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Summary. Seedlings of Scots pine (Pirus sylvestris L.)
from Russia (59°58’N) and Poland (53°34’N) were grown
for 4 months in controlled environment chambers, simulat-
ing the photoperiod conditions of 50° and 60°N. The
Russian population grown at 50°N showed earlier height
growth cessation than the Polish population. Photoperiodic
conditions of 60° N increased proportional allocation of dry
mass to shoots and lowered allocation to roots in the
Russian population, which also had greater allocation to
roots than the Polish population in both treatments. Total
non-structural carbohydrate concentrations in roots and
secondary needles of both populations were significantly
higher at the end of the 4 month growing season at 50°
compared to 60°N. Net photosynthesis rates were similar
for both provenances and both treatments. The rate of
transpiration was higher and water-use efficiency lower for
plants grown in long-day conditions of 60°N. The mean
respiration rate of roots ranged between 30 and 36 nmol
CO2 - g1 dry mass - s-1 and was 2—4 times higher than
values observed for needles. Root respiration rates were
greater in the Polish than the Russian population. Despite
this, the greater allocation to root dry mass of the Russian
population resulted in greater root respiratory cost as a
proportion of daily carbon gain. Overall, root respiration
accounted for between 18 to 34% of the total daily net
carbon assimilation of these populations. Root and total
respiration as a proportion of net daily carbon assimilation
were greater at 50° than 60°N. Mean net integrated CO2
gains were 2.2—2.5 mmol COz3 - day-! for seedlings from
Russia compared to 3 mmol COz - day-! for Poland.

Key words: Scots pine — Photoperiod — Growth cessation
— Water-use efficiency — Carbon gain

Correspondence to: P.B. Reich

Introduction

The dependence of Scots pine (Pinus sylvestris) seedling
growth on photoperiod was known from the early 1930s
(Bogdanov 1931) and later (Wareing 1950a, b 1951; Was-
sink and Wiersma 1955; Downs and Borthwick 1956;
Vaartaja 1959; Koski and Sievinen 1984). The influence
of photoperiod can be especially important for plants
grown from seeds transferred long distances from the place
of origin. Results of provenance experiments with Scots
pine showed a significant differentiation in growth among
populations with respect to long distance transfer of plants.
It was found that northern populations, from 57-67°N, are
sensitive to transfer to the south, as evident in reduced
height growth and above ground volume production com-
pared to their native latitude (Giertych 1979; Giertych and
Oleksyn 1981). At the same time, populations originating
from the central part of the species range in Europe, from
54-57°N, grow as well or better at the northern latitudes as
local provenances. The nature of these growth differences
is not fully understood.

Most of the controlled experiments in this field have
been performed with fixed day/night photoperiod and tem-
perature regimes, which deviate far from the natural varia-
tion of daylength and temperature at any given latitude.
Under such conditions it is not possible to judge whether
growth or other changes are due to photoperiod or are a
result of differences in temperature or quantum flux den-
sity over the experimental period or other factors (Oden
and Dunberg 1984). In contrast to previous studies our
treatments tracked the natural changes in day and night
length over the course of the growing season. Also, diurnal
variation in incident light was introduced to simulate light
changes over the course of the day. At the same time daily
integrated light levels were balanced among the treatments
in order to eliminate the possible confounding effect of
unequal quantum flux due to differences in daylengths.

Relatively little is known concerning photosynthesis,
respiration and/or whole plant carbon balance of woody
plants under different photoperiods. The weakest link in
such estimations is, in general, insufficient information
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concerning root respiration (Linder and Troeng 1981). The
present study was undertaken in order to determine the
effects of photoperiodic regime on needle photosynthesis,
water-use efficiency and transpiration; root, stem and
needle respiration; and whole-plant carbon gain of two
provenances of Scots pine originating from northern and
central parts of the species’ European range.

Materials and methods

Plant material and growth conditions. In early January 1990, seeds of
two Scots pine (Pinus sylvestris L.) provenances originating from the
Forest District of Kondezhskoe, Russia (59°58’N, 33°30’E) and Milom-
lyn, Poland (53°34’N, 20°00”E), were sown in 0.35 1 pots filled with an
80:20% sand/forest soil (v:v) mixture. Growth responses alone of 22
additional provenances not used in this study were presented elsewhere
(Oleksyn et al. 1992). The seeds were soaked overnight in distilled water
before sowing. Eight pots with 12 seeds of each population were sown.
The pots were watered daily with a modified half-strength Hogland’s
solution. Two weeks after sowing all pots were treated with a metalaxyl
fungicide (Ridomil 2E, Ciba-Geigy) in order to prevent damping-off.

Four pots of each population were placed in two controlled en-
vironmental growth chambers (Conviron Model E-15, Winnipeg, Mani-
toba, Canada.) Germination occurred under a 16/8 h day/night photope-
riod, with a photosynthetic photon flux density (PPFD) at plant leve] of
286+ 21 pmol m-2s-1, as provided by two 1000 W metal halide and two
1000 W sodium lamps (GTE Sylvania). Throughout the entire experi-
ment air temperature in the chambers was maintained at 20/17°C and
relative humidity at 60/70% day/night. In order to randomize any possi-
ble chamber effects, all pots were rotated within each chamber and
photoperiod treatments were alternated between the chambers every
4 days.

Following completion of germination at 22 days after sowing, two
photoperiod treatment regimes were initiated. Based on the daylengths
(sunrise to sunset) of the Smithsonian Meteorological Tables (List 1958),
the chambers were programmed to simulate the natural daylength
changes over the course of a growing season (May 1 to September 1) at
50° and 60°N latitude (Fig. 1 A). The light treatments were repro-
grammed at 4 day intervals to track the changing daylength. In addition
to the latitudinal daylength regimes, a diurnal light treatment was intro-
duced and modified, so that the maximum instantaneous and total daily
integrated quantum flux was the same among the two photoperiod treat-
ments (Fig. 1B).

Gas exchange and growth measurements. Gas exchange rates were mea-
sured using a portable infra-red gas analyzer (Analytical Development
Corporation, Hoddesdon, UK) operated in the differential mode. Photo-
synthetic measurements were made at the end of the 4 month growing
season, separately on freshly detached primary and secondary needles at
570 umol m—2s-! PPFD under the chamber conditions described earlier,
using the Parkinson leaf chamber PLC-B (Analytical Development Cor-
poration, Hoddesdon, UK). Previous measurements revealed no differ-
ence in photosynthetic rate between attached and freshly detached
needles. Fully expanded primary and secondary needles were sampled.
Foliage in the cuvette was arranged to prevent self-shading. The follow-
ing day the plants were harvested. The soil/sand medium was washed
from the roots with water and the plants were separated into primary and
secondary needles, roots, and shoots with buds. Dark respiration of
needles was taken under room conditions (relative humidity 50%, 25° C),
using the Parkinson leaf chamber PLC-C covered with a black cloth.
Respiration was measured on the entire intact root system, gently blotted
to remove excess water before measurement. Root respiration rate was
recorded following an equilibrium period (approximately 8 min) in the
cuvette. Gas exchange rates were calculated on a dry mass basis using
modified equations of von Caemmerer and Farquhar (1981), resulting in
CO; assimilation rates (A) in nmol g-!s-! and transpiration rates (E) in
umol g-1s-1. After gas exchange measurements the plant components
were oven-dried at 65° C and weighed. For each photoperiod treatment
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Fig. 1. A Daylength (sunrise to sunset) at 50° and 60°N latitude as a
function of time of year. Arrows indicate the period experimentaily
simulated. B Typical diurnal cycle of irradiance in the 50° and 60°N
photoperiods modified to equalize the total integrated quantum flux
among the treatments. June 21, the longest day of the year is shown

and population, five randomly selected plants were used in gas exchange
measurements. Dry mass growth in both provenances in response to
photoperiod was the same for the seedlings used in this study as for a
larger sample presented elsewhere (Oleksyn et al. 1992). For all varia-
bles, differences between treatments and populations were tested by
ANOVA. The experimental design was completely randomized.

An integrated carbon exchange budget was estimated for the day on
which the measurements were taken (240th day of year). Net photosyn-
thetic and dark respiration rates of primary and secondary needles were
multiplied by the component dry masses and summed over the respective
photoperiod (15.2 h for 60°N; 13.5 h for 50°N) and night period (8.8 h
for 60° N; 10.5 h for 50° N). Dark respiration rates of stem and roots were
multiplied by the tissue dry mass and summed over the period of 24 h.
The dark respiration values were adjusted to the day and night time
temperatures, using a Qo of 2 (Ting 1982). All calculations were per-
formed on a plant basis and ANOVA was performed (n = 5 per treatment
and population group).

When each population first showed signs of shoot growth cessation
with the development of terminal buds, the number of plants with buds
were counted every 4 days until all individuals set bud. According to
Wareing (1950a) height growth in Scots pine ceases with the formation
of a terminal resting bud, which remains present throughout the period of
dormancy.
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Table 1. Dry mass components (g) of 1-year-old Scots pine seedlings grown under photoperiod conditions of 50° and 60° N. Leaf-weight ratio is total

needle dry mass/total plant dry mass. Means (SE) are shown (n = 5)

Parameter Provenance ANOVA Effects
P>F
Kondezhskoe, Russia Milomlyn, Poland
Prov Trt Prov x Trt
60°N 50°N 60°N 50°N
Primary needles 0.21 (0.02) 0.16 (0.04) 0.23 (0.04) 0.36 (0.05) 0.02 0.34 0.04
Secondary needles 0.64 (0.17) 0.68 (0.13) 0.55 (0.09) 0.74 (0.13) 0.91 0.40 0.58
Stem 0.17 (0.03) 0.16 (0.04) 0.11 (0.02) 0.16 (0.03) 0.29 0.55 0.36
Root 0.54 (0.09) 0.73 (0.15) 0.36 (0.06) 0.50 (0.08) 0.06 0.13 0.81
Total plant 1.56 (0.28) 1.73 (0.36) 1.26 (0.18) 1.75 (0.28) 0.62 0.26 0.57
Root: shoot 0.55 (0.06) 0.73 (0.02) 0.40 (0.02) 0.40 (0.03) 0.0001 0.03 0.02
Leaf weight ratio 0.54 (0.03) 0.49 (0.00) 0.62 (0.01) 0.63 (0.01) 0.0001 0.14 0.09

Prov, provenance
Trt, treatment

Sugar analysis. Total nonstructural carbohydrate (TNC) concentrations
were determined for roots and secondary needles using a modification of
the methods described by Hassig and Dickson (1979) and Hansen and
Mgller (1975). Sugars were extracted from oven-dried dry tissue in
methanol-chloroform-water. Starch in the tissue residual was then gelled
and converted to glucose with amyloglucosidase. Sugar concentrations
were determined colorimetrically.
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Results

There was no significant impact of photoperiod on root,
needle, stem or total dry mass in either provenance (Table
1). Total dry mass did not differ significantly between the
two provenances, but the Russian population had 32%
greater root dry mass (P = 0.06) and 56% less primary
needle mass (P = 0.02) than the Polish population. The
population from Russia was also characterized by higher

Russia 60°N

Russia 50°N

Fig. 2. Proportional allocation of dry
mass (%) in 1-year-old Scots pine
seedlings grown under the photoperi-
odic conditions of 50° and 60° N. Pho-
toperiod, population and photope-

riod * population interactions were sta-
tistically significant (P <0.05) for all
parameters except allocation to the sec-
ondary needles

40%
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Fig. 3. Time course (days after sowing) of height growth cessation as a
percent of total number of seedlings grown under the photoperiods of 50°
and 60°N latitude. @ Russia, 50°N; 8 Poland, 50°N; O Russia, 60°N;
O Poland, 60° N

proportional allocation of dry mass to roots (P = 0.01) and
lower allocation to needles (P = 0.01) than the Polish
population (Fig. 2). The Russian population also had great-
er proportional allocation to roots at the photoperiodic
conditions of 50° than at 60°N (Fig. 2).

The two populations differed in length of height growth
period, measured as the number of days from sowing to
50% budset (Fig. 3). Seedlings from Russia at the short-
day conditions of 50° N set bud 19 days earlier than those at
the long-day conditions of 60°N. There were minimal ef-
fects of photoperiod on growth cessation for the Polish
population.

Total non-structural carbohydrate concentrations in
needles and roots were significantly higher at 50° than at
60°N (Fig. 4, Table 2). However, there were no substantial
differences in TNC or sugar concentration between the
studied populations (Table 2).

The rates of COz assimilation did not differ significant-
ly between provenances, photoperiodic treatments or
different needle types (Table 3). Primary needles, at the
end of the growing season, showed rates of photosynthesis
similar to secondary needles. However, CO2 dark respira-
tion rates for primary needles were in all cases lower than
those of the younger, secondary needles. For dark respira-
tion rates of primary needles, significant effects of both
population and photoperiod were found; whereas, for sec-
ondary needles only populations differed significantly
(Table 3).

The populations did not differ in the rate of transpira-
tion, and photoperiod treatment affected them significantly
(Table 3). In all cases, the rates of transpiration were higher
for seedlings grown under the long-day photoperiod. As a
result water-use efficiency was significantly lower for the
photoperiod conditions of 60° than for 50°N (Table 3).

Rates of root respiration were similar for both photope-
riod treatments. Mean root respiration was 12—-17% lower
for the Russian provenance than for the Polish provenance
(Table 3). Differences between provenances in root and
stem respiration rates were statistically significant (Table

80 7] Needles Roots Needles

Roots

TNC Concentration, mg g

Kondezhskoe, Russia Milomlyn, Poland

Fig. 4. Starch (hatched columns), sugar (dotted columns), and total non-
structural carbohydrate (TNC) concentrations in roots and secondary
needles of Scots pine provenances grown under the photoperiod condi-
tions of 50° and 60° N latitude

Table 2. Summary of ANOVA for starch, sugar and total nonstructural
carbohydrate (TNC) concentration in secondary needles and roots of
1-year-old Scots pine seedlings grown under photoperiod conditions of
50° and 60° N

Parameter Provenance Treatment Interaction
Prov * Trt
F P>F F P>F F P>F
Needles
Starch 333 0.09 0.11 075 0.01 092
Sugar 0.32  0.58 13.12 001 0.23  0.64
TNC 1.88 0.19 549 0.03 005 0.82
Roots
Starch 0.73 041 6.18 0.02 595 0.03
Sugar 1.08  0.31 33.46 0.01 140 0.25

TNC 027 061 2725 0.01 287 0.1

3). Stem respiration showed a significant interaction be-
tween population and photoperiod. The population from
Poland had the highest mean rate at the photoperiodic
conditions of 60°N, whereas those from Russia at 50°N
(Table 3).

The results of integrated whole-plant carbon gain for
24 h are shown in Table 4. Mean net carbon gain ranged
from 2.2 mmol CO2 - day-! for provenance Kondezhskoe
at 50°N to 3.1 mmol COz - day-! for provenance Milomlyn
at 50°N. For both provenances the integrated daily root
respiration was 26—31% higher for 50°N than for 60° N,
but due to the relatively high plant-to-plant variation,
these differences were marginally significant at P = 0.12
(Table 4).

The daily net carbon gain was slightly lower (P = 0.15)
for the provenance from Russia than for the one from
Poland. Daily respiratory costs as a proportion of total
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Table 3. COz and H2O gas exchange values of 1-year-old Scots pine seedlings grown at the photoperiodic conditions of 50° and 60° N. Means (SE) are
shown (n = 5). Respiration was measured at 25°C

Parameter Provenance ANOVA Effects
P>F
Kondezhskoe, Russia Milomlyn, Poland
Prov Trt Prov x Trt
60°N S0°N 60°N 50°N
CO; assimilation rate (nmol - g! - s71)
Primary needles 96 ( 3.7) 88 (11.0) 100 (8.4) 97 (17.0) 0.56 0.62 0.82
Secondary needles 87 (11.0) 96 ( 6.2) 102 (5.6) 88 (69 0.70 0.67 0.15
Transpiration rate (umol - g-1- s71)
Primary needles 56 ( 4.7 35(32 53 (5.0) 33 (63) 0.64 0.001 0.96
Secondary needles 44 ( 7.6) 34( 5.6) 53(1.8) 36 (64) (.38 0.03 0.61
Water-use efficiency (tnmol CO2 - mol H20-1)
Primary needles 2.8 0.21) 4.3 ( 0.45) 3.2(0.33) 51 (052 0.15 0.001 0.57
Secondary needles 3.3( 029 49 ( 0.51) 2.9(0.26) 4.1 ( 041) 0.14 0.002 0.57
Dark respiration rate (nmol - g-1 - s-1)
Primary needles 10( 0.6) 13( 1.6) 8 (0.7) 10 ( 1.0) 0.02 0.03 0.89
Secondary needles 16 ( 1.5) 14 ( 1.0) 20(1.9) 18 (LD 0.009 0.18 0.67
Stem respiration rate (nmol - gt - s71)
17( 1.5) 23( 1.4 25 (3.0 21 (L1 0.12 0.63 0.02
Root respiration rate (nmol - g1 - s-1)
30( 1.0) 31 0.8) 36 (2.3) 35 (14) 0.003 0.70 0.46

Table 4. Integrated daily (24 h) carbon gain of 1-year-old Scots pine seedlings grown under the photoperiodic conditions of 50° and 60° N. Means (SE)
are shown (n = 5). Respiration rates were adjusted to day and night temperatures

CO; exchange Provenance ANOV A Effects
(mmol - day-1) P>F
Kondezhskoe, Russia Milomlyn, Poland
Prov Trt Prov x Trt
60°N 50°N 60°N 50°N
COz assimilation
Primary needles 1.12 (0.14) 0.77 (0.30) 1.20 (0.10) 1.55(0.22) 0.05 0.99 0.10
Secondary needles 2.73 (0.40) 3.28 (0.76) 2.97 (0.38) 3.14 (0.54) 0.93 0.52 0.73
Total assimilation 3.85 (0.47) 4.04 (1.05) 4.17(0.42) 4.69 (0.63) 0.50 0.61 0.82
Dark respiration
Primary needles -0.04 (0.00) -0.05 (0.01) -0.04 (0.01) -0.08 (0.02) 0.16 0.03 0.07
Secondary needles -0.19 (0.04) -0.22 (0.05) -0.21 (0.04) -0.32 (0.05) 0.22 0.19 0.42
Stem respiration -0.16 (0.02) -0.21 (0.05) -0.17 (0.04) -0.19 (0.03) 0.90 0.41 0.67
Root respiration -0.93(0.16) -1.34 (0.31) -0.77 (0.14) -1.04 (0.19) 0.29 0.12 0.75
Total respiration -1.32 (0.21) -1.81 (0.29) -1.19 (0.21) -1.64 (0.29) 0.60 0.14 0.94
Net carbon gain 2.52(0.35) 2.23 (0.65) 2.98 (0.10) 3.05 (0.40) 0.15 0.81 0.68

Table 5. Daily respiratory CO2 loss as percent of daily net assimilation for 1-year-old Scots pine seedlings grown under the photoperiodic conditions of
50° and 60° N. Means (SE) are shown (n = 5)

Component Provenance ANOVA Effects
P>F
Kondezhskoe, Russia Milomlyn, Poland
Prov Trt Prov x Trt
60°N 50°N 60°N 50°N
Primary needles 1(0.1) 1(0.1) 1(0.2) 2(0.3) 0.33 0.01 0.02
Secondary needles 5.7 6 (0.6) 5(0.5) 6 (0.6) 0.42 0.06 0.49
Stem + buds 4(0.2) 6(0.5) 4 (0.6) 4(0.3) 0.07 0.15 0.18
Roots 25 (3.4) 34 (2.0) 18 (1.7) 22(3.9) 0.01 0.01 0.26

Total respiratory loss 3533.9) 47 (3.0) 28 (2.6) 34 (3.5 0.01 0.01 0.43
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daily net assimilation were significantly lower (P = 0.01)
for plants growing at 60°N (Table 5). Total respiration
costs as a proportion of net assimilation were also signifi-
cantly higher (P = 0.01) in the Russian population than for
the population from Poland.

Discussion

The populations differed significantly in response to long-
and short-day photoperiod conditions in terms of growth
cessation. Population Kondezhskoe, originating from the
northern part of the species range in Russia, showed an
earlier bud-set at 50° N than in 60° N, whereas the length of
the height growth season for the Polish provenance of
Milomlyn from the central part of the species range was not
sensitive to photoperiod (Fig. 3).

The relative insensitivity of Polish races of Scots pine to
long-range transfer has been described in the literature,
Plants from this region tolerate long-range transfers, grow-
ing well, for example, in Sweden and Canada in the north
(Giertych 1979, 1980; Giertych and Oleksyn 1981). At the
same time, populations from the northern part of the
European range of this species exhibit poor growth after
long-distance transfer to more southern latitudes. Until
now, no physiological explanation has been provided to
explain these observed differences. Based on our data, we
propose that the good early growth of Polish races of Scots
pine at northern conditions relative to native provenances
can be attributed to their lower allocation of dry mass to
roots (Fig. 2), insensitivity to photoperiod in terms of
growth cessation (Fig. 3), and favourably smaller propor-
tional respiratory CO2 loss (Table 5).

In general, higher dry mass allocation to roots under
short-day photoperiod conditions was found in populations
with shorter height growth periods (Oleksyn et al. 1992).
Formation of a terminal bud at the end of the height growth
period is associated with a switch of dry matter accumula-
tion from the shoot to the root (Ledig et al. 1970). Roots of
Scots pine never enter into a stage of true dormancy but
during unfavorable conditions, their active elongation may
stop. For instance as was shown by Dormling (1986), root
growth will temporarily cease when soil temperature is
below 0°C. Overall, the higher allocation of dry matter to
roots, which is characteristic of Scots pine populations
from northern parts of the species range (Oleksyn et al.
1992) could be one of the factors contributing to their
slower above-ground growth, due to the impact of alloca-
tion on whole-plant growth rate (Reich et al. 1992).

There have been several attempts to evaluate the influ-
ence of genetic factors upon CO7 exchange in Scots pine
(Zelawski and Goral 1966; Gatherum et al. 1967; Oleksyn
and Bialobok 1986). However, separation of genetics from
various environmental and intrinsic factors is difficult,
especially in field studies. We did not find any significant
effect of photoperiod or seed source on the CO; assimila-
tion rate of the seedlings (Table 3). Net COz exchange
measurements were performed for both provenances after
bud set, when terminal leader elongation had ceased and
the plants were at a similar stage of development. These

results are consistent with those of Al-Shahine (1969), who
found no differences in CO2 exchange rates of Polish and
Turkish Scots pine provenances when these plants were at
the same phenological stage of development as each other.
Our results are also similar with those of Bamberg et al.
(1967), who found that Pinus cembra plants exposed to
natural daylengths and to 12 and 8 h photoperiods had
similar rates of photosynthesis. However, the populations
studied here differed significantly in daily carbon gain of
primary needles. The proportional contribution of these
needles to the daily assimilation of the northern pro-
venance was lower than for the provenance from Poland,
19-29% versus 29-33% (Table 4). This result is due
mainly to differences between populations in allocation of
dry mass to primary needles (Table 3), since the rates of
CO2 assimilation do not differ significantly (Table 3).
These findings suggest that the stimulating effect of long-
day photoperiodic conditions on above-ground productiv-
ity of Scots pine (Wareing 1950a, b; Downs and Borth-
wick 1956; Oleksyn et al. 1992) is due to enhanced needle
growth and allocation rather than due to higher rates of
photosynthesis.

Statistically significant differences in transpiration rate
between photoperiod treatments at 50° and 60°N may
possibly reflect changes in needle morphology. Needles
from plants growing under long-day conditions in this ex-
periment (Oleksyn et al. 1992), as well as in other studies
(Jensen and Gatherum 1965; Denne and Smith 1971;
Kriesel and Ciesielska 1982) were longer and thinner than
those grown under short-day conditions of 50°N, which
were shorter and more xeromorphic. One of the indicators
of xeromorphicity can be relative water content in needles.
Northern Scots pine provenances from 69-57°N when
grown at the southern short-day conditions of 43°N
showed 37-40% of dry mass content, versus 33—35% for
more southern populations (Langlet 1959).

The short-day photoperiod of 50°N resulted in 27%
greater mean daily integrated root and total respiration of
Scots pine seedlings in comparison with 60°N (Table 4).
Seedlings at 50° N also had greater TNC than those at 60°N
(Fig. 4), but we know of no data explaining why TNC
would be higher in Scots pine under the short-day photope-
riod.

In general, instantaneous and integrated daily respira-
tion losses were much higher for roots than for leaves.
Total daily respiratory losses due to root respiration ranged
from 18 to 34% of net CO2 assimilation (Table 5). Root
respiration accounted for roughly two-thirds of the total
respiratory costs in both populations in both photoperiods.
As with photosynthesis, proportional allocation of dry
mass had a greater impact on whole-plant respiratory
losses than specific respiration rates. For example, the Rus-
sian population had lower root respiration rates than the
Polish population, however, its greater allocation to roots
resulted in a 40 to 50% greater root respiratory cost as a
proportion of total daily carbon gain. In general, respirato-
ry losses due to root respiration vary significantly depend-
ing on species, experimental conditions and the methods
used for estimation. According to Fidmann (1962) root
respiration of conifers is responsible for 40—60% of the
losses of annual photosynthetic production. Hagihara and



Hozumi (1981) estimated the annual contribution of roots
to respiratory losses by woody organs in a Chamaecyparis
obtusa plantation at 27%. For Scots pine, Linder and
Troeng (1981) estimated this loss at 23% for 20-year-old
trees and Agren et al. (1980) at 6.4% for 14-year-old trees.
Ovington (1957), who studied dry matter production of 3-
to 55-year-old Scots pine plantations in Britain, found that
after the first few years, shoot growth increased at a higher
rate than root growth. The same relationship between Scots
pine biomass allocation was found in Sweden (Albrektson
1980). This means that proportional respiratory losses due
to root respiration will probably decline with increasing
age and size.

The results obtained in the present study indicated that
provenance can significantly influence the photoperiodic
response of Scots pine seedlings. Population variation in
productivity is more affected by dry mass allocation and
respiratory losses than by net photosynthesis rate. Depend-
ing on population and photoperiod, roots can account for
up to one-third of the seedlings’ daily respiratory losses.
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