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Abstract

Springtails (Hexapoda: Collembola) are known to live in a wide range of soil conditions, but changes
occurring in their communities under the influence of heavy metal pollution are still poorly documented.
The present study was undertaken in order to discern main coenological trends along a gradient of
metal pollution, downwind of a zinc smelter located in the North of France. Three sites were compared
within an abandoned field planted with poplar twenty years ago. The total zinc content of the topsoil
varied from 4000 to 35 000 mg/kg according to distance to the smelter outlet. Changes in humus
forms (shift from mull to mor) and in the degree of opening of the poplar stand (mainly caused by
death or stunting of planted trees in the vicinity of the smelter) explained most of the observed
variation in abundance and species composition. Sun species living at the ground surface appeared at
the most polluted sites where poplar declined and was replaced by a sward of metal-tolerant herb
species. The increase in abundance of the whole collembolan community was mainly due to
Mesaphorura macrochaeta, the gut contents of which indicated that this species avoided the root mat
and fed mainly in the mineral soil underneath. Shifts in food habits and/or in habitat were observed in
several other common species, pointing to the importance of avoidance behaviour as a mechanism by

which collembolan species may endure heavy metal pollution.
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1. Introduction
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Pollution by heavy metals, due to smelter, mining or agricultural activity, has been shown to
adversely affect soil animal communities (Bengtsson and Rundgren, 1988; Hagvar and Abrahamsen,
1990; Bruus Pedersen et al., 1999). Direct toxicity of heavy metals to soil animals has been
demonstrated (Tranvik et al., 1993; Crommentuijn et al., 1997; Scott-Fordsmand et al., 1999) and it is
likely that changes in habitat and food resources affect soil animal communities, too. Toxicity to
decomposer microbes and animals is indicated by a drastic reduction in litter decomposition rate and
pronounced changes in humus forms from mull to mor (Coughtrey et al., 1979; Bengtsson et al.,
1988a; Gillet and Ponge, 2002). Above a given threshold of heavy metal contamination, the
impairment of decomposer activity creates a new habitat which may affect the abundance, diversity
and species composition of soil animal communities, even when the critical load of heavy metals is not
reached by individual species. Some soil animal species may also resist heavy metal contamination by
selecting less-contaminated micro-sites (Tranvik and Eijsackers, 1989; Bengtsson et al., 1994a) or by
changing their reproductive, excretory or feeding behaviour (Joosse and Buker, 1979; Bengtsson et

al., 1985; Niklasson et al., 2000).

We decided to test the hypothesis that soil animal communities sampled along a gradient of
heavy metal pollution show a) shifts in species composition, b) shifts in food habits of tolerant species,
and that these changes can be explained, at least partly, by associated changes in humus form and
vegetation. Springtails (Hexapoda: Collembola) were chosen as test animals given their abundance
and diversity in a wide variety of soil types (Ponge, 1993; Petersen, 1994; Ponge et al., 1997), the
flexibility of their alimentary habits (McMillan, 1975; Hasegawa and Takeda, 1995; Ponge, 2000a), and
strong variation among species in sensitivity to heavy metals (Bengtsson and Rundgren, 1988; Bruus

Pedersen et al., 1999; Filser et al., 2000).

2. Materials and methods

2.1. Study sites

The Bois des Asturies in Auby (Nord, France) is near to and downwind of a zinc smelter which is

one of the largest in the world (producing 245 000 tons of zinc per year). The wood today suffers from



active pollution by heavy metals, mainly Zn, but Cd and Pb are present in the soil from past activity.
This site was formerly used to deposit slag rich in heavy metals. Hybrid poplar (Populus sp.) was
planted in 1974 and 1977 on the site most remote from the smelter and in 1981 and 1983 nearer the
smelter, after a change in production methods when electrolysis replaced coal burning. The plantation
becomes sparser nearer to the smelter, due to the death of most trees, and surviving trees are
stunted. A sward of plants tolerant to heavy metals such as Viola calaminaria, Armeria maritima

halleri, Arrhenaterum elatius and Cardaminopsis halleri covers the ground.

Three sites were studied. Site P1, 490 m from the smelter, is characterized by a field layer with
A. elatius and C. halleri as dominant species, under a closed poplar canopy. Site P2, 340 m from the
smelter, has a dense cover of V. calaminaria under an incomplete poplar canopy. There is no poplar at
site P3, nearest the smelter (235 m), and the field layer is dominated by A. maritima halleri and

Phragmites australis.

The soll is a silty clay loam, but the top 10 centimetres are mainly organic matter, humified and
partly mixed with mineral matter at P1, but undecayed at P2 and P3 (Gillet and Ponge, 2002). Litter
horizons, according to the nomenclature of O horizons by Bréthes et al. (1995) and Ponge et al.
(2000), are OL (1.5 cm) and OF (1.5 cm) at P1, OL (2 cm) and OM (7 cm) at P2, OL (1 cm) and OM
(atleast 8.5 cm) at P3 (Gillet and Ponge, 2002). These superficial horizons are underlain by a crumb A
(organo-mineral) horizon at P1, and a compact S (mineral) horizon at P2 and P3, with an abrupt
transition from organic to mineral (or organo-mineral) parts of the topsoil. Thus the humus form is a
Dysmull at P1, and a Mor at P2 and P3. We measured soil pH and heavy metal contents (Zn, Cd, Pb)

at the three sites.

2.2. Sampling and identification of animals

Soil microarthropods were sampled in October 2000. At each of the three sites five soil cores
5 cm diameter and 10 cm depth, litter included, were taken with a core sampler and the fauna were
extracted over ten days by the dry funnel method, using plastic funnels 20 cm in diameter with a 5-mm

mesh stainless steel wire net inserted in the top part and heated by a 25W lamp bulb placed at 15 cm



distance (Edwards and Fletcher, 1971). Care was taken that an outer space was left around the
samples within the funnels and that the air circulated actively in the extraction room, in order to avoid
barrier effects and too rapid desiccation of the soil, respectively (Tamura, 1976). Animals escaping the
slowly drying soil were collected and preserved in 95% (v/v) ethyl alcohol until identification.
Springtails were sorted out under a dissecting microscope then mounted in chloral-lactophenol (25 ml
lactic acid, 50 g chloral hydrate, 25 ml phenol) and identified to species under a phase contrast
microscope at 400 X magnification. Gisin (1960) was used as a reference book but several more
recent identification keys and diagnoses were used additionally, including Zimdars and Dunger (1994),

Jordana et al. (1997), Fjellberg (1998) and Bretfeld (1999).

The sex ratio of Mesaphorura macrochaeta was determined, since males were present in our

population of this otherwise parthenogenetic species (Rusek, 1976).

Centipeds, pseudoscorpions, spiders, gamasid mites, japygids, ants, staphylinids, carnivorous
beetle and fly larvae were counted during the sorting process. With the exception of carabid beetles,
which prey upon vagabond surface-living species, these animal groups include most predators of

Collembola (Ernsting and Joosse, 1974; Walter et al., 1988; Gunn and Cherrett, 1993).

2.3. Observation of gut contents

After identification, gut contents from each animal mounted in chloral-lactophenol (a clearing
medium) were observed under a phase contrast microscope at 400 X magnification. Food items were

identified and classified into seven categories:

e Plant material

e Fungal material

e Bacteria

e Animal remains (including exuviae)

e Holorganic humus (no recognizable plant, animal and microbial material, but without or with a

weak content of mineral particles)



e Hemorganic humus (mixing of organic matter with mineral matter, without recognizable plant,
animal and microbial material)

e Empty guts

The proportion in volume of the different food items was estimated by eye in each animal and then

summed up by species and site.

2.4. Chemical analyses

After extraction of arthropod fauna, soil samples were stored in plastic bags until analysed.
The pH was measured electrometrically in both a 1:5 (by volume) soil:water and soil:potassium
chloride (0.1 M) suspension. Total zinc, lead and cadmium were determined after solubilization of
mineral matter by hydrofluoric and perchloric acids, and after preliminary combustion of organic matter
at 450°C. Lead and cadmium were measured by atomic absorption at 283.3 nm and 228.0 nm,
respectively and zinc by plasma emission at 213.86 nm. Control measurements using certified

reference materials were made at the start and at the end of each run.

2.5. Statistical treatment

Collembolan communities were compared between the three sites by help of one-way ANOVA

when raw or log-transformed data did not violate assumptions of analysis of variance. Otherwise sites

were compared in pairs using non-parametric Mann-Whitney rank-sum tests (Glantz, 1997).

3. Results

3.1. Chemical analyses

Zinc was by far the most abundant heavy metal, reaching 41 570 mg/kg in one topsoil sample

taken at site P3. Sites P2 and P3 were richer in total Zn than site P1 but did not differ significantly from



one another (Table 1). Similarly, differences between sites P2 and P3 were not significant for lead and

cadmium, their contents of Pb and Cd being higher than those of P1.

Water pH did not differ between the three sites, being always near neutrality. By contrast,
when measured in potassium chloride, pH was lower for P1 than for P2 and P3, indicating a decrease
in exchangeable acidity in the two most polluted sites. Exchange acidity was expressed by & pH, i.e.

the difference between water and potassium chloride values.

3.2. Collembolan communities

Springtails were more abundant at P2 and P3 compared with P1, but the mean species
richness, i.e. the number of species found in a sample unit, did not differ among the three sites (Table
1). The relative richness, i.e. the number of species weighted by the number of individuals found in a
sample, differed significantly among the three sites, in the order P2 < P3 < P1. The total species
richness, i.e. the total number of species found in the five samples taken at each site, was higher at P1

than at P2 and P3, although no significance level could be assigned to this parameter.

Changes in species composition were reflected in presence/absence of species or in changes
in abundance (Table 1). The high density of collembolans at P2 and P3 was mainly due to
Mesaphorura macrochaeta, the abundance of which increased significantly in the order P1 < P3 < P2,
This species comprised 94% of the total community at P2, 67% at P3 and only 1.7% at P1. Friesea
truncata, Parisotoma notabilis and Protaphorura armata were present at P1 and P3, not at P2,
Micranurida pygmaea was present at P2, not at P1 and P3, and Lepidocyrtus cyaneus was present at

P2 and P3, not at P1. Other species did not show significant between-site differences.

With the exception of two samples the abundance of Mesaphorura macrochaeta exhibited an
increase, followed by a decrease when the Zn content of the topsoil increased (Fig. 1). Maximum
abundance occurred between 15 000 and 20 000 mg/kg of Zn. Males were present at P2 and P3, with
a sex ratio of 0.65 and 0.47, respectively (Table 1). The presence of males could not be checked at

P1, where only one individual, a female, was found.



3.3. Abundance of predators

The total abundance of predators of Collembola was higher at P2 than at P1, the site P3
exhibiting intermediate values (Table 1). This parameter was significantly and positively correlated with
the abundance of Collembola, according to Spearman rank correlation test (rs = 0.56, P < 0.05, d.f. =

13).

3.4. Diets of Collembola

Only four species were considered for between-site comparisons, due to the need for enough
replication of gut content observations, but none of these species could be used for comparing the

three sites altogether. Thus only comparisons for pairs of sites will be presented (Fig. 2).

The sminthuridid Sphaeridia pumilis was present at P1 (15 individuals) and P3 (22
individuals). Strong differences were observed between the two sites in the food regime of this epigeic
species. At P1 fungal material was ingested preferentially (47% of total food bolus volume) followed by
hemorganic humus (30%) then by holorganic humus (23%). At P3, 90% of feeding animals had

ingested hemorganic humus, only 8% having fungal material in their gut.

The isotomid Parisotoma notabilis was present at P1 (54 individuals) and P3 (49 individuals).
At both sites this hemiedaphic species fed nearly exclusively on hemorganic humus (76 to 86% of total
food bolus volume), but much more fungal material was eaten at P1 (8%) compared to P3, with only

3%. Bacteria and holorganic humus were present in guts of this species at P3, not at P1.

Like the two previous species the onychiurid Protaphorura armata was present at P1 (18
individuals) and P3 (21 individuals). Marked differences between these two sites were exhibited by gut
contents of this euedaphic species. At P1 the dominant category was plant material (44% of total food

bolus volume), followed by holorganic humus (29%). At P3 the dominant category was fungal material



(44%), followed by animal material (22%). At P3, few guts contained plant material (7% of total food

bolus volume).

The tullbergiid Mesaphorura macrochaeta was present at P1 but at too low density (2
individuals), thus comparisons were made only between sites P2 (962 individuals) and P3 (356
individuals). At these two sites the dominant material was hemorganic humus (52% and 73% of total
food bolus volume at P2 and P3, respectively), the rest being mainly microbial (fungal and bacterial)

material, but more bacteria were ingested at P2 (19%) than at P3 (5%).

4. Discussion and Conclusion

In a previous paper (Gillet and Ponge, 2002) we demonstrated that humus forms strongly
differed between the less polluted site (P1), with about 4000 mg/kg of Zn in the topsoil, and the other
two sites P2 and P3, with about 20 000 and 30 000 mg/kg of Zn, respectively. In particular, at P1 the
top 10 cm mostly comprised hemorganic material (earthworm and millipede faeces), while undecayed
plant litter and roots constituted the main part of the shallow organic soil at P2 and P3. Thus quite
different food and habitat conditions prevailed between P1 on the one hand, with a mull humus, and
P2 and P3 on the other hand, with a mor humus. The poor humification of organic matter at the two
most polluted sites was responsible for the low exchange acidity of the mor horizon (Stevenson,
1994). Despite similar pH values, the heavy metal content of the topsoil clearly differed between the
three sites and was connected with the observed changes in humus form (Gillet and Ponge, 2002).
Thus both direct and indirect effects of heavy metals on soil animal communities could be suspected

to occur along a gradient of metal pollution (Bruus Pedersen et al., 1999).

In the present study the absence of an unpolluted control prevented us from assessing all
direct as well as indirect effects of heavy metals on collembolan populations. In particular the less
polluted site P1, with 4000 mg/kg Zn in the ten top centimeters of the soil, is largely above the
background level in the region considered (Schvartz et al., 1999). Nevertheless it should be noted that
i) dramatic changes in humus form and vegetation were observed within the study site, all related to

an increase in heavy metal toxicity (Gillet and Ponge, 2002), and ii) no proper control could be found



within several kilometers around the smelter where land is used for agriculture and gardening

(Sterckeman et al., 2000).

As a whole the collembolan community did not seem to be adversely affected by the high
heavy metal content of the sites. Compared to the less polluted site P1, the total abundance of
Collembola increased at the most polluted sites P2 and P3, reaching values higher than 100 000
ind.m™. This points to the resistance of this group as a whole to toxic effects of heavy metals
(Bengtsson and Rundgren, 1988) and other environmental stresses (Ponge et al., 1993; Alvarez et al.,
1999; Loranger et al., 2001). Nevertheless the observed increase in abundance was not accompanied
by a corresponding increase in species richness. The total number of species collected at each site
decreased from P1 to P2 and P3, and the relative richness of soil samples, i.e. the number of species
weighted by the total abundance, declined tenfold from P1 to P3. This indicated that the increased
abundance of the total population was due to only a few species, in agreement with results obtained in
other metal-polluted sites (Bengtsson and Rundgren, 1988; Hagvar and Abrahamsen, 1990; Bruus
Pedersen et al. 1999). The increase in the total abundance of Collembola observed at higher heavy
metal concentration could not be ascribed to a decrease in predator pressure, as observed in
acidification studies (Abrahamsen et al., 1980), since here the number of predators increased
accordingly. Rather, more habitat, more food, and better protection from desiccation and frost can be
suspected to occur when litter accumulates (Van Straalen et al., 1987; Takeda, 1987; Bruus Pedersen
et al., 1999), explaining a higher abundance of Collembola in moder and mor, with a thick litter layer,
compared to mull with a thin or no litter layer (Schaefer, 1991; Ponge et al., 1997; Loranger et al.,
2001). Bengtsson and Rundgren (1988) postulated also a decrease in the population of parasites

under the influence of heavy metals.

Examination of species occurrence revealed some trends which could be explained by
changes in environmental conditions. Species known to live in sunny habitats, such as Brachystomella
parvula, Lepidocyrtus cyaneus and Sminthurinus elegans (Ponge, 1993) were present only at sites P2
and P3, the most polluted ones where the poplar plantation had declined. The abundance of L.
cyaneus increased from P2 to P3, following the progressive opening of the poplar canopy due to poor

growth or death of planted trees (Gillet and Ponge, 2002). Some surface-living (epigeic) species were
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thus favoured by the open environment created by the lack of poplar extension, rather than by the
presence of heavy metals in the soil. A similar decline in forest vegetation might probably explain the
expansion of the sun species Isotoma olivacea (Ponge, 1993) in the lead-contaminated site studied by

Hagvar and Abrahamsen (1990).

Despite the neutral pH, we observed the presence of the acidophilic species Micranurida
pygmaea (Hagvar and Abrahamsen, 1980; Hagvar and Abrahamsen, 1984; Ponge, 1993) at site P2.
Even though not restricted to acid soils, the high abundance of Mesaphorura macrochaeta at sites P2
and P3 can be compared with its high abundance in dysmoder humus forms with a thick, compact,
organic horizon (Ponge, 1993), and this species has been shown to increase under the influence of
artificial acidification (Hagvar and Abrahamsen, 1980; Abrahamsen et al., 1980; Baath et al., 1980).
The bell-shaped curve observed in the distribution of this species along the pollution gradient (Fig. 1)
revealed that it was (probably indirectly) favoured by an increase in the Zn content of the topsoil but
that this favourable effect declined at the highest Zn concentration. A similar bell-shaped distribution of
tolerant species was observed in other metal-polluted sites (Dunger, 1986; Bengtsson and Rundgren,
1988; Bruus Pedersen et al., 1999). Filser and Hélscher (1997) and Filser et al. (2000) recorded an
attraction of M. macrochaeta to copper-polluted soils in recolonization experiments, although no
correction was made for the effects of the sulphate anion. The appearance of sexual reproduction in
this otherwise parthenogenetic species (Petersen, 1971) has been also reported from seashore
(probably sodium-polluted) and copper-polluted environments (Petersen, 1978; Niklasson et al., 2000).
This phenomenon presumably results from the inhibition or the disappearance of feminizing hormones
produced by the bacteria Wolbachia, reported to occur in the parthenogenetic isotomid Folsomia
candida (Vanderkerckhove et al., 1999), as well as in parthenogenetic populations of Mesaphorura
macrochaeta and Paratullbergia callipygos (unpublished data). The acido-intolerant species
Arrhopalites caecus and Pseudosinella alba (Ponge, 1993; Chagnon et al., 2000; Ponge, 2000b) were
collected only at the less polluted site but at too low density for drawing safe conclusions about their
distribution. Nevertheless overall trends in the distribution of acidophilic and acido-intolerant species
point to a possible relationship between tolerance or intolerance to heavy metals and tolerance or
intolerance to soil acidity. This can be explained by an increasing heavy metal toxicity in acid soils due

to i) an increase in soluble metal forms when the pH of the soil solution decreases (Geissen et al.,
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1997; Crommentuijn et al., 1997; Lee, 1999), and ii) a concentration of heavy metals in slowly

decomposing litter (Laskowski and Berg, 1993).

Examination of the gut contents of species able to withstand a high heavy metal content of the
topsoil (species abundant at sites P2 and P3) revealed that the organic horizon, where most heavy
metals were concentrated (Balabane et al., 1999), was mostly avoided as a food source, except for
Protaphorura armata. The epigeic species Sphaeridia pumilis ingested fungal material to a large
extent at the least polluted site P1. At the most polluted site P3 the same species avoided this material
in favour of hemorganic humus, which was present only beneath the thick organic horizon (Gillet and
Ponge, 2002). It is known that fungi concentrate heavy metals in their cell walls to a great extent
(Hopkin, 1994; Michelot et al., 1998) and that heavy metal-enriched food is avoided by algal-feeding
springtail species (Joosse and Verhoef, 1983). Conversely, clay minerals are known to detoxify the
soil from heavy metals by sorption processes (Brady and Weil, 1999). Thus the tolerance exhibited by
Sphaeridia pumilis can be at least partly explained by a shift from an epigeic to an endogeic habitat
and associated changed food habits. Similar conclusions can be drawn from examination of gut
contents of the hemiedaphic species Parisotoma notabilis, known to feed mainly on amorphous
organic matter and faecal material (Wolters, 1987; Ponge, 1991; Chen et al. 1996). The dominance of
hemorganic humus in its food diet was not affected by the heavy metal content of the topsoil, although
this food source was absent from the organic horizon at the most polluted sites P2 and P3. Thus P.
notabilis just followed the distribution of its commonest (probably weakly polluted) food and shifted
from surface to deeper horizons, without changing its feeding behaviour. This probably allowed this
species, which is highly susceptible to heavy metal and acid pollution (Hagvar and Kjgndal, 1981;
Bengtsson and Rundgren, 1988; Kopeski, 1992), to avoid high concentrations of heavy metals while

being still abundant in the most polluted site.

The case of Protaphorura armata deserves a particular attention, since we observed a shift
from plant-dominated to fungal-dominated material when passing from the least to the most polluted
site (Fig. 2). This species is known as a root/fungal feeder (McMillan, 1975; Brown, 1985; Shaw,
1988), which adapts its diet to the availability of plant and fungal material in its immediate environment

(Ponge, 2000a). It clearly ingested preferentially roots (probably from poplar) at the least polluted site
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P1, but root material (mostly from hyperaccumulating plants) was avoided at the most polluted site P3,
in favour of fungi, which are known to attract this species over a large distance (Bengtsson et al.,
1988b; Bengtsson et al., 1991; Bengtsson et al., 1994b). The latter organisms accumulated heavy
metals, but to a lower extent than hyperaccumulating plants (Brooks, 1998). Only a minor part of
hemorganic humus was found to be in the diet of this animal at both sites, but it should be pointed out
that many animal remains were ingested at the most polluted site. Most of this animal material was
made of its own exuviae, which probably indicates that moulting occurred at a higher rate at the most
polluted site. Renewal of the gut epithelium at each moulting stage is considered as the most efficient
detoxifying mechanism in Hexapoda (Humbert, 1979; Joosse and Buker, 1979; Van Straalen and
Donker, 1994). Thus on the basis of our study we must consider tentatively P. armata (also called
Onychiurus armatus in other studies) as more tolerant to heavy metals than P. notabilis and S. pumilis,
which need changes in habitat and diet in order to survive in metal-polluted soils. Conclusions about
the tolerance of P. armata towards heavy metals are supported by field studies (Bengtsson and
Rundgren, 1988; Hagvar and Abrahamsen, 1990; Filser et al., 1995), although the behaviour of this
species in laboratory tests did not reflect field situations (Bengtsson et al., 1983; Bengtsson et al.,

1985).

Mesaphorura macrochaeta was abundant only at the two most polluted sites P2 and P3,
where it comprised the bulk of the collembolan community. Unfortunately changes in food diet could
not be revealed along the pollution gradient, since comparison with P1 was impossible. Hemorganic
humus prevailed in guts from the two most polluted sites, pointing to the need for this species, known
to ingest mainly mycorrhizal roots and holorganic humus in organic-rich soils (Ponge, 2000a), to feed
on deeper, less-polluted horizons in order to survive heavy metal pollution. Its small size and slender
shape allow it to penetrate the compact hemorganic horizon situated just beneath the organic horizon
(Haarlov, 1955). We hypothesize that this small onychiurid species was less tolerant to heavy metals
than P. armata, but that its particular adaptation to small pores and the flexibility of its food
requirements allow it to live (and even thrive) in less-polluted and well-protected microenvironments.
This may explain why it has been observed in high numbers in other metal-polluted sites (Filser et al.,
1995). The capacity of a collembolan species to avoid metal-enriched micro-environments has been

demonstrated to increase its dominance in a metal polluted soil (Tranvik and Eijsackers, 1989).
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Although not experimentally based the present results point on the importance of avoidance
behaviour and ecological plasticity in the accomodation of collembolan species (including the metal-
sensitive Parisotoma notabilis) to metal pollution. This should be considered as an efficient
behavioural mechanism, in addition to genetically fixed detoxication mechanisms (Posthuma et al.,

1993; Van Straalen, 1999).
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Figure captions

Fig. 1. Changes in the abundance of Mesaphorura macrochaeta according to the Zn content of the

topsoil in the three studied sites (five replicates each).

Fig. 2. Distribution of food items found during the observation of gut contents of Sphaeridia pumilis,
Parisotoma notabilis and Protaphorura armata at sites P1 (least polluted) and P3 (most

polluted), and of Mesaphorura macrochaeta at sites P2 (medium polluted) and P3 (most

polluted).
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Table 1 Collembolan densities (ind.m-2) and topsoil chemical data in the three investigated sites.
Data are means followed by standard errors. Significant differences between sites (P < 0.05) are

indicated by different subscript letters

P1 (490 m) P2 (340 m) P3 (235 m)
Zn (mg/kQg) 41661979y 23344+1778, 3479413861,
Pb (mg/kg) 839+165y, 42944226, 5840+1030,
Cd (mg/kg) 4714y, 202+17, 192+24,
pH (water) 6.70+0.21 6.88+0.04 6.88+0.07
pH (potassium chloride) 5.98+0.25, 6.42+0.06, 6.46+0.05,
dpH 0.72+0.05, 0.46+0.04, 0.42+0.02,
Collembolan species (ind.m)
Arrhopalites bifidus Stach, 1945 7131713 0 0
Arrhopalites caecus (Tullberg, 1871) 204+204 0 0
Brachystomella parvula (Schaffer, 1896) 0 0 2044125
Ceratophysella denticulata (Bagnall, 1941) O 1222+861 0
Dicyrtoma fusca (Lucas, 1842) 2044125 0 0
Dicyrtomina ornata (Nicolet, 1841) 102+102 0 0
Entomobrya nivalis (Linné, 1758) 0 102+102 0
Folsomia candida (Willem, 1902) 5094509 0 0
Friesea truncata Casagnau, 1958 6114407, Op 5500£1730,
Lepidocyrtus curvicollis Bourlet, 1839 0 0 102+102
Lepidocyrtus cyaneus Tullberg, 1871 O 713+£125, 3871+£1615,
Lepidocyrtus lignorum (Fabricius, 1781) 102+102 0 0
Megalothorax minimus (Willem, 1900) 306+204 0 0
Mesaphorura macrochaeta (Rusek, 1976) 2044125, (not 104406121473, 3931817244,
(sex ratio males/females) determined) (0.65+0.06) (0.47+0.07)
Micranurida pygmaea Bérner, 1901 Op 3463+1351, Op
Parisotoma notabilis (Schaffer, 1896) 5602+1172, Op 5195+2528,
Protaphorura armata (Gisin, 1952) 18334934, Op 21394985,
Pseudachorutes parvulus Borner, 1901 0 306+204 0
Pseudosinella alba (Packard, 1873) 204+125 0 0
Sminthurinus elegans (Fitch, 1863) 0 407+191 3061125
Sphaeridia pumilis (Krausbauer, 1898) 1528+911 204+125 22414695
Total abundance (ind.m'z) 1212142980y, 110823+22513, 5887519425,
Mean species richness 5.4+0.5 5.0+0.6 6.2+0.7

Relative richness
Total species richness

Number of predators (ind.m)

0.280+0.071,
13

7843+1746y,

0.028+0.008;
8

20677+3741,

0.063+0.017y
9

1711244076,
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