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ABSTRACT

Variation in vegetative and reproductive performance and leaf mineral composition among 25 populations of
Colchicum autumnale (meadow saffron) from soils derived from six parent materials (limestone, marl, sandstone,
greenstone, melaphyre and serpentine) in southwestern Poland has been investigated. The plant size (PS), total le-
af area (TLA), leaf shape (LS), number of fruits per plant (NFP), number of seeds per plant (NFP), total weight
seed per plant (TWSP) were estimated, and concentrations of seventeen elements (N, P, K, Ca, Mg, Na, S, Fe,
Mn, Cu, Zn, Pb, Cd, Ni, Co, Cr, Mo) were analyzed in leaf and soil samples. In soil samples, also soil pH, organic
matter content and sand, silt and clay content were determined. All soils (except melaphyre soil) contained eleva-
ted levels of Cr. Concentrations of soil Ni and Zn, Pb, Cd in serpentinite soil and polluted marl soils (respective-
ly) were significantly higher than those of other examined soils. Meadow saffron leaves from all sites (except
marl sites) contained elevated levels of Cr, Co and Ni. Statistical analysis, carried out with principal component
analysis (PCA) revealed that a good correlation exists between the element content in leaves and plant performan-
ce traits and soil environment. The leaf Ca content and NFP were correlated and were much higher in populations
from metal (except Cr) and nutrient-poor marl soils than in those from metal (except Ni in serpentine soil) and nu-
trient moderate rich soils derived from melaphyre, greenstones, serpentinite, limestones and sandstones and in
those from metal-rich and nutrient-poor polluted marl soils. Meadow saffron plants tended to take up higher amo-
unts of N, P, K, Mn, Cu and Na and lower amounts of S and had much higher TLA in populations from sandstone
soils than those in populations from serpentinite, melaphyre, greenstone, marl and limestone soils. The leaf Co,
Ni, Cr, Mg concentrations were correlated and were much higher in populations from serpentinite, melaphyre,
greenstone, polluted marl and limestone soils than those from marl and sandstone soils. The pattern of variation in
NFP and TLA across the different soil types was the opposite of that for leaf N, Cu, Na, Ni, Mg and S concentra-
tions. Redundancy analysis (RDA) enables identification of the soil variables that best explain the variance pat-
tern of plant response. The variation explained by the soil variables (15 soil elements and soil pH) was high
(79%). The forward selection of soil variables identified soil Co, Mo, Ni, Ca and Zn concentrations as significan-
tly influencing the ordination plant traits. The variation explained by these selected variables was 55%. Thus the
five soil variables appeared to be the main factors determining the pattern variation of vegetative, reproductive
and nutrient traits of Colchicum autumnale.

KEY WORDS: vegetative and reproductive performance, mineral composition, parent material, soil
properties, principal component analysis, redundancy analysis.
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INTRODUCTION

Plants display variation in traits to a wide variety of eco-
logical conditions. Individuals within a species may vary
by orders of magnitude in size, growth rate, allocation to
different organs, reproduction and chemical constituency
(Callaway et al. 2003). The variation in plant traits induced
by abiotic and biotic environment may allow the plants to
adapt to different circumstances. A plant which has adap-
ted to its environment can cope with a variation around so-

me optima for a range of environmental conditions. Some
species are more particular than others in their require-
ments (Falinska 2004).

Colchicum autumnale (Liliaceae) is a species with a wide
geographical distribution in Europe, from Ireland and Bri-
tish Isles to the Sub Mediterranean area and from Central
Europe to Western Ukraine (Tutin et al.1980). In the Bal-
kan Peninsula it occurs in deep humus-rich soil on various
substrates, in the southwestern part of the area generally on
non-calcareous rocks such as schists, flysch, serpentines
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(Persson 1999). Serpentine soils represent a well known
example of a stressful environment for plants (Bro-
0ks1987). These soils can offer an edaphic environment
with abnormally high concentrations of Ni, Cr, Co, Mg and
Fe, and a dearth of important nutrients Ca, K, P and N. Al-
though some serpentine soils can be deep, most are shallow
with a limited ability to retain moisture (Proctor 1999). Due
to these environmental stresses, the growth forms and phy-
siognomy of some of the plant species growing in these so-
ils can be different from those of non-serpentine areas
(Ghaderian et al. 2006). Most plants on serpentine soils
show slightly elevated Ni, Co and Cr concentrations in
comparison with those in other soil types (Reeves et
al.1999; Freitas et al.2004). The high concentration of hea-
vy metals can act as potent agents of natural selection and
where soil levels are high specialized, metal-tolerant plants
may arise (Crawley 1997). In Poland, C. autumnale is fo-
und on serpentinite soil and other soils developed from non-
calcareous and also calcareous substrates (Berdowski 1995;
Kwiatkowski 1998; Pigkos-Mirkowa and Mirek 2003). Cal-
careous substrates such as limestone, marl and chalk wholly
or in large part are composed of calcium carbonate. In Cen-
tral Europe, limestone and chalk regions are exceptionally
rich in species (Wohlgemuth and Gigon 2003). The ecologi-
cal effects of calcium on plant performance appear to be in-
direct. Calcium modifies soil nutrient availability, and
excess Ca can bring about deficiencies of P, Mg, Fe or trace
elements. Calcium modifies the relative competitive ability
of plants for different nutrients. Calcareous soil tends to be
porous and to have low soil water content, with the conse-
quence that temperatures are relatively high and aeration is
good (Crawley 1997). The occurrence of C. autumnale in
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contrasting soils (calcareous and non-calcareous) provided
an opportunity to investigate both the pattern response of
this species to edaphic environments, and geological sub-
strates that determine it. The difference in soil nutrient avai-
lability may have implications for variation of plant perfor-
mance traits (vegetative as well as reproductive), with chan-
ges in foliar nutrient concentrations. Although morphology,
physiology and biochemistry of C. autumnale have attrac-
ted a lot attention (Persson 1993,1999; Poutaraud and Girar-
din 2003, 2005, 2006; Frankova et al. 2003, 2004; Frankova
et al. 2004), the ecological variation of vegetative as well as
reproductive performance is still insufficiently understood.
Only the influence of the soil characteristics has been stu-
died, showing that reproductive success correlated positive-
ly with soil pH and Ca, Mg and Cu concentrations and ne-
gatively with N and K concentrations (Mréz 2006) and
plant performance decreased with N fertilization (Rutkow-
ska 1984). This suggests that direct toxicity of high levels
of N and K might play a decisive role in determining the
performance of this species. The variation in the ability to
absorb elements from various soil types has not yet been
studied. It would be desirable, therefore, to gain greater
knowledge about the pattern of variation between site cha-
racteristics, vegetative and reproductive traits and mineral
element composition. Variation in natural populations may
provide the basis for artificial breeding programmes.

The aim of this study was to determine the variation in
vegetative and reproductive characteristics and mineral ele-
ment composition among populations of C. autumnale
from the soils derived from various parent rock such as li-
mestones, marls, sandstones, greenstones, melaphyres and
serpentines and how they are related to edaphic factors.
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The following specific questions were addressed:

1. How broad is the variation in vegetative as well as re-
productive characteristics and leaf mineral composition?

2. Are those plant parameters related to each other?

3. Can this variation in plant parameters be related to
specific soil properties?

4. What is the general relationship between plant para-
meters and soil properties?

MATERIAL AND METHODS

Study species and sampling sites

Colchicum autumnale (meadow saffron) is a herbaceous
perennial cormous geophyte. The corm (upper part) is loca-
ted between 10 and 20 cm into the soil, the fine white roots
grow deeply until about 80 cm from the lower part of the
corm (Poutaraud and Girardin 2005). The root system ap-
pears first at the end of September (in the middle of flowe-
ring) and remains active up till May, when the program-
med senescence of the above—ground part and the final
physical destruction of the mother corm take place (Fran-
kova et.al 2004). Meadow saffron has a rather unusual bio-
logy. Flowering takes place in September, fruiting in June
(Godet 1987). It is an important medicinal plant, in many
countries, because it is a source of alkaloids exploited in
the pharmaceutical industry and in plant biotechnology
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(Raskin et al. 2002). The plant is not yet domesticated. It is
difficult to cultivate. The percentage of seed germination is
low. The time span between germination and first flowe-
ring takes a minimum of four years (Poutaraud and Girar-
din 2006).

Twenty five populations of C. autumnale (Fig. 1, Table 1)
from soils developed on various parent materials were se-
lected in the southwestern part of the Poland. These popu-
lations represent a large fraction of the populations existing
in the area. Six populations were situated in the Kaczawa
Mts on soils developed on limestones (L1-L6 hereafter);
three populations in the Kaczawa Foothills on greenstone
soils (G1-G3); one population in the Kamienne Mts on me-
laphire soil (ME1); one population in the Krowiarki on li-
mestone soil (L7); nine populations in the Bystrzyckie Mts
on sandstone and marl soils (S1-S4 and M1-MS5 respective-
ly); one population in the Sleza Massif on serpentine soil
(SER1) and four populations in the Wroctaw Ice-marginal
Valley on polluted marl soils (PM1-PM4). All sites with
the exception PM1-PM4 can be considered sites with mini-
mal pollution. The PM1-PM4 sites were located 5 and 7
km from the zinc-lead smelter, where soils are contamina-
ted with heavy metal (Mréz 2002).

For each of the study sites, longitude, latitude and altitu-
de were obtained from maps. The inclination and exposure
of the sites were recorded in the field. Data for mean annu-
al precipitation and temperature were obtained from the In-

TABLE 1. The location and characteristics of sites of the 25 Colchicum autumnale populations in southwestern Poland.

Location, Site Coordinates Altitude Inclination (°), Mean annual Mean annual  Habitat or
geological substrate abbreviation Latitude (N), Longitude (E) (ma.s.l) exposure precipitation temperature  vegetation type
(mm) QO]
Kaczawa L1 50°56°39°’, 16°03°04”’ 350 5.6/NE 874 7.4 road verge
Mountains, limestone L2 50°56°19°’, 16°03°14” 350 5.6/NE meadow
L3 50°56°41°°, 16°02°34”° 400 3.2/SW meadow
L4 50°56°2177,16°02° 14"’ 350 3/SW meadow
L5 50°56°29°’, 16°03°08”’ 350 3/SW meadow
L6 50°57°23,16°02°26”° 400 10/W road verge
Kaczawa Gl 50°59°37°,16°04°28”’ 320 2/SE 758 9.1 meadow
Foothills, greenstone G2 50°59°35"°,16°05°32”° 320 3/NW meadow
G3 50°59°54”’,16°06°12”’ 320 3.2/NW meadow
Kamienne ME1 50°42°37°,16°08°38"’ 470 2/E 851 6.3 road verge
Mountains, melaphyre
Krowiarki, limestone L7 50°21°10"°, 16°39°33”° 460 2.3/SW 758 7.6 road verge
Bystrzyckie Mountains, S1 50°22°48°°,16°31°47” 410 1/NE 836 7.6 meadow
sandstone and marl S2 50°22°21°°,16°32°39” 410 1/NE meadow
S3 50°22°25%,16°32°20”’ 410 1/NE road verge
S4 50°06°39°’, 16°41°18”’ 480 1.5/E meadow
M1 507211477, 16°35°51”° 350 0.5/E meadow
M2 50°20°24°’, 16°35°24”’ 350 0.5/E meadow
M3 50°19°227,16°36°46”’ 370 0.5/E meadow
M4 50°18°47°,16°37°19”° 360 1/E meadow
M5 50°18°39”’, 16°37°02”’ 380 1/E meadow
Sleza Massif, serpentinite  SER1 50°50°52’, 16°45°08”° 290 7/NE 745 8.8 shrub
Wroctaw PM1 50°58°26°, 17°18°32”’ 130 0/NE 619 8.9 shrub
Ice-marginal Valley, PM2 50°58°50"°, 17°18°26”° 130 0/NE meadow
marl (polluted soils) PM3 50°56°31°’, 17°20°55” 130 0/E meadow
PM4 50°55°29°, 17°22°11”° 130 0/SE riparian

floodplain
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stitute of Meteorology and Water Management, Wroctaw.
Information regarding geological conditions at the sites
was taken from the maps created by the Polish Geological
Institute, Wroctaw.

Plant samples

In 2001, at the end of June, during full fruiting, ten plots
(1x1 m) in each population were randomly selected. The
place of every plot was marked by coordinates chosen from
tables of random numbers (Zar 1999). In each plot repro-
ductive plants were counted. Vegetative plants were exclu-
ded from the experiment. The following traits of the repro-
ductive plants were assessed: the number of fruits, the
number of leaves, the length and width of each leaf. A total
of 1271 plants were studied. Plant size was estimated as
the length of the longest leaf times the number of leaves.
Total leaf area was estimated as by summing up the pro-
duct g X (length x width) for all leaves of a plant. The lea-
ves are geometrically similar and therefore ¢ is a constant,
which in this case was set equal to 0.5 (Kindlmann and Ba-
lounova 1999). Total leaf area was used as an estimate of
vegetative growth. The ratio (leaf length)/(leaf width) was
calculated to quantify the shape of the leaf.

Afterwards, in each plot, one mature unopened fruit and
one undamaged leaf were collected at random. Seeds were
counted and weighed after draying to a constant mass at
70°C. The number of seeds per plant was calculated as the
average number of seeds per fruit multiplied by the total
number of fruits per plant. Mean individual seed mass was
calculated as the total seed mass from ten fruits divided by
the total number of seeds. Total seed weight per plant was
calculated as the total number of seeds per plant multiplied
by the mean seed mass. Leaves were dried in paper bags at
60°C for 48 h and immediately ground in a mill. Powdered
leaf tissue was ashed in a muffle furnace at 450°C for 8 h.
The resulting ash was dissolved in 20% HCI and heated to
boiling point on a hot plate to extract leaf total macroele-
ments. Such prepared extract was used for analyses of P by
molybdate blue method, of K, Ca and Na by flame atomic
emission spectrophotometry (FAES; PFP 7 Jenway) and of
Mg by flame atomic absorption spectrophotometry (FAAS;
Perkin-Elmer AAS 3300). Plant total N content was determi-
ned by the Kjeldahl’s method and total S content was deter-
mined by Carbo Erba NA-1500 Analyzer. The microele-
ments were extracted using microwave digestion with HNO,
(conc.) and HCI (conc.) in Teflon vessels. Total Fe, Mn, Cu
and Zn levels were measured by flame atomic absorption
spectrophometry (FAAS; Perkin-Elmer AAS 3300), Pb, Cd,
Ni, Co, Cr and Mo levels were measured by electrothermal
atomic absorption spectrophotomery (ETAAS; Perkin-Elmer
AAS 3300). All microelements were measured against stan-
dards and blanks prepared in concentrated nitric and hydro-
chloric acid. All analyses were done in duplicate. All results
for the plants were calculated on a dry weight basis.

Soil samples

For all locations, where plant parameters were determi-
ned in C. autumnale, ten soil samples (30cm-deep cores)
were taken in the neighbourhood of the sampled plants.
The samples were air-dried, thoroughly mixed and sieved
(2 mm). The available nutrients P, K, Ca, Mg and Na were
extracted using an acetic acid (pH 3.1) solution. Phospho-
rus was measured colourmetrically with vanadium molyb-
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date, K, Ca, Na and Mg were measured with FAES and
FAAS, respectively. Soil total N, S, Fe, Mn, Cu, Zn, Pb,
Cd, Ni, Co, Cr and Mo content was analysed using the sa-
me procedures as described for the plant samples. The pH
was measured by a pH meter (CP — 104) in a 1 M KCI
extract of the soil: KCI ratio of 1:2.5. Sand, silt and clay
content was determined by particle analysis (Sysmex
FPIA-3000). The organic material content (OM) was esti-
mated as the difference in mass of the same soil sample be-
fore and after burning it in a furnace oven at 600°C for 1 h.
OM content was expressed as a percent of dry mass.

Data analysis

Inter-site variation in soil properties and plant parameters
was quantified by a coefficient of variation (CV), defined
as: CV=SD/mean multiplied by 100%. The SD in the for-
mula was calculated with the mean soil and plant variables
of individual sites. The sites were characterized according
to their soil variables by means of a principal component
analysis (PCA). A preliminary PCA was carried out to in-
vestigate the relationship between soil characteristics (Ta-
ble 2). The pH and sand, silt, clay and OM content were
considered as supplementary variables (Legendre and Le-
gendre 1998). The preliminary PCA showed that Na and
S made variance drop below 1%. Based on the results of
this analysis, redundant variables (Na and S) were elimina-
ted and analysis was repeated on a subset of all the soil va-
riables. The PCA analysis was also executed with the plant
parameters (Table 2). Soil and plant variables having a loa-
ding greater than 0.6 in a factor were considered as related
to that factor. The results of the PCA analysis were visuali-
zed by means of diagrams obtained by overlapping scores
and loadings plots for PC1 vs PC2 and PC2 vs PC3 (Le-
gendre and Legendre 1998). Scatter plots of the first two
axes, and the second and the third axes, derived from PCA
with a subset of the soil variables of 25 sites, clearly repre-
sented all distinguished groups of sites. Afterwards a one-
way ANOVA (Zar 1999) was used to determine the signi-
ficance of the differences within the soil characteristics be-
tween distinct groups distinguished in PCA. All data were
analysed using STATISTICA 7.1 (StatSoft Inc. 2005).

Redundancy analysis (RDA) was applied to study the si-
multaneous relationships between plant parameters and soil
characteristics. RDA is an ordination method which sum-
marises overall variation in “species data” (plant parame-
ters in this case) in a few ordination axes which are a linear
combination of the measured environmental variables (soil
characteristics in this case) (Lep§ and Smilauer 2005).
Twenty three plant parameters were included, six related to
plant performance traits and seventeen related to chemical
plant composition (Table 2). Variables were transformed
by centring and standardizing by “species”, because plant
parameters were measured in different units. Sixteen soil
variables (soil pH and all soil elements except Na and S)
were considered (Table 2). Unconstrained Monte Carlo
permutation tests were used to assess the statistical signifi-
cance of the association between plant and soil variables.
In all cases 9999 permutations were utilized (Lep$ and
Smilauer 2005). First, the significance of the whole ordina-
tion, and of the first ordination axis, was assessed. Second,
a forward stepwise method was used to choose the soil va-
riables significantly affecting the ordination. The RDA re-
sults were visualized by the means of a diagram which re-
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TABLE 2. Mean and standard deviation (in parentheses except for the ME1, L7 and SER1 location where n=1 for all variables) values for the 22 soil vari-
ables and 23 plant variables at the sites of the 25 study populations of Colchicum autumnale in southwestern Poland. For site abbreviations see Table 1.

Site
Cva
L1-L6 G1-G3 ME 1 L7 S1-S4 MI1-M5 SER1 PM1-PM4
n=6 n=3 n=1 n=1 n=4 n=5 n=1 n=4

Soil variables: abbrev.
pH: pH 6.4 (0.1) 4.7 (0.4) 5.8 6.4 5.4 (1.0) 5.4 (0.6) 5.1 4.8 (0.2) 14.7
Nitrogen (g/kg): N 3.06 (0.33) 3.13(0.73) 3.65 3.45 3.81(0.47) 3.01(0.42) 3.12 3.04 (0.48) 17.0
Phosphorus (mg/kg): P 43.6 (6.6) 29.1(5.2) 57.8 38.9 30.1(5.7) 123@.5) 771 28.5(10.5) 43.2
Potassium (mg/kg): K 32.8(4.1) 223(17.2) 103 54.7 48.9 (26.9) 65 (12.1) 19.1 25.5(1.1) 56.5
Calcium (g/kg): Ca 3.62 (0.35) 1.06 (0.24) 1.60 4.66 1.34 (0.43) 0.72(0.16) 0.31 0.67 (0.23)  79.6
Magnesium (mg/kg): Mg 562 (143) 150 (24.1) 29.8 377 46.7 (16.3) 76.6 (19.5) 144 77.0 (5.6) 106
Sodium (mg/kg): Na 11.4(1.5) 250(5.4) 225 13.3 31.1 (12.1) 22.6(7.3) 19.6 17.8 (2.7) 434
Sulfur (mg/kg): S 380 (36.1) 298 (46.0) 497 419 325(65.3) 431 (41.1) 473 387 (27.1) 17.0
Iron (g/kg): Fe 20.1(22) 21.5Q2.2) 31.1 17.3 24.7(2.3) 16.6(2.9) 23.7 19.7 (1.8) 19.3
Manganese: (g/kg): Mn 0.76 (0.12) 0.72 (0.12) 0.79 0.48 0.85(0.36) 0.31(0.08) 1.24 0.58 (0.12) 41.5
Copper (mg/kg): Cu 209 (3.1) 348 (11.8) 23.2 15.6 19.9 (2) 159@3.7) 163 33.2 (3.6) 36.2
Zinc (mg/kg): Zn 115(26.3) 70.5(7.1) 76.6 65.2 89.2 (3) 62 (15.2) 62.4 265 (60.2) 66.2
Lead (mg/kg): Pb 21.5(6.0)0 148(6.9) 124 11.6 16.3(2.9) 11.8(0.9) 122 374 (5.4) 50.2
Cadmium (mg/kg): Cd 0.63 (0.05) 0.67(0.3) 0.20 0.10 0.58 (0.24) 0.19(0.07) 0.8 1.26 (0.3) 65.8
Nickel (mg/kg): Ni 28.3(5.2) 64.7(23.2) 25.1 24.2 39.3(3.4) 239(3.5) 2% 31.0 (2.1) 121
Cobalt (mg/kg): Co 11.7(0.9) 10.8(0.5) 13.7 6.1 11.8(0.3) 5(1.1) 7.4 10.3 (0.8) 30.0
Chromium (mg/kg): Cr 103 (14.4) 137 (24.2) 30.2 88.2 115 (6.8) 93.8(5.2) 159 106 (7.5) 23.9
Molybdenum (mg/kg): Mo 0.78 (0.19) 0.36 (0.07) 0.55 0.85 1.3 (0.3) 0.55 (0.09) 0.59 0.54 (0.15) 444
Sand (%): Sand 30.5(13.1) 28.0(10.4) 15.2 29.7 357(2.9) 23745 283 39.1(5.9) 31.4
Silt (%): Silt 62.8 (13.6) 64.3(6.3) 78.7 64.5 57 (2.1) 66.9 (2.9) 67.7 55.4 (5.3) 14.1
Clay (%): Clay 6.7 (2.9) 7.7 (4.2) 6.1 5.8 7.3 (0.9) 9.3 (2.7) 4.0 5.4 (0.7) 36.6
Organic matter (%): OM 10.4 (2.1) 10.7(0.7) 118 7.1 14.2 (2.61) 10.1(1.2) 19.2 10.4 (1) 24.0
Plant variables: abbrev.
Number fruits per plant: NFP 1.65(0.21) 1.51(0.05) 1.12 1.54 1.4(0.21) 2.1(0.16) 1.0 1.95(0.25) 20.8
Number seeds per plant: NSP 122 (17) 114 (11) 82 115 103 (21) 114 (21) 86 119 (16) 16.4
Total weight seed per plant (g): TWSP  0.56 (0.12) 0.50 (0.05) 0.41 0.59 0.50 (0.13) 0.51(0.13) 0.28 0.54 (0.08) 20.5
Plant size (cm): PS 110.2 (7.8) 923 (13.4) 91.9 70.7 127.1 (24.5) 98.1 (22.6) 114.5 99.7 (11.3) 189
Total leaf area (cm?): TLA 184 (17.4) 136 (25.5) 132 104 229 (70.1) 196 (70.7) 163 168 (24.1) 29.0
Leaf shape: LS 9.5 (1.1) 9.4 (1.3) 10.1 6.8 9.8 (0.3) 6.7 (0.5) 15.3 8.4 1.0) 21.8
Nitrogen (g/kg): N 20.7(2.9) 20.7(1.5) 16.1 16.6 26.1(1.9) 149(1.1) 16.7 17.4 (2.4) 21.6
Phosphorus (g/kg): P 2.21(0.6) 2.77(0.11) 1.49 2.41 3.78(0.9) 1.50(0.5) 1.15 2.15(0.9) 42.2
Potassium (g/kg): K 16.4 (2.6) 11.2(5.7) 16.2 12.2 36.3(5.9) 143.1) 12.9 12.1 (1.3) 52.4
Calcium (g/kg): Ca 4.04 (0.74) 3.87(0.72) 6.02 4.63 3.5(0.17) 9.45(0.97) 5.01 7.07 (2.20) 439
Magnesium (g/kg): Mg 3.85(0.56) 4.06 (1.11) 3.85 3.12 2.96 (0.29) 2.02 (0.27) 4.65 3.29(0.62) 27.7
Sodium (mg/kg): Na 233 (42.8) 255(114) 304 164 334 (67) 151 (74) 262 254 (37.8) 34.3
Sulfur (g/kg): S 1.14 (0.17) 1.10(0.29) 1.59 1.22 0.25(0.18) 0.91 (0.41) 0.65 1.02 (0.18)  39.6
Iron (mg/kg): Fe 192 (58.3) 147 (39.3) 180 488 206 (27) 79 (23) 60 168 (43.2) 53.4
Manganese (mg/kg): Mn 25.7(4.0) 24.1(6.1) 19.8 439 432 (7.8) 18.6(5.7) 109 27.2 (3.7) 38.1
Copper (mg/kg): Cu 7.3 (1.3) 6.7 (0.1) 6.6 8.2 20.3(0.4) 5.02(0.8) 6.8 6.3 (1.4) 61.0
Zinc (mg/kg): Zn 39.4(5.2) 65.1(11.1) 253 52.1 25.8(2.2) 324(8.9) 409 87.7 39.8) 56.8
Lead (mg/kg): Pb 0.52 (0.05) 0.45(0.05) 0.86 0.95 0.69 (0.08) 0.79 (0.16) 0.32 0.72 (0.08) 27.3
Cadmium (mg/kg): Cd 0.14 (0.04) 0.18 (0.03) 0.12 0.18 0.68 (0.05) 0.18 (0.04) 0.20 0.62 (0.27) 783
Nickel (mg/kg): Ni 249 (0.44) 2.84(0.42) 242 2.72 2.05(0.4) 1.14(0.07) 2.75 2.33(0.16)  29.7
Cobalt (mg/kg): Co 2.12(0.30) 1.36 (0.61) 2.31 2.07 1.44 (0.18) 0.54 (0.09) 1.23 2.01(0.32) 428
Chromium (mg/kg): Cr 2.81(0.12) 2.52(0.25) 3.10 3.78 2.58 (0.46) 1.09(0.22) 2.53 3.12(0.51) 32.6
Molybdenum (mg/kg): Mo 0.33(0.09) 0.16 (0.13) 0.36 0.52 0.25 (0.06) 0.24 (0.11) 0.24 0.15(0.12) 49.3

2 Coefficient of variation (in%).

presents the overall relationship between soil characteri-
stics and plant parameters and main elements determining
plant parameters. The analysis was undertaken using CA-
NOCO 4.0 (ter Braak and Smilauer 2002).

RESULTS

Edaphically characterization of the sites
There was a broad inter-site variation in all the soil varia-
bles measured (Table 2). PCA analysis extracted three fac-

tors, explaining 69% of the variation in the data set. The
first factor, accounting for 29% of the variation was mainly
related to Pb, Zn, Cu, Cd, and Co in the positive side and
K in the negative side (Fig. 2). The second factor, explai-
ning 23% of the variation was mainly related to N, P, Mn,
Fe in the positive side. Mo also had a positive loading
(0.60) in the second factor (Fig. 2). The third factor, acco-
unting for 17% was mainly related to Ca, Mg and pH in the
negative side and Ni in the positive side. Cr also had a po-
sitive loading (0.58) in the third factor (Fig. 2).
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These factors can be interpreted as gradients in heavy
metal level soil, richness in soil nutrients and soil pH. Ove-
rall, four groups of sites could be distinguished (Fig. 2): (a)
PM1-PM4 and G2-G3 sites (polluted marl soils and green-
stone soils) had positive and negative values for the first
and second factor respectively (characterized by a high
content of heavy metals, nutrient-poor soils, acid pH), (b)
MI1-MS5 sites (marl soils) with negative values for the first
and second factor (low content of metals, poor soils and
acid to slightly acid pH), (c¢) L1-L7 and MElsites (limesto-
ne and melaphyre soils respectively) had positive and ne-
gative values for the second and third factor respectively
(intermediate content of metals, moderate rich soils, sligh-
tly acid pH), (d) S1-S4, G1 and SERI sites (sandstone, gre-

enstone and serpentinite soils respectively) with positive
values for the second and third factor (intermediate content
of metals, absolutely moderate nutrient content but nutrient
levels in S2 and SER1 relatively higher than those of the
other sites, acid to slightly acid pH). Moreover SERI1 site
(serpentinite soil) is characterized by its highest content of
Ni; this site has unique features that keep it isolated from
all other sites (Fig. 2). The relevance of transition metals
and nutrients in soil pH discriminating between the four
pointed out groups has been confirmed with one-way
ANOVA. There was only no significant difference betwe-
en the concentrations of Ni in the soil in relation to the four
groups of sites (Table 3).
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TABLE 3. Results of one- way ANOVA of soil characteristics for four
site types distinguished in PCA (see text). F-ratios (Fs= 3.1, df = 3, df
=21) and p-values are shown.

Elements and pH F P

Pb 8.1 0.000937
Zn 6.9 0.001990
Cu 24.4 0.000000
Cd 16.5 0.000010
Co 15.7 0.000014
K 43 0.016576
N 6.7 0.002432

P 23.1 0.000001
Mn 7.1 0.001836
Fe 4.1 0.018797
Mo 5.3 0.007261
Ca 334 0.000000
Mg 15.3 0.000017
Ni 1.7 0.202163
Cr 4.5 0.013995
pH 11.9 0.000091

Relationships between plant performance traits
and chemical plant composition

In the PCA of parameters measured in the plant samples,
the three main extracted axes together explained 64% of
the observed variation in parameters (Table 2, Fig. 3). The
first factor, accounting for 32% of the variation, was main-
ly related to the essential mineral nutrient participating di-
rectly in the metabolism and indirectly supporting metabo-
lism (N, P, K, Na, Cu and Mn in the negative side and Ca
in the positive side). Moreover, the first factor correlated
strongly to the NFP in the positive side. LS had a negative
loading (-0.56) in the first factor. The second factor, expla-
ining 20% of the variation, was mainly related to the ele-
ments, which are directly required for enzyme reactions
(Mg, Ni, Co and Cr) in the negative side. Sulfur also had
a negative loading in the second factor. Moreover, second
factor correlated strongly to the TLA in the positive side.
The third factor, explaining 12% of the variation, was ma-
inly related to the reproduction (NSP and TWSP in the po-
sitive side). NFP also had a positive loading (0.60) in the
third factor (Fig. 3).

NFP was positively, strongly related to Ca and strongly,
negatively related to N, Cu, Na, Mg, and Ni and weakly,
negatively related to P, Mn, K, Cr, Co. NFP was negative-
ly, strongly related to LS, but not to TLA. LS was negati-
vely, strongly, related to Ca and NFP and strongly, positi-
vely related to Ni, Mg and Na and weakly, positively rela-
ted to Cr, Co, N, P, Mn, Cu and K. Thus, there was a trend
in the data-set for populations exhibiting higher fruit pro-
duction to also show higher plant calcium content and to
show lower plant nitrogen, copper, sodium, magnesium
and nickel concentrations and to also show a lower value
of leaf length/width ratio and vice versa with the exception
of nitrogen and copper concentrations. TLA was positive-
ly, strongly related to K and negatively, strongly related to
S and weakly, negatively related to Mg, Ni, Co and Cr.
TLA was positively, strongly, related to PS. This indicates
that in this data-set populations in which plant size and ve-
getative growth increased with plant potassium concentra-
tion were also those in which decreased plant sulphur con-
centration. NSP, TSWP and NFP were strongly related to
each other (Fig. 3). This indicates that in this data-set po-
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pulations which began to increase in fruit production also
increased in seed weight per plant with an increasing num-
ber of seeds per plant.

In the space defined by the three factors extracted by
PCA, sites were arranged as follows: M1-M5 (marl soils)
showed the highest content of Ca and lowest content of
Mg, Ni, Co and Cr and highest NFP. S1-S4 (sandstone so-
ils) showed the highest content of Na, N, P, Mn, Cu and
K and the lowest S and high and the highest TLA and PS.
G1-G3 (greenstone soils), L1-L7 (limestone soils), ME1
(melaphyre soil) and PM1-PM4 (polluted marl soils) and
SER1 (serpentinite soil) showed high and the highest con-
tent Mg, Ni, Co and Cr. TLA was lowest at L7 (limestone
soil), ME1 (melaphyre soil) and at G3 (greenstone soil).
NFP, and TSWP were lowest at SER1 (serpentinite soil)
(Fig. 3).

The relationship between plant parameters
and soil characteristics

Redundancy analysis (RDA) was executed to quantify
the relationship between plant parameters and soil charac-
teristics. The ordination produced by RDA was significant
(F =2.301, p = 0.0001), as well as the first canonical axis
(F =3.414, p = 0.0294). The plant performance traits and
elemental composition were significantly related to soil
characteristics. The variation explained by the 16 soil va-
riables (15 soil elements and soil pH) was high (79%). The
forward selection of soil variables identified soil cobalt
concentration, soil molybdenum concentration, soil nickel
concentration, soil zinc concentration and soil calcium con-
centration as significantly influencing the ordination plant
parameters. The variation explained by the selected soil va-
riables was 55%. Thus five soil variables appeared to be
the main factors determining variation of performance tra-
its and elemental composition of this species (Fig. 4).

DISCUSSION

Soil

Wide ranges of soil mineral element concentrations were
observed for all elements across the study sites (Table 2).
The soils derived from polluted marls and greenstones,
marls, limestones and melaphire, sandstones, greenstone
and serpentinite differ significantly between themselves in
metal levels (except Ni), nutrient availability and soil pH
(Fig. 2, Table 3).

In this study, all soils showed low P, K, S and Na con-
tent, moderate N, Ca and Mg content except the serpentini-
te and limestone sites. The serpentine soil had low Ca con-
tent, the limestone soils have high Ca and Mg content (Li-
tynski and Jurkowska 1982). All soils except melaphyre
soil contained elevated levels of Cr compared to the usual
maximum values presented by Kabata-Pendias and Pendias
(1999) and Kabata-Pendias (2001). The concentrations of
soil Ni and Zn, Pb, Cd at the serpentinite site and polluted
marl sites (respectively) exceeded the levels reported for
typical uncontaminated soils (Litynski and Jurkowska
1982; Kabata-Pendias 2001). The concentrations of Fe,
Mn, Cu and Mo in all soils were in the usual range repor-
ted for normal soils (Kabata-Pendias and Pendias (1999)
and Kabata-Pendias 2001). The main factor determining
the Cr content of soil is the chemical composition of the
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parent rocks. The melaphyres, greenstones and serpentini-
tes are included within basic mafic and ultramafic rocks
(respectively) having rather a high content of Cr compared
to sedimentary materials such as limestones, marls and
sandstones having generally low content of Cr (Kabata-
Pendias 2001; Sterckeman et al. 2006). In soil derived
from melaphyre, the parent material has a less pronounced
influence on the soil Cr content than in soils derived from
serpentine and greenstones. The elevated level of Cr in li-
mestone, marl and sandstone soils point to a possible anth-
ropogenic contamination of those sites with this element.
The high content of Ni and Zn, Pb, Cd obtained in serpen-
tine soil and polluted marl soils (respectively) are to be
expected, considering the geochemistry of the serpentine

site and characteristics of sites contaminated for about 150
years by dust from Zn-Pb smelter. The soil of the serpenti-
ne site showed 5-10 times higher Ni level than those of
other non-serpentine sites (Table 2). The soils of polluted
marls sites showed 2-5 times higher Zn level, 2-3 times hi-
gher Pb level and 2-10 times higher Cd level than those of
the other unpolluted sites (Table 2). This indicates that C.
autumnale has the ability to grow in soil containing high
concentrations of Cr, Ni, Zn, Pb and Cd. Plants have both
constitutive (present in most phenotypes) and adaptive
(present only in tolerant phenotypes) mechanisms for dea-
ling with the perturbations of cell homeostasis that occur as
result of elevated metal concentrations (Meharg 1994).
Thus, it appears that C. autumnale may be constitutively
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4/ Zn p=0.036
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Fig. 4. Results of the investigation (by RDA) of the overall relationship
between plant parameters (plant traits and chemical plant composition),
and soil characteristics and main elements determining plant parameters
for C. autumnale. Arrow shows overall significant (alfa=0.05) relation-
ship between soil characteristics and plant parameters. Variables which
explain a significant part of the relationship are indicated in the box along
the arrow. Variance explained by all variables (VEA) and variance
explained by the selected variables (VES) are given next to the arrow.

tolerant of a several metals such as Cr, Ni, Zn, Pb and Cd.
In this study all soils exhibited high organic matter con-
tents. Soils pH ranged from acidic to slightly acidic. All so-
ils were classified as silt loam (medium-textured soils) ac-
cording to Polish Standard PN-R-04033 (Bednarek et al.
2004). The soil texture and soil element concentrations
(except Ca, Mg, K and Pb) observed in this study were si-
milar to those reported in studies from Eastern France that
have investigated the influence of chemical characteristics
of soil on mineral and alkaloid seed contents of C. autum-
nale (Poutaraud and Girardin 2005). The soils examined by
Poutaraud and Girardin (2005) contained much higher con-
centrations of Ca, Mg, K and Pb and lower contents of
organic matter than soils from these study sites. Soil pH
values in the study sites were lower compared to the values
presented by Poutaraud and Girardin (2005).

Plant

The present work demonstrated that there were also con-
siderable variations in plant performance traits and element
composition between populations (Table 2). In the exami-
ned plants, only the leaf length/width ratio at serpentine si-
te exceeded the range presented by Persson (1999) for Bal-
kan meadow saffrons. The number of fruits per plant and
the total weight seed per plant in the examined plants were
similar to those found in C. autumnale by Poutaraud and
Girardin (2003) for natural sites and lower in those from
cultivation sites (Poutaraud and Girardin 2006). Higher ter-
restrial plants reveal a variable and sometimes specific abi-
lity to absorb elements from soil (Brej and Fabiszewski
2003). In this study, only concentrations of Cr, Co, Ni in
the leaves at all sites with the exception of marl sites and
concentrations of Fe in the leaves at all sites except marl,
serpentine sites and some limestone, greenstone sites (Ta-
ble 2) exceeded the typical levels commonly encountered
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in most plants presented by Markert (1992), Kabata-Pen-
dias and Pendias (1999), Kabata-Pendias (2001). Concen-
trations of Cr exceeded the typical level by two to four ti-
mes, Co by two to five times and concentrations of Ni and
Fe were slightly elevated to those reported by the above-
mentioned authors. However, the high (maximum) concen-
trations of Cr and Co and also Ni and Fe detected in the
plant in this study do not approach those documented as
excessive or toxic for plants (Kabata-Pendias 2001), but ra-
ther seem to be a property of C. autumnale. Similar con-
centrations of Cr, Co and Fe to those found in this study of
C. autumnale, were found by Freitas et al. (2004), Ghade-
rian et. al. (2006) in the leaves of most plant species, gro-
wing on serpentine soils. Due to unfavourable site condi-
tions, many plants have developed the property of accumu-
lating high concentrations of individual elements, frequen-
tly irrespective of whether these elements have a physiolo-
gical benefit or not (Markert 1992). The beneficial effect of
cobalt in C. autumnale on the regulation of alkaloid accu-
mulation was detected by Poutaraud and Girardin (2005).
In addition, the beneficial effects of this metal may also in-
clude retardation of leaf senescence, increased drought re-
sistance in seeds and inhibition of ethylene biosynthesis
(Palit et al. 1994). Moreover, there is also significant posi-
tive relationship between leaf and soil concentrations of
Co, which means that meadow saffron may be a useful bio-
monitor for this metal (L. Mréz, unpublished data). With
regard to Cr, it has been shown that this element has a low
mobility in the soil environment and should not lead to
high contents in plants. However the rate of Cr uptake by
plants is affected not only by soil Cr load, but also by com-
plex interactions between numerous other soil properties as
well as plant specific factors (Kabata-Pendias 2001). On
the other hand, only a concentration of leaf Mn at all sites
was approximate to the critical Mn deficiency level for
most plants presented by Markert (1992), Kabata-Pendias
and Pendias (1999), Kabata-Pendias (2001). The concen-
trations of Mn in C. autumnale analyzed in this work were
very low and low but in the range reported for most other
plant species found on serpentine soils from other parts of
the world (Reeves et. al. 1999; Freitas et al. 2004; Ghade-
rian et. al. 2006).

Plant-Soil

This study shows that soil type has a significant effect on
between-population variation in vegetative and reproducti-
ve performance and leaf macro- and micronutrient concen-
trations (Fig. 2 and 3). The leaf Ca content and number of
fruits per plant (NFP) were correlated and were much hi-
gher in plants from metal (except Cr) and nutrient-poor
marl soils than in those from metal (except Ni in serpentine
soil) and nutrient moderate rich soils derived from serpen-
tinite, melaphire, greenstones, limestones and sandstones
and in those from metal-rich and nutrient- poor polluted
marl soils. These results point to that meadow saffron has
a more effective uptake mechanism of Ca from marl soils.
The correlation between Ca-NFP presented here is in agre-
ement to data presented by Litynski and Jurkowska (1982),
who reported that fruit production is closely associated
with the leaf Ca content. Parallel to an increase in leaf Ca
content and NFP there was a decrease in the leaf
length/width ratio and leaf N, Cu, Na, Mg and Ni concen-
trations (Fig. 3).
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These inter-element correlations are consistent with tho-
se mentioned by Kabata-Pendias and Pendias (1999) and
Kabata-Pendias (2001) who reported that relations between
Ca-trace elements are usually negative and those mentio-
ned by Lityfiski and Jurkowska (1982), who reported that
relations between Ca-macroelements may be either negati-
ve or positive. Plants may divide stored energy between
production of leaves and fruits, and store energy obtained
from phothosynthesis in corm for the following season (Fa-
linska 2004). In the present study a trade-off between pro-
duction of fruits and total leaf area (TLA) was not detected.
However, a negative relation between production of fruits
and shape of leaf was found. On the other hand meadow
saffron plants tended to take up higher amounts of N, P, K,
Mn, Cu and Na and lower amounts of S and had much hi-
gher vegetative growth (TLA) in sandstone soils than those
in serpentinite, melaphire, greenstone, marl and limestone
soils. The results also show that the leaf N, P, K, Mn, Cu
and Na concentrations and vegetative growth were positi-
vely correlated and leaf S concentration and vegetative
growth negatively. Giisewell and Koerselman (2002) stated
that both plant growth and leaf nutrient concentration tend
to be positively correlated with nutrient supply when all
other resources are sufficiently available. The results also
show that the leaf Co, Ni, Cr, Mg contents were correlated
and much higher in plants from serpentinite, melaphyre,
greenstones, polluted marl and limestone soils than in tho-
se from marl and sandstone soils. This indicates that bioa-
vailability of these elements in the soil is relatively high.
Overall, the pattern of variation in the number of fruits per
plant (NFP) across the different soil type was the opposite
of that for leaf N, Cu, Na, Ni and Mg concentrations and
total leaf area (TLA) was the opposite of leaf S concentra-
tion (Fig. 3). These results point to that those elements can
potentially limit reproduction and vegetative growth. Re-
dundancy analysis (RDA) enables identification of the soil
variables that best explain the variance pattern of the plant
response. The five soil variables such as soil Co, Mo, Ca,
Ni and Zn concentrations appeared to be the main factors
determining the pattern variation of vegetative, reproducti-
ve and nutrient traits of C. autumnale (Fig. 4).

Results highlight the existence of substantial stores of
ecological variation in vegetative growth and reproduction
and element concentrations between populations. The po-
pulations exhibit several original characteristics. Study of
the plastic and also genetic character of variation in traits
and mineral composition, and its potential adaptive value,
in plants deserves further attention.
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