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Preface

Ecology can be defined as the study ot the inter-relationships hetween
organisms and the physical and biological components of their environ-
ment. With such a broad field for research, ecologists, perhaps more than
any other group of biologists must find it difficult to keep up with de-
velopments occurring at the many growing points of their subject. 1t is
the intention of Adwvances in Ecological Rescarch to present comprehen-
sive accounts of selected topics of ecological research in such a way that
biologists with a general interest in ecology as well as specialists in
ecology, can obtain a balanced picture of what is taking place.

The scope of the articles to be published in this series will not be
strictly limited to ecology. Advances within ecology are very dependent
on changes occurring in other branches of science. It is important,
therefore, that from time to time, articles surveying developments re-
lated to ecology in such subjects for example, as genetics, biochemistry,
taxonomy and biometrics should be published. There has never been a
rigid division between pure and applied research in ecology and many
of the major advances in the subject have come from the investigation
of applied problems. Tt is our intention, therefore, that contributions
which show the application or development of ecological principles in
applied biology should receive adequate treatment in this publication,

This first number contains four contributions which in their different
ways discuss important aspects of ccology. Much of our knowledge of
the activity of soil organisms is dependent upon more accurate assess-
ments of their numbers and their distribution. The literature of this
subject is scattered throughout many journals and the efficiencies of the
various techniques are inadequately known. A. Macfadyen’s review of
methods for the extraction and study of soil arthropods provides infor-
mation which should be of assistance not only to those concerned with
arthropods but to many contemplating or engaged upon the study of
other soil organisms. The main theme of M. J. D. Poore’s paper is the
analysis and description of plant communities. This subject as well as
being the basis of plant ecology is of interest to animal ecologists and to
applied ecologists concerned with the utilization of biological resources.
L. B. Slobodkin in Energy in. Animal Ecology, deals with a branch of re-
search which is developing rapidly. Here again is a topic which goes
beyond the confines of one type of ecologist. The problems of how energy

v
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is passed on from one stage in a food-chain to another and whether the
efficiency of energy fixation by organisms can be increased are funda-
mental to the proper use of natural resources. The very long contribu-
tion by J. D. Ovington provides an integrated picture of the inter-
relations which exist between the biological and physico-chemical
components of woodlands. This account of the many facets of the
woodland ecosystem apart from being a fundamental contribution to
ecological science is of special significance to biologists and others
concerned with the place of woodlands in land utilisation programmes.

October, 1962 J. B. Craca
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Department of Zoology, University College, Swansea
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I. INTRODUCTION

1In response to the editor’s suggestion this article is intended to provide
practical advice on how to obtain efficient estimates of numbers of soil
arthropods. The attainable efficiency of any sampling scheme depends
greatly on the aims of the investigation, a truism which applies particu-
larly to soil fauna surveys because in such work sampling effort increases
steeply with the accuracy demanded. The need for the biologist to
balance most carefully his demands in terms of accuracy and taxonomic
range against resources of time and equipment is the more acute when
he studies unevenly distributed populations, many of them belonging to
groups whose taxonomy is, even now, rudimentary and possessing such
a wide range of size, density and biological characteristics that the
simultaneous sampling of all groups is quite impracticable. Secondly,
such a variety of devices for extracting and collecting soil arthropods
has already been described (see, for instance Balogh, 1958; Kevan,
1955; Kiihnelt, 1961), that the novice is at a loss to know which methods
are appropriate to his own work. Some of these are intended, or can be
used, only for qualitative work, others apply only to a very limited
range of organisms and, despite the excellent reviews mentioned, there
appears to be a need for a systematic treatment devoted to the two
themes mentioned, namely experimental design and choice of extract-
ing and collecting methods.

A 1 E.R.—1



2 A. MACFADYEN

It is essential to appreciate, that an experimental design should be
conceived as a whole, that the most elegant statistical methods cannot
compensate for biased sampling nor for inappropriate application and
that the most complete extraction is invalidated by faulty experimental
design. Nevertheless it is convenient to discuss the subject under two
headings, the experimental design of the survey and the field and labora-
tory methods to be used, because the first has a wider application and so
can be treated mainly by reference to the literature, whilst the latter are
more confined in their range of interest to the present topic and there-
fore demand fuller treatment. In order to relate the methods discussed
to practical needs the following section (Section II) suggests a number of
types of soil arthropod survey and the appropriate sampling require-
ments whilst in the final section (Section V) an attempt at synthesis is
made by considering some specific projects.

II. CHARACTERISTIC SAMPLING REQUIREMENTS OF SOME
DirrereNT TYPES OF SOIL ARTHROPOD SURVEY

Since at least fifty percent of the world’s arthropod fauna remains to
be described there is still a great need for geographically widespread
taxonomic collections to be made without regard to quantitative con-
siderations, especially from regions outside Western Europe. However,
our knowledge of the taxonomy of European soil arthropods has im-
proved so much in the last twenty-five years that serious study of eco-
logical problems is now possible because the ecologist can see beyond
taxonomic difficulties which formerly occupied his full attention or de-
terred him from studying the soil fauna entirely. Thus while exploratory
surveys can and should be conducted with simple, robust equipment,
used on collections obtained in a haphazard manner, ecological work
now demands that greater attention be devoted to sampling methods.

Ecological problems are mainly of two kinds; firstly there are those
involving comparisons between species lists (sometimes of limited taxo-
nomic range) which have been obtained from different habitats, parts of
habitats or at different times, including distributional, seasonal and suc-
cessional studies. Secondly we have studies that are concerned with
trophic structure of communities including food chains, biomass
measurements, biological interrelationships and population-size
measurements within a single community. The former, which can be
called community studies, tend to make greater demands on taxonomic
precision than the latter or “trophic” type because a greater range of
related species is encountered and distinctions between them are often
critically important in detecting changes in community composition. In
a trophic study confined to a single habitat, fewer species are encoun-
tered and general conclusions will hardly be invalidated if an isolated
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species is misidentified. On the other hand the trophic study may in-
volve a wider range of taxonomic work because predators and competi-
tors of different natural phyla cannot be excluded. Further, sampling
accuracy is usually more important and sampling difficulties are greater
because methods must give accurate information about ecologically re-
lated species regardless of taxonomic proximity. Again, the whole pur-
pose of many trophic studies is the establishment of absolute abundance
figures and this frequently includes an analysis of age structure as well.

This is not to say that the community-type study lacks sampling prob-
lems. Most soil extraction methods operate with varying efficiency in
different soils, with the result that quantitative comparisons over a
wide range of soil types may even require the use of a series of different
techniques. Also, the ease with which even quite closely related groups
— for instance chilopods and diplopods or oribatid and parasitid mites
can be extracted — varies greatly, so that the use of imperfect extrac-
tion methods can seriously upset estimates of their relative abundance.
(Macfadyen, 1953, 1955.) However, when allowance is made for such
effects the fact remains that the community-type survey does not
usually demand that numbers be expressed in terms of absolute abun-
dance on an area or volume basis such as ie essential for the trophic
study. This is important because counting the fauna of sample-units is
often the most time-consuming part of ecological studies and if absolute
counts can be dispensed with the ecologist is free to consider alternative
measurements such as records of presence versus absence and various
types of ranking which will be discussed in the next section. For all these
purposes a reasonably unbiased extraction method applied to a rela-
tively large number of sample-units can provide more information about
community differences in a limited time than a full count of numbers
which will necessarily be confined to fewer sample-units. The above re-
marks are summarized in Table I.

TaBLr I

Demands made on Sampling Programme

Enumeration
Type of Study Covering
Covering Different Different
Taxonomic Precision Soil Types Groups
Exploratory  Precise Unimportant Comparative Comparative
Community Precise Comparative Comparative Depending
on range
of study
Trophic May demand Absolute Unimportant Depending
broader range on range
of study

Less exacting
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For many groups of soil animals the perfect extraction method re-
mains to be found and this, in the applied field may constitute an in-
superable difficulty. The academic ecologist, on the other hand, is
usually more interested in principles than in particular instances. He
should, therefore, exercise his freedom to choose both the soil type and
the animal group with which a particular type of precision can most
easily be achieved. Some indication of the relative difficulties associated
with the study of different arthropod groups is provided by Table II.

TAaBLE II

The Amenability of Soil Arthropod Groups for Different Types
of Ecological Study

Relative Suggested Method of Extracting from:

Arthropod Group Difficulty of - -

Taxonomy Litter  Grassland Arable
Tardigrada + A A —
Diplopoda + + C 3 CJ
Chilopoda + + ¥ B —
Symphyla + ! 3 H
Pauropoda + 3 C B
Woodlice + + C ¢ —
Parasitiformes + B B BJ
"Trombidiformes - ¢ c oJ
Oribatei + 3 C J
Pseudoscorpionida + B B —
Aranei + + EC EC —
(‘ollembola + 3 (0] «J
Thysanoptera + BD BD DI
Aphididae -+ CD CD DJ
Formicidae + + B B —-
Coleoptera (larvae) - C C J
Coleoptera (adult) + B B J
Diptera (larvae) - C C J
Insect Pupao - 0 J J

Key to Symbols. + + Taxonomy straightforward; + Taxonomy possible;
- Taxonomy very difficult or incompletely known; A Wet funnels p. 14; B Dry
funnels (fast) p. 16; C Dry funnels (slow) p. 16; D Dry funnels (Chemical) p. 21;
K Duffey’s extractor p. 20; F Lloyd’s extractor p. 19; G Hale’s extractor p. 24;
H Ladell type Flotation p. 25; J Raw type Flotation p. 26; O None suitable; —-
Not found in this medium.

The choice of category is, of course, somewhat arbitrary and the fact
that a particular extraction method is advocated does not imply that no
others can be employed; in particular, as will be shown in Section IV,
many potentially useful separation principles remain to be tried and the
efficiency of existing methods is not known for many groups.
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1II. Tue DESI¢N AND EXECUTION 0¥ A SURVEY
A. STATISTICAL ASPECTS

The main objective when planning a soil survey should surely be
to obtain the required information with a minimum of labour. To
achieve this, experiments must be devised in such a way that clear-cut
hypotheses are tested and the right number of sample-units is used in
relation to the desired degree of accuracy. Both these requirements are
usually difficult to meet in practice. In community work one cannot
know beforehand which species will occur in a given locality nor how
abundant the critical species will be. The number of replicates required
to show significant differences is also unpredictable because it depends
on total density and on the patchiness of distribution of the animals. In
the case of laboratory-based surveys it is possible to carry out a pre-
liminary survey and to obtain rough estimates of density and patchiness
on which a rational sampling scheme can be based, but under expedition
conditions when the survey is of limited duration there is usually no
option but to fix the number of sample-units in the light of previous
experience or to take as many sample-units as possible consistent with
the labour available. Even here a choice between taking many small or
fewer large samples must be made.

When a preliminary survey is possible the mean number m and its
standard error s can be calculated in the normal way (see, e.g. Snedecor,
1946). Some idea of the number of samples required in order to achieve
a given degree of accuracy can be found (see Snedecor, p. 456 ff.) by sub-

stituting in the formula for fiducial limits m + iS: where s is the standard
n

error per individual observation and in which ¢ for any given probability
level can be obtained from statistical tables.

The question of size of sample-unit, especially when some kind of core
borer is used, is often fixed beforehand by the apparatus available.
However, there are two statistical considerations involved here, firstly
that if the population is distributed in patches, it is essential that the
sample-unit area should be small in comparison with patch size, especi-
ally if the properties of the patchy distribution are beinginvestigated
(see below). If the aim of the survey is to obtain an efficient estimate
for a given amount of labour of say the density of a particular species,
and if the patchiness of the distribution is only of incidental interest,
then the sample-unit area should be such that the ratio of standard
error of mean to mean is least. Secondly, it is necessary to balance the
advantages and disadvantages of using relatively large numbers of
smaller units which usually involves handling less soil but larger num-
bers of actual cores and pieces of laboratory apparatus. All kinds of
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practical decisions such as distance from the laboratory and transport
facilities are involved here but a useful example of a comparison of this
kind is given by Finney (1946) which is also quoted by Healy (in press).

In the example of a wireworm survey conducted by Finney two dif-
ferent sample sizes were tried and in each case the mean and standard
error were calculated. By plotting s/m against m and joining the points
by eye an expected value of s for any given value of m can be obtained.
Since the number of units required to give the same precision are in the
ratios of the squares of the s/m ratios the relative advantages of using
different sample sizes can be assessed. In this particular instance there
proved to be little advantage in using 2in diameter cores rather than
4in diameter ones.

Decisions about sample size will, of course be very much influenced by
whether or not abolute numbers are to be determined, that is, whether
the survey is of the “trophic” or ‘“‘community” type as discussed in
Section 11. Most ecological work done under expedition conditions is of
the second kind and is often aimed at detecting and delimiting charac-
teristic species groupings and relating these to environmental factors.
Although it has quite commonly been the practice to count all speci-
mens contained in each sample-unit, various expedients can be em-
ployed to derive quantitative information from samples without neces-
sitating complete counts. In continental Europe it is usual to estimate
numbers to the nearest order of magnitude or to employ an arbitrary
abundance scale as has been done by Gisin (1943) and Strenzke (1952)
although rather little use is made of these ratings. Presence or absence
can be recorded and used to calculate “frequency” (i.e., proportion of
sample-units in which a given species occurs). Frequency and mere pre-
sence are the basis of correlation tables (or “Trellis diagrams’) which are
used for community analysis in Scandinavia particularly, for example
in the work of Kontkanen (1950, 1957). The recording of the simultaneous
occurrence of several species in this way provides a means of determin-
ing the extent to which their distributions are associated or comple-
mentary. The more modest studies of this kind are content with analysis
of correlation between two species at a time, for example, the work of
Cole (1949). A recent development however has been the simultaneous
correlation analysis of presence or absence of a large number of species
by Williams and Lambert (1959, 1960) with the aid of a computer. This
involves the complete sampling of a large gridded area and recording
species lists for each grid square. The squares are then classified on a
hierarchical system which separates those species groups whose distri-
bution is least significantly associated using all possible combinations of
species. In this way previously unsuspected correlations between vege-
tation pattern and environmental factors are detected.
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Work of this kind has not yet been done for soil animals but it should
be noticed that since only presence is being recorded very small sample-
units should be possible — and indeed required, so as to make certain
that a proportion of units will be without animals. Under some circum-
stances this might facilitate taking the large numbers of sample-units
which such an analysis demands.

A different approach to community analysis has been suggested —
and illustrated — by Fager (1957) who records for each sample-unit the
rank order (i.e. the order of dominance) of each species. With the aid of
rank correlation analysis developed by Kendall (1955) the affinity of
different sample groups can be determined and standard errors can be
estimated. Again, the size of sample-units can be considerably reduced
compared with those required for complete counts and statistical signi-
ficance of the results can be established. Also the counting labour can
presumably be lessened because a relatively cursory inspection will often
suffice to establish order of dominance. When samples regularly contain
large numbers of small animals and smaller numbers of large ones, for
example oribatid and parasitid mites, it will be desirable to analyse each
main group separately.

Sequential analysis [for practical details of calculations see Waters
(1955)] is another technique not yet applied to community studies
of soil, but which appears to offer substantial savings in labour, and
which demands relatively small samples. In cases where a particular
species is already established as a valuable indicator and sets of sample-
units are being examined for affinity in terms of this species, sequential
methods should provide a means of reducing the number of sample-
units examined to a minimum, although it is unlikely to reduce sub-
stantially the number of units taken from the soil in the first place. A
somewhat similar method was developed by Capstick (1959) for detect-
ing significant differences between aliquot samples with minimum
labour.

A final point to be remembered in connection with the size of sample-
units in community studies is that when they are made too small the
rarer species are likely to be excluded altogether. It is frequently ob-
served that the commoner species are not those whose distribution is the
most useful indicator of faunistic groupings and, as shown by Hairston
(1959) it is important to include the less common species. It seems,
therefore, that any attempt at a complete community analysis may
require either parallel samples with units of different sizes or else the
collection of rather numerous sample-units for the rare species and the
use of aliquot parts of these or a sequential analysis scheme for obtain-
ing statistics on the commoner ones.

The importance of deciding at the outset whether or not absolute
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abundance figures are essential should now be apparent. If they are
(trophic studies) preliminary samples must be taken to determine the
ratio of variance to mean and thus to establish whether distribution is
patchy (=aggregated, =contagious, =underdispersed) and, if so, what
must be done to measure and allow for patchiness. When patchiness has
been demonstrated it is usual to attempt to fit the field data to a theo-
retical distribution containing terms representing the mean numbers per
unit area and the mean size of the patches. The first of these can be used
in trophic studies but the asymmetrical distribution invalidates statis-
tical tests which are based on the assumption of a normal distribution
and to ignore the patchiness is to discard valid biological information.
Distributions which have been fitted to soil sample data include the
Poisson, which describes the frequency of random (i.e. non-patchy)
events. According to this distribution, which rarely applies in natural
soils variance and mean are equal. The negative binomial (see Bliss and
Fisher, 1953; Anscombe, 1950) is a distribution related to the Poisson
but incorporating the two hypotheses that the population is logarith-
mically distributed within patches and that these patches occur at ran-
dom. In addition to m, the mean, the negative binomial uses an extra
parameter k which is given by s2=m +km? (when s? is the variance).
As k approaches infinity the distribution becomes identical with the
Poisson whilst as k approaches zero the distribution becomes more
clumped.

In practice, as Healy (in press) has shown, k can be determined from
preliminary sample data by plotting standard deviation (ordinate)
against mean (abscissa) for increasing sample size. The point on the
horizontal axis cut by the regression line (drawn by eye) gives an ap-
proximate value for & which can then be used with the definitive
samples to describe spatial distribution.

Methods for testing the closeness of fit of data to distributions of this
kind are discussed by Anscombe (1950), Waters (1955) and Quenouille
(1950) while Hartenstein (1961) describes a practical study on aggre-
gated soil arthropod populations.

When data obtained from populations which do not fit a normal dis-
tribution are to be subjected to statistical tests such as those used to
determine significantly different population levels, the raw data cannot
be used because such tests are based on the assumption of normal dis-
tribution. In this case the data must be “transformed” by functions
which will vary with the type of distribution. Data which fit a Poisson
distribution should be converted to their square roots (Snedecor, 1946).
When the data fit symmetrically into the groups 0-1, 1-2, 2-4, 4-8,
8-16, etc. logarithms should be taken (Quenouille, 1950) and data which
fit the negative binomial should be transformed by log (x + k).
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Taylor (1961) claims that biological data are better fitted to a power
series than to the negative binomial. This is given by s?=am® (where
s?=variance, m =mean, a=constant which varies with sample size,
b=constant which varies with, and can be used to measure, aggrega-
tion). He suggests tests of significance and claims that b is a biologically
valid measure of aggregation.

There remains the physical problem of how the sample-units should
be disposed on the ground; whether at random, on a regular lattice, on
transect lines or a combination of such patterns. Once again the purpose
of the study is the determining factor. A trophic study based on a single
experimental area can be gridded and sample-units taken at random. A
rather more efficient procedure which still avoids bias is to use stratified
random sampling; the whole area being equally divided into sub-areas
or ‘“‘strata’ and equal numbers of sample-units being taken at random
from each stratum. A linear arrangement of strata can also be used in a
community type study when distribution along a catena or transect line
is to be investigated, but usually, it is more practicable to sclect a num-
ber of areas along the transect which are gridded and sample-units are
then taken randomly from each. Under the crudest field conditions
when soil faunas are to be related to floristic or other discernible
regions there may be insufficient time to construct grids and to sample
at random and in this case the best compromise seems to be to sample
at the places where an object thrown into the air lands. In this way un-
conscious bias is largely avoided.

The completely regular grid has the advantage over random sampling
in that efficiency is higher but there is the remote possibility that
sample-points will resonate with natural features. Of course when a
complete map of spatial distribution is required a rigid grid with
sample-units from each square should be used.

To conclude this brief survey of statistical aspects of soil arthropod
sampling, it seems appropriate to stress that such methods allow the
ecologist who takes the trouble to formulate clear-cut hypotheses to plan
an efficient programme of work. There is a wide range of methods appro-
priate to different types of study and by careful sclection the ecologist
can not only obtain significant answers with a minimum of labour but
also, because he is forced to concentrate on principles he can finally satisfy
the natural historian’s just complaint that so much quantitative ecology
has been mechanically applied and divorced from biological reality.

B. LABORATORY METHODS FOR COUNTING AND RECORDING
Quite apart from questions of sampling in the field and the actual
means by which the soil fauna is removed from the sample-units, a good
deal of variation exists in the methods by which the animals are counted
A2 E.R.—1
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or examined. A full treatment of this topic is not praticable here, but a
few notes may perhaps be of assistance to the newcomer.

Most small arthropod material is ultimately examined in the form of
a suspension of animals in specimen tubes (vials) containing a fixative
solution such as 809, aleohol. Some arthropods especially Collembola,
do not sink readily in such solutions and Gisin (1960) gives a formula for
a solution in which they sink more readily. This contains much ether and
cannot be used in most Tullgren-type funnels, which necessitates
manipulation of the samples to change the fluid. An alternative which
the author has found quite satisfactory is to place the corked samples in
an oven or other warm place at about 50°C until the fixative has
warmed. Usually all Collembola sink under these circumstances but if
any are still floating after gently swilling the fluid in the tube they can
be sunk by a single drop of ether. Once all arthropods have sunk the
bulk of the samples can be safely reduced by decantation.

It is still true to say that no permanent microscopic preparation
method exists by which taxonomically critical material can be pre-
served indefinitely. Probably the best ‘‘permanent” methods are the
ringed lactic acid preparation of Gisin (1960) for Collembola, the use of
Gum Chloral media (see Evans, 1955) for the more robust mites, and of
(California mountant (Baker and Wharton, 1952) for more delicate ones.
But it is far safer to keep whole samples and important specimens in
small tubes corked with cotton wool — or better Polyporus (Hobart,
1956) and submerged in an outer vessel containing 809, alcohol. Labels
are best written in soft pencil on good quality card because some indian
inks are not stable. Temporary mounts in lactic acid are then used to
examine specimens when required (Evans, 1955). Further details on
mounting methods are given by Kevan (1955) and Kiihnelt (1961).

A number of quite complicated techniques have been devised for
counting submerged animals under the microscope, including the long
chamber driven by a gramophone motor under a binocular microscope
used by the Freshwater Biological Association for plankton counting
and the special nematode counting chambers described by Williams and
Winslow (1965) with ruled squares for aliquoting and labyrinths to
facilitate searching. Many workers use a ruled, flat-bottomed vessel
and search each “lane” in turn. A most useful device is the “gliding
stage” (manufactured by W. Watson & Son Ltd) with which any glass
vessel can be moved in parallel lines beneath a microscope. Since it is
usually necessary to handle specimens and turn over larger species and
pieces of detritus, the author finds it more convenient either to push all
material to one side as it is counted and as the vessel is moved in parallel
lines or, alternatively, to pick out each specimen with fine Swiss watch-
maker’s forceps. In this way duplication of counts is avoided and no
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special vessels are required. An office-type tape recorder, operated by a
foot pedal, can be an invaluable aid in counting because one’s hands are
free to manipulate the microscope and forceps and eye-strain due to
constantly looking up from the microscope is reduced. When played
back the numbers of each species can be counted either on paper or with
the aid of a multiple abacus.

All these devices result in economy of counting effort but it should be
stressed once more that complete counts should only be employed when
the nature of the study renders them essential.

IV. A SURVEY OF AVAILABLE EXAMINATION AND
SEPARATION PROCESSES

The aim of this section is not to describe complete sampling tech-
niques for all possible situations but to discuss under three main and a
number of subsidiary headings the main principles which have been
employed in attempting to examine or extract soil arthropods. Some
examples of the application of each principle, including practical details,
then follow and finally a discussion of the inherent advantages and limi-
tations of the employment of this particular principle.

A. THE EXAMINATION OF SOIL WITH ANIMALS IN SITU

Despite its ready availability soil is a remote medium for the biologist
to study and many attempts have been made to look inside the soil and
see what animals are doing there. Kubiéna (1938) introduced special
microscopic apparatus for use in the field, but this has not been widely
adopted and the most successful work of this nature has resulted from
soil sectioning. Haarlov and Weis-Fogh (1953) developed a method of
sectioning soil cores which had been impregnated with agar after the
cores had been first frozen in solid carbon dioxide and then fixed in
formalin vapour. In this way considerable insight was gained into the
feeding behaviour of small arthropods and also into the distribution of
animals of different size groups in relation to soil pore size. A different
approach to the same problem is that of Alexander and Jackson (1955)
who used resin impregnation followed by a grinding technique similar to
the methods used by geologists. The Haarlgv technique uses simple
apparatus and has provided biological information which could not
otherwise have readily been obtained: it is however rather laborious and
largely limited to commoner species. More recently however Tribe (1960,
1961) has obtained somewhat similar results as a side product of work
on microbial decomposition of cellulose. The cellulose was attached to
glass slides which were buried and then dug up for examination at in-
tervals. Especially in the later stages oribatid mites as well as nematodes
were found feeding on micro-organisms and it seems likely that a re-
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lated method could successfully contribute to the study of feeding be-
haviour of small arthropods.

B. BEHAVIOUR-TYPE METHODS

The methods discussed in this and the next section differ from the
above in that they are designed to remove the fauna from the soil. This
can be done in two fundamentally different ways, firstly, one can take
advantage of differences in physical properties such as density and wet-
tability between animal material on the one hand and plant and mineral
matter on the other to remove the fauna mechanically. Secondly, one
can make use of the animals’ own powers of locomotion and response
to physical stimuli to attract or repel them away from the soil. Both
these principles have inherent weaknesses and neither has yet pro-
duced a universal extraction method. Thus the first which are here
called “mechanical”’ methods are more especially restricted to certain
groups on account of the great range of density and surface features
found in animals and are particularly inefficient at separating animals
from large quantities of plant matter. On the other hand they work best
in arable soils containing high proportions of minerals, especially clay,
under which conditions the second type are least efficient. Behaviour-
type methods, as we shall call them also tend to be fairly selective and
are useless for removing immobile stages such as eggs and pupae, unless
these are deliberately hatched to a mobile condition. They are, on the
other hand the only available methods for most media containing much
plant matter such as litter and grassland mats.

Considering first the behaviour-type methods it would seem sensible
to classify these in terms of the kinds of stimuli such as heat, humidity,
and chemical attractants and repellents used to induce the animals to
leave the soil. However, in practice most practical methods employ a
number of stimuli together and it is more convenient to consider firstly
those methods which operate in the field on untouched soil and secondly
those which are applied in the laboratory to soil or litter sample-units or
cores which have been removed from the habitat.

1. Field Apparatus: Pitfall and Baited Traps

Pitfall traps do not necessarily involve the application of specific
stimuli; frequently they depend simply on chance wanderings of surface
forms. They can be made very simply from glass jam jars or (less suit-
ably) tins and can be left empty or contain a layer of preservative such
as formalin. Many refinements have been described especially from the
Kiel school lead by Tischler (see Heydemann, 1958). In damp climates
it is desirable to arrange a rain-shedding cover and very dilute phenyl
mercuric acetate solution has the advantage over formalin of being non-
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repellent. (It corrodes aluminium very rapidly however.) An important
extension of the pitfall principle is due to Williams (1959) who has de-
vised a clock-driven version which changes the receptacle into which
the animals fall at regular intervals; this permits the use of these traps
for studies of diurnal activity rhythm.

Baited traps have not been widely used in small soil arthropod work
but the interesting results obtained by Walker (1957), who consistently
attracted characteristic species to fish, melon and cornflour baits show
that they have considerable potentialities. The principle is that of the
lobster pot and the structural details are probably not of great signi-
ficance. The use of meat and fish for catching larger arthropods is dis-
cussed by Heydemann.

Obviously the main weakness of all the above methods is that they
are not applicable to absolute number estimates and that the catch
depends on the activity and behaviour of the animals. Activity is highly
dependent on weather conditions and the influence of behaviour is
revealed by the finding that many species are never caught in this way
whilst there are others hardly ever seen except in such traps, especially
those which are baited. However an extended trapping of this kind is
particularly useful under expedition conditions for obtaining a good
range of species in certain groups, especially beetles, and can be carried
on with a minimum of labour and materials.

2. Laboratory Apparatus for the T'reatment of Samples Removed from the Soil

Although removal of soil to the laboratory has drawbacks such as the
alterations caused thereby to the habitat and the possibility of losses
and changes in the fauna there appears to be no quantitative method of
sampling which avoids these objections. The details of soil core removal
naturally vary somewhat with the medium ; for instance in hard tropical
soils heavy machinery may be needed (Belfield, 1956) whilst sampling of
woodland litter may preclude the use of a core sampler of any kind and
demand the use of devices such as scissors and carpenter’s chisels to cut
a mass of material which will fit a tray as nearly as possible (Macfadyen,
1961). Naturally such factors have repercussions on the extraction
method used. A large number of core samplers has been described
(Coile, 1936; Alexander and Jackson, 1955; Macfadyen, 1953, 1961;
O’Connor, 1957). The most usual design consists of a hardened outer
cylinder containing one or more removable plastic or metal rings and
fitted with a handle. The cutting edge is often made slightly smaller
in diameter than the rings and these rest on a ledge some distance
above the cutting edge. This results in the loss of the deepest part of
the soil core, an unimportant matter in deep soils but a serious diffi-
culty in shallow ones. In the latter case the author has obtained
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satisfactory cores by sinking a plastic ring into the ground with the aid
of a carpenter’s chisel. A disadvantage of any system which uses rings
of fixed depths is that natural boundaries of the soil profile are ignored
and any vertical separation which is done by cutting the soil core at the
ring junctions is quite arbitrary. This difficulty is overcome by O’Connor
(1957) in his longitudinally split sampling tool. It has been argued that
serious losses can result from compression caused by the use of core
samplers (Murphy, 1958) but there does not appear to be any quantita-
tive evidence for such an effect in the case of the type of sampler just
described. It does appear, on the other hand, that manipulation of the
soil core by hand can lead to reduced yields (Macfadyen, 1953) and doubt-
less losses would occur if the soil were seriously compressed. Most workers
now agree that an intact soil core yields more animals than a teased-
out one and that a core from near the surface should be inverted when
placed in the funnel-type extractor so that surface living animals with
limited digging powers can easily make their way out (Macfadyen, 1953).

1. Wet Funnel Methods. These are suitable for extracting animals
which normally live in the water films of the soil and have been widely
— and successfully used for such groups as nematodes, enchytraeid
worms and rotifers (e.g. Nielsen, 1948; Peachey, 1959 ; O’Connor, 1955).
Among the arthropods only the Tardigrada are water film dwellers and
they can certainly be obtained in large numbers from moss and similar
media by means of the Baermann funnel. This is simply a glass funnel
fitted with a pinch cock below and a wire gauze some distance below the
rim. A sample is placed on the centre of the gauze leaving a clear annulus
round the edge and the whole is flooded with water and placed beneath
an electric bulb of such a wattage that the temperature of the water near
the sample rises to about 40° C in two hours. As the temperature rises
aquatic animals swim actively into the water and then succumb to the
higher temperature and sink to the stem of the funnel. After about
twelve hours the pinch cock is opened for long enough to draw off about
a quarter of the contents of the funnel. The process can be repeated.

An inverted wet “funnel” method in which the animals move up-
ward from warm to cold temperatures and into a layer of sand, from
which they are removed by simple flotation has been used for en-
chytraeids (Nielsen, 1953) but not for soil arthropods; conceivably it
could be of value for collecting small semi-aquatic crustacea such as
harpactids, which occur in certain soils.

1. Dry Funnel Methods. For fuller accounts of the history of these
methods see Heydemann (1958) and Macfadyen (1953).

Berlese (1905) was the first biologist to use heat in conjunction with a
funnel for collecting small arthropods. He used a water jacket round the
funnel and the sample was suspended near the top so that it was dried
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out and animals were forced to leave the medium largely through de-
siccation. Berlese was not concerned with quantitative results and made
no attempt to test the efficiency of the apparatus nor to apply any kind
of directional stimulus. Tullgren (1918) introduced the use of an electric
light bulb suspended above the funnel in place of the water jacket
largely as a matter of convenience and economy ; there appears to have
been no intention to produce a heat gradient by this means. A large
number of later authors have introduced variants on Tullgren’s funnel
often with particular purposes in mind. Some of these are as follows.

Ulrich (1933) Devices to reduce fall of soil
Murphy (1955) into sample container.
Kempson, Lloyd

and Gelhardi (p. 19)

Forsslund (1948) First comparative trials on
effects of sample size on
yield.

Ford (1937) First author to group many

small Tullgren funnels in a
single apparatus for purpose
of  applying statistical
methods.

Used black heater in place of
light bulbs.

Haarlov (1947) Showed that condensation
in funnels reduces yield and
introduced measures to pre-
vent this.

Macfadyen (1953, 1955, 1961) Introduced principles of tak-
ing samples in cylindrical
tubes, of establishing a de-
liberate steep temperature
gradient (1953) and later
humidity gradient (1955,
1961), thus combining repel-
lent and attractant stimuli.

Duffey (Private communication) Special high-speed horizontal
extractor for spiders. (See
p- 20.)

Murphy (1955) Other multiple Tullgren fun-

Auerbach and Crossley (1960) nels.

Kempson, Lloyd Use of intermittent infra-red

and Gelhardi heat. (See p. 19.)
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The precise type of apparatus used depends on the completeness of ex-
traction required, the medium to be investigated, the sources of heat
available and the groups of animals being investigated. Naturally,
large funnels are required for the larger, less numerous animals and if
only general collection is the aim, very simple apparatus such as col-
lapsible funnels made of paper or polythene, suspended in the sunlight
will yield numerous animals. For more quantitative yields of larger
species, the rate of heating and humidity status in the funnel beneath
the sample become important. In the case of compact humid soils of
temperate regions sufficient moisture can be derived from the soil itself
and humidity can be controlled by regulating the draught through the
funnel (Macfadyen, 1961).

In work on micro-arthropods (mites and Collembola) sample-units of
about 25 cm? area will usually yield high enough numbers for complete
counts and 10 cm? for community studies. If counts are not to be biased
in favour of certain groups (as certainly happens in the normal Tullgren
funnel operated in dry conditions) it is necessary to arrange that humi-
dity beneath the soil is high and the temperature low. These aims can be
achieved in the canister type extractor (Macfadyen, 1961), by standing
the canisters, into which the animals fall, in a water bath through which
cold water is circulated. Less accurate work, on the other hand, with less
elaboration, can be done with simpler extractors of the kind described
by Macfadyen (1953) and Auerbach and Crossley (1960). Frequently the
medium to be sampled will not permit the digging of cylindrical plugs
of soil such as are required for the above, because of the presence of
sticks in litter and of stones in soil. In this case the canister extractor
cannot be used because the samples allow too much drying from above
and positive steps must be taken to ensure humid conditions beneath
the sample. This calls for an air conditioning system such as is incor-
porated in the 100 ecm? funnel extractor of Macfadyen (1961), an ex-
pedient which can only be realized in a properly equipped laboratory.
This extractor, which can, of course, also be used for soil sampling re-
quires careful insulation if it is to be operated in a heated room and a
supply of cooling water (or a refrigerator) which can extract about
2 cal of heat per minute. The simplest form of construction seems to be
a slotted angle steel frame with hardboard outer shell and insulating
panels of expanded polystyrene (“Jablite’) placed between the frame.
Full details are given in the above reference.

There is a growing tendency towards carefully planned community
studies in rather inaccessible places and consequently there is an urgent
need for an apparatus with which fairly complete extractions can be
achieved without the aid of electric current. In an effort to meet this
need two extractors have been made recently, the first using paraffin
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(kerosene) as a source of heat and operated for a summer season in Lap-
land, the second using bottled-gas (butane — or pentane in cold con-
ditions) which has not been tried in the ficld at the time of writing. Both
these extractors are similar to the canister extractor (Macfadyen, 1961)
in general layout and, unless ambient temperatures are very low, both
require a flow of cold water for cooling purposes (usually fairly easily
arranged from a stream under expedition conditions). The paraffin-
operated extractor contains a hot water-bath (in place of the electric
heater) which is supplied with a circulation of hot water from a separate
boiler heated by a wick type boiling stove (“Valor 65 S”’). The flow and
return pipes should be of thick transparent PVC tubing (e.g. E.R.P.
tubing from Esco Rubber Ltd, London), and these and the boiler in-
sulated with glass wool. An apparatus to deal with forty-eight sample-
units consumed about 3 gal (14 1) of paraffin per week. The main prob-
lems under field conditions arose from the difficulty of ensuring that the
paraffin heater worked efficiently (with a blue flame) and without boil-
ing the water. In other words a smaller stove run with a higher flame
would have been casier to control and might have burned less paraf-
fin.

The gas-burning extractor (Fig. 1) uses a }in thick aluminium hot
plate in place of the rather cumbersome boiler and water circulation
and is, therefore, more compact. The gas burners are incorporated in
the sides of the apparatus which are lined with heat-resisting plastic
(Tuffnol, Asp Brand). An apparatus to treat thirty samples burns about
171 1b (8 kg) of butane per week. The rclative advantages of burning
butane, at about two and a half times the price of paraffin but weighing
about the same in cylinders are largely a matter of expedition logistics
against the greater convenience of the gas.

If the gas is to be kept at or below 0° C propane should be used in-
stead of butane; this has about 759, the heat of combustion of butane
and is more expensive. The entire apparatus including core sampling
tools, canisters and rings weighs 40 1b (18 kg).

The use of vertical-sided canisters in place of funnels in extracting
small soil cores has the advantage of removing all possibility of loss of
animals on the sides of the funnel, of reducing the chances of loss due
to worms, spider’s webs and other obstructions in the constriction of
of the funnel and of presenting a large aqueous surface for the main-
tenance of a high humidity beneath the sample. Two corresponding
disadvantages are that removal of material from the canisters re-
quires more skill and larger quantities of fluid than in the case of a vial
on the end of the funnel and also that the large liquid area necessitates
the use of a non-volatile fluid to ensure that animals will not be deterred
from leaving the sample. With very little practice the “catch” in a
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F1a. 1. Canister-type extractor heated by bottle gas for use in the field. a. Strip of
asbestos tape for insulation. b. Tuffnol (laminated phenolic plastic sheet) cover to con-
duct pre-heated air to samples. Cold air enters by central holes near chimneys, which
are also used for heating vials to make Collembola sink. Tt passes to the hot chamber via
the small holes at the odges. ¢. Chimney to evacuato damp air. d. §inch-thick aluminium
hot plate. e. Tuffnol draught shield. (Similar shield on left side removed for clarity.)
These should be “Asp” brand. f. Gas heater consisting of copper pipe with five Primus
nipples. g. Foamed polystyrene (‘‘Jablite”) insulation to hot chamber. h. Tuffnol strip
to complete cover. 1. Slotted angle frame. j. Tuffnol rack supporting soil samples and
canisters (by means of rubber bands). k. Aluminium canister. 1. Aluminium cold water
bath. (In lowered position — the frame is hinged at the back.) m. Pipe for water circu-
lation in cold bath.

25 cm? area canister can be swilled and washed with alcohol into a
3in x lin (75 mm x 25 mm) specimen tube, but it is desirable that the
samples should be further reduced in bulk to a volume of a few cm?.
Further, the use of the aqueous media needed to compiy with the
second requirement means that most Collembola are still floating on
the surface at the completion of extraction. The author’s practice is to
place the 3in x lin vials containing the catch plus water plus alcohol
in a warm place until the temperature has reached about 45° C. Usually
all Collembola sink when the medium is gently swilled round under
these conditions, but if not, a drop of ether or a special degreasing fluid
as advocated by Gisin (1960) can be added. After a further period of
settlement nearly all the fluid can be safely decanted and the contents
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of the vial then washed into a smaller tube for storage. Admittedly
this procedure takes more time than the use of alcohol in a tube at the
bottom of the funnel, but in compensation one is assured of (i) a non-
repellent catching fluid (a large surface of alcohol is distinctly repellent
to some groups; see Macfadyen, 1961), (ii) a fixative fluid of controlled
strength and composition in the storage tubes (according to Gisin the
degreasing fluid should be replaced by a different fixative solution in
any case) and (iii) the high humidity conditions beneath the sample
which are necessary for efficient extraction.

There remains the question concerning what aqueous medium should
be used in the canisters. The latter must be odourless, non-repellent and
non-volatile, should preferably kill animals falling into it to prevent
predation and escape, should kill moulds which readily attack dead
arthropods and should not corrode the containers. For one or other of
these reasons all the previously used fluids are excluded. A rather un-
satisfactory compromise was found in “Agrimycin”, a fungicide which
was advocated in the above paper. Since then a slight repellent effect
has been demonstrated and, more seriously, it has been shown that
earthworms in this solution produce a copious mucus secretion and
undergo autolysis which can make the arthropods very difficult to
separate. Recently Lloyd (see below) has described the use of a picric acid
solution and tests by the present author show that one part saturated
picric acid to one part water has no detectable repellent effect and
completely fixes all animal tissues. The yellow staining may sometimes
be a disadvantage in the determining of new material, but at present
this appears to be the best medium available. Tests on further possible
substances are continuing.

A new device for extracting arthropods from leaf-litter has recently
been developed at the Bureau of Animal Population, Department of
Zoological Field Studies, Oxford University, by Denys Kempson, Monte
Lloyd and Raymond Ghelardi. (A detailed report for publication is in
preparation, but the following brief note has been authorized for in-
clusion in the present article.) Each sample is suspended a short distance
above an aqueous solution of picric acid contained in a straight-sided
closed vessel. The collecting vessels are immersed in a circulating cool
water-bath that is well insulated from the infra-red heat source above the
samples. A battery of infra-red bulbs switches on and off in alternation
with conventional light bulbs, producing an adjustable pattern of heat
pulses with continuous light. A high humidity is present directly under
the sample from the beginning. The extraction process requires about
a week, during which time very high gradients of both humidity and
temperature are established through the samples. Extraction efficiencies
have been determined by soaking and hand-sorting the dried residue
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and by introducing known numbers of organisms. Litter copepods,
nematodes and enchytraeid worms are extracted with very low effi-
ciency — of the order of 109, or less. Mites, Collembola and most other
arthropods are extracted very efficiently — of the order of 90%, or more.
Snails and fly larvae, as a group, are extracted with considerably less
than 909, efficiency. Each sample is spread over two layers of cotton
fillet net, whose openings are filled with delicate linty fibres. These tiny
fibres offer no serious impediment to the passage of animals but do
hold back most of the litter debris, resulting in a much cleaner extrac-
tion than is usual with Tullgren work — and a great saving in counting
time.

This apparatus resembles the “‘canister”” extractor in using straight-
sided water-cooled containers and an aqueous medium for the purpose
of establishing high humidity; it is also the origin of the use of picric
acid fixative. The main differences are in the use of the cotton fillet net
which should show a distinct improvement in the cleanness of samples,
and in the use of a pulsating heat source in conjunction with light. The
advantages of this form of repellent stimulus will, no doubt, be justified
in the forthcoming paper.

A special extractor has been developed for obtaining spiders from
soil and litter, mainly in the form of undisturbed turves, by E. Duffey,
of the Nature Conservancy, to whom the author is greatly indebted
for an account of the apparatus. This exploits the greater mobility
and better-developed senses of spiders, which are driven horizontally
out of the medium by a powerful electric-fire bar, the whole extraction
occupying only a day or so. The animals are collected in a trough con-
taining dilute glycerine and pairs of spider-tight chambers are con-
veniently arranged on either side of fire bars with the troughs on the
outside. There is some difficulty, due to condensation, in handling wet
samples and the efficiency of the apparatus has not yet been exhaus-
tively tested.

In most of the Tullgren-type extractors mentioned so far, heat, light
and desiccation in various combinations have been used as repellent
stimuli and in some, low temperatures and high humidities have been
added as attractants. There remains a very real need for more funda-
mental behavioural work on the various groups of arthropods with the
ultimate hope that at least some sorting out of fauna will be achieved
by submitting samples to gradients of different factors: this is a long-
term matter and beset by many technical difficulties (see Madge, 1961;
Macfadyen, 1962) and clear-cut behavioural responses are often hard
to demonstrate. At present the most hopeful approach seems to be the
simultaneous application of as many repellent-attractant gradients as
possible, and certainly the use of combined heat and humidity gradients
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has proved rewarding. The role of light in the Tullgren-type extractor
has never been satisfactorily determined but, since light hardly pene-
trates any appreciable depth into soil, it seems unlikely that it will do
more than deter animals from escaping upwards at the start of an ex-
traction. Once the heat gradient is established upward escapes seem
unlikely and are not encountered in practice.

Since most invertebrates are sensitive to chemical vapours (see
Dethier, 1947) it is rather surprising that these have not been more
widely used for selective extraction of soil fauna. Macfadyen (1953)
showed that higher yields of soil aphids and thrips could be obtained by
simply enclosing one end of a soil core in an atmosphere containing
dimethyl phthalate and suspending the other end over an open funnel
so that a vapour-concentration gradient would result. Since then more
effective repellent substances have been marketed for use against
biting flies and it has also been shown that a dry atmosphere is far from
an ideal attractant. It seems likely that better results on a wider range
of organisms could be obtained by exploiting these two advances and
possibly a very simple method could be worked out for field use.

In conclusion, Tullgren-type methods have the great advantages
that they demand relatively simple apparatus, can be used under field
conditions, operate well even in the presence of much plant matter
and require little labour on the part of the operator. Near-perfect
yields can be achieved in particular cases at the cost of more compli-
cated apparatus and greater labour. On the other hand the variability
of behavioural responses shown by soil arthropods renders it unlikely
that a single Tullgren-type extractor can yield complete extractions
of all groups and the fact that such methods rely on the animals’ own
mobility implies that only mobile stages can be obtained in this way.

C. MECHANICAL SEPARATION METHODS TAKING ADVANTAGE
OF DIFFERENTIAL PHYSICAL PROPERTIES OF ANIMALS
AND THE SUBSTRATUM

This group of extraction methods is based on mechanical means
of separation, exploiting differences of physical properties between the
bodies of animals and of their surroundings. The powers of movement
of the animals are ignored so that immobile stages such as eggs, egg
capsules and pupae may be extracted — and indeed there is no other
way of extracting them apart from waiting for them to hatch into
mobile stages. A not very important, compensating disadvantage is that
dead organisms will also be extracted and may be confused with live
animals. As with behaviour-type methods it is hardly to be expected
that a single mechanical method will separate all the fauna from the soil.
The reason for this is that animals vary in surface properties, density
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and size and in all these respects are likely to overlap inanimate
materials, especially in the case of those mites, opilionids and insect
pupae which habitually coat themselves with mineral and vegetable
particles. In this case it seems most logical to classify the types of
methods according to the physical principles used despite the fact
that two or more of these are frequently combined in a single extraction
programme.

1. Sieving

Sieving is hardly likely, by itself to provide a means of separating a
wide range of animals from soil, but it is often a most useful adjunct to
other methods either for removing inanimate material outside the size
range which is of interest or for separating animals — perhaps a single
species — which is of economic interest. An example of the first tech-
nique is the use of a dry power-driven sieve such as that described by
Lange et al. (1955) and also used by Lloyd for removing leaves in the
litter fauna study mentioned above; in this case all the smaller fraction
is then treated by the special behaviour-type method — which could
not have been applied to material containing large leaves. It is more
usual, however for sieving to be done under water, often with the aid
of powerful jets. This was the basis of Morris’s (1922) wireworm tech-
nique in which a battery of sieves was used, stones and roots being re-
tained by the coarser meshes and fine silt and clay passing through the
finer ones. It was shown by Ladell (1936) that this method by itself, is
both laborious and inefficient and he supplemented the use of sieves
with flotation on magnesium sulphate (see below). Both Ladell’s and
later flotation methods have incorporated sieves for the purpose of
primary separation of larger and smaller material.

It is also profitable to sieve the material in alcohol obtained from
Tullgren-type extractors under certain circumstances, especially when
it contains appreciable quantities of large plant material or large num-
bers of animals. In this case by using mesh sizes of about 1 mm and
200 p the counting can be done in two or three stages and removal of
debris of very different sizes leads to greater accuracy.

2. Sedimentation

As an alternative to separation on the basis of size there is a number
of possible methods of separation by density. In most cases these can
work on either static or dynamic principles, for example fluids of dif-
ferent densities can be used so that bodies of corresponding densities
also come to rest at definite boundaries, or differences in rates of sinking
can be exploited to achieve separation. Remarkably little effort has
been made to apply these principles to the separation of arthropods
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although a number of preliminary investigations, not without promise,
are known to the author. Dr A. J. Nicholson has described, in a personal
communication, the successful use of a tall glass tube containing sugar
solutions of increasing density for the separation of blow-fly resting stages
from frass. The column is filled in stages, using a disc to prevent mixing,
and the un-separated mixture poured in from the top. Different materials
separate at different heights and by tapping the column carefully from
the bottom can be drawn off in turn. An example of a dynamic system
is Ostenbrinck’s (1954) (see also Williams and Winslow, 1955) use of a
tall vertical plastic funnel arranged with its wide opening upwards for
the separation of nematode egg capsules from soil. A constant flow of
water is arranged so that it enters the funnel from below and overflows
over a lip at the top. Soil, containing capsules is emulsified with water
and introduced in an equal stream about halfway up the funnel. The
rate of flow is highest at the bottom and least at the top so that particles
are suspended in horizontal layers by the upward flow according to
their rate of sinking; mineral particles are removed at the bottom. In
Ostenbrinck’s technique, since only a single kind of object is to be
separated, the flow rate is arranged to carry the capsules over into the
sieve continuously. However it would appear possible to develop this
device as a means of separating objects of different sinking rates. Float-
ing materials could be passed over into a sieve from the lip at the top
by progressively raising the rate of liquid flow. The reverse process of
separating materials according to rate of sinking in a long vertical tube
and collecting them in a moving trough might well offer a means of
separating small animals from soil and from each other.

Kiihnelt’s use of the centrifuge (1948, 1961) is almost the only sedi-
mentation method that has been operated successfully as a complete
system with arthropods. The crude sample is centrifuged in concen-
trated calcium chloride solution and the animals decanted from the
surface. It is claimed that by repeated centrifuging with reduced con-
centrations of calcium chloride solution much of the plant debris, as
well as mineral matter, can be removed. However it is clear from the
description that great care is required in operating this technique and
that separation is not perfect.

3. Differential Wetting

Salt and Hollick’s (1944) extraction method (see below) appears to
have been the first to make use of the differential wetting properties of
insect cuticle and of plant matter. By shaking a mixture of the two in a
vessel containing paraffin (kerosene) and water it is possible to cause
the insects, whose cuticle is wetted by the paraffin, to separate from
the plant matter (which is not) when the two liquids are subsequently
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left to re-form as two immiscible layers. Subsequently Raw (1955) in-
troduced the use of benzene which has a freezing point above that of
water. By standing the vessel containing the two liquids in a refrigerator
and freezing the benzene (melting-point 5° C) the latter could be picked
off as a solid lump and then melted; the animals being easily freed in
this way from particles in the water fraction. The paraffin-water inter-
face technique has also been used by Davies (1955) in conjunction with
a motor-driven ‘““vacuum cleaner” for separating arthropods from
litter in the field. A stream of air carried the animals and mineral
matter from the soil and projected the material at the two liquids; this
caused everything to be wetted, the arthopod-containing paraffin
layer was retained and the plant litter and soil which came to rest in
the water layer were rejected.

Undoubtedly the principle of differential wetting at an interface has
enormously increased the efficacy of mechanical extraction tech-
niques. It is not, at present, a universal method because many kinds
of arthropods, among them woodlice, myriapods and some groups of
mites, are not wetted by the chemicals used. Furthermore even the
groups which are wetted are inefficiently extracted from large pro-
portions of plant matter presumably because the animals cling tightly
or are hopelessly entangled (Evans, 1953).

The use of these methods has, therefore, been mainly confined to
separation from arable soils containing much mineral matter and
especially clay. Under these circumstances, however, the funnel methods
are least cfficient and the two types of technique thus complement each
other.

In the field of mineral separation the art of controlling wetting pro-
perties of different metals has been developed to a very high degree
and by the use of surface active substances under controlled conditions
of salt concentration and pH, given minerals can be made to float or
sink at will. It seems that this is a field in which further experimenta-
tion based on a methodical plan could greatly improve the effectiveness
of separation processes for biological material and perhaps also permit
the sorting of different groups of animals.

Some groups of arthropods are particularly prone to float even in
pure water as a result of wax layers and outstanding among these are
the Collembola. W. G. Hale (to whom the author is greatly indebted
for an account of his method, which is to be published shortly) has
developed a method for extracting Collembola from peaty soils em-
ploying the principle that vegetable material sinks in both water and
magnesium sulphate solution, when boiled at room temperature under
reduced pressure. About half the Collembola remain floating on the
surface, due to the hydrophobic nature of their cuticles, and the rest
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may be brought to the surface by subsequent stirring and bubbling air
through the liquid.

Evidently much further progress is possible in the field of separation
of arthropods by exploitation of differential wetting properties.

4. Flotation

Flotation is a complex process which incorporates both sedimenta-
tion and differential wetting to extents which have not always been
clearly appreciated. It was first introduced by Berlese (1921) in a
simple apparatus described and tested by Balogh (1938), which con-
sisted of a boiling tube with a constricted neck and a plunger. Material
from the “Berlese funnel” was mixed with salt solution by agitating
in the tube. When animals had floated to the surface the plunger was
raised and the surface solution poured off, leaving mineral matter
behind. This principle was developed further (independently?) by
Ladell (1936) for wireworm extraction from arable soils. After washing
through a series of sieves, in the same way as Morris had done, the
material of intermediate size was mixed with magnesium sulphate
solution and subjected to stirring and bubbling. Plant and animal mat-
ter were carried upward, floated over a sedimentation tank and retained
by a sieve. The precise role of the bubbling seems rather uncertain and
was, perhaps, more concerned with stirring the material than achieving
separation by differential wetting. The same principles were then used
by Salt and Hollick (1944) for extracting smaller arthropods and by
Raw (1955) who added in turn the important stages of separation at an
interface (mentioned above) and of pre-treatment with sodium hexa-
metaphosphate (‘“Calgon”) followed by subjection to a vacuum pump
and then freezing. This has the effect of breaking up clay soils and
liberating the animals much more readily from the mineral material
when the samples are subsequently washed.

As flotation processes these methods all seem to depend primarily
on the differential density effect of mixing with magnesium sulphate
solution and a combination of floating with differential wetting such
as is used in mineral dressing does not seem to have been attempted.

Simpler flotation techniques are often useful for limited applications.
Thus Edwards (1958) has described the use of plain water and of mag-
nesium sulphate solution in a beaker or other container to obtain
Symphyla in large numbers from arable soil. Similarly Nielsen (1953)
in a special extraction method deliberately drives enchytraeids into
sand of uniform particle size and then separates them from it by simple
washing. A similar technique has been used for extracting mud-living
harpactids.

Flotation methods obviously have a number of distinct advantages
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for arthropod extraction. They do not depend on the animals’ be-
havioural characteristics and are particularly suitable for the treatment
of deeply worked arable soils containing little plant matter. They also
have the advantage of flexibility of sample-unit size: the same ex-
traction apparatus can be used for treating sample-units of varying
sizes and there is no objection to increasing or decreasing the size
according to statistical requirements as indicated in Section III.

V. THE CHOICE OoF COMPLETE SAMPLING SYSTEMS
FOR SPECIFIC PURPOSES

It has been repeatedly stressed that a sampling system needs to be
planned as a whole. Usually one or two main features of an investiga-
tion are irrevocably determined by the purpose of the whole study, for
example that the population size of a particular species is to be quanti-
tatively determined in a limited locality or that the species spectra of
a large number of sites are to be compared and related to botanical and
topographical features of a large area. In particular, the number of
species and of higher taxonomic categories, the exactness of quantita-
tive estimations, the nature of the soil and the range of soil types can
all be studied either intensively or over a broad range. Wherever any
of these requirements give any latitude for choice the experimenter
should, naturally, relax the technical demands as much as possible. If
the groups to be studied are unimportant the easier ones for taxonomy
and extraction (as indicated in Table II) should be chosen. If the
exact location is unimportant then places with relatively few species
and with uniform light soils will naturally be chosen. If the study is of
the nature of a community survey, time will not be wasted over exact
counts from large samples.

As regards the choice of extraction methods, the advantage of the
different principles have already been discussed under the appropriate
headings, and the applications of particular treatment methods are
briefly summarized in Table I1.

In order to illustrate more specifically what the above precepts imply
three complete sampling schemes will be briefly discussed.

1. An investigation into the effects of different artificial treatments
on the small arthropods of rough grassland.

The statistical aspects of this kind of problem, which is well suited
to demonstrating clearly the effects of simpler environmental factors
are well known. The treatments are applied to a latin square or ran-
domized block design and their effects are determined by the analysis
of variance technique (Snedecor, 1946) or by a partial regression tech-
nique (Satchell, 1955). The blocks subject to different treatments are
gridded and regular sample-units taken from each block on a random
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basis. The size of sample-unit to be used will depend on the density of
the animal groups under study. In this case, parasitid mites for in-
stance, which are often quite distinct indicators of the environmental
condition, might be considered and, since they might be expected to
occur at average densities around one or two per cm? for all species a
sample-unit of surface area not less than 25 em? is indicated. On the
other hand the deliberate taxonomic limitation of the study to oribatid
mites with densities approaching 20 or more to the square centimetre
would permit sample-unit size to be reduced to, say 10 cm? or even
less. These sizes are chosen assuming that complete counts are de-
manded, but if the purpose of the study is to detect general effects of
treatments on the relative importance of the different groups, the
analysis could be done on the results of ranking the different species
in the sample-units. This technique could well be satisfied with sample-
units only about a quarter of the size but might demand an increased
number of units to obtain statistically valid results. The methods for
determining the number and size of units to be used in the case of a
complete count have already been given. The use of an analysis based
on ranking would demand perhaps sixty-four sample-units or more
(4 treatments x 4 replicate blocks x 4 units per block) on each sampling
occasion. The actual weight of soil would be small but the number of
units obviously makes great demands on the labour of handling. This,
and the superiority of behaviour-type methods in grassland studies
(owing to the presence of much plant detritus) all point to the use of a
Tullgren-type extractor, and for groups other than adult oribatid mites
the canister type is indicated if some groups are not to be biased at the
expense of others.

There remains the question of depth of sampling. Preliminary in-
vestigations would be required here, but in most rough grassland soils
the fauna is markedly concentrated near the surface. Unless large num-
bers of deeper forms such as rhodacarids, protura and T'ullbergia species
were found, sample-units of 3 cm depth would probably be adequate.
Otherwise either a proportion of sample points or even all of them might
require a second unit from 3 em to 6 cm depth. In the latter case, of
course the number of sample-units would be doubled again.

2. An investigation into the changes in the total arthropod popula-
tions of a single arable field under different crop régimes and over an
extended period.

This is a further example in which absolute abundance figures are
not required. The main difficulties here are the varying nature of the
soil under changing cropping régimes and the demand for a knowledge
of the complete arthropod fauna. On the assumption that the manage-
ment would be largely arable and that grass crops would be in the form
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of leys, not producing a dense turf, Raw’s modification of the Salt and
Hollick extractor is indicated for the small arthropods. The field as a
whole would be stratified and periodical samples taken on a random
basis. It is perhaps worth stressing here that considerable seasonal
variations in arthropod numbers do occur (Boness, 1953; Dhillon and
Gibson, 1962; Macfadyen, 1952) and that quite frequent sampling
occasions (perhaps bi-monthly) would be necessary to avoid false con-
clusions. Once again the use of dominance order or of ranking co-
efficients would probably save much labour in a study of this kind,
although it must be admitted that such methods do not yet seem to
have been applied to this type of work. A preliminary investigation
would certainly be required to determine the optimal size and number
of the sample-units. The flotation method has the advantage that
quite a variety of sample sizes can be treated and it might well be
worth while to take two or more sets of sample-units of different sizes
and to treat them in flotation chambers with correspondingly different
mesh sizes. In this way the larger but less common species, up to at
least the smaller species of beetles, would be extracted in adequate
numbers. There would remain, however, the quite sparse species,
mostly predators, such as the large ground beetles and the spiders. In
a non-quantitative study of this kind it might be best to sample these
with the aid of pitfall traps provided these were operated almost con-
tinuously over quite long periods. This is necessary because the catches
in such traps vary very much with weather and other conditions and
also because most of these animals have marked periods of seasonal
abundance (see for instance Van der Drift, 1959). Obviously the different
groups sampled by these separate methods would be treated in parallel
and the changes of species in each major group would be mainly of
significance within that group.

3. A trophic study of a single species or a limited group of species
in a particular soil fauna. No particular species specified.

This is a class of study which has been very little attempted so far;
work includes an investigation by Clark (1954) into the Amphipod
Talitrus sylvaticus in an Australian rain forest, and the Durham studies
on the Pennine peat fauna (see Cragg, 1961). The object of the work is
to gain insight into the trophic importance of particular species by
measuring the seasonal changes in abundance, age structure and meta-
bolism. The demand for a truly quantitative census limits the range of
possible species but our ignorance is at present so profound that the
investigator can afford to choose in this respect and his attention is
likely to be attracted by species which are shown, in a preliminary
survey, to be abundant. The choice of size and number of samples will
be made in accordance with the principles discussed in Section III.
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The most acute technical difficulties arise when such studies are to be
based on woodland fauna. Most woodland arthropods are present both
in the litter (F6érna) and in the F and H layers beneath it; some species
such as the Onydhiuridae (Collembola) are confined to the soil and
others such as spiders and perhaps the larger Collembola inhabit the
litter, provided it is present throughout the year. It follows that to
confine the study to true soil species would limit greatly the choice of
species and at least preliminary investigations should cover both litter
and soil. The high proportion of undecomposed organic matter in the
F layer would usually point to the use of a funnel-type apparatus of
advanced design for the soil fauna investigation but the normal Tull-
gren funnel is unsatisfactory for most types of litter and careful tests of
the relative advantages of the Lloyd, Kempson and Ghelardi method
against the small funnel extractor with air conditioning would be de-
sirable before coming to a positive decision on the best means of ex-
tracting litter fauna. The vertical division of the medium into litter and
soil layers is obviously important if the distribution of the animals is
to be followed but it is imperative to use the same sampling points for
obtaining both the litter and the soil units if errors are to be avoided.
For this reason it might be preferable to use the same technique for
both soil and litter samples even if a vertical separation proved neces-
sary. It remains true that methods for the satisfactory separation of
arthropods from woodland litter have still to be tested and developed.

VI. SUMMARY AND CONCLUSIONS

This paper is intended as a practical summary of current methods
used for sampling soil arthropod populations. Broadly speaking such
methods are used in three main types of work: exploratory work which
is not concerned with quantitative population estimates, but is aimed
at finding what species occur in an area ; secondly “community’’ studies
which are concerned with the relative abundance of a wide range of
species and often over a wide range of habitats; thirdly “trophic”
studies which demand a knowledge of absolute abundance usually of
relatively few species and in a single habitat. Each of these fields of
work makes its particular demands on sampling and extraction tech-
niques particularly regarding the sizes and numbers of sample-units,
the accuracy expected and the range of organisms to be found and
enumerated. This has not always been recognized in the past and labour
and resources have been inefficiently employed both in the field and the
laboratory. The planning of a complete sampling system requires careful
choice and matching of experimental design, extraction technique
and methods of examination and counting in the light of the above
considerations.
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The third section is concerned with the special problems posed by the
patchiness of distribution which is usual among soil animals and the
application of ranking and other alternatives to a complete census in
community studies which do not necessitate the great labour of com-
plete counts.

The fourth section is a systematic survey of the main types of col-
lection and extraction processes employed in the study of soil arthro-
pods. Three main types are recognized, those which are intended for the
study of animals within the soil mainly by means of sections, the “be-
haviour” methods in which animals are induced to leave the soil by
attractant or repellent stimuli and the “mechanical” methods by which
animals are removed as a result of differences in physical properties from
the surrounding medium. .

Among behaviour-type methods the use of pitfall traps and baited
“lobster pot” traps can be used in the field whilst various devices de-
veloped from the Berlese funnel and the wet or Baermann funnel de-
mand that the samples be returned to a laboratory for extraction.

Mechanical methods are based on sieving, sedimentation or differen-
tial wetting and flotation. These principles can be used successively and
material from behaviour methods can also be cleaned mechanically.
In general, the behaviour-type methods have the disadvantages, when
compared with mechanical methods, that resting stages (eggs, pupae,
etc.) are not removed, that, in any one apparatus the size of sample-
units is often fixed, and that changes in the populations of animals
within the samples can occur during extraction due to hatching of eggs
or to predation.

On the other hand the behaviour-type methods have certain clear
advantages. Sorting labour is reduced (because the animals walk out
of the samples by themselves) a factor of especial importance when
many small samples are to be treated. The simple behaviour-type
apparatus is cheaper and better adapted to field use, the avoidance of
sieving presents loss of the very numerous small forms such as Prostog-
mata, Scutacaridae etc., and there is much less damage to specimens
due to the more gentle handling of the soil.

It must be appreciated, however, that no universal extraction method
exists at the present time. Some guidance as to which methods work
best with which groups is given in Table IT, but even here such factors
as sampling design and the nature of the soil must be considered.

As an example of the factors that determine the choice of sampling
systems three specific projects are considered in Section V.
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