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Different environmental conditions can cause specific modifications during the devel-
opment of plants. In this study, we investigated the effect of contrasting habitats (a 
Zn-Pb dump and a forest site) on morphological and reproductive traits of 154 plants 
of the perennial herb Arabidopsis halleri. Base on the results of our preliminary inves-
tigation we distinguished morphological and functional traits, which differentiate 
populations of A. halleri from forest and dump habitats. Discriminant analysis distin-
guished the seed number and the length of the longest rosette leaf as the most distinctly 
variable traits.

Introduction

Phenotypic plasticity is the capability of a single 
genotype to express different phenotypes in dif-
ferent environments, and it is assumed to be a 
mechanism for individual adaptation to environ-
ment heterogeneity. Adaptive plasticity is com-
monly expressed in traits directly related to 
fitness and enables plants to persist under par-
ticular environmental conditions (Sultan 2000). 
Twenty years ago, developmental and physi-
ological plasticity was reported in terrestrial 
plants, insects, fish and small mammals. In more 
recent studies, plasticity was scrutinized most 
intensively in plants, because the effects of envi-
ronment are clearly manifested in their growth. 
In addition, the latest papers focused on such 
aspects of plasticity that are directly related to 
the functional and reproductive success of plants 
(Sultan 1995, 2000, 2003, Alpert 1999).

Plants also demonstrate great morphologi-
cal plasticity in their response to the environ-
ment, such as the number of neighboring plants, 
light, nutrient and water availability, or pollution 
(Sekimura et al. 2000, Gianoli 2002, Navas & 
Garnier 2002, Zvereva & Kozlov 2005). It can 
be displayed in vegetative and reproductive traits 
such as leaf size and shape, leaf area, trichome 
densities, or the number and weight of seeds 
(Chester & Shaver 1982, Lynn & Waldren 2001, 
Kozlov & Zvereva 2007, Przedpełska & Wierz-
bicka 2007).

Zinc (Zn) and lead (Pb) ores have been 
extracted in Poland since the 12th century, and 
their exploitation and a primitive metal smelting 
technology resulted in large quantities of waste 
particularly in the Upper Silesia region (Skubała 
2011). Wastes from Zn and Pb ore mining and 
processing are very hostile environments for 
organisms because of the high concentrations of 
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toxic elements (Cd, Zn, Pb, As). However, many 
plant species are able to grow in such habitats 
(Cabała et al. 2004).

Our research focuses on plants originating 
from very different habitats, that is from a beech 
forest and a Zn-Pb smelter dump. The complex 
composition of the deposited industrial wastes 
(high amounts of heavy metals) and the struc-
ture of the dump (the way of heaping up, the 
lack of soil) produced a contaminated, dry and 
unproductive environment. However, plants that 
manage to establish themselves in such harsh 
conditions can profit from the high light avail-
ability and low inter- and intrapopulation com-
petition.

The aim of our study was to answer the 
questions (i) whether populations of Arabidop-
sis halleri from two contrasting habitats differ 
in selected morphological and functional traits, 
and, if so, (ii) which of the morphological traits 
of A. halleri are the most variable.

Material and methods

Study species

Arabidopsis halleri is a self-incompatible, insect-
pollinated perennial herb, which forms rosettes 
and propagates by stolons. Stems, growing 
from the base of a rosette, are decumbent, and 
simple or branched at their upper parts. Blades 
of the basal leaves are orbicular to broadly 
ovate, slightly pinnatifid or lyrate-pinnatifid. 
Stem leaves are shortly petiolate, ovate to oblong 
or lanceolate, toothed or rarely lobed, with the 
size decreasing towards the stem tip. The plant 
produces a large number of oblong, brown seeds 
placed in linear, flattened, torulose siliquas (Al-
Shehbaz & O’Kane 2002, Van Rossum et al. 
2004). The chromosome number (n) is 8. Ara-
bidopsis halleri prefers mesic environments and 
occurs in meadows under intensive competi-
tion, as well as at heavy-metal contaminated 
sites, being regarded as a zinc hyperaccumulator 
(Sarret et al. 2002). The species ranges from 
France to Taiwan and has various subspecies; 
in Europe it is distributed in mountainous areas 
with continental climate (Mitchell-Olds 2001, 
Van Rossum et al. 2004).

Site characteristics and sampling

The Zn-Pb dump (DS) is situated in the northern 
section of Wełnowiec Ditch (Rów Wełnowiecki), 
east of the ”Silesia Non-ferrous Metal Plant”. 
The site includes areas in two towns: Kato-
wice and Siemianowice (49°04´N, 18°55´E). 
The studied plants grew on the top of a post-
flotation sludge waste-heap (33 m high), com-
posed of waste originating from complex Zn-Pb 
ore enrichment processes, dolomites, clays and 
extremely toxic silts (Zn 11 078 mg kg–1, Pb 
1331 mg kg–1, Cd 9 mg kg–1 d.m. soil; Franiel & 
Więski 2005).

“Uroczysko Buczyna” is a patch of semi-
natural beech (Fagus sylvatica) forest (FS) 
located in the vicinity of the city of Chorzów 
(50°16´N, 18°57´E). The soil is mainly brown 
podzol formed of loamy sand with a relatively 
low high metal content (Zn 100 mg kg–1, Pb 196 
mg kg–1, Cd 1 mg kg–1 d.m. soil). The plant sam-
ples were collected from marginal forest patches 
constituting fragments of the Tilio-Carpinetum 
association. The herb layer (at the level of 80%) 
was well developed with the cover of grasses 
(Festuca gigantea and Deschampsia caespitosa) 
and Arabidopsis halleri (Franiel & Fiałkiewicz 
2007).

Both sites (the dump area and the Uroczysko-
Buczyna forest) are in the climatic zone of 
Central Uplands and have the maximum pre-
cipitation in June (158.7 mm in Uroczysko Buc-
zyna, and 133.8 mm in the dump area) and the 
minimum precipitation in March (28.9 mm, and 
22.3 mm, respectively). July is the warmest 
month (20.1 °C in the dump area, and 19.3 °C in 
Uroczysko Buczyna) and December is the cold-
est one (–5.1 °C and –5.6 °C, respectively). The 
maximum radiation intensity at the dump area 
was PAR-1265 E m–2 s–1, whereas in the forest 
understory it was 141 E m–2 s–1 (Phytophotom-
eter FR-20, Optel Opole, Poland; with clear sky 
conditions at ground level in the first week of 
July).

Plant material was sampled randomly from 
154 (77 from either site) flowering individuals 
within a distance of one meter from each other. 
That distance should be sufficient to make sure 
that the collected individuals represent different 
genotypes (Van Rossum et al. 2004). Accord-
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ing to our concept, an individual is a rosette 
(= ramet), which can be easily distinguished and 
counted (Falińska 2002). The total number of 
flowers per individual was recorded at the begin-
ning of the study (17 July 2009). In either habitat, 
the examined plants were labeled and harvested 
at the end of the fructification period. The fol-
lowing traits were measured in the laboratory: 
(1) the number of flowering axes, (2) the average 
flowering axe length, (3) the number of flower-
ing axe leaves, (4) the rosette diameter, (5) the 
longest rosette leaf length, (6) the longest rosette 
leaf breadth, (7) the flowering axe weight, (8) 
the rosette weight, (9) the number of flowers per 
individual, (10) the number of fruits per individ-
ual, (11) the number of seeds, (12) the maximum 
siliqua length. For dry weight measurements, the 
material was dried at 50 °C to constant weight.

Statistical methods

The differences in traits of A. halleri between 
groups were evaluated using a t-test. Prior to 
testing, all the data were log(x + 1)-transformed 
to stabilize variances, and standardized to allow 
comparisons of different variables.

We carried out a cluster analysis (CA) to 
arrange the collected data according to some 
organized structures or groups by analyzing the 
similarities in the studied areas. The clusters are 
sets of related data, and the data belonging in 
two separate clusters should differ significantly. 
The assumption of a higher degree of similarity 
within the examined sites was made in view of 
CA, based on the average values of particular 
traits for each of the 154 selected individuals. 
The dendrogram was created using the Ward 
method, which allows the fusion of clusters on 
the basis of minimizing within-cluster variance.

The likeness between the objects is estab-
lished on the basis of an appropriate index or 
Euclidean distance. By applying such analyses 
it is possible to form groups of objects whose 
members resemble one another as closely as 
possible in respect to specified features, while at 
the same time they differ substantially from the 
members of neighboring sets.

A reduction in the number of variables was 
obtained with the principal component analysis 

(PCA), in which a smaller number of uncorre-
lated components were obtained, each of which 
was equivalent to a certain percentage of the 
total variability. In order to determine which var-
iables discriminated between the two A. halleri 
populations, the discriminant function analysis 
with the stepwise method was used. Variables 
with the tolerance lower than 0.01 were rejected 
(Castillo-Rivera et al. 2000). The conclusion on 
the discriminatory power was reached based on 
Wilks’ λ statistics, which describes overall sepa-
ration of the groups. The discrimination analysis 
was also used as a criterion for classification, 
allowing us to assess the percentage of indi-
vidual objects correctly assigned to specified 
morphotypes. The analyses were performed with 
the software Statistica 7.0 PL.

Results

Mean values of all investigated A. halleri traits 
differed significantly (p < 0.001) between the 
dump site and the forest site (Table 1). Plants 
from the polluted environment had higher bio-
mass of vegetative parts, a higher number of 
flowering axes and the flowering axes had more 
leaves. However larger rosette leaves were char-
acteristic of plants from the forest site.

The reproductive traits, such as the number 
of flowers, fruits and seeds were about three to 
four times higher in plants growing on the dump.

Our cluster analysis (CA) results showed a 
clear distinction between the two habitats (Fig. 1).

Contrary to CA, PCA allows to confirm the 
hypothesis in terms of describing the range of 
variability in the groups regarding the principal 
components, while at the same time identifying 
the variables responsible for the discrimination 
of groups. The results of the scree test allowed us 
to distinguish the two components that accounted 
for 64% of the resulting variability (Fig. 2). The 
closer the vectors representing the input variable 
are plotted, the stronger the positive correlation 
between the corresponding variables is (DS 4, 
5, 6, 7, 8, 10 and FS 4, 5, 7, 8). If these vectors 
are perpendicular, then the variables are not cor-
related (group DS versus FS).

The results of the discriminant function anal-
ysis confirmed the differences in the morphomet-
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rics of the two populations (Wilks’ λ = 0.213; 
F7,146 = 76.669, p < 0.001). The partial values 
of Wilks’ λ (Table 2) revealed that the studied 
populations are primarily discriminated by the 
number of seeds and the length of the longest 

rosette leaf. The parameter values of the clas-
sification function (not shown) were used for a 
posteriori classification in order to determine 
whether the empirical data corresponded with 
the model. The classification matrix correctly 
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Fig. 1. A hierarchical clus-
tering based on the 24 
measured traits of plants 
from two habitats (DS, 
FS). Dendrogram based 
on 1 – r distance using the 
Ward method. For abbre-
viations see Table 1).

Fig. 2. Configuration of 
points representing the 
variables (factor loadings 
> 0.7 ) in the system of the 
first two principal compo-
nent axes.
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distinguished 97% of the individuals character-
ized as the “dump site morphotype” and 100% of 
the individuals of the “forest site morphotype”.

Discussion

Arabidopsis halleri is a widely spread species 
with a wide ecological amplitude (Mitchell-Olds 
2001, Van Rossum et al. 2004). It has a broad 
tolerance to different environmental conditions, 
forming specialized populations in mountain 
habitats, shaded forests and heavy-metal con-
taminated areas (Al-Shehbaz & O’Kane 2002, 
Pauwels et al. 2006). 

Plants can respond to their environments 
through their developmental plasticity in many 
aspects of their phenotypes. Our investigation 
showed clear differences in the examined traits 
of the dump and forest populations, which sug-
gests there are two distinct morphotypes (Table 1 
and Fig. 1). The DS population had significantly 
higher biomass of vegetative parts, the larger 
number of flowering axes and flowering axes 
had more leaves. One of the reasons could be 
the greater light availability at the open dump 
site (maximum PAR = 1265 E m–2 s–1). Similarly, 
in the experiment of Nilsson and D’Hertefeldt 
(2008) Aegopodium podagraria produced higher 
biomass in unshaded pots.

In the forest populations of A. halleri, the 
rosette leaves were longer and wider. Shading 

can contribute to an increase in the leaf area, 
rosette size and stem elongation (Gianoli 2002, 
Jimenez-Ambriz et al. 2007). The other distinct 
trait that differentiated the populations between 
the studied habitats was the input into sexual 
reproduction. Plants from the dump site pro-
duced about four times more flowers and about 
three times more fruits and seeds than those 
from the forest (Table 1). This phenomenon 
was also observed in Vaccinium myrtillus and V. 
vitis-idea under heavy metal stress: the propor-
tion of sexually reproducing clones was higher 
in polluted habitats, and the reproductive clones 
had more generative flowering axes and higher 
fruit yield under the impact of pollution (Zver-
eva & Kozlov 2005). Chamerion angustifolium 
and Cornus suecica had a larger size and higher 
flower production at polluted sites (Kozlov & 
Zvereva 2007).

PCA and discriminant analysis pointed out 
the generative traits (the number of fruits and 
seeds) as the most important for the distinction 
of the two morphotypes (Table 2 and Fig. 2). The 
importance of the sexual effort at the unfavora-
ble dump site might result from several causes. 
Firstly, in dump areas resources are very scarce 
(especially water), which can induce plants to 
produce large numbers of small flowers. This 
is a compromise based on the diversion of 
water essential for photosynthesis to the devel-
opment of flowers (Tucic & Miljkovic 2010). 
The resource-cost hypothesis proposed by Galen 

Table 1. Arabidopsis halleri population characteristics and t-test results.

Traits	 Dump site (DS)	 Forest site (FS)	 df	 t	 p
	 	
	 Mean	 SD	 Mean	 SD

01. Number of shoots	 4.14	 2.20	 1.36	 0.56	 152	 10.72	 < 0.001
02. Mean shoot lenght (cm)	 10.03	 4.11	 15.18	 7.53	 152	 –5.26	 < 0.001
03. Number of shoot leaves	 12.83	 7.70	 6.95	 5.48	 152	 5.46	 < 0.001
04. Rosette diameter (cm)	 4.12	 1.15	 5.28	 2.40	 152	 –3.82	 < 0.001
05. Longest rosette leaf length (cm)	 2.30	 0.59	 3.10	 1.34	 152	 –4.89	 < 0.001
06. Longest rosette leaf breadth (cm)	 0.37	 0.11	 0.59	 3.11	 152	 –5.01	 < 0.001
07. Shoot weight (g dry weight)	 0.07	 0.05	 0.02	 0.02	 152	 7.36	 < 0.001
08. Rosette weight (g dry weight)	 0.13	 0.08	 0.01	 0.02	 152	 11.68	 < 0.001
09. Number of flowers per individual	 13.52	 9.07	 3.29	 2.99	 152	 9.40	 < 0.001
10. Number of fruits per individual	 31.08	 0.47	 11.40	 9.13	 152	 6.86	 < 0.001
11. Number of seeds 	 24.92	 8.18	 7.16	 3.11	 152	 17.81	 < 0.001
12. Maximal siliqua length (cm)	 1.92	 0.47	 1.34	 0.63	 152	 6.36	 < 0.001
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(1999) implies that the water availability in par-
ticular acts as a selection factor underlying the 
reproductive allocation cost in flowering plants.

Although A. halleri is a potentially clonal 
plant, Van Rossum et al. (2004) suggested that the 
clonality remains a marginal mode of this species’ 
reproduction. Sexual reproduction seems to be the 
most important strategy of propagation. One of the 
elements significant to generative reproduction is 
successful pollination (in this case by insects). 
The large number of small flowers at the dump 
sites might also be an evolutionary outcome of 
pollinator selection pressure, as pollinator-medi-
ated selection promotes plants with an attractive 
floral display and the xeric environment favors 
plants producing smaller and numerous flowers 
(Galen 1999). Secondly, the seed establishment 
ratio in highly polluted areas is frequently low 
(Levit 1980, Mishra & Choudhuri 1999, Kuria-
kose & Prasad 2008). The cost-benefit model 
described by Loehle (1987) predicts the increased 
allocation to sexual reproduction, because seeds 
may disperse to more favorable sites or persist in 
the soil, and the successful colonization depends 
on variables such as seed dispersal, seed longev-
ity, germination or fast growth rate after the estab-
lishment (Chester & Shaver 1982).

In this study we distinguished morpholog-
ical and functional traits, which differentiate 
populations of A. halleri from forest and dump 
habitats. Whether those traits reflect local adap-
tation or phenotypic plasticity needs testing in 
further investigations in controlled conditions. 
Similar research was conducted on Arabidopsis 
arenosa populations from dump and forest habi-
tats, which confirmed the species adaptation to 
the unfavorable environment of the Zn-Pb dump 
(Przedpełska & Wierzbicka 2007).
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