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Metal concentrations and mycorrhizal status of plants
colonizing copper mine tailings: potential for revegetation
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Abstract A field survey of metal concentrations and mycorrhizal status of plants growing on
copper mine tailings was conducted in Anhui Province, China. Available phosphorus and organic
matter in the tailings were very low. High concentrations of Pb, Zn, As and Cd as well as Cu were
observed on some sites. The dominant plants growing on mine tailings belonged to the families
Gramineae and Compositae, and the most widely distributed plant species were Imperata cylin-
drica, Cynodon dactylon and Paspalum distichum. Coreopsis drummondii also grew well on the
arid sites but not on wet sites. Very low or zero arbuscular mycorrhizal (AM) fungal colonization
was observed in most of the plants, but extensive mycorrhizal colonization was recorded in the
roots of C. drummondii and C. dactylon. Metal concentrations in plant tissues indicated that /.
cylindrica and P. distichum utilized avoidance mechanisms to survive at high metal concentra-
tions. The investigation suggests that remediation and revegetation of heavy metal contaminated
sites might be facilitated by selection of tolerant plant species. Isolation of tolerant AM fungi may

also be warranted.
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In China, mining for metals is a large and impor-
tant industry supporting economic development. The
mining activities have brought not only economic
prosperity, but also environmental problems. Aban-
doned mine tailings can result in severe pollution and
have aesthetic impacts on the local environment. Min-
ing and metal smelting have already become major
sources of heavy metal contamination in soils and wa-
ter bodies'"). Effective measures need to be taken to
remediate the land occupied by tailings so that risks to
the environment can be controlled.

Among the remediation strategies available,
physical or chemical methods can only temporarily

Copyright by Science in China Press 2005

stabilize the wastes, while revegetation is widely con-
sidered to be necessary for sustainable utilization of
mining sites'. Revegetation may be achieved by di-
rect seeding of plants. However, the metal tailings are
mostly hostile environments for plant growth due to
the presence of many growth limiting factors, particu-
larly residual high levels of heavy metals, nutrient de-
ficiencies and poor substrate structure”’. These fea-
tures result in many metal wastes being largely devoid
of any natural vegetation, even many years after
abandonment. It is therefore important to select ap-
propriate plant species or ecotypes for revegetation
purposes. In addition to the commercially available
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plants, it is most desirable to find native plants that
may already be adapted to local soil and climatic con-
ditions.

It is well known that mycorrhizal associations are
ubiquitous in natural ecosystems, among which ar-
buscular mycorrhiza (AM) is the most widely distrib-
uted type. Mycorrhizal fungal diversity determines
plant biodiversity, ecosystem variability and produc-
tivity[4’5]. Numerous studies have indicated that my-
corrhizal colonization may increase plant tolerance to
heavy metal contamination™®’. Application of AM fungi
in phytoremediation has generally been accepted as a
practical option. Mycorrhizal fungi appear to protect
plants partially against the toxicity of heavy metals.
On the other hand, the host plant may confer on the
fungus a selective survival advantage at a contami-
nated site. This mutual benefit would make the my-
corrhizal association superior to the application of sin-
gle organisms, either non-mycorrhizal plants or
free-living micro-organisms, for remediation pur-

poses'”.

The significance of arbuscular mycorrhiza in
plant uptake of metals from metal contaminated soils
merits systematic studies'®. The wide distribution of
AM fungi on metal contaminated sites has shown
general adaptation and tolerance of these symbionts to

5101 " and metal tolerant fungal strains
11—15]

heavy metals
have been isolated by several research groups[
Some recent studies have focused on the role of AM
fungi in the stabilization, rather than the remediation,
of metal polluted ecosystems“(’_m. However, there is
little published information on field surveys of the
mycorrhizal status of dominant plants growing on
metal contaminated sites in China and the screening of
metal tolerant AM fungal strains.

In this paper we report a field survey on metal
concentrations in, and the mycorrhizal status of, plants
colonizing copper mine tailings in Tongling City, An-
hui Province, China. The aim of the present study was
therefore to determine the feasibility of screening na-
tive metal tolerant plant species and isolating metal
tolerant mycorrhizal fungi. It was hoped that the work
would also help us understand the mechanisms of

plant adaptation to the adverse envirénments of copper
mine tailings and thus facilitate future revegetation
programs.

1 Materials and methods
1.1 Field survey and plant and soil sampling

Tongling is located between 30°45'12" N and
31°07'56" N and 117°42'00" E and 118°10'06" E. The
city is well known for its large number of copper

" mines, and has a very long history of mining activities.

Ecological restoration of the tailings is in its infancy in
this region.

The field survey was conducted from 12 to 15
October 2002. According to the age of the tailings
(years since abandonment) and vegetation types, four
typical mine tailings were selected as sampling sites.
Yangshulin tailings were abandoned 10 years before
the study. Tailings located at Fenghuangshan and
Tongguanshan have existed for more than 30 years,
while Heishahe tailings have been in the riverbed for

at least 40 years”g].

The positions of the sampling sites were recorded
using a Global Position System (GPS) and landscape
and vegetation were recorded by digital camera (Fuji
Finepix 6900 Zoom). Three tailing samples were col-
lected at each sampling site. After removing the plant
cover (if there was any), the tailings were sampled
using a stainless steel shovel. About 2 kg of tailings
packed in a plastic bag comprised one sample of tail-
ings. Where plant communities were established on
the tailings, the dominant plants were sampled and
placed in paper bags. When possible, more than two
(usually three) samples of each plant species were
collected.

1.2 Preparation of soil and plant samples for chemi-
cal analysis

The tailings samples were taken to the laboratory
and air dried. Large pieces of plant debris and other
particles were removed. The tailings were firstly
passed through a 2mm sieve, and sub-samples (~200 g)
were then grinded and passed through a 1-mm sieve
for the determination of pH and bioavailable nutrients;
while sub-samples were passed through a 100-um
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sieve for determination of total nutrients and metals.

Tailings pH was measured with a pH meter using
a tailings-to-water ratio of 1 ° 2.5 (w/v). Phosphorus
was extracted with 0.5 mol L™' NaHCO; (pH 8.5) and
determined colorimetrically by the vanadomolybdate
method™?"), Total N content and organic matter were
determined by the Kjeldahl method and Tiurin method
respectively. Total metal contents were measured by
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) using a Perkin Elmer Optima
2000 DV following HNOs-HCIQ, digestion.

When a whole plant was collected as a sample,
the shoots (or fronds) and roots were cut and proc-
essed as separate samples. All plant samples were
carefully washed with tap water and then deionized
water. Sub-samples of fresh roots were collected for
assessment of mycorrhizal colonization. After oven
drying at 70°C for 48 h, sub-samples of shoots and
roots were milled and digested by acid digestion using
a mixture of HNO; and HCIO, (4 © 1 v/v) at 225°C,
then subjected to multi-element analysis by ICP-
OES™®!. For evaluation of the plant tolerance or re-
sistance to metal contaminations, shoot-to-root ratios
of metal concentrations in plants and transfer factors
(TF: metal concentration in plant shoots divided by
metal concentration in tailings) were calculated.

Mycorrhizal colonization of roots was deter-
mined by clearing sub-samples of fresh roots in 10%
(w/v) KOH and staining with Trypan blue using a
modification of the procedure of Phillips and Hay-
man™ in which phenol was omitted from the solu-
tions and HCI from the rinsing stage. Percentage of
root length colonized was determined by the grid line
intersect method™’. For the sake of brevity, when
colonization rates in the same plant species were be-
low 10%, the status of mycorrhizal colonization was
designated with a single asterisk (*) to denote ‘slight
colonization’. Similarly, ** indicates ‘moderate colo-
nization’ (10%—50% of root length), and *** indi-
cates ‘extensive colonization’ (>50% of root length).
In cases where colonization was never observed, this
is indicated by ‘ND’ (not detected).
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2 Results

2.1 Physico-chemical characteristics of sampling
sites

All tailing samples showed slight alkaline reac-
tion with pH value ranging from 7.23 to 8.25. Nitro-
gen, organic matter and available phosphorus (Olsen
P) in the tailings were generally low (table 1). In addi-
tion to high Cu concentrations found in all sampling

- sites, Heishahe tailings also showed contamination

with Pb, Zn, Cd and As. High concentrations of Pb and
Zn were observed in material from Fenghuangshan,
and As contamination was also found in Tongguan-
shan, Fenghuangshan and Yangshulin tailings (table

1).

2.2 Vegetation on mine tailings and mycorrhizal
status of dominant plant species

At the Yangshulin site, planted poplar trees were
surrounded by naturally occurring communities of
Imperata cylindrica, Cynodon dactylon and Setaria
viridis (table 2). Inula ensifolia and Erigeron acris
were scattered along the walls of buildings. The
Coreopsis drummondii community was very well de-
veloped and colonized a large area (fig. 1(a)). There
were also some leguminous and cyperaceous plants
such as Kummerowia striata and Cyperus rotundus.

Natural plant communities were virtually non-
existent at Fenghuangshan due to farming activities.
Only some ferns grew along the edges of the fields.
Plant communities on Tongguanshan were also spe-
cies-poor, with the Imperata cylindrica the dominant
plant species and Saussurea japoinca also present but
less abundant (Fig. 1(c)). Miscanthus floridulus, a tall
grass, occurred sporadically on the mountain but sel-
dom formed a recognizable community.

At Heishahe (mainly riverbed) there were sub-
stantial stands of Cynodon dactylon and Paspalum
distichum, and Phragmites communis also grew well
in some wetland areas (fig. 1(d)).

In general, very low or even zero AM fungal
colonization was observed in most of the plants ex-
amined (table 2), but extensive mycorrhizal coloniza-
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Table 1 Selected physico-chemical properties of mine tailings from different sampling sites (data presented are means of three samples)

Sampling site” GPS data pH Organic Total_Il\I Olsen—_I: Total (2111 Total Z_rlt Total P_ll) Total C_(li Total IE
matter (%) (gkg’) (mgkg™) (mgkg™) (mgkg') (mgkg) (mgkg™) (mgkg)
Yangshulin N30°56.158" 8.25 1.63 0.31 3.73 799 952 39.8 1.23 382
E117°47.491"
Fenghuangshan  N30°52.558" 7.23 2.55 0.84 4.24 2805 801 223 279 42.8
E118°00.308"
Tongguanshan ~ N30°54.235" 7.96 1.09 1.27 4.24 414 714 48.5 ND? 121
E117°49.862"
Heishahe N30°56.196" 7.60 1.22 1.03 6.00 396 589 261 81.1 185
E117°47.018"
a) ND, not detectable.
Table 2 Dominant plant species growing on copper mine tailings and colonization of plants by AM fungi
Sampling site” Dominant plant species Family Root colonization rates” Replicates
Yangshulin Imperata cylindrica var. major (Nees) C.E. Hubb Gramineae * 3
Cynodon dactylon (L.) Per. Gramineae ** 3
Setaria viridis (L.) Beauv. Gramineae *% 1
Coreopsis drummondii Torr. Et Gray Compositae ook 3
Inula ensifolia L. Compositae * 3
Erigeron acris L. Compositae * 3
Kummerowia striata (Thunb.) Schindl. Leguminosae i 2
Cyperus rotundus L. Cyperaceae ND 1
Fenghuangshan Pteris cretica L. Pteridaceae * 2
Pteris vittata L. Pteridaceae ** 1
Tongguanshan Imperata cylindrica var. major (Nees) C.E. Hubb Gramineae ND 3
Miscanthus floridulus (Labill.) Warb Gramineae ND 1
Saussurea japoinca (Thunb.) Dc. Compositae ND 2
Heishahe Cynodon dactylon (L.) Per. Gramineae * 3
Paspalum distichum L. Gramineae * 3
Phragmites communis Trin. Gramineae ND 1

a)ND, not detected; *, slightly (<10% root length) colonized; **, moderately (<50% root length) colonized; ***, extensively (>50% root length)

colonized.

tion was recorded in the roots of C. drummondii (fig.
1(b)), while C. dactylon growing at Yangshulin and the
ferns at the Fenghuangshan site showed moderate root
colonization.

2.3 Plant phosphorus and metal concentrations

P concentrations in the plant samples were gener-
ally below 1 mg g‘l, except for the fern samples from
Fenghuangshan (Table 3). Cu concentrations varied
among plant species (and plant components) and sam-
pling sites, and all root samples showed- higher Cu
concentrations than corresponding shoot samples. The
highest Cu concentration (> 800 mg kg‘l) was ob-
served in roots of Paspalum distichum from Heishahe.
The same sample also contained high concentrations

of Zn, Pb, Cd and As in accordance with the high
metal concentrations found in the tailings at this site.

High concentrations of Zn occurred mostly in
plant roots. However, Setaria viridis had Zn concen-
trations higher than 100 mg kg_1 in both shoots and
roots. Pb concentrations above 20 mg g'1 were ob-
served in shoots of Cynodon dactylon from Yangshulin
and Imperata cylindrica from Tongguanshan, but cor-
responding root samples showed lower Pb concentra-
tions. In contrast, Pteris cretica from Fenghuangshan
accumulated much more Pb in the roots than in the
shoots. Pb concentrations were generally below 10
mg kg in the other plant samples.

Consistent with the Cd and As concentrations in
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Fig. I. Photographs of the vegetation on copper mine tailings in Tongling, Anhui, China. (a) Community of Coreopsis drummondii on Yangshulin
tailing; (b) mycorrhizal symbiosis of Coreopsis drummondii as revealed by fuchsin-acid staining; (c) Tongguanshan tailing; (d) Heishahe tailing.

Table 3 Elemental concentrations in dominant plant species

Sampling site®  Plant species Component Pimgg” Cupgg’ Znjugg’ Pbipgg? Cdpgg' Asugg™
Yangshulin Imperata cylindrica Leaves 0.42 394 233 8.18 0.18 3.78
Stems and roots 0.45 49.7 220 2.95 0.22 202
Yangshulin Cynodon dactylon Shoots 0.46 82.0 57.0 222 0.97 6.71
Roots 0.13 105 47.1 3.13 0.39 4.56
Yangshulin Setaria viridis. Shoots 0.72 413 112 7.6 0.96 2.50
Roots 0.55 134 130 9.81 1.30 422
Yangshulin Coreopsis drummondii ~ Roots 0.55 304 70.1 18.0 1.93 6.25
Fenghuangshan Pteris cretica Fronds 0.23 59.5 50.1 10.8 0.26 259
Roots 1.02 235 320 118 3.38 83.5
Fenghuangshan Pteris vittata Fronds 1.85 33.1 38.9 8.42 0.23 367
Tongguanshan  Imperata cylindrica Leaves 0.20 18.9 41.7 304 0.80 9.50
Stems and roots 0.23 65.4 432 5.80 0.13 8.63
Heishahe Paspalum distichum Shoots 0.82 41.0 80.0 7.52 0.85 170

Roots 0.42 827 1522 63.3 125 96.5
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tailings, concentrations of these two elements in plant
samples were generally low. The Chinese Brake fern
accumulated very high concentrations of As in the
fronds. In addition, Pteris cretica from Fenghuangshan
had higher concentrations of Cd and As in the roots
than to other plant species.

2.4 Transfer factors of heavy metals from soil to
plants and metal partitioning in plants

With the sole exception of Zn in S. viridis from
Yangshulin, the metal concentrations found in plant
shoots were generally lower than those in tailings, as
indicated by the TF values being mostly lower than 1
(Fig. 2). TF values for Cu were lower than 0.1 in all
cases. For other metals the TF values varied between
plant species and sampling sites. C. dactylon and S.
viridis from Yangshulin showed higher TF values for

Zn and Cd. The former also had high TF for Pb. I cyl-
indrica from Tongguanshan had relatively high TF
values for both Zn and Pb. P. cretica from Fen-
ghuangshan showed higher TF values for As than
other plant species.

In S. viridis from Yangshulin, P. distichum from
Heishahe and P. cretica from Fenghuangshan, shoot-
to-root ratios of metal concentrations were generally
lower than 0.5, indicating that most of the metals had

“been retained in the roots. In other plant samples, the

shoot-to-root ratios of Cu concentrations were lower
than 1, and for As the ratios ranged from 1 to 2, while
for Zn the ratios were close to 1. It was noticeable that
Pb concentrations in the shoots of C. dactylon from
Yangshulin and . cylindrica from Tongguanshan, and
Cd concentrations in shoots of I cylindrica, were
4-fold higher than those found in the roots (Fig. 3).
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Fig. 2. Transfer factors (TF) of metals from copper mine tailings to plants. YSL, Yangshulin; FHS, Fenghuangshan; TGS, Tongguanshan; HSH,

Heishahe.
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Fig. 3. Shoot-to-root ratios of metal concentrations in dominant plants growing on copper mine tailings. YSL, Yangshulin; FHS, Fenghuangshan:

TGS, Tongguanshan; HSH, Heishahe.
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3 Discussion

The field survey supports the hypothesis that na-
tive plants can be screened for revegetation of the
mine tailings. Dominant plants growing on the mine
tailings belong to the families Gramineae and Compo-
sitae, with the most widely distributed grasses Imper-
ata cylindrical, Cynodon dactylon and Paspalum dis-
tichum. The relatively small numbers of plant species
found clearly indicates that the tailings failed to sup-
port the growth of a diverse range of plant species.
Only plants that adapted to the adverse environmental
conditions can grow and establish communities with-
out competition from other species. The dominant
plants could be considered as likely candidates for
future selection for the purposes of phytoremediation
and revegetation programs.

The occurrence of mainly non-mycorrhizal plant
species together with a smaller number of mycorrhizal
plants growing on the tailings corresponds with the
results of Guewa-Przepiora and Turnau™® who con-
ducted a survey of 69 vascular plant species coloniz-
ing an area of Zn wastes in Poland. They found that
over 60% of the plant species were mycorrhizal, but
two non-mycorrhizal species dominated the early suc-
cessional stages of the Zn spoil where the only my-
corrhizal species present showed no arbuscular devel-
opment and the frequency of occurrence of individual
AM species was highest in the oldest part of the area
investigated. A strongly mycorrhizal plant species col-
lected from the Zn wastes had abundant arbuscules
except at the early establishment of the vegetationm].
Colonization of metal wastes may therefore occur
firstly by typically non-mycorrhizal plant species and
then subsequently also by mycorrhizal species as eco-
logical succession proceeds.

In most cases plant species colonizing the mine
tailings have utilized the avoidance mechanism to sur-
vive the high levels of metal concentrations, as rela-
tively low metal concentrations were found in the
shoots or leaves but very high concentrations in roots
(especially for Cu). If the TF values are taken into
consideration, it becomes clear that these plants func-
tion efficiently in preventing excessive metals from
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entering physiologically sensitive tissues. Paspalum
distichum from Heishahe riverbed was a typical ex-
ample. Shu et al. reported metal tolerant ecotypes of
Paspalum distichum and the use of this tolerant popu-
lation for revegetation of Pb/Zn mine tailings™™®?,
Whether the population of Paspalum distichum found
on Heishahe tailings has evolved tolerance to
multi-metal contamination would require further in-
vestigation, but at least its potential use for revegeta-

. tion has been indicated.

It is interesting to find highly significant correla-
tions between Cu, Zn and Cd concentrations in plants
(correlation coefficients for Cu and Zn, Zn and Cd,
and Cu and Cd are 0.943, 0.950 and 0.890 respec-
tively, n = 16, P < 0.001). This may indicate some
common resistance to multiple metal contaminations
on the part of the dominant plants. On the other hand,
Zhao et al. reported the hyperaccumulation potential
for both Zn and Cd in Thiaspi caerulescens™. Al-
though the mechanisms of synergistic resistance or
tolerance to heavy metals by plants still await detailed
studies, this may at least indicate the potential for
phytoremediation of combined-metal contaminated
environments.

Despite the fact that high metal concentrations
were occasionally recorded in shoots of some plant
species, they were all below the critical values for
designation as hyperaccumulators (except for Pteris
vittata, already identified by Ma et al. as an arsenic
hyperaccumulator[3 ', The TF value for As found in
Pteris vittata from Fenghuangshan was 8.57 but has
been omitted from Fig. 1 to make the presentation of
TF values for other plant species as clear as possible.
More importantly, due to the large areas occupied by
the tailings, there would be serious practical problems
in the use of phytoextraction on these contaminated
sites. Nevertheless, phytostabilization or revegetation
by native plants might be practical, and proper man-
agement would help the success in revegetation pro-
grams. Firstly, as organic matter, nitrogen and avail-
able phosphorus were generally very low, amending
the tailings with organic fertilizer or biosolids may
possibly improve the fertility of the tailings and
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stimulate plant growthm. Secondly, to maintain stabil-
ity of established vegetation, a range of plant species
can be introduced. More attention should be paid to
legumesm, as these plants can fix Ny from the atmos-
phere. Thirdly, the importance of AM fungi needs to
be taken into account to improve biodiversity of the
ecosystem. It is not known whether the failure to es-
tablish mycorrhizal associations was one of the factors
limiting diversity of colonizing plants, but the poor
phosphorus nutrition of most plants may indicate a
role of symbiotic associations.

Moreover, it should be noted that Imperata cyl-
indrica tended to colonize the dry tailings, but not wet
sites such as Heishahe. In contrast, Paspalum disti-
chum grew better on the wet sites. Cynodon dactylon
is the most widely distributed plant spices that grow
well under drought stress, but it also shows better
growth under moist conditions. This indicates the im-
portance of moisture for supporting plant growth, and
irrigation would help vegetation establishment on dry
tailings, at least until the organic matter content of the
substrate has increased for improved water retention,
Otherwise, it is necessary to select plant species such
as I cylindrica or C. dactylon which may have already
adapted to drought conditions for revegetation of the
dry sites. In addition, it is interesting that Coreopsis
drummondii survived and established communities on
Yangshulin tailings. However, there is anecdotal evi-
dence from local residents that this plant species is not
naturally occurring one but a garden escape.

Negative effects of heavy metal contamination on
mycorrhizal colonization and fungal growth have been
observed in other field surveys and sometimes in
laboratory studies®*>** | Under extreme conditions,
mycorrhizal colonization may be completely de-
pressedm]. In the present field survey, the very low
AM fungal colonization observed in most of the plants
may be due to lack of fungal propagules in the tailings
or to severe metal toxicity to the symbionts. Cu is
commonly used as a fungicide and it is very effective.
Zn- and Cd-tolerant AM fungal strains have already
been isolated"'*!, but there are no published reports
on Cu-tolerant strains. The extensive mycorrhizal
colonization observed in the roots of C. drummondii

and C. dactylon from the copper mine tailings indi-
cates that these fungal strains may have evolved tol-
erance to Cu contamination (together with other met-
als), and may possibly be isolated and screened in the
future.

In order to utilize native plants for future revege-
tation schemes, more detailed investigations should be
conducted to improve our understanding of plant ad-
aptation to mine tailings, to identify the potential role

- of arbuscular mycorrhiza in phytostabilizing metals in

contaminated environments and in stimulating plant
growth so that use can be made of both plant and fun-
gal symbionts for successful revegetation. Qur ex-
periments in progress have shown that inoculation
with an AM fungus did markedly enhance the growth
of Trifolium repens (Leguminosae), Coreopsis drum-
mondii (Compositae) and Pteris vittata (Pteridaceae),
but not Lolium perenne (Gramineae), on the mine tail-
ings collected from Yangshulin (data not presented).
These results are exciting and will stimulate further
work on isolation of metal tolerant fungal strains.
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