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Summary. Advantages of using terrestrial nematodes as bioindicators are reviewed. FI& two studies 
published between 1990-1996, which used nematodes as indicators of a variety of soil processes, were 
examined as part the review. A distinction was made between publications reporting changes in populations 
of indicator species, and those which referred to changes at the community level. The Maturity Index, 
which provides a measure of successional maturity, has recently attained special significance, therefore 
studies examining primary and secondary succession were also included. Considering pollution and 
pelrbation in an ecosystem as distortions of the natural process of succession, facilitates an assessment 
of the quality of environments differing in vegetation type, plant age, management regime and the temporal 
effect of stress. Thus, it becomes possible to evaluate the return to a previous state following the 
disappearance of an induced stress. 
Key words: bioindication, disturbance, diversity, ecological ratios, maturity indices, soil nematodes, 
succession, trophic groups. 

An overview of the groups of soil nematodes and 
their use in bioindication is presented here, based on 
the content of an invited lecture (Wasilewska, 1996b) 
and augmented with a review of pertinent literature. 

Previous studies of bioindicators have dealt with 
air and water pollution (Rapport, 1992) and only 
relatively recently studies of soil bioindicators have 
been published. Soil has the advantage of containing 
some of the most diverse and species-rich commu- 
nities as well some of the most abundant invertebrate 
populations. Any detrimental effect to soil biodiver- 
sity will be evident above ground as habitat changes. 
m e  significance of soil biota in ecosystem processes 
such as nutrient cycling, carbon storage and the 
maintenance of plant diversity has prompted ecolo- 
gists to seek biological indicators by which to assess 
soil quality and soil health (Casarini & Camerini, 
1993; Park & Cousins, 1995; Wardle et al., 1995b; 
Yakovchenko et al., 1996). Soil is a vast reservoir of 
carbon in the form of organic matter, with decom- 
position as hndamental soil process (Swift et al., 
1979; Van Noordwijk, 1996; Vreeken-Buijs & Brus- 
saard, 1996). Changes in the balanced cycling of 
carbon and nitrogen impact not only upon vegeta- 
tion, but also on the soil and its biota (Anderson et 
al., 1985; Verhoef & Brussaard, 1990; Didden et al., 
1994; Brussaard et al., 1995; De Ruiter et al., 1995). 

Recognition of the importance of bioindicators, 

which are not a new concept, in ecological and 
environmental studies has resulted in a resurgence of 
interest in them. Consequently, it may be soil biolo- 
gists and ecologists who will develop the application 
of bioindicators as a quantitative tool by which to 
assess features of the environment. Using living 
organisms, and especially the complex community 
structures they form, as bioindicators would seem to 
be a difficult and complex task, particularly when 
measurement of abiotic (physical and especially 
chemical) features of the environment appear to 
provide a much simpler approach. However, the 
latter cannot provide answers to a series of important 
ecological and environmental questions, i.e., the 
magnitude of site-specific chemical thresholds. An 
analysis of the occurrence of chemicals is not as 
sensitive as bioindicators, e.g., the occurrence of a 
chemical(s) are difficult to relate to the transient 
action of toxic compounds and their variability on 
the microscale, the inhibitory effects of metal toxicity 
on a number of soil biological properties may persist 
longer than the period of decline of toxic metal in 
an environment (Speir et al., 1995). Also, there are 
difficulties in interpreting the ecological interactions 
of the changes being studied, and past changes can 
not be reconstructed from abiotic data. Conse- 
quently, biological indicators appear to provide a 
more integrated measure of the severity of impacts 
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Fig. 1. Number of publications. 1: cited in this review; 
2: relating to bioidication using soil-inhabiting nematodes 
(52 in the period 1990-1996); 3: relating to bioindication 
on the basis of Maturity Indices (38 in the same period). 

on soil than do concentrations of chemicals in the 
environment, or the influence of physical factors 
(radiation and others). 

There is a diverse array of soil bioindicators, 
including the presence or absence of species and the 
structure of communities (in terms of composition, 
dominance, diversity of trophic groups, diversity of 
life-history patterns, etc.), and the assessment of 
processes (e.g. the loss of mass fiom litter bags as an 
indicator of decomposition processes). Nevertheless, 
bioindication based on the structure of communities 
has recently been the subject of increasing interest to 
ecologists. 

During the XIIth International Colloquium on 
Soil Zoology (21-26 July 1996, Dublin, Ireland), a 
special session was held "Soil organisms as indicators 
of environmental impact", and those attending con- 
fumed that representatives of the soil micro-, meso- 
and macrofaunas provide an important means for 
assessing changes in, and to, soils. Soil animals 
underlie indices such as: the Arthropod Acidity Index 
(Soejono-Sastrodihardjo & Van Straalen, 1993), a 
measure of the overall pH preference of a micro 
arthropod community on the basis of substrate 
choice experiments; the Bioindicator Index for Toxi- 
cant Residues (Van Straalen & Denneman, 1989), a 
measure of the extent to which internal concentra- 
tions of toxicants in many animals pose a risk for the 
soil community; the Maturity Index (Bongers, 1990), 
for nematodes and predatory mesostigmatic mites; 
and a range of toxicological tests which involve 
determination of dserences in the concentrations of 
chemicals in the external environment and the bodies 
of animals, and hence the identification of strong or 
weak indicator species (Van Straalen, 1993, 1994). 

Soil nematodes have been shown to be useful 
indicators of many soil processes, as well as bioindi- 
cators of contamination and degradation of the 
natural environment, with a rapidly increasing num- 
ber of related publications pertaining to this general 
area (Fig. 1). The value of nematodes results from 
the fact that they react rapidly to disturbance, may 
be sampled throughout the year, the environment 
may be evaluated when vegetation is absent, and 
nematode communities show considerable diversity 
even under agricultural monoculture. 

Soil nematodes are heterotrophs, being primary 
consumers (plant parasites), secondary consumers 
(predators) and consumers of decomposters (bac- 
terivores and fungivores). They are also involved in 
soil ecological processes such as decamposition, 
mineralization and nutrient cycling. They have both 
a positive and negative effect on primary production. 
Thus, changes in the abundance of certain species, 
in the structure of trophic or functional groups, or 
in selected biocoenotic parameters of communities 
(like diversity and maturity) may suggest conclusions 
which can be drawn beyond this group of soil 
microfauna, to the ecosystem as a whole. A distinc- 
tion can be made between studies dealing with 
bioindication at the population (via indicative spe- 
cies) or the community level. The maturity index for 
a community is a recent development. Some studies 
consider nematode communities under primary and 
secondary succession. Lf contamination and pertur- 
bations in an ecosystem are treated as distortions of 
the natural process of succession, it is possible to 
assess the quality of an environment, as well as to 
assess the possibility for it to return to its previous 
state following the disappearance of the stress. 

Bioindication on the basis of species 

Various species of nematodes have been described 
as indicators of the state (developmental age, health) 
of an ecosystem. An example of this type of bioindi- 
cation is possibly provided by representatives of the 
family Mononchidae (Fiipjev, 1934), which appear 
to be very sensitive to chemical properties of the 
organic horizon of forest soils (Arpin et al., 1984). 
The occurrence of particular species of mononchids 
may be associated with the types and subtypes of 
forest humus (Arpin, 1991). Hence, the species in 
question reflect, and quite possibly participate indi- 
rectly in, the important process of humus generation. 

The intensification of the d~ying process in 
drained peatland soils managed as meadows may be 
correlated with the abundance of representatives of 
the genus Paratylenchus. These plant parasitic nema- 
todes are considered r-strategists and species can 
appear as superdominants in conditions in which a 
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meadow ecosystem is undergoing degradation. More 
specifically, they may define the degree of 
"moo~shing" (mucking) of peat and the associated 
intensification of the mineralization of nitrogen and 
carbon. They may also indicate an altered state of 
the vegetation cover (Wasilewska, 1991a, 1991b, 
1994a). Furthermore, evidence of the degradation of 
alder fen-peat soils has been recorded where the 
abundance of Paratylenchus spp. exceeds 5 x lo6 m-2, 
a situation still observed 25-30 years after the drain- 
age of such peatland for use as meadows (Fig. 2). 

In laboratory experiments the two free living 
nematode species, Caenorhabditis elegans and Pana- 
grellus redivivus, have been used to assess the 
accumulation of heavy metals in soil by examining 
parameters such as the survival, growth and matura- 
tion of individuals in the population (Samoiloff, 
1987). Weiss & Larink (1991) suggested that in plots 
highly polluted by heavy metals, which were present 
in applied sewage sludge, a reduction in the number 
or disappearance of omnivorous species was related 
to a simultaneous multipication of bacterivores. 
Sturhan (1986) reported the effect of heavy metals 
on a range of soil-inhabiting nematode species, 
whereas Niemann et al. (1996) designated different 
nematode species as indicators of water quality. 

Bioindication on the basis of trophic 
group 

Up to eight trophic groups have been identified 
among soil nematodes (Yeates et al., 1993), although 
the basic range extends to only 5 such groups 
(Wasilewska, 1971). As soil nematodes are repre- 
sented in each heterotrophic level of a food web, the 
various species, genera and families will have specific 
significance with particular levels. Therefore the 
trophic structure of nematode communities, and 
occasionally single trophic groups, can provide an 
indication of disturbance, such as a change in man- 
agement practices. There is substantial documented 
evidence of a simultaneous decline in the abundance 
of one group of nematodes and increase in another 
providing a measurement of the sensitivity of nema- 
tode trophic structure to environmental contarnina- 
tion (Yeates et al., 1994; Korthals et al., 1996; 
Armendirk & Atpin, 1996; Todd, 1996). The fol- 
lowing presents an overview of the reactions of each 
of the five principal trophic groups, and the interre- 
lationships between each group, as potential 
bioindicators. 

Bacterivores (B) 
An increase in the abundance of bacterivores is a 

consequence of an increase in the abundance of 
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Fig. 2. Abundance of Paratylenchus sp. on fen-peat 
meadows differing in years elapsed since drainage and in 
peat origin. Post-glacial valley of the Rivers Biebrza and 
Narew, Poland. Year 0 designates sites on undrained 
natural fen or alder swamp. The hatching indicates the 
period after drainage in which the abundance of Paraty- 
lenchus sp. may be considered as a bioindicator of deep 
structural and functional changes in the ecosystem, which 
mainly coincides with a high intensity of moorshing 
(mucking) (from Wasilewska, 199 la). 

readily decomposing organic matter of plant origin 
(e.g. litter, compost, peatland undergoing 
moorshing, burnt grass) (Sohlenius & Bostrom, 
1984; Wasilewska & Bienkowski, 1985; Freckman, 
1988; Freckman & Ettema, 1993; Wasilewska, 
1991a, 1992,1995b; Todd, 1996), or of animal origin 
(e.g. cow and chicken manure or slurry) (Wasilewska 
1974a; Dmowska & Kozlowska, 1988; Freckman & 
Ettema, 1993; Grifltiths et al., 1994). A greater 
abundance of microflora will support larger numbers 
of bacterivorous nematodes, thus an increase in the 
abundance of this group is indicative of enhanced 
microbiological activity, particularly in situations of 
increased supplies of nitrogen in the environment. 

Analyzing the decomposer food-web as a whole 
requires caution as it has a somewhat complicated 
structure, involving other invertebrates (including 
predatory species), and is influenced by many envi- 
ronmental factors (Wardle & Yeates, 1993; Wardle 
et al., 1993; Wardle et al., 1995a; Wardle et al., 
1995b; Yeates & Wardle, 1996). Nevertheless, it has 
been suggested that when examining the breakdown 
of organic matter nematodes may be better indicators 
than bacteria (Parmelee et al., 1989; Griffiths et al., 
1992; Grifiths, 1994). Studies have also been done 
to identify the influence of heavy metals on trophic 
groups, including bacterivores, including attempts to 
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establish thresholds for use in identifying which 
trophic group is most sensitive to change (Yeates et 
al., 1994; Korthals et al., 1996). 

The studies referred to above deal with a range of 
time scales in which both bacterivores and other 
trophic groups react. Bacterivorous nematodes react 
most rapidly to enviromental changes and, for exam- 
ple, introduction of nitrogen compounds may affect 
this trophic group within one day (De Goede et al., 
1993a). Conversely, long-term succession involves a 
timescale measured in years (Wasilewska, 1991a). 
The reaction time of bacterivores will be discussed 
below, in relation to the life strategies of species from 
this group. 

Fungivores (F) 
An increase in abundance of fungivores, or as a 

proportion of the total nematode community, pro- 
vides information on increased soil acidity following 
the use of mineral fertilizers (Sohlenius & 
Wasilewska, 1984) or acid rain (HyvOnen & Persson, 
1990; Ruess & Funke, 1992; Ruess & Dighton, 1996; 
Wasilewska, 1996~). This group is strongly associated 
with soil pH level and thus provide good bioindica- 
tion of changes to this soil characteristic. However, 
caution is again required when interpretating data as 
there are a group of facultative fbngivores, to which 
some facultative plant parasities (FPP) are ascribed. 

Obligatory Plant Parasites (OPP) 
Increases in the abundance of obligatory plant 

parasites are associated with the processes of envi- 
ronmental degradation resulting from the over-use 
of mineral nitrogen fertilizers, the intensification of 
agrarian measures, contamination by acid rain and 
the drying-out of fen peat soils (Wasilewska, 1974a, 
1986, 1987, 1989a, 1989b, 1991a, 1995b, 1996~:. 
Sohlenius & Wasilewska, 1984; Sohlenius et al., 
1987; Freckman & Ettema, 1993). An increase in the 
abundance of this group, and especially the strong 
dominance of some species, can also occur in bio- 
topes with characteristics similar to those having 
long-term monocultures (Karg et al., 1990). This 
effect was observed in experiments in which trophic 
groups were monitored in plots with several culti- 
vated grass species and compared with plots with only 
a single grass species (Wasilewska, 1995a). Land use 
has also been found to influence the abundance of 
plant parasites (Wasilewska, 1989a, 1995b). 

Predators (P) and Omnivores ( 0 )  
Predatoly nematodes represent the highest tro- 

phic level amongst soil microfauna. Yeates & Bird 
(1994) suggested that the bioindication potential of 
this group is limited due to their low abundance, 
especially in cultivated soils. Also, these nemtodes 

can be excluded due to competition by other repre- 
sentatives of the soil fauna. However, increased 
abundance of predatory nematodes may provide an 
indication of the "naturalness" of the environment 
(Wasilewska, 1975). Exceptions to this may be eco- 
systems in severe conditions e.g. the arctic and some 
antarctic areas. Such environmental gradients have 
already been calculated using other soil invertebrates, 
e.g., rotifers, Collembola, Oribatida, Mesostigmata 
and Prostigmata (Aoki, 1979; Pouyat et al., 1994). 

Omnivores link several levels of food chains and 
enhance the interconnections between trophic food 
webs (Coleman et al., 1983). 

These two trophic groups have long been used in 
combination to provide an index of nematode com- 
munities in equilibrium (Wasilew-ska, 1974a, 1974b, 
1974c, 1979, 1985, 1989a, 1991a, 1994b, 1995b; 
Sohlenius et al., 1987; Freckman & Ettema, 1993). 

The ratio of baeterivores to fungivores (B/F) 
(with reference to potential fungivores) 

The ratio of bacterivores to fungivores provides 
information on -the dominant way in which the 
breakdown of organic matter proceeds, i.e., with the 
participation of bacteria or fungi. Bacterivorous and 
mycophagous nematodes have a significant role in 
the release of bioelements (Coleman et al., 1983; 
Ingham et al., 1985; Sohlenius et al., 1987; Freckman 
& Ettema, 1993; Neher & Campbell, 1994; 
Wasilewska, 1994b; h'eates & Bird, 1994; Wardle et 
al. 1995a; Neher et al., 1995; McSorley & Frederick, 
1996). 

The ratio of bacterivores + fungivores to obliga- 
tory plant parasites (B + F/OPP) (with reference 
to potential fungivores) 

The ratios of bacterivores and fungivores to 
obligatory plant parasites are indicative of differences 
in the mineralization of dead and live plant tissues 
(Wasilewska, 1991a, 1994a, 1994b, 1996c), i.e. be- 
tween the "detritus food web" and the "grazing food 
web" of Yeates et al. (1993). The feeding activity of 
heterotrophs releases bioelements, but the rates of 
release differ between ecosystems. The breakdown of 
dead tissue by bacteria and fungi releases bioelements 
at a rate slower than that possible caused solely by 
the feeding phytophages. The feeding by phytophages 
provides a rapid flow of matter and energy from 
autotrophs to heterotrophs (Odum & Biever, 1984). 
It can therefore be sugested that ecosystems with a 
slow cycling of elements will have higher values for 
this ratio than those with a faster cycling rate. 
Wasilewska (1996~) compared these indices using 
nematode community data from tree stands in two 
regions of Poland, in which the stands were subjected 
to either the presence or absence of acid rain. The 
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B/F+FPP ratio was lower in stands subjected to acid 
rain than those that were not (0.3-0.5 versus 1.2 -2.7). 
This implies that decomposition was caused primar- 
ily by fungi. Ln addition, the considerably lower 
values for B+F+FPP/OPP in stands subjected to the 
influence of acid rain (1.7-3.2) than those without 
(28.1-59.2) suggested that there was a more rapid 
release of bioelements by phytophage grazing in 
ecosystems contaminated by acid rain. 

Bioindication at the community level 
Indices based on co~nmunities contain more gen- 

eial information on the system, this being a conse- 
quence that they are a product of several changes 
which have occurred resulting, for example, in the 
increased abundance of some groups or species and 
a decline in others. An assessment of the composition 
of a community expressed as one value is less variable 
than the separate indices based either on a trophic 
group or the relative population abundance of a 
characteristic species (Neher et al., 1995). Such 
indices are indices of diversity or of community 
maturity. 

Indices of taxonomic diversity (H) 
The Shannon index of species diversity (H'), the 

Shannon index of trophic diversity (Shannon & 
Weaver, 1949; Magurran, 1988), trophic diversity of 
Heip et a[. (1988), and the index of diversity of 
Sirnpson (1949) are used in combination with many 
other parameters, e.g., quantitative estimates of spe- 
cies or trophic groups, ratios between functional 
groups, species dominance and group dominance 
and the maturity indices, to assess changes in the 
nematode fauna resulting from ecosystem processes 
and conditions (Wasilewska, 1979, 1991a, 1995a; 
Popovici, 1992; Freckman & Ettema, 1993; Yeates 
& Bird, 1994; Han61, 1995; Neher et al., 1995; Neher 
& Campbell, 1996; Ferris et al., 1996; Yeates & Van 
der Meulen, 1996). Overall, the suitability of an index 
of diversity may be of significance only for distin- 
guishing extreme environmental conditions. No 
signiGcant correlation has been observed between the 
species diversity index (H') and the other biocoenotic 
index for nematodes coilstituted by MI, which is 
discussed below (Wasilewska, 1994b, 1995c; Hang], 
1996). 

Maturity indices 
Maturity indices have been developed on the basis 

of the principle of succession and differences in the 
sensitivity of taxa to stress. The hypothesis of succes- 
sion based on r- and K-selection (Pianka, 1970) is 
considered a function of the invasion and elimination 
of species of differing life strategies (Colinvaux, 

1986). Bongers (1990) developed the maturity index 
(MI) for nematode communities on the basis of 
faunal composition. Taxonomic units (genera and 
families) were classified into 5 groups each with 
differing life strategy, from colonizers to persisters, 
and each was given a rank (c-p) value: colonizels - 
c-p 1 - short life cycle, high reproductive late, 
tolerance to disturbance; c-p 2; c-p 3; c-p 4; persist- 
ers - c-p 5 - long life cycle, limited colonizing ability, 
small number of generations, sensitivity to distur- 
bance. 

The formula used was MI = Cvi pi, where vi is 
the value on the colonizers-persisters (c-p) scale for 
the i-th taxon and pi the proportion of the i-th taxon 
in the total community. Thus, the MI is the weighted 
mean for the c-p values of the taxa in a given sample. 
Plant-feeding nematodes (sensu Yeates et a[., 1993) 
were omitted from the calculation of the Maturity 
Index and were included in a separate Plant Parasite 
Index (PPI). 

Subsequently several different approaches to the 
MI have been used: 

1) MI - is based solely on free-living taxa of 
nematodes (c-p scale 1-5) Bongers (1990). This may 
serve in the monitoring of colonization and then 
successioi~ following disturbances. Lower values in- 
dicate an earlier stage of succession or the 
disturbance of environmental conditions, and higher 
values refer to a later successional stage or less-dis- 
turbed environment. 

2) C MI - is calculated using all taxa in a nematode 
community, (Yeates, 1994; Wasilewska, 1994b) and 
the c-p scale of 1-5 (Bongers, 1990) is used. This 
serves the same purpose as MI and reacts similarly, 
albeit under natural or semi-natural conditions. In 
nutrient-rich agroecosystems a well-represented 
group of plant parasites may mask the changes in 
value of the index (Bongels, personal communica- 
tion). 

3) PPI - is constructed using phytoparasitic 
nematodes (c-p scale 2-5) (Bongers, 1990). How- 
ever, more recently Bongers & Korthals (1995) have 
confirmed that nematodes feeding on higher plants 
represent a separate group, whose occurrence is 
always linked with primary producers as opposed to 
free-living nematodes. PPI seems to be positively 
correlated with primary production (Bongers, 1990) 
and higher values would thus indicate nutrient-en- 
richment. Inconsistent results obtained to date show 
that lower PPI values either indicate (Neher & 
Campbell, 1994; Yeates, 1994) or fail to indicate 
(Bongers, 1990; Freckman & Ettema, 1993; 
Wasilewska, 1995c) a less mature or more disturbed 
ecosystem. 

4) PPI/MI ratio (Bongers & Korthals, 1995). It 
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Table 1. Relation between Maturity Indices and heavy metal concentrations (ppm) for stations in the 
New York Bight Apex (from Bongers ef al., 1991) 

has been observed by several researchers that MI 
decreases and PPI increases where the nutrient status 
is greater. The ratio may thus be a sensitive p a m e t e r  
in the monitoring of agroecosystems. 

5) The MINO Maturity Index for free-living 
nematodes excludes opportunists (c-p=l) and in- 
cludes only c-p=2-5 (Neher & Campbell, 1996). 
Opportunist populations (c-p=l) increase when ni- 
trogen fertilizers and/or organic matter are added to 
soil, changing the community only temporarily. 
Therefore, the index does not record shortterm 
changes. 

6) The C MINO Maturity Index for free-living 
nematodes excludes opportunists (c-p=l) and in- 
cludes plant parasitic nematodes (Neher & 
Campbell, 1996). 

7) BaMI (MI for bacterivores), FuMI (MI for 
fungivores), OmMI (MI for omnivores), and CaMI 
(MI for carnivorous nematodes) (Bongers, personal 
communication; Ferris et al., 1996; Wasilewska, 
1996a) are indices which make provision for the life 
strategies within the trophic groups. 

8) The c-p triangle provides a gaphical repre- 
sentation of the MI (De Goede et al., 1993a) (Fig. 
3). These authors classified the nematode fauna into 
i) enrichment opportunists (c-p=l), ii), general op- 
portunists (c-p=2), and iii) persisters (c-p=3-5) to 
demonstrate changes in nematode community struc- 
ture which are not expressed directly in the Maturity 
Index. An equilateral triangle is used to present the 
relative abundances of the three groups graphically 
and changes can be interpreted in relation to enrich- 
ment, stress, succession or recovery, on the basis of 
shifts in the relative abundances of the three groups. 

The number of publications using nematode ma- 
turity indices and their variants has increased 
substantially since 1990 (Fig. 1). 

Applications sf bioindicators 

nematode fauna was found to reflect successional 
stages and hence the creation of the litter, fermen- 
tation and humus layers, as well as of mineral soil. 

Generally, a greater emphasis has been made on 
studies dealing with secondary succession. The Ma- 
turity Indices (MI, CMI and PPI) relate to i) 
transitions from field cultivation to sub-climax forest 
(HhCI, 1995), ii) newly-established meadows (fol- 
lowing ploughing) and the permanent meadows 
which emerge over a 10-20 year period (Wasilewska, 
1994b) (Fig. 4), iii) long-term successional changes 
between newly-established meadows on drained fen 
peat soils and those 100 years after such treatment 
(Wasilewska, 1991a, 1994a) (Fig. 5), iv) differences 
between annual and perennial crops are discussed in 
Freckman and Ettema (1993), v) effluent irrigation 
(Yeates, 1995), and vi) the age of pine forest in 
different geographical and climatic conditions (Ar- 
mendAriz et ul., 1996). 

In the initial phases of succession, communities 
are characterized by high productivity, whereas in 
advanced stages there is an increasing efficiency in 
the use of environmental resources (Pianka, 1970). 
Thus, the distinction between these two phases is 
related to matter and energy economies. Nematode 
maturity indices applied to these phases may provide 
a measure of the successional maturity of a whole 
ecosystem, but such assessments should be done 
prior to a change of land use. 

Assessing degradation and stress 
Nematode maturity indices used in the assess- 

ment of degradation provide information on the 
breakdown of succession or on the degree of the 
reversal from a previous stage. In such cases, MI and 
CMI have lower values than in unstressed situations. 
The index can reflect contamination of soil by heavy 
metals (Popovici, 1992; Yeates, 1994), contamina- 
tion of waters by heavy metals and organic 
compounds (Bongers et al., 1991; Neilson et al., 

~ - 
Assessing primary and secondary succession 1996) (Table l), and contamination by pesticides 
De Goede et al. (1993b & c) have demonstrated (Yeates, 1994). Fumigation of soil, and the use of 

how nematodes reflect primary succession of vege- organic fertilizers on soil were also found to lead to 
tation. Their analysis was based on differences in the a decline in MI values in a field experiment (Ettema 
strategies of different taxa. The composition of the & Bongers, 1993). This, change within a relatively 
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short time period is unusual as organic fertilizers tend 
to induce an increase in r-strategy nematodes. The 
application of lime and mineral fertilizer (urea) in a 
pine forest led to significant changes when the soil 
pH increased (De Goede & Dekker, 1993). A further 
consequence of liming was an increase in the pro- 
portion of r-strategy taxa, and this increase was 
maintained for several years. The application of urea 
also brought about an increase among taxa of low 
rank on the c-p scale, albeit the increase being greater 
but short-lived. In addition, K-strategists declined in 
numbers after fertilization with urea (De Goede & 
Dekker, 1993). In Poland, ecosystems stressed by 
acid rain were found to have reduced numbers of 
nematode taxa of high rank on c-p scale (Wasilewska, 
1996c), however, moderate pollutant emissions in an 
area of the Beskid mountains (Czech republic) were 
found to have only a limited effect on MI values 
(HanEl, 1992). 

Freckrnan & Ettema (1993) used a series of 
indices, including the Maturity Indices hlI and PPI, 
to determine the effect of human activity on agroe- 
cosysteins in the United States. Differences were 
observed related to the intensive use of chemicals, 
quantitative and qualitative aspects of cultivation 
(ploughing, crop rotation and 2 year fallowing), and 
a distinction between single and multiple year culti- 
vations. The authors considered the chosen indices . 
useful in their research and anticipated that they 
could be used for the "prediction" of disturbances in 
trophic webs and hnctioning of ecosystems. 

The draining of natural fens in Poland and their 
subsequent use as meadows led to a decline in MI 
which is particularly dramatic in fen peat soils of 
alder origin (Wasilewska, 1991a, 1994a) (Fig. 5). The 
MI and PPI were also shown to react to experimental 
simulation of monocultural and multi-species grass 
crops, with the most diverse plant community being 
associated with a more mature stage of succession of 
the nematode community (Wasilewska, 1995a) (Fig. 
6). 

Populations of bacterivorous nematodes, and the 
different life strategies within this group, have been 
found to be dependent of the farming system em- 
ployed. The greater abundance of bactetivorous 
nematodes of c-p value 1 found in an organic farming 
system as compared to a conventional system was 
considered to be related to soil fertility (Ferris et al., 
1996). These nematodes are indicative of biologi- 
cally-active soils with enhanced rates of N-minera- 
lization (Griffiths et al., 1994). 

Bacterivorous nematodes typically occur where 
there is an enhanced (quantitatively-defined) input 
of organic matter to the environment, however, their 
presence is dependent upon the stage of succession, 

Fig. 3. C-P triangle schematically showing the main 
directions along which changes in nematode fauna com- 
position may occur as a result of disturbances (open arrows 
1 and 2) and subsequent recovery of natural succession 
(Line arrows 3, 4 and 5) (from De Goede et al., 1993a). 

and a long-term degradation of the environment, 
e.g., by acid rain (Wasilewska, 1996a). When enrich- 
ment opportunists (c-p 1) increase in number, BaMI 
declines, and this change is associated with organic 
enrichment and successional stage. Long-term envi- 
ronmental degradation by acid rain results in a 
decline in the abundance, or the disappearance, of 
bacterivores (c-p value 1/2). This probably is a 
consequence of a slower rate of decomposition 
(Waslewska, 1996a, 1996~). 

Application of domestic sewage emuent to a forest 
plantation in New Zealand increased bacterial feed- 
ing and predatory nematodes and decreased fungal 
feeders. The MI was lower in treated plots indicating 
an influence of increased microbial processes 
(Yeates, 1995). 

Assessing recovery 
As stated, maturity indices may be used for the 

assessment of ecosystem recovery after disturbance. 
The timescale for such evaluations is generally short 
(measured in days, months or several years), because 
changes of longer duration would fall within the 
range of succession. The recolonization of sterilized 
soil by nematodes was considered in relation to the 
r-K continuum by Yeates et al. (1991) and Yeates 
and Van der Meulen (1996). These authors elirni- 
nated nematodes by fumigation and then traced their 
recovery using the determination of MI, CMI, PPI, 
the ratio of fungivorous to bacterivorous nematodes, 
species richness, the Shannon Index, and domi- 
nance. Their results indicated increased biological 
activity as a consequence of sterilization (pollution 
and possibly disturbance). Thus the assessment of the 
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Fig. 4. Maturity index of nematode community (C MI) - A  and plant parasite index PPI - B in relation to the age 
of meadows. Ley meadows (1-12 years old), and permanent meadows (P). Only C MI was correlated with the age 
(vegetational succession) of meadows, while PPI showed no correlations (from Wasilewska, 1994b). 

rate of population recolonization is a bioindicator of 
natural processes. Similarly, De Goede (1996) found 
that MI declined after the removal of the litter, 
fermentation and humus layers and the herb vegeta- 
tion in a Scots pine forest. The author suggested that 
the observed decrease in MI and the subsequent 
increase in the newly-generating organic layer over 
the following three years, should be treated as an 
indicator of the removal of pollutants, e.g., S and N 
deposited from the atmosphere. 

Assessing the ecological condition of soil - a 
proposal for monitoring 

Initial attempts have been made to use soil nema- 
todes for the ecological classification of soils (De 
Goede & Bongers, 1994; Neher & Campbell, 1994; 
Neher et al., 1995). De Goede & Bongers (1994) 
used the nematode fauna to classify habitats into 
groups with similar soil features. Multifactorial 
analysis of nematode genera was used to define 
characteristic nematode communities for a number 
of habitats. In some instances the current nematode 
composition differed to that of the existing primary 
vegetation. It was possible to define nematode com- 
munities for a range of terrestrial habitats, and these 
communities could then be related to soil charac- 
teristics and vegetation. 

Similarly, Neher & Campbell (1994) and Neher 
et al. (1995) studied model agricultural systems in 
relation to the plant parasitic index (PPI), as well as 
the ratio of mycophages to bacteriophages. The 
model systems chosen were alfalfa and long-estab- 
lished pasture ecosystems relatively little-disturbed 
by man, and their comparison with annual crops, 
e.g., soybean. Single and multiple year and long-term 
cultivation systems differed significantly for the se- 
lected nematode-related parameters allowing the 

authors to propose a system for the evaluation of soils 
where decision making for husbandry was important. 
Neher & Campbell (1996) concluded that whilst the 
ecological features of soil nematode communities 
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3.0 

m---.-m Sedge-moss-fan peat 

A- - -A Sedge-fen peal 
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Fig. 5. Maturity Index (MI) of a nematode community 
on fen peat meadows differing in years elapsed since 
drainage and in peat origin; post-glacial valley of the Rivers 
Biebrza and Narew, Poland. Year 0 designates sites on 
undrained natural fen. Arrows show the direction of 
changes following the drainage of natural fens or alder 
swamp. MI declines drastically following the transfonna- 
tion of alder swamp into cultivated meadows. The hatched 
area is an "area of bioindication", and hence the first 25 
years of succession after drainage on alder fen peat soils - 
a time period coinciding with a hlgh intensity of moorshmg 
(mucking) (from Wasilewska, 1994a). 
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were capable of being expressed quantitatively via 
indices of diversity or maturity, an indication of the 
relative biological or ecological health of a soil was 
also being provided. This could be used to discern 
the effects of changes in the ecological conditions of 
an agrarian system. These authors had expanded their 
previous study to two States (North Carolina and 
Nebraska) which differed in their types of agrarian 
system, climate and soil. The number of studied 
parameters was also greater than in the previous 
study, including R41, MINO, PPI, CMI and the 
Shannon Index of trophic diversity. Analysis of 
variance was used to estimate the number of fields 
requiring sampling, the number of cores of soil 
required for a composite soil sample and the number 
of subsan~ples to be assayed for each composite 
sample in order to obtain a quantitative change in 
index values within a geographical region. This was 
the fiwt regional monitoring of nematode csmmuni- 
ties and assessment of the condition of ecological 
health ~f agricultu~al soils. It involved sampling 
programmes with measures of known reliability and 
the ability to detect dserences over time. 

According to Neher & Campbell (1994), an 
indicator should: i) reflect the structure and/or func- 
tion of ecological processes, irrespective of source or 
physical state; ii) react to a change in soil conditions; 
iii) "measure" such parameters on the basis of one or 
two samples collected each year; iv) utilise simple 
methodology so that a non-specialist can obtain 
results, and v) be open to interpretation. 

Maturity indices have been used in a variety of 
studies, e.g., monitoring, successional stages, ecosys- 
tem degradation, and stress and subsequent 
recolonization. Temporal studies, whether they be, 
i) short term (days or weeks) (Ettema & Bongers, 
1993), ii) monthly or seasonal (Hodda & Wanless, 
1994), or iii) long term (up to 100 years) 
(Wasilewska, 199 lc), have also used maturity indices. 
However, Yeates & Bird (1994) and Wasilewska 
(1996~) reported difficulties in drawing conclusions 
on a broader geographical scale from such studies 
using maturity indices, though recognizing their 
usefulness of the local scale. However, further re- 
search will likely enable maturity indices to be 
developed for use in a broader geographical scale. 

In this review no attempt has been made to fully 
assess the value of the proposed methods of bioindi- 
cation. However, several iniportant issues have been 
addressed, whilst it is acknowledged that many re- 
search papers in which bioindication was not the 
primary objective have been omitted. One aspect 
which has been comprehensivley examined here is 

, ,L-1---. 2 ~ * 8 , 
I I 14 23 27 35 
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Fig. 6-  Maturity Index (MI) of a nematode community 
under an experimental grass monoculture (Mo) and a grass 
mixture treatment (Mx) in a three-year field experiment. 
For each sampling occasion values of four replicates are 
presented. Curves were fitted by polynomials of the second 
order (from Wasilewska, 1995a). 

that of bioindication using nematode parasites of 
higher plants, and this aspect is the subject of most 
research effort by nematologists on account of its 
economic importance. 

Various components of the ecology of nematodes 
in agroecosystems have been studied (Freckrnan & 
Caswell, 1985; Wasilewska, 1989b). Considemble 
diversity of nematode parasite-host plant relation- 
ships is evident and the developmental stlategies of 
different species are dependent not only on the host 
species but also on its developmental stage. Conse- 
quently, it is suggested that species of the same group 
should, in future studies, be included within the c-p 
scale - as has been done in relation to genera 
(Bongen, 1990). This will obviously make it more 
diflicult to establish maturity indices as highly trained 
specialists are required to identify the vast range of 
nematode species. However, with the rapid introduc- 
tion of biochemical and molecular methods for 
species identification and new technologies such as 
quantitative PCR being developed it is likely that 
much of the current laborious nematode identifica- 
tion procedures can be overcome. 

The science of using soil-inhabiting nematodes as 
bioindicators is still progressing and will undoubtedly 
continue to develop as an important research area in 
nemtology. As new data accumulate, particularly in 
relation to the life cycles of the less well-known 
species, there will be changes in c-p values to which 
these species are allocated (Bongers et al., 1995). In 
the short' term a principal task in the practical 
application of maturity indices will be to develop 
their applicability to broad scale geographical areas, 
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i.e., universal versus regional versus local applicabil- 
ity. This is already beginning to happen (Yeates, 
1994; Yeates & Bird, 1994) and will eventually 
provide the means to enable nematologists to reliably 
apply their knowledge of nematodes as bioindicators 
to a wide range of ecosystems. 
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