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Abstract: Plants are exposed to increasing levels of diverse human activities that have profound effects on their overall mor-
phology and, specifically, on leaf morphology. Anthropogenic disturbances in urban and suburban forest recreational sites 
are attracting growing research interest. To explore the persisting recreational impact on leaf shape and size, we conducted a 
field study on the dioecious forb Mercurialis perennis L. (Euphorbiaceae), typical for undisturbed understory communities. 
We selected adjacent sites in a suburban forest, which experience contrasting regimes of disturbance by human trampling 
under otherwise concordant natural conditions. Patterns of leaf shape and size variation and putative sex-specific response 
to disturbance were analyzed using a geometric morphometric approach. In addition to leaf-level data, plant height, inter-
node and leaf number were analyzed to explore the same response at the whole-plant level. The results show significant 
variations associated with disturbance at both levels: plants growing under a heavy disturbance regime had shorter stems 
with a greater number of wider and shorter leaves. Significant differences between sites were also found for leaf size, with 
larger leaves observed in an undisturbed site. The effects of sex and sex x site interaction on leaf size and shape were non-
significant, pointing to the absence of sexual dimorphism and sex-specific response to disturbance. Contrary to leaf shape 
and size, all three analyzed shoot traits showed highly significant sexual dimorphism, with male plants being higher and 
having higher leaf and internode count.
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INTRODUCTION

In their natural habitats, plants are exposed to a wide 
range of natural and anthropogenic stress factors. 
Changes in environmental conditions over differ-
ent time and space scales are greatly affected and 
promoted by human activities. In the process of 
adapting to natural stress conditions, various strat-
egies, life histories and mechanisms have evolved. 
However, plants are often exposed to anthropogenic 
disturbances that impose new adaptive challenges, 
e.g. pollution [1, 2] or intensive land use [3]. Timber 
harvest, land-use practices, road runoff, grazing and 
trampling have a massive impact on plant commu-
nity composition, population dynamics, but also on 
the physiology, growth, development and morphol-
ogy of plants [3-6]. 

Disturbance resulting from outdoor recreation 
has adverse effects on natural habitats and commu-

nities [7]. Growing recreational pressure can lead to 
serious problems in the sustainable management of 
protected areas, and must therefore be taken into ac-
count when planning suburban areas [8]. In urban 
and suburban landscapes, small forest fragments are 
easily accessible natural areas, so large number of vis-
itors and their activities such as camping, picnicking 
and barbequing cause damage to these ecosystems 
[4,5,8]. Previous observational and experimental 
studies have demonstrated that the main factors af-
fecting the distribution, composition and abundance 
of understory vegetation in urban forest recreational 
sites are abrupt habitat edges and extensive path net-
works [3,9,10]. Trampling, both short-term and long-
term, is an aspect of anthropogenic disturbance that 
has attracted a great deal of interest recently [6,7]. 
The direct and indirect impacts of human trampling 
have been extensively investigated, including the ef-
fects on vegetation structure and soil characteristics, 
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alterations in life history traits and the reproductive 
patterns of understory species [6-12]. Traits related 
to plant tolerance and morphological responses to 
disturbance, at the vegetation and individual species 
levels, have been a focus of a number of studies ([6], 
and references therein). 

Plant tolerance represents a combination of re-
sistance, defined as withstanding disturbance with-
out effective damage, and resilience, defined as re-
covering from effective damage [13]. The resistance 
of plant growth forms to disturbance by trampling 
follows a general order, in which grasses and oth-
er graminoids are the most resistant, followed by 
shrubs, ferns and forbs, which are the least resistant 
[14]. Graminoid life forms are considered trampling-
resistant because they possess narrow leaves and 
flexible, horizontally branching stems. By contrast, 
forbs are more likely to be damaged because they 
have vertical stems bearing broader and larger leaves 
[13,15]. Besides the plant form, trampling resistance 
is dependent on climatic zones and vegetation types 
[14]. Alpine vegetation is considered to be resistant 
to mechanical stress, whilst montane vegetation, es-
pecially understory species, seems to be less capable 
of dealing with trampling [14,16]. Generally, the 
ground vegetation of temperate forests is considered 
to be trampling-sensitive [15].

The resistance and resilience of plants is strongly 
related to their morphological traits; specifically, leaf 
traits are considered to be one of the key morpholog-
ical factors contributing to plant tolerance to tram-
pling [6]. In the last few decades, geometric mor-
phometrics (GM) has been commonly employed in 
morphological studies for resolving questions in a 
variety of research areas [17]. In assessing quantita-
tive shape variation, even on a very small scale, GM 
methods have proved to be efficient and statistically 
powerful [18]. Although GM was primarily applied 
to animal taxa [19,20], its use in plant research has 
increased rapidly; recently, the interest has focused 
on analyzing the shape variation of leaves, both sim-
ple and compound [18, 21, 22].  

Dog’s mercury, Mercurialis perennis L. (Euphor-
biaceae), is a forest forb and a typical member of un-
disturbed understory communities, but it can also be 
found in habitats under different levels of anthropo-

genic disturbance [23]. Species of the genus Mercu-
rialis are known for a great variety of life histories and 
sexual systems, and dioecious M. perennis has proven 
to be a valuable model system for studying patterns 
of sex ratio variation and sexual dimorphism [24-27]. 

Sexual dimorphism (SD), as one of the signifi-
cant sources of phenotypic variation, has received 
considerable research attention, although, tradition-
ally, much more in animals than in plants. In gender 
dimorphic plant species, male and female individu-
als are under different selection pressures [28,29], re-
sulting in diverging resource economy and reproduc-
tive allocation. Different reactions to environmental 
conditions can lead to spatially divergent niches [28] 
or sex-specific biotic interactions [30]. Since promi-
nent SD in plant size was demonstrated previously 
in M. perennis [25], the question to address was the 
putative presence of intersexual differences and sex-
specific reactions to disturbance expressed through 
variations in leaf shape. 

In the present study, we analyzed variations in leaf 
shape and size of M. perennis plants from two adja-
cent sites in a suburban forest experiencing contrast-
ing levels of anthropogenic impact. The aim was to 
investigate and quantify the effects of human-induced 
disturbance, with focus on human trampling. Patterns 
of leaf shape variation and possible sex-specific pat-
terns in response to disturbance were analyzed using 
a geometric morphometric approach. We hypoth-
esized that the effects of anthropogenic disturbance 
were reflected in leaf shape change, even on a small 
spatial scale. In addition to leaf-level data, we analyzed 
data on shoot traits (plant height, leaf and internode 
number) to explore the response to disturbance at the 
whole-plant level. We also aimed to explore the pres-
ence of sexual dimorphism in the analyzed traits.

MATERIALS AND METHODS

Study species

Mercurialis perennis L. (Euphorbiaceae) is a dioe-
cious, wind-pollinated perennial herb, with wide 
distribution in Europe [23]. It is very frequent in 
undisturbed shaded woodlands, growing in dense 
stands as a part of ground-level flora. In Serbia, M. 
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perennis populations naturally occur in both lowland 
and montane habitats [25], growing under different 
light and temperature regimes, as well as under dif-
ferent levels of anthropogenic disturbance.

Study sites

The study sites are located on the slopes of Mt. Avala, 
a nature protected area and a popular recreation zone 
on the outskirts of Belgrade, Serbia. For this study we 
selected two adjacent sites in a hilly mixed beech for-
est with sessile oak and hornbeam (Fagetum submon-
tanum mixtum sensu [31]), on free draining calcar-
eous soil, experiencing contrasting levels of anthro-
pogenic disturbance under otherwise concordant 
natural conditions. The study area is characterized 
by warm summers, under a moderate continental 
climate with an average annual temperature of 9.2°C 
and average annual precipitation of 712.6 mm [32]. 
The altitude of the localities is 452 m above sea level.

The first site (N 44°41’38’’ E 20°30’47’’) is a rest 
area by the road with frequent traffic, due to the vi-
cinity of monuments and tourist attractions (Avala 
tower). Visitors picnic and barbeque on the site. Fre-
quent trampling has resulted in heavily compacted 
soil and extremely reduced tall herb vegetation cov-
erage, with Mercurialis perennis persisting and form-
ing patches under the beech canopy. The second lo-
cation (N 44°41’38’’, E 20°30’49’’) is in the forest, by 
an unfrequented path, and accessible only on foot. A 
steep creek separates the site from the rest area, re-
sulting in a sharp contrast in the level of disturbance 
by human activities without a clear break in the un-
derstory vegetation. The site represents residues of 
a once heavily managed forest, which is currently in 
the advanced phases of secondary succession. The 
understory vegetation, consisting mainly of herba-
ceous species with M. perennis forming dense stands, 
develops towards an original relict forest in undis-
turbed conditions. Therefore, hereinafter this site 
will be referred to as “undisturbed”.

Sampling procedure and analyses

The plants were sampled in April 2013; 60 individu-
als (30 female and 30 male) were sampled from the 
undisturbed habitat and 59 individuals (29 female 

and 30 male) from the disturbed habitat. Plant height 
(the length of the stem from ground level to the tip 
of the plant), number of leaves and number of inter-
nodes were determined on fresh material. The plants 
were then herbarized and the leaves separated from 
the stems. Leaves were scanned using a Hewlett-
Packard ScanJet G4010 (600 dpi resolution, JPEG 
format), with the abaxial side facing the scanner. The 
scans of the first pair of fully developed leaves were 
further processed; overall, 238 leaves from 119 plants 
were included in the analysis.

For analysis of leaf shape, the programs MakeFan 
and CoordGen from the IMP6 package [33] were 
employed. MakeFan was used to construct the fan 
on each leaf, based on two landmarks: on the base 
and tip of the leaf, with 10 radial guidelines (Fig. 
1). To provide information about leaf shape, which 
is essential for geometric morphometrics [34], ten 
semilandmarks were positioned using TpsDig soft-
ware [35]. For each leaf, the size information was 
calibrated by acquiring two additional points from 
the scanned ruler. The CoordGen6f program was 
used to calculate centroid size (CS) and Procrustes 
coordinates. 

The analysis of two-dimensional landmark data 
was performed using MorphoJ software [36]. The 
extraction of information about size and shape of the 
leaves [37,38] was carried out using generalized Pro-
crustes analysis (GPA). To minimize artifacts of the 
herbarization process that could skew the results, the 
symmetric component of shape variation was used 
in further analysis [19]. 

Fig. 1. Digital image of Mercurialis perennis leaf showing 
the fan with 10 radial guidelines, landmarks (1, 6) and 
semilandmarks (2-5, 7-10).
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To explore variations in leaf size, analysis of vari-
ance (ANOVA) was carried out, with centroid size as 
the dependent variable and site and sex as indepen-
dent variables; both site and sex were fixed factors. 
Multivariate analysis of variance (MANOVA) was 
used to establish differences in leaf shape, with shape 
variables (Procrustes coordinates) as dependent vari-
ables; independent variables were site and sex. Shape 
and size variations were analyzed after averaging the 
values obtained for leaves relative to the plant.

Principal component analysis (PCA) was car-
ried out to examine the main patterns of leaf shape 
variation and visualize differences in shape among 
the analyzed groups. The Procrustes distance be-
tween the mean shapes of leaves from the disturbed 
and undisturbed sites was computed as a measure of 
shape difference. We investigated whether the shape 
changes were associated with variation in leaf size us-
ing multivariate regression of Procrustes coordinates 
onto log centroid size [39]. Visualization of the rela-
tionship between shape variables and centroid size 
was performed by plotting a shape score against log 
centroid size. A permutation test with 10000 itera-
tions was used to calculate the statistical significance 
of the relationship between the shape variables and 
centroid size [40]. Further analysis was performed 
on the residual variance of shape.

At the whole-plant level, the effects of site and 
sex were explored using ANOVA for plant height. 
For number of leaves and number of internodes, 
customary transformations did not improve the fit 
of these variables to the assumptions for the above 
analysis, and the Mann-Whitney-Wilcoxon test was 
applied. Statistical analyses were carried out using 
the package Statistica 8.0 (StatSoft Inc., Tulsa, OK, 
USA) and MorphoJ [36]; the graphs were made in 
MorphoJ and R 3.0.2 [41].

RESULTS

The difference in centroid size of leaves between 
the disturbed and undisturbed sites was highly sig-
nificant (F1,115=14.97, p<0.001), but the effects of 
sex (F1,115=0.19, p=0.6618) and site x sex interaction 
(F1,115=0.18, p=0.6747) were nonsignificant. The dif-
ference between sites remained significant after con-
trolling for plant height (F1,114=5.52, p=0.0205), with 

leaves from the undisturbed habitat being larger than 
those from the disturbed habitat (Fig. 2). 

MANOVA of shape variables (Procrustes coordi-
nates) showed a highly significant difference in leaf 
shape between the sites. On the other hand, differ-
ences between sexes, as well as the interaction effect, 
were nonsignificant (Table 1).

Overall variation in leaf shape at both sites was ex-
plained by principal component analysis (PCA). The 
first principal component (PC1) explained 80.72% of 
the total variance, with the first two PCs accounting 
for 96.12% of the total variance. The thin-plate spline 
deformation grids along the axes visualize general 
differences in leaf shape (Fig. 3); the main feature as-
sociated with PC1 is change in the elongation of leaf. 
The leaves from the disturbed habitat were broader 
and shorter compared to the more elongated leaves 
from the undisturbed habitat. Procrustes distance, 
the measure of magnitude of shape differences, was 
0.0377 (p<0.001 based on a permutation test).

Shape variation also included the effect of allom-
etry. Multivariate regression of Procrustes coordinates 
onto log centroid size showed that the allometric ef-
fect was significant (p=0.0055, based on a permutation 
test), and that size accounted for 5.2% of leaf shape 
variation (Fig. 4). Thus, additional analysis was per-

Table 1. Multivariate analysis of variance (MANOVA) for 
shape variables (Procrustes coordinates).

λWilks df1, df2 F P
Site 0.6166 17. 99 3.62 <0.001
Sex 0.8172 17.99 1.30 0.206
Site x sex 0.8151 17. 99 1.32 0.196

Fig. 2. Leaf centroid size of plants from undisturbed and disturbed 
sites (median, the first and third quartiles, range and outlier).
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formed on size-corrected shape variables. The differ-
ence in residual variance of shape between the sites was 
significant (F8,108=2.15, p=0.0373), but sex and site x 
sex interaction effects were nonsignificant (F8,108=1.15, 
p=0.3366; F8,108=1.40, p=0.2045, respectively).

Plant height was significantly different between 
the disturbed and undisturbed habitats (F1,115=33.62, 
p<0.001) as well as between the sexes (F1,115=21.32, 
p<0.001). Plants from the undisturbed habitat were 
higher than plants from the disturbed habitat, and 
males from both sites were higher compared to fe-
males. Site x sex interaction was not significant 
(F1,115=0.12, p=0.7344) (Fig. 5A). Leaf number per 
plant differed significantly between sites (Z = 2.84, 
p=0.0045) and between sexes (Z = 4.19, p<0.001). 
Plants from the disturbed habitat had more leaves. 
This was also the case with males from both habitats 
(Fig. 5B). In addition, the relationship of leaf CS with 
leaf number per plant was explored and found to be 
nonsignificant (F1,117=0.61, p=0.4365). The effect of 
sex on internode number was significant (Z = 5.16, 
p<0.001); males had more internodes than females 
in both habitats (Fig. 5C). However, there was no sig-
nificant difference between the disturbed and undis-
turbed sites (Z = 0.99, p=0.3240). 

Fig. 5. Boxplots of (A) plant height, (B) leaf number and (C) internode number of male (M) and female (F) plants from disturbed and 
undisturbed sites (median, the first and third quartiles, range and outliers).

Fig. 3. Principal component analysis (PCA) showing leaf shape 
variation. Deformation grids along the first (PC1) and second 
(PC2) axes demonstrate shape changes.

Fig. 4. Scatterplot of leaf shape to leaf centroid size (allometric 
shape variation) of plants from disturbed and undisturbed sites.
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DISCUSSION

We found significant differences in leaf size and 
shape of M. perennis plants growing under contrast-
ing disturbance regimes (disturbed vs. undisturbed). 
Previous studies pointed to leaf size as one of the key 
morphological traits contributing to plant tolerance to 
trampling [6,42]. A reduction in leaf elongation pro-
portional to duration of trampling has been demon-
strated in many species with different types of growth 
form [42]. The decrease in leaf size as the intensity and 
frequency of disturbance increase represents the adap-
tive response, since it provides a plant with a greater 
chance of escaping injury as smaller leaves may be less 
affected by trampling [43,44]. Our field study showed 
that leaves from the heavily disturbed site were sig-
nificantly smaller compared to leaves from the undis-
turbed site. These findings are in accordance with the 
results of experimental studies dealing with the effects 
of trampling on herbaceous species [6,42-44].

Regarding shape change, the picture is more com-
plex. Previous reports focusing on traditional measure-
ments for depicting shape changes, such as leaf blade 
length, leaf length and width (including leaf blade 
length to leaf width and length ratios) [44], pointed to 
different trends of change in leaf shape due to tram-
pling. Depending on growth form, a plant’s response to 
different frequencies of mechanical stress may result in 
narrower and more flexible leaf morphology, or in the 
production of shorter and rounder leaves [44,45]. Our 
survey showed that in M. perennis, a broadleaved forb 
typical of understory communities, disturbance by 
trampling modifies leaf shape. The difference in shape 
between the sites with opposing disturbance regimes 
was highly significant, with leaves from the disturbed 
site being broader and shorter. It has been suggested 
that in trampling-prone areas, under unpredictable 
mechanical stress, narrow leaves are favored mainly in 
rosette-type plants, while in plants with other growth 
forms the opposite trend can be found [44]. 

When studying morphological variation, estima-
tion of the allometric effect is a necessary step. We 
have investigated the influence of allometry (defined 
as the dependence of shape on size [17]) on the ob-
served leaf shape variation by performing allometric 
regression of Procrustes coordinates on centroid 
size. The results revealed that overall leaf shape 

variation significantly influenced allometry. To de-
termine if the observed differences in shape between 
the sites could be attributed only to difference in size, 
or whether there is an effect of disturbance on shape 
itself, we analyzed the residual shape variance. The 
site effect remained statistically significant, thus con-
firming the effect of disturbance on leaf shape. 

In addition to leaf-level traits, we analyzed plant 
height, leaf and internode number to explore the re-
sponse to disturbance at the whole-plant level. In our 
survey, individual plants from the disturbed site were 
shorter in stem and had a higher number of leaves 
compared to their counterparts from the undisturbed 
site. Mechanical stress has an array of impacts on dif-
ferent plant growth forms; at the morphological level, 
plant height was found to be the most sensitive indica-
tor of the adverse effects of trampling [42]. The only 
exceptions can be found in some species adapted to 
heavily trampled habitats by having tough and resis-
tant organs [46]. However, in the majority of plants, 
especially those with more vulnerable organs, erect 
stems and broad leaves, trampling causes a severe de-
crease in height [8,11,46,47]. It has been suggested that 
trampling may affect taller and shorter plant species in 
a similar fashion, but nonetheless the relative reduc-
tion in plant size was greater when tall plants were 
subjected to disturbance of various intensities [42]. 
Even less destructive mechanical stimuli can have a 
profound effect on height – it was shown that touch 
stimulation led to a significant reduction in inflores-
cence elongation in Arabidopsis [48]. Disturbance by 
human trampling significantly decreased shoot height 
of the forest herb Anemone nemorosa [11]. 

Our results are in line with these findings. We also 
found that the difference in internode number be-
tween plants from the disturbed and undisturbed sites 
was not significant, demonstrating that the reduction 
in height was due to the reduction in internode length, 
not their number. Strategies of dealing with stress in-
clude the stress-induced morphogenic response de-
scribed by Potters et al. [49]. At the organismal level, 
responses associated with various stressors, including 
mechanical disturbance, can be manifested as stem 
elongation inhibition and growth redistribution. 

Remarkably, the number of leaves per plant was 
higher in the disturbed site. When exposed to heavy 
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mechanical stress, plants often suffer a significant 
reduction in the number of leaves depending on 
growth form, anatomical characteristics of leaves, 
etc. [42]. However, trampling can also result in an 
increased number of leaves per plant, as was found 
in Plantago asiatica [44,50].

It has to be noted, however, that the observed 
differences are not the consequences of trampling 
alone. In natural populations under the given distur-
bance regimes, other environmental conditions, both 
anthropogenic and natural (e.g. air pollution, light 
conditions), can additionally influence the analyzed 
traits [6]. However, in the present study, given the 
close proximity and similarity of the analyzed sites, 
we have focused on trampling, since the difference in 
trampling regime was the most striking one. Distur-
bance by trampling affects plants directly (through 
mechanical stress) and indirectly (e.g. through soil 
compaction and reduced presence of tall herbs) 
[6,11]; thus, both kinds of effects contributed to the 
observed responses to disturbance.

One interesting point is the relationship between 
the number of leaves and their size, since previous 
studies postulated the existence of a fundamental 
trade-off between these traits in angiosperms in gen-
eral, and at the within-species level, in natural popu-
lations of herbaceous species [51]. Although in our 
study no significant relation between leaf number 
and size was revealed, this finding should be taken 
with caution, since centroid size was the only mea-
sure of leaf size used in the analyses, and only the 
first pair of fully developed leaves was included. 

Another question we have addressed in this 
study is the putative presence of sexual dimorphism 
in analyzed traits. It was reported that M. perennis 
displays sexual dimorphism in both plant size [25] 
and leaf size [52], but no previous study attempted to 
explore and quantify SD in leaf shape in this species. 

We found prominent sexual dimorphism in all 
three analyzed shoot traits – height, internode num-
ber and leaf number, contrary to leaf shape and size. 
The pattern of male M. perennis being higher than 
that of females in both sites, typical for lowland habi-
tats [25], was confirmed. Plants from the disturbed 
site were generally lower, but the lack of site x sex 
interaction indicates no sex-specific response to an-

thropogenic disturbance. Internode number and leaf 
number were also significantly higher in male plants. 

Although intersexual differences have been ex-
plored in a variety of plant traits, data on SD in leaf 
size and shape are still limited. In the present study, 
we found that leaf centroid size was similar in both 
sexes. Thus, we did not confirm the previous report 
that in M. perennis males have smaller leaves than 
females [52]. Regarding leaf shape, it was reported 
that in male M. perennis the leaves were also nar-
rower compared to female leaves [23,52]. Based on 
this, it was expected to find significant intersexual 
differences in this trait. However, this was not the 
case, and we found no significant difference in shape 
between male and female leaves. Thus, our results 
indicate that, with respect to leaf shape and size, the 
sexes responded to disturbance in a similar manner.

This study is, to our knowledge, the first to ex-
plore a potential link between anthropogenic distur-
bance and morphological responses in leaf shape (in-
cluding the putative sex-specific response) in a natu-
ral population, using a GM approach. This approach 
proved to be efficient in detecting quantitative shape 
variation on a small spatial scale. We have demon-
strated the existence of patterns of leaf shape and 
size variation strongly associated with disturbance. 
A similar response was also found at the whole-
plant level in the analyzed shoot traits. The results 
presented here are of interest for further investigat-
ing of the anthropogenic influences on mechanisms 
that determine leaf shape in light of environmental 
constraints. Our study contributes to some impor-
tant issues concerning the growing pressure of hu-
man activities on suburban forest fragments and the 
response patterns of forest forbs to various forms of 
anthropogenic disturbance.
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