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Abstract: Field and laboratory research has repeatedly shown that free-living soil nematodes differ in their sensitivity to soil
pollution. In this paper, we analyze whether nematode genera proved sensitive or tolerant toward heavy metals and organic
pollutants in six long-term field experiments. We discuss overlaps between nematode physiological responses to heavy metals and
to organic pollutants, which may explain why nematodes can exhibit co-tolerance toward several contaminants. We propose a simple
method for separating direct effects of soil contamination on nematode populations from indirect effects mediated through the
food chain. Finally, we analyze the extent to which nematodes exhibited consistent responses across the experiments analyzed. Our
results show that (a) indirect effects of pollution were generally strong; (b) fewer nematode genera were tolerant than sensitive; (c)
many genera, including practically all Adenophorea, exhibited a common response pattern to contaminants; and (d) several genera
of the Secernentea exhibited differential tolerance toward particular pollutants. We conclude that bioindication of soil contami-
nation should preferentially be based on tolerant, and less on sensitive, nematodes. We provide a list of nematode genera that may
potentially serve as differential bioindicators for specific soil contaminants.
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Among soil organisms, nematodes are seen as the
most promising candidates for bioindication of soil sta-
tus (Cortet et al., 1999; Achazi, 2002). Using the well
established classifications of nematode feeding types
and cp-groups (Yeates et al., 1993; Bongers and
Bongers, 1998), researchers have consistently exploited
nematodes to investigate the propagation of broadly
defined disturbance and fertilization effects through
the soil ecosystem (Freckman and Ettema, 1993; Vil-
lenave et al., 2001). It has been shown repeatedly that
nematodes respond differentially to xenobiotic sub-
stances (Bongers et al., 2001; De Nardo and Grewal,
2003; Jonker et al., 2004). However, a recognized con-
cept enabling a nematode-based indication of more
specific impacts than disturbance and fertilization, such
as the indication of a specific heavy metal or a specific
organic toxicant in the soil, is lacking.

In fact, many of the physiological responses of nema-
todes to toxic substances are highly unspecific (Table
1). As the very first and immediate reaction on sensing
a toxic substance, nematodes can cease pharyngeal
pumping and thereby avoid intake of the toxicant
(Jones and Candido, 1999). Nematodes have elaborate
sensorial equipment, including receptors for cadmium
and copper ions (Sambongi et al., 1999), which enables
them to avoid intake of a broad spectrum of substances
by means of the same behavioral response mechanism.
Once a toxicant has passed into the body, a plethora of
molecular decontamination mechanisms is induced
(Downs et al., 2001). Superoxide dismutases accumu-

late in response to oxidative stress and are one of the
main anti-oxidant defense pathways (Fridovich, 1995).
Cytochrome P450 has both physiologically relevant oxi-
dative and reductive reactions and catalyzes many xe-
nobiotic-based substrates (Menzel et al., 2001). Gluta-
thiones and glutathione S-transferases are involved in
the detoxification of organic xenobiotics and in the
discharge of metal ions from the cell (Eaton and
Bammler, 1999; Sies, 1999). Metallothioneins can act as
scavengers for radicals, and mainly they protect against
metal toxicity by sequestering Zn, Cu, Cd, and Hg
(Klaassen et al., 1999). Phyto-chelatins also sequester
Cd, as well as As, Ag, and Cu (Clemens et al., 2001;
Vatamaniuk et al., 2001). In this way, metal ions are
neutralized within the nematode body if they cannot be
excreted (Vijver et al., 2004). Storage of Pb can, for
example, reach levels where visible lead particulates are
formed in the oesophageal region of Panagrolaimus su-
perbus (Williams and Seraphin, 1998). Similarly, organic
pollutants can accumulate in the tissue if metaboliza-
tion and excretion do not keep pace with intake rates.
For example, Haitzer et al. (2000) observed accumula-
tion of pyrene in specific, presumably lipid-rich body
regions within Caenorhabditis elegans. The processes of
avoidance, detoxification, and sequestration of pollut-
ants are accompanied by a range of more general
mechanisms for protein survey and repair (e.g., ef-
fected by ubiquitin or by heat shock proteins).

With respect to bioindication, the multitude of de-
toxification mechanisms available and the remarkable
overlap between the mechanisms involved in the de-
toxification of heavy metals and organic pollutants may
mean that nematodes frequently acquire multiple resis-
tance against various pollutants simultaneously. The re-
sulting nonspecific population response to pollutants
will, in turn, largely blur an individual pollutant’s signal
in the nematode community. It seems, therefore, a rel-
evant question whether nematodes exhibit sufficiently
distinct responses to different toxic substances to en-
able a differential bioindication of these substances. We
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re-analyze published data from six large field investiga-
tions on long-term soil contamination as to the re-
sponses of nematodes to the pollutants applied. First,
we illustrate the importance of indirect contamination
effects on nematode populations and propose a simple
method for isolating direct effects from food-chain ef-
fects. Then, we compare across experiments the consis-
tency and the specificity in the numerical responses of
nematode genera to selected toxicants.

Materials and Methods

Data sources: Due to the destructive and risky nature
of toxicological field experiments, few investigations
are conducted in which soil contamination is deliber-
ately introduced in a controlled way in the field. How-
ever, information can also be drawn from sites that have
been contaminated by industrial waste or by accidental
pollution. For our analysis, we selected six investiga-
tions from the literature that included at least 2-yr du-
ration of contamination and provided quantitative
documentation of soil pollution status and nematode
community.

The copper field experiment (Korthals et al., 1996)
was located near Wageningen, The Netherlands. The
dominant soil type is a fimic anthrosol. A continuous
crop rotation of maize, potato, and oats was maintained
on the site. In 1982, 128 plots of 6 x 11 m were estab-
lished in eight blocks. A full factorial design of four
copper levels (0, 250, 500, and 750 kg Cu/ha) and four
pH levels (4.0, 4.7, 5.4, and 6.1 pH-KCl) was imple-
mented in eight replicates randomized in eight blocks.
In 1992, 10 yr after the start of the experiment, 30 soil
cores (17-mm-diam. × 10-cm-depth) were taken from
each of the 128 plots, mixed, and analyzed for pH, total
and available copper content, and nematodes.

The sewage sludge experiment (Weiss and Larink,
1991) was located near Braunschweig, Germany, on a
luvisol. A rich rotation with maize, summer wheat, win-

ter wheat, oat, sugar beet, and potato was grown on the
site. From 1980 onward, native sewage sludge (12 t dry
matter/ha/yr) was applied in one treatment and sew-
age sludge with added Ni, Pb, Cd, Cr, Cu, and Zn in a
second treatment, while a third treatment was fertilized
with 100 kg N/ha/yr. Soil concentrations of heavy met-
als were monitored regularly. In 1989, 9 yr after the
start of the experiment, 10 soil cores (3.9-cm-diam. ×
20-cm-depth) were taken in each of four replicate plots
of the treatments, bulked, and analyzed for nematodes.

The timber preservative investigation (Yeates et al.,
1995) took place near Levin, New Zealand, on stony silt
loam (Typic Dystrochrept) under permanent pasture
dominated by ryegrass and white clover. The site was
contaminated by surface runoff of Cu-Cr-As-based tim-
ber preserving liquor from an adjacent timber-
treatment plant. In 1989, the contamination was ana-
lyzed. In 1991, 50 soil cores (2.5-cm-diam. × 5-cm-
depth) were taken from 11 plots on areas with low,
medium, high, and extreme contamination. Soil con-
centrations of Cu, Cr, and As were measured and nema-
todes enumerated and identified.

The heavy metals experiment (Nagy, 1999) was con-
ducted at Nagyhörcsök, Hungary, on calcareous loamy
chernozem with a medium-to-deep humus layer. Vari-
ous crops, such as maize, carrot, potato, peas, beet root,
spinach, and winter wheat, were planted during the
experiment. In 1991, a split-plot design with two repli-
cate blocks was established, in which 13 individual
heavy metals and microelements were ploughed into
the soil at three to four different contamination levels
of up to 810 kg/ha. Soil element concentrations were
annually monitored. In 1996 and 1997, a total of 56 soil
cores (2-cm-diam. × 10-cm-depth) were taken from the
controls and from the 13 treatments with the highest
contaminations, and nematodes were extracted.

The multiple metal experiment (Georgieva et al.,
2002) was conducted at North Nottinghamshire,

TABLE 1. Nematode physiological responses to toxic substances.

Mechanism Reference Heavy metals Organic toxicants

Sensing of Cu and Cd ions Sambongi et al., 1999 Avoidance
Pharyngeal pumping ceases Jones and Candido, 1999 Avoidance Avoidance
Superoxide dismutases (Mn SOD) anti-oxidant

defense
Fridovich, 1995 Detoxification

Cytochrome P450 (CYP) oxidative metabolism Menzel et al., 2001 Detoxification Detoxification
Glutathiones (GSH) and Glutathione S-tansfer-

ases (GST) detoxification of xenobiotics,
excretion of metal ions

Eaton and Bammler, 1999;
Sies, 1999

Detoxification Detoxification

Metallothioneins (MT) sequester Zn, Cu, Cd,
and Hg also scavenge for radicals

Klaassen et al., 1999 Sequestration Detoxification

Phyto-chelatins (PC) sequester Cd (As, Ag, Cu) Clemens et al. 2001;
Vatamaniuk et al., 2001

Sequestration

Pb particulates accumulate in the oesophageal
region of Panagrolaimus superbus

Williams and Seraphin, 1998 Sequestration

Pyrene accumulates in specific body regions of
Caenorhabditis elegans

Haitzer et al., 2000 Accumulation
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United Kingdom, on sandy loam. Barley, Italian
ryegrass, sugar beet, white clover, and peas were grown
on the site. In 1982, a randomized plot design was es-
tablished with the following treatments: Application of
uncontaminated sludge (100 t dry solids/ha); sewage
sludge contaminated artificially with four concentra-
tions of either Ni, Cu, Zn, or combinations of Zn and Ni
or Zn and Cu; and a control without any sewage sludge
application. Four replicates were established for the un-
contaminated sludge and no sludge treatments and two
replicates for each heavy metal concentration. In 1986,
further additions of naturally contaminated sludge
were made to some of the plots. The soils were analyzed
regularly for heavy metal content. In 1994, 12 yr after
the first and 8 yr after the second treatment, each plot
was sampled for nematodes with a bulk sample consist-
ing of 20 cores (1.9-cm-diam. × 20-cm-depth).

The organic pollution investigation (Blakely et al.,
2002) was performed in Toledo, OH, in the vicinity of
a creosote reservoir. The reservoir was established at
the site about 50 yr earlier and since then had been
leaking into adjacent soil and groundwater. The soils
analyzed were vegetated by mixed deciduous forest with
a dense understory of perennial and annual herbs and
vines. Thirty intact soil cores (5.1-cm-diam. × 7.6-cm-
depth) were taken on each of three sampling occasions
in 1998. Phenanthrene, fluoranthene, pyrene, and

benzo-a-pyrene concentrations were measured, and
nematode community composition was analyzed.

Data analysis: The copper field experiment was ana-
lyzed separately to serve as a validation control (see
Table 2). To illustrate indirect Cu effects mediated via
the food chain, we compared the responses of nema-
tode feeding groups to the Cu concentration gradient
of the copper field experiment. In a second analysis, we
compared nematode responses of the four experiments
with multiple heavy metal pollution. To make it pos-
sible to compare data across the different experiments,
data were normalized as follows: Counts of nematode
genera were expressed as relative proportions of their
feeding type (DoFT = Dominance within Feeding
Type), thereby correcting both for indirect toxicity ef-
fects through changes in feeding sources and for dif-
ferences across investigations in sampling and extrac-
tion. We see this as a natural extension from the widely
adopted habit of expressing genus importance as domi-
nance, i.e., as relative proportions of the total commu-
nity. To correct for differences between investigations
in heavy metal bioavailability, the concentrations of
heavy metals were given a different weight for each
investigation and for each feeding type, to provide the
best regression coefficient between heavy metals and
nematode responses in the combined data of the meta-
analysis. The Excel Solver tool was applied to optimize

TABLE 2. Data sources and analyses of the six studies used in this investigation, together with information on soil, vegetation, pollutants
applied, organic amendments (if applied), years since contamination, and the contaminants considered. Data of the copper field experiment
and of the organic pollution investigation were treated separately. Data of the four experiments with multiple heavy metal contamination were
combined in a meta-analysis.

Name of experiment
and reference Soil and vegetation

Pollutants and organic
amendment Yr

Analyzed
contaminants

Separate analysis: Cu effects, food-chain effects
Copper fielda Fimic anthrosol, continuous

crop rotation of maize, po-
tato, oat

Combinations of Cu and
acidification

10 Cu

Meta-analysis: Cr, Cu, Ni, and Zn effects across experiments
Sewage sludgeb Luvisol, crop rotation with

maize, wheat, oat, sugar
beet, potato

Mixture of Ni, Cd, Cr, Cu, Pb,
Zn; sewage sludge

9 Cr, Cu, Zn

Timber preserva-
tivec

Typic Dystrochrept, pasture
with ryegrass, clover

Mixture of As, Cr, Cu 2 Cr, Cu

Heavy metalsd Chernozem, various crops:
maize, carrot, potato, peas,
beet, spinach, wheat

Al, As, Ba, Cd, Cr, Cu, Hg,
Mo, Ni, Pb, Se, Sr, Zn, indi-
vidually

5 Cr, Cu, Ni, Zn

Multiple metal3 Sandy loam, various crops:
barley, ryegrass, beet, clo-
ver, pease

Cu, Ni, Zn individually and
mixtures Ni+Zn, Cu+Zn;
sewage sludge

12 Cu, Ni, Zn

Separate analysis: Comparison of heavy metal effects and effects of organic pollutants
Organic pollutionf Soil not specified, mixed de-

ciduous forest
Creosote (mixture of organic

pollutants)
50 benzo-a-pyrene, five-ring-PAH,

fluoranthene, phenan-
threne, pyrene

a (Korthals et al., 1996)
b (Weiss and Larink, 1991)
c (Yeates et al., 1995)
d (Nagy, 1999)
e (Georgieva et al., 2002)
f (Blakely et al., 2002)
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regression coefficients. The values of the relative
weights were handled conservatively and were kept
within 0.1 and 10. Spearman rank correlations were
calculated for each nematode genus and each of the
four heavy metals, Cu, Zn, Ni, and Cr, that were shared
between at least two experiments. The truncated prob-
ability method (TPM; Zaykin et al., 2002; Neuhäuser,
2004) was applied to account for replicate testing and
to keep cumulative error below 0.05. Finally, the regres-
sion coefficients obtained for heavy metals were com-
pared to those reported from the organic pollution in-
vestigation. Regression coefficients were rearranged in
a table by means of two-way joining to reflect similari-
ties of the effects of toxicants and similarities of the
responses of nematodes (Table 3). The Statistica soft-
ware package (StatSoft Inc., Tulsa, OK) was used for all
statistical analyses.

Results

Differences between trophic channels: In the copper field
experiment, there was a general and strong decrease of
the nematode population density at higher Cu concen-
trations (Fig. 1). However, there were marked differ-
ences between feeding groups. Plant feeders proved
the most strongly affected group, exhibiting a marked
decline at Cu concentrations higher than 1 ppm. Bac-
terial feeders remained comparatively less affected up
to a Cu concentration of around 2 ppm, while rapidly
degrading at higher concentrations. In contrast, fungal
feeders increased in abundance with increasing Cu

concentrations up to 4 ppm and declined moderately at
higher concentrations. We consider it unlikely that
nematodes with a hyphal-feeding habit are generally
resistant to Cu while nematodes with a plant-feeding
habit are generally susceptible to Cu. Instead, we as-
sume that the abundances of nematode trophic groups
followed the responses of their feeding sources to the
contamination. Specifically, plants showed a dramatic
inhibition of growth at higher Cu concentrations, while
fungal growth may have been partly fostered by the soil
acidification brought about by the combined pH and
Cu treatment in the experiment.

Comparison across investigations: Of the 70 nematode
taxa registered in total, 34 exhibited significant corre-
lations with at least one of the toxic substances analyzed
(Table 3). Correlations of nematode genera with Cu
were coherent between the copper field experiment
and the other heavy metal experiments. None of the
significant correlations with Cu was contradictory be-
tween experiments; however, the ensemble of multiple
heavy metal experiments showed less significant corre-
lations, as is to be expected by the higher variation of
data encompassed. The overall comparison of results
from the copper field experiment, the four experi-
ments with multiple heavy metals combined, and the
organic pollution experiment reveals three major re-
sponse types of nematodes: (i) Cu/Zn sensitivity, (ii) Ni
sensitivity, and (iii) specific tolerances. Type 1 genera
exhibited negative correlations with Cu and in many
cases also with Zn. Possibly, genera of this response type
also tend to be susceptible to organic pollutants, as
indicated to some extent by Ditylenchus. The Aporce-
laimidae were allocated to response type 1 due to their
susceptibility to fluoranthene, pyrene, and phenan-
threne. At the same time, type 1 nematodes were less
affected by Cr and tended to be correlated positively
with Ni, albeit not significantly in most cases. Practically
all Adenophorea belonged to this response type. In di-
rect contrast, response type 2 encompassed Secernen-
tea showing negative correlations with Ni. The genera
of response type 3 were characterized by positive cor-
relations with pollutants. They showed a stronger dif-
ferentiation of responses. Four genera were particularly
tolerant to Cu, three to Zn, and three to Cr; Plectus was
tolerant to Ni and the Hoplolaimidae were tolerant to
benzo-a-pyrene and the five-ring-PAH. This response
type was represented almost exclusively by Secernentea,
the only exception being Plectus. The error probability
for the positive correlation between Plectus and Ni is at
the margin of the cut-off criterion for pairwise correla-
tions (Ppairwise < 0.005), which is required to keep the
cumulative error below the significance threshold. The
result for Plectus is therefore subject to the cumulative
error probability, which amounted to 0.045.

Discussion

Our results suggest that a broad spectrum of nema-
tode genera show a common response pattern to the

Fig. 1. Effects of Cu on nematode feeding types. Nematode feed-
ing types differed strongly in their response to soil Cu contamination.
Plant-feeders and bacterial-feeders declined with higher Cu concen-
trations. Hyphal-feeders increased in abundance up to Cu concen-
trations of 4 ppm. (Data from the copper field experiment; Korthals
et al., 1996).
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toxicants analyzed, while some genera acquired specific
and differential tolerances toward particular sub-
stances. It must be emphasized that dominance within
feeding type (DoFT), used to quantify nematode im-
portance in this investigation, does not offer an abso-
lute measure of a nematode’s potential to cope with a
given impact. Instead, DoFT provides a relative mea-
sure of sensitivity as compared to the responses of the
other nematodes from the same feeding type. We in-
terpret the abundances of nematode feeding groups in
the copper field experiment to be strongly influenced
by responses of feeding sources to the copper contami-
nation. Such food-chain effects distort the proportions
of the individual genera within the nematode commu-
nity, depending on the feeding type of each genus.
Therefore, both nematode abundances and domi-
nances reflect the superimposition of direct effects of
toxicants on nematodes and indirect effects through
the responses of feeding sources to the toxicants. In
contrast, DoFT isolates the direct effects from the su-
perimposition by treating the food chains separately.
Analyses that we performed using nematode abun-
dances and dominances did not yield consistent results,
and we found DoFT by far the better choice.

Interpretation of the results is partially impeded by
the fact that a number of nematode genera were pres-
ent in only one of the datasets, which prevents a reliable
generalization of their behavior. The sparse data avail-
able on long-term effects of organic toxicants means
that only the most reserved of conclusions can be
drawn. Generally, pollution can induce tolerance in
nematodes through selection of tolerant strains within
the population (Millward and Grant, 2000). Thus, our
long-term analysis reflects the potential of nematode
genera to adapt themselves to pollution in the long
term, and this potential may not be representative of
other investigations performed shortly after a contami-
nation event. Given these limitations, our analysis re-
vealed several consistent patterns. Consistency was ex-
plicitly visible by the lack of contradiction between the
two separate analyses for Cu. Consistency was implicitly
ensured by the meta-analysis of the four datasets with
multiple heavy metals. If a nematode genus responded
inconsistently between datasets, then no significant cor-
relation would emerge across datasets.

Contrary to our expectation derived from the overlap
of molecular mechanisms involved in the detoxification
of heavy metals and organic toxicants, nematodes gen-
erally did not exhibit multiple resistance against various
pollutants simultaneously. Instead, the majority of
nematode taxa exhibited multiple sensitivity. Overall,
tolerance of nematodes toward toxicants (16 significant
positive correlations) was half as frequent as sensitivity
(35 significant negative correlations), which illustrates
that tolerance, not sensitivity, represented the special
case. As a consequence, bioindication of specific toxi-
cants often will be more powerful if based on tolerant

nematodes rather than on sensitive nematodes. The
relative persistence of tolerant nematodes, in turn,
qualifies them better as sentinels (Beeby, 2001). Toler-
ance to heavy metals and to organic toxicants was found
almost exclusively in Secernentea. However, not all Se-
cernentea exhibited such a behavior. Some Sercenen-
tea were particularly sensitive to Ni. Many other Secern-
entea resembled the largely unspecific Adenophorea.
This differentiation within the Secernentea will cer-
tainly obscure any relationship between the Secernen-
tea/Adenophorea ratio and a toxicant. No coherent
response pattern was visible on the family level. The
Cephalobidae presented an extreme example where all
kinds of different behaviors were shown by its genera. It
is known that, even within the same genus, different
species can exhibit contrasting responses to heavy met-
als (Sturhan, 1986). Therefore, it seems possible that
tolerance to toxic substances, or the potential for selec-
tive adaptation, evolved repeatedly, independently, and
differentially within the Secernentea based on a general
pre-adaptation of this group. This implies that relatively
little information can be drawn from the taxonomic
relationships between nematodes about their potential
as bioindicators of toxicants. Empirical knowledge of
their responses to toxic substances is indispensable.
From our analysis, we conclude that Chiloplacus and
Pratylenchus are good candidates for substance-specific
bioindication of Cu, Paratylenchus and Criconemoides of
Cr, and Tylenchus and Cephalobus of Zn, as seen from
their exclusive and positive correlations with these met-
als. Good candidates for bioindication of organic toxi-
cants possibly can be found in the family Hoplolaimi-
dae.
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