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Abstract⎯Mesophyll structure and content of photosynthetic pigments in the leaves of three species of steppe
plants, Centaurea scabiosa L., Euphorbia virgata Waldst. et Kit., Helichrysum arenarium (L.) Moench, were
investigated in four geographical sites of the Volga region and the Urals located in the forest-steppe and steppe
zones. Variations of the studied parameters between geographical points depended both on the species and
on the structural organization of the leaf. The highest level of variation was observed for leaf area and pigment
content per unit leaf area, the size and the number of chloroplasts in the cell changed to a lesser extent. The
leaf thickness, leaf area and mesophyll cell sizes mostly depended on the plant species. C. scabiosa had large
leaves (40–50 cm2) with large thickness (280–290 μm) and large mesophyll cells (up to 15000 μm3). The
leaves of H. arenarium and E. virgata were ten times smaller and characterized by 1.5 times smaller thickness
and 2−3 times smaller cell size. Geographical location and climate of the region affected leaf density, propor-
tion of partial tissue volume, and the ratio of the photosynthetic pigments. In the southern point of Volga
region with the highest climate aridity, all studied species were characterized by maximum values of volumet-
ric leaf density (LD), due to the high proportion of sclerenchyma and vascular bundles, and specificity of the
mesophyll structure. With the decline in latitude, chlorophyll (Chl) and carotenoid (Car) contents in leaf area
were reduced, the ratio Chl/Car was increased, and the ratio Chl a/b was declined. The reduction of the pig-
ment content in the leaf in all species was associated with a reduction in the amount of Chl per chloroplast,
and for C. scabiosa and H. arenarium it was associated also with the reduction of chloroplast amount in the
leaf area. In turn, chloroplast number per leaf area and the total cell area (Ames/A) depended on the ratio of
the number and size of mesophyll cells inherent to this plant species. At the same time, we found a similar
mechanism of spatial organization of leaf restructuring for all studied species—decrease in Ames/A was
accompanied by increasing in the proportion of intercellular air spaces in the leaf. It is concluded that varia-
tions in structural and functional parameters of the photosynthetic apparatus of steppe plants were associated
with plant adaptation to climate features. General direction of the changes of leaf parameters of the studied
species with aridity was the increase of LD and the decrease of pigment content per leaf area however the cel-
lular mechanisms of changes in the pigment content and integral parameters of mesophyll were determined
by the plant species properties.
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INTRODUCTION

Plants inhabiting semiarid lands are characterized
by range of adaptations to water and nutrients deficit
that affect the physiological, structural, and pheno-
logical characteristics [1]. Adaptation of plants to
water deficit is accompanied by a significant variabil-
ity of the structural parameters of the leaf. Previ-

ously, plant community level research identified
common mechanisms of structural adaptation of
leaves to climate aridity. It was shown the decrease of
the proportion of the photosynthetic organs per plant
mass [2], an increase of the leaf surface density and
the reduction of leaf square [3–6] along the aridity
gradient. At the level of photosynthetic tissues, adap-
tation of plants to arid climate was expressed in the
reduction of mesophyll cell in increase of leaf tissue
density [3, 7], and in increase of total cell surface area
per leaf unit (Ames⁄A) [8].

Abbreviations: Achl⁄A⎯total chloroplast surface area per leaf
area unit; Ames⁄A⎯total cell surface area per leaf area unit;
Car⎯carotenoids; Chl⎯chlorophyll; LD⎯leaf density;
LMA⎯leaf mass area.
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However, the general patterns identified at the
community level may not coincide with intraspecific
changes occurring along ecological gradients. It was
shown that correlations between different leaf param-
eters can be high at the community level, but absent at
the species level [9]. This discrepancy may be due to a
variety of ecological and functional properties of spe-
cies in the communities. For example, it was shown
that, in plants of boreal zone, mesophyll surface area
(Ames⁄A) changes depended on the ecological proper-
ties of species, while Ames⁄A increased in xeromeso-
phyte species Genista tinctoria L. in more arid condi-
tions and it reduced in mesophytes [10]. Birch trees of
different types of environmental features were charac-
terized by multidirectional changes in the size and mor-
phology of leaves along the zonal-climatic transect in
the Urals and Western Siberia [11]. Detailed studies of
intraspecific variation can improve the understanding
of its role in ecological processes occurring at the com-
munity level [12].

Despite a significant amount of data on the intra-
specific changes in a variety of plant parameters along
natural gradients, information on intraspecific variation
in leaf parameters of steppe plants in their natural habi-
tat is scarce and fragmented. In addition, it is still not
clear to what extent the parameters of leaves, directly
related to the photosynthetic function of plants, are

determined by the evolutionary history of species, and
to what extent they are determined by the environmen-
tal conditions. The study of intraspecific changes along
climatic gradients allows us to clarify this question [13].
Species that are in different conditions with respect to
the environmental optimum are likely to react differ-
ently to changes in light regime and moistening and
implement different mechanisms of structural adapta-
tion of the photosynthetic apparatus to a climate. In this
context, the aim of this work was to study the intraspe-
cific variations in the structural and functional charac-
teristics of the photosynthetic apparatus in three steppe
plant species in different climatic zones.

MATERIALS AND METHODS

Investigations were conducted in two Volga regions
and two regions of the Urals (Fig. 1, Table 1). The
Volga climate is temperate continental, and the
Urals’ climate is continental. The regions on Volga
were characterized by higher values of mean annual
air temperature (Table 1). Aridity index (I) was deter-
mined by the De Martonne formula: I = P/(T + 10),
where P is the mean annual precipitation and Т is the
mean annual air temperature [14]. A minimal abso-
lute value of this index corresponds to a maximum of
climate aridity.

Fig. 1. Geographical location of the study areas. The triangles designate research areas. (1) Middle Urals, village Beklenischeva;
(2) Southern Urals, Troitsk; (3) Middle Volga, village Krasnoe Pole; (4) Lower Volga, Kamishin. 
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Three species of herbaceous perennials were cho-
sen: Centaurea scabiosa L., Euphorbia virgata Waldst.
et Kit., and Helichrysum arenarium (L.) Moench. We
studied two species, C. scabiosa and E. virgata, in all
four regions, and we studied H. arenarium in three
regions, since it was not found in the southern point of
the Urals (point 2, Troitsk, Russia). C. scabiosa is
related to European−Siberian southern boreal-forest-
steppe-nemoral species, and E. virgata and H. arenar-
ium are related to European−West Asian forest-steppe
and steppe species [15]. Thus, C. scabiosa and E. vir-
gata belong to a group of xeromesophytes with a wide
range of environmental conditions, including steppe,
forest-steppe, and anthropogenically disturbed com-
munities. H. arenarium is mesoxerophyte usual for
stony, sandy, and alkalinity steppes [15].

Quantitative studies of leaf mesophyll structure were
performed according to the method of mesostructure
[16]. For each species and for each point, we examined
10−15 individuals with fully developed leaves collected
from the middle part of the plant. Plants were in the
stage of bud formation−flowering. All quantitative
measurements of leaves, tissues, cells, and chloroplasts
were performed with the Simagis Mesoplant computer
image analysis system (SIAMS, Russia) and Zeiss
Axiostar light microscope (Carl Zeiss, Germany). The
area of the leaf was determined by the digital photos of
10−20 freshly picked leaves. Leaf mass area (LMA) was
measured in threefold replicates. For this purpose, we
took cuttings from the middle part of a leaf, dried it at
80°C, and weighed it. Leaf density (dry weight per unit
volume of leaf, LD) was calculated from LMA and
thickness of the leaf. Anatomical studies were carried
out on leaf cuttings fixed in 3.5% glutaraldehyde solu-
tion in phosphate buffer (рН 7.0). Leaf thickness, par-
tial proportion of tissues, and chloroplast size were
measured in leaves cross-sections. The number of cells
was counted in a Goryaev chamber (Minimed, Russia)
under light microscope with preliminary tissue macera-
tion in 20% KOH solution in 20-fold replicates. The
number of chloroplasts per cell and cell sizes were ana-
lyzed under a light microscope after leaf tissue macera-
tion in 1 M HCl in 30-fold replicates. The volume and

surface area of the mesophyll cells were determined by
the method of projection [10]. Based on the measured
parameters, the derivative characteristics were calcu-
lated. Number of chloroplasts per unit area (×106/cm2)
was calculated by multiplying the number of cells per
unit leaf area and the number of chloroplasts in the cell.
Total area of external cell membranes (Ames/A) was cal-
culated by multiplying the number of cells per unit leaf
area and average surface area of the palisade and spongy
mesophyll cells. Similarly, we calculated total surface of
the outer membrane of chloroplasts (AChl/A). To deter-
mine the content of pigments (chlorophylls a and b,
carotenoids), cuttings from the middle part of the leaves
were frozen in liquid nitrogen in three biological repli-
cates. Pigments extracted with 80% acetone solution
and their concentration was determined spectrophoto-
metrically (Odyssey DR/2500, HACH, United States).
Content of chlorophylls and carotenoids was calculated
according to Lichtenthaler and Wellburn formulas [17]
with recalculation per unit leaf area.

To assess the significance of differences, we used
the Tukey HSD test. Analysis of the results was car-
ried out using single-factor and two-factor analysis of
variance (ANOVA) by “Species” (C. scabiosa, E. vir-
gata, and H. arenarium), “Region” (1–4 in Table 1),
and “Geographic location” (Urals–Volga region)
factors. To assess the level of variations between geo-
graphical areas, we calculated the index of variability:
Iv—index to range between minimal (Xmin) and max-
imal (Xmax) values (in %) according to the formulae
Iv = (Xmax − Xmin)/Xmax [18].

RESULTS
Species Factor in Variation of Leaf Parameters

Table 2 shows the average values of parameters for
leaves, photosynthetic tissues, cells and chloroplasts,
and pigment content in steppe plants for the species.
All species had similar isopalisade type of leaf meso-
phyll structure. Single-factor analysis of variance
showed the species-specific character for some quan-
titative parameters of leaf structure. Thus, leaf thick-

Table 1. Climatic and geographical characteristic of the sites under study

Н⎯altitude; Т⎯mean annual air temperature; P⎯mean annual precipitation [Global Climate Data, v. 2.01, http://climate.geog.
udel.edu/~climate]; I⎯De Martonne aridity index.

No. Region, coordinates
(latitude north, longitude east) Vegetation zone Type

of vegetation H, m T, °C P, mm I

1 Middle Urals, village Beklenischeva,
56°26′, 61°35′

Northern forest steppe Forb-grass 
meadow steppe

210 2.4 492 40

2 Southern Urals, Troitsk,
54°11′, 61°26′

Southern forest steppe Petrophyte-forbs 
steppe

216 2.9 379 30

3 Middle Volga, village Krasnoe Pole,
52°51′, 46°18′

Southern forest steppe Forb meadow 
steppe

237 4.4 486 34

4 Lower Volga, Kamishin,
50°18′, 45°13′

True steppe Bunchgrass 
steppe

228 7.2 352 20
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ness depended on the plant species by 90% and cell
parameters and chloroplasts not less than 70%. For
instance, C. scabiosa was characterized by maximum
values of leaf area and thickness, but minimum values
of LD (Table 2). Also, C. scabiosa as compared with
the other two plant species had large mesophyll cells
with the smallest number per unit leaf area. E. virgata
and H. arenarium compared to C. scabiosa possessed
six times smaller leaf area and 1.6 times less its thick-
ness. These two species were similar for cell size and
cell number per unit leaf area but differed in number of
chloroplasts in the cell and chloroplasts volume.
Number of chloroplasts in H. arenarium cells was two
times less, but chloroplast volume was larger. There
were no inter-specific differences in the average values
of integral parameters for mesophyll, such as the ratio
of total surface of cells and chloroplasts in the leaf area
(Ames/A and AChl/A). Average values of Chl and Car
contents per unit leaf area were also similar for the spe-
cies. Average chlorophyll content was 3–4 mg/dm2 and
carotenoid content was 0.7–0.8 mg/dm2 (Table 2).

The most variable characteristics on the intraspe-
cific level were the leaf area and the content of photo-
synthetic pigments per unit leaf area. The difference
between the minimum and maximum values of these
parameters was within 50–70% (Table 2). The most
stable parameters for the species were thickness of the
leaf, number of chloroplasts per cell, and chloroplast
volume, where the index of variability was within
10−25%. Mesophyll parameters—cell size, Ames/A,
and AChl/A—changed in the medium range 30–50%.

Changes in Leaf Parameters of the Studied Species, 
Depending on the Geographic Location and Climate

Geographic location influenced both whole leaf
parameters and the internal leaf structure. In two spe-
cies—C. scabiosa and E. virgata—LMA was minimal in
the north point of Urals (1) and had maximum values
in the most arid Volga point (4), while LMA did not
change in H. arenarium (Fig. 2c). LD varied in all spe-
cies similarly (Fig. 2e). In the south, the most arid,
Volga point (4), this characteristic had the maximum
values, while it had the minimum values in the Urals.
Geographical location had small effect on leaf thick-
ness, its changes were species-specific (Fig. 2a).

Analysis of the ratio of different tissue types in the
leaf showed that the geographic location influenced
the partial volume of sclerenchyma and vascular bun-
dles to the greatest extent (Fig. 3). The proportion of
these tissues in the leaf was the highest in the southern
point of the Volga (4). Thus, the proportion of cover-
ing tissues that made up 15−20% of the leaf and did
not depend on geographical location. The change in
the volume fraction of intercellular spaces had a spe-
cies-specific nature. For C. scabiosa, the minimal size
of intercellular air spaces was found in the northern
point of the Ural transect (1), in the area with minimal

climate aridity. E. virgata had minimal values of the
partial volume of intercellular air spaces in the north-
ern points of Urals and Volga regions (1, 3), and it
increased in more arid southern points of these
regions. For H. arenarium, this parameter did not
change significantly in different regions.

It was shown that individual cells and chloroplasts
parameters have high species specificity changes
depending on climatic conditions (Fig. 4). For
C. scabiosa with large size of mesophyll cells, cell vol-
ume significantly reduced with increasing climate
aridity. At the same time, small-cell leaves of species
E. virgata and H. arenarium possessed sustainable
cell size in different environmental conditions. Cell
number changed nonlinearly for C. scabiosa and
E. virgata, and reduced for H. arenarium under
increased climate aridity (Fig. 4b). Chloroplast size
showed little dependence on growing conditions, but
it differed significantly between species in all studied
locations. Chloroplast number per cell for C. scabiosa
declined under increased climate aridity following
the change of cell size (Figs. 4a and 4d). Chloroplast
number per cell in E. virgata was higher in both Volga
points, while it remained stable regardless of the cli-
matic conditions in H. arenarium.

Integral mesophyll parameters were stable for each
species in a wide range of conditions; however,
1.5−1.3-fold changes were marked in some areas,
which displayed a species-specific character (Fig. 2d).
For C. scabiosa in the northern point of the Urals (1),
Ames/A differed from that in other areas, while this
value declined in E. virgata in the southern point of the
Urals (2) compared to other areas. In H. arenarium,
Ames/A decline was observed in the most arid lands of
the Volga (4). The total chloroplast surface (AChl/A) in
all species along the aridity gradient changed similarly
to changes in the number of chloroplasts per unit area
(Figs. 2b and 2f). For H. arenarium and C. scabiosa, we
noted a decrease in the value of these parameters with
increasing aridity, while for E. virgata chloroplast
amount per leaf area and AChl/A were significantly
higher in the Volga region compared to Urals.

We found a strong dependence of the pigment
complex on species habitat latitude. Chl and Car con-
tent reduced in the direction of the southern latitudes
(Figs. 5a and 5b). The ratio of Chl a/b increased with
the change of the latitude, and the ratio of Chl/Car, on
the contrary, reduced. In addition, we did not detect
interspecific differences in the ratio of pigment forms
within each investigation region. In the southern point
of the Volga, Chl content per chloroplast in all species
had minimum values.

DISCUSSION
Characteristics of Leaf Parameters in Studied Species

We studied leave parameters (from the whole leaf
to the cellular level) in three species of steppe plants—
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Fig. 2. Leaf parameters: (a) leaf thickness, (b) number of chloroplasts, (c) LMA, (d) Ames/A, (e) LD, and (f) AChl/A of investi-
gated species from different geographical regions. White columns correspond to the Urals; gray columns correspond to areas of
the Volga region. (1) Middle Urals, village Beklenischeva; (2) Southern Urals, Troitsk; (3) Middle Volga, village Krasnoe Pole;
(4) Lower Volga, Kamishin. Data for H. arenarium in the point 2 (Troitsk) are absent. Latin letters denote the significant differ-
ences (P < 0.05) between species; the same letters indicate no significant differences. 
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C. scabiosa, E. virgata, and H. arenarium—in different
climate conditions. To the best of our knowledge there
was no literature on the photosynthetic structures of
organs and tissues on these species. In general, there are
scattered data on these parameters in steppe plant
leaves. For example, the Gobi steppe plants had average
thickness of leaf 500–600 μm, leaf area 1.1–1.4 cm2,
and LMA 800–1200 mg/dm2 [8]. Compared to them,
studied steppe species in the Volga region and in the
Urals possessed thinner and larger leaves with a
smaller surface density. These parameters of the leaves
of the studied species were more similar to the herba-
ceous plants from steppe and southern taiga of the
Urals [4, 19, 20]. At the same time, the number of cells
and chloroplasts per unit leaf area of studied steppe
plants were higher than the average number cells of
boreal plants with 400−600 × 103 cells and 8−12 ×
106 chloroplasts per 1 cm2 of leaf area [20]. Mean-
while, the number of photosynthetic cells and chloro-
plasts in the leaves of studied species draw near to the
Gobi steppe xerophytes [8] with cell number 1000–

1800 × 103/cm2 and number of chloroplasts 30–50 ×
106/cm2. For Tuva steppe plants with isolateral meso-
phyll structure, we found even greater value of the
number of cells: 2500–5400 × 103/cm2 and chloro-
plasts 30–95 × 106/cm2 [7]. We found that mesophyll
cell size of the steppe plants did not differ from the size
of leaf cells of the boreal or steppe plants in the Gobi
and Tuva. At the same time, it is often mentioned that
species from dry habitats are characterized by small
dimentions of mesophyll cells [13]. However, inter-
species comparison of plants of different ecological
groups showed no significant difference for cell size
between mesophytic and xerophytic species [21]. The
main differences were identified for integral parame-
ters of mesophyll: xerophytic species had higher val-
ues of Ames/A, AChl/A, and number of chloroplasts
per unit leaf area compared to mesophytes. In the
investigated species, high concentration of cells and
chloroplasts provided high values Ames/A and AChl/A,
which is 2−4 times higher than the average values of
these indicators for boreal mesophytes and were close

Fig. 3. Partial volumes of different tissue types for studied species: (a) Centaurea scabiosa, (b) Euphorbia virgata, (c) Helichrysum are-
narium. (1) Middle Urals, village Beklenischeva; (2) Southern Urals, Troitsk; (3) Middle Volga, village Krasnoe Pole; (4) Lower
Volga, Kamishin. Latin letters denote the significant differences (P < 0.05); the same letters indicate no significant differences within
a species for each type of tissue. j covering tissues; h intercellular spaces; j mesophyll; j sclerenchyma and conducting tissues. 

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
1 2 3 4 1 2 3 4 1 3 4

T
is

su
e 

vo
lu

m
et

ri
c 

sh
ar

e,
 %

Study sites

(а) (b) (c)

14a 14a
16a 16a 16a

15a18a

33a

31a18a

18a

59a
62a

48a 53a52a

43b

42b

33b

43b

35b

46b

24b

63a

37b
33b 34b

5a 5a
5a

4a 4a 4a6a 7b 7b 8b

20a
20a 17b

23b

21c

21a

5ab



RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 64  No. 3  2017

VARIATION OF LEAF TRAITS AND PIGMENT CONTENT 417

to the values of boreal mezoxerophytes [21] and xero-
phytes of steppes and the Gobi deserts [8]. An increase
of Ames/A and AChl/A, which characterizes value of
exchange surface for СО2 diffusion from intercellular
spaces to the places of carboxylation in the chloro-
plasts, has an important physiological significance in
plant adaptation to high insolation and water deficit
[16, 22]. It is characteristic that the species that we
studied did not differ in the values of these parameters
(Table 2). Indeed, the studied species are typical repre-
sentatives of forest-steppe and steppe plant communi-
ties and have similar ecological characteristics. Thus,
even if the integral parameters of mesophyll changed,
depending on the growing conditions, their values did
not go beyond the inherent ecological group [21].

The contents of pigments of plants from semiarid
and arid lands are usually described as low [23, 24].
For instance, chlorophyll content in 11 plant species
from dry steppe in the Khamar-Daban varied within
1.4–3.3 mg/dm2 [24]. At the same time in different
species of desert plants in the Karakum and Gobi, a
large variety of pigment content related to species pat-

terns was noted [23]. In these plants, Chl content
ranged from 1.7 mg/dm2 in Artemisia frigida Willd. to
6.2 mg/dm2 in Achnatherum splendens (Trin.) Nevski.
In our study, three plant species were characterized by
the double-spread values of Chl content depending on
the region (Fig. 5a)—from 2 to 5 mg/dm2, that is, in
the range known in the literature for plants of well-lit
and dry habitats [25]. Investigated species grow in typ-
ical habitats with a high level of insolation, where only
a small amount of pigment per unit leaf area was
enough for efficient absorption of sunlight.

Limits of Intraspecific Variation of Leaf Parameters

Plant species may differ from each other not only
on the values of leaf parameters but also on the range
of their variation. Variation degree may depend on the
studied feature—the structure of the low-order (chlo-
roplasts) is usually characterized by a lower level of
variation than the structure of higher orders (plant
leaves), and morphological parameters will vary less
than the biochemical parameters [12, 16]. Thus, in our

Fig. 4. Changes of parameters of (a, b) mesophyll cells and (c, d) chloroplasts in investigated species according to climate aridity.
Aridity index values: Middle Urals, village Beklenischeva—40; Southern Urals, Troitsk—30; Middle Volga, village Krasnoe
Pole—34; Lower Volga, Kamishin—20. The mean and standard error of the mean are shown. Triangles designate C. scabiosa, cir-
cles designate E. virgata, squares designate H. arenarium. 
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studies, index of variability for leaf area was 60–70%,
whereas that for chloroplast volume was in the range
14–25%. Earlier, significant variation in leaf size
within the species adapting to climate aridity was
shown [26]. Unlike leaf area, leaf thickness and den-
sity varied to a lesser degree: 8–26 and 14–45%,
respectively (Table 2). Content of photosynthetic pig-

ments per unit leaf area has been one of the most vari-
able indicators—index of variability was 50–70%.
Other authors also showed a significant level of intra-
specific variation of Chl content per unit leaf area [18,
24, 27] and in chloroplast [27]. The parameters of cells
and chloroplasts in three species had an average level
of variation, in the range 30–50%. Cell number in five

Fig. 5. Changes of chlorophyll (Chl) and carotenoid (Car) content per (a, b) unit leaf area, (c, d) ratio of pigments, and (e) Chl
content per chloroplast in the studied species of steppe plants depending on latitude. The mean and standard error of the mean
are shown. r—correlation coefficient. One asterisk denotes correlation coefficient significance for P < 0.05, two asterisks shows
that for P < 0.01. The solid line is the regression line for all species. Triangles designate C. scabiosa, circles designate E. virgata,
squares designate H. arenarium. 
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boreal species in contrasting conditions of humidifica-
tion varied in the range 35–60%, and cell size varied in
the range 6–39% [10]. The range of chloroplast num-
ber did not exceed 30% of the cell, which is consistent
with the existing ideas about the stability of this index
for the species [16]. Generally, intraspecific variation
in the quantitative parameters of photosynthetic tis-
sues under the influence of climatic conditions was
20–40%, and this range was much lower than interspe-
cific differences of plants of different ecological groups
within the boreal zone [21] or differences between com-
munities in different climate zones [2, 4, 19]. When
analyzing the 629 plant communities, it has been
shown that intraspecific variation in plant functions
was 25% of the level of variation of these parameters
within the community and 32% of the total variation
among communities [12]. Thus, the level of intraspe-
cific variation of mesophyll structure and functions,
due to the species adaptation to climate change, was
significantly lower than the mean differences between
the communities formed in different climates.

Rate of change in leaf mesophyll parameters may
also depend on the species environmental features,
such as the type of its environmental strategy [10]. In
plants with ruderal type of strategy, size of cells
changed, whereas number of cells varied increasingly
in plants with high competitiveness [10]. Other studies
have shown that the volume of mesophyll cells was
largely determined by a vital form [28] and was the
genetically determined feature [11]. In our study, the
size of cells and chloroplasts and their variation were
species-specific. C. scabiosa differed by large meso-
phyll cells, the volume of which largely changed
depending on growth conditions, more than the num-
ber of cells per unit leaf area (Figs. 4a, 4b). Two other
species had small mesophyll cells, the size of which
varies less than their number. In our opinion, the
mesophyll cell sizes and the range of their varying are
the result of adaptive evolution of these species, while
the integrated parameters of mesophyll and pigment
content were more dependent on the growing condi-
tions. At the same time studied species differed in the
structural mechanisms of formation of integral leaf
parameters at adaptation to climate.

Formation Mechanisms of Leaf Parameters
for Steppe Plants’ Adaptation to Climate

Patterns of the whole leaf are in close relationship
with its internal structure and biochemistry. For
instance, LMA depends on the thickness and density
of the leaf, which can be varied independently [6].
LMA depends on the leaf anatomy: sclerenchyma
fraction, thickness of cuticle and epidermis, mesophyll
cell packing density, and also thickness of cell walls
and degree of pubescence [1]. As a rule, in the warmer
and arid lands, LMA increased compared to humid
areas both at the community level and at the species
level [5, 6]. LMA demonstrated a positive correlation

with temperature and a negative correlation with rain-
fall [6, 19]. However, the behavior of LMA in the
steppes along the aridity gradient is not linear; it may
be due to changes in zonal patterns of leaf structure
characteristic of the species community [19]. One rea-
son for LMA change is the change in the portion of
nonphotosynthetic tissue leaves and the density of the
leaf tissue layers [2, 4]. Another mechanism of LMA is
changes of mesophyll cell structure [20].

Analysis of the data showed that there were no clear
patterns in LMA change due to climate aridity in three
steppe species. LMA values were stable enough for the
species in the majority of areas (Fig. 2c). Of all exter-
nal leaf parameters, only LD changed in a similar
manner in all species (Fig. 2e). We showed an increas-
ing LD in species of the Volga region compared to the
Urals. Perhaps this is due to higher mean annual tem-
perature in the Volga region (Table 1). We recorded
LD maximum values for each species in the desert
steppe of the Volga region, in a site with maximum
temperature and climate aridity. In this site for each
species, there was also an increase in the proportion of
sclerenchyma and conductive tissues in the leaf (Fig. 3),
which confirms a direct impact of the proportion of
nonphotosynthetic tissue and leaf density. However,
internal causes of LMA and LD changes in the studied
species were different.

For C. scabiosa, LMA increased only in the most
arid area: in the true steppe of the Volga region. This
occurred due to increased LD without the change of
leaf thickness. One more reason for LD increase in
this species, except for increasing proportion of scler-
enchyma, can be a significant reduction in cell size,
found along the aridity gradient (Fig. 4a). Reducing
the volume of the cell increases the cell wall fraction in
the mass of the leaf [29], which leads directly to an
increase in leaf density. In E. virgata, LMA increase in
the southern point of the Urals occurred at the
expense of increasing the thickness of leaf without
changing LD. In turn, an increase in the leaf thickness
was accompanied by an increase in the amount of leaf
sclerenchyma without changing it’s partial volume. In
two points of the Volga region, high values of LMA in
this species were maintained by the increasing of the
LD. The rise in LD was also due to increased cells and
chloroplasts contents per unit leaf area. In H. arenar-
ium, as well as in other two species, in the most arid
point of the Volga, LD increased by reducing the
thickness of the leaf, while LMA remained stable in all
studied regions. Thus, the mechanism of LMA and
LD formation was complex comprising changes in the
ratio of tissues and mesophyll cell packing, and it
depended on the species. Examination of this mecha-
nism may reveal functional differences between spe-
cies and largely explain different responses to changing
environmental conditions.

It is generally believed that changes in the anatom-
ical structure of plant leaves during drought consist
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mainly in reducing cell size [27]. In our studies, only
one species C. scabiosa observed a significant, twofold
decrease in the volume of mesophyll cells with
increasing climate aridity (Fig. 4a). Two others
changed cell concentration per unit leaf area. There is
a certain balance between the size and the number of
cells in the leaf [6, 29, 30]. Cell volume and cell num-
ber in the mesophyll linked inversely, which deter-
mines the complex mechanism of LMA and leaf thick-
ness formation. The increase in cell volume leads to an
increase in leaf thickness, which positively influences
LMA rise [29]. On the other hand, increasing the cell
size usually accompanied by a decrease in their num-
ber per unit leaf area, thereby reducing LMA.

A certain size ratio and the number of cells also affect
the formation of integral mesophyll parameter: the total
cell surface area per leaf area unit (Ames/A) [10]. In our
study, Ames/A had dependence on the climatic growth
conditions not common to all species. Moreover, for all
species studied, Ames/A was stable in the majority of
areas and significantly changed only in one region
(Fig. 2d). In this case, each species had its own cellular

mechanism of Ames/A changes based on the changes in
the size and number of cells. For C. scabiosa, high values
of Ames/A were in an area with minimal aridity, in the
northern point of the Urals (1) (Fig. 2d), defined by the
maximum cell volume (Fig. 4a). For E. virgata, in the
southern point of the Urals, Ames/A reduced due to the
reduction in cell number, while maintaining their size.
For H. arenarium, in the southern point of the Volga,
significant decrease of Ames/A was the result of reducing
cell number per unit leaf area.

Despite the different mechanisms of mesophyll
restructuring depending on environment conditions,
general rules of changing the ratio of the integral
parameters in mesophyll were identified. The decline
of Ames/A was accompanied by an increase in the pro-
portion of intercellular air spaces (Fig. 6a). This rela-
tionship between the two parameters was saved
regardless of species and habitat geography, allowing
us to make the assumption of the universality of the
mesophyll change mechanism along ecological and
geographical gradients. Increase of intercellular air

Fig. 6. Relationship between the parameters of photosynthetic tissues of three steppe species: (a) proportion of intercellular spaces
and Ames/A; (b) content of Chl (a + b) and proportion of chlorenchyma; (c) content of Chl (а + b) and number of chloroplasts
per unit leaf area; (d) content of Chl (а + b) per unit leaf area and Chl content per chloroplast. The solid line is regression line for
all species. r—correlation coefficient. Asterisk denotes correlation coefficient significance for P < 0.05. Triangles designate
C. scabiosa, circles designate E. virgata, squares designate H. arenarium. 
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spaces leads to an increase in the free cell surface not
occupied by cell−cell contact [28], which increases
CO2 transport velocity across cell surface. We assume
that, for a particular species, the ratio of parameters at
different structural levels of leaf organization was
important. If Ames/A reduced without leaf thickness
changes, as in C. scabiosa or under its increase as for
E. virgata, the proportion of free cell surface increased
and improved conditions for СО2 transport across the
surface of mesophyll. Thus, for these species, when
changing the environment conditions, Ames/A
decrease could be compensated by an increase in CO2
transport velocity per unit leaf area. If Ames/A decline
occurred with a decrease in leaf thickness (H. arenar-
ium in the southern point of the Volga), the proportion
of free surface did not change, and the conditions for
diffusion were worse. In this case, in order to maintain
growth processes and productivity, decline in photo-
synthetic capacity per unit area could be compensated
by the increase in leaf area. For H. arenarium in the
southern point of the Volga, leaf area truly increased
almost two times, from 1.6 to 2.6 cm2, while leaf area
reduced in the other two species in the more southern
point of the Volga: from 86 to 24 cm2 for C. scabiosa
and from 4.3 to 3.1 cm2 for E. virgata.

Another mechanism for the regulation of the pho-
tosynthetic capacity of the leaf is the restructuring of
plastid apparatus associated with the change in the
number of chloroplasts and chlorophyll content. In
the investigated species, we showed reduced content of
chlorophyll from north to south along the geographic
transects of the Urals and the Volga regions and, in
general, depending on the latitude (Fig. 5a). Reduc-
tion of chlorophyll content of the plants at low lati-
tudes may be due to the protection of the photosyn-
thetic apparatus against high insolation and overheat-
ing [23, 25]. In addition, for three species, we observed
common features of the change in the balance of pig-
ments, namely the reduction ratio Chl a/b and
increased Chl/Car ratio in a southerly direction along
the latitudinal gradient. These patterns correlate well
with the data obtained for five steppe communities
located along a latitudinal gradient in the Southern
Urals [25]. Changing ratio of pigment forms was asso-
ciated with rearrangement of the light-harvesting
complex inside chloroplasts [25], while changing Chl
content per unit leaf area usually occurred due to
quantitative changes of cells and tissues [16]. Interspe-
cies comparison showed that total Chl content was
directly proportional to the volume of chlorenchyma
fraction in a leaf [4, 23]. Positive correlation between
these parameters was also found in our study (Fig. 6b).
Toward southern latitudes, the decrease in Chl con-
tent of per unit leaf area has been associated with a
reduction in the Chl content of a single chloroplast,
but it did not depend on the number of chloroplasts in
a leaf (Figs. 6c, 6d). In general, Chl content in chloro-
plast is an important factor that differs in different spe-

cies according to their environmental features [16].
For instance, for herbaceous plants in broadleaf for-
ests, this parameter was 4−10 mg per 109 chloroplasts,
while the value for steppe plants varied in the range of
0.4−3.0 mg per 109 chloroplasts [7, 16]. According to
Mokronosov [16], some desert xerophytes contained
only 0.2−0.3 mg Chl per 109 chloroplasts. Thus, the
reduction of Chl content in the chloroplast may be
associated with the adaptation of steppe plants to
increased insolation and water deficit.

Thus, the analysis of quantitative parameters of
photosynthetic tissues of three species of steppe plants
showed that intraspecific variation under the influ-
ence of climatic conditions was 20–40%. This range of
variation is much lower than interspecific differences
of plants of different ecological groups and the differ-
ences between the mean values of communities
formed in different climates. We obtained similarly
changes of LD and pigment content per unit leaf area
in all species under climate change. LD increased with
an increase in mean annual air temperature and cli-
mate aridity. This was due to an increase in the pro-
portion of leaf nonphotosynthetic tissues and packing
density of mesophyll. With decreasing habitat latitude
and, thus, increasing climate aridity, a decrease in pig-
ment content per unit leaf area for all species was
mainly due to a decline in their content in chloroplast.
In addition, we identified a total for three species pat-
tern of changes in the ratio of integral parameters of
mesophyll: Ames/A decline was accompanied by an
increase in the proportion of intercellular air spaces.
At the same time, we found different mechanisms of
structural adjustment of mesophyll. For C. scabiosa
with relatively large cells, Ames/A variation was due to
changes in mesophyll cell size. For small-cell species
E. virgata and H. arenarium, Ames/A and AChl/A varia-
tion was due to a change in the number of cells and
chloroplasts while maintaining their size. Thus, the
result of leaf mesophyll restructuring was the forma-
tion of certain values of integral parameters required to
optimize gas exchange of a plant in specific climatic
conditions.
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