn (1946) in Austria and 
van der Drift (1950) in Holland. Studies of the fauna of forests in the New 
World include those of Jacot (1936), Lunn (1939), Eaton and Chandler (1942) 
and Pearse (1946). Grimmet, (1926) investigated the soil fauna of a beech 
forest and a tawa forest in New Zealand. 

The results of Bornebusch's studies (Table 1) illustrate several general 
features. He showed that the fauna of forest soils consists of communities 
that are closely associated with, and characteristic of, a particular type of soil 
and vegetation. The fauna of deciduous forests (oak and beech) with a mull 
humus formation, i.e. where the organic matter is intimately mixed with the 
mineral soil, was characterized by the abundance of earthworms, which were 
estimated to make up 50-80% of the total biomass. The dominant arthropod 
groups were Diplopoda, esp. Julidae and Glomeridae, Isopoda, esp. Tricho-
niscus spp., and Coleoptera, esp. Carabidae, Staphilinidae and the larvae of 
Elateridae. In spruce mull, the earthworms were less predominant, forming 
about 50% of the total biomass. The dominant arthropods were Acari, 
Diplopoda, larvae of Diptera, esp. Tipulidae, Mycetophilidae and Bibionidae 
and larvae of Elateridae. 

In deciduous forests with a mor humus formation, i.e. where the organic 
matter forms a discrete layer on the soil surface, earthworms were fewer, 
usually less than 20% of the total biomass. The dominant arthropod groups 
were dipteran larvae, elaterid larvae, Diplopoda, Collembola and Acari. 
In spruce forest mor, earthworms were sparse, Isopoda were absent and 
Diplopoda rare. Elaterid larvae, chiefly Athous subfuscus, and dipteran larvae, 
chiefly Tipulidae and Mycetophilidae, were the dominant larger arthropods, 
Collembola were numerous but were far outnumbered by the Acari. 
Geophilids were numerous and appeared to replace, as predators, the Coleop-
tera of mull soils. 

In general, where earthworms were abundant the leaf litter was incorpor-
ated into the soil and decomposed rapidly to give a mull humus formation, 
characteristic of deciduous forests on moderately drained soils with adequate 
calcium supply. There the arthropod fauna was dominated by relatively 
large species which, though not necessarily numerous, formed the greater 
part of its biomass. By contrast, where earthworms were few the leaf litter 
accumulated on the soil surface, giving a mor humus formation characteristic 
of coniferous forests on well-drained soils deficient in calcium. There the 
arthropod fauna was dominated by vast numbers of small species such as the 
Acari and Collembola, and the total biomass was usually less than in soils 
with a mull humus formation. Intermediate stages between these two con-
trasted types of arthropod community can be found, depending on local 
conditions of soil, vegetation and climate. 
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The fauna of forest soil 
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B. TEMPERATE GRASSLAND 

Early studies of the arthropod fauna of grassland and cultivated soils were 
handicapped by lack of suitable methods for extracting the arthropods from 
soil samples. The Tullgren funnel, that has proved so useful when studying 
the fauna of forest soils, where there is frequently much surface litter, is less 
reliable when applied to grassland soils, especially loams and clays. Progress 
in studying the arthropod fauna of such soils has depended on the develop-
ment of improved techniques for extracting the fauna from soil samples. 

Using an efficient flotation method, Salt, Hollick, Raw and Brian (1948) 
made a census of the arthropod fauna of a permanent pasture in Cambridge-
shire that was used principally for grazing and occasionally cut for hay. 
Their results, summarized in Fig. 1, illustrate the main features of the arthro-
pod fauna of temperate grassland with mull humus formation. 
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FIG. 1. Soil Arthropods; number per square yard in permanent grassland. 

Members of six classes of arthropods (Arachnida, Pauropoda, Diplopoda, 
Chilopoda, Symphyla and Insecta) were found, representing at least 19 orders, 
of which 10 were insects. Smaller arthropods were much more numerous 
than larger ones so the fauna as a whole can be represented as a pyramid with 
the smallest species such as the Acari, with a density of about 165,000/m2 

at the base and the larger forms such as lepidopteran larvae and Diplopoda 
with a density of a few hundreds/m2 at the top. About 70% of the total 
population was found in the top 6 inches of soil, but some groups, chiefly 
members of the true subterranean fauna such as the Pauropoda, Protura and, 
particularly, the Symphyla, were more numerous below 6 inches. In general 
the smaller forms lived deeper in the soil. This was particularly true for non-
burrowing forms such as the Acari and Collembola whose vertical distribu-
tion must depend, among other things, on the size distribution of pore spaces 
at differing levels in the soil. 

The information provided by the census on the horizontal distribution of 
the fauna suggested that a non-random and aggregated distribution, known 
to be characteristic of some soil species such as wireworms, is probably 
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common to many groups of soil arthropods. Such a distribution may reflect 
oviposition patterns or that the soil animals aggregate at favourable feeding 
sites, but much further work on the subject is needed. 

The average number of individuals in the top 6 inches of soil was about 
1/cc, and about 3/cc where the population was greatest. The size range of 
soil arthropods is enormous, from specimens such as lepidopteran larvae or 
large diplopods with a volume of 1 cc or more, to small mites whose volume 
is probably between 5 x 10 ~7 and 4 x 10 ~6 cc. If it is assumed that the volume 
of an average soil arthropod is about 5 x 10"5 cc and that the top 6 inches of 
pasture soil contains, on average, 5-10% of air, then the arthropods occupy 
about 0*5 to 1-0% of the air space. 

No comparable census of the arthropod fauna of mor grassland seems to 
have been made. Macfadyen (1952) made a census of the small arthropods 
of a Molinia fen in Oxfordshire over a period of one year. His sampling 
method was not designed to collect the larger arthropods and consequently 
his data refer chiefly to Acari and Collembola and give an inadequate 
picture of the abundance or distribution of the other arthropods. Woodlice 
were abundant, adult and larval Coleoptera and larval Diptera were numer-
ous and several species of Thysanoptera and Hemiptera (Aphididae) were 
present. Cragg (1961), has given an account of ecological studies of the main 
animal groups occurring in a series of moorland habitats, ranging from 
actively growing bog through mixed moor, Juncus moor, Nardus grassland, to 
limestone grassland on the Moor House National Nature Reserve in the 
northern Pennines. The main groups of arthropods studied were Acari, 
Collembola and larval Diptera (Tipulidae), which indicates that in grassland 
mor, as in forest mor, these are the dominant groups. 

C TROPICAL FORESTS 

Information about the arthropod fauna of tropical soils is relatively scanty. 
Williams (1941) described the ground fauna of a Panama rain forest where 
he found representatives of seven classes of arthropods, Crustacea, Arach-
nida, Pauropoda, Diplopoda, Chilopoda, Symphyla and Insecta. The Arach-
nida, Diplopoda and Insecta were particularly well represented, the latter by 
members of 15 orders, Thysanura, Collembola, Orthoptera, Isoptera, 
Neuroptera, Anoplura, Psocoptera, Thysanoptera, Hemiptera, Dermaptera, 
Trichoptera, Diptera, Coleoptera, Lepidoptera and Hymenoptera. Alto-
gether 289 species were determined, including 67 new species, 20 new genera 
and one new family and it was estimated that at least 100 more species re-
mained unidentified. The Acari, Collembola and Formicidae accounted for 
over 80% of all the animals found. 

D. TROPICAL GRASSLAND 

When compared with that of forests or temperate grassland the arthropod 
fauna of tropical grassland appears relatively impoverished. Strickland (1947) 
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compared the soil fauna of a cacao plantation in Trinidad with that of a plot of 
permanent savannah grassland of the same soil type. The grass plot was 
mown each fortnight except for a small sub-plot where the grass was allowed 
to grow. Each area was sampled at fortnightly intervals during the last month 
of the wet season and the first two months of the dry season. In the litter 
and top 3 inches of soil of the cacao plantation members of 5 classes of 
arthropods representing at least 16 orders, 75 families and 120 species were 
found. No diplopods were found in the savannah plot and the members of 
the other four classes present represented at least 13 orders, 39 families and 
70 species. However, the fauna of the savannah plot was not just an impover-
ished forest fauna because, although the two plots were on the same soil type, 
only 19 of the identified genera were common to both. This suggested that 
there was a real difference in the generic composition of the two communities 
induced by the contrasted environmental conditions resulting from the closed 
protective canopy of the cacao plot and the exposed grass of the savannah 
plots. The average population of the cacao plantation was 25,000 arthro-
pods/m2 in the surface litter and 11,000/m2 in the top 3 inches of soil com-
pared with 14,000/m2 in the savannah plot that had been mown and 25,000/m2 

in the savannah sub-plot left unmown during the sampling period. With the 
onset of the dry season the proportion of the population below 1-5 inches 
increased on each plot, but this increase was most marked on the mown 
savannah plot. The smaller numbers found in the mown savannah plot and 
the more marked depletion of its surface population as the dry season pro-
gressed undoubtedly result from the heat and dryness to which the surface 
soil of such tropical habitats is exposed. 

Conversely, a marked increase in the arthropod population of the surface 
soil as the wet season progressed was observed by Belfield (1956), who studied 
the vertical distribution of arthropods in the top 18 inches of soil in a grazed 
field on the Accra plains of Ghana (Fig. 2). Between December and May, 
as the wet season progressed, the total population of arthropods increased 
threefold, from 7,100 to 21,500/m2 due almost entirely to an increase from 
2,500 to 15,000/m2 in the top 6 inches of soil, mostly in the top 2 inches. 
Below 6 inches, the population changed little. Belfield considered that all 
the requirements for soil arthropods were present in the upper layers of the 
soil throughout the year but were not available during the dry season because 
of drought. With adequate soil moisture, the surface soil developed the richest 
layer of the fauna. 

Similar results were obtained by Salt (1952, 1955), who examined a number 
of soil samples from pastures and cultivated soil in East Africa. Under ele-
phant grass leys, where the ley protected the surface soil from insolation, the 
numbers found indicated an arthropod population of about 87,000/m2 

in the top 6 inches of soil compared with about 38,000/m2 for grazed pastures 
and about 25,000/m2 for cultivated soils such as coffee and cassava planta-
tions and fallow ground. 

The extraction method used by Salt (1952, 1955) and Strickland (1947) 
was identical with that used by Salt et al (1948) for estimating the arthropod 
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population of an English pasture, and Belfield's method was similar. After 
allowing for modifications in technique which would affect the results, such 
as the introduction of an extra filtering component by Salt et al. (1948) and 
for the different depths to which samples were taken, the indications are that 
the arthropod population of tropical pastures is much less than, and probably 
about half as great as, that of temperate pastures ; the most probable cause 

Dec. Jan. Feb. Mar. Apr. May 

Numbers of animals in a 6 in column of soil 

FIG. 2. Soil fauna of West African pasture. 
a. Total animals collected in each month, and rainfall. 
b. Total animals collected each month at different depths. The figures for the top 

2 inches and 2-6 inches are corrected to correspond to 6 inches. From Belfield (1956). 

being the effects of insolation. Salt emphasized this difference and suggested 
that there may be a connection between the meagre arthropod (and earth-
worm) population of tropical pastures and cultivated soils and the large 
amount of ligneous material found in the samples he examined. 

E. EFFECTS OF CULTIVATION AND MANURING 

In general, cultivation greatly decreases the diversity and abundance of the 
arthropod fauna of the soil. This can be seen by comparing the fauna of the 
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Cambridgeshire pasture (Fig. 1) with that of the Barnfield mangold plots at 
Rothamsted (Fig. 3) which have been cropped with mangolds each year 
since 1876. Both are on similar soil types (clay with flints) and were sampled 
by the same flotation method. The Barnfield plots contained members of 6 
classes of arthropods, as did the permanent grassland. However, fewer 
orders were represented and the relative abundance of those present differed 
from that in grassland. For example, Araneida, Chelonethida, Lepidoptera, 
Thysanura, Protura and Psocoptera were not found in Barnfield ; Coleoptera 
were relatively less numerous and Collembola replaced Acari as the most 
abundant group. The population in the top 8 inches of soil of the plots that 
received inorganic fertilizers was about 18,000 arthropods/m2 ; less than 10% 
of the corresponding population of permanent grassland. The population of 
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FIG. 3. Soil Arthropods; number per square yard in permanent arable land. 
D = average total arthropod population per square yard. 

the plots that received 14 tons/acre of farmyard manure each year was almost 
double, with 34,000 arthropods/m2. Pauropoda were found only in the dunged 
plots which also contained a greater proportion of certain groups such as 
Diplopoda, larvae of Diptera and Symphyla. 

Repeated applications of 14 tons/acre per annum of farmyard manure 
have increased the organic matter content of the Barnfield farmyard manure 
plot to 2-4% compared with 1-0% for the other plots. However, the differ-
ence of 1-4% accounts for only a small proportion of the organic matter that 
has been applied. Most of it, particularly in recent years, has been lost from 
the soil as energy dissipated by the much greater soil population it has helped 
to support, and of which the arthropods form part. Russell (1961) estimated 
that the energy dissipated annually in this way from the corresponding farm-
yard manure plot on the Broadbald wheat field at Rothamsted is 15 times 
greater than from the unmanured plot or the plots receiving inorganic 
fertilizers. This great difference cannot be accounted for solely by differences 
between plots in the number of soil organisms present and evidently reflects 
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a large luxury consumption of energy by the soil population, particularly 
micro-organisms, when large quantities of organic matter are available. The 
situation in the Barnfield plots is no doubt very similar. 

I I . A R T H R O P O D G R O U P S 

Although the soil contains such a rich and varied arthropod fauna many 
groups seldom occur in sufficient numbers to have much influence on their 
habitat. Others are much more important, either because they are more 
abundant or more widespread or because their activities have a greater effect 
on the soil, the vegetation or other members of the fauna. The Acari and 
Collembola, which will be dealt with in the next chapters, are by far the most 
numerous and widespread of the soil arthropods. Other important groups are 
the Myriapoda, especially the Chilopoda, Symphyla and Diplopoda, and, 
among the Insecta, the Isoptera (Termites), Coleoptera and Diptera. Ants 
(Hymenoptera) may also be important in soil, but they are a particularly 
diverse group and as their effects on soil have not been studied as much as 
those of Termites, they are not included in this account. 

A. MYRIAPODA 
1. Pauropoda 

They are extremely small, rarely more than 1-2 mm long, and are seldom 
found in appreciable numbers in soil unless methods are used that extract 
the minutest members of the arthropod fauna. They form part of the true 
subterranean fauna: of the 600/m2 found by Salt et al (1948) in permanent 
grassland, less than 10% occurred in the top 6 inches of soil. Starling (1944) 
found 400/m2 specimens of Pauropus carolinensis in sandy forest soil and 
300/m2 in loamy soil. Little is known of their feeding habits; Starling con-
sidered that Pauropus spp. feed on fungi, Verhoeff (1934) considered them 
predacious. Like the Protura, the Pauropoda are a group of hypogeal arthro-
pods about which little is known but which, because of their small size 
and relative scarcity compared with other groups such as the Acari and 
Collembola, presumably have little affect on the biology of soil. 

2. Chilopoda 
They are primarily carnivorous but some geophilomorph centipedes will 

occasionally feed on plant tissue. They are predominantly woodland species 
but are also common in grassland, arable land and, unlike millipedes, in 
moorland where the geophilomorphs Brachygeophilus truncorum (Bergsoe & 
Meinert) and Geophilus carpophagous Leach and the lithobiids Lithobius 
variegatus Leach, L. calcaratus Koch, and L. lapidicola Meinert, are fre-
quently common. Blower (1955) pointed out that the species frequently found 
in moorland and heaths are often also frequent in woodland soils tending to 
mor conditions, whereas the species found in grassland and arable land are 
those commonly associated with mull soils. 
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The distribution and activities of centipedes depend largely on their body 
form and moisture relations. They easily desiccate but, because they are 
extremely active creatures, they can forage temporarily in dry places that they 
could not inhabit permanently. The body wall musculature of geophilomorph 
centipedes enables them to burrow several inches deep in soil. There is some 
evidence that Geophilus spp. move up and down in the soil in response to 
seasonal changes. Although they desiccate easily, particularly by water loss 
through the spiracles, their waterproof, hydrofuge cuticle enables them to 
survive temporary flooding in soil. In contrast, lithobiomorph centipedes 
are unable to burrow properly. Their waterproof hydrofuge cuticle seems less 
well developed and, although they differ little from geophilomorph centipedes 
in their resistance to drought, they are less well able to withstand flooding. 
Consequently, geophilomorph centipedes are part of the truly hypogeal 
fauna whereas lithobiomorph centipedes tend to be restricted to sheltered 
niches on the soil surface, beneath stones, bark, etc., or to a porous litter layer 
through which they can push their way. 

3. Symphyla 

They are sometimes considered rare animals but in several surveys of soil 
arthropods they were the most numerous myriapods present (Salt et al, 
1948; Edwards, 1958). Michelbacher (1949) gives a general account of their 
ecology, and states that they are widely distributed through temperate and 
tropical regions and occur in both cultivated and uncultivated soils, being 
particularly abundant in warm moist organic soils. Estimates of their abun-
dance differ widely and may exceed 20,000/m2, but such differing estimates 
undoubtedly reflect the efficiency of the sampling methods used as well as 
the actual abundance of symphyla. Symphyla are part of the true hypogeal 
fauna and at certain times are commonly found in greatest numbers in the 
lower soil layers. Symphylella subterranea Mich., for example, is rarely found 
in the top 6 inches of soil and may be most abundant below 12 inches. 

Edwards (1958) sampled 415 sites in southern England and found symphy-
lids in 46% of them. Of the various habitats sampled, they were found in 
32% of the grassland sites, 26% of the forest litter sites, 44% of the culti-
vated soils and 53% of the grassland soils. Symphylella spp. were more 
widespread than Scutigerella spp. which, however, tended to be more numer-
ous when present, although the average populations of the two genera for 
each habitat was similar. Loams appeared to be the most favourable soil 
type, with clay loams and sandy loams intermediate, and sandy loams, sands 
and clays the least favourable. The greatest populations were found in glass-
house soils (5-88 million/acre), followed by cultivated soils (4-29 million/acre) 
forest litter (5-12 million/acre), grassland (0-4-7 million/acre) and fallow soil 
(0-5-4-8 million/acre). These results probably reflect the preference of sym-
phylids for soils with an open texture, good moisture holding capacity and 
high organic matter content. 

Many symphylids make seasonal vertical migrations in soil in response to 
changes in soil moisture and temperature, and to feeding, moulting and 
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oviposition cycles. Phytophagous species, such as Scutigeralla Immaculata New-
port, will feed on young roots near the soil surface when soil conditions are 
otherwise unfavourable. Other species may be attracted to the surface soil when 
it is warm and moist but at other times, or when moulting or laying eggs, they 
retreat to the lower soil layers. Symphylids feed voraciously, mainly on vege-
table material and soil micro-organisms, and some, such as S. Immaculata, 
are serious pests of horticultural crops, particularly in glasshouses. They 
undoubtedly contribute to the breakdown of soil organic matter, particularly 
in situations such as glasshouses where they may be the dominant group of 
soil arthropods. In general, however, their contribution to such breakdown 
may be limited because, although widespread and relatively abundant, they 
usually form a relatively small part of the total biomass of the soil fauna. 

4. Diplopoda 

Like Chilopoda, they are predominantly woodland species. They are also 
common in grassland and arable land where Verhoeff (1934) considered they 
represented a relict forest fauna. 

(a) Distribution. Blower (1955) has described the distribution of milli-
pedes in Britain and his account illustrates their range of habitat. The species 
most commonly found in grassland and arable soils are Blaniulus guttulatus 
(Bosc) and Brachydesmus superus Latzel; the former species is sometimes 
sufficiently abundant to become a pest. Other species found in agricultural 
soils, such as Cylindroiulus londinensis var. cearuleocinctus (Wood) and 
Archeboreoiulus pallidus (Brade-Birks) tend to be restricted to calcareous 
soils. As the data from the Barnfield mangold plots showed, (p. 330), repeated 
applications of farmyard manure favour millipedes. 

Blower (1955) distinguished three types of woodland habitat where milli-
pedes occur; the surface of the soil, litter and vegetation; the interior of the 
litter and soil; the subcortical layers of tree stumps, logs, etc., and rotting 
wood. The Iulids, Tachypodiulus niger (Leach) and Schizophyllum sabulosum 
(Linne) are characteristic of the first type of habitat. Many species occur within 
woodland litter and soil. Glomeris marginata Villers, Cylindoiulus punctatus 
(Leach) and Polydesmus denticulatus (Latzel) are characteristic of climax oak 
woodland and lulus scandinavius Latzel and Ophyiulus pilosus (Newport) of 
mixed deciduous woodland. Where litter decomposition is rapid, as in ash 
woods, G. marginata becomes dominant. Schizophyllum sabulosum is charac-
teristic of coniferous woodland and C. punctatus and L. scandinavius pre-
dominate in deciduous mor. Most species of millipede may be found in sub-
cortical habitats. Although millipedes tend to be more plentiful on calcareous 
soils, only C. londinensis Leach and A. pallidus (Brade-Birks), of the British 
species, appear to be truly calcicole. 

(b) Feeding and ecological preferences. Millipedes are exclusively vege-
tarian and feed on plant litter in varying stages of decomposition. They 
are convenient animals for laboratory experiments so their feeding habits 
and digestion have been studied in some detail. Lyford (1943) investigated the 
palatability of leaves of different tree species to Diploiulus londinensis 
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caeruleocinctus (Wood) by measuring the leaf area eaten when specimens 
caged in glass vessels were offered leaves from different tree species. The 
palatability of leaves from the same tree or from adjacent trees of the same 
species differed somewhat but not so much as leaves from different tree 
species. Palatability was correlated with the calcium content of the leaves. 
However, other factors must affect palatability for the leaves of some trees 
with high calcium content, such as the black cherry Prunus serotina Ehrh 
whose calcium content of 2-29% was the second highest of the leaves tested, 
were amongst the least palatable. Moreover, the millipede used for these 
tests, D. londinensis caeruleocinctus (Wood), is one of the calcicole species. 

Using the euryoke species Glomeris marginata Koch and the stenoke species 
Cylindroiulus nitidus Verk. as test animals, Thiele (1959) investigated the 
factors likely to account for "calcicole" species such as C. nitidus being 
restricted to plant communities on lime rich soil. Tests done in a choice 
chamber with substrates at pH 7-5 and 4-0 showed that G. marginata pre-
ferred the neutral substrate but C. nitidus showed no preference. Both species 
could be maintained on either substrate. Young specimens of G. marginata 
that were fed for 6 months on beech litter from a lime rich habitat increased 
from 34-8 to 43-8 mg compared with an increase from 36-3 mg to 53-1 mg 
for similar specimens fed on beech litter from an acid soil. In the same 
experiment young specimens of C. nitidus failed to maintain themselves on 
either diet, possibly because the substrate tended to dry out. When a satis-
factory moisture content was maintained, groups of C. nitidus dit various 
stages of development grew equally well on beech litter from lime rich and 
from lime poor habitats. The palatability of beech litter was unaffected by 
soaking it in 2% tannin solution, but fresh litter was usually rejected whereas 
litter that had been weathered for one year was accepted and formed a suit-
able diet. 

These experiments showed that the distribution of the species could not 
be accounted for by the pH of the substrate or by the characteristics of litter 
from lime rich and lime poor habitats. Experiments were then done to see 
if the calcicole species needed certain microclimatic conditions that occurred 
only on lime rich soils. 

The preferred temperature of several species was determined using an 
apparatus which gave a temperature gradient from +30°c to 4-2°c. The 
moisture preference of each species was estimated by recording the percen-
tage of occasions that individuals selected the moister region when placed in 
a choice chamber in which one half was maintained at 75% R.H. and the 
other at 30-40% R.H. The results, summarized in Fig 4 and Table 2 show 
that, except for T. albipes, the preferred temperatures of the various species 
differed little and could not account for some of them being restricted to 
plant communities on calcareous soils. T. albipes is known to be restricted 
to the coolest and moistest parts of deciduous forests and its low preferred 
temperature could account for this. By contrast, the moisture preferences of 
the species differed markedly. In particular, stenoke species showed a much 
greater preference for a high relative humidity than euryoke species of the 
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same genus. / . scandinavius was rather exceptional for a euryoke species in 
showing an unusually marked preference for a high relative humidity. 

Because relatively high and uniform atmospheric humidity is characteristic 
of woodland communities on calcareous soils, but not of other plant com-

80 

70 

60 

50 

40 

30 

20 

10 

r -% 

1 ! , . . . τττή rw^l 

Tachypodoiulus albipes 

1 I 1 1 1 I 1 1 

40 

30 

20 

10 

3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 
r-% , 

1 h-wrLÏT» ,...hr~i .... 

Julus scandinavius 

i \ i . . f ~ î 1 i i 
3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 

60 r- % 

50 V 
40 

30 

20 

10 

Cylindroiulus nitidus 

J I I I L 
3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 

30 p % 

20 Γ Glomeris hexosticha 

10 V-
I I I L _ l I ί I i l i i k J U I L 

3 5 7 9 II 
r-% 

~ Glomeris marginofa 

I | | μ.—| 

13 15 17 

l 

19 

r 

21 

\ 

23 25 

t Γ"77" 

27 29 31 

l 

30 

20 

10 

3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 
Temp(°C) 

FIG. 4. Temperature preference of Millipedes. 
Ordinate=percentage of occasions when Millipedes in a temperature gradient were 

observed at each temperature. From Thiele (1959). 

munities in which euryoke species occur, it was concluded that the moisture 
requirements of the "calcicole" species was the decisive factor responsible 
for their "stenoke" distribution. Their temperature preferences were less 
important in determining their distribution. 
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(c) Food consumption and digestion. Franz and Leitenberger (1948) investi-
gated the chemical changes in leaf litter when it is eaten by millipedes and 
particularly the extent to which it is humified during passage through the 
gut. They fed millipedes for several weeks on newly fallen litter and then 
estimated the degree of decomposition, or humification, by comparing the 
percentage of the original litter and of the millipede faeces that was insoluble 
in acetyl bromide. They concluded that about 50% of the ingested material 
was utilized by the millipedes and that considerable humification occurred 
in the remainder. 

Van der Drift (1950) showed that specimens of Cylindroiulus silvarum Mein 
reared on fresh beech litter ate much less, grew slower and more died than 
similar specimens reared on beech litter several years old. He got similar 
results with Julus scandinavius and Glomeris marginata and concluded that 

TABLE II 

Moisture preference of Millipedes* 

Species % preference for 75% R.H. 

Glomeris marginata 36.4 
G. hexasticha 60-2 
Tachypodoiulus albipes 37-1 
Cylindroiulus silvarum 33 Ό 
C. nitidus 76-2 
Julus scandinavius 79-0 

* Expressed as percentage of occasions that individuals selected 75% R.H. in prefer-
ence to 30-40% R.H. when in a choice chamber. 
From Thiele (1959). 

fresh litter was not the preferred food. He pointed out that Franz and Leiten-
berger had to continue their experiments for several weeks to get sufficient 
faeces for chemical analysis and that during this time the faeces were exposed 
to microbial attack which could account for some of the loss in weight and 
humification of the faeces attributed to the millipedes. 

Van der Drift starved specimens of G. marginata for 24 hours to empty 
the gut and then fed them for 5 days on old oak litter that had been dried, 
cut into small pieces, then wetted to give a moisture content of 70%. He found 
that the millipedes excreted 94% by weight of the material they consumed and 
utilized only 6% of it. The food contained 2-55% nitrogen, 0-35% phosphorus 
(P205), and 1-1% calcium (CaO) compared with 2-50% nitrogen, 0-30% 
phosphorus and 1 -0% calcium in the faeces. After allowing for experimental 
errors, Van der Drift concluded that about 7% of the nitrogen, 20% of the 
phosphorus and 15% of the calcium was utilized. Analysis by acetyl bromide 
suggested that little humification had occurred during passage through the 
gut. Litter consumption was greatest when the temperature was between 
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17*5 and 22-5° c, which is close to the preferred temperature of C. marginata 
as found by Thiele, and when the moisture content of the litter was about 
70%. When expressed as a percentage of the body weight, the amount of 
litter consumed daily was inversely correlated with size, being relatively 
about twice as great for small individuals weighing about 52 mg as for large 
individuals weighing about 190 mg. When expressed as a proportion of the 
surface area of the individual, the daily litter consumption was roughly 
constant (Table III). 

TABLE ΠΙ 

Litter consumption of Glomeris marginata of different sizes 
(average values for 30 individuals of each size) 

Average live wt 
(mg.) 
(w.) 

521 
117-7 
190-6 

Daily consumption 
(as % of body wt) 

66 
49 
36 

Air dry wt of litter 
consumed (c.) per 

ind./5 days 

57-7 
95-8 

113-8 

c. 

w J 

4-1 
4 0 
3-4 

From van der Drift (1950). 

In feeding experiments with Glomeris hexasticha Brandt and Chromatojulus 
projectus Verhoeff, Gere (1956) got similar results to van der Drift. In 
addition, he showed that the amount of litter consumed and the amount 
utilized depended on its state of decomposition when eaten. Millipedes fed 
on oak litter from the Fx layer ate less and utilized more than those fed on 
more decomposed oak litter from the Fx layer (Table IV). 

TABLE IV 

Consumption of Fx and Fi litter by millipedes 

Litter Dry wt eaten/day % % converted % lost by 
layer as % of live wt excreted to body tissue oxidation 

Fx 1 80 to 85 1-7 to 7-4 9-5 to 14-5 
Fj l t o 3 88 to 96 -6-9* to 5-3 0 to 121 

* Some animals fed on Fi litter lost weight. 
From Gere (1956). 

Gere's results can account for some of the difference between van der 
Drift's results and those of Franz and Leitenberger. 

Dünger (1958) studied the chemical changes in leaf litter when it is eaten 
by different soil animals. His test species included the millipedes Cylindrojulus 
teutonicus Poc, Glomeris connexa Koch and Julus scandinavius Latz. To 
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estimate the humic acid content of the food and of the faeces the material 
was air dried, finely ground, extracted with 0*5% NaOH over a boiling water 
bath for 8 hours, then centrifuged at c. 4,000 rev/min. Absorption measure-
ments of the extract were made with a Pulfrich-photometer using Zeiss filters 
S47 (465 ιημ) and S66 (665 ηιμ). An arbitrary formula was used to calculate 
the total humic acid content and the colour quotient of the extract. Dünger 
regarded the difference between the humic acid content of the food and the 
faeces calculated by this method as a measure of the humification caused by 
the animals. He also regarded the colour quotient (absorption at 465 ηιμ/ 
absorption at 665 ιημ) as a measure of humification ; highly humified material 
having a lower colour quotient than less humified material. From the results 
it was concluded that changes in the humic acid content of the leaf litter 
during passage through the gut depended on its initial state and composition 
and did not differ significantly for each of the animal species tested. 

In experiments with fresh litter, there was a significant increase in humic 
acid content only when nitrogen rich leaves were eaten. A change of colour 
quotient indicating an increase of nitrogen rich grey humic acid could be 
detected only with leaves that had the highest nitrogen content, i.e. Sambucus 
nigra. With leaves that had a low nitrogen content and high humic acid con-
tent there was a decrease in humic acid content which the lower colour 
quotient suggested was due to a partial decomposition of the unstable brown 
humic acid. 

In experiments with litter that had overwintered naturally, the chemical 
changes during passage through the gut were much smaller. Some increase in 
humic acid content occurred with nitrogen rich litter such as that from 
Fraxinus excelsior and Alnus glutinosa. With leaves of some other species 
such as Quer eus robbor, Acer platanoides and Ulmus carpinifolia, some 
decomposition of humic acids occurred. 

Changes occurring in fresh litter during passage through the gut closely 
resembled those that occurred during natural overwintering which suggested 
that the processes were the same and differed only in the rate at which they 
occurred. 

Some changes in humic acid content could have resulted from microbial 
activity after the faeces left the animals but tests after 5 days failed to detect 
such changes and only slight changes were detected after much longer periods. 

Analyses of the food and the faeces (Table V), showed that the total nitro-
gen and carbon content of the faeces was always slightly less than that of 
the food and that the C/N ratio tended to be lower in the faeces. No change 
in total nitrate and nitrite nitrogen and only slight changes in NH3 nitrogen 
were observed. These small changes indicated that relatively little carbon 
and nitrogen was utilized. By contrast, between 9 and 37% of the calcium 
was utilized. 

Bocock (1963) studied digestion and assimilation of food by G. marginata 
fed for 18 days on ash litter several months old and got similar results to 
earlier workers. He estimated that 6-0-10-5% of the dry matter, 43-2% of the 
crude fat, 28-4% of the holocellulose, 28-7% of the soluble carbohydrates 
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and 0-3-0-4% of the nitrogen present in the ash litter was utilized. From these 
results it was deduced that about 70% of the energy assimilated by G. 
marginata was derived from the holocellulose, 19-5% from the crude fat and 
10-5% from soluble carbohydrates. Females and males converted into body 
tissue 0-29% and 0-45% respectively of the ash litter they consumed. 

TABLE v 

Chemical analysis of food and faeces of Diplopods 

Leaf species 

Ulmus 
carpinifolia 

Tilia 
cordata 

Fraxinus 
excelsior 

Diplopod species 

Cylindroiulus 
teutonicus 

C. teutonicus 
Glomeris connexa 

C. teutonicus 

1. 
f. 

1. 
f. 
f. 

1. 
f. 

%N %NH 3 

219 
201 

2-33 
2-18 
2-33 

2-59 
2-56 

016 
0-21 

0-28 
0-22 
0-22 

008 
019 

%c 
38-2 
33-5 

410 
35-7 
34-4 

41-8 
41-6 

C/N 

17-4 
16-7 

17-7 
16-4 
14-8 

161 
16-2 

%Ca 

2-3 
2 0 

2-2 
2 0 
1-6 

2-8 
1-9 

1 = litter; f= faeces; N, NH3, C as % of air dry wt; Ca as % absolute dry wt. From 
Dünger (1958). 

Bocock also recorded that the faeces contained more ammonia and total 
nitrogen than the food (Table VI). 

The increase in ammonia, which could also account for the pH of the 
faeces of Glomeris being higher than that of the food, may represent animal 

Test material 

Food 
Uneaten food 
Faecal pellets 

TABLE VI 

Nitrogen metabolism of G. marginata 

Amino Ammonia 
nitrogen nitrogen As % of 

fag/g) (μβ/g) Total N 

193 175 2-7 
86 335 3-2 

103 1,385 9-5 

Total 
nitrogen 

^g/g) 

13,600 
13,100 
15,700 

From Bocock (1963). 

excretory products or may result from the death and autolysis of micro-
organisms in the gut or faeces. Bocock also recorded that there was an 
increase in lignin as a result of digestion but this may be an artefact or experi-
mental error as a result of estimating lignin as the fraction insoluble in 72% 
sulphuric acid. 
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In general it seems that many millipedes eat large amounts of leaf litter of 
little nutritional value and excrete most of it relatively unchanged chemically 
but greatly fragmented and so more readily available to micro-organisms. 

B. ISOPTERA 

Although some termites occur in temperate regions, most species are 
tropical or sub-tropical. They exhibit a great range of form and social 
organization and differ greatly in their feeding habits and the type of nest 
they construct. Some wood feeding species live entirely in galleries excavated 
within decaying logs or trees; others construct simple protective passages 
from earth or faeces to connect timbers that they attack. Other species con-
struct earth mounds of varying size and complexity. Some species feed 
exclusively on wood, others cultivate fungi and many feed on vegetable refuse 
in varying stages of decomposition. Their importance for soil biology lies 

H Casing ^ Sand ^ |rQn grQve, 
[VI Clay 

" N6St H Mottling Ξ Q ü ° r t Z grQVe' 

FIG. 5. Structure of a Termite mound. 
Relation between mound of Macrotermes nigeriensis and the underlying soil. From Nye 

(1955). 

in the extent to which they move and mix soil and organic matter from differ-
ent horizons and in the extent to which they help to decompose large quan-
tities of organic matter, particularly cellulose. 

(a) Mound building and the soil profile. The effects of mound building on 
the distribution and composition of soil mineral and organic matter is well 
illustrated by Nye's account of mounds of Macrotermes nigeriensis Sjost, 
which are common around Ibadan, Nigeria (Nye, 1955). Mounds (Fig. 5) 
consisted of an outer casing that was penetrated by irregular channels and 
made of pellets of coarse red sandy clay, about 1-2 mm in diameter. This 
casing surrounded the nest which was made of a compact mass of pellets like 
those of the casing but without the coarse sand fraction. Galleries radiated in 
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all directions from the floor of the nest and indicated the depth and area of 
soil disturbed while making the mound. They were particularly numerous 
to a depth of 3 ft below the mound and some went 10 ft deep. Mechanical 
analysis showed that none of the particles found in the casing exceeded 4 mm 
and only a small proportion of them exceeded 2 mm, which suggests that the 
termites were reluctant to manipulate particles larger than 2 mm. In the nest, 
only a small proportion of the particles exceeded 0-5 mm and the upper limit 
was 2 mm. It was suggested that this difference in mechanical composition 
arose because the nest was built mainly from earth that had passed through 
the termites' bodies. The colour and mechanical composition of the casing 
and nest suggested that most of the material came from 12-30 inch depth 
and that the humic surface soil was not used for building material. 

The organic carbon content of the casing was somewhat higher than that 
of the surrounding earth from which it was formed, possibly because of 
secretions used to cement the particles together, but otherwise it differed 
little from it in chemical composition. The nest framework and the layers 
immediately beneath it contained varying amounts of excreta and fungal 
material and contained more organic carbon than the casing and surrounding 
profiles. They also had a higher pH, exchangeable Ca and Mg and saturation 
percentage. There was no sign that calcium carbonate accumulated at the 
base of the mounds as observed by Griffith (1938) and Milne (1947) in E. 
Africa and by Pendleton (1942) in Siam. Mounds were built rapidly: they 
reached up to 2 ft in a month, and a mature mound reaches 5 ft within a year. 
Abandoned mounds collapse slowly and probably take several years to 
collapse completely. The proportion of living to abandoned mounds was 1:15. 
It was estimated that in the Ibadan region at least \ ton of earth per acre, 
mainly from below the creep horizon, is deposited on the top soil by termites 
each year. 

Annual crops such as maize grow relatively poorly in soil from termite 
mounds because it is usually poorer in nutrients and more compact than the 
surrounding topsoil, although the subsoil beneath the mounds may be richer 
in nutrients. The most important contribution that mound building termites 
make to soil changes is the gradual production of a gravel free topsoil. They 
may also be important in accelerating creep whereby the topsoil is gradually 
lowered and nutrients released in the subsoil are more accessible to the 
vegetation. 

Holdaway (1933) and Cohen (1933) showed that the mounds of an Austra-
lian species Eutermes (Nasutitermes) exitiosus contained 8-25% organic 
carbon in the outer wall and 44-53% organic carbon in the nest. The ratio 
of lignin to cellulose was about 4:1 , increasing slightly towards the centre 
of the nest. This compares with a ratio of 1:2 for most wood and suggests that 
lignin is not digested by this species. The increase in the lignin : cellulose 
ratio towards the centre of the nest suggests that there had been more pro-
longed digestion of the material there. 

(b) Feeding and digestion. Hendee (1935) and Hungate (1941) showed that 
the species Zootermopsis only grows and increases its nitrogen content when 
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it feeds on wood infected by fungi and it seems probable that the fungi are 
important in fixing nitrogen from soil sources in a form that can be utilized 
by the termites. 

Although termites have no cellulase of their own and many mono- and 
di-saccharide sugars are readily assimilated, cellulose is the main carbo-
hydrate utilized by termites feeding on wood or plant tissues. Except for the 
Termitidae, all forms feeding on material containing cellulose have a rich 
intestinal fauna of flagellates (Polymastigina and Hypermastigina spp.) that 
secrete a cellulase. Usually each species of termite has only one species of 
flagellate but some have more. Hungate {ibid.) showed that in vitro digestion 
of cellulose by the intestinal protozoa of Zootermopsis produced C02 , H2 
and simple organic acids, mainly acetic acid. It was thought that the acetic 
acid is probably absorbed and metabolized by the termite. 

Carbohydrate metabolism in Termitidae which lack flagellates is not 
understood. As they usually ingest a high proportion of humus or fungi when 
feeding they may not be so dependent on cellulose. 

Because they utilize organic residues so effectively and completely, ter-
mites can decrease the organic carbon content of soil by accelerating decom-
position of organic matter in the upper layers. Where vegetation is abundant 
they are unlikely to cause a deficit of soil organic matter, but this could hap-
pen in arid regions where termites are plentiful and the flora sparse. 

C. COLEOPTERA 

The Coleoptera, which is the largest order of insects, contains a vast num-
ber of species, and beetles have colonized most of the habitats where insects 
occur. Because of their adaptability and range of structure beetles have 
extremely differing habits but they predominate on or in the soil as predators 
or associated with decaying animal or vegetable matter. Table VII illustrates 
the range of feeding habits of the main groups that may be found on or in 
the soil. 

(a) Beetle predators and effects of prédation. Some predators such as the 
Cicindellidae, Carabidae, Histeridae, and Staphylinidae range widely and 
prey on many other species. Other predators are more restricted in their 
habitat and prey. For example, the Scydmaenidae and Pselaphidae that occur 
in litter appear to prey mainly on oribatid mites. The Drilidae, Lampyridae 
and some sylphid larvae prey on snails and slugs. Other groups such as the 
Cleridae, Melyridae and Trogositidae and the Rhysophagidae, Cucujiidae 
and Colydiidae are found mainly in decaying wood where they prey on ligno-
colous and saprophagous insects. 

The effect of predators on the abundance of their prey and the way this 
can be altered by the use of insecticides is well illustrated by studies of the 
beetle predators of the cabbage root fly, Erioischia brassicae (Bouché). 

Wright (1956) observed that on plots where DDT, aldrin or BHC had 
been broadcast and then mixed into the top 4 inches of soil at 12,2 or f lb/acre 
cabbages were damaged more by cabbage root fly larvae than those growing 
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on untreated plots. Root and soil samples showed that cabbage root fly 
larvae and pupae were more abundant on treated plots. The concentration of 
the insecticide was known to be too low to kill cabbage root fly eggs and larvae 
directly, but it evidently affected beetles because they were less abundant for 
3 months after the insecticides were applied though more were found later. 
Feeding tests showed that more than 30 species of beetles, chiefly carabids 
and staphylinids, would eat cabbage root fly eggs, larvae or pupae and that 
some species, common on brassica plots, such as Bembidion lampros (Herbst.) 
and Trechus obtusus F., ate them voraciously. By decreasing the number of 
predatory beetles without controlling the pest, insecticide treatments increased 
cabbage root fly damage. Later work showed that beetle species occurred in 
succession in the crop, some being associated with the open conditions fol-
lowing planting out, others with the more shaded conditions following crop 
growth. Differences in weather appeared to cause seasonal differences in the 
extent to which insecticides affected prédation. 

Hughes and Salter (1959) studied mortality during the immature stages of 
the first generation of cabbage root fly from 1954-58 and concluded that it 
was greatest in the egg stage and that on average 15% of the eggs laid pro-
duced larvae that became established in host plants, 92% of these larvae 
survived to pupate and 37% of the pupae produced flies. Mortality during 
the egg stage was then studied in more detail and a method was developed 
for estimating the average survival of eggs over short periods by counting 
the eggs in the soil near different groups of plants at different time intervals, 
namely 2 and 4 days. It was shown that the egg survival estimated in this way 
was inversely related to the numbers of predatory beetles, Bembidion lampros, 
caught in pitfall traps during the same period. From this relationship and the 
daily trap catches of beetles, the egg survival on each day was estimated and 
then used to estimate the total number of eggs laid each day from the num-
bers actually counted. In this way it was estimated that prédation accounted 
for more than 90% of the mortality between the time the eggs were laid and 
larvae hatching from them became established in plants. Weather affected 
prédation by affecting the activity of the predators and the length of time the 
eggs took to hatch. Heavy rain decreased prédation by breaking down the 
soil crumbs and sealing eggs in the soil where they were less accessible to 
predators. 

This work probably over-estimated the effect of predators and under-
estimated the direct effect of soil conditions, particularly dryness, because 
Coaker and Simpson (1962) found that cabbage root fly eggs dried up easily 
and that, in pot tests, 70% of emerging larvae became established in host 
plants in soil at field capacity but only 30% became established when the 
moisture content of the topsoil was 20-30%. 

Coaker and Williams (1963) used a serological method to find out which 
of the species of carabids and staphylinids found on their brassica plots 
actually preyed on the immature stages of cabbage root fly. Samples of each 
species were collected throughout the season and their gut contents were tested 
for cabbage root fly tissue with anti-cabbage root fly serum. Their results, 
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TABLE VU 

Feeding habits of Coleoptera commonly found in the soil 
* 

Family Predaceous Necro- Copro- Xylo- Fungivorous Sapro- Phyto-
phagous phagous phagous phagous phagous 

ADEPHAGA 
Rhysodidae 
Cicindellidae 
Carabidae 

POLYPHAGA 

Histeroidea 
Histeridae 

Staphylinoidea 
Clambidae 
Ptiliidae 
Anisotomidae 
Silphidae 
Scydmaenidae 
Scaphidiidae 
Pselaphidae 
Staphylinidae 

Scaraboidea 
Passalidae 
Lucanidae 
Trogidae 
Acanthoceridae 
Geotrupidae 
Scarabaeidae 

a & l 
a & l 

a & l 

1 
a & l 

a & l 
a & l 

a & l 

a & l 

a & l 
a & l 
a & l 

a & l 

a &1 

a &1 
1 

a & l 

a &1 

a & l 
a &1 

a 
a & l 

a & l 

occ. 

occ. 

a &1 

£ 
* 

a & l a &1 



Dascilloidea 
Dascillidae 
Eucenetidae 

Buprestoidae 
Buprestidae 

Elateroidea 
Cebrionidae 
Elateridae 
Trixagidae 
Eucnemidae 

Cantharoidea 
Drilidae 
Lampyridae 
Cantharidae 
Lycidae 

Cleroidea 
Cleridae 
Melyridae 
Trogositidae 

Cucujoidea 
Nitidulidae 
Rhizophagidae 
Cucujidae 

Other Clavicornia 
Colydidae 

Other Heteromera 
Anthicidae 

Curculinoidea 

1 occ. 

a<&l 
ai&l 

1 
1 

1 
1 

ai&l 

ai&l 
ai&l 

1 

a i&l 

a 

ai&l 

a ifel 

ai&l 

a &1 

ai&l 

a & 1 occ. 

a<&l 

ai&l 

ai&l 

ai&l 
ai&l 

ai&l 
a 

1 occ. 

ai&l 

1=larvae a=adults occ. = occasional 
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summarized in Table VIII, shows what a complex community of predators 
was present, for 22 species gave positive reactions and the proportion of 
individuals that reacted varied greatly. Feeding tests with individual species 
of carabids showed that the percentage of eggs that they ate during 3 days 

TABLE vm 
Predators of cabbage root fly, Erioischia brassicae (Bouché) 

Results of testing beetle predator smears against anti-cabbage root fly 
serum 

Carabidae 
Nebria brevicollis (F.) 
Clivina fossor (L.) 
Bembidion lampros (Herbst.) 
B. quadrimaculatum (L.) 
Trechus quadristriatus (Sch.) 
T. obtusus Er. 
Harpalus aeneus (F.) 
H. rufipes (Deg.) 
Amar a familiar is (Duft.) 
Feronia vulgaris (L.) 
F. madida (F.) 
Agonum viduum (Panz.) 
A. dorsale (Pont.) 

Staphylinidae 
Oxytelus rugosus (F.) 
Xantholinus longiventris Heer 
Philonthus succicola Thorn. 
P. cognât us Steph. 
Tachyporus hypnorum (F.) 
T. solutus (Er.) 
T. obtusus (L.) 
Aleochara bilineata Gyll. 
A. bipustulata (L.) 

No. 
tested 

178 
91 

750 
332 
104 
33 

365 
305 
181 
236 

39 
31 
68 

Mean 

119 
30 
27 
23 
76 
33 
38 

556 
115 

Mean 

Percentage 
reacting 

11-8 
120 
200 
18-1 
11-5 
4-9 

23-9 
14-1 
22-1 
11-4 
2-7 
3-2 
4-4 

12-3 

13-5 
200 
11-4 
4-5 
6-6 
30 
5-3 
2-5 
2-6 

7-7 

From Coaker and Williams (1963). 

differed, and that on this basis they could be ranked in order of predator 
value (Table IX). 

The results of the serological and feeding tests were then used in conjunc-
tion with field population estimates to assess the prédation by carabids and 
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staphylinids on the immature stages of cabbage root fly attacking summer 
brassicas from April to May 1961 (Table X). The number of meals taken was 
estimated from the numbers present and the mean percentage reacting with 
anti-cabbage root fly serum. The mortality inflicted was estimated from tests 

TABLE IX 

Predator value of carabids measured as the percentage of eggs eaten 
during 3 days compared with the percentage eaten by Bembidion 

lampros 

II 
Species s ^ | G II l a 

& Si 

»3 

is. 
If 

.«•S3 

II 
Sä 

.g.§ N 
M 
^ % eggs eaten 72-6 52-5 57-0 

Mean predator value 10 0-73 0-68 
161 
0-23 

17-9 28-3 37-3 
0-23 0-42 0-49 

8-9 
014 

74-5 
106 

From Coaker and Williams (1963). 

comparing survival in the presence and absence of carabid adults. The mor-
tality inflicted by staphylinids was calculated by proportion. In this way it 
was estimated that carabids and staphylinids accounted for about 60% of the 
mortality of the immature stages of cabbage root fly. 

TABLE x 
Comparative prédation by carabids and staphylinids on immature 
stages of Erioischia brassicae attacking summer cabbages, April-May 

1961 

Estimated 
nos. 

M e a n % 
reacting with 

anti-CRF serum 

Estimated 
no. of meals 

taken 

Estimated 
mortality 
inflicted 
on CRF 

Carabids 
Staphylinids 

11,729 
26,235 

12-3 
7-7 

7209 
11,351 

24% 
34% 

(b) Decomposition of carrion. Beetles play a prominent part in the de-
composition of carrion and it is possible to distinguish a succession of species 
associated with different stages of decomposition. 

In the early stages, when rapid bacterial decomposition and liquefaction 
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occurs, Silphidae, such as the common sexton or burying beetles, Necro-
phorus spp. and the smaller Catopinae, such as Catops and Ptomaphagus spp., 
invade the carrion. Necrophorus adults are readily attracted by smell to carrion 
and eventually bury it by excavating the earth beneath. Often a pair of beetles 
take possession of a carcase by attacking other species or Necrophorus indi-
viduals present. After mating, and when the carrion is enclosed in a "mor-
tuary cellar", the female Necrophorus lays eggs in pockets in the walls of a 
narrow horizontal passage leading from the "mortuary cellar". The young 
larvae at first depend on the adults for food but later feed on the carrion 
themselves. They develop rapidly and pupate in 10-14 days. 

When the butyric fermentation stage is reached other beetles associated 
with decomposition under drier conditions are found, for example, dermes-
tids and clerids. Later still, tenebrionids, a group commonly associated with 
stored products, may be found. 

Bornemissza (1957) studied carrion decomposition under experimental 
conditions in sclerophyll woodland in Western Australia. He described the 
succession of arthropods that occurred (Fig. 6) in the carcasses, and showed 
that the soil fauna played little part in the decomposition, for ants and 
earwigs were the only members of the usual soil fauna observed to feed on 
the carrion. Most of the decomposition was brought about by a succession 
of other arthropod groups. He also showed that when active decomposition 
occurs the area around and beneath the carrion becomes unfavourable for 
the normal soil fauna and may remain so for many months before it is slowly 
re-colonized. 

(c) Decomposition of plant material. An enormous range of beetles feed 
on fresh or decomposing vegetable matter on or in the soil. Their feeding 
habits can be illustrated by those of the super-family Scaraboidea. 

The Passalidae is a family of predominantly tropical species whose adults 
and larvae inhabit decaying wood. The larvae of the Lucanidae, a fairly 
cosmopolitan family that includes the stag beetles with their striking sexual 
dimorphism, also inhabit decaying wood as do the larvae of the Acantho-
ceridae, which is a small family of tropical species. 

The Geotrupidae (dor beetles) are predominantly coprophilous although 
some species such as Lethrus are phytophagous and may attack crops. 
Geotrupes is associated with dung pats under which it makes burrows about 
18 inches deep. Each burrow is provisioned with dung for its larvae and one 
tgg is laid in the dung in each burrow. The dung-feeding habit also pre-
dominates in two of the sub-families of Scarabaeidae—the Aphodiinae and 
the Coprinae. Species of Aphodius are widespread and abundant in dung. 
One Australian species, however, Aphodius howitii Hope, is phytophagous 
and is a serious pest of pastures in south-west Australia. The Coprinae, 
which are commonest in the tropics, live almost entirely in dung. They include 
the genus Scarabaeus, which has developed the curious habit of rolling up 
balls of dung, which are then moved to underground chambers to serve as 
food for the beetles and larvae. Few eggs are laid and the females guard the 
nest and tend the larvae till they mature. 
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T ime 
1 2 3 4 5 6 7 8 9 I 0 I I I 2 I3 I4 I6 I8 20 22 2426 28 3040 2nd to3rd 3rd to 6 th 6thtoi2th 

Days Days Days 

Physical condition 
of carrion 

Normal swollen by gases Flat.flesh creamy Flat, drying out Hair and bones only 

Stage of 
decomposition 

Black putrefaction Butyric fermentation Dry decay 
3 ^ ^ 

(/> g 

Blowfly larvae 
Staphylinidae 
Histeridae 
Gamasid mites 
Ptomaphila 
Trichopterygidae 
Piophilid larvae 
Parasitic wasps 
Staphylinid 
Trichopterygid 
Histerid 
Ptomaphila 
Dermestes 
Tyroglyphid mites 
Tineid larvae 
Dermestes lorvael 
Isopoda 
Diplopoda 
Lithobiidae 
Lepismidae 
Collembola 
Blattidoe 
Gryllidae 
Dermaptero 
Psocoptera 
Thysanoptero 
Heteroptero 
Lepidoptera larvae 
Coleoptera 
Coleoptera larvae 
Parasit, hymenopt. 
Formicidae 
Diptera larvae 
Pseudoscorpiones 
Araneae 
Plectochetos 
Acari 
Pauropoda 
Symphyla 
Polyxenidae 
Geophilidae 
Protura 
Japygidae 
Collembola 
Coccidae 
Aphididae 
Acari 

Fig. 6. Arthropod succession in carrion. 
Succession of arthropods in carrion (dead guinea pigs) showing almost complete dis-

appearance of soil dwellers while the carrion dwellers are active. Relative abundance within 
the groups shown by variations in thickness of each band. From Bomemissza (1957). 
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In the Cetoniinae and Dynastinae, which are also commonest in the tropics, 
most of the adults are phytophagous but do not feed in the soil. Some are 
crop pests, such as the rhinoceros beetle Oryctes rhinoceros, which is a serious 
pest of coconuts. The larvae are generally found in plant refuse and seem to 
be mainly saprophagous, though some cetonid larvae feed in decaying wood 
and some dynastid larvae feed on the roots of plants such as sugar cane and 
rice and are crop pests. 

In the Melolonthinae and Rutelinae, which include the chafer beetles, the 
habits of the adults resemble those of the Cetoniinae and Dynastinae, but 
the larvae live in soil and are predominantly phytophagous. In several species, 
such as the cockchafer Melolontha melolontha F. and the garden chafer 
Phyllopertha horticola (L.), they cause serious damage to grassland and 
plantations by feeding on plant roots. 

Coprophilous beetles are undoubtedly important in incorporating dung in 
the soil and promoting its decomposition. Bornemissza (1960) suggested that 
one of the reasons why cattle and sheep dung persists so long on Australian 
pastures is that there are few coprophilous beetles there that feed on and bury 
the dung of these introduced mammals. 

The extent to which beetles and beetle larvae feeding in wood or decaying 
wood digest or utilize cellulose is uncertain. Most studies of the nutrition of 
wood-eating beetles relate to species of economic importance that infest 
timber. Parkin (1940) studied the digestive enzymes of some wood-boring 
beetle larvae and distinguished 3 types : 

(1) Larvae such as the Lyctidae and Bostrichidae that can utilize only cell 
contents and perhaps some polysaccharides intermediate between starch and 
hemicelluloses. 

(2) Larvae such as Scolytidae that can utilize cell contents and carbohy-
drates in the cell wall including hemicelluloses but not cellulose. 

(3) Larvae such as Anobiidae and most Cerambycidae that can utilize cell 
contents and carbohydrates in the cell wall, including cellulose. 

Uvarov (1928) concluded that the food relationships of most wood-eating 
insects were unknown because it was not known to what extent they fed 
directly on the wood, on the digestive products of micro-organisms in the 
wood or on the micro-organisms themselves. This still appears to be true 
for most Coleoptera feeding on decaying wood in or on the soil. Many 
scarabaeid larvae have a rich intestinal flora of flagellates and bacteria, some 
of which, e.g. Bacillus cellulosam-fermentans, can digest cellulose. Digestion 
in scarabaeid larvae is slow and it seems probable that cellulose decomposing 
micro-organisms ingested with the food may flourish in the intestinal caecae 
and liberate digestive products utilized by the larvae. 

D. DIPTERA 

The larvae of Diptera parallel the Coleoptera in the variety of species 
associated with the soil and in the range of their feeding habits (Table XI). 
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Brauns (1954) gives an account of the main groups of terricolous Diptera 
larvae. 

1. Nematocera 

The vast majority of Nematocera larvae associated with soil are sapro-
phagous or secondarily phytophagous. The chief exceptions are the fungi-
vorous and predacious mycetophylid larvae, some cecidomyid larvae that are 
predacious or coprophagous, and some bibionid larvae that are predacious 
or coprophagous, and some bibionid larvae, (Scatopsidae) that live in dung. 

Larvae of Trichoceridae (winter gnats) and Anisopodidae are common in 
all kinds of decaying vegetable refuse such as decaying leaves, rotting vege-
tables and garden refuse. Some occur in decaying fungi, others in rotting 
wood. They are readily found in earth clamps of root vegetables such as 
potatoes, turnips and beet when some of the roots have decayed. In such 
situations they often occur with other saprophagous larvae, such as scatop-
sids, mycetophylids, borborids and predacious stratiomyid larvae. 

As their name suggests, larvae of Mycetophylidae (fungus gnats) feed 
mainly on fungi. They are common in moist places that encourage fungus 
growth and where decomposing fruit and vegetable material is plentiful, 
such as compost, leaf mould and manure. Some occur in rotting wood. 
Several species of Sciara are pests of commercial mushrooms. The adults are 
attracted to the mushroom beds and oviposit on the mushrooms or the sur-
rounding casing soil. The eggs hatch in a few days and the larvae invade the 
mushrooms, usually about soil level, and tunnel and feed in them. The larval 
stage lasts about 3 weeks and pupation may occur in the mushrooms or in 
the soil. As three or more generations may occur during the "life" of a 
commercial mushroom bed, enormous populations sometimes build up when 
no attempt is made to control them. In some species of Sciara the larvae are 
occasionally found in vast numbers that travel as a solid, slow-moving mass 
rather like a slow-moving column of driver ants. 

The larvae of many species of Ceratopogonidae (biting midges) occur in 
moist or semi-aquatic habitats where decaying organic matter is plentiful. 
Kettle and Lawson (1952) described the immature stages of 28 British species 
of Culicoides. The major larval habitats were very wet or waterlogged soil 
and were classified as Bogland, Fresh Water Marsh, Swamp, Mud, Salt 
Marsh and Dung. Usually several species were found in each habitat with 
one or two species predominating. Two species, Culicoides chiopterus 
(Meigen) and C. pseudochiopterus (Downes & Kettle), were found in dung, 
even old dry dung pats which is a particularly dry habitat for Culicoides 
larvae. In a given breeding place there were specific differences in the vertical 
distribution of the larvae. Some species were most numerous in the top inch, 
others between 1 and 2 inches deep and others were most numerous below 2 
inches deep. Such a difference in vertical distribution might account for 
several closely related species being able to exist in one breeding place. 

Larvae of Bibionidae commonly occur in soil. Those of Bibio spp. such as 
Bibio johannis L. and B. marci L. feed gregariously at the roots of grasses 

12*' 
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TABLE XI 

Feeding habits of Diptera commonly found in soil 

Family Predaceous Necro- Copro-
phagous phagous 

Xylo- Fungivorous Sapro- Phyto 
phagous phagous phagous 

Nematocera 
Tipulidae 
Trichoceridae 
Psychodidae 
Cecidomyidae 
Anisopodidae 
Bibionidae 
Mycetophylidae 
Ceratopogonidae 
Chironomidae 

Brachycera 
Xylophagidae 
Stratiomyidae 
Rhagionidae 
Tabanidae 
Therevidae 
Asilidae 
Empidae 
Dolichopodidae 

occ. 1 

occ. 1 

K?) 
1 
1 
1 
1 
1 
1 

K?) 

occ. 1 

occ. 1 
a & l 

1(7) 

occ. 1 

a & l 

K?) 

? 
3 
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and arable crops and from time to time have been reported as damaging 
crops although they are primarily saprophagous. Larvae of Scatopsinae, such 
as Scatopse fuscipes Meigen and S. notata L., are common in dung and putre-
fying organic matter. 

Morris (1921-22) has described oviposition in B. marci. The females bur-
row into the soil, using the forelegs to move the soil, and construct a narrow 
winding burrow ending in a cell in which a regularly arranged mass of eggs 
is laid. Such egg masses give rise to the characteristic dense aggregations of 
bibionid larvae sometimes found in soil. 

The ecology of the Tipulidae has been studied more than that of most 
Nematocera with soil-inhabiting larvae because several species, such as 
Tipula paludosa Meigen and T. oleracea Meigen are important crop pests. 

Coulson (1959) studied the Tipulidae on the Moor House Nature Reserve, 
Westmorland, and made collections by sweep netting and by using sticky 
traps. Sixty-six of the 300 or so British species of tipulids were found on the 
reserve and could be divided into 3 major groups depending on the larval 
habitats. Sixteen species had completely aquatic larvae and were therefore 
confined to the distribution of suitable streams. Sixteen species were appar-
ently confined to moorland and 17 species occurred also in terrestrial habitats 
at low altitudes though not always in precisely the same habitat as on moor-
land. The tipulid fauna as a whole was related to that of northern Scandinavia 
for 50 of the Moor House species occur in Denmark, Sweden and or Norway 
but only 38 occur in France. The larval habitats could be divided into numer-
ous arbitrary groups depending largely on the vegetation, and Tipulidae were 
most common in the wetter habitats. Relatively few species were found in 
the better drained habitats. 

The peat and alluvial areas of the reserve differed markedly in the tipulid 
species that occurred in them and these differed in their abundance and 
seasonal occurrence. The biology of T. subnodicornis (Zetterstedt), which 
occurred only in peat areas, and T. paludosa Meigen, which occurred only in 
mineral soils, was studied in detail, Coulson (1962). The peak emergence 
period for T. subnodicornis was late May and early June and eggs were laid 
in cavities in the peat by the females entering the cavities to oviposit or 
inserting the abdomen into them to oviposit. Consequently most eggs were 
laid more than 1 cm deep. By contrast, T. paludosa laid most of its eggs in the 
top cm. Population estimates showed there was great mortality in the egg 
and first instar stages, probably because of desiccation, and that 30-50% of 
the over-wintering larvae died, possibly because of disease or the severe 
winter climate. In 1955, when there was a drought in late June and early 
July during the egg and first instar period, T. subnodicornis died out or de-
creased drastically in several habitats on the reserve and only survived in 
relatively wet places, such as Sphagnum bogs (Table XII), which usually do 
not support large populations but clearly act as reservoirs where the popula-
tion can survive the markedly fluctuating conditions associated with high 
moorlands (Cragg, 1961). 

Milne et ah (1965) recorded population trends of T. paludosa at several 
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farms in Northumberland from 1954-64 by recording the adults caught in 
light traps from May to November and the larvae recovered by the St. Ives 
method from standard turf samples in late November to early December. 
They recorded population crashes in 1955 and 1959 when the rainfall in the 
study area was unusually low during August and September. They did a 
field experiment in which eggs and larvae in pots of soil were exposed to con-
ditions simulating the 1955 and 1959 rainfall and concluded that the popula-
tion crashes of those years were caused by excessive mortality from 
desiccation during the egg stage. 

TABLE XII 

Survival of Tipula subnodicomis in different habitats on Moor House 
Nature Reserve, Westmorland 

No. of fourth instar larvae/m2 

Habitat 1954 1955 1956 

Juncus squarrosus moor 168 140 0 
Eriophorum moor 70 104 4 
Sphagnum bog 17 36 14 

From Cragg (1961) based on Coulson (1962). 

Larvae of some Cecidomyidae occur in soil, such as those species that 
feed on the faeces of insect larvae, nematodes and earthworms. Others, like 
many species of Diptera, pupate in the soil. For example, larvae of the swede 
midge, Contarinia nasturtii (Keiffer), leave their host plant when fully fed 
and pupate in the soil inside silken cocoons covered with soil particles. 
Similarly, the Wheat Blossom Midges, Contarinia tritici (Kirby) and Sitodi-
plosis mosellana (Gehin), which infest the ears of wheat, pupate in the soil 
where those of C. tritici can remain viable for 3-4 years and those of S. 
mosellana for at least 13 years. Cocoons of gall-forming Cecidomyidae 
may also be found in soil. For example, in beech plantations infested with 
Mikiola fagi (Hartig), which forms conspicuous galls on the beech leaves, 
the upper part of the gall containing the larva falls to the ground, the larva 
pupates inside it and many such galls may be found in the beech litter. 

Larvae of terrestrial Chironomidae may also be abundant in moist beech 
litter and are quite common in the leaf litter of deciduous forests at high 
altitudes, but not in coniferous forests. 

2. Brachycera 
In contrast to the predominantly saprophagous soil-inhabiting Nematocera 

the soil-inhabiting Brachycera are predominantly predacious. 
Larvae of Xylophagidae occur in rotting wood such as decaying logs and 

tree stumps but, despite their name, they are probably not xylophagous. The 
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form of their mouthparts suggests they are predacious and they probably 
prey on other insect larvae, small oligochaetes and nematodes living in the 
decaying wood. Predacious Brachycera larvae are also common in habitats 
rich in organic matter that support a large population of saprophagous 
organisms. For example, larvae of Stratiomyidae, Rhagionidae, Asilidae, 
Empidae and Dolichopodidae occur in habitats such as dung, compost, leaf 
mould and other decaying vegetable matter where nematoceran larvae and 
other small invertebrates that they prey on abound. Tabanid larvae are more 
common in damp habitats such as wet soil bordering ponds and streams 
where they prey on other insect larvae, small oligochaetes and Crustacea. 

3. Cyclorrhapha 
The Cyclorrhapha include some of the most highly specialized Diptera and 

the habits of those associated with the soil differ widely. 
(a) Aschiza. The larvae of some Lonchopteridae occur among leaf litter 

and in vegetable refuse and are saprophagous or feed on the faeces of 
herbivorous mammals. The habits of the Syrphidae are extremely varied. 
Some are saprophagous and occur in moist organic matter, mud, or dung; 
others occur in rotting wood. Of the phytophagous Syrphidae, the larvae of 
Merodon equestris (F.), Eumerus srtigatus Flor, and E. tuberxulatus Rond. 
are pests of bulbs, especially narcissus bulbs and others such as Amaryllis, 
Galtonia and Scilla. The eggs are laid singly in the soil or at the base of plants, 
the larvae feed between the bulb scales and usually pupate in the soil but 
occasionally inside the bulb. Other syrphid larvae {Microdon spp.) are 
scavengers in ant and termite nests and some Volucella spp. scavenge in 
nests of aculeate Hymenoptera. The Phoridae are particularly interesting 
because in many species the wings are vestigial or absent and adults and 
larvae may be found in decaying vegetation. Other species occur in ant and 
termite nests. Some phorid larvae are necrophagous and feed on dead earth-
worms, snails and decomposing lepidoptera larvae and pupae, others are 
parasitic in myriapods and diptera larvae, especially Bibionidae and 
Tipulidae. 

(b) Schizophora. The larvae of several families are scavengers in decom-
posing plant or animal material. Larvae of Sapromyzidae scavenge in leaf 
litter. Larvae of some Lonchaeidae and Borboridae occur in dung or rotting 
vegetation ; larvae of Sepsidae are common in dung and larvae of Piophilidae 
occur in carrion. The larvae of some other families of Schizophora are 
phytophagous and include several important crop pests, such as frit fly, 
Oscinella frit (L.) (Chloropidae), carrot fly, Psila rosae (F.) (Psilidae) and 
Opomyzaflorum (F.) (Opomyzidae). 

Frit fly, which infests grasses and is a pest of cereals, especially spring oats, 
has three generations a year and overwinters as larvae mainly infesting the 
central shoots of grasses. In spring these larvae produce the first generation 
of flies and they lay their eggs on or near the base of young oat plants or in 
the soil nearby. Usually about 90% of the eggs are found in the soil. Cunliife 
and Hodges (1946) concluded that a greater proportion of the eggs are laid in 
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the soil during dry weather than during wet weather, which suggests that the 
adults avoid ovipositing in the soil when it is wet. However, subsequent work 
has not always supported this view though confirming the overall proportion 
of eggs found in the soil. The eggs hatch in a few days, the larvae tunnel into 
and feed in the oat shoots and later pupate within the shoots or in the soil. 
The second generation, which occurs in summer, infests the ears of oats and 
sometimes wheat but not grasses ; and the third generation, which occurs in 
autumn, oviposits mainly on grasses but occasionally on cereals. 

The carrot fly has two generations a year, in spring and in summer. Eggs are 
laid singly or in small groups in the soil near the base of the host plant, carrots 
or occasionally celery, and the larvae tunnel into the side roots or taproots 
of carrot or the roots, crown or leaf bases of celery. When fully fed the 
larvae leave the plants and pupate in the soil. 

Opomyza florum infests grasses and also cereals, especially wheat. It has 
one generation a year and overwinters in the egg stage in the soil, which is 
unusual for stem-boring Diptera (cf. wheat bulb fly, Leptohylemyia coarc-
tata (Fall.) p. 358). The eggs are laid in the soil in late autumn, close to winter 
wheat plants or grasses, the larvae hatch in late March and invade the central 
shoot of the host plant where they feed and pupate. The adults emerge in 
June but do not oviposit until autumn. 

(c) Calyptratae. The Calliphoridae includes many species whose larvae are 
saprophagous in decomposing plant or animal material. For example, larvae 
of many Calliphorinae and Sarcophaginae occur in carrion. Others are para-
sitic, such as the cluster fly, Pollenia rudis (F.), which parasitizes earthworms 
of the genus Allolobophora; and Theria muscaria (Meig.), which parasitizes 
snails. P. rudis oviposits in the soil in autumn and the young larvae penetrate 
the host and remain in the vesicula seminalis during the winter, before migrat-
ing forwards and becoming attached to the prostomium with the spiracles 
penetrating the body wall. After moulting, the larva penetrates the pharynx, 
and as a third instar larva it then feeds towards the end end of its host and 
finally pupates. The life history of Onesia accepta Mail., which parasitizes 
the earthworm, Microscolex dubius Fletcher, is similar (Fuller, 1933). Eggs 
are laid on or in the soil and the larvae find their host and penetrate the body 
wall. First and second instar larvae need living earthworm tissue, but third 
instar larvae can live on dead or putrid worms. The tracks made by the 
larvae burrowing beneath the skin cause constrictions that give the worms 
a twisted, misshapen appearance. 

Several species of Rhinophorinae parasitize the woodlice, Porcellio scaber 
L., Oniscus asellus L., Metaponorthus pruinosus Brandt, and Armadillidium 
vulgäre Lat. (Thompson, 1934). As with Pollenia and Onesia there is no 
direct contact between the adult parasite and the host of its larvae, the eggs 
are laid in crevices in bark, decaying logs or beside stones, where woodlice 
occur, and the larvae seek out their hosts. 

Larvae of the Tachinidae are parasitic on other insects and arthropods, 
and many are recorded as parasitizing soil-inhabiting arthropods. 

Larvae of some of the Muscidae are saprophagous and feed in decaying 
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organic matter; others are carnivorous, such as larvae of Fannia spp., which 
occur in dung and prey on other insect larvae and small oligochaetes. The 
Anthomyidae includes several important crop pests whose immature stages 
occur in the soil, such as cabbage root fly, Erioischia brassicae (pp. 342-347), 
and wheat bulb fly, Leptohylemyia coarctata Fall. The biology of these species 
resembles that of the stem-boring Schizophora. 

Larvae of wheat bulb fly infest the basal part of the shoots of various grasses 
such as Agrostis tenuis, Agropyron repens, Festuca pratensis, Poa pratensis 
and P. trivialis. They also attack winter wheat, barley and rye. The incidence 
of the species as a pest of autumn sown cereals, especially winter wheat, 
depends on its response to certain soil conditions and on farming practice, 
for the eggs are laid not in the cereal crop but in the soil during the previous 
summer. The flies, which emerge in June and begin to oviposit 3 or 4 weeks 
later, prefer bare or sparsely covered soil for oviposition. Development within 
the eggs is complete in 2-3 weeks and the larvae then go into diapause and 
the eggs do not hatch until the following January-March. In Britain, wheat 
bulb fly attacks occur chiefly after summer fallowing on heavy soils and after 
cropping with sugar beet or potatoes on light soils. 

Infestations depend greatly on soil conditions during the oviposition period. 
In an experiment on fallow land on heavy soil, Raw (1955) found that plots 
with a rough tilth became more heavily infested than plots with a smooth 
tilth and that plots cultivated during the oviposition period contained more 
eggs than undisturbed plots (Table XIII). 

TABLE XIII 

Effect of soil conditions on wheat bulb fly oviposition 
(No. of wheat bulb fly eggs/ft2) 

Plots with 
Rough Smooth 

tilth tilth 

Cultivated plots 
Uncultivated plots 

94 77 
78 39 

Several factors could account for these results. Wheat bulb flies oviposit 
in cracks in the soil and both rough tilth and cultivation may give more such 
oviposition sites than a smooth or uncultivated tilth. If wheat bulb fly eggs 
are preyed on by beetle predators, as are cabbage root fly eggs (p. 343), 
those laid in a rough tilth or buried by cultivation may be better protected 
from predators than eggs laid in more exposed places. Another anthomyid, 
Chortophila cilicrura (Rond.), is strongly attracted to freshly cultivated soil 
(Miles, 1950) and lays its eggs there. Wheat bulb fly may react similarly. 

Eggs laid in arable land become buried and distributed throughout the 
topsoil by subsequent cultivations. Consequently, when they hatch, larvae 
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may have to travel several inches to reach a host plant. Newly hatched 
larvae can survive several days without food and sometimes infest plants 
after travelling more than 12 inches through soil. Much of this movement 
may be random and in wheat crops more than 50% of emerging larvae 
usually fail to infest plants. Stokes (1956) showed that larvae can detect and 
respond to exudates from wheat plants and this no doubt assists larvae to 
locate host plants. There is some evidence that wheat bulb fly larvae respond 
to exudates from plants that are unsuitable host plants, and it is not known 
over what distance the response can occur in soil or how it is affected by soil 
physical and chemical conditions. It may be that the response, acting in 
conjunction with random movement, helps to bring the larvae into the root 
zone and then other stimuli or other chemical substances and responses result 
in actual host plant penetration. 

E. ISOPODA 

Woodlice (Oniscoidea, Isopoda), are of particular interest because they 
are common terrestrial representatives of a Class of predominantly marine 
or freshwater organisms, the Crustacea. Other Crustacea, such as some 
copepods, ostracods and amphipods, may be found in specialized terrestrial 
habitats, such as caves, sea snores, and permanent floating islands of organic 
debris, but only the terrestrial isopods have become widespread on land. 
However, they retain many primitive characters of the group and, in particu-
lar, lack a waterproof cuticle (cf. millipedes and centipedes) that would 
enable them to resist desiccation (Fig. 7). Consequently they tend to be 
restricted to moist habitats and their success in colonizing terrestrial habitats 
depends more on behaviour patterns that keep them in moist places than on 
adaptations that make them independent of the environment. 

Woodlice are strongly thigmotactic and prefer a saturated atmosphere so 
they tend to stay in narrow crevices where they crowd together and so 
decrease water loss. The habit of rolling into a ball helps the Armadillidiidae 
to conserve water as well as being a defence mechanism. Because they avoid 
light and move slower and change direction more in moist air than in dry 
air they tend to remain in dark moist places. However, their reaction to light 
is reversed if they dry out and then they move about in the light until they 
enter a moist place and again become photo-negative. Similarly, at night, 
they respond less to humidity and so forage in drier places until they again 
become strongly photo-negative after several hours in darkness, which makes 
them return to shelter by daylight. 

Woodlice can restore water loss by absorbing water through the mouth and 
anus from free water surfaces. In unsaturated air they can also absorb water 
through the mouth from moist surfaces and so counteract the water lost 
through the integument. Littoral species, such as Ligia, can tolerate large 
changes in the osmotic pressure of the blood and some degree of osmotic 
tolerance probably helps other woodlice to withstand desiccation. Edney 
(1954) gives a detailed review of the water relations of woodlice. The 
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behaviour patterns that enable them to avoid desiccation have been particu-
larly studied by Cloudsley-Thompson (1952, 1956). 

In general, the distribution of the various families reflects their ability, or 
degree of specialization, to avoid desiccation. Of the British families, the 
Ligiidae is the most primitive and least adapted to terrestrial life. Ligia 
oceanica is littoral ; on rocky shores it occurs in deep narrow crevices just 
above high-tide level or within reach of sea-spray; on sandy shores it lives 
under stones or in similar protected places. The Trichoniscidae also require 
very moist conditions. Trichoniscuspusillus is abundant in wet decaying leaves 
in moist woodlands. The Oniscidae, Porcellionidae and Armadillidiidae are 
progressively more adapted to drier habitats. Oniscus asellus, which is the 

Temp (°C) 
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T 1 1 1 1 1— 

0 20 40 60 80 100 120 140 160 
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FIG. 7. Water loss in some Arthropods. 
Rate of water-loss in dry air at different temperatures, and corresponding saturation 

deficiencies, from a woodlouse (Porcellio), millipede (Oxidus), spider (Lycosa) and inset 
(Pieris larva). In the woodlouse and millipede the rate of water-loss is proportional to the 
saturation deficiency of the atmosphere, but in the spider and insect it is negligible below 
about 30°, the critical temperature at which their epicuticular wax-layers become porous. 
Rate of water-loss is expressed in mg/m2 of surface area/hr. (After Cloudsley-Thompson, 
1955). 

commonest woodlouse, is widely distributed, in moist crevices, under stones, 
bark, decaying logs, etc. Porcellio scaber, which is also common, particularly 
beneath bark, can inhabit somewhat drier places and Armadillidium vulgäre 
can tolerate drier conditions than other British species. Like other Arma-
dillidium species, it is restricted to calcareous habitats, such as chalk grass-
land and has been found in direct sunlight on open, dry, porous surfaces. 
However, the habitat preferences of woodlice are by no means rigid and it is 
not uncommon to find species from several families in one habitat. 

Woodlice feed mainly on dead and decaying organic matter such as garden 
refuse and leaf litter. Occasionally they damage plants, especially in glass-
houses, where they are difficult to eradicate. They can play a significant part 
in litter breakdown in woodlands. In their feeding habits, as in their water 
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relations, there are interesting parallels between woodlice and millipedes, 
but digestion in woodlice does not seem to have been studied in such detail 
as in millipedes, possibly because woodlice are more omnivorous. Conversely, 
the water relations of woodlice have been studied in much more detail than 
in millipedes. 
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