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INTRODUCTION

Planting stock is subjected to a rapid
change in environmental conditions when
it is planted out in the regeneration area.
The previous optimal conditions of the nur-
sery are replaced by the field environment.
In addition, during transportation and plant-
ing many types of physiological stress occur.
The development of water stress is common-
ly considered to be the most harmful (cf.
KOZLOWSKI 1966).

The damage to the seedling caused by
these types of stress is visible as a decreased
height increment, loss of the terminal shoot
and in the worst cases as the dying off of
the seedling. Many roots are cut off when
the seedling is taken up from the nursery
bed. The root tips are destroyed to a great
extent during transportation. In addition,
the roots dry out during planting and often
the fine rootlets fail to make good contact
with the soil particles after planting. All
these factors produce a water deficit in the
plant after planting, as it is impossible for
the seedling to take up water in sufficient
amounts. The water deficit will not cease
until new root tips have grown (TRANQUIL-
LINI 1973). Stored carbohydrates are con-
sumed during handling and transportation.
Mechanical damage also occurs during trans-
portation. This interference in the deve-
lopment of planted seedlings is called plant-
ing shock. It clearly has a harmful effect
on the subsequent development of the
seedling stand. Less severe planting shock
may decrease the resistance to disease and
produce serious, complications later on. If
the planting shock is moderate, growth
of the seedlings is reduced and uneven,
thus causing a subsequent reduction in the
yield of the stand. The effect of planting
shock on the development of the seedlings
has been frequently studied through field
experiments. Small plants seems to be more
sensitive to drying out and the development

of Norway spruce after planting is more
reduced than that of Scots pine. Mortality
and the decrease in growth can only be
studied through field experiments. The fact
that such experiments last for several
years produces additional variance in the
results. The effects of planting shock are
often hidden by this additional variance.
Destructive methods are also available for
studies of planting shock. These methods
have, however, the disadvantage that the
continuous monitoring of the same seedling
is impossible. Thus the measurements have
to be carried out by sampling, which gene-
rates excess variance. The results are much
more reliable, however, if the same seedling
is monitored before and after planting in
such a way, that the measurements do not
have any adverse affect on the seedlings.
This is very difficult to do with the conven-
tional methods applied in forest regeneration
studies. Thus new methods are very desirable.

Studies concerning the gas metabolism
and height growth of plants in the field,
especially those concentrated on water de-
ficit stresses have enabled our research
group to adapt the achieved measurement
and data analysis technique to planting
shock studies. The aim has been to study
the self regulation of transpiration, photo-
synthesis and height increment of Scots
pine seedlings stressed by planting. The
difference in the degree of self regulation
has been assumed to reflect planting shock
accurately.

The financial support from the Foundation for
Research of Natural Resources in Finland is ack-
nowledged. We also wish to express our gratitude
to professor Paavo Yli-Vakkuri, Head of the
Department of Silviculture, University of Hel-
sinki for providing the facilities and equipment
for our study.



MATERIAL AND METHODS

All the measurements made in this in-
vestigation were carried out near the
Forestry Field Station of Helsinki University
in Central Finland. The experimental site
was at the edge of a clear-cut area of about
one hectar next to a young stand of Scots
pine (Pinus silvestris L.). The potted seed-
lings used as experimental material were
placed on a 1.2 meter high table.

The experimental material consisted of
eleven five-year-old Scots pine seedlings
of local genetical origin. The plants were
grown for the first three years in the nur-
sery in the same way as plant material
used in reforestation work. At the beginning
of their third growing season they were
transplanted into the open at the nursery.
One year later they were again transplanted
for the present experiment into 7" clay
pots, one in each, using sandy soil taken
from a field.

In the present experiment the plants
had been growing for sith growing season.
In early spring their mean height was 56
cm. They were divided into three treatment
groups. The first one (4 plants) served as
a control group. The plants in it were allow-
ed to grow for the whole season untouched
in their pots. The plants belonging to the
two other treatments were dug out from
their pots and then replanted into the same
pots and soil on May 15 1975. This opera-
tion can be considered to correspond to
normal transplanting in a nursery. The se-
cond treatment group (3 plants) was trans-
planted immediately after classifying and
photographing the bared roots, which took
altogether 1.5 — 2 minutes. In the third
treatment (4 plants) the plants were kept
in the sun with uncovered roots for 20
minutes before planting. During that time
the plants lost about 18 % of their fresh
weight.

The gas exchange, growth and environ-
mental factor measurements made in this
investigation can in principle be divided
into two categories. In the first the measu-
rements of transpiration and photosynthetic
rates and the environmental factors were

Fig. 1. A block diagram of the measuring system.
Control signal (thick line), measurement signal
(medium line) and gas conduction tubing (thin
line). The numbers refer to the following pieces of
equipment: 1. data-logging unit, 2. relay-unit,
3. IRGA-apparatus for H2O, 4. IRGA-apparatus
for CO2, 5. central unit of ELP, 6. summing ampli-
fier, 7. millivolt recorder for the output of URAS
(H2O) and for the difference between dry and
wet temperatures, 8. millivolt recorder for the out-
put of URAS (CO2) and that for one ELP, 9.
potentiometer for temperature measurements, 10.
ice bath, 11. flow meter, 12. membrane pump,
13. compressor, 14. magnetic switch for compressed
air, 15. magnetic switch for gas to be analysed,
16. cuvette, 17. two pairs of thermocouples for
measuring the difference between dry and wet
temperatures, 18. thermocouples for measuring
dry and wet temperatures, 19. apparatus for
measuring wind velocity, 20. KIPP-solarimeter.

monitored with an automatic system. The
second category included the measurements
of daily amounts of transpiration, potential
evaporation and height increment. The data
for the second category was collected ma-
nually.

The automatic measuring system consisted
of several devices which are illustrated in
a block diagram in Fig. 1. The central unit
of the automatic system was a data logger
supplied by Nokia Oy, Finland. It controlled
the system, collected the data and punched
it out on paper tape.
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The following parameters were conti-
nuously (every 100 seconds) monitored:

— photosynthesis (URAS 1)
— transpiration (URAS 2)
— total radiation (KIPP-solarimeter)
— the radiation utilizable in photosynthe-

sis (HARI et al. 1976)
— temperature (three pairs of wet and

dry thermocouples)

Gas exchange was monitored with an
open system using two infrared gas analyzers
(IRGA) connected in series. The first one
(URAS 2) was equipped for measuring
water content of the air and the second one
(URAS 1) for measuring GO2. Before the
air entered the GO2-URAS, water was re-
moved from the gas flow because of its
disturbing effect on CO2-measurements. The
seedlings were sequentially enclosed in trap-
type pneumatically operated chambers or
cuvettes for 100 seconds (Fig. 2). During
that time an air pump sucked air (60 1/h)
from the cuvette through the two URAS-
apparatuses.

Fig. 2. A. A closed cuvette.
B. An open cuvette in which five silicon diodes
of the ELP are visible.

0 10 20 30 40 50 60 70 80 90 100
Percentage of maximum light intensity

Fig. 3. Relationship between output of ELP and
total radiation.

The gas exchange measurements were
based on differences in CO2 and H2O con-
centrations inside the closed chamber and
in the ambient air. Altogether 11 cuvettes
were used in the present experiment. In
addition, two channels of the circulating
system were used in monitoring the GO2

and H2O concentrations of the air around
the cuvettes. The aim of this study was not
to study absolute values of photosynthesis
and transpiration. In order to increase the
accuracy of the relative values each seedling
was kept in the same cuvette throughout
the whole measuring period.

Light was monitored with equipment for
measuring light in photosynthetic studies,
called ELP. Photo-voltaic cells (Siemens
BPY 11) were used as light sensors. They
were fixed inside the cuvettes, five in each.
The output voltage in the circuit applied
simulates the response of photosynthetic
rate on light (see Fig. 3). The output voltages
were first summed together in a summing
amplifier. These summed signals, one com-
ing from each cuvette, were transferred
to the central unit of the ELP. The central
unit selected the signal from the correct
cuvette and integrated it during the time
the cuvette was closed. Just before the
cuvette was opened the output of the
integrator was read by the data logger.
This light measuring system has been
especially designed for photosynthetic stu-
dies. It has been thoroughly described and
discussed by HARI et al. (1976).
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Besides the ELP, light was also monitored
with a KIPP-solarimeter, which recorded
total radiation. Gopper-constantan thermo-
couples were used for measuring wet and
dry temperature. One of these was placed
in the shade next to the seedlings of the
present experiment. The difference between
readings of the wet and dry thermocouples
was used for estimation of the potential
evapotranspiration rate (HARI et al. 1975).

In summary the automatic measuring
system operated as follows. Each cuvette
in turn was closed for one hundred seconds.
During that time the ELP was simulating
the dependence of the photosynthetic rate
on light inside the closed cuvette and the
air pump sucked air from the cuvette through
the two infrared gas analyzers. At the end
of the period of one hundred seconds the
data was recorded on paper tape and the
next cuvette was closed. The automatically
collected data consisted of wet and dry
thermocouple readings, total radiation, the
output of the ELP and the output of the
two URAS-apparatuses.

Of the measurements carried out manually
the daily amounts of transpiration were
measured by weighing the potted seedlings

once a day to an accuracy of O.i g. To pre-
vent evaporation from the surface of the
pots each pot was enclosed in a plastic bag
which was tightly sealed around the stem
of the seedlings. The seedlings were pro-
tected against rain with a plastic shelter
in order to avoid the disturbing effect of
rain on transpiration measurements. The
water content of the soil was kept near to
field capacity by injecting daily into the
pots an amount of water that equalled the
transpiration loss. The potential amounts
of evapotranspiration were estimated by
weighing a petri dish once a day at the same
time as the seedlings. The petri dish was
kept in the shade beside the wet and dry
thermocouples.

The height increment of the main shoot
of each seedling was measured every day
at 8.00 a.m. to an accuracy of O.i mm. In
order to improve the accuracy, the mea-
surements were carried out by the same
person during the whole experiment. The
temperature readings used in the analysis
of the height increment data were monitored
with a thermohygrograph placed in the
shade.



MODELS FOR TRANSPIRATION, PHOTOSYNTHESIS AND
HEIGHT INCREMENT

The analysis of the measurements is
based on the hypothesis that the metabolic
activities of the plants can be divided into
two different types: 1. plant reactions to
changes in the environment 2. the effect
of self regulation on the reactions of plants,
i.e. the internal control of gas metabolism
and growth. An attempt is made to sepa-
rate the two effects from each other in
the analysis of the data. Planting affects
the degree of the self regulation of the
plant. The magnitude of the change in the
degree of the self regulation is a measure
of the planting shock.

Metabolic rates (photosynthesis and trans-
piration) and the daily values of integrals
of metabolic rates (daily amounts of transpi-
rated water and daily height increments)
can be monitored in field conditions. Des-
pite the differences between these two
types of measurement, the data can be
analyzed with very similar models.

Transpiration

{ ) mi = am - (x i -v i )+bmy i + cm'

where the values of parameters a, b and c
are estimated in nonstressed conditions (cf.
HARI et al. 1975). The degree of control is
measured transpiration rate divided by the
predicted value if no stresses were present
according to the definition.

The daily amounts of transpired water
can be treated with quite similar methods
as the transpiration rate. Let Hmj- denote
the amount of water transpired by the
m:th seedling during the j:th day and PHj
the amount of potential transpiration during
the j:th day. In nonstressed conditions Hmj
can be predicted quite well with the follow-
ing model

(3) Hmj = k m ^PH, .

The daily degree of control of transpira-
tion, CT, is defined analogously to the
control of transpiration rate

TT

fd.~\ CT- — m j

where the value of parameter km is determin-
ed in nonstressed conditions (cf. SMOLANDER
et al. 1975).

Let Xj denote the temperature in the i:th
measurement, Vi the wet temperature, yi
light intensity and hmi the transpiration
rate of the m:th seedling correspondingly.
According to HARI et al. (1975) the difference
between the readings of the wet and dry
thermocouples gives quite an accurate es-
timate of the evaporation rate. The tempe-
rature inside the cuvette rises when it is
closed. This is caused by solar radiation. The
transpiration rate is analyzed with the
following model in nonstressed conditions

(1) hmi = am- (Xi - vO + bmyi + cm,

where a, b and c are plant specific parameters,
the values of which have to be estimated.
If the plant is stressed by the environment,
the degree of the effect of this stress on
transpiration can be estimated using the
degree of the control of transpiration rate,
ct, which is defined as follows

Photosynthesis

Let pmi be the photosynthetic rate in
the i:th IRGA-measurement and ŷ  the value
of the i:th light measurement. The photo-
synthetic rate pmi is determined in nonstress-
ed conditions by light and temperature, thus

(5) Pmi r Pm(x» Yi).

where p m is a function to be estimated
(cf. HARI et al. 1973 and 1976, SALO 1974
and REED et al. 1976).

The photosynthetic rate decreases in stress
conditions. This is measured by the degree
of the control of photosynthetic rate cpmj
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which is defined as follows (cf. HARI et ai.
1975)

(6) cp r a i - Vmi .
Pm(Xi, Yi)

The daily integrals of photosynthetic rate
are not available, but they can be approxi-
mated from the daily sums of the photo-
synthetic rate. The daily degree of photo-
synthetic control, CP, is defined

ij + i

? P m i
(7) CPmi = ^ ,

2 Pm(Xi, Yi)

where ij is the number of the first measure-
ment of the photosynthetic rate during
the j:th day.

Daily height increments

The self regulation of plants has a very
pronounced effect on height growth. It is
an essential feature of growth taking place
in the absence of stress. During the phase
of maximal height growth the height growth
rate is primarly determined by temperature.
Let h denote the dependence of height
growth rate on temperature presented in
Fig. 4 according to HARI et al. 1977. During
the phase of maximal growth the daily
height increment Gmj (m:th seedling, j : th
day) can be analysed with the following
model

!j+l 6

(8) Gmj = am h(x(t - —)) dt = a ^ ,

where tj is the beginning instant of the j:th
day (cf. HARI 1976). The model defined by
Eq. (8) gives satisfactory results only during
the phase of maximal growth. It gives too
large values for daily height increments at
the beginning and at the end of the growing
period (cf. HARI and LEIKOLA 1974). For
this reason the model has to be developed

Fig. 4. The length increment of Rubus saxatilis
runners as a function of temperature with a time
lag of six hours.

further. In the early summer the rate of
maturation is mainly determined by tem-
perature. During cold days there is hardly
any development at all, but during warm
days the progress is very rapid. This effect
is taken into consideration by means of
the rate of maturation.

Let m denote the rate of maturation. Let
us suppose that m depends on temperature
only

(9) m = m(x).

A new concept, physiological stage of
development, S, is now defined which
describes the stage of development of the
plant using the rate of maturation

t

(10) S(t) = f m(x(t))dt (HARI 1968 and
J 1972, ROBERTSON
*o 1972, SARVAS

1976).

The self regulation of the height growth
of plants can now be introduced into the
model. Let CG denote the effect of self
regulation on height growth. Assume that
CG depends on the physiological stage of
development
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(11) CG - CG (S).

The effect of self regulation on height,
growth CG has to fulfill the following re-
quirements

1. CG = 0 before the onset of growth,
2. 0 < CG < 1 during the phase of in-

creasing growth,
3. CG «a 1 during the phase of maximal

growth,
4. 0 < CG <; 1 during the phase of de-

creasing growth,
5. CG = 0 after the cessation of growth.
The requirements are fulfilled by the

piecewise linear function shown in Fig. 5.
The parameters have the following inter-
pretation

a1 — the level of growth, at the beginn-
ing of the daily height increments,

Sx = the physiological stage of deve-
lopment in which maximum growth
is attained,

S2 = the physiological stage of develop-
ment in which growth starts to
decrease,

Physiological stage of development

Fig. 5. The function CG used in the model.

Sc = the physiological stage of develop-
ment in which growth ceases.

The daily height increments can now be
analysed with the following model
(12) Gmj - CG (Sj) am kj,

where Sj = S(tj) (cf. HARI et al. 1977 and
VUOKKO et al. 1977) and kj is defined in
Eq. (8).



RESULTS

Transpiration

Effect of transplanting on the daily amounts
of transpiration

The seedlings were weighed and watered
once a day in order to control the amount
of water in the pot and to measure the
daily amounts of transpired water. The

daily amounts of transpiration and according
to Eq. (3) computed for each group are
shown in Fig. 6. The effect of transplant-
ing on transpiration is clearly detectable.
The magnitude of the effect of transplanting
is measured by the daily degree of the
control of transpiration, CT (cf. Eq. 4),
which is presented in Figure 7 for the planted

Fig. 6. A. The daily amounts of
transpiration scaled according to
Eq. (3) for control (thick line),
planted (medium line) and exposed
group (thin line).
B. The daily amounts of evapo-
ration from petri dish.

Fig. 7. The daily degrees of control of transpiration,
CT: A. planted group. B. exposed group.

and exposed seedlings for the whole mea-
suring period.

Planting caused a very clear decrease in
the gross level of transpiration. The effect
lasted throughout the whole measuring pe-
riod. The variation between seedlings is,
however, quite pronounced. The degree of
the control of transpiration for seedling
number 5 is about 0.6 — 0.4 at the end of the
monitoring period and for seedling number
7 about 0.3 — 0.5. For seedling number 6
the control of transpiration was increasing
throughout the whole period and GT equalled
0.1—0.2 at the end of the period.

The effect of transplanting and exposure
on transpiration is very clear and regular.
The decrease in the value of CT is more
pronounced and more rapid than that of
the planted seedlings. The stressed seedlings
transpired only 10 — 30 % of the potential
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amount. Subsequently there is some recovery
in transpiration. This effect is most pro-
nounced in seedling number 9. Its GT in-
creases from 0.4 to 0.8. There is also some
recovery in the transpiration of other seed-
lings. Their GT values were about 0.5 by
the end of the monitoring period.

The effect of environmental factors on CT

The pattern followed by CT is very similar
in each treatment group. There is, however,
some systematic effect causing the varia-
tion. The peaks in GT occur simultaneously
in each plant. This fact gives rise to the
question: what factor produces this regula-
rity. There are two possibilities: 1. The
stomata are closed due to the lack of water.
2. There is interaction between temperature
and the self regulation of the seedlings.

These hypotheses were tested with reg-
ression analysis. The control of transpiration
was explained with daily mean temperature,
daily theoretical respiration (HARI and LEI -
KOLA 1974) and with daily evaporation. The
last factor proved to be the most powerful
in explaining the variance in CT. According
to Fig. 8 the variation in GT is very small
when daily evaporation is greater than 15
g dm~2day - 1 .

The daily value of CT is the mean of the
degree of control of the transpiration rate
weighted with the evaporation rate. For this
reason a much more effective way of study-

ing the effect of environmental factors on
the control of transpiration is to study the
relationship between ct and the environ-
ment.

Effect of transplanting on transpiration rate

Transpiration rate was monitored with an
URAS-gas analyzer. However, this is rather
difficult since water easily condenses in the
tubing. Monitoring is reliable only during
periods of fine weather and during the
day time. The model defined by Eq. (1)
explained about 85 — 90 % of the variance
in the transpiration rate in nonstressed
conditions. The difference between the wet
and dry thermocouple readings alone ex-
plained about 80 % of the variance. The
effect of transplanting on the transpiration
rate was studied by means of the degree
of control of transpiration rate (cf. Eq. 2),
ct. In Fig. 9. the daily patterns of measured
and computed transpiration rates and of ct for
exposed seedling number 10 are shown befo-
re transplanting (May 6 and 10) and in
Fig. 10. three weeks after planting out (Ju-
ne 6 and 10). The degree of the control
of transpiration rate is about 0.1 — 0.3 at
noon. It has clearly decreased from the values
reached in the morning. The magnitude of
ct is the same as that obtained earlier on a
daily basis. The accuracy of monitoring is
so low that the effect of environmental
factors on ct cannot be detected.

Fig. 8. Correlation between
CT and daily evaporation:
A. planted seedlings during
the period May 2 —June
20. B. exposed seedlings
during the period May 2 —
June 30.
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Fig. 9. A. Transpiration
rates as measured by
URAS (thick line) and com-
puted according to Eq. (1)
(thin line) for exposed
seedling number 10 May 6
and 10.
B. The degree of control
of transpiration rate.
C. Evaporation rate (diffe-
rence between dry and wet
thermocouple readings)
(thick line), total radiation
(medium line) and tempe-
rature (thin line).

Fig. 10. Same as Fig. 9.
June 6 and 10.

Photosynthesis

Photosynthetic rate of the control plants

The analysis of photosynthetic rate in this
paper was based on the model Eq. (5). The
function p in the model was determined
using the measurements carried out with
three control plants during the period Ju-
ne 2 — 13. During this period temperature

varied between 15 — 25° G at high light inten-
sities (output of ELP being 80-100) and
between 3 — 20° G at low light intensities.
The dependence of the photosynthetic rate
on temperature and the output of the ELP is
shown in Fig. 11. The optimum temperature
near to the maximum output of the ELP
was about 15° C. Photosynthetic rate was
depressed by about 20 % at 25° C compared
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Fig. 11. Photosynthetic rate expressed as a func-
tion of temperature and the output of ELP.

with the optimum. The effect of temperature
on photosynthetic rate was not visible at
low light intensities.

The reliability of the model was tested
with the measurements carried out on the
control plants during the periods May 12 —
June 1 and June 14 — 20. The correla-
tion between the measured and according
to Eq. (5) computed photosynthetic rates
varied between 0.90 — 0.95. The fitness of the
model is demonstrated with plant number
1 in Fig. 12 and 13.

The effect of transplanting on the daily amounts
of net photosynthesis

The previously presented model was used
for predicting the potential photosynthesis

Fig. 12. A. Measured (thick
line) and according to Eq.
(5) (medium line) computed
photosynthetic rates for
control seedling number 1,
during May 12 and 19.
B. Output of ELP (thick
line) and temperature (thin
line).

Fig. 13. Same as Fig. 12,
June 14 and 16.


