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Abstract. We grew leek (Allium porrum) in soils of two shooting ranges heavily contaminated
with heavy metals in the towns of Zuchwil and Oberuzwil in Switzerland as a bioassay to test
the activity of arbuscular mycorrhizal (AM) fungi in these soils. Soil samples were taken from
(1) front of the shooting house (HOUSE), (2) the area between house and target (FIELD) and (3) the
berm (BACKSTOP). Samples of Ribwort plantain (Plantago lanceolata) growing naturally within
the shooting ranges were also collected and the colonization of its roots by mycorrhizal fungi was
measured. The number of AM spores in the soils was significantly reduced concomitant with the
increase in the degree of soil contamination with metals. In Zuchwil, mycorrhizal fungi equally
colonized roots of Ribwort plantain sampled from BACKSTOP and HOUSE. In Oberuzwil, however,
plants from BACKSTOP had lower colonization when compared with those sampled from HOUSE.
Colonization of leek was strongly reduced in the BACKSTOP soil of Zuchwil and slightly reduced
in the BACKSTOP soil of Oberuzwil when compared with plants grown in respective HOUSE soil.
Concentrations of Cd, Cr, Cu, Ni, Pb and Zn in the leaves of leek grown in the BACKSTOP soil
was within the range considered toxic for human consumption. This points to the high degree of bio-
availability of these metal in these soils. Significant decrease in the number of mycorrhizal spores in
the BACKSTOP soils in Zuchwil and the low colonization of leek roots grown in these soils point to
possible changes in the species diversity of mycorrhizal fungi in these soils.
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1. Introduction

In Switzerland there are more than 2000 shooting ranges for the regular shooting
practice of civilian militia and sport clubs. The bullets used are 7.5 mm (GP11)
and 6.5 mm (GW Pat 90). GP11 has a hard core composed of 98% Pb and 2%
Sb as well as traces of Cd, Zn, Cu and As. Cu and Ni are also used in the shell
casing. Bullets are often fragmented and pulverised upon impact with the BACK-
STOP or bullet traps located at the range. In 1994, for example, 90 × 106 rounds
of ammunition were fired that released 400–500 tons of Pb into the environment
(BUWAL, 1997), mostly into the soils of the shooting ranges. Soil in shooting
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ranges is known to be high in Pb. Lead concentrations in soils of shooting ranges
in the US state of Michigan, for example, have been noted to be as high as 2256 µg
g−1 (Murray et al., 1997) and 60 000 µg g−1 in Switzerland (AUKSG, 1994). The
degree of soil contamination in some shooting ranges in Switzerland has become
very controversial, especially since some cows died several days after accidentally
grazing in a shooting range (Braun et al., 1997). A similar observation has been
made in Denmark (Jorgensen and Willems, 1987). One of the shooting sites most
studied in Switzerland is a 300 m long range with 50 targets in the town of Zuchwil
in canton Solothurn that has been in operation since 1924. This is a range which
is very frequently used and in 1992, for example, 150 000 rounds of ammunition
were fired there (AUKSO, 1994). Measurements of soil and vegetation in this site
have extremely high concentrations of Pb and several other metals, especially in the
vicinity of the FIELD and BACKSTOP soil (AUKSO, 1994), and in the vegetation
(AUKSO, 1995).

Effects of heavy metals on the activity of mycorrhizal fungi are contradictory.
For example, although plants growing in heavy-metal-contaminated substrate were
found to be strongly colonized by native mycorrhizal fungi (Gildon and Tinker,
1983b; Shetty et al., 1994; Dev et al., 1998; Koomen et al., 1990), numerous
reports point to the detrimental effect of heavy metals on mycorrhizal activity in
soil (Gildon and Tinker, 1983b; Diaz and Honrubia, 1993; Leyval et al., 1997;
Sainz et al., 1998; Thorne et al., 1998; Kelly et al., 1999; Val et al., 1999).

The role of mycorrhizal colonization of plant roots in uptake of heavy metals
and/or aleviation of metal toxicity is also not clear. For example, there are reports
that mycorrhiza may have no effect (Ietswaart et al., 1992), decrease (Galli et al.,
1994; Joner and Leyval, 1997; Helal et al., 1998) or increase the uptake of toxic
metals by plants (Gildon and Tinker, 1983a; Killham and Firestone, 1983; Loth
and Höfner, 1995). Mycorrhizal fungi are also reported to protect plants from the
toxic effect of high external concentration of several heavy metals (Wilkins, 1991;
Tuner, 1994; Jentschke et al., 1999), possibly by binding the metals in their hyphae
(Denny and Wilkins, 1987; Tuner, 1994; Marschner et al., 1998; Brunner and Frey,
2000) or by reducing the translocation of metals to the plant tops (Burke et al.,
2000).

Shooting ranges are locations with extremely high concentrations of several
potentially toxic metals and thus provide a unique opportunity to study the effect of
extreme multi-metal soil pollution on the activity of a group of soil microorganisms
such as mycorrhizal fungi. The objective of this investigation was thus to study the
impact of the particular combination of heavy metal contamination of shooting
ranges on mycorrhizal fungi activity in soil by using two shooting ranges with
different extents of metal contamination.
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TABLE I

Some physical properties and the total heavy metal concentrations measured in soils of locations
HOUSE, FIELD and BACKSTOP in the shooting ranges Zuchwil and Oberuzwila

Parameters Zuchwil Oberuzwil Limitsb

HOUSE FIELD BACKSTOP HOUSE FIELD BACKSTOP

Vegetation Artificial Natural Natural Artificial Artificial Natural

present meadow vegetation vegetation meadow meadow vegetation

pH 7.2 7.5 7.7 6.8 6.0 6.8

Organic C (%) 1.5 2.1 4.5 4.2 2.7 23.5

Cd (µg g−1) 0.37 0.29 0.43 –c – – 0.8

Cu (µg g−1) 128 84 771 75 17 1250 40

Hg (µg g−1) 4.55 0.15 0.24 – – – 0.5

Ni (µg g−1) 23 38 143 – – – 50

Sb (µg g−1) 2.4 5.3 208 1.36 0.13 831 NAd

Pb (µg g−1) 164 3110 33600 322 44 26000 50

Zn (µg g−1) 296 161 431 424 63 974 150

a AUKSO, 1995; AUKSG, 1994.
b Official Swiss tolerance limits in soil (VBBo, 1998).
c Not measured.
d Not available.

2. Material and Methods

We selected two shootings ranges in Switzerland with different kinds and degrees
of soil pollution. These were two 300 m shooting ranges in the towns of Zuch-
wil (47◦12′12′′N, 7◦33′24′′E) in canton Solothurn, and Oberuzwil (47◦25′51′′N,
9◦7′12′′E) in canton St. Gallen. The soil in the Zuchwil range is contaminated to
above the tolerance limit by Cu, Zn, Pb, Ni, Hg and Sb and that in Oberuzwil with
the elements Cu, Zn and Pb (Table I). In both ranges the targets are located at 300 m
from the shooting HOUSE. During the shooting practice, the bullets lodge into
the soil mound (BACKSTOP), located behind the targets, either directly or after
passing through the target sign. The BACKSTOP is usually covered with sawdust
to prevent the bullets from ricocheting. At the time of soil sampling in Zuchwil
barley was planted on the central portion of the range and the rest was covered with
a clover-grass meadow. In Oberuzwil the whole range was covered with natural
meadow except the BACKSTOP which was covered with natural vegetation.

Soil samples were taken in 1998 (Zuchwil) and in 2000 (Oberuzwil) at three
locations within the shooting range: (1) 1–2 m in front of the shooting house
(HOUSE), (2) in the field between the house and target (FIELD); and (3) in the
berm (BACKSTOP). At each location five soil cores were taken perpendicular to
the length of the shooting range. These were considered five replications samples.
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Also at each location, Ribwort plantain (Plantago lanceolata), which was the only
plant growing naturally in all three locations, was randomly sampled and their roots
were tested for colonization by mycorrhizal fungi.

Thirty seeds of leek (Allium porrum L.) variety ‘Dubouchet selma’ were first
sterilised for 10 min in 5% calcium hypochlorite, washed and soaked for 12 hr
in distilled water, and then planted in pots containing the soil samples. After 2–
3 weeks, the number of seedlings was thinned to 10 plants per pot. Greenhouse
conditions were: 35 and 20 ◦C day/night temperature, 16 hr photoperiod and light
intensity of ca. 300 µmol s−1 m−2). Plants were irrigated twice weekly with half
strength Hoagland solution that had low phosphorus concentration (1/100 of Hoag-
land solution). At 60 days after planting, plants were harvested, roots were separ-
ated and their sub-samples were placed in 50% alcohol for further measurements.
Leaves were dried at 85 ◦C for 48 hr prior to metal analysis. Roots were stained by
the method of Phillips and Hayman (1970) and the presence of hyphae, arbuscules
and vesicles in the roots was quantified using a microscope by the magnified inter-
section method of McGonigle et al. (1990). Brown-colored hyphae and those with
obvious septa were considered non-mycorrhizal and were not counted. Leaves were
powdered in a ceramic mortar. Samples of 0.2 g leaf powder were placed in vessels
and 2 mL of 40% HNO3 and 80 µL of concentrated HF were added and predi-
gested at room temperature for 30 min. Digestion was performed in a closed-vessel
microwave digester (MLS Ultraclav, max. pressure: 10 Mpa; max temperature:
240 ◦C; total digestion time: 150 m). Metals were measured with an ICP-AES
or ICP-MS. Experimental design was a factorial with three locations (HOUSE,
FIELD and BACKSTOP), two soil preparations (intact and sifted), two harvesting
dates and five replications. PCA (principal component analysis) was performed
using Statgraphics� software. Pearson’s correlation coefficients between variables
and P according to Bonferroni test were calculated using Systat� software.

3. Results

3.1. GROWTH OF LEEK

Growth of leek was strongly reduced in the heavily polluted BACKSTOP soil of
Oberuzwil but was not affected by the degree of soil pollution in the soils taken
from Zuchwil shooting range (Figure 1).

3.2. ROOT COLONIZATION WITH MYCORRHIZA

3.2.1. Ribwort Plantain
Plantain collected from the BACKSTOP soil of Oberuzwil showed significantly
lower colonization by mycorrhizal fungi than those collected from the vicinity of
the HOUSE. In Zuchwil, however, roots of plantain showed equal colonization at
all three locations within the shooting range (Figure 2).
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Figure 1. Growth of leek in soils from locations HOUSE, FIELD, and BACKSTOP in the shooting
ranges Zuchwil and Oberuzwil. Bars denote standard errors.

Figure 2. Colonization of Ribwort plantain roots collected from different locations (HOUSE, FIELD
and BACKSTOP) in the shooting ranges Zuchwil and Oberuzwil. In location Oberuzwil no Ribwort
plantain could be found in the location FIELD (n.p. = not present). Bars denote standard errors.
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Figure 3. Colonization of leek roots grown in soils from locations HOUSE, FIELD, and BACKSTOP
in the shooting ranges Zuchwil and Oberuzwil (n.d. = not detected). Bars denote standard errors.

Figure 4. Total number of mycorrhizal spores found in soil from locations HOUSE, FIELD, and
BACKSTOP in the shooting ranges Zuchwil and Oberuzwil. Bars denote standard errors.

3.2.2. Leek
Colonization of leek root by mycorrhiza was consistently and progressively lower
as the degree of soil pollution with metals increased; less colonization in soils
from FIELD and BACKSTOP as compared with that in HOUSE soil. This was
especially true for Zuchwil where leek growing in the BACKSTOP soils was fully
void of mycorrhiza (Figure 3).

3.3. NUMBER OF MYCORRHIZAL SPORES IN SOIL

The number of mycorrhizal spores in the soil was progressively lower in locations
FIELD and BACKSTOP as compared with location HOUSE. This trend was more
pronounced in Zuchwil (Figure 4). Microscopic examination spores showed that
they belong exclusively to the genus Glomus.
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TABLE II

Analysis of variance significance levels for the effect of location in the shooting range (HOUSE,
FIELD and BACKSTOP) on the colonization of root of test plant (leek grown on these soils) by
mycorrhizal hyphae (Hyp.), arbuscule (Arb.), vesicle (Ves.), and the metal concentrations in its
leaves

Shooting Tops Roots Hyp. Ves. Arb. Cd Co Cr Cu Mn Ni Pb Zn

range

Zuchwil ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗/ ∗ ∗ ∗ ∗ ∗ NSa ∗ NS ∗ NS ∗ ∗ ∗ ∗ ∗ ∗ ∗
Oberuzwil ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ NS ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗, ∗∗, and ∗ ∗ ∗ indicate significant at 0.05, 0.01 and 0.001 levels, respectively.
a NS = Not significant.

TABLE III

Average metal concentration (µg g−1DW) observed in leek leaves grown in soils of locations
HOUSE, FIELD and BACKSTOP in the shooting ranges in Zuchwil and Oberuzwil

Element Zuchwil Oberuzwil Toxicity limits

HOUSE FIELD BACKSTOP HOUSE FIELD BACKSTOP (µg g−1 DW)a

Cd 0.18 0.21 0.55 0.13 0.16 0.91 0.5–1

Co 0.35 0.38 1.37 0.17 0.166 0.41 0.5–1

Cr 5.48 4.66 11.21 7.61 6.67 23.45 1.0–1000

Cu 5.85 8.16 168.88 7.00 6.62 20.59 100.0–200

Mn 44.41 32.12 44.12 20.44 29.72 37.29 200.0–400

Ni 5.93 5.92 25.44 2.32 3.29 16.68 10.0–50

Pb 6.42 45.13 1151.50 0.87 0.28 114.13 10.0–30

Zn 39.67 41.43 236.32 54.62 25.97 70.98 150.0–250

a Metal concentration in plant tissues considered being too high for human consumption (Lindt
et al., 1990).

3.4. METAL ABSORPTION BY LEEK

The concentrations of Co, Cu, Ni, Pb and Zn were significantly higher in the leaves
of leek grown in the soil of BACKSTOP as compared with soil collected from the
vicinity of HOUSE in the shooting range Zuchwil. Plants grown in the BACKSTOP
soil of Oberuzwil contained significantly higher concentrations of Cd, Co, Cr, Cu,
Ni and Pb than plants grown in HOUSE soil (Table II and Figure 5).

3.5. PRINCIPAL COMPONENT AND REGRESSION ANALYSIS

Three axes were significant in the PCA of both Zuchwil and Oberuzwil and ex-
plained 73.3 and 81.5% of the variability, respectively (results not shown). As
expected, percentage colonization of roots by hyphae, arbuscules and vesicles of
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Figure 5. Metal concentrations in the leek tops grown in soils from locations HOUSE, FIELD and
BACKSTOP in the shooting ranges Zuchwil and Oberuzwil. Bars denote standard errors.

mycorrhiza was always close together in PCA graphs (Figures 6 and 7). Several
negative relationships were found between the metal concentration in the leek
leaves and the mycorrhizal colonization of the leek roots. For example, percentage
of root lengths having arbuscules was negatively correlated with Co, Cu, Ni, Pb and
Zn in plants grown in soils from Zuchwil (Table IV) and with Cd, Cr, Cu, Ni, and
Pb in plants grown in soils from Oberuzwil (Table IV). Mn was the only element
whose concentration in the leaves did not show any relationships with mycorrhizal
structures (Tables V and VI). Dry weight of leek tops was negatively related with
only one element (Cr) in plants grown in Zuchwil soils but with seven elements
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Figure 6. Plot of the occurrence of the variables analysed against the first two axes of the Principal
Component Analysis of data from location Zuchwil.

(Cd, Co, Cr, Cu, Ni, Pb and Zn) in plants grown in soils Oberuzwil (Tables IV and
V; Figures 6 and 7).

4. Discussion

Very few spores of mycorrhizal fungi could be found in the heavily polluted soils
taken from the vicinity of FIELD and BACKSTOP as compared with the soil taken
from the vicinity of the shooting HOUSE in Zuchwil. Although it is hard to ascribe
the effect observed to any one or combination of metals, since Ni is more toxic
than Cr for fungal growth (Aggangan et al., 1998) and Cu and Ni are reported to
be more toxic than Pb and Zn to fungi (Ross and Kaye, 1994), one may speculate
that the strong reduction in spore counts in the FIELD and BACKSTOP soils in
Zuchwil might have been due to the high concentrations of Cu and Ni in these
soils. Some mycorrhizal fungi produce little or no spores. It is conceivable that the
low spore counts in the BACKSTOP soil of Zuchwil might also be due to changes
in the species diversity of mycorrhizal fungi in these metal-contaminated soils as
observed by others (Val et al., 1999).

VA mycorrhiza may adapt to metals such as Zn and Cd (Gildon and Tinker,
1983b). High colonization of roots of Agrostis capillaris L. with VA mycorrhizas in
sites with a natural high Zn concentration was taken as evidence for a co-evolution
of Agrostis and Glomus towards a high degree of Zn tolerance (Ietswaart et al.,
1992). Equal colonization of the Ribworts plantain’s roots collected in different
locations in the shooting range Zuchwil irrespective of the degree of soil con-
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Figure 7. Plot of the occurrence of the variables analysed against the first two axes of the Principal
Component Analysis of data from location Oberuzwil.

tamination with metals, and the relatively small effect of high soil pollution on
colonization of roots of this plant in location Oberuzwil, may indicate that Plantain
and mycorrhizal fungi in these shooting ranges may have also undergone a co-
evolution (co-adaptation) process for metal tolerance similar to that reported for
Agrostis capillaris (Ietswaart et al., 1992). Although we did not measure the metal
contents in the leaves of Ribwort plantain sampled for mycorrhizal measurements,
investigation by others of the native and cultivated plants growing in the Zuchwil
shooting range has shown high concentrations of Pb and Cu in the plants studied
(AUKSO, 1995). If by inference we assume that Ribwort plantain sampled by us
also contained high concentration of heavy metals, it means that uptake of heavy
metals does not affect the degree of mycorrhizal colonization of native plants.

High absorption of several metals measured in leek plants grown in these soils,
where, in cases the limit of toxicity tolerance for human nutrition was reached
(Table III), indicates that metals measured were in bio-available forms in these soil
and thus could be taken up by the plant roots themselves and/or by the hyphae of
mycorrhizal fungi. The lower mycorrhizal activity in the heavily polluted BACK-
STOP soils, on the one hand, and the high uptake of several elements by the
leek plants grown in the BACKSTOP soils point to the ability of roots to absorb
these elements alone and without the contribution of mycorrhizal fungi. On the
other hand, it could also be assumed that the decreased mycorrhizal activity in
the BACKSTOP soil was in fact the contributing factor for the higher uptake of
elements by the roots growing in these soils. This interpretation of data is based
on the view that mycorrhizal fungi, by accumulating the metals in their structures
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(Kaldorf et al., 1999; Brunner and Frey, 2000; Berreck and Haselwandter, 2001),
may act as a filter (Marschner et al., 1996, 1998) and thereby reduce the uptake
of metals by the plant roots or lower their transport to the above ground parts of
plants (Burke et al., 2000).

5. Conclusion

This study indicates that despite extremely high total metal content in the soils
of shooting ranges and their bio-availability, as measured by their uptake by leek,
mycorrhizal fungi have not been eliminated from these soils and can effectively
colonize native Plantago plants and test plant such as leek. Reduction in spore
production in soils of BACKSTOP, however, points to possible changes in the
composition of these fungi.

Acknowledgements

The assistance of authorities in the Soil Conservation Offices of cantons Solothurn
and St. Gallen for permission to take soil samples from the shooting ranges is
greatly appreciated. The authors thank the Swiss Federal Office for Environment,
Forest and Landscape for having funded this work.

References

Aggangan, N. S., Dell, B., Malajczuk, N. and Naidu, R.: 1998, ‘Effects of chromium and nickel on
growth of the ectomycorrhizal fungus pisolithus and formation of ectomycorrhizas on Eucalyptus
urophylla S.T. Blake’, Geoderma 84, 15–27.

AUKSG (Amt für Umweltschutz des Kanton St. Gallen): 1994, Die Schwermetallbelastung des
Bodens bei Schiessanlagen im Kanton St. Gallen, Amt für Umweltschutz, St. Gallen, CH-9001
Switzerland.

AUKSO (Amt für Umweltschutz des Kanton Solothurn): 1994, Schadstoffbelastung des Bodens bei
Schiessanlagen, No. 5, Amt für Umweltschutz, Solothurn, CH-4500 Switzerland.

AUKSO (Amt für Umweltschutz des Kanton Solothurn): 1995, Schadstoffbelastung des Bodens und
der Vegetation im Bereich von Schiessanlagen, No. 17, Amt für Umweltschutz, Solothurn, CH-
4500 Switzerland.

Berreck, M. and Haselwandter, K.: 2001, ‘Effect of the arbuscular mycorrhizal symbiosis upon
uptake of cesium and other cations by plants’, Mycorrhiza 10, 275–280.

Braun, U., Pusterla, N. and Ossent, P.: 1997, ‘Lead poisoning of calves pastured in the FIELD area
of a military shooting range, Schweiz. Arch. Tierheilk. 139, 403–407.

Brunner, I. and Frey, B.: 2000, ‘Detection and localization of aluminum and heavy metals in
ectomycorrhizal Norway spruce seedlings’, Environ. Pollut. 108, 121–128.

Burke, S. C., Angle, J. S., Chaney, R. L. and Cunningham, S. D.: 2000, ‘Arbuscular mycorrhizae
effects on heavy metal uptake by corn’, Intern. J. Phytorem. 2, 23–29.

BUWAL (Bundesamt für Umwelt, Wlad und Landschaft: 1997, Bodenschutz- und Entsorgungsmass-
nahman bei 300 m Schiessanlagen, Budeshaus Ost, Bern, CH-3003 Switzerland.



190 A. MOZAFAR ET AL.

Denny, H. J. and Wilkins, D. A.:1987, ‘Zinc tolerance in Betula spp. IV. The mechanism of
ectomycorrhizal amelioration of zinc toxicity’, New Phytol. 106, 545–553.

Dev, A., Gour, P. K., Jain, R. K., Bisen, P. S. and Sengupta, L. K.: 1998, ‘Effect of vesicular arbuscular
mycorrhiza-rhizobium inoculation interaction on heavy metal (Cu, Zn and Fe) uptake in spybean
(Glycine max, var. JS-335) under variable P doses’, Int. J. Tropic. Agric. 15, 75–79.

Díaz, G. and Honrubia, M. 1993, ‘Infectivity of mine soils from Southeast Spain’, Mycorrhiza 4,
85–88.

Galli, U., Schüepp, H. and Brunold, C.: 1994, ‘Heavy metal binding by mycorrhizal fungi’, Physiol.
Plant. 92, 364–368.

Gildon, A. and Tinker, P. B.: 1983a, ‘Interactions of vesicular-arbuscular mycorrhizal infections and
heavy metals in plants. II. The effects of infection on uptake of copper’, New Phytol. 95, 263–268.

Gildon, A. and. Tinker P. B.: 1983b, ‘Interactions of vesicular-arbuscular mycorrhizal infections and
heavy metals in plants. I. The effects of heavy metals on the development of vesicular-arbuscular
mycorrhizas’, New Phytol. 95, 247–261.

Helal, M., Upenov, A. and Hakim, N.: 1998, ‘Uptake of heavy metals by mycorrhizal roots of
Leucaena leucocephala’, VDLUFA-Schriftenreihe 49, 577–580.

Ietswaart, J. H., Griffioen, W. A. J. and. Ernst, W. H. O.: 1992, ‘Seasonality of VAM infection in three
populations of Agrostis capillaris (Gramineae) on soil with or without heavy metal enrichment’,
Plant Soil 139, 67–73.

Jentschke, G. Winter, S. and. Godbold, D. L.: 1999, ‘Ectomycorrhizas and cadmium toxicity in
Norway spruce seedlings’, Tree Physiol. 19, 23–30.

Joner, E. J. and Leyval, C.: 1997, ‘Plant Uptake of Cd Through Arbuscular Mycorrhiza, an Import-
ant Group of Symbiotic Fungi. Contaminated Soil’, Abstract of 3rd Intern. Conference on the
Biogeochemistry of Trace Elements, Paris France, pp. 195–207.

Jørgensen, S. S. and Willems, M.: 1987, ‘The fate of lead in soils: The transformation of lead pellets
in shooting-range soils’, Ambio 16, 11–15.

Kaldorf, M., Kuhn, A. J., Schroder, W. H., Hildebrandt, U. and Bothe, H.: 1999, ‘Selective element
deposits in maize colonized by heavy metal tolerance conferring arbuscular mycorrhizal fungus’,
J. Plant Physiol. 154, 718–728.

Killham, K. and. Firestone, M. K.: 1983, ‘Vesicular arbuscular mycorrhizal mediation of grass
response to acidic and heavy metal depositions’, Plant Soil 72, 39–48.

Koomen, I., McGrath, S. and. Giller, K.: 1990, ‘Mycorrhizal infection of clover is delayed in soils
contaminated with heavy metals from past sewage sludge applications’, Soil Biol. Biochem. 22,
871–873.

Leyval, C., Turnau, K. and Haselwandter, K.: 1997, ‘Effect of heavy metal pollution on mycor-
rhizal colonization and function: Physiological, ecological and applied aspects’, Mycorrhiza 7,
139–153.

Lindt, T. J., Fuhrer, J. and Stadelmann, F. X.: 1990, Kriterien zur Beurteilung einiger Schad-
stoffgehalte von Nahrungs- und Futterpflanzen, Eidgenössische Forschungsanstalt für Agrikul-
turchemie und Umwelthygiene (FAC), Liebefeld, CH-3097 Switzerland.

Loth, F. G. and Höfner, W.: 1995, ‘Influence of VA-mycorrhiza on heavy metal uptake of oat (Avena
sativa L.) from soils differing in heavy metal contamination’, Z. Pflanzenernähr. Bodenk. 158,
339–345.

Marschner, P., Godbold, D. L. and Jentschke, G.: 1996, ‘Dynamics of lead accumulation in
mycorrhizal and non-mycorrhizal Norway spruce (Picea abies (L.) Karst.)’, Plant Soil 178,
239–245.

Marschner, P., Jentschke, G. and Godbold, D. L.: 1998, ‘Cation exchange capacity and lead sorption
in ectomycorrhizal fungi’, Plant Soil 205, 93–98.

McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L. and Swan, J. A.: 1990, ‘A new method
which gives an objective measure of colonization of roots by vesicular-arbuscular mycorrhizal
fungi’, New Phytol. 115, 495–501.



EFFECT OF HEAVY METAL CONTAMINATED SHOOTING RANGE SOILS ON LEEK 191

Murray, K., Bazzi, A., Carter, C., Ehlert, A., Harris, A., Kopec, M., Richardson, J. and Sokol. H.:
1997, ‘Distribution and mobility of lead in soils at an outdoor shooting range’, J. Soil Contam. 6,
79–93.

Phillips, J. M. and Hayman, D. S.: 1970, ‘Improved procedures for clearing roots and staining
parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection’, Trans.
Br. Mycol. Soc. 55, 158–161.

Ross, S. M. and Kaye, K. J.: 1994, ‘The Meaning of Metal Toxicity in Soil-plant Systems’ in S. M.
Ross (ed.), Toxic Metals in Soil-Plant Systems, John Wiley & Sons, Chichester, pp. 27–62.

Sainz, M. J., Taboada-Castro, M. T. and Vilarino, A.: 1998, ‘Growth, mineral nutrition and mycor-
rhizal colonization of red clover and cucumber plants grown in a soil amended with composted
urban wastes’, Plant soil 205, 85–92.

Shetty, K. G., Banks, M. K., Hetrick, B. A. and Schwab, A. P.: 1994, ‘Biological characterization of
a Southeast Kansas mining site’, Water, Air, Soil Pollut. 78, 69–177.

Thorne, M. E., Zamora, B. A. and Kennedy, A. C.: 1998, ‘Sewage sludge and mycorrhizal effects on
Secar Bluebunch Wheatgrass in mine spoil’, J. Environ. Qual. 27, 1228–1233.

Val, C., Barea, J. M. and Azcon-Aguilar, C.: 1999, ‘Assessing the tolerance to heavy metals of
arbuscular mycorrhizal fungi isolated from sewage sludge-contaminated soils’, Appl. Soil Ecol.
11, 261–269.

VBBo (Verordnung über Belastungen des Boden).: 1998, EDMZ (Eidg. Drucksachen- und Materi-
alzentrale), Bern, CH-3000 Switzerland.

Weissenhorn, I., Leyval, C., Belgy, G. and Berthelin, J.: 1995, ‘Arbuscular mycorrhizal contribution
to heavy metal uptake by maize (Zea mays L.) in pot culture with contaminated soil’, Mycorrhiza
5, 245–251.

Wilkins, D. A.: 1991, ‘The influence of sheating (ecto-)mycorrhizas of trees on the uptake and
toxicity of metals’, Agric. Ecosys. Environ. 35, 245–260.


