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This paper is the final report of a study on the damage
of tree transplants induced before the trees are planted in
the field. The injury development is viewed as a transient
rather than a "step-like” process. The main objective of
the study is to develop concepts and methods for recog-
nizing and analysing the dynamic aspects of that process.
The report consists of three parts: i) characterization of
the environments to which the plants are exposed, ii)
theoretical part of model development, and iii) experi-
ments with barerooted Scots pine transplants in which
the model was applied.

The results of the first part of the report indicate fast
temporal variation of the environmental stress factors,
and a slow response of the plant in terms of visible injury
symptoms. A model is developed in the second part of the
report for analysing the relationship between the fast
stress variables and the slow injury variables. The model
is employed in the third part of the study for developing
experiments in which the transplants were subjected to
different stress conditions. The conclusions emphasize
the hazardous role of root desiccation. Similar injury
development was observed over a tange of different
planting sites. Controlling high temperatures during the
transportation and storage of the plants was introduced
as an indirect method for avoiding the risk of root
desiccation.

Raportissa esitetadn metsipuiden taimien kuljetus- ja
varastointivaurioita koskevan tutkimuksen paatulokset.
Taimen vaurioitumista ei kuvata akilliseni ker-
tatapahtumana vaan yhtijaksoisena prosessina, joka
ctenee vaihtelevalla nopeudella. Tutkimuksen paitavoit-
teena on kehittda kisitteitd ja menetelmii, joilla voidaan
kiinnittdd huomiota vaurioitumisprosessin yhtijaksoi-
seen luonteeseen sekid eritelld vaurion voimakkuuteen
vaikuttavia tekij6iti. Raportin ensimmiisessi jaksossa
esitetddn kuljetus- ja varastointioloja koskevia mittaus-
tuloksia. Toisessa jaksossa kehitetidn kisitteita ja
menetelmid. Kolmannessa jaksossa esitetddn paljas-
juuristen minnyntaimien vaurioitumista  selvittivi
koesarja.

Taimien vilittomasta ympiristostd mitattujen rasitus-
tekijoiden todettiin vaihtelevan nopeasti tunnista toiseen,
kun sensijaan taimen vaurioreaktiot saatettiin havaita
vasta viikkojen kuluttua. Nopeiden ja hitaiden muuttu-
jien toisiinsa rinnastamista varten kehitettiin teoreetti-
nen malli, jonka sovellutuksena laaditun koesarjan
perusteella tarkeéksi vaurioitumisen aiheuttajaksi todet-
tiin juuriston kuivuminen. Monilla erilaisilla istutus-
paikoilla  havaittiin  juurten  kuivaamiskasittelyn
seurauksena olennaisesti yhdenmukainen vauriokehitys.

Tutkimuksen paatuloksena pidetdin luvussa 3. kuvat-
tua taimien vaurioitumisen teoreettista mallia, johon
yksityiskohtaiset kokeet perustuvat. Koetulosten pohjal-
ta voidaan erdit tekijit todeta kiytinnén metsanviljelyn
onnistumista ajatellen verrattain yhdentekeviksi kun sen
sijaan juuriston kuivumisvaaraa on pidettivi erittiin
huomionarvoisena. Juuriston kuivumista voidaan kiy-
tannossd estdd mm. vilttamalla korkeita limpétiloja va-
rastoinnin ja kuljetuksen aikana.
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1. INTRODUCTION

1.1. Tree planting as large scale activity

In 1981, about 240 million forest plants
were used in Finland for forest regeneration.
The plants were distributed and planted over
a reforestation area of 141 000 hectares. More
than half of all the plants were barerooted
Scots pine transplants (Yearbook . . ., 1981;
Yearbook . . ., 1982). Statistics of this kind
are not available on a worldwide basis. How-
ever, a recent questionnaire by Tinus (1983)
indicates that in 15 countries which practice
intensive forestry, more than 4 billion trees
are planted annually. Of this stock, over 80
per cent are barcrooted plants. There are
indications that barerooted plants may con-
tinue to be competitive (Harstela & Tervo,
1983).

On a small, experimental scale, by handl-
ing the transplant carefully, it is possible to
plant a tree with a very high probability of
success (cf. Huuri, 1972). But in large-scale
reforestation programs, due to the heavy
work load, such careful handiing of every
plant cannot be arranged. Given the
economic constraints, this would not even be
desirable. It is not surprising, therefore, that
substantial plant losses have been recorded in
most, if not all, of the regeneration inven-
tories (Yli-Vakkuri et al. 1969; Leikola et al.
1977; Rautiainen & Risénen, 1980; Pelkonen
et al. 1982; and Kinnunen & Nerg, 1983). In
some cases, less than half of the planted trees
have survived long enough to produce mar-
ketable timber. Fortunately, as shown by
Leikola et al. (1977), such losses are partially
compensated by naturally regenerated sapl-
ings.

Plant loss in forest regeneration programs
are to some extent acceptable because of the
cost constraints of the large scale effort. There
is a need, however, to continuously uppgrade
regencration methods so as to improve results
and to decrease costs. In such efforts it is
important to bear in mind the whole process
of regeneration from the seed to the estab-
lished new stand (Osterstrom et. al 1974;
Riasinen, 1981; Parviainen & Lappi, 1983).

Risinen (1980) divides this process into the
following phases:

000 Seed formation

Collection of seed

Storage of seed

Sowing phase

Germination phase

Germling phase

Seedling phase

Transplanting phase

Transplant phase

Transfer (lifting, packing, transport) phase
Plantig phase

Planting shock phase

Weed phase

Snow limit phase

Establishment phase

Competition phase (differentiation into crown

nooo\-c’wu-pww——-og
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classes).

An effective way to uppgrade planting
practices is first to identify the weakest links
of the planting process and then to look for
improvements in these critical phases. As
pointed out by Yli-Vakkuri (1957), a particu-
larly critical period for baretooted plants oc-
curs between lifting and the weed phase.
Between lifting and planting the roots are
detached from the soil, so that the transplant
is subjected to an exceptional environment
with respect to its evolutionary history.
Therefore, transplants deserve particular at-
tention and care during that period. This,
however, is not easy to arrange in large scale
programs. Especially this is difficult in north-
ern latitudes, where the favorable planting
season peaks within a few weeks after the
frost melts (see Heikinheimo, 1954). The
heavy work load does not permit wide safety
margins in plant treatment. The planting
phase is followed by the “planting shock
phase” which also could be called acclima-
tion phase. An important part of this phase is
root development (Heikinheimo, 1941;
Stupendik and Shepherd, 1980). Acclimation
also takes place elsewhere in the plant. The
whole plant must adjust its structure and
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functioning to the altered environment in re-
spect to moisture, nutrients, temperature, sol-
ar radiation and other factors. The particu-
larly critical period terminates when the ac-
climation processes have caused the stock to
resemble a naturally regenerated stand with
comparable site factors and genotype.

The damage to the plant is difficult to
detect within the critical phases of plant
transportation, storage, and planting. Both
conifers and broadleaved plants in the leafless
stage are slow in developing visible symptoms
so that the damage often remains latent for
several weeks. Due to this delay, weak plants
may be introduced into the expensive plant-
ing phase, as they still look vigorous.
Moreover, also due to the delay, it is difficult
to keep track of where, when and why the
damage was induced. Therefore, the mistake
is likely to be repeated the following year. As
the causal relationships are not self-evident,
intensive research is required for improving
the understanding of the processes preceding
injury.

A good deal of literature already exists on
conifer transplants, spanning from phase 7 to
phase 9 of the above classification. The trans-
fer phase, for example, has been studied by
Yli-Vakkuri (1957), the planting phase by
Huuri (1972), and the acclimation phase by
Hallman et al. (1978). In field studies the
stock has been subjected to unfavorable con-
ditions before planting, and the effect of this
treatment has been demonstrated in terms of
growth and survival which are measured af-
ter a prolonged period of time, so that the
potential damage has had time to manifest
itself. Damage due to mistratment has been
reported by Hedemann-Gade (1949, 1960),
Yli-Vakkuri (1957), Herrman (1962, 1964,
1967), Mullin (1971), Liptak (1970), and
Huuri (1972).

The understanding of the process of dam-
age has improved with physiologically
oriented research which has been increasing-
ly introduced into this field since the late
1960s. The concept “planting shock” has
been used in many physiologically oriented
studies. This concept encompasses the typical
physiological processes of a recently planted
transplant, as compared to those of an other-
wise comparable tree which has been regen-
erated naturally. The “planting shock” has
often been associated with water deficit: The

root systems of the plants are not able to
absorb enough water after transplanting. A
water deficit begins to manifest itself, CO,-
uptake is inhibited, and the increase in dry
matter is reduced due to the lack of photosyn-
thates (Giirth, 1969:; see also Tranquillini,
1973; Havraneck and Tranquillini, 1972;
v. Liipke, 1973; Havranek, 1975; Hallman et
al. 1978; and Korpilahti, 1982).

Planting itself can hardly alter the physiol-
ogy of the plant in a way which would induce
large scale damage (e.g. Huuri, 1972). Phy-
siologically oriented research lends support to
this view (Hallman et al. 1978; Korpilahti,
1982). “Planting shock” thus appears to be
triggered by mistreatment partially in the
planting phase, but partially already in the
phases of storage and transportation.

1.2. Objectives and structure of the study

This study focuses on barerooted Scots
pine transplants within the time period from
lifting in the forest nursery to acclimation on
the planting site. The objective of the study is
to develop new research methods for analys-
ing the responses of transplants to unfavour-
able environmental conditions. The intention
is to describe potential injury development as
a result of both environmental factors and
plant internal factors. In particular, the main
objective of the study is to develop concepts
and methods for recognizing and analysing
the dynamic aspects of injury development in
tree transplants, which are key factors in this
type of damage where there is a delay be-
tween inducing the damage and observing it.
An additional objective is to apply the new
methods to empirical data in order to make a
contribution to the information regarding the
relative importance of selected factors affect-
ing the damage.

This study report consists of three parts.
Section 2 is a characterization of the environ-
ments to which plants are exposed. Special
emphasis in this section is given to the tem-
poral variation of the environmental factors.
Next, Section 3 is the theoretical part of the
study which is devoted to the development of
the new concepts and methods for analysing
the dynamic aspects of injury development.
Requirements for these considerations are

largely derived from the features of the envi-
ronment as recorded in Section 2. Finally,
Section 4 reports empirical experiments to
which the new concepts and methods were
applied. Several potential causes of injury are
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examined. These factors are tentatively rﬁnk-
ed in order of their importance. An em];_nr_lcal
model is developed for predicting the injury
in transplants with roots exposed to the open
air.



2. TEMPORAL VARIATION OF ENVIRONMENTAL FACTORS:
A COMPARISON OF TRANSPORTATION BAGS

2.1. Purpose of the comparison

Plant transportation bags are not recom-
mended for storing plants for any prolonged
period of time. Sometimes, perhaps due to the
heavy work load, this recommendation is
overlooked, and unloading of the plants from
the bag is delayed. Under such circumstances
the plants are subjected to rather extreme
environmental conditions. The objective of
this section is to describe the environmental
conditions inside transportation bags in order
to improve the understanding of extreme field
conditions on barerooted plants. In particu-
lar, the main objective of this section is to
describe the temporal variation of the en-
vironmental factors inside the bags. Such in-
formation is later utilized in the theoretical
part of the study. An additional objective is to
compare alternative bag types, and based on
this comparison, to make recommendations
for selecting an appropriate bag for plant
transportation. Special attention is given to
controlling maximum temperatures and
evapotranspiration rates of plants in the bag.
Conclusions of immediate practical value
were published in an earlier report (Kauppi
& Hari, 1980).

2.2. Bag properties and plant vigor

In choosing the bag type for plant trans-
portation, there are a number of properties
that must be considered. Not only must the
bag be easy to handle, it must also tolerate
moisture, rainfall and varied temperature
conditions. These properties are easy to de-
termine during use of the bags in the field.
Therefore, the trial-and-error principle is effi-
cient in detecting such characteristics. It is
more difficult to determine the properties of a
bag which directly or indirectly affect the
vigor of the nursery stock. The vigor, as
discussed above, is not directly visible. It only

mainifests itself well after the stock has been
planted.

It has been demosntrated that the bag wall
can substantially modify temperature condi-
tions inside the bag (Leikola, 1973). This is
due to cutting off the turbulent airflow in the
internal bag space. It is also due to the
specific bag properties which determine what
fraction of the solar radiation is reflected from
the bag, what fraction is absorbed by the bag
wall, and what fraction is transmitted into the
bag. When the bag is placed in a shaded
environment, the internal temperature fol-
lows the ambient temperature, regardless of
the bag material. Only the time constant
involved will vary from bag to bag. But this is
not the case when a bag is exposed to sun-
shine.

Five different bag types were compared in
this study. One of them was substantially
more transparent to solar radiation than the
others. A hypothesis was created that this
difference affects the microclimate in the bag
and, subsequently, the future performance of
the plants stored in it before planting. Since
plants can absorb more radiation energy than
the transparent bag wall, it is obvious that
the temperature of plants inside a sunlit bag
would be higher than that of the bag wall.
Water would also evaporate from the sunlit
plants and condense on the bag wall
whenever the temperature of the wall was
below the dew point. (This could be the case
rather often if] in fact, a temperature gradient
existed between the plants and the wall.) The
water then would run down to the bottom of
the bag, which would be cool and not capable
of recycling the water back into the air. This
hypothesis is illustrated in more detail with
the following calculation, the purpose of
which is to obtain a rough estimate of the
amount of water leaving the plants.

A typical daily integral for the solar radia-
tion energy on a horizontal surface in Finland
in June is 25 MJ'm™, corresponding to an
average irradiance of about 300 W-m™? (Budy-
ko, 1960). Assuming that half of the solar

energy is transmitted through the bag wall,
and that the plants occupy an area of 30X 30
cm, the amount entering the plants would be
25:(0.3-0.3)-:0.5 MJ, which is 1.1 M]J. The
latent heat of vaporization of water at the
realistic temperature of 40 °C is 2.4 MJ-kg™
(Gates 1980, p. 308). This implies that there
would be enough energy inside the bag to
vaporize more than 400 grams of water in one
day. Given the weight of the plants (10 to 25
kg) such an amount of vaporized water might
be significant, particularly since the water
reduction would not be evenly distributed
between the plants but it would only involve
the topmost plants. Four hundred grams is
the total water content of 50-100 barerooted
2+1 Scots pine transplants (c.f. Parviainen,
1980).

It was hypothesized that the transparency
of the transportation bag would have a sig-
nificant impact on the environment inside the
bag and, subsequently, on the performance of
plants stored in the bag in sunny conditions.
Moreover, the factors would vary rapidly in
time especially during a period of time with
intermittent irradiance. These hypotheses
were tested with the experiments reported
below.

2.3. Experiments with different bag types

General Design of Experiments. The experi-
ments described in this section consist of 1)
characterization of the materials of which the
five types of bags were made; ii) recording of
the bags’ internal microclimate under severe
but realistic field conditions; and iii) assess-
ment of the performance of plants stored
inside the bags prior to planting in the field.
All the field experiments were done during
the period of May through September, 1978,
in the Hyytild Forest Station of the Universi-
ty of Helsinki (Latitude: 61°50°, Longitude:
24°15°).

The bag types used in the experiment were
the following:

[A] Bag A was a white polythene bag, size 50X90 cm,
with a 0.1 mm-thick wall. This bag was generally
used in Finland in the 1970’s for transportation of
nursery stock, though use has been discontinued as
discussed in detail below. The bag was produced in
Finland by Amerplast Company.
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[B] Bag B was made of double-walled polythene. The
white exterior wall had been clamped to the inner
black wall in a process which left no air space
between the two walls. The bag size was 60X90 cm
and the wall thickness (white+black) was 0.1 mm.
The bag was produced by Amerplast Company in
accordance with specifications required by this
study.

[C] Bag C was a black polythene bag, size 50X 100 cm,
with a wall thickness of 0.05 mm. This bag, which is
generally used for waste disposal, was also a product
of Amerplast Company.

[D] Bag D was a double-walled polythene bag similar to
Bag B. The inner wall of this bag was also black, but
the exterior wall was a metallic silver grey. No air
space was left between its walls. The bag was
60% 100 cm in size and its total wall thickness was
0.1 mm. The bag was supplied by the Austrian
company K. Hirsch and in German is known as the
”Pflanzfrisch Transportsack” ("Fresh Plant Trans-
portation Bag”). It has been specifically designed
for storing and transporting nursery stock (Lang,
1973).

[E] Bag E, unlike the four other bag types, was made of
paper. Its walls consisted of three layers of paper,
which were not clamped tightly together, allowing
two air spaces between the layers. The inner layer
was covered with a thin polythene reinforcement.
The bag was 40X80 cm in size with a total wall
thickness of about 0.5 mm. This bag has been
produced particularly for the needs of nursery stock
transport by the Paperituote Company in Finland,
but it has not been as widely used as Bag A.

Properties of Bag Materials. The wall materials of the five
bags were studied in detail by taking measurements of
short wave radiation transmittance, short wave radiation
reflectance, spectral distribution of the reflected short
wave radiation, and spectral distribution of transmitted
thermal radiation.

The transparency of the bags to solar energy was
studied in full sunlight conditions using Lambda LI-185
equipment with a pyranometer sensor. The sensor was
directed towards the sun, and then covered by the bag
wall. The calculation of transmittance was obtained by
then dividing this reading by a subsequent reading taken
from an uncovered sensor. Reflectance of short wave
radiation from the different bag walls was measured with
an integrating sphere (Figure 2.1.). All measurements
with this instrument were conducted by the Technical
Research Centre of Finland. As is standard in reflectance
studies, the integrating sphere was used to generate a
uniform angular distribution of irradiance onto the ob-
ject surface. The radiance spectrum corresponded to CIE
standard illumination A (color temperature 2856 K).
The sensor was a celen cell.

The spectral properties of reflected radiation were
described using a spectroradiometer system also con-
structed by the Technical Research Centre (Jaakkola &
Saukkola, 1980). The point-source radiation installed for
this particular measurement application met the bag
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wall at a 30 ° angle, and the reflected radiation was
measured perpendicular to the wall object. Reflectance
at different wave lengths was measured at five-nanome-
ter intervals for the range 395-995 nm. The readings
were expressed on a relative scale where the reflectance
at 660 nm, separately for each wall material, was fixed at
the value 1.0. The measurements were performed to
quantify the "bag color”.

The spectral properties of transmitted radiation for the
longwave range 5-20 um were measured for the different
bag materials using a Perkin-Elmer 621 infrared spec-
trophotometer. The wave length range was selected so as
to correspond to the radiation emitted from objects at
35-40 °C (approx. 310 K), which is the temperature of
transplants in bags under severe field conditions (Leiko-

la, 1973).

Recording the Internal Environment. Temperature and po-
tential evaporation inside the bags were monitored under
field conditions. One bag of each of the five types was
placed on an open roof, 1.5X3.5 meters, at a height of 2.8
meters above the ground surface (Figure 2.2.). This
location was selected because it was similar to an open
field with respect to solar irradiance, and because it was
near the field laboratory with the monitoring equipment
(for description see Hari et al. 1979). Each bag was filled
with 150 barerooted 2+ 1 transplants (Appendix 1). The
bags, which were tightly closed, were lyving on heat-
insulating polystyrene plates fixed to the roof.

Temperature was measured with eight thermocouples
placed in the internal bag spaces and connected through
a data logging system to a PDP 11 computer (Lappi &
Smolander, 1981). The time interval between measure-
ments from a given thermocouple was 100 seconds. A
shade was constructed for the thermocouple located in
Bag A, since this bag was partially trasparent. The
thermocouples remained in the bags for 42 days, from
May 11 to June 23, 1978.

Conditions for evapotranspiration were measured in-
side the same bags from June 14 to 23, 1978. This was
done using equipment described by Hari et al. (1975),
but modified for this experiment. The method is based on
the assumption that measuring the output from an un-
ventilated pair of dry and wet thermocouples can yield a
rough estimate of the conditions for evapotranspiration.
In this modification the sensitivity of the equipment was
improved by connecting five adjacent pairs of ther-
mocouples in series.

All measurements were taken while the thermocouple
sets were positioned within the bags at a height of
approximately three centimeters above the topmost
transplants in the bag. A shade was constructed for the
equipment set located inside the partially transparent
Bag A. Two sets of sensors were used alternatively in
such a way that, after an average period of one day, one
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Figure 2.1. Integrating sphere used in the reflectance
measurements: | =radiation source; 2=shade against
direct radiation; 3=study object; 4=sensor.

of the sets was moved into a new bag, thus gaining
measurements sequentially from all the bags. All five
bags were weighed at 2.00 P.M. on June 14, and again at
the same time on June 21.

The thermocouple sets provide data on the difference
of dry and wet temperatures. For studying the response
of plants to the environment it would be very useful to
convert this data, even if only roughly, to measurements
of the evaporation rate. Such a conversion was done by
calibrating the device with the evaporation measure-
ments provided by weighing small open dishes filled with
water (Vaartaja 1954, Hari et al. 1975). Measurements
for the calibration were taken in outdoor conditions,
though sheltered from direct solar radiation and rainfall.

The evaporation measurement obtained from the dis-
hes was first converted to the average declining rate
(mm/h) of the water surface for the four dishes over the
time period between two subsequent weighings. This
figure was then related to the time integral of the output
from the thermocouple sets over the same time period.
The ratio between the two readings was obtained. Evap-
oration coeflicients characteristic of each of the two
thermocouple sets were calculated as an average of eight
ratios gained from such measurements, each of which
represented different environmental conditions. This
calibration made it possible to express the output from
the thermocouple sets, not only in terms of the difference

between wet and dry temperatures, but also in terms of

potentiel evaporation rate, mm-h™'.

Figure 2.2. Recording the bags’ internal microclimate: Bag types from left to right: C, A, B, E, and D (left);
Instruments inside Bag A: wet and dry thermocouples, and the Lambda LI pyranometer sensor. The pyranome-
ter, which normally was used in the ambient space, is here installed inside the bag (right).

Planting Experiment. Storage treatment for test trans-
plants (herein called Experiment A) took place simul-
taneously with the temperature measurements. Forty
fresh Scots pine transplants (Appendix 1) were added to
cach bag on June 14. Twenty of these test plants was
placed horizontally underneath the 150 original trans-
plants, while the other group of twenty transplants were
placed horizontally on top of the the original transplants.

After one week of exposure to field conditions the test
transplants were planted in an open nursery field in four
blocks, each block containing five transplants from each
of the ten different treatment modes (five bag types; top
and bottom placement). The possible damage of the
plants was described 12 weeks after planting, at which
time shoot and needle growth for that season had already
ceased. Transplants then were graded into four vigor
classes. Dead transplants, that is, transplants with no
obvious living buds or needles, were grouped into Class
0, and the remaining three classes were reserved for
living transplants with increasing vigor from Class 1 to
Class 3 (Rasanen et al. 1970).

Another similar experiment (Experiment B) utilized
four bags, all of which were type A (white polythene). In
other respects, the experimental design was the same as
that described in the two preceding paragraphs, includ-
ing a one-week exposure to severe field conditions, and
the addition of 40 test trasplants placed on top and
underneath the original stock. The bags of Experiment B
were placed on the ground surface in an open field about
50 meters away from the bags of Experiment A. Trans-
plantation and inventory procedures were identical to
those of Experiment A.

2.4. Results of bag comparisons

Wall Characteristics. The wall materials dif-
fered clearly from bag to bag with respect to
transparency, reflectance and absorbance
(Table 2.1.). Bag A (white polythene) trans-
mitted about 50 per cent of the incident solar
radiation and absorbed virtually no radia-
tion. Bag B (double wall polythene) had the
highest reflectance figure and the second low-
est absorbance figure. This bag transmitted 3
per cent of the incoming solar radiation. Bag
C (black polyhene) absorbed about 90 per
cent of the incoming radiation. A high degree
of absorbance also characterized Bag D
("Pflanzfrisch Sack)”. With Bag E (triple-
wall, paper) roughly half of the radiation was
reflected and the other half was absorbed.

Bag B was the most bluish in color while
efficiently reflecting the radiation within the
range 400-500 nm (Figure 2.3.). Since a
quantum with a short wave length has a high
energy content (see Nobel 1970, p. 165), and
since the radiation energy maximum is in the
range of 400-500 nm (Figure 2.3.), the bluish
color of Bag B contributes to the superior
reflectance of this bag. Ideally, of course, a
bag should reflect all radiation within the
range 300-2000 nm; but since this is imposs-
ible in practice, the bluish color provides at
least a slight advantage. Bag E (triple-wall,
paper) in contrast to Bag B (double-wall,
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Table 2.1. Transparency, reflectance, and absorbance of
the bag materials for solar radiation. Transparency
and reflectance figures are based on measurements
which are then used for calculating the absorbance.
Figures are also indicated in parentheses for a single
paper layer of Bag E.

Relative proportion, %

Bag type Transparency Reflectance Absorbance
(T) ®R) (100-T-R)
A=white 50 [£10] 62 [£10] -
B=white/black 3.0 67 30
C=black 0.1 9.5 90
D=silver/black 0.01 28 72
E=paper 2.0 (27) 47 (47) 51 (26)

polythene), had a relatively low total reflect-
ance, partially due to the fact that its reflect-
ance spectrum did not coincide with the solar
irradiance spectrum (Figure 2.3.).

The bags also differed from one to another
with respect to transparency to long wave
heat radiation (Figure 2.4.). Bag A and Bag
C had fairly similar spectra, with a transpa-
rency ranging between 40 and 70 per cent,
excluding three peaks with low transparency.
Similar peaks also characterized Bag B,
which had a lower overall transparency (30—
40 per cent) within the wave length range of
5-13 microns, but the highest transparency of
all five bags of the wave length range 13-20
microns. The ”Pflanzfrisch Sack” and the
paper bag did not transmit much radiation;
for most of the inspected spectrum the trans-
mittance of these bags was lower than 10 per
cent.

Bag Internal Environment. The daily course of
temperature inside the bags appeared to
show some consistent characteristics (Figure
2.5). At night, the bag internal temperature
converged to the ambient air temperature. In
sunshine, however, the internal temperature
ranged from 10 to 25 °C higher than the
external temperature. At midday, when sun-
shine began after a cloudy period, the temp-
erature was obseved to increase at a rate of
approximately 2 °C per minute, reaching a
steady state in 10 to 20 minutes. A decrease of
a similar rate occurred after the beginning of
a new cloudy period.
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Figure 2.3. Solar irradiation spectrum, see Valley (1965)
(a), and relative reflectance of four of the bags: (——)
Bag A; (----- ) Bag B; (----)BagC;and (----- )
Bag E (b).

The highest instantanecous temperature
was observed in white Bag A: for a time
period of about 2 minutes the temperature
reached 50 °C. Temporal variation within the
bags was substantially larger than that in the
ambient air (Figure 2.5.). The enhancement
of the temperature variation was due to the
variations in the solar radiation. The poten-
tial evaporation rate inside the bags also ap-
peared to follow the course of the incident
solar radiation. In some cases the potential
evaporation rate doubled or even tripled
within five minutes (Figure 2.6.). The weight
loss of the bags (Table 2.2.) was so small as to
suggest that potential water flow through the
bag walls did not have significant drying
effects in any of the five bags.

13
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Figure 2.4. Radiation emission from a black body at 310 K (R) according to Valley (1965), and
the transmittance characteristics of Bag A; Bag B; Bag C; Bag D and Bag E.
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Figure 2.5. Ambient air temperature (—), and bag internal temperature for white Bag A

(---), and for black Bag C (—), May 18, 1978.
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Transplant Performance. Most tra
except those in white Bag A, survrilife):im:;)se,
one-week storage treatment in relatively good
shapg, and were classified 12 weeks after
planting into either of two classes: 2 (good) or
3 (very good) (see Figure 2.7: from Experi-
ment A). Transplants located on top of the
pile inside the white Bag A, however, ap-
peared to suffer from the treatment. Tl;e el::"-
fegt of the treatment was tested statisticall
using the Fischer-Irwin test (see Vasama anzl,
Var.tla 1980, p. 562), in the following way

First, the vigor classes were grouped .so
that classes 0 and 1 formed one group, and
classes 2 and 3 formed another group :rhen
the frequency distribution of the t'reated
transplants  (white bag/top) was tested
against that of the control plants. A similar
comparison was done separately for the dis-
tributions from each of the different bags (to
and below). The probability of the distribuF-,
tion white bag/top being different from the
control 'dis.tribution was 0.9994. None of the
ther dxst'nbutions showed a statistically sig-
nificant difference, with a probability highgr
than 0.2, from the distribution of the control

. during midday hours 7
e ' ‘ I y hours June 10, 1978, and the ev
ith the wet and dry thermocouple equipment inside Bag A (---) and Bagdg (th( C)‘

zlporati()n rate measured

Table 2.2. Weight of the bags before and after one week

of exposure.
Date
Bag type June 14 June 21
Weight, kg Weight, kg
A=white 8.50 8.50
B=white/black 7.80 7A80
C=black 6.90 6'8'
: A .85
D=silver/black 6.85 6.80
E=paper 6.45 6:40

transplants. A deterioration of the trans-
plants stored on top of the pile in white Bag A
was also observed in Experiment B (Figure

2.8.).

2.5. Conlusions drawn from the
comparison

Subs.tantial temporal variation was ob-
served in the indicator variables of the plant
environment. The temperature varied more

01 2 3 01 2 3 01 2 3 01 2 3
012 3 01 2 3 01 23 01 2 3 01 2 3
s stored in different bags (A, ..., E), and the distribution of the

Figure 2.7. Vigor class distributions of transplant
control transplants (0).
lots stored at the bottom of the bag. Vigor increase

plants).

Figure 2.8. Vigor class distributions (top and below)
from plants of Experiment B.

The above distributions stand for the lots stored on top of the pile, and those below for the
s in this classification from 0 (dead plants) to 3 (very good

strongly inside the bag compared to the vari-

ation outside of the bag. The highest temper-

ature (>+50°C) as well as the highest poten-

tial evaporation (approx. 0.3 mm/h) were

found inside the partially transparent Bag A.

This was the case although the bag, as com-

pared to other bag types, was characterized

by several properties which would serve to
maintain low temperatures and evapotrans-
piraton rates. Bag A had a fairly high reflect-
ance, it was rather bluish in color, and it
transmitted a large share of thermal long
wave radiation. These counteracting proper-
ties obviously could not compensate for the
effect of transparency in increasing tempera-
tures and evapotranspiration rates. The
transplants which had been stored in Bag A
were less vigorous than those from other
bags. These results indicate that a high trans-
parency of short wave radiation, such as oc-
cured within Bag A, will, in certain field
conditions, generate particularly severe con-
ditions inside the bag.

Some reservations regarding this compari-
son have to be mentioned. Measurements of
radiation balances in characterizing the bag
wall were relatively inaccurate (Table 2.1.).
In practice, the number of plants located
inside the bags is greater by a factor of two to
three, than that used in the experiments of
this study. The unventilated psychrometer
used for measuring the evaporation rate has
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certain restrictions. All the factors have an
impact on the reliability of the quantitative
results. Fulthermore, one may argue that the
one-week exposure to sunny conditions ex-
aggerates potential mistreatment. Neverthe-
less, as also indicated by the plant perform-
ance measurements, the partially transparent
Bag A tends to contain different and more
extreme weather conditions than the non-
transparent bags. Such a difference, even if
overemphasized in this experiment design, is
worth noting in large scale reforestation pr<;g-
rams. Of all the bags studied, the partially
transparent Bag A would be least suitable for
storing plants in field conditions.

_’ The foresters in charge of executiv
in leargd responded immediately to these study results
After being informed in October 1978 of the results of
this study, the representatives of both public and private
forest nurseries decided to withdraw the partially trans-
_pantrcnt Bag 1? fr?]m the market. This decisi
into practice for the 1979 season (Kauppi, 1979).

bags were then replaced by Type B?Pwhichggna’gyl}::c‘:

Recognition of the relevant temporal scales
ofphenqmena has been introduced as a fruit-
ﬁ}l starting point for ecological and ecophy-
snolqglcal analyses (Osmond et al. 1980:
H'fm, 1980; Clark et al. 1983). It was found in,
this comparison that the temporal variations
are even more substantial within the trans-
portation environment than they are in the
free atmosphere. In the following Section 3
concepts and methods are developed which
cope with the microscopic nature of the varia-
tion, and which assist in analysing the conse-
quences of such a variation on plant vigor.

e planting programs

on was put

developed and used for the first time in this study. The

additional annual expense for the fore:
genereated by the new, 20

st nurseries,
per cent more expensive bags

was a total of 40000 Fmk (in 1979 currency, equi 1
A t
to about 60000 French francs). This invistn?cn‘:a“c/:s

considgrcd moderate, since the sum is no greater than
approximately 0.02 per cent of the total costs used in
Finland for forest tree planting.

3. RESPONSE OF THE PLANT: THE DYNAMIC INJURY MODEL

3.1. Stress duration and quantitative
stress level

Two views have prevailed in the literature
on the development of damage in tree trans-
plants. The first is that the amount of damage
observed in the transplants has been related
to the duration of the exposure in which the
damage was induced. In this case the plants’
environment within the exposure period has
been fixed or assumed constant. There is
empirical evidence that stress duration, in-
deed, has a key role in injury development
(Jakabffy, 1975). In the second view, the
damage has been studied as a function of some
quantitative variable characteristic of the
plants’ environment within the exposure
period. In this case the duration of the critical
period, in turn, has been fixed constant.
Langstrom (1971), for example, has demon-
strated the impact of environmental factors
on injury development. Both of these ap-
roaches provide data in which the obseved
‘response’, damage, is expressed as a function
of a ’dose’, either the stress duration or the
level of the stress. Elaborated statistical
methods are available for analyzing such data
sets which are frequently called bioassays
(Finney, 1971).

The statistical methods are directly applic-
able to conditions where the response vari-
able is connected to the dose variable in a
fairly direct causal way. The methods are
valid especially when both the dose and the
response can be considered to take place in-
stantaneously without essential time dimen-
sions or delays. Such requirements are often
met, for example, in medical research when a
dose of medicine is given to each subpopula-
tion in different levels. The research problem
can be considered static in cases when either
the stress duration or the level of the stress is
fixed. Analysis of such data can be done using
the bioassay methods which are easily avail-
able in statistical computer packages such as
the BMDP (BMDP . . ., 1979).

The statistical methods, in their basic
form, are less powerful in cases where the
response accumulates slowly and when it is
driven by a ”dose” which has a long duration
and varying levels within this period. Such a
dose has perhaps only an indirect causal rela-
tionship to the response of interest. This is
typically the case with the injury develop-
ment in tree transplants as was indicated in
the preceding Section 2. The plants seldom
experience sudden dosages of unfavorable
conditions but more often such conditions
prevail over a period of time, their level being
sometimes weaker and sometimes stronger.
Temporal variations are microscopic. De-
crease in survival and growth occurs only
after an long period of time when the un-
favourable conditions perhaps have already
disappeared. Hence, the process is essentially
dynamic in character.

In appears that there are no established
methods available for analysis of empirical
data of dynamic dose-response relationships.
Considering tree transplant studies, new
methods need to be developed. Such new
methods would not substitute the statistical dose-
response methods but they would rather expand the
applicability of the statistical methods to a dynamic
context. In Section 3, a theoretical model is
developed for describing dose-response rela-
tionships for dynamic and indirect processes.
For this purpose, the concept of injury is
defined based on silvicultural considerations.
The concepts of strain, stress, and stress re-
sistance are then described as used in botany
by Levitt (1972). Two different concepts are
defined to characterize the strain. One is a
state variable and can be related to injury.
The other is a rate variable and can be re-
lated to stress and stress resistance. A dy-
namic model is introduced for describing the
mutual relationships of these concepts. At the
end of Section 3 applications of the model in
designing experiments are discussed.
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3.2. Injury, strain, stress and stress
resistance

The main goal of the tree planting prog-
rams in Finland, and in many other regions of
the world, is to obtain sufficiently dense and
fast growing young stands. In relation to this
goal, injury to individual plants can be de-
fined in two ways: tree death or slow tree
growth. ’Slow’ tree growth is discussed in
detail below. This injury definition is used in
this study for evaluating the importance of
the factors involved in the process preceding
the injury.

Levitt (1972) has introduced the concept of
strain to describe the physiological pathway
which precedes the injury. Before tree death
or decreased tree growth, obviously several
processes occur which gradually decrease
plant vigor, but which are not directly visible
before the manifestation of the injury. All the
plant properties which in qualitative or quan-
titative terms differ from the respective prop-
ertis of a vigorous tree are grouped together
under the concept of strain.

Stress has been defined as an environmental
factor capable of inducing a potentially in-
jurious strain on an organism (Levitt, 1972).
Stress suffered by tree transplants would in-
clude factors such as high temperature, high
potential evaporation, radiation of any kind,
toxic chemical compounds, etc. Pests and patho-
gens are also included in the stress factors
as they belong to the environment rather than
to the plant itself. Stress is in this study
perceived only to include factors acting before
planting.

The development of strain is not only due
to environmental stress factors; plant internal
factors are always involved. The plant factors
affecting the process of injury, have been
grouped together under the term stress re-
sistance (Levitt, 1972). This concept is nec-
cessary because a given environmental stress
yields different strains (and injuries) for diffe-
rent plants. Even the same plant reacts to a
given environment in various ways depend-
ing on the phenology, nutrient status and
other factors. An example of a measure for
stress resistance is the root regeneration po-
tential (RRP) as introduced by Stone et al.
(1962), and further developed by, for exam-
ple, Burdett (1979). Other factors included in
the concept ’stress resistance’ would be root

to shoot ratio (e.g. Huuri et al. 1970), nitro-
gen content of the tissues (Glatzel. 1973),
shoot water potential (Havranek, 1975), frost
resistance (Sakai, 1960), etc.

In general, stress resistance properties fall
into either of the two clearly different
categories: genotypic characteristics and
phenotypic characteristics. Stress resistance
factors are genotypically fixed to vary within
a certain range, but within this range there is
phenotypic variability due to environmental
growing conditions.

An additional concept, site environment,
is used in this study to denote environmental
factors present at the planting site, which
affect the functioning of the tree.

It is important to notice that the stress
terminology is bound to the perceptions of the
investigator. Timmis (1980) points out the
difficulties in trying to define stress in a strict-
ly biological way. It is the normal case that
plants grow in suboptimal conditions, i.e.
under stress, and plants “are designed by
nature to grow that way”. Indeed, it has been
shown that plant growth can be substantially
accelerated from the traditional levels (Wood
& Hanover, 1981;Farnum et al. 1983), al-
though this doesn’t imply that using fast
growing transplants would directly improve
reforestation results (Ingestad, 1978). Con-
sidering Timmis’s viewpoint it seems obvious
that stress, rather than being an invariant property
of either the environment or the plant-environment-
system, is lo be defined bearing in mind the particular
purpose for which the plant is grown. The injury as
well as the stress factors affecting it are thus
seen from the viewpoint of the “predator”,
man (see Lindqvist, 1977).

The same thing has been taken into ac-
count by, for example, Glerum and Mullin
(1976) who define planting stock quality to be
high when “the stock is produced at the
lowest cost and when it starts to grow, weath-
er permitting, as soon as it has been planted
out and keeps growing vigorously until the
end of its rotation period” (see also Schmidt-
Vogt 1966, p. 128). The definition, while
including the cost considerations, indicates
that it is not feasible to describe planting
stock quality using biological concepts alone.
In this study the perceptions of the inves-
tigator were made explicit by defining the
plant injury concepts as threats to the goal of
obtaining dense, fast growing young stands.
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Figure 3.1. Mutual relationships of the terms used for
analysing the development of plant injury.

Figure 3.1. summarizes the relationships of
the concepts: Strain results from stress and
stress resistance, and injury results from
strain and site environment.

3.3. Dynamics of the injurious process

Let us assume that there are quantitative
variables to measure injury, strain, site envi-
ronment, stress, and stress resistance. The
numerical values of such variables would ob-
viously vary with the time of observation.
Stress variables — frost, high temperature,
radiation, etc. — tend to vary rather fast over
time. Injury variables represent the other
extreme: reactions of survival and growth are
slow. Different time patterns pose one chal-
lenge to the analysis. By the time the injury
appears there may be no signs left of the
stress which induced it. This problem was
described above in connection with the bag
environments.

In order to analyse the dynamic charac-
teristics of injury development one must de-
scribe the time patterns of the factors involved.
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This is to be done using variables which, in
principle, are defined at any given instant. In
practice, the variation need not neccessarily
be monitored continuously; repeated sampl-
ing offers a more convenient technique. Irres-
pective of the measurement technique, how-
ever, the time pattern (time = ¢) of the stress,
5.

5= s(t), (3.1,

as well as the time pattern of the stress resist-
ance, 7,

r=rlt) (3.2)

must be described.

With these descriptions it then becomes
possible to describe the time pattern of the
strain, u:

u = u(s(t), r(t)). (3.3.)

These time patterns are essentially based
on observations referring to the values of the
variables at every time instant. It should be
made possible, however, to view injury de-
velopment as a cumulative process. There-
fore, it is important to introduce the time
integral for the strain, defined in this study as
accumulated strain, U:

U= fulsie) (o). (34)
o
In order to specify the difference between the
two strain concepts, the term strain rate is
adopted for the instantaneous strain, u.
Now, using Equation 3.4. and selecting an
appropriate time interval from # to ¢, it
becomes possible to take into account the
stress factor, the stress resistance factor, and
the "time factor” in deriving a quantitative
figure for the concept of accumulated strain.
This figure can then be related to the injury,

=1(U) (3.5.)

The main additional feature of this formula-
tion, compared to Levitt’s (1972) original
concept, lies in the two forms of strain. Ac-
cumulated strain is a state variable which can
be related to the injury (Eq. 3.5.). Strain rate
is a rate variable and can be related to stress
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and stress resistance (Eq. 3.3.). Equation 3.4.
defines the relationship between the two
strain concepts and thus bridges the gap be-
tween the fast and the slow variables. These
formulations, Eqgs. 3.1.-3.5., are used as the
conceptual framework of this study, and are
called the Dynamic Injury Model.

For simplicity the Dynamic Injury Model
is applied explicitly only up to the moment of
time when the tree is planted. Yet, at least in
theory, injury is not completely determined
by the factors before planting. Heinze &
Fiedler (1978) have demonstrated positive ef-
fects due to shading on trees suffering from a
water deficit. Glatzel (1973) reports interac-
tions between plant water uptake and fer-
tilizer application at planting. On the plant-
ing environment there are many environmen-
tal factors which could be viewed as stress.
Together with plant internal factors they
would induce a strain in the plant. Such a
process is exactly what the Dynamic Injury
Model describes. However, a simplified static
model is used to account for the potential
modifying effect of site environment on injury
development. This is done by analysing plant
injury as a function of the site environment,

E, and of the accumulated strain at planting,
Uﬁ,l

1= I(U,,E). (3.6.)

This view replaces Eq. 3.5. whenever varia-
tion in site factors is expected to influence
the process of injury. .

Experiments guided by the Dynamic In-
jury Model are reported in Section 4. In some
cases the trees are planted in the stardardized
conditions of an open nursery field. Then the
injury is related directly to the accumulated
strain (Eq. 3.5.). In other cases, there is
variability in the planting environment. Then
the injury is related both to the accumulated
strain by planting and to the site environment
(Eq. 3.6.).

Hari (1980) describes a method which de-
als with the temporal and spatial variation of
the environment by way of analogy. The
description applies to the Dynamic Injury
Model, thus indicating the way in which the
spatial variation of the environment may also
be taken into account. However, the em-
phasis of this study is placed on dealing with
the temporal variation.

Using the Dynamic Injury Model it is
possible to combine the impact of stress dura-
tion and that of the quantitative level of the
stress into a uniform approach. Moreover, it
is possible to use stress resistance as a vari-
able in the analysis without the need to fix it
to specific cases. It is worth noting that the
description covers the static dose-response
approach as a special case where stress, stress
resistance, and strain do not vary with time,
and where injury is without an essential delay
induced by a stress of fixed duration. The
Dynamic Injury Model, however, is not
restricted to this special case.

3.4. From the conceptual to the experi-
mental

Of the two injury variables introduced —
tree death and slow tree growth — the former
is easily ascertained, but it is more difficult to
assess how much growth, in fact, should be
considered too small. Growth expectations
are not similar in different climates, on diffe-
rent sites, and for different tree genotypes.
Also, as discussed above, the expectations
depend on the perception of the investigator.
Having improved the level of succes, for ex-
ample, the old standards are no longer satis-
factory. Such varying factors are difficult for
the analyst as the reference point will never
be universal. One way to deal with these
difficulties is to use reference plants in order
to determine the most relevant growth expec-
tations. This procedure is used in this study.
Reference transplants from standard nursery
stock are treated carefully in all phases of
storage, transportation and planting, but are
not given any more attention than in usual in
properly executed planting. With these trans-
plants as comparisons, slow tree growth ob-
served in stressed transplants can be quan-
tified and thus used as a measure of plant
injury.

It was assumed in the preceding Section
3.3, that there exist variables with which one
can describe quantitatively the time patterns
of stress and stress resistance. However, the
introduced concepts such as stress, strain and
those in Eqs. 3.1.—3.6. are still rather highly
aggregated. Therefore, in order to reduce the
aggregated concepts into a more concrete
form, the concepts must be simplified.

For the purpose of disaggregation it is use-
ful to view the concepts stress, stress resist-
ance and strain as vectors with a large
number of components. This approach solves
an obvious feasibility problem of the model:
All the components are measurable. But the
vector representation also creates a new feasi-
bility problem: With rich imagination, and
also supported by experimental evidence, it
will be easy to define vector descriptions with
a very great number of potential components.
No experimental program can evaluate all
the potential relationships (Casti, 1982).

Instead of an effort to describe all the
potential factors — all vector components —a
series of experiments was designed in order to
focus on a limited number of relationships.
The Dynamic Injury Model was used as a
guide for questions such as:

— What are the relevant injury variables?

— Which theories would describe the physiological path-
way preceding the injury?

— What are the relevant stress variables?

What is the relevant range of variation of the stress
variable?

— What is the time step for describing the stress variable?
— What would be relevant stress resistance variables?

Range? Time step?

— How can strain rate be related to stress and stress
resistance; for example, could a multiplicative model
be suggested?

What would be relevant variables for strain rate; are

there measurable strain variables, or could one use
computational estimates as was done by Pelkonen
(1981) when analysing the gradual recovery of tree
photosynthesis in the spring season?

— Any recovery (negative strain rate)?

— What would be relevant time periods for integrating

the accumulated strain?

Would it be neccessary to substitute the simple integ-

ration described in Eq. 3.4 by a procedure which

emphasizes recent events over the early history of the
process?

— What is the relative importance of one stress factor
over another?

Additional questions emerging from Eq. 3.6.
are:

— How best can injury be related to strain and site
environment?

— What would be the relative importance of the accumu-
lated strain at planting and the site environment in
generating the injury in actual field conditions?
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Some of these questions are addressed in
the empirical part of the study as is described
in Section 4. The intention was not to exploit
all the possibilities that the Dynamic Injury
Model would provide. However, the empiri-
cal part of the study was not conducted only
to demonstrate the properties of the Dynamic
Injury Model. Experiments were also de-
signed to address issues of practical interest.

Before entering into Section 4 which dis-
cusses empirical results, the materials and
methods used are briefly described. Specifica-
tions of dependent variables (injury vari-
ables) and independent variables (strain vari-
ables) are given, and methods are clarified for
relating the former to the latter.

3.5. Material and methods
3.5.1. Dependent variables: injury

Survival

The data of this study consisted of sublots of
Scots pine transplants which were subjected
to a range of stress treatments before planting
out in the field. A sublot in this study con-
sisted in most cases of 20 transplants. The
sublot was viewed as a sample of a real forest
regeneration stock; it was the experimental
unit from which the injury variables were
measured.

Growth and survival were measured typi-
cally after 17 months. Plant survival was
measured from the sublot as the share of
plants with living buds or needles. In normal
cases the resolution was 5 per cent units (1/
20). The symbol /, (Injury in terms of survi-
val) was used to denote survival. A relativ.e
scale was used from 1.0 (100 per cent survi-
val) to 0.0 (no survival).

Growth

The other injury variable, slow growth,
was assessed also from the sublot. Growth
was measured as the height of the leader
shoot formed during the second growing
period after planting. Reference plants were
needed to view the observed growth of the
sublot against a relevant background level.
The average height of the leader shoots was
determined for the treated sublot and for the
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reference sublot, and the ratio was formed
between the two figures: treated/reference.
This ratio is called the Growth Index and is
abbreviated as 7, (Injury in terms of growth).
The Growth Index is obviously bound be-
tween 1.0 and 0.0. However, figures lower
than 0.2 are rare, since, if treated plants
survive they seldom produce zero growth.

Productivity

A third, less important injury variable was
calculated from the survival and growth data.
Survival and growth, when treated separately
as done above, describe the morphological
character of the plant response. These vari-
ables, however, produce ambiguous results
for one who would like to understand the
silvicultural implications of the injury. Sug-
gestions have been made for combining the
information of survival and growth in order
to obtain an index for ’‘reforestation value’
(Raulo, 1976; Huuri et. al 1982).

Volume growth of a young stand is the
product of both the survival and of the vol-
ume growth of the average survivor. A tenta-
tive “productivity index’ is developed based
on this notion.

The available data has serious constraints.
It is restricted to the two first growing sea-
sons. Much of the differentiation will occur
after that phase. The spatial distribution of
plants (see Pohtila, 1980) would need to be
included for such indices (Huuri et al. 1982).
The index developed below was, however,
considered useful as it illustrates the fact that
growth and survival variables, when used in
isolation, tend to underestimate the silvicul-
tural injury. Moreover, the index is de-
veloped with reference to theoretical popula-
tion ecology, and this connection might pro-
vide an interesting and useful basis for de-
veloping the index further in forthcoming
studies.

For calculating volume growth, i.e., for
multiplying survival by growth, the survival
is readily available as /,. The Growth Index,
however, can not be taken as the measure of
growth because it was defined in terms of
elongation. Growth would have to be ex-
pressed as the increment of either volume or
mass. These desired variables are proportion-
al to the cube of a linear dimension of the

plant, for example shoot height (White &
Harper, 1970; Gorham, 1979; Kauppi et al
1983). The growth component of the produc-
tivity loss was approximated from the avail-
able data by taking the cube of the Growth

Index, /,. This gave rise to the definition of

the Productivity Index, 1:
1= I(L) (3.7.)

As I, and /, varied between 0.0 and 1.0, also 1,
is bound to vary within that range.

3.5.2. Independent variables: strain

Independent variables for the analysis
were introduced which can be interpreted as
measures of accumulated strain and which
were defined in measurable terms (Table
3.1.). Some of the factors could be defined
also without the Dynamic Injury Model
cither as stress duration or as the quantitative
level of the stress as was discussed earlier in
the first paragraph of Section 3.1. Such vari-
ables were included in order to compare them
with typically model-oriented variables, and
also in order to seek the simplest basis for the
instructions of large scale forest regeneration.
The Dynamic Injury Model, however, in-
cludes these variables as special cases.

Unlike the injury variables, the strain vari-
ables were experiment-specific. Definitions
and measuring techniques for the indepen-
dent variables are given below at the begin-
ning of experiment reports. Each experiment
utilized several (4—9) sublots. Each sublot
was subjected to a specific amount of ac-
cumulated strain. This set of sublots provided
the data set for relating injury to the strain, as
was desired for Eq. 3.5.

3.5.3. Relating injury to strain

Survival

The logistic function (e.g. Chatterjee &
Price, 1977) was used for Eq. 3.5. when relat-
ing the strain, U, to the survival, /,. Using
two parameters, b, and b, the logistic curve is
defined as
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Table 3.1. Independent variables used in the experiments for quantifying the accumulated strain.

Dynamic
J Inj Model
Experiment Variable name Symbol Unit n?c.::m?
i no
4.2.1 Stress duration At, h
422,423, Potential ) .
426.,4.2.7., evapotranspiration U. mm y
4.2.8.
4.2.3. Solar irradiation U MJ yes
- o "
424, Temperature C n
4.2.8. Effective Uy Degree yes
temperature days
J s? no
4.2.5. Vibration U, m/s
4.2.5 Dropping not defined not defined no
25, {
b = _&» (3.11))
’ I =82
1 = (38) ¢ gyl

This can be expressed as

R ./ el (3.9,

The following form is obtained by denoting
—b, = 5,, and —by/b; = 53

=150

1= THa T (3.10.)

In this form the parameter s, expresses the
steepness of the curve and .the parameter ss),
in a particularly convenient way, 1s Fhe
amount of accumulated strain corresponding
to 50 per cent survival (Figure 3.%.). In tox-
icology the LDs, dosage lethal to 50 per cent
of the population, is often defined in a similar
way. Estimation of the parameters for the
logistic curve was conducted in practice by
using the BMDP program PLR (BMDP .. .,
1979).

Growth Index

A one parameter function was fitted to the
data in order to relate the Growth Index, /,
to accumulated strain, U:

This function is convenient, since for refer-
ence plants (U = 0.0) the function is bounc!_(o
predict no growth injury (/, = 1.0). '\\uh
increasing U, I, approaches asymptqucally
0.0, the slope of the curve depending on
paramater g5 (Figure 3.3.). M_oreqver, the
parameter g has a direct practical interpre-
tation. It is the value for accumulated strain
which cuts the Growth Index to half (U,
when 7, = 0.5). The Growth Index was calcu-
lated for a sublot only if seven or more plants
survived.

Productivity Index

Data of Productivity Index, ,, were treated
in the same way as that of the Growth Index.
The same function was fitted to relate I, to
accumulated strain, U:

[ =L (3.12)
P pstl

Thus the parameter p5 (50 per cent produc-
tivity) indicates the amount of agcgmulatcd
strain which reduces the Productivity Index
to half of the reference level.
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Figure 3.2. Logistic response function. The parameter sz,
is fixed in this example to 0.5, while s, varies from 0
(through —1, =3, =5, —10, and —20) to the value of
—100 which forms the steepest line.
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Figure 3.3. The one-parameter function used for fitting
the Growth Index data. Parameter g5 for these

curves range from 1.0 (through 0.75, 0.5, 0.25, 0.1,
and 0.05) to 0.01.

4. MANIFESTATION OF THE INJURY: EXPERIMENTS FOR
RANKING SELECTED FACTORS

4.1. Design of the experiments

Section 4 consists of a series of reports on
experiments which aim at ranking the im-
portance of selected factors as regards to the
manifestation of the potential injury. At the
beginning of each report, a hypothesis under-
lying each particular experiment is deduced
based on the Dynamic Injury Model de-
veloped above. After that, the materials,
methods and results are described, and also
briefly discussed before reporting the next
experiment.

The experiments reported in Sections
4.2.1.—4.2.5. are designed in order to screen
the stress factors. For this reason the stress
resistance factors are standardized by using
similar plants for every stress treatment, and
the variability of the site environment is
minimized by planting the transplants side
by side into a nursery field which is a relative-
ly homogenous site with respect to microcli-
mate and soil factors, as compared to a typi-
cal forest opening (Figure 4.1.). On account
of these arrangements it is considered, within
Section 4.2., that the degree of injury is gov-
erned by the strain rather than the site envi-
ronment. This implies that Eq. 3.5. is used
rather than Eq. 3.6. Also it is considered that
strain is governed by stress rather than stress
resistance. This implies that r(¢) of Eq. 3.3. is
replaced by a constant.

Later, in Section 4.2.6, a particular stress
factor, high potential evapotranspiration, is
treated in greater detail. Resistance of the
plant shoot to this stress factor is compared to
that of the plant root. Finally, Sections 4.2.7
and 4.2.8 are devoted to studying the relative
importance of site conditions in modifying the
injury originally induced by the stress. In this
part of the study, injury is related to the
variations in both site factors and strain; Eq.

3.6. is thus applied.

4.2. Stress factors, and the impact of the
planting site

4.2.1. Stress duration

For developing consistent handling in-
structions for large-scale forest regeneration it
would be ideal if one were able to establish a
universal relationship between the stress du-
ration and the plant injury. In fact, for practi-
cal purposes, a time recommendation of two
minutes has been introduced as an upper
limit for exposing roots of barerooted trans-
plants to open air. This recommendation,
which is given as a rule of thumb, without a
detailed reference to prevailing environmen-

: ;o {. ¥
: d -
Figure 4.1. Homogenous nursery field was used as the
planting site for experiments reported in Sections

4.2.1.-4.2.6.
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tal conditions, should principally be viewed
as a means of motivating a proper execution
of the planting operation. To gain the atten-
tion of the people involved in implementing
reforestation, the recommendation is printed
on the polythene bags used for storing and
transporting barerooted forestry transplants,
for example on those described as Bag A and
Bag B in Section 2. A universal relationship
existing between the stress duration and the
transplant performance is interpretable, us-
ing the concepts mentioned in Section 3, as a
universally constant strain rate.

This experiment was designed in order to
test whether the injury developed in
barerooted Scots pine transplants after plant-
ing out in the field, would depend only on the
duration of the stress conditions prior to
planting, A¢,. Symbol A¢, was used instead of
U to denote the variable which in the dy-
namic context would have been called ac-
cumulated strain. The accumulated strain”,
U, is here defined as

U= A, (4.1.)

The stress treatment for this experiment
was arranged in environments which in-
cluded stress but which, at the same time,
differed from one to another with respect to
some stress conditions. All plants used in this
study were barerooted 241 Scots pine trans-
plants (Appendix 1).

Recently lifted plants, with unsheltered root systems,
were exposed to stress for various periods of time. The
treatment was carried out in three different environments
which were called “high”, "moderate” and "low” refer-
ing to the temperature:

High: +37X1°C
Moderate: +24+3°C
Low: + 2+1°C

This range of temperatures was considered realistic for
the conditions of transplant storage and transport as was
indicated by observations in Section 2.

Specially designed exposure tables were used for the
stress treatment. At the beginning of the experiment, a
number of 7, 4 and 5 sublots, in "high”, "moderate” and
“low” environments, respectively, were placed on a net of
chicken wire laid over the top of the exposure tables.
Each sublot was treated with a specific stress duration. A
sublot consisted of 20 transplants, the total number of

plants thus being 140, 80 and 100, respectively, for
“high”, “moderate” and "low” environments. Before
placing the plants over the tables, each transplant was
shaken lightly in order to detach the major soil clods
from the roots. The exposure duration ranged from 1.5 to
11 hours, from 4.0 to 22 hours, and from 28 hours to 9
days, respectively, in the “high”, "moderate”, and "low”
environments. With prolonged exposures in the "moder-
ate” and "low” environments it was assured that some
injury to the plants was to be expected. Solar radiation
was debarred in all the three environments. Tempera-
ture, however, was not the only factor which varied from
one environment to the other. Water vapour deficit was
highest in the “high” environment and lowest in the
”low” environment.

After the exposure treatment the sublots were planted
in an open nursery field following a standard procedure
(Figure 4.2.). The soil was watered at planting in order
to minimize the uncontrollable drought effect. Three
reference lots, also consisting of 20 transplants, were
planted in the same field. The injury variables, survival,
I, and Growth Index, I,, were determined after two
growing seasons that is, after about one year and three
months. The Productivity Index, /,, was computed as
well.

Injury variables, /, I,, and I, were related to stress
duration. Egs. 3.10, 3.11 and 3.12 were applied substitut-
ing U by At. The parameters of the equations were
estimated separately for data from the three environ-
ments.

Results

Survival decreased to half (s, of Eq. 3.10.)
in 5.4 hours, 12 hours and 50 hours in “high”,
“moderate” and "low” environments respec-

tively. The Growth Index decreased to half

Figure 4.2. Planting the trees in the nursery field.
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Figure 4.3. Survival (top) and Growth Index (below) of plants as functions of stress duration.

(g50 of Eq. 3.11.) in 4.0 hours, 6.2 hours and
37 hours in "high”, "moderate” and “low”
environments respectively (Figure 4.3). The
Productivity Index decreased to half (ps of
Eq. 3.12.) in 12 minutes, 40 minutes and 1.1
hours in "high”, "moderate” and "low” envi-
ronments, respectively'.

' It turned out that the data were not quite satisfactory
for estimating the Productivity Index. Observations
tended to cluster around /,~ 0.0, except in the case of the
reference lot, for which /, by definition was 1.0. Thcrc-
fore, in this experiment, and also in the experiments
below, the estimated figures for ps (Eq. 3.12.) are to be
considered tentative.
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The results strongly suggest that the strain
rate would not be universally constant but,
instead, it would substantially vary from one
environment to another. This was indicated
by both the survival and the Growth Index
curves: Typically, for example, a given de-
crease in survival was reached in the “high”
environment earlier than in the “moderate”
environment, and in the moderate” environ-
ment earlier than in the ”low” environment.
The following experiments are based on the
view that strain rate is not universally con-
stant. Efforts are made to link the established
variability in the strain rate to a number of
measurable stress variables.

4.2.2. Strain due to desiccation

With this experiment the variability in the
strain rate was related to potential evapot-
ranspiration which was measured by
monitoring the evaporation rate of an open
water surface (mm/hour), denoted as e.
Hence, in terms of the Dynamic Injury Mod-
el, stress (see Equation 3.1.) is here developed
as

s =s(e()), (4.2)

Stress resistance was assumed constant;
the term 7 of Eq. 3.3. was thus omitted.
Further simplifications were implied consid-
ering that the plants would lose their vigor at
a rate which is proportional to the rate that
they get dry, and that the plants get dry at a
rate which is proportional to the evaporation
rate of an open water surface. Both of these
assumptions are simplifications. They were
taken as the first steps towards a replacement
of the stress duration hypothesis of the pre-
ceding section. These assumptions gave rise
to an operational measure of strain rate due
to evapotranspiration u,:

u, = e(t). (4.3.)

The corresponding accumulated strain
due to evapotranspiration, U, was then
developed as:

U, = [e(t)it. (4.4.)
o

For simpicity, this integral, as a measure of
accumulated strain, was called evaporation.

The unit of accumulated strain due to plant
desiccation was simply millimeters of water
evaporized from a free water surface. U, was
monitored throughout the study directly by
recording evaporation.

The empirical data were obtained from the same
plants which provided the data for the experiment de-
scribed in section 4.2.1. The environments were also
called "high”, “moderate” and “low”, corresponding to
the adjusted temperatures of 37°C, 24°C and 2°C, respec-
tively. U, was measured in these environments using the
dish technique, i.e. monitoring the water surface level of a
small dish with a surface area of about 300 cm? (Vaartaja
1954, Hari et al. 1975). One dish was used in each of the
three environments. The dishes were placed among the
transplants lying on top of the exposure tables. In order
to improve the accuracy of measurement the surface level
was recorded in terms of the weight of the dish (Hari et al
1975). The weight readings (grams/dish and measure-
ment interval) were converted to readins of evaporation
(mm per hour). The measurements of evaporation were
related to the injury variables by inserting U, for U into
Egs. 3.10.-3.12., and by estimating the parameters.

Results

Survival decreased to half (s5) at U, values
0.44, 0.52 and 0.21 mm in “high”, “moder-
ate” and “low” environments, respectively.
The Growth Index decreased to half (g50) In
0.40, 0.24 and 0.15 mm, respectively, in
“high”, "moderate” and “low” environments
(Figure 4.4.). The Productivity Index de-
creased to half (ps) with 0.019, 0.026 and
0.004 millimeters, respectively, for the three
environments. In the "low” environment the
injury seemed to develop at a somewhat fas-
ter rate, in relation to U,, than in the "moder-
ate” or "high” environments. Nevertheles, the
results are more uniform than those in Figure
4.3. in which injury was related to stress
duration.

A comparison was made between the pow-
er of stress duration, A ¢, and that of evap-
oration, U, for explaining the variability of
injury. Data from all three environments
were put together. Eqgs. 3.10., 3. 11. and
3. 12. were fitted to the joint data set which
now consisted of 7+4+5=16 sublots.

In the joint data set, in relation to stress
duration, survival was halved in 28 hours, the
Growth Index was halved in 5.7 hours, and
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Figure 4.4. Survival (top) and Growth Index (below) of plants as functions of evaporation, U,.

the Productivity Index was halved in about
16 minutes. In relation to evaporation the
corresponding paramaters were: s5=0.39
mm; g5=0.27 mm; and p5=0.014 mm. The
proportion of explained variance was com-
puted for these two models. With stress dura-
tion as the independent variable the model
explained 66 and 47 per cent of the variance
for the survival and Growth Index, respec-
tively. With evaporation integral, U, as the
independent variable the corresponding fi-

gures were 74 and 73 per cent, respectively.
Since the injury data were exactly the same, it
can be concluded,by comparing the propor-
tions of explained variance of the two models,
that the evaporation integral was more pow-
erful than stress duration in explaining the
variability of injury variables. The approxi-
mation of the accumulated strain by U, is a
step toward an improved understanding of
the processes underlying the plant injury.
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4.2.3. Solar irradiance as stress factor

The purpose of this experiment was to
evaluate the role of solar irradiance as a stress
factor. It is conceivable that plant roots are
damaged when exposed to solar irradiation
since roots have had no selection pressure in
evolution, which would have modified them
to cope with high irradiances. The injury
could be due to i) direct stress of, most likely,
the ultraviolet component of solar radiation,
or i) the indirect stress generated by excess
heat and excess evapotranspiration (Levitt,
1972). This experiment was particularly de-
signed to test whether or not the direct ir-
radiance stress is significant. Accumulated
strain due to solar irradiation was approxi-
mated in two different ways; one was to ac-
count for the direct stress and the other for
the indirect stress.

Direct stress: The view was taken that the
direct stress induced by solar radiation is
proportional to the global solar irradiance, ¢
(measured as W/m?). Hence the direct stress
due to solar irradiance, s, is:

s, =q(2). (4.5.)

Stress resistance was again assumed as
constant. Strain rate due to solar ir-
radiance, u,, was thus obtained as:

Uy =5, =q(1). (4.6.)

This approximation of strain rate was used
to compute accumulated strain due to sol-
ar irradiation, U,:

U, = j"q(t)dt (4.7,

The strain, U, solar irradiation, was related
to injury data.

Indirect stress: The indirect stress due to
solar irradiance was assumed to be propor-
tional to the evaporation rate of an open
water surface. This was based on the consid-
eration that in sunny environments solar ir-
radiation enhances evapotranspiration as
compared to the rate prevailing in shaded
environments. The indirect stress was thus
introduced into the analysis in the way de-
scribed above in Eqgs. 4.2—4.4.

Three experimental structures were arranged on an
open sward with different environments appropriate to
the observation of direct and indirect stress. Sublots of
plants (see Appendix 1) were placed on exposure tables
in the same way as was done in experiment 4.2.1. In the
first environment, called “shadow”, the plants were pro-
tected from solar irradiation by using plywood sheets
located 20-50 cm above the transplants. Within the
less
than 5 per cent of that in other parts of the sward.

shadow of the sheets the global solar irradiance w.

a

Substantial evapotranspiration, however, occurred in
this environment. Thus, although the plant temperature
was obviously lower than it would be in sunlit conditions,
the transplants were subjected to a stress similar to the
indirect stress due to solar irradiance.

In the second environment, "shower”, within 15 me-
ters of the first one, plants were subjected to direct stress
only. Solar radiation entered the plants but evapotrans-
piration and excess heat were debarred. This was ar-
ranged by supplying a continuous water spray into the
air right above the plants. The air immediately above the
tables was saturated with water vapor since the water
spray was directed from one side of the table to the other
at a height of 10-30 centimeters above the transplants.
The water spray absorbed less than two per cent of the
global solar irradiance. Given the transmittance spec-
trum of water (Goody & Robinson, 1951) the fraction
absorbed was even less in terms of UV-radiation.

In the third environment, “sun”, within 15 meters of
the other two, the transplants were freely subjected to
both the direet and indirect stress. The plants were
placed on top of the exposure tables without protecting
them in any way (Figure 4.5.).

Sublots, each consisting again of 20 transplants, were
exposed to the stress. In the beginning of the experiment
all sublots were simultaneously placed on the exposure
tables. As the exposure passed on, the sublots were
planted one at a time after the predetermined period of
exposure was reached. The number of sublots in the
"shadow”, “shower”, and “sun” environment was 7, 7
and 4, respectively. The duration of exposure ranged in
“shadow”, "shower” and "sun” environments from 40
minutes to 22 hours, from 1 to 56 hours, and from 40
minutes to 5 hours, respectively.

Solar irradiance was continuously measured and regis-
tered using a Lambda LI pyranometer and a millivolt
recorder. The irradiance up to the end of each exposure
period was integrated from the recorder graph. This
integral provided the measure for U, of Eq. 4.7. Two
dishes were filled with water and placed among the plants,
one in the "shadow” and the other in the "sun” environ-
ment. The dishes were weighed at the end of each exposure
dosage. The readings, interpreted as U, as in Eq. 4.4,
provided the measures for the indirect stress.

Exposure was started on the 14th of June, 1977, at 9.00
A.M., and the following three days were particularly
sunny and dry. A rain gauge was located 80 metres away
from the experiment tables, and temperature was moni-

tored in a shade right next to the plants. The total
precipitation over the exposure period was less than 0.5
mm. The temperature during the 56 hour exposure
period ranged from 16 to 31 °C. The sky remained
cloudless for most of the time. The solar irradiation for
the 56 hour exposure period was 63.0 MJ/m? correspond-
ing to an average irradiance of 310 W/m? for both day
and night. (This figure is close to its maximum value not
only in Finnish conditions but also throughout the world
(Budyko, 1963). The high figure is due to the sunny
weather and to the long day in the high latitudes at this
time of the year). Planting and raising the transplants, as
well as measuring the injury variables, was done follow-
ing the standard procedure (Appendix 1). Injury vari-
ables, I, I, and /,, were then related to the two variables
which approximated the accumulated strain, U, and U,.
Equations 3.10., 3.11. and 3.12. were fitted to the data.
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Figure 4.5. Arrangements for varying
the solar radiation  stress:
“shadow™ (top left); “shower”
(left); "sun” (right).

Results

Exposure to solar irradiation did not cause
any injury when the transplants were pro-
tected from desiccation and excess heat. The
transplants exposed to "shower” for 56 hours
grew as vigorously as the reference plants. As
none of the plants died, the Productivity In-
dex also remained at the level of 1.0 through-
out the whole range of treatments. In contrast
to these results all the plants died when ex-
posed to the environment “sun” for just 5
hours. The injury was obvious also in the
“shadow” environment: only 3 out of 20
plants survived the exposure of 22 hours. The
results provided a clear answer to the ques-
tion of the direct versus the indirect stress due
to solar irradiance. Unprotected plants were
severely injured. The injury was due to indi-
rect irradiance stress. When debarring desic-
cation and excess heat, direct irradiance
stress appeared to be of no significance. The



32

result was confirmed by observations from
the shaded environment. Protecting the
plants against direct irradiation slightly de-
celerated the process of injury but yet the
plants were severely injured.

As the plant response was negligible in the
”shower” environment Equations 3. 10.—
3. 12. could not be fitted to those data. Re-
garding the other two environments the re-
sults were the following. Survival decreased
to half (s5) at evaporation integrals (U,) of
1.86 mm and 1.35 mm respectively, in
”shadow” and ”sun” environments. The
Growth Index decreased to half (gs)at evap-
oration integrals of 0.49 mm and 0.42 mm,
respectively. The Productivity Index de-
creased to half (ps5) at evaporation integrals
of 0.05 and 0.03 mm in “shadow” and ”sun”
environments respectively (Figure 4.6.). In
the “shadow” environment the plants ap-
peared to tolerate heavier dosages, in terms of
the evaporation, than in the ”sun” environ-
ment. Moreover, the plants in both environ-
ments seemed to possess a higher stress resist-
ance than the plants in the above experiments
(see Figure 4.4.). The difference, however,
can be due to other factors, such as uncertain-
ty in evaporation measurements.

4.2.4. High temperature stress

In large scale tree planting programs it is
possible that high temperatures can not al-
ways be avoided. In some cases high temper-
atures bring about high evapotranspiration
rates. But high temperatures can also occur
in conditions where evapotranspiration is
negligible, for example when the increase in
temperature is due to plant metabolism in-
side the sealed bags (Rikala, 1983). This
experiment was designed to test the signifi-
cance of high temperatures as a stress factor
in addition to evapotranspiration.

A fixed period of time was chosen for the
stress treatment. The magnitude of stress did
not vary within the time period of the expo-
sure. For this type of experiment design, the
Dynamic Injury Model is not neccessarily
needed. Dose-response relationships can be
derived by plotting the injury figures against
the temperature figures. The dosage, how-
ever, can be interpreted also in terms of the
Dynamic Injury Model. Accumulated strain

is obtained as the integral of the (constant)
temperature over the (constant) duration of
the stress exposure. Theoretically, a proper
unit for the strain might be the effective temp-
erature sum, jointly determined by the effec-
tive temperature and the stress duration (e.g.
Sarvas, 1972). Since the duration of the stress
was fixed in this experiment the level of the
strain, 7, is given simply in terms of tempera-
ture (as °C). The experiment was conducted
in the following way.

Plants were subjected to stress in a heated, dark
chamber with a relative humidity of ~ 100 per cent.
With this arrangement it was possible to debar evapot-
ranspiration. The twenty transplants belonging to one
sublot were laid on shelves of the chamber after the
temperature had reached the required value. The treat-
ment lasted for ten minutes, the transplants were then
cooled down to a temperature of +2°C, and the chamber
temperature again adjusted for the next treatment. Two
similar experiments were carried out, the first one on the
16th of May, and the second on the 25th of May 1977. In
the first experiment, six temperature levels were used
within the range 25—58°C. In the second experiment,
five temperature levels were used in the range 35—55°C.

The treatment chamber was located at the Finnish
Pulp and Paper Research Institute (Keskuslaboratorio)
in Otaniemi, at a distance of 340 kilometers from the
Suonenjoki Experimental Station where the plants were
grown. The time required for lifting, packing, transporta-
tion to Otaniemi, stress treatment, and transportation
back to Suonenjoki was 34 to 42 hours for the first and
second experiment respectively. During transportation
which was done by rail and road, the plants were packed
in cooled wooden containers in order to mitigate addi-
tional stress. Two groups of reference plants were used in
these experiments; one (control A) consisting of plants
which had been subjected neither to a stress exposure nor
to the transportation and the other (control B) of plants
which had been transported on the route Suonenjoki-
Otaniemi-Suonenjoki, but had not been subjected to the
stress exposure. Otherwise the experimental layout fol-
lowed the standard procedure (see Appendix 1).

Results

An abrupt increase in mortality was found
to occur within the temperature range
+45—+55°C. All the reference plants, and
plants exposed to +45°C or lower tempera-
tures survived. Growth also maintained at
the control level up to this critical range of
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Figure 4.6. Survival (top) and Growth Index (below) of plants as functions of evaporation, U..

temperatures (Figure 4.7.). The growth of the
transported plants (control B) appeared to be
smaller than that of the reference plants (con-
trol A) which had not been moved, although
the reduction due to transportation was no
greater than a few per cent. Survival with
both of the reference stocks was 100 per cent.

It is worth emphasizing that the plants
were subjected to the stress only for ten mi-
nutes. Damage would occur also in lower

temperatures than those observed in this ex-
periment, if more time were given for the
strain to build up. Such slowly developing
strains are, for example, due to gradual loss of
carbohydrates (Puttonen, 1980). With this
experiment design it was possible to address
only abrupt strains such as dehydrolysation
of plant proteins (Levitt, 1972). It appeared
that for such an abrupt strain the threshold
temperature is about +50°C.
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4.2.5. Vibration and dropping during handling

When being transported from one place to
another tree transplants can be subjected to
mechanical stress such as pressure in a fully
packed truck, vibration of the vehicle, drop-
ping of the plant containers from the truck
onto solid soil, etc. Mechanical stress was
studied in two experiments. An experiment
was carried out in Otaniemi using a vibration
table designed by the Finnish Pulp and Paper
Researh Institute for truck transportation
simulations. A regulated amount of vibration
was given to plants which had been placed in
polythene bags. In the dropping experiment,
transplants in similar polythene bags were
allowed to fall freely from an aircraft onto a
solid soil surface. With dropping from the
aircraft the stress was not quantified. The
intention, however, was to exaggerate the
stress of forestry practice, and this goal was
most likely achieved (Figure 4.8.).

The transportation simulator was a 3 m? table, which
was moved in an up-and-down direction. The accelera-
tion of the motion in the vertical direction followed a sine
function. The vibration stress was expressed in terms of
the maximum acceleration, the level of which was ad-

75
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Figure 4.7. Survival of plants as a function of stress temperature.

justed by controlling the frequency and the amplitude of

the motion.

Transplants were laid on the table in a polythene bag
placed in a wooden 80X60X60 cm box. Twenty trans-
plants were used for each acceleration level. The plants
were packed in the polythene bag with Scots pine
branches used in order to simulate the missing 200—400
plants of a fully packed bag. The bag was placed at the
bottom of the box, and three bags were placed on it, each
filled with pine branches to a total weight of 20 kilo-
grams. When treating a sublot the frequency and the
amplitude of the motion were kept constant. Each sublot
was treated for 5 minutes. For the next sublot, new
acceleration level was adjusted.

The induced strain was denoted by U, (strain due to
acceleration). The peak values of acceleration ranged, in
9 levels, from 1.0 to 51.0 m's™. The highest level was
achieved by shaking the table 600 times a minute with an
amplitude of 13 mm. After the treatment the plants were
handled according to the standard procedure (Appendix
1). The injury variables, /, and /,, were measured.

In the dropping experiment four polythene bags were
filled with 90 experimental plants and 150 plants were
added in order to increase the bag weight. Four bags
were used, the total amount of experimental plants thus
being 360. Sealed bags were allowed to fall from a height
of about 35 meters from a flying aircraft onto a road near

the runway. The bags were picked up and again dropped
from the aircraft in a similar way two more times. Some
of the bags ruptured. The torn bags were replaced with
new ones in between the treatments. The airport was
located 40 kilometers from the Hyytidla Forestry Station,
and the time taken for which the plants were outside
storage conditions was 2 hours 40 minutes. With the
dropping experiment, unlike the other experiments of
this study, only mortaility was surveyed. Moreover, the
survey was done at the end of the first growing period
after planting (Appendix 1).

Results

All the shaken plants survived, irrespective
of the vibration dosage. Using the available
routines it was not possible to fit the Egs. 3.11
and 3.12, because the values of the Growth
Index and the Productivity Index were prac-
tically constant. It appears unlikely that
shakfng of this kind would induce a str?xin n
the transplants. In the dropping experiment
50 per cent of the plants survived. Given that
the treatment of the plants was rather tough
in both experiments it is concluded that the
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Figure 4.8. When dropped from the aircraft (left), the transportation
bags frequently ruptured (right).

Scots pine transplants are relatively tolerant
of shaking and dropping.

4.2.6. Shoot versus root desiccation

The experiments above indicated that de-
siccation of the plant, induced by high rates
of evapotranspiration, would be a severe
source of strain as compared to strains in-
duced, for example, by the direct effect of
solar radiation or vibrations. Therefore, the
following experiment was established il:l order
to study the desiccation in more detail. The
intention was to compare the strain due to
desiccation of the plant shoot to that due to
desiccation of the plant root. Within the
framework of the Dynamic Injury Model, the
question of the stress resistance of the tree
shoot being greater than that of the tree root
was examined. Such a hypothesis would ap-
pear reasonable, since due to evolution, plant
shoots have mechanisms such as stomata to
conserve water, whereas such mechanisms
are lacking in roots. The low desiccation re-
sistance of roots has earlier been documented
by Coutts (1981), and Parviainen (1982).
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The roots, the shoot, or both the roots and the shoot
were exposed to drying conditions in a test environment
fully protected from direct solar radiation. Before the
desiccation treatment the plants (Appendix 1) were
wrapped individually in small plastic bags leaving either
the shoot or the roots projecting out of the bag. The bags
were sealed tightly at the root collar. The wrapping was
done at a temperature of +5°C and ~ 100 per cent
relative humidity in a storage cellar for plants in order to
minimize additional stress. The following day the plants
were transferred to the exposure environment. They were
spread on the exposure table together with fully exposed
transplants. The plants were removed from the table
when predetermined U, values had been reached.

The root-to-shoot ratios were determined from a sam-
ple of 50 plants on dry weight basis. In addition, a
sample of 16 plants was used to measure the root-to-
shoot ratio in terms of surface area. In this method the
plants are immersed in a solution of calcium nitrate,
Ca(NOs),. The bowl containing the solution rests on a
balance. The surface area of the plant material is approx-
imated as the decrease in the weight of the bowl following
the immersion (Carley and Watson, 1966; see also Lihde
and Oksanen, 1969). This is based on the assumption
that all types of surfaces collect the solution with con-
stant efficiency. — The mean root-to-shoot ratio was 0.26
on a dry weight basis. On the surface area basis the mean
root-to-shoot ratio was 0.27.

In order to increase the accuracy of measurement,
evaporation was monitored using four water dishes and,
in addition to them, three Piche evaporimeters (cf. Odin
1976). The evaporimeter measurements were calibrated
using the readings from the water dishes so as to obtain
the U, values in millimeter units. The strain, U,, was
determined, as in Eqs. 4.2.—4.4., as the average of the
results of the seven instruments. The number of strain
levels was six within the range 0.1—6.7 mm. The trans-
plants were planted out in the nursery field. Injury
variables, /,, [, and I,, were related to evaporation, U,
separately for the three groups of plants that is, for the
unprotected group, for the group with protected roots
and the group with protected shoots. Equations 3.10,
3.11, and 3.12 were fitted to the data.

Results

An increasing degree of damage with pro-
longed stress exposure was observed with all
three groups of plants. The survival de-
creased to half (55 of Eq. 3.10.) with U, values
of 1.0 mm, 2.1 mm and 12.5 mm for unpro-
tected, shoot protected and root protected
plants respectively. In this experiment as

well, none of the 60 reference plants died. The
Growth Index decreased to half (g5 of Eq.
3.11.) with evaporations of 0.5, 1.1, and 15.0
mm, respectively (Figure 4.9.). The Produc-
tivity Index decreased to half (p5 of Eq. 3.12.)
with evaporations of 0.2, 0.4 and 4.4 mm,
respectively.

These results indicate that the stress resist-
ance of the shoot would be roughly one order
of magnitude greater than that of the root
system. The difference is even larger on a unit
area basis, i.e. when a unit of needle area is
compared to a unit of root area. As the shoot
was larger than the root by a factor of
2.5—2.8, the stress resistance of the shoot, on
an unit area basis, would be about 20 times
greater than that of the root. As the roots of
barerooted plants have low stress resistance,
it is important in practise to ensure that the
surroundings of the root are protected. The
shoots could even be subjected to the open air
in order to control high temperatures which
tend to occur in all sealed environments. Yli-
Vakkuri (1957) reports on a transportation
container of this type. Taking that idea and
adapting it rationally to meet modern de-
mands might provide an improvement in
forest regeneration practices.

4.2.7. Injury modified by the surrounding tall stand

In the above experiments trees were
planted in a nursery field. In order to be able
to generalize the results, it is important to
establish experiments in different field envi-
ronments. This experiment as well as the one
reported in the following Section 4.2.8. was
conducted in order to study how site environ-
ment modifies injury development. The focus
is thus shifted from Eq. 3.5. to Eq. 3.6.

A tall stand surrounding a forest opening
produces a gradient in the solar radiation
within the opening, especially near the south-
ern edge of the opening (Fischer, 1974). The
radiation gradient obviously causes secon-
dary gradients in the temperature climate
and soil properties. The gradient of decreas-
ing tree root competition also exists from the
edge of the surrounding stand towards the
center of the opening. However, in the com-
petition between other plant species the di-
rection of the gradient is the reverse.
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Nevertheless, it is unlikely that the partially
counteracting gradients would result in a zero
effect on plant growing conditions. Indeed,
Jackson (1962) reports statistically significant
changes of plant morphology together with
such gradients.

In this experiment stressed and nonstres-
sed Scots pine transplants were planted along
lines passing northwards from the southern

edge of two forest openings. The transplants
were thus placed at different points along the
environmental gradients. The aim of this ex-
periment was to study whether a given
amount of strain, originally induced by a
controlled stress exposure prior to planting,
would result in different levels of injury in
different parts of the environmental gra-
dients.
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Trees were planted in two forest openings which were
situated at a distance of about four kilometers from the
Hyytidld Forestry Station. The first opening was a dry
heath, a clearcut area of Scots pine. Hereafter this open-
ing is called “dry”. The second opening was a moist
upland site, a clearcut area of Norway spruce. This
opening is called "moist”. The "dry” opening was typi-
cally suited for planting only Scots pine whereas for the
“moist” opening Norway spruce would have been an
alternative tree species. The “dry” opening was sur-
rounded by a Scots pine stand, with a height of 14
meters, and the “moist” opening by a Norway spruce
stand, with a height of 20 meters.

The stressed transplants were divided in two treat-
ment categories in which they were exposed to desicca-
tion of two evaporation levels, 0.2 mm and 0.4 mm. The
exposure was conducted in environments protected from
direct solar radiation. The stressed and nonstressed
transplants were planted along two lines stretching
northwards from the southern edge of the two openings.
Along with the lines, at a given distance from the edge of
the stand, four transplants were planted in the form of a
compact cluster. One of the plants was treated with U, =
0.2 mm, one with U, = 0.4 mm, and the two others were
nonstressed reference plants. Each cluster had a specific
location in relation to the stand, the idea being that
within the cluster each plant had an identical location in
this respect. The first cluster in the line was located right
at the edge of the surrounding stand. The most distant
cluster was 20 meters and 42 meters in the line from the
edge of the stand in the “dry” and “moist” sites, respec-
tively. The number of clusters per line was 25 and 50 on
the "dry” and “moist” openings, respectively. The typi-
cal interval between two clusters was thus less than one
meter. The total number of plants used in this experi-
ment was 600. Unlike in the nursery field experiments,
the plants were not watered at planting.

The location of transplants was not fixed in advance,
which made it possible to select a favourable place for
every plant. The position of each cluster was determined
by measuring the angle from the horizontal plane at
plant height, to the top of the nearest trees of the stand
surrounding the opening. This variable, assuming that
the edge of the surrounding stand is straight, is linearly
related to the fraction of the hemisphere which is covered
by the tree canopies (Norman & Jarvis, 1975). It was
taken as an operational measure for E of Eq. 3.6. Survi-
val, I, and Growth Index, /,, were measured after two
growing seasons.

Special arrangements had to be made to obtain values
for the Growth Index from this kind of data. Starting
from the edge of the stand, 6 to 10 clusters, depending on
the number of survivors, were grouped together. The
mean Growth Index was calculated for all such groups,

and this mean was plotted against the mean position of
the group.

Results

No clear trend was observed in transplant
survival in the direction of the lines. Average
survival seemed to be the highest with the U,
= 0.2 mm plants on the “dry” site and the
lowest with U, = 0.4 mm plants on the
“"moist” site (Table 4.1.). Neither did the
Growth Index results indicate a modifying
effect of the surrounding stand on the injury.
The Growth Indices for the plants subjected
to U, = 0.2 mm were about 0.7 and 0.5,
respectively, for the "dry” and the “moist”
sites. The respective figures for transplants
subjected to U, = 0.4 mm were about 0.4 and
0.15. The injury due to the stress treatment
appeared to be independent of the position of
the plant within the environmental gradients
(Figure 4.10.).

4.2.8. Injury development on miscellaneous sites

Another experiment was carried out in or-
der to compare the injury development in
different environments. Equation 3.6. was
used again that is, both the strain and the site
environment were included as variables. In
this case, however, the differences in site envi-
ronment were not due to a specified gradient;
sites differed from one to another only in
qualitative terms. The differences were not
measured based on environmental variables.
Another approach was used instead. A
“biological site index” was defined as the
leader shoot elongation, in centimetres, of the
nonstressed plants after planting. The injury
was related to this index.

Table 4.1. Survival of nonstressed and stressed plants on
two different sites.

Survival, %
Site
Reference U,=0.2 mm U,=0.4 mm
"Dry” 90 96 76
”Moist” 88 73 47

1.5 ¢
a)
12§
=
S S N - .
509}
°
= o=
r3 .
3
2 0.6 | D
o .
-
. .
.
0.3 |
] n L i
(o} 30 60 90
Angle to the top of the surrounding stand,
(degrees)
1.5 -
c)
1.2}
o I y=1.0
x 0.9}
°
&
£
Zos}
5 LI )
.
e P, .
03} e
. Y
.
0 L L !
0 30 60 90
Angle to the top of the surrounding stand,
(degrees)

39
151
b)
1.2F
o
i =1.0
5091
©
=
€
3
co0.6l
(6] L4 .
-
03}
. . .
0 A 1 i
0 30 60 90
Angle to the top of the surrounding stand,
(degrees)
1.5
d)
1.2}
o
e y;l_o
5 09f
°
=
£
3
co0.6f
o
0.3 | .
\...\
. .
0 A 1 i
0 30 60 20
Angle to the top of the surrounding stand,
(degrees)
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All the sites were located within ten kilometers of the
Hyytidla Forestry Station. In brief, the sites were as
follows:

0. An approximately 200-square-meter opening in an
agricultural field afforested 6 years before this experi-
ment, Calamagrostis vegetation; mineral soil.

1. Open nursery field; a 25-centimeter-layer of surface
soil replaced by sand. .

2. Open field same as site 1; original surface soil (a
mixture of mineral soil and peat).

3. Greenhouse with single glass cover but with no artifi-
cial heating; fertilized horticultural peat irrigated to
maintain sufficent water supply.

4. Forest opening of a moist upland site, Epilobium angus-
tifolium vegetation; mineral soil.

5. Same as site 4 but with no major herbs or grasses,
Ceratodon purpureus as the dominant vegetation.

6. Forest opening of the very dry CIT site type (Cajan-
der 1949), sparse Vaccinium vitis-idaéa vegetation; min-
eral soil.

7. Forest opening of moist upland site, subjected to
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prescribed burning two years before this experiment,

very sparse sprouting vegetation; mineral soil.
8. A 50-square-meter opening in a 15 year old birch-
willow stand growing on a ploughed, peatland site,
vigorus Epilobium-Calamagrostis vegetation; peat.
Forest opening of moist upland site subjected to pre-
scribed burning two year before the experiment and to
ploughing one year before the experiment, very sparse
sprouting vegetation; mineral soil.

©

A set of hundred transplants was planted at each of the
ten sites. This set comprised of five groups of plants
which were treated before planting in the following way:
Group /) was subjected to desiccation corresponding to
U, = 0.35 mm. Group 2) received a prolonged desicca-
tion exposure corresponding to U, = 0.8 mm. Group 3)
was kept in open polythene bags in a dark, indoor
environment, at a temperature of +22°C. Only the
shoots of the transplants were in free air, the roots being
protected in the bottom of the bag. During the treatment
(from the 15th to the 21st of May) the bags were watered
daily to a constant weight. Group 4) was treated the
same way except that they were kept at a temperature of
+22°C for three more days. The respective effective
temperature sums (defined also as "heat sum’ by Sarvas
(1972)) for the groups 3) and 4) were 105 and 150 degree
days. The aim of these two treatments was to generate a
strain in the plants due to consumption of the carbohy-
drate reserves (Puttonen, 1980). Group 5) was that of
reference plants. Each of these five groups consisted of 20
transplants. The whole set of 100 plants was planted on a

given site within one day. The transplants were not
watered at planting. The planting dates for the different
sites varied between May 24 and June 2, 1979 (Appendix
1).

Survival and leader shoot length were measured after
two growing seasons. The Growth Index, as defined
above, was inappropriate in this experiment because the
“biological site index” was applied. Analysis was done
using a method modified from the study of Finley and
Wilkinson (1963). The mean growth of the stressed
plants was related to that of the nonstressed plants. Only
the survivors were included to form the mean. When
plotted on a figure the data from poor sites appears close
to the origin. On fertile sites, where the reference plants
grow fast, data appears further apart from the origin.
The strain effect with the stressed plants is indicated as
data points below the line y = x. A linear regression was
fitted to the data.

Results

A characteristic feature of this experiment
was that all reference plants did not survive.
On site Nr 4 as many as six out of 20 refer-
ence plants died (Table 4.2.).

Storage at room temperature prior to
planting appeared to result in substantial
mortality only on one site (Nr 8). Obviously,
the food reserves were not severely exhausted
which indicates that the plants must have

Table 4.2. Survival of nonstressed and stressed plants on ten sites

Plant survival, %

Site Reference Storage Storage
nr at room at room U,=0.35 mm U,=0.35 mm
temperature, temperature,
6 days 9 days
0 75 80 90 35 5
1 100 90 95 90 35
2 95 85 90 70 30
3 80 100 90 50 35
4 70 90 80 60 50
5 90 80 95 90 40
6 90 85 80 75 55
7 80 90 95 55 35
8 80 55 50 45 65
9 80 100 95 85 60
X 84 85.5 86 65.5 41
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Figure 4.11. Leader shoot growth of the stressed plants as the function of that of the reference plants. The x-axis can be
interpreted as the scale of the "biological site index”. Numbers in the figure refer to the site. a) stress at room

temperature, six days; b) stress at room temperature, nine days; ¢) evaporation, U,=0.35 mm; d) evaporation,

U,=0.8 mm.

been in good condition before the stress treat-
ment. These observations are in agreement
with the view that conifers are rather flexible
in their carbon metabolism (Glerum, 1980).

Desiccation level U, = 0.35 mm seemed to
decrease the survival of the plants on eight
sites. The two exceptions were site Nr 5 in
which the survival was 90 per cent for both

the reference stock and the stock exposed to
the 0.35 mm strain level, and site Nr 9 where
survival figures were 80 and 85 per cent for
the reference plants and stressed plants, re-
spectively. Damage caused by Hylobious abietis
was observed in plants on site Nr 9. At U, =
0.8 mm strain level individual plants survived
but, in general, the survival values of these
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sublots were substantially lower than those of
the reference stock on every site.

Injury due to the “room temperature
stress” (depletion of carbohydrates) seemed
to be unimportant also in terms of growth
(Figure 4.11.). The variation in the shoot
growth of both stressed and nonstressed
plants was clearly dominated by the site fac-
tor. The desiccation stress, in turn, appeared
to cause a more severe strain and to decrease
the shoot growth. Growth reduction was ob-
served on every site even with the lower strain
level of U, = 0.35 mm.

The average survival, 65.5 %, following U,
= 0.35 mm was lower than that of the non-
stressed plants (84 %). The difference is
statistically significant (t-test; 2 per cent risk
level). Moreover, the results indicate that the
proportional decrease in growth, due to the
stress exposure, is similar over a wide range
of different sites. Conditions on either the
poor or the fertile sites did not appear to
compensate for the strain effect.

4.3. Concluding remarks

The strain induced through desiccation
was measured consistently in all the experi-
ments (for U, see Eq. 4.4). Further, injury
measurements were uniform throughout most
of the study. It is thus possible to combine the
data from all experiments in which the strain
was induced through desiccation, and to esti-
mate the strain-injury functions, Egs.
3.10.—3.12., for the combined data set. This
is done below for those experiments in which
the trees were planted in an open nursery
field. A number of 31 data points are included
in the combined data set. The data are ob-
tained from experiments reported in Sections
4.2.2,, 4.2.3. and 4.2.6. Only such data are
included in which the whole plant was sub-
Jected to desiccation. Estimation resulted in
the following functions:

Survival :

L= %‘FI‘]}T (4.8.)
Growth Index:

L 0.??%3;150, (¢9.)
Productivity Index:

/ % (4.10.)

Survival thus decreased to half (550) with
evaporation of 1.24 mm and the Growth In-
dex with the value 0.37 mm (Figure 4.12.).
The Productivity Index decreased to half (ps0)
in U,=0.04 mm. The functions estimated
from the combined data set can be taken as
the best estimates of the strain-injury rela-
tionship regarding desiccation.

The results of this study should be viewed
in a broad perspective considering all subse-
quent phases of the forest regeneration pro-
cess (Rasinen, 1981). Such an integrated
analysis may indicate deficiencies in the
phases of transfering the plants from the
forest nursery into the field. If that is the case
then this study provides information for up-
grading the methods. The main focus should
be given to protecting plant roots. The roots
should be kept covered on all possible occa-
sions. Additional measures are needed be-
cause covering the roots does not prevent all
desiccation. Plants should be stored in places
where the level of evapotranspiration is low.
Evapotranspiration is difficult to monitor in
the field. Basic physical laws confirm that
high evapotranspiration rate is frequently as-
sociated with high temperature. Controlling
high temperatures thus serves as an indirect
method for controlling root desiccation.
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5. SUMMARY

Introduction

Considerable resources are used nationally
and internationally for tree planting prog-
rams. Forest regeneration inventories indi-
cate that not all the transplants survive to
produce marketable timber. An additional
productivity decline is due to the decreased
growth of the survivors. Experts assume that
much of the damage, especially with
barerooted transplants, is generated when
tranfering the plants from the nursery into
the field. The reasons for the damage are,
however, hard to determine. Plants do not
develop visible symptoms until several weeks
after the mistreatment. The plant injury is
thus a gradual process rather than an instan-
taneous event. Both environmental stress fac-
tors and plant physiological factors are in-
volved. Information regarding the injurious
processes is needed so as to mitigate the
damage and to decrase the costs of the tree
planting programs.

The main objective of this study is to de-
velop concepts and methods for recognizing
and analysing the dynamic aspects of injury
development in tree transplants. An addition-
al objective is to apply the new methods to
empirical data in order to make a contribu-
tion to the information regarding the relative
importance of selected factors affecting the
damage.

Temporal Variation of Environmental
Factors: A Comparison of Transportation
Bags

Scots pine transplants were placed into
different transportation bags and the environ-
mental factors inside the bags were moni-
tored in field conditions. The transplants
were planted after a one-week exposure and
were examined at the end of the first growing
season.

Temperatures up to +50 °C were recorded
inside the bags. The temperature inside the

bags were found to vary more rapidly than
that of the ambient air. The evaporation rate
was relatively high, especially inside partially
transparent bags. Plants stored in the upper
part of such bags were damaged during stor-
age whereas plants in other kinds of bags, or
in the lower part of the transparent bags
escaped damage. It was concluded that sub-
stantial temporal variation existed in the en-
vironment affecting the plants. This variation
needs to be considered when selecting
methods for analysing plant damage. A
method which would meet this requirement is
presented in Section 3.

Response of the Plant: the Dynamic
Injury Model

Injury is defined in this study as a decrease
in either survival or growth. Following the
concepts of Levitt (1972), strain is defined as
the physiological pathway through which the
injury develops. Stress is defined as any en-
vironmental factor affecting the strain. Stress
resistance is the corresponding plant internal
factor involved.

Plant injury tends to develop slowly. The
death of a plant, for example, is often the
termination point of a long process of deterio-
ration. Stress in turn, as was shown by condi-
tions inside the bags, varies rapidly. These
differences create serious difficulties for the
direct use of statistical bioassays, i.e. to deter-
mine dose-response functions where stress is
the dose and injury is the response. A solution
to these difficulties is proposed as described
below:

The concept of strain is separated into i)a
rate variable concept and ii) a state variable
concept. The rate variable concept, strain
rate, can be related to the fast variables and
the state variable concept, accumulated
strain, can be related to the slow variables.
Accumulated strain is defined as the time
integral of the strain rate. Through this link a

bridge is built between the fast.”dosc” and
the slow "response”. Statistical bioassays can
be used in order to relate the accumulated
strain to the injury.

Manifestation of the Injury: Expriments
for Ranking Selected Factors

Several hypotheses were tested regarding
injury to barerooted Scots pine plants. Un-
protected plants were subjected to stress con-
ditions before planting. Measurable vari-
ables, such as evaporation demand, solar ir-
radiance and temperature were used so as to
quantify the stress. Both stress r'csistance anfi
the planting site were standardized, and this
made it possible to calculate the accumulated
strain based on the stress variable only. The
calculated strain was related to the injury —
that is the decrease in survival or growth —
measured after two growing seasons. In one
experiment the stress resistance of the roots
was compared to that of the plant shoot by
protecting either the roots or the shoot and
then letting the plants dry out.

In the above mentioned experiments the
transplants were planted on homogenous
nursery sites. The effect of a larger variability
in the planting site was tested in the next
experiments. Plants were subjected to a stan-
dard stress and were then planted on different
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sites in order to study the joint effect of
accumulated strain and planting site.

The results indicated that plants are par-
ticularly sensitive to the desiccatior} of the
roots. Direct stress of solar radiation in terms
of, for example, UV-radiation was found in-
significant. Plants were relatively tolerant to
vibration and dropping. High temperature
induced severe plant injury beyond an abrupt
threshold around +50 °C. The same propor-
tional injury due to a standard desiccation
treatment was observed over a wide range of
planting sites. )

This study indicates that it is not fruitful to
describe plant injury as a function ofstrcs§ in
a static way. A method is developed which
takes into account the dynamic features of the
injury development. The method, the Dy-
namic Injury Model, can be used for effective
comparisons between the injury and the po-
tential triggering factors. o

The empirical results together with su:mlar
findings in the literature provide the basis for
recommendations with regard to the im-
plementation of tree planting programs. The
main focus should be on controlling root de-
siccation. This could best be done with indi-
rect methods because evapotranspiration is
difficult to monitor in the field. Basic physical
laws confirm that high evapotranspiration
rate is frequently associated with high temp-
erature. Controlling high temperatures thus
serves as a means of controlling root desicca-
tion.
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Appendix 1. Background information of experiment:

transplantation. Plants were thus of the type 2+1.
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