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1. INTRODUCTION

1.1. STATEMENT OF THE PROBLEM

This study was initiated as an attempt to elucidate the differences in the
photosynthetic rates of sun and shade leaves in relation to their environment.
The incentive to this research was an experiment, published in 1956 (WASSINK,
RicHARDSON and PiererS), which demonstrated that sun and shade leaves of
sycamore could be produced by cultivation of voung plants at different light
intensities. This was confirmed by data of B6HNING and BurNsIDE (1956) and
BUrNSIDE and BSHNING (1957) on the photosynthetic characteristics of leaves
of a number of ombrophilic and heliophilic plants, grown at high and low light
intensities.

The problem of sun and shade leaves has been treated phenomenologically
by a large number of investigators, and a huge amount of literature on the
subject exists. Direct experimental approaches to find a basis to explain physio-
logically the development of these differences between sun and shade Icaves are
few (cf. BroRKMAN and HOLMGREN, 1963). Tt therefore appeared justified to
make a new attempt and to continue our earlier work.

The main problems, encountered during this research, were in the measure-
ment of photosynthesis in CO,-¢nriched air, and in the cultivation of the plants
under conditions, controlled as fully as possible. Initially, apparatus to measure
CO, concentrations continuously with appropriate accuracy was not available,
The katharometer was, therefore, developed into a very accurate piece of labora-
tory apparatus for this purpose (PieTERS, 1971). The large variability found in
the maximum rates of photosynthesis of the leaves compelled us to spend a
considerable time in finding its causes. It soon became clear that there was a
parallelism between this variability and that of other leaf characteristics
(PiETERS, 1962). The mentioned variability may be ascribed partly to the cul-
tural conditions of the plants and partly to difficulties encountered with the
assimilation chamber climate during the measurement of photosynthesis. When
improvement of the cultural conditions was achieved, larger plants with larger
leaves and higher photosynthetic capacities and a higher chlorophyll content
were produced. The irradiation intensities, needed to saturate the photosyn-
thetic apparatus, increased steadily and enlarged the problems of cooling the
leaves in the assimilation chamber. This led to a study of the errors involved in
the measurement of leaf temperature with thermocouples in the assimilation
chambers (PIETERS, 1972a; PIETERS and SCHURER, 1973 ; SCHURER and PIETERS, in
preparation).

The main problem, however, has been that the cultivation of a plant is an
art, which is basic for the progress of developmental physiology (cf. HEATH, 1969;
WAaREING and PHILLIPS, 1970). One of the main elements is the adequate control
of the root environment. Stresscs in the root environment cause variability in
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the characteristics of the leaves. It is not improbable that this variability can be
used as an indication of the degree of deficiency of the root environment and
thus also as a guide to the improvement of this environment, necessary for the
cultivation of what has been called in this paper ‘optimal plants’, viz. plants,
the growth of which is not limited by supplies from the roots. Only when the
growth of a plant is restricted by its own genetically determined physiological
limitations, it reveals the characteristics of its own growth pattern. Any limita-
tion imposed by root environment, induces deviations of this primary develop-
mental pattern so that the mature plant characteristics are greatly deteriorated.

In this paper, mainly the data on growth of leaves, petioles and internodes of
‘optimal’ plants grown at different light intensities and temperatures are pre-
sented. Results of a study of the development of the photosynthetic apparatus
of the leaves will be presented in Ch. 7. The data obtained suggest that leaf
thickness and photosynthetic capacity are linearly related, as if the cells making
up the thickness of the leaf, possess similar photosynthetic properties.

1.2. DISCUSSION OF SOME RELATED LITERATURE

This thesis deals mainly with the growth and photosynthesis of leaves, but
also includes data on the growth of petioles and internodes. To produce here a
review on the growth of leaves would not be very useful, because this has been
done several times (MILTHORPE, 1956; HUMPHRIES and WHEELER, 1963 ; CUTTER,
1965 and ALLsoPP, 1965). The review of heteroblastic development in Cormo-
phytes by ALLSOPP is of special interest, because his reasoning is similar to that
developed here. This discussion may, therefore, be limited to some main pro-
perties of sun and shade leaves and the controversies in the literature about
them,

Differences between sun and shade leaves are found in their morphology,
anatomy and physiology, and are due to the interaction between the plant and
its environment. The way in which a plant interacts with its environment is an
outcome of its genetic make-up (NELSON and POSTLETHWAIT, 1954; CUTTER,
1965; WAREING and PHiLLIps, 1970). According to Br6rRkMAN and HOLMGREN
(1963), the possibility of genetic adaptation to the habitat also exists.

Sun leaves are commonly thicker than shade leaves. This is due to greater
elongation of the palisade parenchyma or by the formation of more layers of
cells in the mesophyll of the leaf (DUFoUR, 1887; PIETERS, 1962; BISRKMAN and
HoLMGREN, 1963; ZIMMERMANN, 1971), Therefore, sun leaves possess higher
specific leaf weights (MILTHORPE, 1956; WassSINK, 1969; BENSINK, 1971;
CALLAGHER and LoOF, pers. comm.) or lower leaf area / leaf weight ratios. It is
generally accepted that light is one of the main factors determining the relative
development of the mesophyll (Esau, 1962}, although competition may also be
involved (MILTHORPE, 1256). Xeromorphic leaves also have a more strongly
developed palisade tissue than mesomorphic leaves (WATsoN, 1942; SHIELDS,
1950; Esau, 1962). The way in which water shortage is connected with these
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effects is not at all clear (WANGERMAN, 1961). ByoRKMAN and HOLMGREN (1963)
report that the rate of light saturated photosynthesis increases with increasing
xeromorphy.

Leaf area is also influenced by light intensity, but the reports in literature are
not unequivocal. lumpHRIES and WHEELER (1963) mention that leaf area may
increase with decreasing illumination and may not decrease until a level of
12% of daylight has been reached (BLACKMAN and WILSON, 1951), but MiLTH-
ORPE (1943) found that the leaf area of flax consistently declined with decrease
of light intensity. The size of the leaf is often found to show an optimum with
light intensity (WAssiNk, 1969; BENSINK, 1971). BISRKMAN and HOLMGREN
(1963) investigated the growth and development of several leaf characteristics
in plants adapted to sun-exposed or shaded habitats. They found that the leaf
size of strains of plants, adapted to shaded habitats, was negatively correlated
with irradiation during cultivation, and that in plants, adapted to sun-exposed
habitats, leaf size was positively correlated with irradiation level during culti-
vation. At the same time xeromorphy is related to smaller leaf sizes by smaller
mature cell sizes and smaller number of cells, A similar effect is seen in leaves
of plants having nutrient deficiencies (FERNANDO, 1958 ; PEARSE, 1960; NEwWTON,
1963),

Chlorophyll content per unit area also depends on light intensity and a great
many other conditions such as temperature, age, nutrition and water availability.
The reaction to irradiation is ambiguous; it is generally accepted that the
chlorophyll content of the leaves decreases with increasing irradiation levels,
at least on a leaf weight basis, although the opposite has also been reported.
These opposing reactions compelled MoNTFORT and KREess-RICHTER (1950)
to distinguish between photolabile and photostable plants. Also BiorkmaN and
HoLMGREN (1963} established these differences in type of reaction in their plants
from different habitats: plants adapted to exposed habitats (photostable type)
increased their chlorophyll content (on a leaf area basis) with increasing light
intensities, while plants from shaded habitats (photolabile type) showed the
opposite reaction.

Size of the leaf also shows an optimum in relation to position on the stem,
usually the largest leaves being in the middle region of the stem. However it is
not known whether this is because of leaf position or plant age (HuMPHRIES and
WHEELER, 1963; GROEN, 1973). It may be of interest to investigate the develop-
ment of leaf characteristics under such conditions that mutual shading of the
leaves is largely excluded.

In our work, variable reactions of leaf characteristics have also been found
in one and the same species or clone: e.g., in seedlings of sycamore (which are
held to be ombrophilic) and in clones of poplar (which are held to be helio-
philic), and in many other species. This variability was one of the greatest
difficulties encountered in this investigation, but gradually over the years,
variability diminished as a consequence of improvements in the root environ-
ment. Now, our thickest, greenest and largest poplar leaves (length 24 cm) with
the highest photosynthetic capacity can be cultivated only at our highest light
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intensity, and it may be questioned whether the different reactions on exposure
to different light intensities of ecotypes, as described by BI6RKMAN and HoLm-
GREN (1963), are really a direct effect of light on the growth of plants or a
secondary effect on growth via the water and ion balance of the plants, resulting
in xeromorphy (see their fig. 10 with the deteriorated chloroplasts).

DAUBENMIRE (1947) produced a list of properties of sun and shade leaves (the
light factor) and of mesomorphic and xeromorphic leaves (the water factor).
The similarity between the properties of sun leaves and xeromorphic leaves is
striking, and stresses, once more, the conclusion that it is not easy to distinguish
correctly between the direct growth stimulating effect of light and the secondary
growth retarding effect via the induction of xeromorphism. The interaction of
light and water stress are thought to explain a number of the discrepancies in the
literature about the growth of leaves.
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2. METHODS

2.1, THE CULTIVATION OF THE PLANTS

2.1.1. Plant materials

During the investigations the following plants were used: birch, limetree,
lettuce, bean, tomato, duckweed, sycamore and poplar, The results, presented
in this study are mainly based on Populus euramericana (DODE) GUINIER ‘Ro-
busta’ and partly on Populus raverdeau, Acer pseudoplatanus L., and Acer
platanoides L.

2.1.2. Cultivation

Initially, the plants were cultivated on subirrigated gravel culture in glass
tubes (50 ¢cm long and 5 cm diameter), as described by RicHARDSON (1953). This
system only functioned well at low levels of irradiation. High levels of irradia-
tion led to a gradual reduction in area of successive leaves to such an extent that
ultimately only bractae remained at the stem, leading to death of the plant
{sycamore). Cultivation in soil improved the quality of the plants at high light
intensities, although a large variability in the plant characteristics remained.
A further improvement could be obtained by changing over to a subirrigated
gravel culture in 12 liter black buckets. Later on buckets were replaced by
square containers (25 x 25 X 33 cm), made of thermosealed polyethylene
plate (Hostalit Z, HoecHsT, Plates I and II}. A side tube was molded into the
buckets or containers near the base through which nutrient solution was
pumped into the containers and could flow out afterwards. Four containers
with one plant in each were placed in a row on a trolley, together with a large
polyethylene container from which nutrient solution could be pumped (water
pump: CEM parvex, France) via a manifold of sufficient diameter (3,5 cm) and
narrow plastic tubing (1.6 cm bore) into the plant containers. The amounts of
solution pumped into each plant container were equal because of the symmetry
of the system. The large container was filled with nutrient solution to a grade
mark and contained just enough solution to fill the plant containers to a pre-
determined height. Once or twice a day, the large container was replenished to
the grade mark with tap water, This method functioned satisfactorily and its
simplicity was an advantage. Still, there were also some disadvantages: part of
the root system could be damaged, when the nutrient solution did not reach the
predetermined height, because the large container was not adequately replenish-
ed with water, owing to technical disturbances, or root growth blocked the
tubing; all this causing variability in the growth of stem and leaves. For these
reasons, an overflow was added to the plant container (2.1 cm bore), and the
amount of nutrient solution doubled, which added security to the system.

To prevent gravel entering the pump and tubing system, the outlets were
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provided with oblong filters, which added little resistance to flow of the nutrient
solution. Initially, these filters were made of fine bronze gauze, which some-
times corroded severely. Recently, they have been replaced by plastic filters
{+GF+, type 21.305 N), in order to prevent corrosion products to harm the
plant growth and thus add to variability.

Initially, subirrigation was applied 3 times a day; later on the plants were
irrigated automatically two times per hour for 5 minutes. The solution flowing
back via the overflow returns into the [arge container by a free fall of 30 cm.
When the pump stops, the nutrient solution flows back via the pump-system,
sucking air into the gravel.

The plant shoots used for the experiments were grown from adventitious
buds on stumps in the gravel culture. One bud per stump was allowed to
develop into a shoot. When a shoot reached a length of 80 cm, it had to be cut
back to the stump, because of the limited height of the growth chamber. A new
bud was then allowed to grow. Therefore, the successive shoots were supported
by a stump and root system of increasing size. The first shoot on a stump always
grew at a lower rate than the successive ones. Shoots on older stumps had ample
supply of water and ions and are, also physiologically, well characterized by the
old expression: ‘watershoots’,

The importance of the root environment for the stability of the growth
pattern of the poplar was only gradually recognized during this investigation
(PIETERS, 1962), although attention was directed constantly to the improvement
of the conditions in the root system. On the basis of experience with optimally
growing plants, variability in plant growth and leaf characteristics could be
attributed to variations in the root environment. A quantitative study of the
effects of root environment on the characteristics of growth remains to be
done. First the root environment will have to be adequately defined in chemical
and physical terms. The use of a phytotron may become senseless, unless ade-
quate attention is also paid to the root environment, and, in this respect, culti-
vation of plants in gravel culture is not a guarantee for good growth, The plants
need continuous intensive care to produce at best. Still it seems inevitable to
encounter small differences in growth of the plants, which sometimes can be
traced back to their individual life history. It may be stated here that temporary
deficiencies in the cultural system can limit the growth of the plants during a
rather long time, especially at low light intensities. The faster growing plants
from higher light intensities recover more rapidly from damage caused by
deficiencies.

In many cases, the low growth rate owing to deficiencies in the root environ-
ment results in an increase of carbohydrate reserves in such plants, e.g. starch,
causing those plants to be more liable to attack by insects and fungi. At very
low light intensities, the growth of poplar may become discontinuous and
proceed in flushes. This phenomenon is accompanied by appearance and dis-
appearance of starch reserves,

Finally, we may observe that large trees often exhibit a growth pattern which
is similar to the growth pattern of optimally growing plants in the phytotron.
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They produce branches with leaves of steadily increasing size, and chlorophyll
content increases until the end of the growing season.

2.1.3. Nutrient solution

TInitially, the Hoagland A-Z solution was used. The composition is given by
HoAGLAND and SNUDER (1933). Iron was added in the form of ethylenediamine
tetra-acetic acid ferri sodium salt (Jacosson, 1951). The stock solution contains
131.36 g FeNa-EDTA per 20 1, of which 5 ml is added to 1 1 nutrient solution.
For convenience, the solution of micro elements has been changed some years
ago according to a recipe given by STEINER* (pers. comm.):

Mn SO, 1 H, O -~ 20g
H; BO, - 27 g
Zn 80O, -7H,O0 - 5¢g
Cu SO, -5H,0 - 08¢g
Na,MoO, -2 H,0O - 1.2 ¢

" Distilled water to -~ 1.000 ml
This change was based on the mean ion content of the local tap water, Of this
solution 0.1 ml is added to 1 1 of nutrient solution, The composition of the
macro elements remained unchanged.
The nutrient solution was renewed once a week.

2.1.4. Irradiation

The plants were irradiated from the sides as weil as from above to prevent
intermixing of effects of age and mutual shading of the leaves. To accomodate
this type of irradiation, four containers with one plant each were placed in a
row on a trolley, placed between three banks of fluorescent tubes (with reflec-
tors), two on the sides and one on top, forming together a growth cabinet
(150 x 75 x 90 cm). Five of these cabinets (Plate I and II} were used in most
experiments. Initially, Philips TL 55, 40 Watt fluorescent tubes were used and
later, in the phytotron, Philips TLMF 33, 120 Watt.

Light intensities were measured with a calibrated, cosinus corrected, flat
barrier layer photocell (GaasTrRA, 1959; Kuirer, 1961) in the middle of the
growth cabinet after removal of the plants. The light distribution in the growth
cabincis measured at different heights horizontally as well as vertically was
reasonably even. The irradiation levels measured, decreased with the age of the
lamps, but the ratios of the light intensities in the three light cabinets remained
reasonable constant if a scheme of exchanging lamps was maintained. The
measurement of the prevailing light intensity was complicated by the fact that the
plants were irradiated from three sides. The irradiation levels given in Table I
are obtained by putting the cosinus corrected flat photocell in the middle of the
growth cabinet and aiming it at one of the vertical banks with fluorescent tubes.
No incandescent light was added; the daylength was 16 hours and the night
length 8 hours.

*A. A, STEINER, C.P.Q., Bornsesteeg 47, Wageningen.
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PrLate I. The trolley and the subirrigation
system.

PLaTE II. The growth cabinet, the trolley and
the subirrigation system.

TabLE I. Irradiation levels in the growth cabinets, specified according to the type of fluores-
cent lamps used.

Irradia- Number, type and lengths  Intensity  Number, type and length  Intensity

tion level of tubes W/m? of tubes W/m?
I 25 TLM 120W/33RS, 150 ¢ 40 30 TL 40W/535, 120 cm 40
II 12 TLM 120W/33RS, 150 cm 20 16 TL 40W/55, 120 cm 20
111 6TL 65W/33 , 150 cm 10* 4 TL 40W/55, 120 cm 10*

* Use was made of straylight entering this cabinet from lamps of irradiation levels 1 and IE.

2.1.5. Air conditioning

Initially, the plants were grown in a darkened greenhouse with artificial
illumination (Plate IIT). These plants were ventilated in such a way, that the
leaves were moving gently, and the temperature was controlled as accurately as
possible. In autumn or winter, the temperature sometimes fell below the thres-
hold value that induced sycamore to shed its leaves. In summer, the temperature
could rise above that desired, because no cooling equipment was available.
Normally, the system functioned reasonably well. As soon as the phytotron
became at our disposal (1963), the temperature could be held within 1-2°C of
the desired value. Air temperature at high levels of irradiation normally was
1-2°C higher than that at low levels of irradiation. Air humidity could also be
regulated, but has little influence if the root system is held in an ‘optimal’
condition,
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Prate III. View of the growth cabinets
in the darkened greenhouse.

2.2. MEASUREMENTS

2.2.1. Measurement of plant dimensions

Leaf length: measured with a ruler from the junction of the midrib and the
petiole to the leaf tip.

Leaf width: measured with a ruler as the largest width at right angles to the
midrib.,

Leaf thickness: measured with an ocular micrometer under the microscope on
transversal sections of the leaf or measured mechanically with a micrometer
gauge.

Petiole length: measured with a ruler from the base of a stipulum to the junction
of petiole and midrib.

Primordium length: the successive detached primordia were measured with a
ruler under the binocular loupe, and if very small, with a micrometer under
the microscope.

Leaf or primordium number: the number was counted from the base of the
plant upwards, unless otherwise stated. Sometimes, the first 5 to 10 leaves
were already shed, before counting began; then the first remaining leaf was
counted as number 1. Each fifth leaf was colour coded with a strip of tape
or plastic coated wire.

Internode diameter: measured with a micro-calliper. The accuracy is diminished
by the irregular form and the softness of the tissue of young internodes.
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2.2.2. Silicone rubber technigue

Silicone rubber is very suitable for making replicas of fine structures like the
epidermis of a leaf (SAMPsON, 1961 ; ZeLiTcH, 1961). The type of silicone rubber
used was ‘Silicoset 105°, together with the polymerizing agents ‘A’ (slow) and
‘D’ (quick) obtained from ‘ICI’. These agents are poisonous, especially to very
young plant tissue. To minimize damage, the concentration of the agent must
be as low as possible, without making the polymerization time excessively long
(not longer than 10-15 minutes). The rubber and the polymerizing agent have
to be mixed thoroughly. The polymerization time begins during the mixing and
the mixture can be spread in a thin layer onto the leaf surface with a spatula, as
soon as its consistency is such that it will not drip from the leaf and is still
sufficiently fluid to replicate the epidermis. The replica can easily be removed
from the leaf, as soon as the mixture has polymerized. The leaf then is imme-
diately rinsed with water. The replica is covered with a thin layer of nail varnish
and, after this has been allowed to dry for about 30 minutes, a second layer is
applied. Then, the varnish is removed from the rubber replica when it is practi-
cally dry and laid upside down on a glass slide and pressed gently with the thumb
to stick it flat onto the glass. The preparation is now ready to be analysed under
the light microscope. The nail varnish preparations can be projected onto
drawing paper at a fixed magnification. A square portion of this projection
with sides of 14 cr was analyzed ; this corresponds to an actual field with sides
of 250 . The analysis consisted of drawing cell groups, consisting of the stomata
with surrounding cells and determine these areas with a planimeter. Subtraction
of the planimetered areas from the total area of the analysed square (256 cm?),
yielded the area of the other epidermal cells. The other cells were counted, and
their mean diameter calculated.

It is possible to repeatedly make replicas of the epidermis of a leaf during its
expansion. This can even be accomplished at one and the same position on the
leaf, if a reference point, such as a recognisable arrangement of veins or a small
hole punched in the leaf is used. This method is used with sycamore and poplar
leaves, and the results are satisfactory. It is not too difficult to find back the
position under analysis at the cellular level. A problem is that the curing agent
used in the silicone rubber procedure is poisonous. The primordial cells of
sycamore, especially, are very sensitive to the heavy metal compound it con-
tains, while poplar is more resistant. The silicone rubber itself is harmless. This
method still is not fully reproducible because damage cannot always be avoided.
There is a check on the degree of damage by following the growth of the leaf
concerned in relation to its neighbours, An example of this type of investigation
is given in section 4.6. Other types of silicone rubber with non-poisonous harders
are being manufactured by Wacker-Chemie G.M.B.H. Miinchen. Until now
we have no experience with them. A new method is described very recently
by WiLLiams (1973).

2.2.3. Photosynthesis
Photosynthesis of leaf parts, attached to or detached from the plani, was
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measured in assimilation chambers of different constructions at 20°C in air
with 5%, CO, on a volume basis. With detached leaves, their petiole was cut
under water with a razor blade and placed in water for the measurement, The
gas analysis was performed with a katharometer. Fig. 2.1. shows a scheme of
the equipment used for the measurement of photosynthesis, in its present form
(PiETERS, 1971), but the earlier measurements were made with a simpler system
(PIETERS, 1960). Temperature was measured with thermocouples; gradually, it
became evident that the use of thermocouples for the measurement of leaf
temperature may introduce large systematic errors (PIETERS, 1972a; PIETERS and
SCHURER, 1973). Leaf temperature was controlled manually by changing the
temperature of the double walls of the assimilation chamber, or automatically
with the infrared compensation system (PIETERS, 1972b). The maximum irra-
diation level was 700 W/m?2,

Initially high pressure mercury lamps (PaiLips, HPLR 700), mounted in a
waterbath for cooling, irradiated via three glass walls the leaf in the assimilation
chamber. The UV-content of this light appeared in some cases to be harmful
for the physiological functions of the leaf. The sensitivity of a leaf seems to
depend on its condition. For this reason the HPLR-lamps were replaced by
500 W Prado projectors (LEITZ).

2.2.4. Chlorophyll content

The chlorophyll content was determined on a leaf area basis. Areas of leaf
surface (3 to 6 ¢cm?) were punched from fresh leaves, killed in boiling water,
immediately transferred to hot ethanol 70 %, (70°C), and extracted 3 to 6 times.
The resulting chlorophyll solutions were decanted in 50 ml volumetric flasks,
chilled in ice or in a refrigerator and covered with black cloth. The solutions
were made up to volume, and the relative chiorophyll content characterized by
the extinction of the extract in the colorimeter at 665 nm. Quantitative estimation
of chlorophylls was made in the way described by WINTERMANS (1969).
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3. GENERAL DESCRIPTION OF THE SHOOTS

3.1. INTRODUCTION

In this chapter a general description is given of the shoot of Populus eur-
americana ‘Robusta’, under different conditions of light and temperature.
Measurement of leaf lengths alone produces a rough picture of the character-
istics of this plant, because it is correlated with the dimensions of other plant
parts, e.g. leaf width, petiole length, internode length, and internode diameter.

Without the application of destructive methods, measurements of leaf length
can only be made in the period of growth after emergence of the leaves from
the apex, i.e. mainly in the lingar phase of growth.

3.2. LEAF WIDTH AND LEAF LENGTH

Leaving the apex intact, the length of the growing leaves can be measured
from | c¢cm onward. Their width then cannot yet be measured accurately,
because the lamina is rolled. The unrolling of the lamina is completed when the
leaf is between 2 and 5 cm long, dependent on the ultimate size of the leaf. Data
on leaf width between 0.2 and 3 ¢m, may not be correct in case unrolling was
incomplete. Fig. 3.1a shows the sigmoidal increase of length and width of the
individual leaf with time and in fig. 3.1b the relation between the developing

x Leaf length incm

o Leaf width . Leaf length incm
20 20~
X o
15 x 15— o
X ° o
o
X D
o
10 10~
X o0 o
o
sl X s =®
X o
4 ] [2]
o
06 1 1 | H fo) 1 ! 1
510 10 15 20 5 10 15
Cate Leal width in cm

FiG. 3.1.a The increase of length (x) and width (o} of an individual leaf versus time.
FiG. 3.1.b Relation between length and width of the same leaf during growth ().
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length and width of the same leaf. The rate of increase of both is similar. The
development of width lags behind that of length, and stops increasing approxi-
mately at the same moment., This growth habit of the poplar leaf is also re-
flected in its length-width ratio (L/W) in relation to time (fig. 3.2). Initially, the
L/W ratio is high, but this value rapidly diminishes and approximates 1 when
the leaf matures. Plotting leaf length versus width may be the most useful
representation of the development of leaves, because it shows that growth of
length and width is similar, and that the width is 2 cm smaller than the length,
thus from a length of 2 cm onwards,

W=L-2 (D

This relationship proves to be the same for all the conditions under which the
plants were cultivated. Fig. 3.3 illustrates this point clearly for plants cultivated
at light intensities of 40 (I), 20 (II) and 10 (III) W/m? at 20°C and in 40 W/m?
at 16°C and 25°C; consequently variation of the L/W ratio during growth of
the individual leaves follows the same course for all; small leaves, however,
stop at an earlier stage. The rolling of the lamina clearly influences the picture;
it is present from carly stages of development. Unrolling gradually starts, and
lamina development becomes apparent above a length of ca. 2 cm; it should be
noted, however, that if the [amina is unrolled per force (e.g. by killing the young
leaf in hot water) the shape of the leaf is virtually the same as in the later more
expanded states, although with a much higher L/W-ratio.

3.3. PETIOLE LENGTH AND LEAF LENGTH

Petiole length has been compared with the leaf length during growth under
different conditions, as is shown in fig. 3.4. As in the case of leaf length and leaf
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width, a reasonably linear relationship is found. Light seems to have a weak
influence on the relative development of petiole and leaf lamina. When grown
at higher temperatures and low light intensities, the petioles tend to be some-

what longer.

Leat length incm
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FiG. 3.3. Relation between length and
width of a number of individual leaves of
poplar during growth. — It is the same,
irrespective of differences in age and treat-
ment of the plants. I, 40 W/m?; II, 20
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W/m?; IIL, 10 W/m?.
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0 p 2 3 a 5 o irradiation level, but at higher cultivation
Petiole lengthin cm temperature the petioles tend to be longer.

3.4, INTERNODE LENGTH AND LEAF LENGTH

The relation between internode length and leaf length appears to be more
complicated than the previous ones. Fig. 3.5 shows the relationship between the
lengths of growing internodes and leaves. Clearly, the relationship depends on
the light conditions of the plant: shade leaves grow relatively more slowly and
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Ltangth of internodes incm F1G. 3.5. The growth correla-
3 tion between length of the sub-
tending internode and leaf length
shows that internode growth
stops earlier than leal growth.
Leaves growing in higher light
intensities tend to grow relatively
faster and those growing in
lower intensitics slower than the
internodes. Growth conditions:
temperature 20°C, light inten-
sities 40 W/m?2 (Q), 20W/m?( &)
and 10 W/m? (+).
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Laaf Length in ¢m

sun leaves faster than the subtending internode. The increase of leaf length
continues some time after the internode has attained its ultimate size. This is
shown more clearly by the length versus time relationship of the growing inter-
nodes, leaves and petioles (fig. 3.6). The ultimate (average) lengths of the inter-
nodes are more or less constant as is shown in Table II, and independent of
treatment. Mature internode length seems to be much less affected by light
intensity and temperature than leaf [ength (and leaf size in general). The reduc-
tion of the length of the internodes with higher light intensities, as indicated in
fig. 3.5 and 3.6 may perhaps be ascribed to adverse conditions in the root en-
vironment,

20 &8r4ap 20°C,I 20 °C,II
N [ ===

ol oL 1 1 | 1 1 1 1 ] 1 1 |

7172 10 13 16 19 22 101 13 16 19 22 25
Date
Fig. 3.6. The growth against time relationship of leaf length (e) in ¢cm, petiole length ( A) in
cm, internode length (x) in cm and internode diameter (0) in mm of a leaf growing on a plant
in high () or low irradiation level (III} at 20°C.
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TasLE II. The lengths (in cm) of mature internodes of poplars grown in different light inten-
sities (I, IT and IIT) and at different temperatures (16, 20 and 25°C), measured at different
dates.

Date 21171 10/12°70 24/120T1 32012 Mean
Plant*
25-1-1 1.5 1.7 23 1.87
25.1-2 20
16-1-4 1.8 14 1.62
20-1-1 1.9 21 2.1 23 2.08
20-1-2 2.0
20-1-3 1.9
20-1-4 2.1 2.3
20-I-5 1.6 2.3
20-1-6 2.3 2.3
20-1-7 1.8
20-1-8 . 2.1
20-T1-1 2.2 2.1 2.13
20-1I-2 1.9 22 2.2
20-TI-4 2.2
20-T11-1 1.9 23 2.6 2.16
20-111-2 2.5
20-I11-3 1.5
20-I11-4 2.2

* Code indicates temperature — light intensity — plant number.

3.5. INTERNODE LENGTH AND INTERNODE DIAMETER

It is concluded from fig. 3.7 that light can exert a powerful influence on the
relation between internode length and internode diameter: internodes of old
sunplants being thicker than those of shade plants. This phenomenon can be
observed easily on plants, growing in the different environments (sec Plate
IV-VI, p. 20 and 21). It appears that the mode of growth of young sunplants re-
sembles that of shade plants. However, when sun plants grow older, there is a
gradual increase in diameter of the successive internodes, in area of the succes-
sive leaves and in length of their petioles. The lengths of the internodes, how-
ever, remain approximately the same.

3.6. INTERNODE DIAMETER MEASURED AT THE EARLIEST POSSIBLE STAGE
AND MATURE LEAF LENGTH

Internode diameter can be measured with a microcalliper with some ac-
curacy. Very young internodes cannot be measured in this way, because the
young growing leaves and the stipulae totally cover the internode. When the
internode elongates, there is a moment at which measurement becomes possible.
The diameter of that youngest measurable internode can be correlated with the
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FiG. 3.7. Correlation between diameter and length of internodes during growth. — It depends
on the irradiation level and on the age of the plants. Growth conditions: as in fig. 3.8, except
(»), which denotes the relation in a very young sun plant.

mature length of the attached leaf. Fig. 3.8 shows that this correlation is linear
and independent of the irradiation levels to which the plants are exposed. How-
ever, the diameter of the youngest measurable internode and mature leaf
length both are similarly influenced by irradiation level and age.

Mature leaf length incm,L,
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" . Fic. 3.8. Relation between internode dia-
a meter, measured at the earliest possible
+a stage, and the mature length of the at-
5F tached leaf. — It is linear and independent
of irradiation level. Growth conditions:
temperature 20°C at light intensities of 40
o 1 I I ] Wim? (C), 20 W/m? ( A)and 10 W/m? (1),

010 020 0.30 0.40 temperature 25°C (0} and 16°C () at 40
Diameter internode in mm W/m?2.
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Prates IV-YI. Representative pictures of the sizes of the growing tips of large poplar plants,
grown in the three light intensities 1, I1 and I11. [, 40 W/m?2, TI, 20 W/m? and III, 10 W/m? at
20°C.

3.7. DiscussIioN

It is observed that in Populus euramericana *‘Robusta’ several other character-
istics are clearly correlated with leaf lengths. The development of leaf length and
width of large and small leaves proceeds according to a similar paitern, although
growth rates may be very different. The growth rates of the internodes appear
to be far less dependent on environmental conditions. These conditions, how-
ever, affect the diameters of the internodes which in the most vigorously grow-
ing plants become much thicker than those under conditions of low energy
supply.

In the subsequent chapters an attempt is made to study some of these cor-
relations separately, supplying elements for a model for growth to be eventually
made. The relative rigidity of such growth patterns, evidenced by growth cor-
relations, is a common occurrence in plant physiology, Well known examples
are: leaf length — leaf number relation (ERICKSON and MICHELINI, 1957), top-
root ratio, in which the nutritive balance is involved (Brouwsr, 1963) and
apical dominance (PHILLIPS, 1969), in which the auxin-balance may be involved.
In short, the whole habit of the plant is the result of growth correlations
(WARDLAW, 1967). DoRMER (1964), STEWART (1968), and many others have
given a critical consideration on growth correlations. Dormer warns against
two obvious fallacies often occurring in literature viz., that a correlation proves
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a direct physiological connection between processes, and that a simple form of
a correlation indicates the physiological connection to be simple also. Growth
correlations only require some form of communication between the correlated
phenomena via internal or external factors and some comparable way of re-
acting upon these. AVERY (1933) used the concept of growth correlations by
drawing a map of the distribution of growth in the developing tobacco leaf.
MaksyMowICH (1963, 1973} presented a beautiful example of correlative growth
on a cellular level in his study of the growth of leaves of Xanthium pensylvanicum,
showing that epidermis and mesophyll cells, each can be characterized by a
specific mode of growth, differing in duration, rate and direction. Many of these
studies necessarily are of a descriptive nature, because in fact it is not known
which regulative principles underly the correlation between these physiological
phenomena. It is generally accepted that genetic control of developmental
processes has to be assumed to interpret the correlation phenomena. POSTLETH-
waAIT and NELSON (1964) concluded that there are numerous ‘switch points’ in
the development of plants, where a group of genes evoke particular types of
development (CUTTER, 1965). In the case of poplar, the constant relation between
the growth of leaf length and width suggests that the start of developing of the
leaf lamina is such a ‘switch point’, followed by a closely correlated growth of
width and of length.

Sometimes, the length-width relationship of the poplar leaves shows changes
and the leaves become oblong. The causes of this abnormal growth must be
looked for in the root environment. Further study of such ‘abnormal’ growth
may lead to a better understanding of the normal growth pattern of the leaf.

The relation of the length of the petiole and the leaf can be influenced by total
darkening of the apex: the petioles become longer than normal (fig. 3.9). This
type of experiment may be useful in further elucidating processes involved in
the morphogenesis of the plant.

Leaf length in ecm
25~ 20°C,I

20

L1
»*
L ]

15 ]

10 LI ]

! ) | | L A | | Fi. 3.9, The relation between leaf
° 1 2 3 4 5 & 2 s length and petiole length during
Petiole lengthincm  growth of a darkened sun plant.
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4, THE SIZE OF THE EPIDERMAL CELLS OF
GROWING AND MATURE LEAVES

4.1. INTRODUCTION

The area of the leaf is determined by number and size of the cells in its epi-
dermis. The ultimate size of a cell and the number of cells in the leaf depend on
its genetics and its environment.

In some plants it appears necessary to distinguish between the developmental
pattern of epidermal cells of midrib and lamina. In lettuce the elongation of
midrib cells tends to be inhibited by higher light intensities (BENsINK, 1971) or
in Phaseolus with increasing daylength (DALE, 1968). The effect of light intensity
on cell elongation in the midrib of lettuce can be correlated with the position
on the midrib (BENsINK, 1971). Normally, the size of the mature cells of the
lamina is hardly influenced by light intensity, unless this intensity is very low.
Indirectly, light intensity may exert an influence via the water balance of the
plant, since water strain (SCHWABE, 1956) often causes small epidermal cells.
Also shortage of mineral nutrients generally depresses the ultimate size of the
epidermal cells (MiLTHORPE and NEwToN, 1963). Cell size is sometimes largest
in mature lower leaves on a plant (HuMPHRIES and WHEELER, 1963 ; BENSINK,
1971).

A basipetal trend in the maturation of leaf cells is very common (AVERY,
1933; MaksyMOowICH, 1963); this is due to differences in growth rate or dura-
tion of growth in the leaf, both factors being responsible for leaf shape. Often
the size of the epidermal cells of the lamina tends to become constant over the
entire leaf surface as the leaf matures (HUMPHRIES and WHEELER, 1963; Mak-
SYMOWICH, 1963; BEnsiNK, [971). Mature cell size is sometimes positively
correlated with temperature (DaLE, 1967; BeENSINK, 1971). It is generally ac-
cepted that cell number is the main determinant of leaf size (HumPHRIES and
WHEELER, 1963).

4.2. DISTRIBUTION OF THE CELL SIZES OVER THE EPIDERMIS OF MATURE LEAVES

An analysis of cell sizes in the mature epidermis was made with the aid of the
silicone-rubber technique. Replicas were taken from seven different positions,
regularly distributed over the leaf surface. Cell measurements were made in
each replica at two restricted areas. The results are shown in fig. 4.1. Mathe-
matical analysis of the data of Table III shows that the duplicates are correlated
and that the mature cell size is determined by factors which differ locally,
giving a mosaiclike ‘mini’ pattern. Therefore, a reliable measure of mean cell
area of the epidermal cells of the leaf blade can only be obtained by measuring
of mean cell area at different positions distributed over the epidermis of the
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Leaf number Averages at the seven
24 different positions

291

FiG. 4.1, Mean mature size, in 1, of the epidermal cells at seven different positions on the
surface of each of three leaves of the same poplar plant, and their averages. Between the
parentheses the numbers of the positions (see Table III).

TaBLE TII. Mean mature cell diameter in w in the epidermis, measured by the silicone rubber
technique and analyzed in duplicate (a and b) at seven positions, evenly distributed over the
leaf surface, and their averages (AY).

Leaf number 16 24 29
Position a b AV a b AV a b AV
i 292 290 29.1 29.2 282 28.7 26.9 29.0 279
2 273 267 270 263 268 265 272 243 257
3 281 328 304 30,1 299 300 29.2 308 300
4 262 279 271 287 284 285 30.5 29.8 30.1
5 200 21.7 208 279 275 217 275 284 279
6 269 280 274 286 305 295 306 31.8 31.2
7 270 218 274 283 270 276 245 258 251

leaf. A decision about the question, whether a distinct pattern in the distribu-
tion of cell sizes over the leaf surface is present, cannot be made on the basis
of the presented data; for such a purpose the number of measurements was too
small. It could be of interest to investigate the distribution of cell size in con-
nection to asymmetry in the shape of the poplar leaf. The few figures available
suggest that in general, the values in the midrib, especially at the base, and the
data obtained for the left sides of the leaves as represented in fig. 4.1 are some-
what lower than those recorded at other spots on the leaf.

4.3. MEAN MATURE EPIDERMAL CELL SIZE AS INFLUENCED BY THE LEVEL
OF LEAF INSERTION

Measurements of the mean diameter of epidermal cells were taken from a
sequence of leaves along the axis of plants which had been submitted to differ-
ent treatments., Results are shown in Table IV, There is no distinct relation-
ship between the position of the leaves and the mean epidermal cell diameter in
Populus euramericana ‘Robusta’,
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