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

The study of soil protozoa has been concerned with determining the 
nature of the fauna and its relation to different soil conditions, in estimating 
the size of the populations, and with the relationship between protozoa, the 
microflora and other microfauna. 

Apart from the classical monographs on the group by Sandon (1927) and 
Grandori and Grandori (1934) recent reviews, dealing incidentally with the 
soil protozoa, are those of Thornton (1956), Thornton and Meiklejohn (1957) 
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and Russell (1961). The present review concentrates on papers published 
since 1927. 

I I . M E T H O D S 

Basically three techniques are available : direct observation, extraction and 
culture. 

A, DIRECT OBSERVATION 

The soil may be examined undisturbed (Kubiena, 1938; Koffmann, 1934) 
or in prepared sections (Haarlov and Weiss-Fogh, 1953 ; Burges and Nicholas, 
1961 ; Heal, 1964b); in water, with a stain added (Volz, 1951), or in a soil agar 
suspension, dried and stained (Bunt and Tchan, 1955; Jones and Mollison 
method by Heal, 1964b), by inserting into the profile slides or capillaries 
which are subsequently withdrawn for study (Linford, 1942; Starkey, 1938; 
Aristovskaya, 1962; Aristovskaya and Parinkina, 1962), or by inserting a 
substrate, such as cellulose, into the soil and subsequently mounting it for 
study (Tribe, 1961). 

Direct study of undisturbed mineral soil rarely provides any indication of 
protozoan activity. This is partly because of the intimate association of the 
protozoa with the soil colloids and because the population is often encysted 
or resting. In preparations of soil, testacea are more readily recognized than 
other groups because their hard test can withstand the rough treatment of 
preparation. Consequently they are most commonly reported by these 
methods, but some success has been achieved with flagellates, amoebae and 
even ciliates, the most delicate soil protozoa, both in recording their numbers 
(Bunt and Tchan, 1955) and their activity (Kubiena, 1938; Aristovskaya and 
Parinkina, 1962; Aristovskaya, 1962; Biczok, 1955; Nikoljuk, 1956). 

B. EXTRACTION 

Extracting protozoa from soil has been almost entirely confined to testacea. 
Carbon dioxide or air is bubbled through the soil and the tests containing gas 
float to the surface (Bonnet and Thomas, 1958; Chardez, 1959; Décloitre, 
1960). This is useful for qualitative studies. Extraction of ciliates using an 
electric current has been tried by Horvâth (1949) and Hairston (1965). 

C. CULTURE 

Culture techniques are the most versatile and extensively used methods. 
Not only are they the most satisfactory methods for qualitative studies, but 
they provide the first step in establishing pure cultures of soil protozoa which 
are necessary for the detailed study of the morphology and physiology of 
individual species. The physiology of flagellates, amoebae and ciliates is 
better known than that of testacea chiefly because more extensive work has 
been done on pure cultures of these three groups. 
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The choice of culture medium depends on the purposes of study. Gener-

ally, agar plates, which permit direct microscopic observation, have replaced 
tubes as the initial means of soil culture. Non-enriched media are less selective 
than media enriched with peptone or yeast extract (Dixon, 1937; Stout, 
1956c), and of the species of testacea recorded by direct examination of soil, 
Heal (1964b) recorded 85-100% in liquid soil extract and 61-76% on soil 
extract agar. The dilution-culture technique has been extensively used for 
estimating populations and was considerably refined by Singh (1946), whose 
methods have been adapted by later workers (Brzezinska-Dudziak, 1954; 
Stout, 1962). Most common soil protozoa are bacteria-feeders and growth 
is promoted in the cultures by the addition of a widely accepted bacterium 
such as Aerobacter aerogenes. Numbers of encysted protozoa are estimated 
by pre-heating the soil to 60° c, or by treating it with 2% HC1 to kill unen-
cysted individuals. Singh found the latter method the most reliable. 

No single method provides a complete picture of the protozoa of soil and 
it is certainly desirable to employ more than one technique wherever possible. 

I I I . T H E P R O T O Z O A N F A U N A OF SOIL 

A. COMPOSITION AND DISTRIBUTION 

Bonnet and Thomas (1960) list 100 species of testacea considered to form 
the endogenous soil fauna and Thomas (1960) catalogued 182 species and 
varieties. These are chiefly species found in mineral soil : if forest soils and 
peats are included the number is much greater. Many soil ciliates were first 
described by Kahl (1930-35), and most are included in Wenzel's (1953) 
study of moss ciliates, which lists over 100 species, but there are many more. 
Geliert (1950a, b, 1955, 1956, 1957) recently described a number of new 
species from soil and related habitats. It is evident that the soil fauna com-
prises several hundred species, many of which are confined to soil habitats. 
Gray (1948), however, considered that there was a free interchange of ciliate 
species between the soil and inland waters. Identification of the small amoebae 
presents special problems and although Singh (1952) described some new 
species, their ecological status is uncertain. 

Protozoan species are generally defined on morphological grounds, but 
this does not imply genetic interchange which is very rare if not altogether 
absent in rhizopods, and in ciliates and flagellates is confined within the 
mating types of distinct interbreeding varieties. Evidence suggests some 
geographical limitations in the distribution of these varieties (Elliott et al, 
1962; Elliott, 1965) and they are known to differ in physiological (Holz et al, 
1959) and ecological properties (Hairston, 1958). There is also evidence of 
geographical zonation for some testacea, particularly the genus Nebela. In 
New Zealand beechwood soils Nebela is more common than Centropyxidae 
but the position is reversed in European beechwoods. This suggests that 
similar ecological niches carry different faunas as a result of accidents of zoo-
geography. The generally cosmopolitan character of the protozoan fauna may 

6 + S.B. 
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be attributed to two factors; first to physical distribution of viable cells, and 
second, genetic stability of the species. Evidence of the distribution of soil 
protozoa is very limited (Maguire, 1963b) but suggests that some flagellates, 
amoebae, and ciliates are transported by birds, insects, or as airborne par-
ticles. This contrasts with the distribution of typical freshwater taxa, which 
appear to be transported by larger terrestrial animals, and may result from 
the greater tendency of soil protozoa to form resistant cysts. The most com-
monly recorded airborne taxon is the ciliate Colpoda, perhaps the most wide-
spread of all soil protozoa. Nevertheless it seems that genetic stability is of 
even greater importance in maintaining the homogeneity of the soil protozoan 
fauna and it is significant that species of one of the most variable testaceans 
—Nebela—provide the best evidence of discontinuous geographical dis-
tribution. It may also be significant that encystment is less frequently recorded 
in the testacea and that there are no available records of viable airborne 
species. 

Although many species are quite widespread they occur with different 
frequency under different soil conditions. Figures 1 and 2 show the fre-
quency distribution of individual species in three grassland soils. For rhizo-
pods, the pattern is the same for the three soil types and few species occur 
in more than half the samples. For ciliates, the pattern differs for the different 
soils and more species occur in more than half of the cultures. Figures 3 and 
4 show a similar difference in the distribution of rhizopods and ciliates in a 
forest litter, the topsoil under litter and the same topsoil under grass. With 
the rhizopods there is a much greater distinction between habitats than with 
the ciliates. Relatively few rhizopod species occur frequently in the samples 
compared with ciliates suggesting a broad distinction between the ecology of 
the two groups. Factors influencing ciliate distribution are clearly different 
from those determining the distribution of rhizopod and particularly testacean 
species. 

Since Sandon's classic monograph of 1927 there have been more than 70 
papers listing, with varying degrees of completeness, the protozoan fauna of 
different soils. Most have little pedological significance because few samples 
were studied or the soil was inadequately described. Exceptions are the 
papers of Brodsky (1929), Brodsky and Yankovskaya (1929) and Varga 
(1936) on desert soils; those of Geliert (1957), Varga (1935a, b), Volz (1951), 
Rosa (1957,1962) and Stout (1963) on forest soils; those of Stout (1958, I960) 
on grassland soils and the recent papers of Chardez (1959, 1960a, b, 1962), 
Thomas (1959) and Bonnet (1958, 1961a, b, c, 1964) which, however, deal 
only with testacea. 

The fauna of soils may be compared by considering the total number of 
species present, the dominant or most numerous species, or the distribution 
of species of strictly limited occurrence. The first method is the most usual 
and convenient, the second the most instructive for comparing soil with non-
soil faunas and the third the most significant within a range of soil groups. 

Three soil forming factors, climate, vegetation and parent material are of 
decisive importance in determining soil habitats: the first two distinguish 
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desert, grassland, forest and peat land; the third separates acid from basic 
soils, mull from mor and fens from bogs. Table I shows selected data on the 
distribution of rhizopods and ciliates in samples from the sub-Antarctic 
islands and New Zealand. Broad difference between major categories are 
indicated by the number of species comprising the fauna (column S) and by 
the average number of species per culture (N/M) for each sample group. 
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FIGS 3 and 4. Frequency of distribution of rhizopod and ciliate species in forest litter, forest 
topsoil and grassland topsoil of a New Zealand hill soil. 

Rhizopods are generally better represented in forest litters and zonal peats 
than in grassland soils or lowland peats. Ciliates are well represented 
in all habitats but appear to prefer the type of litter found in beech forest and 
base rich grassland soil. The greatest differences lie between the broad zonal 
categories induced by climate and vegetation but the distinctions within these 
categories are also important. The figures used in these comparisons, namely 



TABLE I 

Faunal character of some New Zealand grassland soils, forest litters and peats 

Soil habitat ί 

Grassland Soils 
Waiouru soil (medium base status) 

Alt. 900 m. 
Tekoa soil (medium base status) 

Alt. 700 m. 
Omarama soil (high base status) 

Alt. 900 m. 

Forest Litters 
Podocarp litters (mor forming) 

Alt. 400 m. 
Beech litters (mor forming) 

Alt. 600-900 m. 
Beech litter (mor forming) 

Alt. 200 m. 

Peats 
Zonal Sub-Antarctic 

Alpine-sub-alpine 
Lowland Paraparaumu 
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the number of species and their total occurrence, are a function of the size 
of the sample or the number of cultures examined. This is a limitation com-
mon to all ecological work. Fisher, Corbet and Williams (1943) derived from 
similar data an index (a) of the faunal diversity of the area, that was inde-
pendent of the sample size. An analogous value (&), derived by Darwin (1960) 
is included with the present data but while still indicating broad faunal differ-
ences, it is clearly less sensitive than the more direct comparison of the num-
ber of species or their total incidence. 

Stout (1958, 1960) compared in more detail the fauna of some New Zea-
land grassland soils. The rhizopod fauna of these soils is very similar and 
consists of a limited number of species. The species found in soil under im-
proved pasture are the same as under native grassland but they occur more 
frequently. There are more ciliate species, but they differ with different soils. 
Three main ecological groups are distinguished: (1) (Group (a), Fig. 5), 
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FIG. 5. Relative distribution of three ecological groups of ciliates in three New Zealand 
grassland soils (after Stout, 1958). 

almost ubiquitous species, such as Colpoda steinii, small, morphologically 
simple and tolerant of a wide range of environmental conditions ; (2) (Group 
(b), Fig. 5), less common species, such as Chilodonella gouraudi, generally 
similar to the first group but less well adapted to soil conditions; (3) (Group 
(c), Fig. 5), ciliates such as Blepharisma and Frontonia, morphologically more 
specialized and commonly with a less efficient encystment mechanism (Stout, 
1956b), and consequently they have more exacting ecological requirements. 
The first two groups are well represented in all three grassland soils, but the 
third group is found chiefly in the base rich soil. In addition to these distinc-
tions between the fauna of the different soils, there are also distinctions be-
tween the same soil under tussock grassland, established pasture and agri-
cultural cropping, but these distinctions relate to the numbers of individuals 
rather than the species composition (Stout, 1960). 
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In three types of forest soil, a calcareous mull, an acid mull and a mor under 
beech (Fagus sylvaticus), Stout (1963; Fig. 6) found that the ciliate fauna 
differed less than the rhizopod fauna. The main difference lay between the 
testacea of the two acid soils, which contained the genus Nebela, and the 
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FIG. 6. Distribution of amoeba, testacean, and ciliate species in three beechwood soils on 
the Chiltern Hills, England 

more restricted testacean fauna of the calcareous mull which resembled a 
grassland fauna. There appeared to be no difference in the amoeba fauna of 
the three soils. The ciliate faunas differed less than the testacean faunas and, 
unlike them, the main difference was between the mor and the two mull soils. 
Ciliate species particularly favoured the calcareous mull. In general amoebae, 
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flagellates and ciliates favour conditions of high base status and a mellow 
humus with a high rate of mineralization, whereas the testaceans appear to 
favour a slow organic turnover particularly characteristic of raw humus 
(Stout, 1965). 

Comparable studies, confined to testacea, have been made by Chardez 
(1959, 1960a, b, 1962), Thomas (1959) and Bonnet (1958, 1961c). Chardez 
(1960c) compared the fauna of fresh water, Sphagnum and moss, and soil, 
concluding that Difflugia is essentially aquatic, Nebela sphagnicolous, 
Plagiopyxis terricolous and Trinema and Phryganella ubiquitous. In other 
papers he distinguished the testacean fauna of a range of soil types (Chardez, 
1959, 1960a, b, 1962). Bonnet (1958, 1961a, b, 1964*) studied in considerable 
detail the testacean fauna of the Bouillouses region in the Pyrénées, of the 
French Pyrénées generally and, to a lesser extent, of other French soils. In 
the Bouillouses region, at an altitude of 2,000 m he distinguished, like Char-
dez, between the fauna of mineral soil and that of "Hochmoor". In Sphag-
num from the "Hochmoor" he identified the peat faunas described by Har-
nisch (1929), but this fauna was absent from mineral soils. In the mineral 
soils he distinguished three groups of species: (1) ubiquitous species like 
Corythion dubium and Trinema lineare, (2) species characteristic of skeletal 
soils (or azonal soils), Assulina muscorum, Centropyxis vandeli and C. aero-
phila, and (3) species characteristic of mature zonal soils, C. sylvatica, 
Plagiopyxis declivis, P. penardi, Phryganella acropodia and Trinema com-
planatum. Later he developed these ideas into a formal classification (Table 
II) of the testacean communities of mineral soils (Bonnet, 1961a, b, c). In 
young or immature soils (skeletal or azonal) the fauna is related to the kind 
of parent material or parent rock, and like the fauna of mosses consists 
largely of Centropyxideae. In zonal or mature soils the fauna is independent 
of the parent material and Plagiopyxis is the most characteristic genus. In 
comparing this work with earlier studies or with the New Zealand survey it 
is important to realize that the methods used by Chardez, Thomas and Bonnet 
are extraction methods and not culture techniques. 

The extensive literature on the testacea of Sphagnum bogs (Schönborn, 
1962a), is of interest chiefly because the fauna resembles that of forest litter 
with Nebela predominating. There is a marked stratification of the fauna on 
the Sphagnum plant with some species preferring the summit and others the 
base (Bonnet, 1958; Heal, 1962; Schönborn, 1963). The large testacean fauna 
and the preservation of their shells in the peat suggested the value of testacea 
for stratifying bogs and Harnisch's classification has often been used (Gil-
yarov, 1955; Grospietsch, 1952). However, the faunal pattern of mosses 
generally is very complex (Fantham and Porter, 1945) and though Harnisch's 
types are of some value, a wide range of intermediate communities exists. 
The chief distinction is between the hygrophils, the xerophils and the eury-
topes (Bartos, 1940) and between the fauna of bogs or acid peats and fens 
or alkaline peats (Heal, 1961,1964a). Heal found that fen Sphagnum contained 

* Results from this major work are not dealt with fully because it appeared after the 
chapter was written. 
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Sandon (1928), however, found that fen 
soils, contained no more testacea than 

more species than bog Sphagnum 
soils, as distinct from acid peat 
ordinary mineral soils. 

Although their pattern of distribution differs in many respects, the ciliate 
and testacean faunas of soil have much in common. Both are closely related 
to the fauna of mosses and Sphagnum and both reflect the moisture regime 
and base status of the habitat. 

TABLE II 

Classification of testacean communities (from Bonnet 1961c) 

Class Order Alliance Association 

I 

o 
C/3 

Azonal soils low in 
organic matter 

Centropyxidetalia 

Acid soils 
Corythion dubii 

Calcareous soils 
Bullinularion 

gracilis 

Evolved soils rich 
in organic matter 

Plagiopyxidetalia 
callidae 

{Soils with Saxicole 
vegetation and roots 
Skeletal soils 

Soils very low in 
organic matter 

Soils with 
accumulated 
organic matter 

Decalcified clays 

White rendzinas 
Skeletal soils 

Brown forest soils J M o r 
Plagiopyxidion \ Mull 

callidae 

acollae ! Calcareous grasslands 

Saline soils <! Saline soils < Saline gleys 

Centropyxidetum 
deflandrianae 

Centropyxidetum vandeli 

Paraquadruleto-
hyalosphenietum insectae 

Centropyxidetum 
plagiostomae 

Pseudawerintzewietum 
calcicolae 

Geopyxelletum sylvicolae 
Ar celle turn arenariae 

Plagiopyxidetum callidae 
Plagiopyxidetum penardi 

Tracheleuglyphetum acollae 
T.a. Centropyxidetosum 

elongatae 

Centropyxidetum 
halophilae 

B. MlCROHABITAT 

Microhabitats have seldom been examined although protozoa are often 
restricted in distribution within the soil profile. A marked stratification in 
forest soils is well documented for testacea (Volz, 1951; Bonnet, 1961c, 
Fig. 7; Schönborn, 1962b; Chardez, 1964) and is also shown by ciliates. Of 
the 40 ciliate species recorded from 3 beechwood soils on the Chiltern Hills, 
39 were recorded from the organic horizons (L, F, H) but only 25 from the 
mineral topsoil (Ah). Similarly of the 21 testacean species recorded, all were 
present in the organic horizons, but only 9 in the mineral topsoil (Stout, 
1963; Fig. 8). This distribution appears to be related to pore space, thickness 
of water film, resistance to desiccation and, for testacea, availability of test 
building materials. Those testacea with large pyriform tests (Nebela, Heleo-
pord) are restricted to the organic layers, but those with flattened or small 
tests (Centropyxis, Plagiopyxis, Corythion, Trinema, and Euglyphd) are com-
mon in mineral topsoil. This type of distribution has been demonstrated 

6* 
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statistically by Bonnet (1964) and Fig. 9 shows a detailed example from an 
acid brown forest soil under oak in northern England. Similar zonations 
occur on Sphagnum plants (Bonnet, 1958; Heal, 1962; Schönborn, 1963). 

In saline soils (Solonetz-Solonchak) the populations is concentrated in the 
B1 horizon (Szabo et al.9 1959) where the salt concentration is relatively low 
and an analagous zonation may be found in gleyed or waterlogged soils 

1 2 3 4 5 6 7 8 9 I0 II I2 I3 I4 !5 I6 I7 l$ I9 20 

Shape 
of 

test 

<ΞΞ> Q o o o 

FIG. 9. The vertical distribution of 20 species of testacea in a woodland soil in relation to 
their test shape. The species are: (1) Arcella arenaria, (2) Euglypha strigosa, (3) Corythion 
dubium, (4) E. ciliata, (5) Nebela tincta, (6) Hyalosphenia subflava, (7) Cryptodifflugia ovi-
formis, (8) Trinema enchelys, (9) E. laevis, (10) T. complanatum, (11) N. militaris, (12) Cen-
tropyxis sylvatica, (13) C aerophila, (14) Trigonopyxis arcula, (15) Phryganella acropodia, 
(16) Γ. lineare, (17) Plagiopyxis penardi, (18) Cyclopyxis kahli, (19) C. puteus, (20) Centro-
pyxis orbicularis. The percentage occurrence in ten cultures from each horizon is shown 

(O. W. Heal unpublished). 

(Wilcke, 1963). Conversely, similar conditions may occur in the water film 
of superficially different habitats, such as soil, moss and forest litter, and this 
accounts for the widespread distribution of some protozoa. 

C. ABUNDANCE AND BIOMASS 

The most commonly used technique for estimating numbers of protozoa 
is the dilution culture, begun by Cutler (1920) and developed by Singh (1946). 
Early estimates by this method are probably unreliable because few replicates 
were used and culture conditions were unsuitable (Singh, 1946). Few results 
have been treated statistically. Direct methods of counting developed recently 
have been used chiefly to estimate testacean populations. Bunt and Tchan 
(1955) compared dilution methods with direct counting on a garden soil in 
Sydney, Australia, and a peat soil from Macquarie Island, in the sub-
Antarctic region. 
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1. Numbers per unit mass 
Numbers are commonly estimated on the basis of the wet or dry weights 

of soil. This is satisfactory for comparing mineral soils, and microflora 
numbers, but for comparing forest or organic soils with mineral soils the 
figures must be in numbers per unit area because densities of organic and 
mineral soils differ greatly. Numbers per unit area are also necessary for 
comparison with other animal populations and provide the basis for estimates 
of biomass and the role of protozoa in the organic cycle. 

(a) Flagellates and Amoebae. Flagellates and small amoebae are the easiest 
populations to estimate and, under most soil conditions, the most numerous. 
Bunt and Tchan (1955) found reasonable agreement between direct estimates 
and dilution estimates (using mannitol soil extract agar) for their garden soil 
but not for the peat (Table III). 

Populations of 103-105/g wet soil are commonly recorded for temperate 
soils of moderate fertility (Singh, 1946, 1949; Singh and Crump, 1953), but 
amoeba counts of over 106 have been recorded (Brzezinska-Dudziak, 1954). 

A high proportion of the population may be encysted. Bunt and Tchan's 
figures suggest about 50% and Singh and Crump (1953) recorded 8-49% 
encystment of amoebae in a forest nursery soil. 

(b) Ciliates. Determination of ciliate populations is less frequent and less 
certain, a reflection of the greater delicacy of ciliate structure. Bunt and 
Tchan (1955) found many in their garden soil, equal to the flagellates and 
more than the amoebae, though only 28% were active. Generally, however, 
estimates for temperate soils are less than 103/g wet soil for arable or grass-
land soils (Singh, 1946; Stout, 1962) though greater numbers are recorded for 
forest soils (Stout, 1963; Varga, 1958; Geliert, 1955, 1957). 

(c) Testacea. Testacea are rarely recorded by dilution techniques because 
they need a long culture period for growth (cf. Bunt and Tchan, 1955, Table 
III). As many as 250/g wet soil have been found by this method for New Zea-
land grassland soils. The testacea are, however, particularly well suited for 
direct counts and up to 3,000/g and 7,000/g wet soil have been recorded for 
forest soils by Varga (1958) and Rosa (1962) respectively. Similar figures 
have been recorded by dilution counts (Stout, 1962). Using a modification of 
the Jones and Mollison technique Heal (1964b, 1965), found between 20,000 
and 70,000 live cells/g dry soil for English deciduous woodland, grassland 
and moorland and for sub-Antarctic grassland (Deschampsia). 

2. Numbers per unit area and biomass 

Estimates of numbers per unit area involve assumptions such as the popu-
lation being uniformly distributed and concentrated largely in the organic 
horizons and in the topsoil (say the top 10 cm). These may be invalid, so 
estimates of field populations and biomass based on them must be treated 
with caution. Nevertheless, it is probable that populations have been under-
estimated rather than overestimated. 

In estimating biomass it is important to remember that the commonest 
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TABLE ΠΙ 

Abundance and biomass of soil protozoa. 
Comparison of population estimates with dilution technique 

and direct counting (after Bunt and Tchan, 1955) 

Flagellates 
Amoebae 
Testaceans 
Ciliates 
Cysts 

Garden loam 
Sydney, Australia 

Dilution Direct 
count count 

6250 4000 
2380 1750 

0 350 
6250 1750 

0 5500 

Peat 
Macquarie Island 

Dilution Direct 
count count 

0 250 
0 250 
0 120 

63 850 
0 4000 

Numbers and estimated biomass of protozoa in a Rothamsted soil 
(after Singh, 1946) 

Flagellates Amoebae Ciliates 

Nos g/wet soil 70,500 41,400 377 
Est. biomass g/m2 0-35 1-6 012 

Distribution of testaceans in the horizons of two forest soils (after Volz, 
1951) expressed as numbers/m2 x 1,000 

L 
F 
H 
A (0-5 cm) 

(6-10 cm) 
(20 cm) 
(c. 40 cm) 

Total 

Beech forest 
Live 

47-7 
134-3 

2968 
3710 
1400 

— 
— 

8260 

Dead 

20-4 
176-4 

35,714 
170,457 
82,144 

— 
— 

287,512 

Oak forest 
Live 

427 
281 
— 

6394 
702 

0 
0 

7804 

Dead 

86 
873 

— 
11,180 

6050 
6490 

158 

24,679 

species are generally the smallest (Cutler et al, 1922) and that protozoa in 
soil are often smaller than in culture (Kubiena, 1938). 

Estimates of flagellate and amoeba populations on an area basis are un-
common. Table III shows an estimate based on Singh's data (Singh, 1946) 
for three of the main populations of a Rothamsted soil estimated by the same 
technique. The dimensions given by Cutler et al (1922) for the dominant 
flagellates and amoebae are used to estimate the mass. The mean diameter 
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is assumed to be 5 μ for flagellates, 10 μ for amoebae and 20 μ for ciliates, 
giving volumes of about 50 μ3, 400 μ3, and 3,000 μ3 respectively. These figures 
suggest that amoebae are the most important element in the population but 
that the total mass is only about 2 g/m2. It is assumed that there were few 
testaceans in this soil, perhaps comparable to New Zealand grassland soils, 
and their mass would be comparable to that of the ciliates. In Bunt and 
Tchan's garden soil, however, the ciliates would be of major importance 
roughly equal to the amoebae which apparently were of comparable size. 
The flagellates appear to have been of less importance. 

Estimates of live testaceans by direct methods, for oak and beech forest 
range from 5-8 x 106/m2 and for pine forest 25 x 106/m2 (Volz, 1951 ; Schön-
born, 1962b). However, later figures by Volz (1964) and Heal (1964b, 1965) 
are in the region of 106-109/m2 for various soils. Volz (1964) distinguishes 
between mull soils containing 1-2 x 107 and moder types with about 
5 x 108/m2. A biomass of ;1 g/m2 was given by Volz in his earlier work (Volz, 
1951). Heal (1965) quotes 2 g/m2 for Antarctic grassland and other popula-
tion estimates indicate a biomass up to 10 g (wet weight)/m2. 

It seems likely, therefore, that in most temperate arable and grassland soils 
there is a comparatively small biomass, less than 5 g/m2, but that in woodland 
soils or in cold grassland soils where there is accumulation of organic matter 
and conditions favouring the relatively large species of rhizopods, both 
amoebae and testacea, the biomass of protozoa may be appreciably greater, 
possibly up to 20 g/m2. Similar figures may be obtained in exceptional con-
ditions in other soils, since populations some thirty times greater than those 
given by Singh have been reported. 

Competition is probably a very important factor influencing protozoa 
populations as indicated by the preliminary results of Hairston (1965). Since 
the classic studies of G. F. Gause many laboratory competition studies have 
involved protozoa (e.g. Burbanck and Williams, 1963) but these are not related 
to particular field studies. Analyses of field studies have seldom considered 
competitive relationships or the effects of intra- and inter-specific competition 
on numbers of protozoa and their distribution in soil. Maguire (1963a) 
discussed the exclusion of Colpoda from superficially favourable habitats in 
the presence of Paramecium and other protozoa. 

3. Seasonal variation and relation to depth 

Singh (1949) and Singh and Crump (1953) failed to observe any seasonal 
trends in the protozoan populations of two Rothamsted soils (Barnfield and 
Broadbalk) and a pine nursery soil. In an earlier study of the Barnfield soil, 
however, Cutler et al. (1922) made daily counts throughout the year and 
found a population increase in autumn, with lower populations in summer. 
This pattern has also been recorded for other soils in Europe; by Nikoljuk 
(1956) for irrigated cotton fields of south Russia and by Aristovskaya (1962) 
for a number of Russian soils, including a northern podzol. These latter 
studies, based on direct observations, also showed that in winter the protozoa 
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only remained active below the frozen topsoil, although normally protozoan 
activity was greatest in the topsoil. 

Activity, as measured by population size, may also vary in soils affected 
by compaction or by differences in the level of the water table and this may 
be reflected in the distribution of species in the profile (Wilcke, 1963). In 
saline soils, such as solonetzik or solonchak soils, where salt tends to accumu-
late at the surface, the population may be concentrated in the Βχ horizon 
(Szabo et al, 1959). 

In forest soils the stratification of the population is more readily observed 
(Bonnet, 1961c, Fig. 10; Chardez, 1964; Schönborn, 1962b; Stout, 1962; 

FIG. 10. Frequency of occurrence of Centropyxis (1, 2) and Plagiopyxis (3, 4) under Pinus 
uncinata (1, 3) and Ilex aquifolium (2, 4). A, B: Ao horizon; C: top of Ai horizon; D, E: 

upper half of Ai horizon (after Bonnet, 1961b). 

Volz, 1951 ; Table III). Testacea, for example, are relatively few in the upper 
litter horizons (L and F) and increase in the humus and topsoil layers (H 
and Aj). Numbers of species and individuals usually decrease markedly in 
the A2 horizon or below about 10 cm depth. There is however, a difference 
between mull and mor soils, the population tending to be concentrated in 
the organic horizons of the latter. Testacea and ciliates also differ, the latter 
colonize fresh litter more rapidly and consequently maintain a relatively high 
population in the upper horizons. 

These seasonal and horizon differences in the population reflect differences 
in the character of the soil environment and the response of the protozoan 
populations to them. They also stress the importance of the microhabitat in 
their growth. 
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4. Relationship to numbers of bacteria and plant growth 
The close inter-relationship between populations of amoebae and bacteria 

in nature was first conclusively established by Cutler et al. (1922), who found 
that daily fluctuations in the two populations were not a function of tempera-
ture, moisture or aeration, but that the numbers of active amoebae were 
inversely related to those of bacteria on 86% of the days. Evidence indicated 
that this resulted from protozoan prédation on the bacteria. Taylor (1936) 
found that, in general, short-term variations in numbers of protozoa were 
inversely related to total numbers of bacteria, but he also stated that "the 
accuracy of the protozoal counts does not justify statistical treatment". 
Similar results were obtained by Telegdy-Kovats (1928), Jacobs (1931) and 
others, and in laboratory experiments amoebae have been shown to depress 
bacterial numbers (Telegdy-Kovats, 1932; Kunicki-Goldfinger et al, 1957). 
However, Cutler et al. (1922) and Jacobs (1931) found no correlation be-
tween numbers of flagellates and bacteria and other workers concluded that 
protozoa have little influence on bacterial populations (Koffman, 1935; 
Fehér and Varga, 1929; Varga, 1956). In most cases attempts have been made 
to correlate the major groups of protozoa with total bacterial counts and it is 
therefore not surprising that few correlations have been found, as there is 
much evidence for food selection by protozoa; that different species select 
different foods ; that food other than bacteria is eaten ; that the methods of 
counting, especially those for bacteria, are known to be selective and finally 
that both protozoa and bacteria are influenced, independently, by other 
factors. In fact it is surprising that correlations have been found. There is 
adequate laboratory and some field evidence, of the inter-relationship of 
the two populations; of variations in suitability of different bacteria for 
different protozoan predators, and of the importance of bacteria in stimu-
lating growth and excystment of protozoa. 

Comparing two fields under three treatments—unmanured, with farm-
yard manure, and with mineral nutrients—Singh (1949) found that the 
numbers of amoebae were greater in the two manured plots than in the 
unmanured plots (Table IV). There were, however, comparatively small 
differences in the bacterial and fungal populations, and Russell (1961) remark-
ed that only the protozoa tended to reflect differences in soil fertility. It seems 
plausible to argue, however, hat the increased bacterial activity was masked 
by the prédation of the increased protozoa population. What is of interest is 
that the main difference lay between the unmanured soil and the much higher 
yielding manured soils, and was not therefore related to an increase in 
organic content but to an increase in plant activity, which would also be 
reflected in root growth and root exudates. The stimulating effect of root 
growth—the rhizosphere effect—has been well established for protozoa (see 
p. 178) and Biczok (1954, 1955, 1956) argued that seasonal changes in proto-
zoan populations reflect differences in plant growth and root activity. Al-
though the population may be stimulated by root growth, cultivation can 
have an adverse effect, particularly on the testacean population (Biczok, 
1956). 
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TABLE IV 

Amoeba counts of two cropped fields under different agricultural treatment— 
(after Singh, 1949) 

pH 
% Organic matter 
Mean amoeba counts 

x 1,000/gdry wt 
Total 
Active 

c* 
7-2 
0-8 

8 
5-3 

Barnfield 
M 

7-1 
0-8 

26 
23 

O 

7 0 
2-5 

34 
28 

C 

8-1 
11 

17 
10 

Broadbalk 
M 

7-9 
1-2 

48 
40 

O 

7-7 
2-6 

72 
52 

* C, untreated; M, complete minerals; O, farmyard manure. 

IV. THE BIOLOGY OF SOIL PROTOZOA 

A. LIFE HISTORY 

Few soil protozoa (apart from the Myxomycètes) are polymorphic and 
those that are show relatively little differentiation between the different life 
stages. Most of the flagellates are monomorphic, but certain of the related 
amoebae occur in either flagellated or limax form (Singh, 1952), a change 
induced by altered environmental conditions (Brent, 1957; Willmer, 1956). 
Other amoeboid organisms, such as the proteomyxids, have both a limax and 
a reticulate stage in their life history. Of the ciliates, some, such as Tetra-
hymena rostrata, have theront, trophont and tomite stages (Stout, 1954) and 
free swimming and tentaculiferous forms occur in the few soil suctorians. 

The formation of cysts or other forms that resist desiccation is one of the 
most distinctive and common features of soil protozoa. There is great vari-
ation in the degree of de-differentiation in the cell, the thickness of the cyst 
membrane and the readiness with which the cysts are formed and activated. 

Cysts of small amoebae are simple, typically spherical, with cyst walls 
varying in thickness and structure (Singh, 1952). They remain viable when 
dried and when treated with dilute HC1, a method used to differentiate 
encysted from trophic forms (Singh, 1946). Cysts of Naegleria gruben and 
Acanthamoeba sp. endure exposure to picric acid up to 20% concentration 
(Hajra, 1959). Factors influencing encystment of amoebae have not been 
widely studied but Band (1963) using Hartmannella rhysodes in axenic culture 
concluded that although starvation, and a decrease in aeration and divalent 
salts could cause encystation, the main factor is desiccation i.e. an increase 
in the osmotic pressure. Oxygen supply also limits cyst formation in H. 
rhysodes, no cysts being formed at low oxygen tensions (Band, 1959). Ex-
cystment in some species may be obtained with water, others require the 
presence of bacteria or their metabolic products such as amino acids (Crump, 
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1950; Singh et al, 1958). The available evidence suggests that cysts of flagel-
lates and amoebae remain viable for long periods in soils (Goodey, 1915). 

Testacea show several types of cyst formation (Volz, 1929). In the simplest 
case, first described by Penard (1902) for the common soil species Trigono-
pyxis arcula ( = Difflugia arcula), a wrinkled membrane or pellicle covers the 
cytoplasm, producing a pre-cyst whose formation may take only a few 
minutes (Bonnet, 1959, 1960, 1961c, 1964). In the second case a true cyst 
is formed inside the test, the cyst membrane, as with amoebae, varying in 
thickness and shape. Finally, associated with a true cyst, the mouth of the 
test may be plugged. The physiology of encystment and excystment in testacea 
is poorly understood. Physical and physiological drought appear to be im-
portant, but even under relatively constant culture conditions periodic encyst-
ment and excystment occurs (Bonnet, 1964). 

Some authors describe cyst and spore-like stages in testacea that may be 
associated with sexual processes. Life cycles involving small naked amoeboid 
stages and individuals with small tests are also recorded (Bonnet, 1964; 
Chardez, 1965). All the information suggests that such complex life cycles 
are a feature of testacea, but pure cultures have not yet been used to verify 
them. 

The literature on encystment of ciliates, particularly the common soil 
species of Colpoda, is very extensive (Stout, 1955). Colpoda steinii is perhaps 
the most widespread of soil ciliates and indeed of soil protozoa and may 
properly be considered one of the species best adapted to its environment. It 
is small, up to 50 μ in length, feeding on bacteria and perhaps yeasts in nature 
but capable of axenic culture. It forms at least three types of cysts; resting or 
resistant cysts, reproductive cysts, and unstable cysts. Resting or resistant 
cysts normally form after a period of growth under the twin influences of 
exhaustion of food and crowding. Such cysts may be activated by a hypotonie 
solution, such as distilled water, or by the presence of bacteria, other nutri-
ents or even alcohol. The cells feed and grow and on reaching a certain size 
or after a certain period of time, they form reproductive cysts within which 
cell division takes place. Excystment follows cell division provided food and 
other conditions are favourable. Unstable cysts form in response to adverse 
conditions which tend to inhibit growth and division. These include high 
salinities (2-3% NaCl), low and high temperatures (4° and 35° c), and the 
absence of oxygen. If the inhibitory factor is removed the ciliates will excyst 
and continue to feed and divide. The cysts, particularly the resistant ones, 
can withstand very low (near absolute zero) and very high temperatures 
(near 100° c) and high carbon dioxide tensions. They remain viable for decades 
(Goodey, 1915; Bridgeman, 1957), Colpoda cysts representing the most effici-
ent example. In Sathrophilus muscorum (Stout, 1956b) and Frontonia depressa 
(Stout, 1956a) the mechanism is less well developed with incomplete dediffer-
entiation, a thinner cyst membrane and lower viability. Moreover, in these 
genera only resting cysts appear to be formed, the cells divide outside a cyst 
membrane. 

The aquatic soil environment is transitory in most soil habitats. 
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Consequently protozoa capable of rapid growth have a distinct advantage in 
filling these niches. In general, the flagellates, small amoebae and ciliates divide 
fairly rapidly, perhaps once or twice a day at temperatures of about 12°c. 
Some species divide more rapidly than others and all depend upon an ade-
quate supply of food. Most testacea reproduce more slowly so population 
growth is slower than other groups. This is shown by the succession in 
laboratory cultures, flagellates preceding amoebae and ciliates which in turn 
are followed by testacea. Recovery of field populations after partial steriliza-
tion follows a similar sequence (Stout, 1961). 

B. MORPHOLOGY 

Compared with the fresh water and marine faunas, the most striking fea-
ture of the soil fauna is the absence of large, structurely elaborate protozoa. 
The common soil flagellates, such as Cercomonas and Oikomonas are 
minute, only several microns in length and even Peranema trichophorum one 
of the largest soil flagellates is only 70 μ long. The common soil amoebae 
are generally less than 50 μ long (Singh, 1952) and the commonest testacea, 
such as Trinema lineare, Corythion dubium and Euglypha rotunda are little 
bigger. Similarly, the common soil ciliates, Colpoda and Enchelys are less 
than 100 μ long. Where congeneric species differ in size, the smallest is almost 
invariably the commonest soil form. This is true of Trinema and Euglypha 
among testacea and of Frontonia and Dileptus among ciliates. The larger 
species of the same genus are either uncommon in soil or occur only in fresh 
water or marine habitats. When they occur in soil, larger amoebae, testacea 
and ciliates are either confined to habitats, such as forest litter, with extensive 
and better aerated water conditions or else tend to show some compensating 
morphological adaptations. Morphological variation within a species in rela-
tion to habitat variation has been shown by Chardez and Leclercq (1963) 
and Heal (1963b). Testacea confined to forest soils or peats include large 
species of Nebela and Heleopora and the large spined Centropyxis aculeata. 
Ciliates found only in moss or litter include Stentor multiformis, the only 
edaphic species of the genus and the smallest; Bresslaua, the largest and most 
complex genus of the Colpodidae; and Phacodinium metschnicoffi, morpho-
logically perhaps the most elaborate if not the largest of all soil ciliates. At 
the other extreme, Varga (1960) states that ciliates are absent from compacted 
clay solonetz because of the very fine pore size. 

Except for species such as Trinema lineare, Euglypha rotunda and E. laevis, 
the common soil testacea, as distinct from those found in forest litter, tend 
to be sub-spherical with a slightly flattened ventral surface containing the 
mouth or pseudostome. Spines or horns are absent (Chardez and Leclercq, 
1963; Fig. 9). These features are thought to be adaptive and to allow the 
testacean to adhere to the substrate like a chiton and to extend its pseudo-
podia in the thin film of water surrounding the soil particles. The very small 
species lacking this form are thought to be sufficiently small to be able to exist 
within the water film (Volz, 1951; Schönborn, 1962b; Heal, 1964b; Bonnet, 
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1961c). Two other morphological features, plagiostomy and cryptostomy, are 
considered to be adaptations to life in soil; both involve a reduction in the 
size of the pseudostome in proportion to the test and the formation of a 
vestibule (Fig. 11) and both tend, therefore, to protect the cell against desicca-
tion (Bonnet, 1961a, 1964). Many of the morphological features of testacea 
present in primary biotopes such as lakes, pre-adapt them for life in secondary 
terrestrial habitats, while other characteristics of soil species are post-
adaptive changes (Schönborn, 1964). 

FIG. 11. Comparison of the form of the test of testacea showing increasing cryptostomy in 
the genus Plagiopyxis (2-6) and increasing plagiostomy in the genera Centropyxis (B-G) 

and Paracentropyxis (H) (after Bonnet, 1961b). 

With ciliates, the chief morphological features are the relatively simple 
form and the tendency towards plasticity that is also shared by flagellates and 
amoebae. This plasticity enables even the larger species to use the very thin 
water film surrounding the soil particles and to occupy the minute pores in 
which moisture is usually retained. Many of the ciliates are flattened and, 
apart from a single species of Vorticella, none of the common species is 
attached to the substrate. Even the Vorticella can detach itself and form a 
free-swimming telotroch very rapidly (Stout, 1956c; Horväth, 1949). 
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C. PHYSIOLOGY 
1. Movement 

Losina-Losinsky and Martinov (1930) studied the movement of an amoeba 
(Vahlkampfia sp.), a ciliate (Colpoda steinii) and a bacterium {Bacterium 
radicicolä) in different mechanical fractions of a sterilized garden soil at 
different moisture levels. They found that activity depended both upon the 
moisture and the physical structure of the soil. In the α-0-Ι mm fraction, 
movement of the bacterium and the protozoa was limited, though greater 
at 25% moisture than at either 15% or 20%. In the 0-1-0-25 mm fraction 
movement appeared to be directly proportional to the moisture status, 
amoebae moving more freely than ciliates. In the 0-25-0-5 mm fraction the 
organisms moved more freely and showed a similar dependence on soil 
moisture. Ciliates, however, moved only at 25% moisture and then moved 
3 cm in a day compared with 1 cm a day for amoebae at that moisture level. 
It was concluded that movement was a function of the proportion of moisture 
in relation to the water holding capacity (w.h.c.) of the soil. At moisture con-
tents up to 40% w.h.c. the protozoa move slowly or not at all. Above this 
level they move more freely; ciliates, for example, diffusing over 190 cm2 in 
two days at 59% w.h.c. Similar results were obtained for other soils and for 
sand (Losina-Losinsky, 1932, Figs. 12, 13). Singh (1947) found that the 
amoebae of Dictyostelium moved at a similar rate. Biczok (1959) recorded 
movement of 0-4-0-5 cm/day for Colpoda fastigata in sterile garden soil. 
Bonnet (1961a) measured the rate of movement of testacea in culture 
in terms of body length and found that small species moved relatively faster 
than larger species (Fig. 14). 

2. Nutrition and respiration 

In axenic culture protozoa reveal exacting nutritional requirements. The 
flagellate Peranema trichophorum, for example, required thiamine, riboflavin, 
B12 (cobalamin), tryptophan, methianine, nucleic acid components (satisfied 
by a combination of uracil, cytidylic, guanylic and adenylic acids) and traces 
of fat-soluble and water soluble materials not yet identified (Storm and Hut-
ner, 1953). Similarly complex requirements were found for the amoeba-
flagellate Tetramitus rostratus (Brent, 1955), and some small soil amoebae, 
the latter needing thiamine, B12 and various organic acids (Adam, 1959; 
Band, 1959; Neff et al, 1958). Adam (1964a) has shown that hartmanellid 
amoebae may differ in their amino-acid requirements, one strain requiring 
only 6 essential amino-acids plus glycine and synthesizing histidine, lysine, 
threonine and tryptophan. The ciliate Colpoda steinii required thiamine, 
riboflavin, nicotinamide, pyridozine, pantothenic acid, several heat-stable 
and heat labile factors of plasmoptyzate including, perhaps, thioctic acid 
(van Wagtendonk, 1955a). The absence of specific growth factors will induce 
encystment even when an adequate energy supply is available (Garnjobst, 
1947). However, the ecological significance of these nutritional requirements 
is not clear and the diversity of the soil microflora is such as to supply the 
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known requirements of the protozoa. It has been suggested that the soil 
flagellates may be osmotrophic, especially in nutrient rich soils (Varga, 1959; 
Nikoljuk, 1956) but the evidence is slight. 
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FIGS 12 and 13. Rate of movement of protozoa in soil at 20% (Fig. 12) and 35% (Fig. 13) 
moisture. Colpoda cucullus is a larger species than C. steinii (after Losina-Losinsky, 1932). 

Respiratory activity of protozoa depends closely upon the available nutri-
ents. Reich (1948, Table V) found the respiratory rate of fed Mayorella 
palestinensis (101 mm3/02/mg wet wt/hr) greater than that of starved cells 
and much greater than that of the cysts. The respiratory rate was also slightly 
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greater in a nutrient solution than in a balanced salt solution. M. palestinensis 
could metabolize added peptone but not added glucose, whereas Neif et al. 
(1958) found that Acanthamoeba metabolized glucose but not peptone. 
The R.Q. was 0-86 for both species. Adam (1964b) from a comparative study 
of hartmanellid amoebae, including Mayorella palestinensis and Neff's strain 
of Acanthamoeba, concluded that they belonged to a single species whose 
correct name is Hartmanella castellanii Douglas. Reich found little difference 
in the respiration at pH 6-0 and 8Ό although originally he recorded marked 
differences in growth (Reich, 1933). There was no change in respiratory rate 
with oxygen tensions between 5-50% of normal but at 1-2% of normal tension 
respiration fell to 42-43% of normal. Ormsbee (1942) found a difference be-
tween the respiration of the ciliate Tetrahymena pyriformis in the stationary 

« 

-

-

I 

y< 

\ | 

y 

1 ! 

Centropyxis deflandriana 
var. minima 

Centropyxis globulosa 
C. minuta 
C. syvatica var. minor 
Centropyxis aerophila 

Bullinularia gracilis 

' · . . 
1 1 

■j 

Ί 

-

B. indica-

.—#__ 
0 50 100 150 , 200 

Body length (/*) 

FIG. 14. Rate of movement per unit body length per second of testacea in relation to the 
size of the body (after Bonnet, 1961a). 

and exponential phase and in nutrient and non-nutrient solutions (Table V). 
Pace (1946) found the R.Q. of this ciliate generally greater than unity and 
this agrees with its known ability for anaerobic fermentation. The respiratory 
rate of the typical soil ciliate Colpoda, fed on Chlamydomonas, is similar to 
that of Tetrahymena (Adolph, 1929). Like M. palestinensis little variation 
with oxygen tension occurs unless it is reduced to about 5 mm Hg when the 
oxygen consumption of the ciliate falls to 31% of its normal rate (at 156 mm 
Hg). Adolph also observed that at lower oxygen tension (40 mm Hg) the 
ciliates divided earlier before attaining normal size. This indicates that small 
or "dwarf" Colpoda in soil (Kubiena, 1938) may result from reduced oxygen 
tensions as well as from reduced food supply. The advantage of small size 
is that it allows oxygen to diffuse more rapidly to the centre of the cell. The 
cysts of Colpoda have a low respiratory rate, 35 mm3/hr/mg dry wt. at 22° c 
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(Thimann and Commoner, 1940). There is little work on the respiration of 
soil flagellates but work on Chilomonas paramoecium suggest a rate com-
parable to that of Mayorella (Hutchens, 1941). 

This evidence shows that respiratory activity is a function of oxygen ten-
sion, food supply and the physiological state of the population, which all vary 
greatly in soil. 

TABLE v 

Respiratory rate of the amoeba Mayorella palestinensis at 
27° c (after Reich, 1948) and the ciliate Tetrahymena pyri-
formis at 26*8° c (after Ormsbee, 1942) expressed as 

mm3O2/hr/107 cells 

Species 

Mayorella palestinensis 
Fed cells 
Starved cells 
Cysts 

Tetrahymena pyriformis 
Exponential stage 
Stationary stage 

Non-nutrient 
buffer 

102 
84 

— 

1402 
1337 

Nutrient 
solution 

117 
102 
22 

4330 
6330 

3. Moisture, salinity and temperature 
The moisture regime is probably the most selective attribute of the soil 

environment to which protozoa must be adapted. It involves alternate wetting 
and drying of the soil, restriction of the water to narrow pores, capillaries and 
thin surface films often associated with mineral and organic colloids, and 
variations in osmotic tension. The activity of ciliates has been related to 
wetting and drying of soil (Horvâth, 1949) but there is little direct evidence of 
the effect on protozoa of changes in moisture content within a soil. 

Cutler et al. (1922) found no significant effect of soil moisture on protozoan 
numbers or encystment in their daily counts of the Barnfield plots where the 
moisture varied only from 12-22%. But in the same soil Cutler and Dixon 
(1927), showed that reproduction of protozoa fell when moisture content 
fell below half the water holding capacity of the soil. Of the four species 
studied, only Cercomonas crassicauda, could excyst and reproduce at a 
moisture content below \ w.h.c. and although excystment took place there 
was little or no multiplication of any of the species at \ w.h.c. (Table VI). 
These results correspond quite well with those of Losina-Losinsky and Mar-
tinov (1930) for movement of protozoa in soil (p. 171). Encystment appears 
to be an adequate defence against drought which Sandon (1927) concluded 
was not an important factor limiting the distribution of the protozoa in soil. 

Most common soil protozoa can adapt to a wide range of salinities, up to 
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25-45%o (Reich, 1933), though increasing salinities may inhibit reproduction 
and lead to encystment (Stout, 1955; Band, 1963). Conversely, reduction of 
osmotic tension may lead to excystment and growth. High cation concentra-
tions cause the amoeba-flagellate, Naegleria gruben, to transform to the 
amoeba stage whereas low concentrations or anions such as phosphate and bi-
carbonate favour the flagellate stage. This indicates conservation of cations 
by the flagellates and conservation of water by the amoebae (Willmer, 1963). 

TABLE VI 

Populations of three flagellate species and an amoeba ( x 1000/g) in 
samples of Barnfield soil at different moisture content (Cutler and 

Dixon 1927) 

Time 

Cercomonas 
crassicauda 

Heteromita 
globosa 

Oikomonas 
termo 

Naegleria 
gruben 

No. 

230 

21 

10 

1-8 

i W.H.C* 
0 

% 
Active 

0 

0 

0 

0 

24 hr 
No. 

230 

44 

10 

65 

0 / 
/o 

Active 

86 

96 

87 

21 

No. 

44 

41 

1-8 

7-3 

i W.H.C. 
0 

/o 
Active 

0 

0 

0 

0 

24 hr 
No. 

420 

140 

44 

21 

% 
Active 

86 

84 

92 

88 

* The water holding capacity of the soil is 37-9%. 

Experiments have shown that in most cases increasing temperature up to 
about 30° c favours metabolism and reproduction of protozoa (Reich, 1933). 
Higher temperatures are adverse with death point about 35-40° c. (Maguire, 
1960), but cysts can survive much higher temperatures (Stout, 1955). Simple 
relationships between temperature and protozoan activity in soil have not 
been shown and there appear to be no data on temperature adaptation in 
forms found in extreme temperature ranges. 

4. pH 

Although there is a wide range of pH in different soils, variation within a 
particular soil is slight (not more than 1 pH unit) compared with poorly 
buffered fresh water ponds. Little experimental work has been done on the 
pH tolerance of individual species. Both the distributional evidence and the 
limited experimental data (Stout, 1956c) suggest that most flagellates, 
amoebae, and ciliates will grow over a relatively wide range but Cutler and 
Crump (1935) found that Cinetochilum margaritaceum did not occur in glu-
cose filters below pH 5-7 and Wang (1928) found this eurytopic species in 
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the range 6-2 to 7-05. Watson (1944) found that Balantiophorus minutus had a 
range from 4-65 to 9-25 and Nasir, quoted by Cutler and Crump, found that 
Colpoda cucullus had a range from 3-5 to 9-75, which is similar to that of C. 
steinii (Stout, 1955) and is probably typical of the range of the more wide-
spread soil protozoa. 

With the testacea, distributional evidence strongly suggests more limited 
tolerance of pH variation. Again there is little experimental data. Cutler and 
Crump (1935) found that Arcella vulgar is preferred a strongly acid reaction, 
below pH 6Ό, and this range appears to be preferred by many of the species 

50 

^ 40 

3 30 

^ 20 

10 

/ / 

A \ 
/ \ ^ 

9ooooo 0 \ - \ - -

/ / / r \ N 
1 / rP 

- / / o° 
/ * & 

/ / s 
6 7 

pH 

50 

40 

30 

20 

A 
/ V / 

7 / 
/ 

/ 

i / 
/ „ 

8. 
/ 

\ / A 
X ° \ 

A, 
/ 

/ 
A. 

/ 
/ 

o 0o7ooo c 

/ 
o° \oy 

v.* _L_ 

\ 
\ 

°o \ -
o \ ° . 
M 

^1 -
o l 

\ °* \°i 
- ^ 

pH 

FIGS 15 and 16. Distribution of testacean species in relation to pH (after Bonnet, 1961b): 
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tropyxis halophila. 
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found in acid mors and Sphagnum. Conversely Bonnet (1961c) listed species 
which appear to be restricted to neutral or alkaline soils whereas eurytopic 
species such as Trinema lineare appear to have the same pH tolerance as the 
common ciliates and flagellates (Figs. 15, 16). Studies on the distribution of 
testacea in fens and bogs also indicate the importance of pH (de Graaf, 1957; 
Heal, 1961, 1964a). Experiments with Difflugia tuberculata show that it will 
not reproduce below pH 4-5, corresponding closely with the observed distri-
bution (Heal, 1964a). Kuhnelt (1963), found the distribution of testacea on 
leaf litter was related to pH and tannin content, which are influenced by the 
growth of fungi, particularly Clitocybe infundibuliformis. 

5. Oxygen and carbon dioxide tensions 

In most environments, including soil, variation in pH is associated with 
fluctuating concentrations of carbon dioxide. Thus Sekera, quoted by 
Kubiena (1938) found that in a soil of pH 6Ό, the pH near root hairs ranged 
from 4-9 to 5-8 due to the evolution of carbon dioxide and also no doubt to 
secretion of organic acids. Most of the experimental work on tolerance of 
high carbon dioxide tensions has been done with ciliates (Stout, 1956c). 
Polysaprobic species which include the most common soil species, such as 
Leptopharynx sphagnetorum, and Colpoda spp. are remarkably tolerant of 
high concentrations of carbon dioxide. They will also tolerate but will not 
excyst or divide in the absence of oxygen. This appears to be equally true of 
the small amoebae (Neff et al., 1958). The readiness with which many of the 
common soil protozoa encyst is also an advantage in surviving conditions of 
low oxygen or high carbon dioxide tensions since the cysts are often much 
more resistant than the trophic cells. Slight increases in carbon dioxide 
tension may stimulate protozoan activity. 

D. COMPARISON OF THE MAJOR GROUPS 

The morphological and physiological characters that appear to favour the 
existence of protozoa in soil are: small size and simple structure; a capacity 
for rapid multiplication under favourable conditions; encystment and excyst-
ment mechanisms adapted to fluctuations of soil moisture, salinity, aeration 
and food supply; tolerance of a wide range of pH and temperature; the ability 
to absorb nutrients in dissolved or particulate form. These properties are well 
illustrated by Colpoda steinii (Stout, 1955) and are generally shared by the 
small amoebae such as Naegleria, and the flagellates such as Oikomonas or 
Cercomonas. Testacea, however, with some notable exceptions such as 
Trinema lineare, reproduce more slowly, have less perfect encystment mechan-
isms, poorer tolerance of high carbon dioxide tensions and salinities and low 
oxygen tensions. Such differences account for the differences in their ecology 
(Stout, 1965). Thus, Sandon (1927) found a strong correlation between the 
distribution of the flagellates, amoebae and ciliates but not between these 
three groups and the testacea. These differences, described earlier in the 
chapter, were also emphasized by Grandori and Grandori (1934). 
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V. RELATION TO VEGETATION AND TO OTHER 
SOIL ORGANISMS 

A. RELATION TO VEGETATION 

Apart from its pedogenetic role, vegetation has an immediate effect on the 
soil fauna through the accumulation of plant residues and changes brought 
about in the rhizosphere. The "rhizosphere" effect has been studied by 
several authors (Biczok, 1953, 1954; Agnihothrudu, 1956; Katznelson, 1946; 
Rouatt, Katznelson and Payne, 1960; Nikoljuk, 1949, 1964; Shilova and 
Kondrat'eva, 1955; Formisano, 1957; Stout, 1960; Varga, 1958). In all 
cases differences were recorded between the rhizosphere and the non-rhizo-
sphere population but the composition of the fauna was generally the same, 
the rhizosphere simply stimulating greater protozoan activity. For example, 
Varga found that total numbers were similar but there were more cysts in the 
soil than on the hairs of sugar beet. Shilova and Kondrat'eva, Biczok, 
Nikoljuk, and Katznelson found greater numbers in the rhizosphere of 
grasses, cotton, wheat and mangels. Geltzer (1963) observed that as well as 
being more numerous, there was a greater diversity of species in the rhizo-
sphere than in the soil. He also found that amoebae only developed and 
accumulated where there was an active development of bacteria. The import-
ance of the increased bacterial food supply is also stressed by Nikoljuk 
(1964). 

Geliert (1958) found only slight differences in the growth of maize and 
oats with and without soil protozoa. However, Nikoljuk (1956, 1965) has 
shown that when cotton seeds are treated with amoebae and ciliates the result-
ing plants are bigger and stronger than plants from untreated seed. Phyto-
pathogenic fungi (Rhizoctonia solani and Verticillium dahliae) affecting cotton 
plants are reduced by direct and indirect action of the protozoa. Irradiated 
ciliates {Colpoda maupasi) tended to be more effective than non-irradiated 
ciliates (Nikoljuk and Marlyanova, 1963a). 

Grandori and Grandori (1934) studied the effect of different kinds of plant 
debris on the protozoan population. They collected dry leaves of various 
trees, added them to soil and then examined the protozoa fauna. They found 
appreciable differences in the number of species associated with the decom-
position of the different species of leaves, the largest number being associated 
with Robinia and Gelso and the smallest with red oak and Canadian poplar. 
They attributed these differences partly to the nitrogen content of the 
different leaves and associated differences in the decomposition rate. They 
also found that the fauna of a soil under Robinia was richer than the same 
soil under Calluna or under Pinus. 

B. R E L A T I O N TO M I C R O F L O R A 

Sandon (1932) reviewed the food preferences of protozoa, particularly of 
soil and sewage species. It is generally accepted that the majority of soil 
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protozoa feed on bacteria and to a lesser extent on yeasts, algae, fungal 
spores and mycelium. However, many of the records in the literature of feed-
ing on fungi and algae are based on the observation of these materials in the 
protoplasm of protozoa. Such evidence must be treated carefully until evi-
dence of digestion is produced, because particles may be rejected from the 
body uneaten (Heal, 1963a). 

Information on the food of amoebae has been obtained mainly from 
experiments in culture, but for ciliates many observations have been made on 
animals obtained directly from soil or in mixed cultures developed from soil 
(Geliert, 1955, 1957; Horvâth, 1949). In various papers, ciliate species have 
been classified as algal, bacterial, fungal or detrital feeders or as carnivores, 
but the available information suggests that many species are not specific in 
their feeding requirements and feed on a range of microflora, probably 
depending upon availability. Thus Colpoda steinii is recorded as feeding on 
algae and fungi (Geliert, 1955) and on bacteria and detritus (Geliert, 1957). 
Similarly C.fastigata is classed as an algal feeder by Geliert (1957) and bac-
terial and fungal feeder by Horvâth (1949). Spathidium amphoriforme is 
carnivorous on other ciliates according to Geliert (1955) but feeds also on 
bacteria and algae according to Horvâth (1949). Feeding experiments on the 
range of food eaten by individual species are required with details of the 
availability of food. 

The small flagellates are probably mainly bacterial feeders because of their 
size, but they are also regarded as osmotrophic (Varga, 1959; Nikoljuk, 1956). 
Soil testacea are believed to feed mainly on bacteria but also on algae, fungi, 
and on other testacea (Biczok, 1954; Varga, 1958; Rosa, 1957; Volz, 1951). 
However, Schönborn (1965) has suggested that they are able to feed on humus 
in soil. 

1. Bacteria as food 

There is little doubt that prédation on the bacterial flora is selective, al-
though the evidence is somewhat conflicting. Two factors may be important: 
first, the correct identification of the organisms and, second, establishing 
comparable experimental conditions. For example, the age and concentra-
tion of the bacterial culture can be important (Leslie, 1940a, b). Further, the 
division rate of protozoa grown on a particular bacterial strain is determined 
partly by its previous culture history (Burbanck, 1942; Burbanck and Gilpin, 
1946). 

There is considerable literature dealing with bacteria as food for ciliates. 
Some maintain a high rate of ciliate growth, others a low rate, while some 
cause the premature death of the ciliate (Kidder and Stuart, 1939a, b). 
Different strains may vary as much as different species in suitability (Leslie, 
1940a, b ; Hetherington, 1933) but generally the Gram-negative Enterobac-
teriaceae support the highest division rates and the Bacillaceae the lowest 
(Burbanck, 1942). The soil ciliate most intensively studied is Colpoda steinii, 
perhaps the most typical of soil protozoa. Kidder and Stuart (1939a) found 
that Aerobacter cloacae supported the best growth of C. steinii and in mixed 
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bacterial cultures edible strains were selected, leaving inedible strains which 
consequently increased in number. In the presence of an inedible strain C. 
steinii encysts, as it would in a non-nutrient medium (Singh, 1941b). Kidder 
and Stuart found that pigmented strains of Pseudomonas and Serratia were 
toxic to active and encysted Colpoda, and this was confirmed by Singh 
(1942b, 1945), who found that nearly all red, green, violet, blue and fluorescent 
pigmented bacteria were inedible to soil amoebae and C. steinii. The un-
suitability of chromagenic bacteria for ciliates was earlier studied by Chatton 
and Chatton (1927a, b). 

The most extensive studies of the relationship between soil protozoa and 
the bacterial flora have been by Singh (1941a, b ; 1942 a, b ; 1945; 1948; 
Anscombe and Singh, 1948; Singh et al., 1958) and this work was reviewed 
recently (Singh, 1960; Thornton and Crump, 1952). Using many bacterial 
strains and a wide range of soil flagellates, amoebae, and the ciliate C. steinii 
Singh concluded that bacteria could be classified into four groups: (1) strains 
readily and completely eaten, (2) strains slowly but completely eaten, (3) 
strains partly eaten, and (4) inedible strains. No correlation between Gram-
staining, motility, presence of proteolytic ferment, or slime production and 
edibility was found. Altogether 87 strains of bacteria were tested using 8 
micropredators (2 amoebae, 1 proteomyxid, 2 species of Acraseiae, and 3 
species of Myxobacteria). Only 8% of the bacterial strains were not attacked 
by any predator, about half were attacked by one and 14% were attacked 
by all the predators. Strains of Rhizobium were generally resistant to attack 
(Singh, 1942a). 

As with the ciliate, edibility of bacteria by the two amoebae was related to 
pigment production. Of the 56 colourless strains 71% were eaten; of the 32 
yellow, orange and brown strains 75% were eaten but only 1 (7%) of the 14 
red, violet, blue, green and fluorescent organisms was edible. The pigments 
of some of these inedible strains were shown to be toxic (Singh, 1945). 
Similar results are recorded for flagellates (Hardin, 1944) and for amoebae 
(Groscop and Brent, 1964; Knorr, 1960; Graf, 1958; Chang, 1960; and 
Imszeniecki quoted by Kunicki-Goldfinger et al., 1957). In particular Pseudo-
monas aeruginosa, and P. fluorescens are recorded as toxic. Studies on the 
filtration of bacteria through soil profiles by Knorr (1960) showed that P. 
fluorescens pass through the soil while other bacteria are retained. He related 
this to the toxicity of Pseudomonas, the others being edible. A toxic extra-
cellular substance consisting of 6 amino-acids plus a fatty acid was isolated 
from P. fluorescens (Graf, 1958) and Knorr (1960) also found that P. aeru-
ginosa was poisonous when ingested by amoebae, causing death or the pro-
duction of deformed cysts. However, Kunicki-Goldfinger et al. (1957) found 
that P. aeruginosa was readily eaten by amoebae and concluded that food 
selection by amoebae was only slightly influenced by pigment production. 
Chang (1960) also showed that amoebae can develop tolerance towards the 
yellow pigment of Flavobacterium. 

The feeding experiments of Kunicki-Goldfinger et al. (1957, Fig. 17) and 
Heal and Felton (1965 and unpublished) showed amoebae grew best with 
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sarcinae, cocci and Gram-negative rods, poorer growth occurred with bacilli 
and diphtheroids. They and Groscop and Brent (1964) suggest that size of 
bacteria, and the physical characteristics of their surfaces are more important 
than chemical differences, such as pigment production, in the selection of 
food by amoebae. The age of the bacterial culture was again shown to be an 
important factor influencing the growth of amoebae. 

The soil flagellates Oikomonas termo and Cercomonas crassicauda eat a 
wide range of bacteria, C. crassicauda having similar food preferences to two 
species of soil amoebae and also eating some bacteria toxic to amoebae 
(Hardin, 1944; Singh, 1942a). 

These studies indicate that most species of soil protozoa can feed on a 
wide range of bacteria and can also select one bacterial species from mixed 
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FIG. 17. Growth of amoebae with different bacteria as food (after Kunicki-Goldfinger 
et al, 1957). 

populations. Bacteria differ considerably in their edibility and nutritive value, 
and a limited number of species produce toxic substances in culture. Whether 
or not these toxins are effective in the soil is not known, although there is 
some correlation between the presence of Serratia and a limited ciliate fauna 
(Stout, 1958). Drozanski (1956, 1963a, b) recently recorded a lethal bacterial 
parasite of soil amoebae. 

2. Effect of bacteria on encystment and excystment 
Much work has also been done on the effect of bacteria on encystment and 

excystment of amoebae (Kunicki-Goldfinger et al., 1957; Drozanski, 1961; 
Dudziak, 1955; Oura, 1959; Band, 1963; Singh et al, 1958). The earlier work 
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was reviewed by van Wagtendonk (1955b). In general encystment and excyst-
ment of protozoa is closely related to edibility of the bacteria. Thus Kunicki-
Goldfinger et al (1957) and Dudziak (1955) found that presence of edible 
forms caused much more rapid excystment than inedible species (Fig. 18). 
Crump (1950) found differences between soil amoebae, one species requiring 
the presence of living bacteria for excystment, another excysting readily in 
water. Singh et al. (1958) and Drozanski (1961) showed that extracts of Aero-
bacter aerogenes and Escherichia coli and amino-acids stimulate excystment 
of soil amoebae. 

T ι 1 1 1 1 1 r 

(Hr) 

FIG. 18. Excystment of amoebae in the presence of different bacteria (after Kunicki-
Goldfinger et al, 1957). 

3. Effect of protozoa on bacterial activity 

Cutler and Crump (1929) found that carbon dioxide production and bac-
terial numbers in sands and soils are correlated if amoebae are absent or 
scarce. Similarly Telegdy-Kovats (1932) recorded increased carbon dioxide 
production in sand cultures in the presence of small numbers of protozoa. 
Bacteria were fewer when protozoa were present but they produced more 
carbon dioxide. Increasing the carbon-nitrogen ratio of the medium had little 
effect on carbon dioxide production when protozoa were absent but it in-
creased when they were present. Meiklejohn (1930) found that in sand culture 
amoebae decreased the numbers of bacteria but increased the rate of am-
monia production and the same was true for a ciliate (Meiklejohn, 1932). 
Early work by Telegdy-Kovats (1928), Federowa-Winogradowa and Gurfein 
(1928) and Hirai and Hino (1928) showed that the protozoa favoured nitro-
gen fixation by Azotobacter (Waksman, 1930) and this view was confirmed 
by Hervey and Greaves (1941) who worked with sterilized soils of varying 
moisture and organic matter content. They showed that nitrogen fixation 
increased in the presence of protozoa if the bacteria had a sufficient supply 
of energy material. Nitrogen fixation was encouraged not only by the presence 
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of living protozoa but also by suspensions of heat-killed protozoa, "suggest-
ing the provision by the protozoa of vitamins or other growth-stimulating 
substances". Once again we have no information of the importance of this 
phenomenon in soil, and stimulation of nitrogen-fixation by Azotobacter has 
also been recorded in the presence of other bacteria (Panosyan et al, 1962). 
Nikoljuk (1956) reviewed recent literature, and has continued to work on this 
subject (Nikoljuk and Mavlyanova, 1963b). Greatest stimulation of nitrogen 
fixation was obtained with irradiated ciliates (Colpoda maupasi). 

4. Actinomy cet aies 

Despite the considerable interest shown in the antibiotic activity of this 
group, studies on the relationship between free-living protozoa and actino-
mycetes are few and concern small soil amoebae. Kunicki-Goldfinger et al. 
(1957), Dudziak (1962) and Heal and Felton (1965) found Streptomyces 
spores and mycelium were inedible, but some strains of Nocardia (=Pro-
actinomyces) and Mycobacterium could support reproduction of amoebae. 
In particular, the Nocardia strains that produced bacteria-like colonies were 
more edible than those producing StreptomycesAike colonies. 

Protozoa are usually considered more resistant to antibiotics than are 
bacteria though they are sensitive to some, viz. chloromycetin, bacitracin, 
neomycin and actidione (Loefer, 1951, 1952; Loefer and Matney, 1952; 
Blumberg and Loefer, 1952). Zaher et al. (1953) showed that exudates 
of 32% of 82 actinomycetes isolated from soil retarded growth of Tetrahy-
mena geleii (T. pyriformis), Euglena gracilis and Herpetomonas culici-
darum. Of 20 anti-protozoal actinomycetes, 9 (45%) were not active against 
bacteria. Exudates from soil Streptomyces are also toxic to soil amoebae and 
exudates from at least one Nocardia sp., although not toxic, caused increased 
encystment (Heal and Felton, unpublished work). The effectiveness of anti-
biotic exudates in natural soil is still uncertain, but more directly applicable 
to soil conditions is the release of an intra-cellular toxin by mycobacteria 
after ingestion by amoebae (Dudziak, 1962). 

It seems that Actinomycetales are, in general, unsuitable as food for amoe-
bae and can have strong antagonistic effects. Pfennig (1958) recorded growth 
of Streptomyces spores on dead amoebae in soil which suggests possible 
advantages to the actinomycetes of this antagonism. Detailed field and micro-
habitat studies are needed for more information on the effect of antibiotics 
on protozoa in soil, and by direct observation Geltzer (1963) found that 
reproduction of amoebae in a rhizosphere was suppressed by large growths 
of actinomycetes and fungi. 

5. Fungi 

Experimental evidence shows that protozoa only rarely feed on spores and 
hyphae of mycelial fungi (Sandon, 1932; Hardin, 1944; Heal, 1963a) but 
observations on ciliates from the field and in mixed cultures suggest that 
some species may feed on hyphae (Geliert, 1955; 1957; Horvâth, 1949). 

7 + S.B. 
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Brodsky (1941) gives evidence that Colpoda steinii suppresses growth of 
Verticillium dahliae in soil. 

Scattered observations suggest that yeasts are eaten by protozoa (Sandon, 
1932; Hardin, 1944; Soneda, 1962; Nero, Hedrick and Traver, 1964) and 
Heal (1963a) showed that 19 species of yeasts were eaten by at least one of 
four species of amoebae. Exudates from yeasts also retard encystment of 
starved amoebae (Heal and Felton, unpublished data). Yeasts present in 
temperate soil vary from 103-106/g and may form a significant food source 
for soil protozoa. 

Observations on the antagonistic effect of fungi on protozoa are lacking, 
but the more direct effect of zoophagaceous fungi feeding on amoebae and 
testacea has been recorded frequently in cultures (see Duddington, 1957). 

6. Algae 

In most soils the organic cycle is dominated by the higher plants and the 
contribution of algae is insignificant. But in soils bare of higher vegetation, 
such as deserts, algae are of prime importance. Few protozoa are obligate 
algal feeders but the ciliate genus Nassula and possibly some larger rhizopods 
characteristically feeds on algae. Small hartmannellid amoebae showed little 
or no growth on fourteen strains of soil algae (Heal and Felton, 1965). 

C. RELATION TO MICROFAUNA AND MACROFAUNA 

The other members of the microfauna are generally much larger than the 
protozoa and are, therefore, more commonly predators than prey. It seems 
likely that the nematodes and rotifers that feed on small particles ingest some 
protozoa as well as bacteria and yeasts in their somewhat indiscriminate 
diet. Similarly, animals such as aquatic oligochaetes, turbellarians, copepods 
and ostracods in forest litter, which all consume much plant debris, must 
ingest many protozoa commonly associated with such food. Conversely, 
when they die, these animals provide a ready substrate for bacterial prolifera-
tion and hence a direct or indirect food source for the protozoa. The macro-
fauna are similar in consuming protozoa in their normal diet and providing 
a transient centre of microbial activity when they die. 

Miles (1963) suggested a more essential relationship. He found that the 
earthworm Eisenia foetida grew poorly in sterile soil recolonized only by 
fungi and bacteria, but grew normally if protozoa were also added, and con-
cluded that soil protozoa are an essential part of this worm's diet. Van Gänsen 
(1962) also concluded that E. foetida lives on soil micro-organisms. She found 
that it could be fed on yeasts or dead bacteria, but with yeasts alone there was 
a high mortality and with dead bacteria only limited growth. 

More intimate association of the protozoa and the soil fauna may occur. 
First, there are obligate endocommensals and parasites such as the enteric 
ciliates of oligochaetes, the flagellates of termites or the gregarines of earth-
worms. This group includes ciliates and suctorians associated with copepods 
(Precht, 1936), tardigrades (Matthes, 1951, 1955), oligochaetes (Baer, 1952) 
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and isopods (Remy, 1928). Second, there are obligate and casual epibionts 
of soil animals (Stammer, 1963). These include the testacea, which are 
thought to be distributed by mites (Chardez, 1960b). Third, there are faculta-
tive parasites, of which the best authenticated are the ciliates Colpoda 
steinii, known to infect the lung of pulmonate gastropods (Reynolds, 1936), 
and Tetrahymena rostrata, a histophage normally scavenging dead protozoa, 
rotifiers, tardigrades or nematodes but also capable of invading living enchy-
traeids through damaged setal follicles (Stout, 1954). Other records of ciliate 
parasitism implicating Tetrahymena species are those of Warren (1932), Lom 
(1959), Kazubski (1958), and Kozloff (1957). This literature is reviewed by 
Corliss (1960). The ecology of the soil amoebae is seldom as well established. 
Recently Weber et al. (1952) described a proteomyxid which destroyed nema-
tode larvae and similar organisms have been found associated with diseased 
crops (McLennan, 1930). Hawes (1963) isolated a small amoeba which is a 
parasite of a snake and which he believed to be a soil inhabitant. 

VI . T H E R O L E OF SOIL P R O T O Z O A 

Russell and Hutchinson (1909) initiated the serious study of soil protozoa 
and proposed that the infertility of "sick" soils resulted from protozoa prey-
ing on the beneficial flora. Partial sterilization, which appeared to benefit 
such "sick" soils was supposed to suppress the protozoa and so permit 
beneficial bacteria to grow. It is now considered that protozoa are unlikely 
permanently to suppress the bacterial population of soil and that the effects 
of partial sterilization are far more complex than was originally supposed. 
Further, although partial steam sterilization is generally followed by increas-
ing numbers of bacteria, it is also followed by a marked increase in the size 
of the protozoan population (Singh and Crump, 1953; Stout, 1955). This was 
observed by Oxley and Gray (1952), the numbers of bacteria and protozoa 
showing a series of "pulses" with a succession of protozoan species associ-
ated with changes in the composition of the microflora. A similar pattern 
is found in soils following over-burning (Miller et al, 1955; Stout, 1961). 
The present view is that a balance or equilibrium between the two popula-
tions is temporarily altered or upset by partial sterilization, but a new equi-
librium is rapidly attained. Similarly, although protozoa can feed selectively 
on bacteria there is no conclusive evidence that they modify the composition 
of the normal soil bacterial flora. Thus, Nikoljuk (1961) found that although 
they preferred the oligonitrophilic bacteria their prédation appeared to favour 
the activity of these bacteria. It is possible, however, that the rapid disappear-
ance of coliform bacteria in soil may result from the activity of micropreda-
tors such as protozoa rather than from antibiotic activity because they belong 
to a group of bacteria particularly favoured by protozoan predators whereas 
they resist antibiotics more than most soil bacteria. On the whole, the 
population both of the bacteria and of the associated protozoan fauna is 
determined by other soil conditions—the nature of the organic cycle, the 
moisture status and the base status. Acid peats or arid soils which have few 
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micropredators generally also have few bacteria, particularly of the readily 
accepted Aerobacter, whereas soils with high numbers of Aerobacter likewise 
have many micropredators (Stout, 1962). Further, the unrestricted diet of 
many edaphic protozoa ensures their distribution in soils, such as those of 
Antarctica, with an entirely different flora to that of soils in temperate zones 
(Décloitre, 1956; Flint and Stout, 1960). In general, protozoa, like other 
micropredators, may cause local and diurnal fluctuations in bacterial popu-
lations, as first recorded by Cutler et al. (1922), but they are unlikely to change 
the normal soil flora permanently. Occasional invaders, such as the bacteria 
from the phyllosphere, enteric contaminants, such as the coliform bacteria 
or enterococci, and even plant pathogens, such as Erwinia (Hino, 1934), 
whose rapid disappearance in soil is well known, may be destroyed by proto-
zoa. Similarly, protozoan parasitism probably has little effect on the fauna 
and flora, although it may decrease slug populations slightly (Reynolds, 
1936). 

Protozoa mainly affect the organic cycle indirectly. Their constant préda-
tion on bacteria contributes to the general turnover of readily available 
nutrients and appears to favour biochemical activity. An interesting illustra-
tion is given by Tribe (1961), who followed the decomposition of cellulose 
in a light sandy soil, the associated immobilization and release of soil nitro-
gen, and the succession of microflora and microfauna. He found that fungal 
growth was associated with nitrogen immobilization and that nitrogen release 
was associated with subsequent autolysis or bacteriolysis of the mycelium, 
and with the growth of protozoa particularly testacea, which were con-
sidered to accelerate the release of ammonium nitrogen. Doyle and Harding 
(1937) concluded that the ciliate Tetrahymena pyriformis {Glaucoma pyri-
formis) eliminated most of the ingested bacterial nitrogen as ammonia 
approximately 6 hours after ingestion. Ammonia, as with most aquatic 
animals, appears to be the chief nitrogenous end-product of protozoa. The 
release of phosphates may be accelerated, as shown by Hooper and Elliott 
(1953) with Tetrahymena pyriformis. 

In very acid environments, such as Sphagnum peat or forest mors, bac-
terial activity and fungal growth may be small and the chief actively growing 
organisms are the rhizopods, particularly testacea. It is possible that they can 
digest cellulose (Tracey, 1955) and play a direct role in the organic cycle 
(Schönborn, 1965). Similarly, testacea may assist chemical weathering through 
mobilizing silicates to synthesize the scales of their tests. 

In assessing the importance of protozoa in the organic cycle the turnover 
of the population must be considered. Population studies on protozoa have 
considered the standing crop without attempting to estimate reproductive 
rate, production or mortality. Such estimates raise considerable technical 
difficulties, but very approximate estimates can be made from the 365 days 
results of Cutler, Crump and Sandon (1922). For each of six species, the stand-
ing crop is taken as the mean number/g for the 365 days. Wherever there is 
a significant rise in numbers, the number of individuals at the beginning 
(a) and at the end (b) of the rise are used to calculate the annual production 
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[2(b — a)] and the number of generations per year [20og b — log fl)/log 2]. The 
accuracy of these calculations is considerably limited by statistical and samp-
ling errors, but the results are given in Table VII. They indicate that for small 
amoebae and flagellates the amount of protoplasm produced and re-cycled 
during the year varies from 50 to 300 times the standing crop. The average 
generation time over the year, under field conditions, varies from 1-3 days. 
This rapid production and turnover suggests that although the standing crop 
of protozoa, measured as biomass, is smaller than that of many other soil 
animals their role in the cycle of organic matter is greater. 

It is difficult to assess the relative importance of the different protozoan 
groups. Morphological and physiological features favouring the existence of 
protozoa in soil, estimates of populations, and the evidence of laboratory 
cultures suggest that flagellates and small amoebae best fulfil the exacting 
demands of the soil environment. Large ciliates and testacea have very 
extensive distributions and consistant, if not very great, populations. This 
suggests that they are also well adapted to life in soil and that they may be 
more important than either the flagellates or the small amoebae, particu-
larly in the more favourable habitats such as forest soils. 

Estimates of protozoan activity in soil are necessarily speculative. Using 
the population figures of Singh (Table IV) for the Rothamsted soil (Broad-
balk) and the respiratory rates for Mayorella palestinensis (Table V) as a 
guide and correcting for temperature, the rate of oxygen uptake for this field 
could be of the order of 20 l/m2/yr without top-dressing, 80 for the mineral-
dressed field and 100 for the field with added farmyard manure. This corre-
sponds to about 80, 320 and 400 Kcal/m2/yr respectively. This is a conserva-
tive figure, treating the amoebae activity in this soil as of principal importance 
(cf. Table IV). It represents, however, only a small fraction of the total activity, 
about 8% without top dressing and 3% for the top-dressed (Russell, 1961). 
Viewed another way, the release of carbon dioxide, roughly 17, 69 and 86 
1/m2 per yr respectively, may be considered equal to the weight of substrate 
metabolized, or roughly 150,700 and 900 g/m2/yr. If this is principally 
bacterial cells, then it represents about 1-5, 7, and 9x l0 1 4 , assuming 1012 

bacterial cells/g wet wt. Overgaard Nielsen (1961) suggested that protozoa 
consume approximately the standing crop of bacteria. This, however, is mis-
leading. As has been shown, the protozoa are selective feeders for two rea-
sons. First, protozoa are generally confined to pore spaces or colloidal films 
and an appreciable part of the bacterial population is not directly accessible 
to them. Second, not all bacteria are equally acceptable as food, some are 
unacceptable and some are toxic. Generally, then, they will feed on the flora 
in the pore spaces and particularly on such readily acceptable bacteria as 
Aerobacter and Azotobacter, part of the zymogenous flora of Winegradsky, a 
population generally at a low level (less than 106/g wet wt., generally 103-104), 
probably largely because of protozoan prédation. The zymogenous popula-
tion is roughly comparable to the plate count (as contrasted with the direct 
count) or about 5 x 107/g equal to about 10 g/m2. Consequently, in Broad-
balk, the yearly prédation by protozoa is equal to about 15, 65 and 85 times 
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TABLE VII 

Estimates of the standing crop, production and number of generations per year from the results of Cutler, Crump 
and Sandon (1922) 

Standing crop (xl03 /g) 130 19 242 42 127 93 
Annual production (xl03 /g) 13,213 5015 11,889 8166 15,535 16,438 
Ratio S.C.rA.P. 1:101 1:257 1:49 1:194 1:333 1:176 
No of generations/year 190 366 110 340 244 288 

Dimastigamoeba Oicomonas H 
gruben* Sp. a Heteromita sp. Sp. y Cercomonas sp. termo ξ 

o 

* = Naegleria gruben 
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the standing crop of readily available bacteria. In these plots, the actual plant 
crop is not returned to the soil which derives its energy from root material, 
root excretions and stubble. The differences between the three plots are 
reflected less in the level of bacterial or fungal populations than in the proto-
zoan population, but there is clearly an absolute dependence upon the input 
of photosynthesis, which limits the activity of the population irrespective of 
its size or character. 
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