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Photosynthesis and respiration of Scots pine (Pinus silvestris L.)
seedlings of various provenance grown under different light
conditions™*

W. ZELAWSKI AND ], KINELSKA

Being a shade-intolerant species of tree, Scots pine suffers seriously
in conditions of light deficiency and shows the symptoms of growth
reduction. Nevertheless, it happens sometimes that pine seedlings
develop successfully under the canopy of an old stand. Therefore better
knowledge of the adaptability of the assimilatory organs to shading and
of the photosynthesis and respiration rates in plants developed under
different light intensity seemed to be of interest especially when the
problem is considered under the aspect of ecotype differences.

MATERIAL AND METHOD

The experiments were carried out with pine seedlings grown from
seed originating from the same three sites in Poland (Dluzek, Spala,
Nowy Targ) which have been investigated in our previous works
(Zelawski, Géral 1966; Zelawski, Kinelska 1967). Plants
grown in pots under full matural light intensity were compared with
those cultivated in half shade (60% of full light) and in deep shade
(20%0 of full illumination). Paper-tape screens provided this 40 or 80%o
reduction of natural illumination over the whole period of growth, i.e.
from germination in May 1965 to the beginning of photosynthesis
measurements in Summer 1966. The detailed description of the
greenhouse pot experiments as well as the characteristic of seedlings
after the first vegetation season are given in our previous works
(Zelawski, Goral 1966; Zelawski, Zelawska 1967).

For gas exchange determinations plants were always transferred
from natural into the laboratory conditions. Three experiments were
carried out during the second vegetation season: at the beginning of
July, during the first half of August, and in mid September. In view
of the number of replications (usually 5—7), it was impossible to measure

* This research was carried out -with the financial assistance of the U. S.
Department of Agriculture.
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all the experimental variants simultaneously. therefore each experiment
was extended in time (to about two weeks).

The photosynthesis and respiration rates were measured under
constant laboratory conditions. Uniform conditions of light (combined
fluorescent and incandescent illumination exceeding 10,000 lux),
temperature (plant chamber connected with an ultrathermostat 25°C),
and COy-concentration (measurements always within range 350—
300 ppm) secured the comparability of the experimental data obtained
with plants of various origin and different shade influence.
Photosynthesis and respiration were measured similarly as in our
experiments with seedlings grown in water cullure (Zelawski,
Kinelska 1967). The only difference was the use of cut shoots instead
of intact plants. Such a simplification was admissible after obtaining
proof that short-exiposure data, soon after the cutting, do not differ
from those obtained with intact plants. :

Measurements of photosynthesis rate were always carried out after
the “steady state” of the process had been reached. Before the beginning
of the experimental procedure plants (not detached from roots) were
adapted to the conditions of measurements by standing for at least one
hour under the illumination chamber.

The investigation was carried out on young shoots with paired
needles in fascicles; the juvenile needles of the first year were not the
object of research. However, it should always be remembered that the
data obtained in measurements made on the whole shoot do not represent
the rates of processes which take place in needles only, but also reflect
the ratios of the rates occurring in various organs exposed in the
chamber.

The chlorophyll content was determined spectrophotometrically on
samples of needles from each plant subjected to photosynthesis
measurements. Calculations of the chlorophyll (a + b) concentrations
were based on measurements of extinction at 645 and 663 mu in samples
exctracted with 85%) acetone (Mackinney 1941; Bruinsma 1960).

RESULTS

Cultivation of plants under the illumination of various intensity
caused a typical change of their habitus: the control unscreened plants,
developed needles of sun-type, the plants under 60°% of illumination
were of the shade-type, whereas seedlings grown in deep shade (20% of
light) showed signs of starvation and a strong reduction of growth.

There was a considerable differerice in the average weight of needles
in the particular variants of illumination; the difference was noticeable
over the whole vegetation seascn and was of nearly the same order of
magnitude in each of the investigated pine strains (tabl. 1).
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Table 1

Average dry weight of a single needle and concentration of the chlorophyll (a+5) in needles of
Scots pine grown under various experimental conditions

Mean characteristics of needles

Chlorophyll content

ExpeI\rlznem Provenance Dry Telfh_t (mg) (ng per g of dry weig]}i
| Light conditions during culture of the plants (%)
20 | 60 | 100 | 20 | 60 | 100
Exp. I | Dluzek | 1.0 2,6 i 4.1 6,6 59 | 28
(June 20 — July 8) | Spaa |13 21 | 43 | 68 | 52 | 38
| Nowy Targ | L3 | 19 | 43 6.7 5.4 | 3.2
Exp. II | Diuek 18 | 37 | 73 | 72| 59 | 14
(July 20— August 9)  Spala 1.5 | 33 82 6.5 47 | 21
| Nowy Targ |19 | 35 79 | 66 50 | 20
Exp. 11l | Diuzek 30 | 64 | 80 77 | 50 | 17
(Sept. 7—Sept. 20)  Spala 18 | 50 | 95 | 66 54 | 16
| Nowy Targ 20 | 53 | 80 | 64 | 55 | 17

Chlorophyll concentration calculated per dry matter of needles
differed widely between the shade and sun plants and was also not quite
the same in the strains of different origin (tabl. 1). It is remarkable that
chlorophyll concentration was increased not only in plants under rather
light shading (60% of full light) but also in starving plants, growing
under deep-shade conditions (209 of full light). The difference between
the illumination variants became even more distinct towards the end of
the vegetation seascn, since, during the growth of needles, the
concentration remained at constant level in both shade types but showed
a decreasing tendency in sun leaves.

Table 2 presents the average net photosynthesis rates in seedlings
grown under different light intensities. It is seen that the photosynthesis
rate expressed per fresh cor dry weight unit is always greater in shade
plants than in sun plants. In the experiment carried out during the
first days of July the difference was not large. It was distinct only
in August, but it became most pronounced in the September experiment
when the needles were already fully developed. During the first
experiment, both shade types (60°% and 20% of full light) exhibited
nearly the same photosynthesis rate but at the end of the vegetation
season the light-starved plants showed somewhat lower values than the
half-shaded ones. Towards the lond of the vegetation season, in each
variant of culture conditions, a relatively faster drop of photosynthesis
rate was noticeable in the highland (Nowy Targ) pine than in the two
lowland (Dluzek and Spala) pines. Besides this there does mot seem to
exist any major differenrce in the photosynthesis rates in pines of



o¢ | sz | LT | 8 | €99 | L0T | 95 | ©¥1 | LOI | STT | 0% | wE | SimL AwoN | ,

T (4t 81 9'8¢ 18 8'sT 89 | 89l 0'+1 09C | 0TS €6'€ eredg ﬁom “1dog — £ 1dag)

9t 6T LT €79 6L8 1'0% 9L _ vl 9'€l 187 | LS¥ LTt Nz 11 -dxg

| |

9 I'e 8T 6’19 0'ss gve | L | 8¢ 8Ll 6T S92 €LY S1e] AmoN |

9t $€ ST it 0Fs 197 | L8 €91 €L YL'T 69't wy ereds | (6 Snv — 0z AInp)

L'y v'T 1'c S'6v 9°Ts 8'sT 99 Lyl €1 1+'T L8'E 96'€ Yoz 7 IT "dxg

ov | LT | T | 119 | 1TE | 64T | vvI | €LT | 781 | 6% | sbb | 96%€ Srey AmoN

6€ 8T $T Lres | 6LE | v6L | evL | v8L | TSI | ¥TY | 9V | €5F epeds | (8 Anf — g dunf)

Ty 6T 1T 6'6Y 9'LE L'Y1 611 §'91 _ €51 65'€ 8y L9y Noznia I dxg
“oor | 09 | oz | oor | o090 | oz | oor | 0o | o [ oor | 0 | oz | _ .

(5;) swerd ayy jo 2umynd SuLinp sSUONIPUOd JYSI
“ON

(I2quInNu UOTIR[IWIISSE) soppasu 00| 1od jysSiom A1p JySiom ysaIy SJUBUIAOI] JusurLadxe

l1Aydolopyd jo *Sur | Jod sajpaau jo 8 1 Jod sa[paau jo ‘8 | 1ad

i moy 12d Q) Sw :W..w.g.m._ sisajuisojoyd 1aN

soueuaA0Id w_._ot.mw Jjo mm.wﬂ_m_umum aurd sj0a§ Ul wwuwm.mwm..winhmouo:a Jau 5eIAY

Z ?1qeL




Photosynthesis and respiration of Scots pine 717

different provenance and the reaction to shade was similar in each of
them.

When the photosynthesis rate was expressed per 1000 needles the
smallest values occured in the heavily shaded plants, the needles of
which are strongly reduced in size. However, the differences in
photosynthetic activity are only partly due to the reduction of needle
size, since the rates of photosynthesis (per 1000 needles) in ful-light plants
and in half-shade plants are not quite proportional to the change in
needle dry matter. The full-light plants showed high photosynthetic
activity already in the first experiment and later, during August and
September, their photosynthesis was maintained at a similar level,
despite the further considerable growth of needles. In half-shade plants
the photosynthesis rates increased during ‘the development of
assimilatory organs and at the end of the vegetation season they
reached the highest values, exceeding the rates of much bigger sun-
-needles.

Table 3

Average dark respiration rates in Scots pine seedlings of various provenance

Dark respiration rate in mg CO: per hour

per 1 g. of needles
dry weight

per 1 g. of needles

Experiment ;
pNo Provenance | frf}‘_h W_el_ght

per 1000 needles

Light conditions during culture of the plants (%)
20 | 60 | 100 | 20 | 60 | 100 | 20 | 60 | 100

Exp. I Dhuzek 078 [ 0.59 | 045 | 26 | 22 | 15 | 25 | 50 | 6.l
(une 20— | Spala 068 | 0.54 | 043 | 24 | 21 | 16| 33 | 43 | 59
July 8) Nowy Targ | 0.60 | 047 | 052 | 27 | 1.8 | 1.7 | 34 | 32 | 7.1
Exp. 11 | Diuzek | 048 [ 037 | 043 | 18 | 14 | 12 | 32| 51| 87
(Uuly 20— | Spala 1053 041 | 041 | 23| 14| 13 | 32 47 | 104
Aug. 9) | Nowy Targ | 043 [ 034 | 043 | 17 | 12| 12 | 32 | 40 | 108
Exp. 111 Dluzek | 057 [ 040 | 052 | 19 | 12 | 14 | 59 | 87 | 107
(Sept. 7— | Spata 0.64 [ 039 [ 052 | 21 | 12| 13| 40 | 63 | 123
Sept. 200 | Nowy Targ | 0.76 | 0.37 | 0.51 | 23 | 11| 12 | 47 | 59 | 100

It appears that the assimilation numbers (phosynthesis rates
expressed per 1 mg of chloraphyll) are similar, if the samie growth
conditions are compared during the investigated growth period. Yet,
the photosynthesis rate graduaily decreases as the light conditions of
the culture deteriorate. Between the most efficient sun plants and both
shade types the difference is clear and significant. However, there is no
marked difference of the assimilation numbers between the examined
pines of various provenance, though a tendency towards a faster
decrease of photosynthetic activity in the Nowy Targ pine toward the
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end of the vegetation season can also be recognized especially in sun
plants and in half-shade plants (60% of illumination).

From the data on dark respiration rates (table 3), it is seen that the
relations are here different from those in net photosynthesis rates. In
terms of weight units the respiration rates are higher in the heavily-
-shaded plants than in the half-shaded and sun-plants. The respiration
rate calculated per 1000 needles seems to be more or less proportional
to the dry weight of the needles, but it changes during the summer
time not quite parallel with the dry matter increment. There is a slight
but systematic difference between the plants of different provenance
marked by lower rates of respiration in the half-shade plants from Nowy
Targ, in every period of investigation.

Table 4
Ratio: true photosynthesis/dark respiration

Light conditions during
Experiment

Provenance culture of the plants (%)

iy SN oL e s Lol
20 | 6 | 100

— | i
Exp. 1 | Dhluzek | 7.0 8.5 9.0
(June 20 — July 8) | Spala .13 9.7 | 107
Nowy Targ | 7.9 10.7 9.6
Exp. III Diuzek | 91| 115 | 66
(July 20 — Aug. 9) | Spala .95 12.5 7.8
Nowy Targ | 11,8 14.4 6.8
Exp. 11 Dhuzek 8.1 11.9 6.6
(Sept. 7 — Sept. 20) | Spala 74 | 146 6.1
Nowy Targ | 51 | 129 | 54

The comparison of photosynthesis and respiration data leads to the
conclusion that the seasonal changes as well as the infuence of shade
conditions are not identical for both processes. The ratio of the
estimated true photosynthesis to dark respiration exhibits a tendency
to seasonal change, which is not the same in each of the experimental
variants. In our previous study (Zelawski, Goral 1966) it was
found that the A-+R/R ratio varies considerably during the vegetation
season and reaches its highest values (more than 8) in July. In this work the
ratio was as high as 10.7 in sun-plants and 14.6 in shade-plants (table 4).
However, the sun plants showed a gradual decrease of the index in
seasonal course, whereas the 60%-illumination plants exhibited a
tendency to increase it towards the end of the vegetation season; the same
tendency was observed in deep-shade plants, with the exception of the
autumn-months when the value dropped again. The pines of various
provenance seem to differ in this respect: in those of highland origin
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(Nowy Targ), grown in full light conditions, the ratio decreases more
rapidly than in the others; on the other hand, the highland pine seemed
to be more efficient in both shade variants of the experiments I and II
(as long as the earlier coming of winter depression does not overlap this
regularity).

DISCUSSION

Scots pine needles of the sun and shade-types were investigated by
Stalfelt (1921) who established that the photosynthesis rate
expressed per 1 g of fresh weight is higher in the shade than in the sun
needles when the process at low light intensity was compared. Ivanoff
and Kossowitsch (1929) have found, in calculations per fresh weight
unit, that meedles of shade type, as compared with the sun plants,
photosynthesize approximately twice as much in conditions of low light
intensity, over 50°% more at disperse light, but considerably less in
conditions of full, direct insolation. The data calculated per surface unit
were similar, but in conditions of disperse light the photosynthesis rate
of both needle types was equal and in full insolation amounted in shade
plants to only one half that found in sun needles.

Our research, carried out at constant light intensity, corresponding
however, to the linear part of the photosynthetic light curve, gave
results consistent with the previous state of knowledge as far as weight
units are concerned. In all the experiments the net photosynthesis rates
were considerably higher in the shade type and in several cases the
difference exceeded 100%bo. This resulted in changes of the photosynthetic
activity expressed per number cf assimilatory organs: the value being
distinctly lower in half-shade plants at the begining of needle growth,
became nearly the same or even higher than the photosynthesis of sun
needles as the size of needles increased. However this was not the case
for the deep shade type, growing under starvatian conditions. These plants
showed a strong reduction in dry weight of needles, and though their
photosynthesis rate per weight unit was similar to that of the half-shade
type, the photosynthesis rate per number of assimilatory organs was the
lowest in every period of investigation.

Differences in chlorophyll content between the shade and sun types
of leaves have often been reported for various species of plants (see
literature Simonis 1960). However, information still lacks on the
assimilation numbers of both plant types. When using the data of
Bjorkman and Holmgren’'s work (1963) for Solidago virgoaurea L.
clones adapted to two different light intensities, one can see that the
photosynthesis rate expressed per 1 mg of chlorophyll is usually lower
in plants grown under worse illumination conditions. From the results
of our work it follows that the efficiency of the chlorophyll unit considera-
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bly decreases as the conditions of growth deteriorate; the relation of the
assimilation number to the light intensity of the previous treatment
appears to be nearly linear when comparing the data at the end of the
vegetation period. [Perhaps needle tissues adapted to shade, despite
their increased concentration of pigments, are not able to augment the
photosynthesis activity preportionally to the chlorophyll content because
other limiting factors e.g. structural differences may be involved. From
the numerous literature data it is well known that chlorophyll content
in leaves is rather in excess (Gabrielsen 1960) and the linearity of
the photosynthesis rate and chlorophyll content can hardly be observed
(see also: Sestak 1966).

It would be interesting to know how these relations look at a light
saturation level, but — as seen from many papers — to attain such
a light intensity is extreemly difficult for this species. No saturation
level occurred even in full natural insolation in Stalfelt's (1921,
1924) and Polster’s (1950) investigations.

The only paper which gives assimilation numbers for Scots pine
(Keller and Wehrman 1963) is not fully comparable with our
results, since the experiments were carried out on first year seedlings
grown in water culture. However, it is worth stressing that in the above
mentioned work the photosynthesis rates calculated per 1 mg of
chlorophyll hardly exceed 5, in seedlings with low chlorophyll content,
although 50,000 lux illumination was applied, whereas our highest values
were close to 5 despite the lower light intensity. In our previous work,
carried out with young seedlings grown in water culture (Zelawski,
Kinelska 1967) the assimilation numbers were lower and amounted
on the average to 2.6 (under experimental conditions such as in this
work). This may indicate that the photosynthetic efficiency of the
chlorophyll unit is greater in older seedlings developing on fascicles the
double needles typical for pine, than the efficiency of the first year
juvenile leaves. The efficiency of the chlorophyll unit in juvenile
seedlings seems to be similar to that of the shade plants in the second
vegetation season.

The dark respiration rates (table 3) are not in full agreement with
the literature data. It has been reported for Scots pine that shade-
-needles respire apprioximately two times less (per fresh weight or per
surface unit) than sun-needles (Oskretkow 1959) and that the former
have lower temperature maximum than the latter (Chlebnikowa
1962). From our data, expressed per dry and fresh weight, one can see
that this is not always the case: the respiration rate of half-shade
needles decreases distinctly during the vegetation season, and being at
the beginning higher than the sun needles respiration becomes equal or
even lower towards the end of the vegetation season. On the other hand
the respiration rate of deep shade plants is always the highest in
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calculations per dry and fresh weight unit. The situation is reversed
when the number of assimilatory organs is taken as the reference unit:
in this case ‘the respiration of shade needles is always lower than that
of sun ones. Further discussion of the problem of gas exchange
processes occuring in shade and sun-needles of Scots pine will only
be possible after detailed investigation of the structural differences
between these types of assimilatory organs.

The essential problem of this study — ecotypic differences in
photosynthetic efficiency seems to find some further elucidation. The
seasonal differences in photosynthesis rate between the examined pines
of various provenance have been confirmed, as far as the earlier entering
of the highland pine into the winter depression is concerned. This
phenomenon was manifest not only in the full light culture plants, but
also in the shade-type seedlings, irrespective of the reference unit
applied (see experiment III). Thus, the results contained in this work
as well as the data of the previous papers (Zelawski, Géral 1966;
Zelawski, Kinelska 1967) seem to support the thesis that the
investigated plants of various provenance differ in their seasonal course
of photosynthesis, at least as regards the lowland and highland pines.

As to the adaptability of the ecotypes to the shade conditions, which
was postulated to be slightly different in the pine of highland provenance
(Zelawski, Zelawska 1967), the data presented gave some
additional information. Although the photosynthesis rates of plants
adapted to shade did not differ significantly in the examined seedlings
of various origin, the trends may not have been the same at various
times of the vegetation season. Thus, for instance, during the full summer
time (experiment II) the Nowy Targ plants grown in heavy shade (20%
of full illumination), seem to photosynthesize somewhat more efficiently
than seedlings of other provenance. However, this was not the case in
determinations carried out in September when the earlier winter
depression overlapped the previous picture of relationship.

The differences in the respiration rates were also not very pronounced
though the distinctiveness of the highland pine from the pines of other
origin can often be observed (for instance the difference between full
light and 60% illumination plants was the greatest in calculations per
needles’ number and the lowest in relation to dry matter of needles
in the seedlings from Nowy Targ).

During the period of needle growth the ratio — true photosynthesis:
respiration — considerably decreases in sun needles and distinctly incre-
ases in the shade ones. If the adaptation of the growing leaves to shade
or sun conditions is connected with an entirely different change of the
discussed index, the value of this ratio might be considered as a relative
measure of the adaptability. From this point of view the plants origina-
ting from Nowy Targ, can be considered to be perhaps more shade-
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tolerant than other investigated pines. The phenomenon could be
observed in both summer experiments and was probably partialy masked
at the end of the vegetation season, owing ito the difference in the time
of the winter depression occurrence.

SUMMARY

Scots pine seedlings of various provenance, cultivated for two wvegetation
seasons under various light intensities were examined in constant laboratory condit-
ions. The results of measurements show that the photosynthesis rate of shade
plants, as compared with sun plants, is higher when the rate is expressed per 1 g
of dry or fresh weight of needles, but it is considerably lower when the amount of
chlorophyll is used as the reference unit. In seedlings grown under natural light
intensity, the typical for pine paired needles on fascicles exhibit markedly higher
assimilation numbers than those found previously in the first year juvenile needles.

During the three experiments carried out in summer and autumn months -
further evidence was found for the difference between the lowland and highland
pines as regards the winter depression advance. Some new facts were also noted,
indicating that plants of warious origin may differ in shade adaptability: the
highland pine from Nowy Targ seems to be somewhat more tolerant to shade than
the lowland pines, at least at the end of spring and in full summer time.

Department of Forestry (Entered: 1.IV.1967)
Warsaw Agricultural University
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Fotosynteza i oddychanie siewek sosny zwyczajnej (Pinus silvestris L.)
réznego pochodzenia, wyhodowanych przy réznym os$wietleniu

Stireszezenie

W stalych warunkach laboratoryjnych przeprowadzono badania poréwnawcze
siewek sosny zwyczajnej roznego pochodzenia. Do badan wuiyto materialu roélin-
nego wyhodowanego w dodwiadczeniu wazonowym, zalozonym w hali wegetacyjnej,
w zréznicowanych warunkach ocienienia (20, 60 i 100% naturalnego §wiatta).

Wyniki pomiaréw wymiany CO, przeprowadzonych w ukladzie zamknietym
z analizatorem CO,; w podczerwieni wskazuja, ze intensywnodé fotosyntezy netto
u ro§lin z ocienienia w poréwnaniu z roflinami z pelnego $wiatla jest wyisza
w przeliczeniu na g $wiezej lub suchej masy igliwia, natomiast jest ona wyraznie
nizsza, je$li za jednostke odniesienia przyjaé zawarto$é chlorofilu. Stwierdzono
rowniez, ze u rodlin wyrastych w pelnym $wietle maturalnym typowe dla sosny igly
podwojne na krotkopedach wykazujg znacznie wyzsze liczby asymilacyjne w po-
Townaniu z igliwiem mlodocianym pierwszego roku wegetacji (Zelawski i Ki-
nelska 1967).

W toku trzech serii dodwiadczen przeprowadzonych w miesigeach letnich i je-
siennych stwierdzono powtérnie (Zelawski i Goéral 1066) réznice czasu
nastgpowania zimowej depresji asymilacyjnej u sosny pochodzenia gorskiego
(Nowy Targ) w poréwnaniu z sosnami nizowymi (Diuzek i Spata).

Nielttore wyniki zdaja sie wskazywaé, ze badane sosny réinej proweniencji
mogg nie jednakowo reagowac na warunki ocienienia. Wysoki stosunek fotosyntezy
do oddychania u roSlin wyrostych w warunkach czesciowego ocienienia, wyré6znia
sosng nowotarska od scsen pochodzenia nizowego. Moze to byé dowodem nieco
lepszego przystosowania siewek tego pochodzenia do warunkéw ocienienia.
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