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Abstraet. The plants of two herbaceous specief, namely IZulmonaria officinal@ L. and ~qymphytum 
tuberosum L., growing in two deciduous forests in SW. Slovakia, were used for analysis of ana- 
tomic-physiological gradients along the insertion level of individual leaves. The gradients were 
established for six leaf characteristics. Specific leaf area and development of leaf area increased, 
while leaf tissue hydration, degrees of succulence and consistency decreased with height of 
insertion of leaves upon the stems. The gradients indicate the decreasing of the leaf water content 
and dry mass with height of the leaf on the stem. S~omatal resistance was usually the lowest 
in basal leaves and the highest in apical leaves of the plant. The anatomic-physiological hetero- 
geneity of leaves of a plan~ is largo and cannot be neglected in any anatomical or physiological 
investigations. 

Ana tomica l  and  physiological  he t e rogene i ty  of leaves of  the  same p l an t  
has been  known,  in general ,  and  f r equen t l y  i n t e rp re t ed  as ZALENSXIi'S L a w  (cf. 
MAXIMOV 1929). I t  considers the  he t e rogene i ty  as a func t ion  of  the  d is tance  
of  a leaf  f rom a roo t  sys tem.  

The  he te rogene i ty  inves t iga t ions  were p r e d o m i n a n t l y  concen t r a t ed  on the  
s t u d y  of  the  ana tomica l  he t e rogene i ty  of  leaves, n a m e l y  s toma ta l  appara tus .  
Very  l i t t le  a t t en t i on  has been devo t ed  to  the  s t u d y  of  the  physiological  
he t e rogene i ty  of  the  leaves of  a p lan t  (cf. FARKAS and  RAJHXT~Y 1955, 
WXLSON 1977). Recen t ly ,  i t  was d e m o n s t r a t e d  in P h r a g m i t e s  c o m m u n i s  b y  
RYCH~COVSKX (1967) in an excel lent  form.  The  analysis  of  t h e h e t e r o g e n e i t y  
of leaf  sets of  a single p lan t  is an  i m p o r t a n t  methodologica l  s tep which 
affects  all sorts  of  eco-physiological  analysis  of the  p lan t  as well as correc t  
i n t e rp re t a t i on  of  the  resul ts  ob ta ined .  

The  var ia t ions  of values used for character is ing leaf  va r i a t ion  wi th  inser t ion 
level can be well expressed  as gradients  according to  the  def ini t ion of  P~AT 
(1948): " A  gradien t  is a progressive va r i a t ion  of  a fac to r  in func t ion  of  the  
pos i t ion ."  The  aim of  this  con t r ibu t ion  is to  d e m o n s t r a t e  the  grad ien ts  of  
six eco-physiological  leaf  character is t ics  along the  inser t ion  level of  indi- 
v idua l  leaves on the  s tems of  two forest  herbs.  
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MATERIAL AND METHODS 

Two forest herbaceous species, namely t)ulmonaria officinalis L. and 
Symphytum tuberosum L., were chosen for the analysis. In  the spring period, 
they  form 20 to 30 cm high flowering shoots with 4 to 6 leaves. The first 
species also has a ground rosette with 3 to 5 large leaves. In  April 1976, the 
plants were collected from spring synusia on the forest floor in two dif- 
ferent localities : 

A) an oak-hornbeam forest at the village of Bs near Nitra in SW. Slo- 
vakia, which formed one of the research areas of the Internat ional  Biological 
Programme in Czechoslovakia (cf. JURKO and DUDA 1970). 

B) a n  oak-hornbeam forest at Bratislava-~elezns Studienka in SW. 
Slovakia situated in the southern part  of the Little Carpathian Mountains, 
which have been included into Project  No. 2 of the programme Man and 
Biosphere as one of the Czechoslovak national projects (UNESCO, Project  
No. 90). 

Twenty  discs with a diameter of 8 mm were cut off from each leaf blade 
of ten plants of each species. The following leaf characteristics were cal- 
culated from the disc area, mass as well as water content values: 

1) leaf tissue hydration,  expressed as leaf water content  in percentages 
of leaf dry  mass; 

2) degree of succulence (leaf water content/Jeaf area); 
3) specific leaf area (leaf area/leaf dry  mass); 
4) degree of consistency (leaf dry mass/leaf area); 
5) development of leaf area (leaf area/leaf fresh mass). 

For furtrmr data  see E L I ~  (1979). In  Tables 1 to 3 actual values are 
presented, while in Figs. 1 and 2 gradients are expressed graphically in 
relative values as percentages of the maximum and of total  variation above 
the minimum. The latter values were calculated in the same way as in MIGAItID 
and ABU I:~AYA (1952) and PAZOV~EK (1966). 

Diffusive resistance of s tomata was determined by a Lambda LI-60 S 
diffusive resistance meter with horizontal sensor in the intact  plants grow- 
ing in natural  conditions of forest stands. 

Light conditions within the deciduous forests were favourable because 
leaves were not yet  present on trees and shrubs. Soil moisture content  in 
upper horizons was close to maximum capillary capacity. 

RESULTS AND DISCUSSION 

Absolute values of leaf characteristics determined for Pulmonaria officinalis 
are given in Tables 1 and 2. Specific leaf area and development of leaf area 
increased while other leaf characteristics (leaf tissue hydrat ion,  degree of 
succulence and degree of consistency) decreased with height of the leaf on 
the stem. The leaves of the ground rosette also differed: the oldest (and 
largest) leaf exhibited, in comparison with the youngest one, lower leaf 
tissue hydration,  development of leaf area as well as degree of consistency, 
but  it has a higher degree of succulence and specific leaf area (cf. Table 1, 
plants from Bs forest). In  other determinations of the leaf characteristics 
(see Table 2) similar tendencies were obtained. Gradients of relative values 
of the characteristics are graphically expressed in Figs. 1 and 2. 
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46 P. ELI~  

In Sym~hytum tuberosum the gradients of the leaf characteristics were 
similar as in Pulmonaria officinalis, except for leaf tissue hydration 
and degree of consistency (c/. Table 3). 
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Fig. 1. Gradients of the mean values of five leaf characteristics in six successive leaves of the 
flowering shoots of Pulmonaria of ficinalis L. The characteristics are given as percentage of the 
maximum (maximal values ~ 100 %). Ordinate: percentage of the maximum, abscissa: leaf 
inserbion level (from base to apex of shoot). --  1 (Q) --  leaf tissue hydration; 2 (/k) --  degree 
of succulence; 3 ([-]) -- specific leaf area; 4 (A) --  degree of consistency; 5 (O) --  development 
of leaf area. 
Fig. 2. The same gradients as are shown in Fig. 1, given in total variation above the minimum 
(minimum = 0 %, maximum ~ 100 %). For legend see Fig. 1, oxcept~ ordinate ( =  poroont~es  
of total  variation above the minimum). 

Higher water content in leaves (in ~/o of dry  mat ter  as well as per area) 
inserted lower upon a stem, in comparison with those inserted higher, cor- 
responded with gradient of water  deficit in plant tissues (cf. e.g. PosPf~z- 
T,ovA 1974). This is a result of friction resistances (see RTCET~R 1973) and 
occurs also in plants with stable water  balance as well as under the conditions 

T~L~L~. 3 
Five leaf indices in successive loaves of flowering shoots of •yrnphytum tubsrosurn L. growing 
1976). Moans and ranges of absolute values are given 

Leaf numbered Leaf tissue Degree of 
from shoot hydration succulence 

apex [% d.m.] [mgw.e. cm -2] 

I. 548.75 14.93 
527.7--569.9 13.6--16.2 

II .  534.9 15.43 
515.5--554.3 15.2--15.7 

HI .  525.6 15.90 
513.6--537.7 15.3--16.5 

IV. 580.1 18.32 
555.7-- 604.6 16.7-- 20.0 
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of sufficient water supply, e.g. in plants growing in a fishpond and its littoral 
zones (cf. e.g. Ru 1967). 

KRAS~OS~L'SKAYA-MAXS:MOVA (1917) was the first to discover that  leaf 
water content diminished with leaf height on stem. Her results were con- 
firmed later by YAPr and MASON (1932), MIGAE:D and ABU RAYA (1952), 
FARKAS and RAJHXT~Y (1955) and many other investigators. 

The same character of the gradients, both the degree of succulence and leaf 
tissue hydration, supported the facts discussed above. I t  indicates that  
the gradient of leaf tissue hydration was not a result of the differences in 
dry matter  content in successive leaves on the stem. Similarly, FARKAS and 
RAZHXTEY (1955) found a higher degree of succulence in lower leaves 
compared with upper ones. 

The dry mass of leaves decreases with the increasing leaf insertion height 
as is indicated by gradients of degree of consistency. Leaves at the stem 
base contains more dry mass than  leaves at the stem apex. The increasing 
of the values of specific leaf area with height of leaf insertion confirmed the 
results introduced above. FARKAS and RAJHXTHY (1955) did not find signifi- 
cant differences in degree of consistency ("Hartlaubcharakter") between 
the upper and lower leaves. 

Our results are not in absolute agreement with the statements of ZAL~N- 
SK:i'S Law. The large development of both transport  and mechanical tissues 
in upper leaves, as it assumes, should be shown in higher dry matter  of 
these leaves and, hence, also in higher values of degree of consistency and 
lower values of specific leaf area. But our results did not show the gradients 
of those characters. The character of the anatomical-physiological gradients 
along the insertion height of individual leaves appear to depend both on 
species and environmental conditions. This assumption is supported by 
our present results as well as the results of many other investigators, e.g. 
RYCHNOVSKX (1967), PAZOUREK (1970, 1973), ELI_~ and KOZINKA (1976), 
W:LSON (1977). 

Our porometric measurements of diffusive resistance of abaxial epidermes 
in successive leaves of lOulmonaria officinalis and Symphy tum tuberosum 
shoots did not show simple, one-direction gradients of stomatal resistance 
(cf. Table 4). However, the lowest stomatal resistance was most frequently 
found in the basal leaves of the shoots. Resistance of adaxial epidermis was 

in spring synuzium of an  oak-hornbeam forest aO Brat is lava--2eleznA S6udienka (April 27, 

Specific leaf Degree of Development 
a r e a  consistency of l e a f  a r e a  

[ram 2 mgd.m.-l] [toga.re. om =2] [era 2 mgt.m. -1] 

36.91 2.72 5.70 
35.1--38.7 2.6--2.9 5.2--6.1 

34.66 2.89 5.46 
33.9-- 35.4 2.8-- 3.0 5.4-- 5.5 

33.66 2.82 5.31 
32.5--34.8 2.8--2.9 5.1--5.5 

32.04 3.18 4.71 
27.8--36.3 2.7--3.6 4.2--5.2 
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TABLE 4 
Diffusive resistances of abaxial epidermes of four successive leaves on the flowering shoots of 
two forest herbaceous species. Porometric measurements were made during midday hours on 
April 14, 1976 in an oak-hornbeam forest at  Bratislava--~elezn{~ Studienka. Absolute values in 
s om -1 are given for three individual planbs of each speoies investigated 

Leaf  insertion level (from shoot apex) 
Plant  

I. II .  I II .  IV. 

Pulraonaria o]]icinalis 

A. 4.69 4.84 6.36 3.41 
B. 4.60 4.09 3.66 5.57 
0. 3.46 3.04 3.41 2.92 

Mean 4.25 3.99 4.45 3.96 

Symphytura tuberosum 

A. 2.18 1.97 1.32 0.74 
B. 1.87 0.77 0.98 0.06 
C. 2.85 1.63 2.20 2.11 

Mean 2.30 1.46 1.50 0.97 

in both species higher than of abaxial epidermis with stomata,  e.g. in Sym- 
phytum tuberosum, the same leaves exhibited in adaxial and abaxial epidermis 
12.62 (range 9--16) s cm -1 and 2.73 (1.3--3.6)s  em -1, respectively. In  
Pulmonaria officinalis, lower stomatal resistance was determined in leaves of 
ground rosette as compared with tha~ in leaves of flowering shoots. In  the 
same group of leaves, resistance of adaxial and abaxial epidermes of rosette 
leaves was 86.43 (range 50-115) and 2.39 (1.6-3.2) s cm -1, respectively. But  
in the other, large group of rosette leaves, the latter was 3.04 (range 1.6 
to 5.6) s cm -1. 

As ZALE~SKIi'S Law states the leaves inserted higher on the stem exhibit 
a higher number  and smaller size of s tomata than  leaves inserted lower. 
Then, lower stomatal  resistances will be expected in apical leaves of the 
plant. However, the correlation between both s tomata  density and size and 
stomatal  resistance is not  simple, viz. linear. This fact was demonstra ted e.g. 
by HEICHEL (1971) and JONES (1977) for crop plants or by  DAWES and 
KOZLOWSKI (1974), DAVIES et al. (1974), KOZLOWSKI et al. (1974) and P~- 
REIRi and KOZLOWSKI (1976) for seedlings of several coniferous and de- 
ciduous tree species. Transpiration rates of species investigated were not  
consistently related to stomatal frequency, pore size, or relative pore area. 
Other factors must  be considered in the interpretation of the differences 
observed b y t h e  authors, e.g. leaf cuticle and external euticular waxes (Koz- 
LOWSXI et al. 1974). 
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