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Abstract 

Hladnikia pastinacifolia, the most prominent endemic plant species in Slovenia, is rare and protected 

because it is a stenoendemic and paleoendemic species restricted to area of Trnovski gozd (W 

Slovenia). However, this species can be found in various habitats. The disparity between the non-

specific habitat preference of the species and its rarity has not been sufficiently explained. Here we 

focus on the functional morphological features that are most indicative for the ecology of plant 

species: the anatomical and morphological characteristics of leaves. Hladnikia pastinacifolia exhibits 

heterophylly during ontogeny (heteroblasty). We aimed to describe and compare the anatomical 

characteristics of three H. pastinacifolia leaf morphotypes among them and in relation to various 

habitats. Therefore, we compared leaf functional features that are indicative for the ecology of plant 

species: the thickness of the leaf lamina, the spongy and palisade parenchyma, the thickness of the 

upper and lower epidermis and the number of leaf stomata in the upper and lower epidermis. These 

measurements were further used to calculate the ratio between the spongy and palisade parenchyma, 

leaf stomata index and the density of leaf stomata. We determined that the H. pastinacifolia 

heteroblasty belongs to the Apium-type. Results showed that the five-pinnate leaves were the most 

distinct type, being the thickest, with the highest numbers of stomata abaxially. When compared 

among habitats, leaves from the scree habitat were the thickest according to all the tissue layers 

studied. The indices calculated were less useful for the distinction between leaf types and habitats. 

Key words: heterophylly, anatomy, leaf thickness, stomata. 

Introduction 

Hladnikia pastinacifolia Rchb. (Apiaceae), the most prominent endemic plant species in Slovenian 

flora, is a stenoendemic, occurring only in a 4 km² area (Čušin, 2004) restricted to the slopes of the 

                                                      
1
 Biology Department, Faculty of Natural Sciences and Mathematics, University of Maribor, Koroška c. 160, SI -

2000 Maribor, Republic of Slovenia. 
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2
 Pintarič, T., Šajna, N. (2021). Characteristics of heteroblasty in Hladnikia pastinacifolia (Apiaceae), a rare 

endemic from Slovenia. Glasilo Future, 4(1), 23–32. 
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Trnovski gozd high karst plateau in the south-western part of Slovenia. It is a paleoendemic, having 

survived the last glaciations in situ (Šajna et al., 2012). Hladnikia pastinacifolia is a small growing 

species of the Apiaceae family, with a leafy rosette for most of its monocarpic life-cycle. This means 

that the plant remains in its vegetative state for several years until it flowers and produces seeds (Šajna 

et al., 2018), which happens only once in a lifetime, whereupon the plant dies. Generally, high interest 

in this species exists because it represents an endemic monotypic genus with unique evolution. 

Because of the narrow distribution range rarity, this species is listed as a Natura 2000 species and is 

strictly protected. 

However, it is difficult to understand why the species is rare, since it thrives successfully in various 

habitats differing in the nature of the disturbance and the prevailing stress and such habitats are 

common across the species' distribution range. It can be found in rock crevices, stony grassland 

patches, screes, active stony pastures, man-made stone walls, and even on one site in gravel at the road 

verge. Because the disparity between the non-specific habitat preference of the species and its rarity 

has been insufficiently explained, it is necessary to evaluate plant functional features that are 

indicative for the ecology of plant species: the anatomical and morphological characteristics of leaves.  

Leaf size and shape influence critical leaf functions (leaf temperature, transpiration, photosynthesis) 

and can have significant consequences for plant fitness (Winn, 1999). Leaf variation in size and shape 

along the shoot axis of an individual plant is named heterophylly. There are several mechanisms 

responsible for heterophylly: phenotypic plasticity resulting from adaptation to environmental factors 

during leaf development (e.g. sun vs. shade leaves); developmental instability if a plant experiences 

random environmental heterogeneity (e.g. leaves developed during drought vs. optimal conditions); 

and heteroblasty - programmed ontogenetic change in shoot morphology (Winn 1999 and references 

therein). Representatives of the Apiaceae subfamily Apioidae often exhibit heteroblasty to a great 

extent (Naumov, 2010). They produce different leaves during their various ontogenetic stages; usually, 

simple leaves become gradually more compound and multisected with each ontogenetic stage (Chang, 

2004).  

As stressed by Winn (1999) and Vogel (2009), in contrast to the literature describing patterns of 

heterophylly, we need empirical data to sort out the ecological significance of heterophylly. Therefore, 

our goal was to assess the ecological significance of heteroblasty in H. pastinacifolia leaves by 

studying the anatomical differences between different leaf morphotypes. We expected to elucidate 

how variable leaves of H. pastinacifolia are and how their variability corresponds to the various H. 

pastinacifolia habitats. Naumov (2010) described several typologies of multisect leaves in common 

Apioidae. Therefore, we first aimed to describe the typology of H. pastinacifolia heterophylly 

(heteroblasty) according to Naumov (2010). The second aim was to compare three leaf morphotypes in 

H. pastinacifolia according to their anatomic characteristics: the thickness of the leaf lamina, the 
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spongy and palisade parenchyma, the epidermis, and the number of stomata (along with the stomata 

index (SI) and stomata density (SD)). Additionally, we compared the anatomy of three morphotypes in 

relation to contrasting habitats where the plants grew: rock crevices, scree, and a man-made stone 

wall, within each particular habitat and among them.  

Methods 

Study species 

Because Hladnikia pastinacifolia Rchb. (Apiaceae; Figure 1) has been described in detail in several 

publications (Šajna et al., 2012, Šajna et al., 2014, Šajna et al., 2019), here we present only a short 

description. The species is a monocarpic perennial. Several seasons elapse before the single flowering 

event. These herbaceous plants are 15–30 cm high. For most of their life, they form a basal rosette of 

numerous glossy, leathery leaves. At first, only one compound umbel is formed on a rather short stalk. 

Subsequently, additional flowering shoots branch, protruding from the axil, and each forms a lateral 

compound umbel of the second order. Occasionally, third order umbels develop on those shoots. On 

average, a single umbel consists of twenty rays and is supported by a multifoliate involucre. The heart-

shaped petals are white and small (1 mm long). Plants grow a long, lignified rootstock. The fruit is a 

typical schizocarp, 4 mm long and 2 mm wide.  

 

Figure 1. Hladnikia pastinacifolia Rchb. (Apiaceae) habitus (photo: N. Šajna). 
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Leaf anatomy study 

For preparation of the microscope slides, we used material fixed with FAA (formalin–acetic acid–

alcohol). Leaves were taken from different plants randomly. Each leaf was used either for a cross-

section or for epidermis peel (for numeri of categorized samples see Table 2 and Table 3). Simple 

leaves were sampled whole because of the small size, while for three- and five-pinnate leaves only the 

terminal leaflet was sampled. For each leaf/leaflet we made one cross-section at its widest part, which 

was measured once choosing a homogenous part, avoiding vascular bundles. Cross-sections were 

performed by hand and observed in water. We studied sections under the Nikon Eclipse 50i 

microscope and performed measurements with Eclipse Net software (Nikon, Waver, Belgium). We 

measured the thickness of the leaf lamina, the spongy and palisade parenchyma, the thickness of the 

upper and lower epidermis. The measurement data was further used to calculate the ratio between the 

spongy and palisade parenchyma. 

For stomata observations under the microscope, we made abaxial and adaxial epidermis peels. We 

counted stomata and epidermal cells for a visual field at a magnification of 4000x and applied it to 

calculations of stomata density (SD; number of stomata per 1 mm
2
), density of epidermal cells (ED; 

number of epidermal cells per 1 mm
2
) and stomata index (SI % = SD / (SD + ED) * 100).  

Statistical analysis included a comparison of leaf characteristics according to different morphotypes 

and according to different habitats with one-way analysis of variance – ANOVA, followed by the 

posterior Tukey Honest Significant Difference (HDS) test for unequal samples. For comparisons of all 

leaf morphotypes across all habitats factorial ANOVA was used for all listed anatomical features. 

Tests were performed with Statistica software (Statsoft).  

Results 

Description of heteroblasty in Hladnikia pastinacifolia 

During ontogenetic development, the area of the leaf blade of the rosette leaf increases its complexity 

(Figure 2). The first true leaf of a juvenile plant is simple, sometimes slightly three-lobed. In the next 

leaf, the lobes become more deeply indented to form a ternate leaf with three segments. The 

subsequent leaf develops five segments, where the top segment has three lobes. We also observed the 

leaves of the floral shoot exhibiting the opposite pattern: their size and complexity decreased, with 

each series occurring higher on the shoot; however, these leaves were not included in our study. 
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Figure 2. Heteroblasty in Hladnikia pastinacifolia: a) simple leaf, b) ternate leaf, c) odd-pinnate leaf 

(photo: N. Šajna). 

 

Leaf anatomy comparisons 

The three leaf morphotypes differed significantly in leaf thickness as well as in the thickness of the 

palisade and spongy tissue layer (one-way ANOVA, p<0.05; Table 1). For most of the measured 

parameters, leaf type 3 had higher values, meaning that these leaves were thicker, the reason for which 

was mainly the thicker spongy parenchyma. The calculated indices turned out to be less powerful 

descriptors, since these were similar for all leaf types (Table 1).  

Based on the differences in epidermal cells and stomata, only leaf type 3 was significantly different 

with regard to the stomata number abaxially (one-way ANOVA, F2,25=5.58, p<0.01; Table 1). We 

observed a trend towards an increase in stomata numbers from leaf type 1 to leaf type 3 abaxially as 

well as adaxially, whereby stomata size did not change among leaf types. We expected the stomata 

index to correspond with these results; however, it does so only for the adaxial side, although not a 

statistically significant finding.  
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Table 1. Basic statistics of leaf thickness (measured as a whole and divided into tissue parts), 

epidermal cells and stomata density and calculated ratios and stomatal indices for three leaf morphotypes 

in Hladnikia pastinacifolia (type 1 – simple leaf blade, 2 – leaf blade with 3 segments, 3 – leaf blade 

with 5 segments). Numbers marked in bold were significantly different (ANOVA, p<0.05), different letters 

indicate differences revealed by the Tukey HSD test. ave=Mean, N=numerus, s.d.=standard deviation. 

Leaf 

type 

Leaf thickness 

[µm] 
Epidermis [µm] 

Palisade layer 

[µm] 

Spongy 

parenchyma 

[µm] 

Ratio palisade 

vs. spongy 

parenchyma 

Epidermis 

ratio: adaxial 

vs. abaxial 

 Abaxial Adaxial     

ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. 

1 
230.2

a 
54 38.0 41.1 51 6.2 27.8 50 5.9 74.5

a 46 18.5 
106.5

a 
49 23.7 0.699 46 0.138 1.512 49 

0.34

3 

2 
209.1

a 
29 17.3 42.0 27 10.7 27.8 29 9.0 57.1

b 26 9.2 92.2
a 26 17.5 0.634 26 0.117 1.609 26 

0.50

8 

3 
256.5

b 
24 50.8 42.0 24 13.8 26.4 22 6.2 72.1

a 21 15.2 
114.8

b 
21 39.0 0.667 21 0.166 1.599 22 

0.44

2 

 

Lea

f 

typ

e 

Epidermal cells  

[number/1mm
2
] 

Stomata 

[number/1mm
2
] 

Stomata length 

[µm]  

Stomata index 

 

Adaxial Abaxial Adaxial Abaxial Adaxial Abaxial Adaxial Abaxial 

 ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. 

1 193.9 8 43.

3 

120.

1 

5 28.6 47.

4 

8 20.

2 
64.7

b 5 31.

5 

32.

5 

10 2.4 33.

4 

10 4.0 19.

6 

8 5.1 33.7 5 9.1 

2 202.7 16 38.

3 

160.

8 

16 52.7 61.

7 

16 27.

6 
77.5

b 16 35.

6 

32.

0 

24 3.1 33.

4 

24 4.8 23.

0 

16 8.7 32.3 16 10.

9 

3 134.6 7 67.

4 

167.

9 

7 27.5 71.

0 

7 7.5 86.7
a 7 33.

4 

32.

5 

10 2.4 29.

7 

10 4.6 24.

2 

7 5.2 42.0 7 5.3 

 

When we considered the three leaf types by contrasting habitats (rock crevices, scree, and man-made 

stone wall; Table 2), the habitat accounts for the 26.3 % of variance in the morphological features 

(factorial ANOVA, F7,75=3.82, p=0.01). There is also a significant interaction between the leaf type 

and habitat (factorial ANOVA, F21,216=1.71, p=0.03), whereby the interaction explains 14.2 % of 

variance in the studied features. The leaves differed significantly in leaf blade thickness (one-way 

ANOVA, F7,99=54.43, p<0.01), adaxial (one-way ANOVA, F7,94=4.08, p<0.01) and abaxial epidermis 

(one-way ANOVA, F7,93=2.95, p<0.01), palisade layer (one-way ANOVA, F7,85=16.79, p<0.01) and 
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spongy parenchyma (one-way ANOVA, F7,88=22.28, p<0.01). As with Table 1, the calculated indices 

could not distinguish between leaf types. Results of factorial ANOVA showed that all studied leaf 

tissue layers of the simple and odd-pinnate leaves from the scree habitat were thicker compared to 

leaves from other habitats. The spongy parenchyma thickness contributed most to the high thickness 

measurements, followed by the palisade layer thickness. Leaves from rock crevices and the man-made 

stone wall did not differ significantly in thickness. Leaf thickness increases from the simple leaf to the 

odd-pinnate leaf in all habitats except for the man-made stone wall. In the latter habitat, leaves, 

irrespective of leaf type, had the thinnest epidermis, adaxially as well as abaxially.  

Table 2. Basic statistics of measured and calculated data for leaf thickness (measured as a whole and 

divided into tissue parts) and calculated ratios of three leaf morphotypes (LM) in Hladnikia 

pastinacifolia (type 1 – simple leaf blade, 2 – leaf blade with 3 segments, 3 – leaf blade with 5 

segments) in different habitats (1 – rock crevices, 2 – scree, 3 – man-made stone wall). ave=Mean 

N=numerus, s.d.=standard deviation. 

Leaf 

type H
ab

it
at

 

Leaf thickness 

[µm] 
Epidermis [µm] 

Palisade layer 

[µm] 

Spongy 

parenchyma 

[µm] 

Ratio palisade 

vs. spongy 

parenchyma 

Epidermis ratio: 

adaxial vs. 

abaxial 

 Abaxial Adaxial     

 ave N s.d. Ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. 

1 1 204.6 31 15.3 41.6 27 6.5 27.6 27 6.0 64.6 24 9.8 91.4 27 11.9 0.7 24 0.14 1.54 26 0.38 

1 2 276.9 18 23.0 42.0 19 5.6 30.1 18 4.3 90.6 17 19.0 132.6 17 16.8 0.7 17 0.15 1.40 18 0.25 

1 3 220.1 5 9.3 35.3 5 3.5 20.7 5 4.4 67.9 5 10.3 99.2 5 15.2 0.7 5 0.10 1.75 5 0.31 

2 1 208.5 16 19.0 47.3 15 11.3 31.3 15 10.4 52.7 12 8.2 84.6 12 19.1 0.6 12 0.13 1.68 14 0.65 

2 3 209.8 13 15.8 35.3 12 4.2 24.1 14 4.9 60.9 14 8.5 98.7 14 13.4 0.6 14 0.11 1.52 12 0.26 

3 1 222.5 4 52.2 42.4 4 5.5 27.4 4 5.9 55.6 3 2.4 80.3 3 15.2 0.7 3 0.14 1.65 4 0.63 

3 2 301.0 12 13.2 47.6 12 16.1 28.3 10 7.1 83.7 11 9.2 144.3 11 30.0 0.6 11 0.16 1.70 10 0.37 

3 3 206.6 8 11.8 33.2 8 8.2 23.5 8 4.6 60.8 7 9.5 83.3 7 12.1 0.7 7 0.17 1.44 8 0.44 

 

The results again showed that leaf types from various habitats differed significantly in terms of 

epidermal cells and stomata (Table 3), in the number of epidermis cells abaxially (one-way ANOVA, 

F6,21=3.20, p=0.02), the number of stomata adaxially (one-way ANOVA, F6,24=5.34, p=0.01) and 

abaxially (one-way ANOVA, F6,21=3.36, p=0.02), as well as in the stomata index for the adaxial side 

(one-way ANOVA, F6,24=5.7, p<0.01). According to factorial ANOVA, this was particularly true if 

leaf type 3 was compared with leaf type 1, and if it belonged to the scree habitat. The most valuable 

indicator was the stomata number abaxially. Its value was significantly higher for leaf type 3 from the 

scree habitat, compared to all other types in various habitats.  
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Table 3. Basic statistics of measured and calculated data for leaf stomata characteristics of three leaf 

morphotypes (LM) in Hladnikia pastinacifolia (type 1 – simple leaf blade, 2 – leaf blade with 3 

segments, 3 – leaf blade with 5 segments) in different habitats (1 – rock crevices, 2 – scree, 3 – man-

made stone wall). ave=Mean N=numerus, s.d.=standard deviation. 

LM 

H
ab

it
at

 

Epidermal cells  

[number/1mm2] 

Stomata 

[number/1mm2] 

Stomata length 

[µm]  

Stomata index 

 

Adaxial Abaxial Adaxial Abaxial Adaxial Abaxial Adaxial Abaxial 

ave N s.d. ave N s.d. ave N s.d. Ave N s.d. ave N s.d. ave N s.d. ave N s.d. ave N s.d. 

1 1 184.5 6 43.0 120.4 4 33.1 39.8 6 6.9 53.1 4 20.4 32.3 8 2.6 34.9 8 2.8 18.3 6 4.8 30.0 4 4.5 

1 3 222.2 2 41.6 118.8 1 0 70.2 2 35.4 111.4 1 0 33.3 2 1.9 27.7 2 1.8 23.2 2 6.0 48.4 1 0 

2 1 212.4 4 21.6 100.5 4 22.8 30.9 4 7.9 50.3 4 17.1 32.4 6 3.0 33.9 6 4.4 12.6 4 2.2 33.1 4 7.4 

2 2 214.7 8 44.5 183.2 8 52.4 65.9 8 17.2 88.3 8 39.4 32.0 12 3.5 32.3 12 2.6 23.5 8 3.2 32.3 8 13.4 

2 3 168.9 4 15.5 176.2 4 21.2 84.1 4 33.0 83.0 4 32.8 31.8 6 2.7 35.1 6 7.7 32.5 4 9.3 31.6 4 11.0 

3 2 246.6 5 64.5 167.6 5 32.9 73.9 5 6.6 131.1 5 37.6 32.7 8 2.6 30.0 8 4.4 23.7 5 4.0 43.5 5 5.6 

3 3 204.6 2 90.2 168.8 2 14.6 63.8 2 3.9 104.3 2 0.1 31.3 2 0.8 28.5 2 3.6 25.3 2 9.6 38.3 2 2.0 

Discussion 

Hladnikia pastinacifolia is a monocarpic species with a life cycle longer than that of a typical biennial. 

After overwintering, every spring the first leaves developed by H. pastinacifolia are those of the basal 

rosette. The first true leaves are simple, but more complex leaf blades later develop in such a way that 

the leaflets are positioned at the first order rachises and form odd-pinnate leaves. The typology of H. 

pastinacifolia heteroblasty is similar to the polymorphic series observed, for example, in Apium 

graveolens L., Pimpinella saxifraga L., Falcaria vulgaris Bernh. and termed by Naumov (2010) the 

Apium-type.  

Heterophylly in H. pastinacifolia represents within-individual plasticity including heteroblasty as well 

as direct response to environmental conditions. Our results show that in addition to morphological 

differences among leaf morphotypes, anatomical differences also exist. Generally, the plant's ability to 

harvest light is not limited only by the height of a plant, its growth-form and total leaf area, or its 

canopy area. Additional limitations include the plant architecture, which determines the spatial 

distribution of leaves, and the leaf anatomy. Five-pinnate leaves were the thickest among all types, 

mainly because of the thickness of the spongy parenchyma. Leaf thickness affects the amount of light 

absorbed by a leaf, and high values are often recognized as decreasing photosynthesis and growth 

(Garnier et al., 1999). On the other hand, leaf thickness increases the leaf’s longevity (Vile et al., 2005 

and references therein).  

A review by Winn (1999) reported that in general the heterophylly occurs frequently in species where 

individuals experience extreme variation in environment. This is confirmed by our study, which 

further indicates the existence of functional differences affecting individual plant performance in 

relation to the environmental constraints of a particular habitat. Our results show that plants from the 
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scree habitat had the thickest leaves. Coarse scree substrate is a very stressful habitat, prone to 

disturbance of substrate movement, causing erosion or even burial (Pauli et al., 2003). It is beneficial 

for a plant growing in such an unstable habitat to have more resistant leaves than plants growing in 

more sheltered rock crevices or on the even more stable and less stressful man-made stone wall. 

Moreover, H. pastinacifolia experiences strong irradiation in its habitats for most of the day, however, 

the habitats differ in the cover of other coexisting species (Šajna et al., 2014). This means that in the 

contrasting habitats, interspecific competition is reduced in comparison to stony pastures or meadows. 

Our results confirm a hypothesis stated by Šajna et al. (2012) that screes or scree-like habitats are the 

optimal habitats for H. pastinacifolia, since in such habitats the seed production and plant biomass are 

the highest. Rock crevices represent a marginal substitute habitat.  

To conclude, we suggest the need for a general study (morphology and leaf anatomy) to determine the 

ecological significance of heteroblasty/heterophylly. We have demonstrated that the leaves of H. 

pastinacifolia differ in their anatomy between ontogeny stages and consequently also differ in terms of 

functionality, both of which are further adapted to the particular habitat where the species grows. We 

have established that environmental constraints select for an optimum leaf phenotype in each 

ontogenetic stage within each habitat. We have shown the ecological significance of leaf blade 

thickness and number of stomata in revealing the most suitable habitat to be a coarse scree-like 

substrate.  
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