
Reduced developmental stability in Tilia cordata

leaves: effects of disturbed environment

Abstract

Background and Purpose: Developmental stability (DS) or homeosta-
sis refers to the ability of an individual to produce a consistent phenotype in
a given environment. Reduced DS can result from a wide variety of envi-
ronmentally (or genetically) induced perturbations. The main aim of the
presented paper is to highlight the importance of the differences in ability of
Tilia cordata leaves to buffer their development under contrasting environ-
mental conditions and points to the concept that developmental stability is
character specific.

Materials and Methods: Three different techniques were performed in
this study: fluctuation asymmetry (FA) and leaf size as integrative measures
of environmental stress during leaf developmental processes and within-
-plant variance in leaf morphology, presented as coefficient of morphologi-
cal variation (CV). The study tested the hypothesis that the population from
a chronically polluted area would express greater developmental instability
in leaf traits. Two bilateral, linear dimensions on each leaf: leaf width (LW)
and lobe length (LL) were analyzed.

Results: The three different measures of developmental stability all
showed a trend for T. cordata leaves in the polluted area to be developmen-
tally less stable than leaves from the reference area. Leaves in the reference
area were significantly larger compared with those from the polluted site.
Although leaves tend to be larger on the outside of a tree’s crown, the pattern
found here was the reverse. Both, outside and inside leaves from the polluted
area had significantly higher FAs than leaves from the same position sam-
pled in the reference area for both traits. Within-tree variance assessed as CV
showed that LL was a more variable measure than LW. Moreover, the data
suggest that LL is under more selective pressure to adapt to current environ-
mental conditions than LW.

Conclusions: Obtained data suggest that T. cordata leaves may represent
a reliable indicator for developmental stability evaluation studies based on
an assay using a combination of end-points. Furthermore, my results high-
lighted the differences in ability of leaf morphometric characters to buffer
their development under contrasting environmental conditions.

INTRODUCTION

Developmental stability or homeostasis refers to the ability of an in-
dividual to produce a consistent phenotype in a given environ-

ment (1). By studying developmental stability it might be possible to as-
sess the synergetic effects of toxic compounds or interactions between
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pollutants and other stressful factors (2), which are either
difficult or impossible to study by other means.

Reduced developmental stability can result from a
wide variety of environmentally (or genetically) induced
perturbations (3, 4, 5).

Fluctuating asymmetry or FA (5), as random differ-
ences in the development of both sides of a bilaterally
symmetrical character (6), has been proposed as an indi-
cator of environmental as well as genetic stress (3, 7, 8, 9).
Stress is considered to be a significant and lasting devia-
tion from favorable conditions that leads to abnormal de-
mands and destabilization of vital processes (10). As
stress during development may influence developmental
precision, FA has been proposed as a potentially useful
tool for monitoring stress levels in natural populations
(1). Thus FA has been used to estimate developmental
instability (DI), inability of a bilateral organ or organism
to buffer its development against disturbances and to
produce a predetermined phenotype (11). However, the
main drawback of the use of FA as a diagnostic tool is the
difficulty in discriminating the genetic from the environ-
mental components producing FA in the field (12). Al-
though developmental instability, measured as fluctuat-
ing asymmetry, is expected to be positively related to
stress and negatively to fitness, empirical evidence is of-
ten lacking or contradictory when patterns are compared
at population level (13). Also, Parsons (8) has suggested
that only extreme stressors, which are to be expected in
marginal or disturbed environments, can increase FA
under field conditions (may lead to detectable FA alter-
ations in organisms).

Besides the FA there are other indicators of develop-
mental instability such as the frequency of asymmetric
traits, the frequency of phenodeviants, the within-indi-
vidual variance and the coefficient of variation (CV) or
the relative variation in size of a trait, both among and
within populations (11). In this century, investigators
delving into the nature of species have collected data on
the variance of vegetative and floral characters in both
natural populations and common gardens (14, 15). Be-
cause the plant body consists of repeated nodal units, a
variety of within plant measures of variation can be used
to estimate stability (1, 16, 17). Studies using within-
-plant variance as a measure of stability suggest that vari-
ation in developmental stability exists between lines and
populations (18). Paxman (16) found differences in sta-
bility among several lines of tobacco in leaf and flower
traits. However, care must be taken that the units used to
estimate variance are indeed developmentally compara-
ble and not confounded by the effects of programmed de-
velopmental changes along the shoot (16) or by environ-
mental changes over time (18). Under the accepted
theory, if there was strong developmental stability within
the organisms’ growth processes, then morphological
variance would be small. Hence, this had led authors to
predict that when developmental processes are highly
stabilized, the coefficient of variation is small (11). The-
refore, the presence of developmental stress is expected to
positively relate to the levels of FA and the phenotypic co-

efficient of variation for analyzed morphological traits.
In support of this, (19) and (20) found a positive relation-
ship between fluctuating asymmetry and the coefficient
of variation in Drosophila and Plantago major L. respec-
tively. However, there are sometimes (occasionally) pro-
blems in applying and interpreting CV, especially when
testing for genetic differences among populations, for ex-
ample, if trying (when attempting) to elucidate the rela-
tionship between heterozygosity and developmental sta-
bility. If the genes under investigation determine the
expression of the trait that is being assessed in terms of
developmental stability, then it may be expected that
morphological variance will rise, rather than fall, with
increased heterozygosity (21, 22, 23). In this case a stabil-
ity index of morphological variance could only be ap-
plied if genes involved did not directly influence the de-
velopment of the trait (24).

In the present study, developmental stability in two
populations of the small-leaved lime Tilia cordata Mill.
(Tiliaceae), under different environmental conditions,
was estimated using an assay based on a combination of
end-points. Three different techniques were performed
in this study (leaf size and FA as integrative measures of
environmental stress during leaf developmental proces-
ses and within-plant variance in leaf morphology pre-
sented as coefficient of morphological variation). The
study tested the hypothesis that the population from a
chronically polluted area would express greater develop-
mental instability in leaf traits.

MATERIALS AND METHODS

Study areas

Two sites were selected as sampling areas in Serbia.
The Pan~evo site is a site close to a large industrial settle-
ment (estate/zone). The industrial area (covers 290 hect-
ares) is the site of a large petrochemical complex and fuel
storage site in Serbia and includes an ammonia plant
(»Azotara«, founded in 1962), a factory for chemical fer-
tilizers (»HIP Petrohemija«, founded in 1975), and a
crude oil refinery (»Rafinerija Pan~evo«, founded in
1968). The data obtained from a long-term monitoring
study of the Pan~evo site, based on the UNMIX Version
2.4/MATLAB Version 6.5 (25), at three measured loca-
tions (Vojlovica, Star~evo and Vatrogasni dom) showed
that in the Pan~evo site extremely high concentrations of
toxic compounds were detected (26). Also, Pan~evo is ex-
tremely windy and is exposed to the effects of two kinds
of winds (southeastern and northwestern) which directly
bring pollutants from the industrial zone. For this kind
of investigation, however, it is important to emphasize/
stress certain chemical compounds, their metabolites
and unwanted by-products because they represent the
most dangerous chemical pollutants with long-term ne-
gative effects on the environment, human health and liv-
ing organisms. Results showed that the main contami-
nants released from »Azotara« are: NH3, NH4

+, NOx,
SOx, CO (30). Results also indicated that »Azotara«, to-
gether with other sources from the industrial zone have
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released SO2 (9%), benzene (9%), NO2 (21%) and
TNMHC (7%) compared with the total amount of toxic
compounds found in the air. An investigation performed
in »HIP Petrohemija« showed that the »bio-filter« is one
of the most dangerous contaminants of the air (with
emissions of benzene of about 64kg h–1 and of xilene of
about 34kg h–1). Furthermore, there are other pollutants
released in huge concentrations from »HIP Petrohemija«
such as: benzene, xilene, hydrocarbons from oil and oil
derivatives, S, HS. Interestingly, up to 4.5% in oil deriva-
tives is represented by sulphur. Also, in natural gas, HS is
present (ed) in the range 0.86–5.40 mg/L. Moreover,
»Rafinerija Pan~evo« is the dominant source of environ-
mental contaminants such as volatile organic compounds,
CO, SOx, Nox, polycyclic aromatic compounds (their
metabolic transformations by aquatic and terrestrial or-
ganisms into carcinogenic and mutagenic metabolites),
benzene, xilene. The factory, therefore, represents the
first step in the process of benzene and xilene production.
The highest concentrations of benzene were detected
late at night and early in the morning, which is positively
correlated with the most intensive time of traffic flow. In
2005 the average value for the amount of released ben-
zene in the atmosphere was 5 mg m–3 (26). Furthermore,
recent papers have emphasized the presence of benzene
in the air of urban environments caused by increased
traffic flow (27).

Vince village is an area far from any known contami-
nation and is practically closed to traffic, and is therefore
used as a control area. The two sites are approximately
150 km apart (Figure 1).

Sampling and statistical treatment

Tiliaceae is a family of trees, shrubs or rarely herbs; it
includes 400 woody species, among those 30–40 species
of Tilia, most of them found in the tropics. Ten species
are found in the temperate region of the northern hemi-
sphere. In Europe four species are present: Tilia cordata
Miller, Tilia platyphyllos Scop., Tilia tomentosa Moench
and Tilia dasystyla Stev. (28). The core region for T.
cordata is central and Eastern Europe (29). In Serbia, T.
cordata grows in several types of mixed forest, i.e. com-
monly in the Querco-Carpinetum forest type. The trees
favor good loamy site conditions, but they can also be
found on sandy infertile soils. Climatic conditions and
human impact have been a serious threat to the distribu-
tion of Tilia in most European countries (30). The leaves
of T. cordata are simple, alternatively cordate or orbicu-
late and the margins are serrate (31).

During July of 2005 leaves were obtained from 7 trees
of T. cordata from two sites in Serbia. Trees were of simi-
lar age/height (» 40 years/10m). Twenty-five fully devel-
oped leaves with respect to the position of a leaf within
the tree’s crown (inside, outside), thereby 50 leaves per
tree (350 leaves per each site) were analyzed. All leaves
were sampled from the same height of approximately 2
m. Leaves were washed, dried between sheets of filter pa-
per, measured and then analyzed. Each analysis was per-
formed on the same leaves.

Two bilateral, linear dimensions on each leaf: (1) leaf
width (LW) and (2) lobe length (LL) are presented in
Figure 2. Both morphometric traits were measured with
a digital caliper (0.01mm accuracy). To avoid measure-
ment errors each measurement of the left and right sides
of each leaf was performed twice, during two independ-
ent sessions. Additionally, all measurements were per-
formed by the same person (M. V.). Trait size for leaf
width and lobe length was calculated as the average value
of right (R) and left (L) sides; (R+L)/2. Individual sig-
ned asymmetry was calculated as (R-L) and absolute
asymmetry was calculated as the absolute value of the
�(R-L)�.
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Figure 1. Locations of the sampling sites.
Figure 2. Drawings of T. cordata leaf showing lobe length (LL) and
leaf width (LW) measurements taken.



To estimate FA values for the bilaterally symmetrical
character three indices of (6, 32) were used:

1) FA1= mean �R-L�;

2) FA4 = variance (R-L);

3) As a better estimate of the true between sides vari-
ance, si

2 was calculated by partitioning measurement er-
ror out of the side x individual mean squares of the two
way mixed-model ANOVAs. These ANOVAs were per-
formed on all replicates and involved side (R or L) as a
fixed effect, individuals as random one, and their interac-
tions. Additionally, this procedure allowed simultaneous
testing for the presence of DA (a significant mean square
of the side factor) (32).

Before proceeding with the asymmetry analysis, sta-
tistical tests were carried out to detect the features con-
founding analyses of FA (6, 32), such as measurement er-
ror, directional asymmetry (DA) and antisymmetry (AS).
Firstly, the accuracy of the measurements was tested by
calculating a Pearson correlation coefficient (r2). Sec-
ondly, deviation from normality of the (R-L) distribu-
tions was assessed using the Kolmogorov-Smirnov test of
normality. These distributions were also tested for signif-
icant skewness (g1) and kurtosis (g2) according to (33).
Thirdly, a one-sample t-test for a departure of the mean
of (R-L) from an expected mean of zero was done. Four-
thly, to determine if asymmetry increases with leaf size, a
simple linear regression of absolute asymmetry on leaf
size; �R-L� on (R+L)/2, was used (32).

The three-way factorial MANOVAs were used in or-
der to assess the effects of site, position, tree and their in-
teractions on leaf size and absolute asymmetry values of
leaf width and lobe length. The Sequential Bonferonni
corrections (34) were applied to avoid »false« significant
results in the MANOVAs.

Furthermore, FA values (FA4 and the si
2) are vari-

ances, so differences between samples can be detected by
comparing the heterogeneity of variances. To detect dif-
ferences between pairs of samples, F-test (35) was calcu-
lated for both FA4 and si

2. This test is simply a ratio of the
larger over the smaller variance. The significance of this
ratio need only be looked up in a statistical table for the
appropriate degrees of freedom.

Within-tree variance and coefficient of
variation

Univariate ANOVAs were carried out in order to re-
veal the possible within-tree differences among leaves
measured. These ANOVAs of each trait for each site were
carried out separately with trees within sites designated
as a random effect. Because there were no significant dif-
ferences among leaves within trees under a given envi-
ronmental condition (see RESULTS), within-tree size
differences as well as coefficients of variation were calcu-
lated for each tree separately by site and by trait.

Additionally, in order to assess differences in CVs be-
tween sites it was necessary to calculate averages of CVs
for each character measured in T. cordata populations.

In order to compare the mean values of CVs, Stu-
dent’s t-test was performed.

RESULTS

Preliminary results on leaf size and
asymmetry analyses

The Pearson correlation coefficient (r2), between orig-
inal and repeated measurements, for each side of each
leaf (for left side: r2 =0.999 and for right side r2 =0.999)
showed that the measurements are reliable.

Descriptive statistics for leaf size and asymmetry in
Tilia cordata populations are presented in Table 1. All
(R-L) distributions were normal (Kolmogorov Smirnov
test results: 0.060<d<0.071, p>0.20) and none of them
was significantly skewed to the right (+g1) or to the left
(–g1). Three out of eight analyzed (R-L) distributions
were slightly, but not significantly platykurtic (–g2), whe-
reas the rest were leptokurtic (+g2). Thus, no antisym-
metry is present. Results also showed that there was no
statistically significant departure of the mean of (R-L)
from expected mean of zero (indicating the absence of
DA; –1.819<t<1.250, 0.09<p<0.26). Furthermore, the
data showed that there was no significant size-dependen-
ce of FA within samples for both traits (0.550<p<0.860).
There was no need to repeat all relevant analyses with
relative asymmetry (asymmetries divided by size) or asy-
mmetries calculated from log-transformed distances (no
data transformation was necessary).

Results on leaf traits showed that the interaction terms
in the two-way ANOVAs were highly significant
(p<0.001). This signifies that the between side variation
is significantly larger than the measurement error. Thus,
tests for FA differences among samples are justified (36).
These ANOVA’s also showed that there was no signifi-
cant DA in leaf traits (0.00479<(side MS)<0.011;
0.061<F<0.825; 0.375<p<0.806) confirming the re-
sults of the t-test. Additionally, the highest levels of si

2

and FA4 were detected in outside leaves in the Pan~evo
site for LL, Table 1.

Leaf size and asymmetry

MANOVA’s results indicated that statistically signifi-
cant differences in mean leaf size values were observed
between the two sites, two positions, and additionally for
the two two-way interactions (position by site and posi-
tion by tree), Table 2. Inside leaves were larger than out-
side leaves (t-test’ results t=2.209, p<0.05) as well as
leaves collected in the reference area compared with
leaves from the polluted site (t-test’ results t=2.345,
p<0.05). Results therefore indicated that the largest
leaves were the inside leaves in the reference area.

Moreover, MANOVA’s results showed that there were
significant differences in asymmetry values for LW and
LL between the two sites, two positions, as well as for the
two-way interaction (positions by site), Table 3. Uni-
variate ANOVAs’ results per trait showed that leaves of T.
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cordata of long-term exposure to environmental pollut-
ants had significantly greater absolute FAs compared to
those from the reference site (for LL: F(1,672)=6.369,
p=0.014, for LW: F(1,672)=3.929, p=0.049). ANOVAs’
results also indicated that significant differences in FA
values resulted from differences between positions in the
effects of the site. Thus, outside leaves in the polluted
area were more asymmetrical.

Furthermore, comparisons of the si
2 values indicated

that there were significant differences between sites with
respect to the leaf position within a tree’s crown, for both
leaf traits. Both, outside and inside leaves from the pol-
luted area had significantly higher si

2 values than leaves
from the same position sampled in the reference area, for
both traits (F-test results for LL: 20.981<F(174,174)<197.263,
a=0.01; F-test results for LW: 2.941<F(174,174)<4.341,
a=0.01).

Concerning differences in FA4 values between sam-
ples, results are similar to those found for si

2 values
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TABLE 2

MANOVA’s results obtained for the effects of site,posi-

tion, tree and their interactions on size values of LW and

LL in T. cordata

Source of variation df 1,2 Wilks's
lambda

p-value

Site 2,671 0.962013 0.040*

Position 2,671 0.939180 0.045*

Tree 12,1342 0.967274 0.342

Position x site 2,671 0.925503 0.018*

Tree x site 12,1342 0.695057 0.237

Position x tree 12,1342 0.862395 0.047*

Site x position x tree 12,1342 0.965118 0.307

*Significant at p<0.05 after sequential Bonferonni correc-
tion (38)

TABLE 3

MANOVA’s results obtained for the effects of site, posi-

tion, tree and their interactions on absolute asymmetry

values of LW and LL in T. cordata.

Source of variation df 1,2 Wilks's lambda p-value

Site 2,671 0.923366 0.014*

Position 2,671 0.838783 0.015*

Tree 12,1342 0.980222 0.540

Position x site 2,671 0.912140 0.015*

Tree x site 12,1342 0.985703 0.328

Position x tree 12,1342 0.959911 0.236

Site x position x tree 12,1342 0.971164 0.102

*Significant at p<0.05 after sequential Bonferonni correc-
tion (38)



(F-test results for LL: 15.429<F(174,174)<15.813, a=0.01;
F-test results for LW: 5.00<F(174,174)<24.00, a=0.01.

Within-tree variance and coefficient of
variation

There were no significant differences among leaves
within trees under given environmental conditions
(MSPan~evo/LL=0.0181, F=2.128, p=0.146; MSPan~evo/LW

=0.079, F=0.416, p=0.519; MSvinci/LL= 0.042, F=0.339,
p=0.561; MSvinci/LW=0.210, F=1.454, p=0.229). There-
fore, within-tree variance and the coefficient of variation
were justified as measures of developmental instability.

Moreover, within-tree variances and CVs were calcu-
lated for each tree separately by site and by trait (Figures
3a, b). Higher CV values in the Pan~evo site than in
Vinci village were observed for both traits. Coeffiients of
variation for within-tree size differences in Vinci village
for lobe length averaging from 9.18–11.367; in the Vinci
site for leaf width averaging from 7.677–9.272; in the
Pan~evo site for lobe length 11.530–12.978 and in the
Pan~evo site for leaf width averaging from 8.413–9.539.

Concerning results obtained on differences between
sites in the averages of CVS calculated for leaf size mea-
sures (Figure 4) there was significant difference between
populations for lobe length (tLL=2.54, p<0.05; the con-
taminated area (Pan~evo) had significantly higher CV
value for LL than the unpolluted site (Vinci). However,
comparison in averages of CVs obtained for leaf width
showed that there was no significant difference between
sites (tLW=1.004, p>0.05).

DISCUSSION

One of the most general types of stress experienced by
plants is pollution. Pollutants can cause injury to plants,
distorting their metabolism, altering their appearance,
and lowering their agricultural productivity. All pollut-
ants generate their effects by different mechanisms but
most must enter the tissues via the stomata to cause their
specific injuries. The injuries are best described by the
visible injury or tissue damage symptoms but also plant
metabolism tends to be shifted away from the more pro-
ductivity state. Plants respond to air pollutants similarly
to other stresses on several levels: exclusion, tolerance,
and repair. The response mechanism depends upon the
concentration of the air pollutant, environmental condi-
tions, and the developmental and metabolic state of the
plant. Any response is detrimental to plant productivity
because it costs the plant metabolic resources. For exam-
ple, the stomata can close under the pollutant exposure
to exclude the pollutant from the interior of the plant,
thus preventing damage. However, stomata closure low-
ers photosynthetic CO2 fixation and plant productivity
will suffer (36).

The three different measures of developmental stabil-
ity (leaf size and FA as integrative measures of environ-
mental stress during leaf developmental processes and
within-plant variance in leaf morphology presented as
coefficient of morphological variation) showed a trend
for T. cordata leaves in the polluted site to be develop-
mentally less stable.

Leaf size varied between sites and within the crown of
Tilia cordata (Table 2) Significantly larger leaves were
observed in the reference area compared with those from
the polluted site (Table 1). Therefore, there was a ten-
dency to decrease lobe length and leaf width with pollu-
tion. Large leaves usually indicate rapid growth and high
quality of habitat, which also suggests low stress. Habitat
quality, however, refers to the ability of the environment
to provide conditions appropriate for individual and po-
pulation persistence (37). Thus, the obtained results may
be explained by the differences among exposure levels to
the negative effects of environmental stressors. These
findings are similar to those reported by Jahan and Iqbal
(38) performed on F. bengalensis, G. officinale and Eu-
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Figure 3a. Averages of coefficients of variation (CVs) for lobe length
(LL) measured for each tree separately by site.

Figure 3b. Averages of coefficient of variation (CVs) for leaf width
(LW) measured in each tree separately by site.

Figure 4. Averages of CVs for lobe length (LL) and leaf width (LW)
in Tilia cordata leaves from the two sites.



caliptus sp. The leaves that were collected from a polluted
area showed reduction in all parameters investigated. In
previous years other workers (investigators/studies?) also
showed significant reduction in different leaf variables in
the polluted environment in comparison with clean (un-
polluted) atmosphere. Ninova et al. (39) in their study on
Platanus acerifolia showed changes in leaf blade and peti-
ole size in polluted air. Similarly, leaf anatomy of the
above mentioned species also showed reduction in cuti-
cle, epidermis, hypodermis, palisade, parenchyma cells
in polluted leaves as compared to leaves collected from
an unpolluted area. Significant results were particularly
observed in spongy parenchyma and lower epidermis in
F. bengalensis and Eucalyptus sp., respectively. Changes in
shape and structure of thin walled mesophyll cells have
been widely reported. Mesophyll cells are thin walled
and are in direct contact with the environment through
stomates. The parenchytamous cells of spongy paren-
chyma become flattened due to continuous exposure to
pollutants. A significant reduction in spongy parenchy-
ma was in the leaves of F. bengalensis of a polluted area.
Similarly, Iqbal (40) has shown significant reduction in
palisade and spongy parenchyma in the leaves of white
clover of a polluted population. On the other hand God-
zik and Halbwacks (41) have shown fine and irregular
cuticular folding on each epidermal cell of both adaxial
and abaxial sides of Aesculus hippacastanum in the vicin-
ity of air pollution sources.

Leaf size and shape can change significantly within a
plant due to developmental age of the plant and the posi-
tion of the leaf within the plant (heterobplasty) (42).
Also, it has been reported that leaves tend to be larger on
the outside of a tree’s crown, presumably because of great
light intensity at this position (43). However, the pattern
found here is the reverse; larger leaves are the inside
leaves, both within and between sites. The significant
position by site effect on leaf size may therefore be ex-
plained by the differences in intensity as well as in the
availability of the complex mixtures of environmental
stressors to affect exposed leaves, indicated that it is pos-
sible that pollutants affect leaves differentially (differ-
ently).

Additionally, the results of this study revealed that be-
sides leaf size, leaf asymmetry also varies between sites
and within the crown of Tilia cordata trees (Table 3). Al-
though there are exceptions, more recent work (research)
has shown that developmental stability estimated by flu-
ctuating asymmetry is predictable with respect to the
habitat quality. Developmental stability measured as fluc-
tuating asymmetry is expected to be positively related to
stress and negatively to habitat quality and fitness.

In this study leaves from the polluted area exhibited
significantly greater si

2 (FA) values (developmentally are
less stable) than leaves from the unpolluted reference
area as expected (Table 1). The data presented here are in
accordance with those which reported that environmen-
tal stresses such as pollution increase asymmetry in
plants. For example, Sherhukova (44) estimated devel-
opmental stability of small-leaved lime using fluctuating

asymmetry of the leaf traits. The authors concluded that
in the industrial, polluted region homeostatic develop-
mental mechanisms are weakened and expressed in the
increased degree of leaf asymmetry than in control, re-
served regions. Also, Veli~kovi} (20) pointed out the sig-
nificantly higher FA levels (estimated as si

2 values) for
leaf width and vein distances within a leaf in Plantago
major L. in an urban, polluted area than in a control, un-
polluted site. Graham et al. (1) examined asymmetry of
black locus leaves at several distances away from an am-
monia production and storage facility in the Ukraine.
They found that asymmetry declined with distance.
Freeman et al. (45) report similar results for a variety of
plant populations around chemical production facilities
in Russia and the Ukraine. Leaves of soybeans grown un-
der high-voltage transmission lines had greater fluctua-
tion asymmetry than those grown 100 m away (46).
Kozlov et al. (47) found higher fluctuating asymmetry
levels of birch leaves near metal smelters.

In the opinion of the author differences in FAs be-
tween sites may also be explained by differences in inten-
sity as well as in availability of the complex mixtures of
chemical pollutants, their unwanted by-products and
metabolites to affect leaves. Additionally, si

2 means varia-
tion in the between-side differences among individuals,
thus significant differences in si

2 among sites implies ge-
netic variations among individuals and/or environmen-
tal variation in sites among individual plants. A polluted,
artificially disturbed, area is often more homogeneous
than a natural area and selection due to pollution may re-
duce genetic diversity (unpublished data). Thus, it is im-
portant to consider that the possibility of genetic and/or
environmental homogeneity causes this result of si

2.

Many plants have sun and shade leaves and Mitton
(48) suggested that these two kinds of leaves differ in de-
velopmental stability. Based on results obtained for the
fig (Ficus carica L.), Cowart and Graham (43) found that
the outside crown is a more stressful environment for
leaves than the inner crown and that increased asymme-
try of outside leaves probably reflects stress rather than
plasticity. Although light intensity is less on the inside,
leaves on the outside are subjected to greater cold, heat,
ultraviolet light, visible light, desiccation, herbivore load
and environmental stresses (49). Thus, outer leaves, be-
cause of their position, are more susceptible to the nega-
tive effects of complex mixtures of environmental vari-
ables, compared to inner leaves. Sakai and Shimamoto
(50), however, showed that the effects of position on leaf
asymmetry in Nicotiana tabacum depended on the par-
ticular genotype being examined.

Moreover, a large number of authors have used the
degree of morphological variation as an index of devel-
opmental homeostasis, particularly for detecting differ-
ences among populations (e.g. 18, 19, 20, 51, 52, 53).

Certain data from developmental stability analyses in
this study are similar to those reported by (20) for the
common plantain P. major. Both, P. major and T. cordata
leaves from contaminated areas had increased FAs and
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within-plant variation for leaf traits than in the control,
reference area. The use of data from P. major is more of a
reference than for direct comparison.

In this study the author found within-tree variation
assessed as coefficient of variation in T. cordata leaf mor-
phology. Although higher CV values in the Pan~evo site
than in the Vinci village were observed for both traits
(Figures 3a, 3b) as expected; significant differences be-
tween populations however were determined for one leaf
trait, lobe length (Figure 4). Therefore, lobe length was a
more variable measure than leaf width and may be an es-
pecially useful character in developmental stability anal-
yses of leaves. Fisher (54) suggested that traits with high
variation may be undergoing active evolution or have
trivial effects on fitness. (Each individual integrates its
response to the total environment, which generates the
general response of the species within that environment,
there is a band of adaptability of the individual to any en-
vironmental condition.). As Maynard-Smith et al. (55)
speculated stability increases over time as populations
become adapted to new environments, and any instabil-
ity that might been involved in their divergence may have
been selected away by now. Hoffmann and Parsons (56)
suggest that stressful conditions can lead to rapid evolu-
tionary change by causing intense natural selection. Ac-
cording to Møller and Swaddle (11), adverse environ-
mental conditions may affect the evolutionary process at
(a range of) different levels, and tend to facilitate adapta-
tion to these scenarios. Thus, it is possible that lobe
length is under more selective pressure to adapt to cur-
rent environmental conditions than leaf width.

Finally, results suggest that T. cordata leaves represent
a reliable indicator for developmental stability evaluation
studies based on an assay using a combination of end-
-points. Furthermore, the results of the present study
highlight the differences in the ability of leaf morpho-
metric characters to buffer their development under con-
trasting environmental conditions.
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