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Abstract

Heat capacity measurements have been performed on birch plants (Betula pendula Roth.) by use of a drop-Cp-

microcalorimeter. In¯uence of hydration level on heat capacity was investigated. It was found that heat capacity decreased in a

linear fashion with decreasing water content until a point of discontinuity was reached at a water fraction of 0.2 g gÿ1 (grams

of water per gram fresh biomass). A linear regression of the region above 0.2 g gÿ1 gave a slope of 2.49 J Kÿ1 gÿ1 and an

intercept of 1.72 J Kÿ1 gÿ1. It was concluded that a rough division of the water in the biomass into free and perturbed water is

re¯ected in the heat capacity of the system and that the heat capacity in the region below 0.2 g gÿ1 could be divided into three

discrete subregions. These subregions are assumed to re¯ect the perturbed water state in the tissue at different levels of

hydration.

Further, the temperature in¯uence on heat capacity was studied in the range between 14 and 378C. The water fraction in

these experiments was 0.75�0.1 g gÿ1. No signi®cant difference in heat capacity values was observed. It was concluded that

this result re¯ects the dominant in¯uence of free water on heat capacity at this level of water content. # 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Water in biological tissues has been studied with a

range of different techniques, e.g. radioactive labeling,

NMR, phosphorescence, DSC (differential scanning

calorimetry). Many of these studies suggest that the

properties of water in biological systems are different

from that of pure water or water in a salt solution. This

water has been described as structurally modi®ed

water, bound water or perturbed water, in contrast

to bulk water, pure water or free water [1,2,8]. For

consistency in this text we will use the terms perturbed

water and free water.

Measurements of the diffusion coef®cient of water

points to a considerably lower value in cell cytoplasm

than the self diffusion coef®cient of free water [3,4].

Other studies using labeled inert molecules of differ-

ent sizes, which were allowed to penetrate the plasma

membrane into the cytoplasm of animal (3T3) cells,
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also show a lower value of the diffusion coef®cient

than would be expected for free water [5].

A biophysical explanation of the difference in

properties of water can be found by studying the

physical interactions between water molecules and

cellular substances (e.g. solutes, macro-molecules)

or water molecules and structures (e.g. membranes).

Electrostatic interactions are crucial for the stabiliza-

tion of macromolecular structures in their native form.

Charged or polar groups in these structures in¯uence

adjacent water dipoles, which cause a decrease in the

mobility of the water molecules [6]. This decrease is

mainly due to hydrogen bond formation and leads to

changes in physical properties like compressibility

and partial volume [7] and in thermodynamic proper-

ties like entropy and heat [8].

Non-polar groups in macromolecular structures

also have a structurally stabilizing effect on water,

through hydrophobic interactions [1,2,9].

The interaction between water and macromolecules

has been described theoretically in a model by statis-

tical mechanics [10]. This model has been shown to

give good predictions of the process of protein hydra-

tion.

Thermodynamic investigations have also contribu-

ted to the present view of the nature of perturbed water

in biological systems. Studies of melting transitions

with differential scanning calorimetry (DSC) indicate

a classi®cation of perturbed and free water, described

in terms of non-freezable and freezable water [11,12].

Heat capacity measurements have provided valu-

able insight into the nature of water associated with

different macromolecules, because of the large

changes in heat capacity as the water binds to a

surface. For instance, in [13] the relations between

heat capacities of dry protein and diluted protein

solutions were investigated for a water±lysozyme

system. Heat capacity determination of other mixed

systems have also been performed, e.g. for a water±

starch system [14] and for water±cellulose and water±

oligosaccharides systems [15].

Different levels of hydration strongly affect phy-

siological activities of seeds [16]. It is concluded that

few reactions occur at low hydration, but that the

metabolism of the system becomes increasingly facili-

tated with increasing hydration. Germination of the

seed was not observed until the seeds had attained

moisture contents beyond full hydration. Therefore,

calorimetric techniques (e.g. DSC) have been used to

study the state of water in hydrating seeds of pea and

soybean [17]. The heat capacity as a function of water

content in seeds has a complex relationship in regions

with low hydration and a linear relationship in the

fully hydrated region.

We propose that heat capacity measurements of

plant tissues with different water contents will provide

valuable insight into the nature of water in complex

biological structures. Measurements of heat capacity

has therefore been conducted for different plant parts

(root, leaf and stem) of birch (Betula pendula Roth.) in

a series of calorimetric experiments. The results from

these experiments give a description of how the heat

capacity depends on water content, growth stage and

temperature.

This work can be viewed partly as a methodology

work, since (as far as we know) it is the ®rst time a

living biological material has been measured with the

used technique.

2. Material and methods

2.1. Growth experiment

Birch seeds were germinated in petri dishes for 10±

14 days and then placed in an aeroponic growth unit

(Biotronic AB, Uppsala, Sweden), where nutrient

solution was sprayed on the roots and recirculated

in a closed system. The growth technique is described

in detail in [18,19]. Stock solutions were composed

and prepared according to [19], giving a solution that

contains all essential nutrients in balanced propor-

tions. Non-limiting availability to all nutrients was

secured by regular titrations.

The ®rst stage of growth (pregrowth) lasted

approximately 2 weeks, to exhaust seed resources

and to produce seedlings equal in size and composi-

tion. In the second stage, the main experiment, plants

were grown under steady-state conditions and

repeated harvests were made to measure biomass

and other plant quantities.

The plants were grown in a controlled environmen-

tal room at the Biotron in Alnarp, Sweden. During the

pregrowth, air and root temperature were 208C and the

relative humidity was 70%. Photon ¯ux density (PFD)

was 250�20 mmol mÿ2 sÿ1 at the top of the plants,
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which corresponds to a daily quantum ¯ux of 17±

20 mol mÿ2 per day. During the main experiment

photon ¯ux density was raised to 350�20 mmol

mÿ2 sÿ1 (28±32 mol mÿ2 per day), which was the

saturating light level for growth of birch [20].

The growth method provides controlled uptake of

nutrients, water and carbon, which yields plants with a

stable physiological state. This means that the nutrient

and carbon concentrations and the water fraction in the

biomass are constant during the growth experiment.

Samples of seedlings used for calorimetric measure-

ments of heat capacities, therefore, have speci®c and

accurate proportions of different elements in the bio-

mass.

2.2. Sample preparation

The samples for calorimetric determination of heat

capacities were prepared both at the end of pregrowth

and at ®ve occasions during the main experiment. The

fresh biomass was measured for each individual plant.

After weighing, the plants were immediately put in

test tubes, ®lled with nutrient solution from the growth

unit, and placed in a box for transportation to the

Division of Thermochemistry, Lund University, Swe-

den. This procedure was repeated in different series of

experiments. One series was performed on samples

with varied water contents at a temperature of 208C.

Another series was performed at different tempera-

tures, i.e. at 14, 20, 25, 31 and 378C. A third series was

performed with varied sample sizes, i.e. for different

growth stages of the birch plants. Before charging the

calorimeter the plant was divided into roots, stems and

leaves.

In order to study the dependence of water content on

heat capacity, in some experiments sample preparation

included a partial drying. Between measurements, the

plunger of the measuring container was opened and

the ampoule was ¯ushed with dry nitrogen until a

desired water content was attained (determined by

repeated weighing). The partial drying was not per-

formed for experiments studying the effect of tem-

perature and growth stage.

2.3. Determination of biomass and water content

The mass of the sample was determined prior to

measurement by weighing the ampoule before and

after it was charged. After the calorimetric measure-

ment the tissue was placed in an oven at 608C for 4±

6 h, followed by half an hour in 1108C. This procedure

was suf®cient to attain a constant weight of the sample.

The water content was estimated by subtracting the

mass of the fresh sample from that of the dry sample.

2.4. Heat capacity measurements

The heat capacity of the birch samples was deter-

mined by means of a drop-calorimeter, which mainly

consists of a furnace and a receiving calorimeter. The

temperature of the furnace is kept constant to better

than �0.0002 K by means of a Eurotherm propor-

tional controller (Eurotherm, Worthing, Sussex, Eng-

land). The calorimeter is positioned in a water

thermostat, in which the temperature is kept constant

to about �0.0005 K using a Eurotherm proportional

controller. The calorimeter is intended for precise

measurements on small solid or liquid samples,

weighing less than 1 g.

During measurement, the sample was contained in a

1 ml cylindrical container made of stainless steel. The

mass of the sample varied from 5 to 20 mg at the initial

stage to 100±150 mg for the last harvested plants. The

container was sealed with a plunger ®tted with an o-

ring, keeping it water- and air-tight to prevent water

losses. The container was allowed to equilibrate in the

furnace for 25 min after which it was dropped into the

receiving calorimetric unit. The time for the calori-

meter to reach equilibrium after a drop was approxi-

mately 30 min. For all experiments the temperature

difference between the furnace and the calorimeter,

Dy, was about 9.5 K. The temperature difference

between the furnace and the calorimeter can be mea-

sured with an estimated accuracy of 0.001 K. An

initial temperature, yi, was measured immediately

before the container was dropped. A ®nal temperature,

yf, was measured at the end of each run. The mean heat

capacity in the temperature range from yi to yf (or the

heat capacity for the midpoint temperature between yi

and yf) is considered to be equal to the transferred heat

divided by the temperature difference yiÿyf. The

temperature difference is assumed to be small enough

to give an adequate heat capacity value for the mid-

point temperature.

Calibration of the instrument was made with a few

droplets of water of Millipore quality (ca. 100 mg) in
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the sample container. The baseline stability of the

calorimeter was approximately 0�4 mJ. Detailed

measuring procedure and design of the instrument

is described elsewhere [21].

Each measurement was repeated 2±3 times, in order

to specify the accuracy in the measured heat capacity

values. The accuracy was in the order of 0.1% in the

temperature range for the different experiments.

3. Results

3.1. Water content

Heat capacity as a function of water content,

expressed as a fraction of fresh biomass (w1), is shown

in Fig. 1. A linear equation (y�kx�m) was ®tted to

heat capacity data above w1�0.2 g gÿ1, by means of

least square regression. This procedure was performed

separately on datasets for different plant parts, but also

on the total dataset for all plant parts. The results from

the regressions are given in Table 1. Linear relation-

ships were highly signi®cant for all datasets. The

slope k is 2.49 J gÿ1 Kÿ1 and the intercept m was

1.72 J gÿ1 Kÿ1 for the total dataset. The correspond-

ing values for the individual datasets of leaves and

stems were, within error limits, the same as for the

total dataset. For roots, there was a small but signi®-

cant deviation in the slope (k�2.60 J gÿ1 Kÿ1) and in

the intercept (m�1.62 J gÿ1 Kÿ1). In the range below

w1�0.2 g gÿ1, the heat capacity showed no clear

correlation with water content.

Plants that were not partially dried had a water

fraction in the range w1�0.70±0.95 g gÿ1. This range

represents water contents normally found in plants at

physiological conditions.

3.2. Temperature and growth stage

In order to determine the dependence of growth

stage and temperature on plant heat capacity, the

Fig. 1. Speci®c heat capacity (cp) as a function of water fraction (w1) for leaf, stem and root of birch, respectively. The solid line represents a

linear regression of the total dataset.

Table 1

Speci®c heat capacity (cp) as a function of water fraction (w1) in the fully hydrated regiona

Dataset Samples w1 (g gÿ1) cp (J gÿ1 Kÿ1) k (J gÿ1 Kÿ1) m (J gÿ1 Kÿ1) R

Leaves 63 0.23±0.92 2.37±3.95 2.45�0.064 1.75�0.049 0.980

Stems 53 0.21±0.92 1.94±3.97 2.48�0.090 1.75�0.072 0.968

Roots 54 0.28±0.95 2.26±4.10 2.60�0.060 1.62�0.052 0.986

Total 170 0.21±0.95 1.94±4.10 2.49�0.041 1.72�0.034 0.978

a The results from the regression analysis describe the slope (k), the intercept (m) and the correlation coef®cient (R) for this function, based

on data for leaves, stems, roots and for the total dataset, in the fully hydrated region above w1�0.2 g gÿ1.
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measurements must be compensated for the in¯uence

of differences in water content between samples. This

was done by shifting the data in parallel to a common

average water fraction (w1�0.75 g gÿ1), with the

slope obtained from the regression line for the total

dataset. Fig. 2 shows the dependence of temperature

(A) and growth stage (B) on the heat capacity for

leaves, stems and roots.

A test for differences in heat capacity between

different temperatures and different growth stages

was performed with a single factor variance analysis.

The statistical model used was

yij � m� ti � eij � mi � eij;

i � 1; 2; . . . ;N; j � 1; 2; . . . ;M (1)

where the index i refers to a treatment and the index j

refers to an observation within a certain treatment

among M observations. m is the overall mean value in a

speci®c dataset, ti is the effect of treatment i in a

speci®c dataset among N treatments, eij is the random

error component and mi is the mean value for a speci®c

treatment i. For reference, see for instance [22]. In our

case, the overall mean value m is the mean heat

capacity for a given dataset, such as for the dataset

of leaves, and the treatment effect ti is either different

temperatures or different growth stages. The hypoth-

esis (H0) that the mean values of different treatments is

equal

H0 : m1 � m2 � � � � � mi � � � � � mN (2)

was tested against the counter hypothesis (H1) that the

mean values differ from each other

H1 : mm 6� mn (3)

for at least one pair m, n. The mean values were

estimated from the different datasets. The test was

made for separate datasets of leaves, stems and roots,

respectively, and for the total dataset. No signi®cant

differences were found in heat capacity with respect to

temperature or growth stage (H0 could not be rejected

at the 99% con®dence level).

4. Discussion

4.1. Fully hydrated region

The curve in Fig. 1 shows linearity in the region

where the water mass fraction w1 is larger than

approximately 0.2 g gÿ1. At w1�0.2 g gÿ1 we suggest

that the biomass was fully hydrated. Additional water

in the biomass will then dilute the system with free

water. This is in agreement with ®ndings reported by

Yang and Rupley [13] where the speci®c heat capacity

of a water±lysozyme system shows linearity for water

fractions above w1�0.27 g gÿ1. Noel and Ring [14]

reported a linear region that begins approximately at a

water fraction of w1�0.2 g gÿ1 for a mixture of water

and starch.

Therefore, we suggest a model for the linear region,

where the plant tissue can be divided into free water

and fully hydrated biomass (dry biomass and per-

turbed water). Quantitatively, this means an additivity

in the total heat capacity. That is, the total heat

capacity of the biological system can be approximated

by the sum of heat capacities for the free water and the

fully hydrated biomass

Cp � Cp;FW � Cp;FHB (4)

where Cp is the total heat capacity, Cp,FW is the heat

capacity for the free water and Cp,FHB is the heat

capacity for the fully hydrated biomass. As a result of

this additivity, the regression line can be identi®ed

with an equation where the total heat capacity is a

weighed sum between the speci®c heat capacities of

free water and fully hydrated biomass

Cp � mcp � m�w1 ÿ w�1�cp;FW

� m�1ÿ �w1 ÿ w�1��cp;FHB (5)

where m is the total biomass, cp is the speci®c heat

capacity for the total biomass, w1 is the water mass

fraction, w�1 is the water mass fraction at full hydration,

cp,FW is the speci®c heat capacity for free water and

cp,FHB is the speci®c heat capacity for fully hydrated

biomass at w1 � w�1. After rearranging Eq. (5) can be

written as

cp � w1�cp;FW ÿ cp;FHB� � cp;FHB

ÿ w�1�cp;FW ÿ cp;FHB� � kw1 � m (6)

This equation is identi®ed with the regression

model, where the slope k is the difference between

the speci®c heat capacities of free water and fully

hydrated biomass. The intercept m is considered to be

an ideal speci®c heat capacity of the dry biomass,

where the linear region is extrapolated to w1�0.
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Fig. 2. Speci®c heat capacity as a function of temperature (A) and growth stage (B) for leaf (cpL), stem (cpSt) and root (cpR) of birch,

respectively.
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The values for k and m agree well with results

obtained on simpler systems, see Table 2 (region

IV). In all the systems, birch, water±lysozyme [13]

and water±starch [14], the regression parameters (k

and m) add up to 4.2 J gÿ1 Kÿ1, corresponding to a

system of pure water (Eq. (6)).

4.2. Partly hydrated region

The region below the fully hydrated region repre-

sents a state of the water±solid system where the water

molecules are bound or perturbed relative to that of the

free water molecules. These bonds represent different

kinds of interactions, the nature of which depends on

the hydration level of the sample. The partly hydrated

region can be divided into a number of subregions. In

the present discussion, four regions will be character-

ized according to Noel and Ring [13] for the water±

lysozyme system. In our case, the apparent speci®c

heat capacity for the dry biomass in the water±solid

system is de®ned as

fcp2 �
cp ÿ w1c0

p1

w2

(7)

where c0
p1 is the speci®c heat capacity for pure water

and w2 is the fraction of dry biomass. In Fig. 3 fcp2 is

plotted against the grams of water per gram dry

biomass, de®ned as

h � w1

w2

(8)

Different subregions of hydration is indicated with

Roman numbers (I±IV). The water±protein structure

at different hydration levels is described by Rupley et

al. [8], which can serve as a model structure for the

discussion below. However, the water±tissue structure

of birch may differ signi®cantly from the model

structure, since protein is a minor constituent in the

biomass of birch.

Rupley et al. [8] proposed that the ®rst region (I) in

the model structure represents a state where the water

molecules are most tightly bound, mainly to charged

groups on the protein (see also Collins [6]). Initially,

fcp2 for the protein decreases to a minimum after

which the second region begins. In a narrow range of h

near the minimum value there is a structural change of

the hydrated water molecules, due to a transition from

a disordered to an ordered state. Such pattern is

indicated in subregion I in Fig. 3.

The second region described by Rupley et al. [8] is

characterized by a linear increase in fcp2 with an

increase in hydration, that is greater than that for free

water. It was suggested that this originated from

temperature-dependent water cluster rearrangements

[8]. These clusters are principally bound to charged

and polar sites on protein surfaces. Such response

on increased hydration is indicated in subregion II

in Fig. 3.

The third region in [8] begins with a transition

region for fcp2. The polar sites are nearly saturated

and condensation of water takes place over the

remaining un®lled portions of the surface. The inter-

Fig. 3. Apparent, speci®c heat capacity for dry biomass (fcp,2) as a function of water fraction on dry biomass basis (h), plotted for the total

dataset in the range of h between 0 and 1.8 g gÿ1.
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Table 2

Summary of calorimetric properties for different water±solid systems in different subregions of hydration, described in accordance with Rupley et al. [8]a

System Region Temperature (8C) Reference

I II III IV

c0
p2

(J gÿ1 Kÿ1)

h

(g gÿ1)

fcp2,min

(J gÿ1 Kÿ1)

k�dcp/dw1

(J gÿ1 Kÿ1)

h

(g gÿ1)

fcp2,max

(J gÿ1 Kÿ1)

h

(g gÿ1)

k�dcp/dw1

(J gÿ1Kÿ1)

h

(g gÿ1)

m

(J gÿ1 Kÿ1)

Water±lysozyme 1.26 0±0.07 1.23 4.5 0.07±0.26 1.57 0.26±0.38 2.7 0.38 1.5 25 [13]

Water±starch 1.16 ± ± 4.5 ± ± ± 2.5 0.37 1.7 25 [14]

Water±cellulose 1.24 0±0.08 1.3 4.1 ± ± ± ± ± ± 47 [15]

Pea seeds 1.44 0±0.14 0.78 6.36 0.14±0.34 1.47 0.34±0.46 ± ± ± ±60 [16]

Soybean seeds 1.42 0±0.09 1.04 6.10 0.09±0.27 1.72 0.33±0.38 ± ± ± ÿ60 [16]

Birch 1.38 0±0.1 0.75 6.44 0.1±0.3 2.47 0.3±0.4 2.49 0.4 1.72 25

a The level of hydration is expressed as grams of water per gram dry biomass (h). c0
p2 is the heat capacity for the dry substance in the system, fcp2,min is the minimum, apparent

speci®c heat capacity for the dry substance in the system, k is the slope from a linear regression of speci®c heat capacity (cp) as a function of water fraction (w1), fcp2,max is the

maximum, apparent speci®c heat capacity for the dry substance in the system and m is the apparent speci®c heat capacity for the dry substance at full hydration (identical with

intercept m in the linear model described in Eq. (6)).
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actions between water molecules and protein surfaces

are primarily built up by non-polar, hydrophobic

bonds. There is a slight decrease in heat capacity at

the transition, probably due to a lowering of the

degrees of freedom [16]. Such a decrease is indicated

in subregion III in Fig. 3.

In the fourth region described by Rupley et al. [8],

fcp2 is considered to have a constant value. A mono-

layer of water molecules now covers the protein sur-

face and the additional perturbation of adding more

water will be dependent on weak interactions. The

mobility of the additional water will be close to free

water, so the addition will merely dilute the water±

solid system. This region is therefore equivalent to the

fully hydrated region described earlier. A constancy in

fcp2 is indicated in subregion IV in Fig. 3.

An overview of the different subregions for birch,

water±lysozyme, water±starch, water±cellulose, pea

seed and soybean seed is given in Table 2. All experi-

ments are not quantitatively comparable to our data

because the determination of fcp2 was performed at

different temperatures. However, experimental tem-

peratures are identical for the experiments done on

birch, water±lysozyme and water±starch.

Heat capacity values for the dry substance of dif-

ferent systems lie approximately in the range c0
p2�

1.2±1.4 J gÿ1 Kÿ1. Estimated values of c0
p2 for seeds of

pea and soybean at ÿ12.58C were obtained from the

lowest water fraction in Figs. 6 and 7 in [16], by

extrapolating to zero water fraction with the same

negative slope as for birch in region I (Fig. 3). c0
p2 for

birch is somewhat higher than for the simpler systems

but in close agreement with the estimations from the

seed experiments.

The hydration levels for region I±IV are for birch

roughly in the ranges h�0±0.1, 0.1±0.3, 0.3±0.4 and

0.4±1.0 g gÿ1, respectively. This is in accordance

with an estimation of corresponding ranges for the

other systems, where a range identi®cation has been

possible.

The estimated extreme values for fcp2 at the transi-

tions at the end of regions I and II, respectively, are

comparable for birch and water±lysozyme. A compar-

ison gives a signi®cant difference for both fcp2,min and

fcp2,max between those systems (fcp2,min�0.75 J gÿ1

Kÿ1 for birch and fcp2,min�1.23 J gÿ1 Kÿ1 for water±

lysozyme; fcp2,max�2.28 J gÿ1 Kÿ1 for birch and

fcp2,max�1.57 J gÿ1 Kÿ1 for water±lysozyme).

A linear regression of cp as a function of w1

corresponding to region II gives a value for the slope

of 6.44 J gÿ1 Kÿ1 for birch. This value is in accor-

dance with estimations for pea seeds and soybean

seeds, but differs from values estimated for the simpler

systems.

A decreasing value of fcp2 in region III with an

increase in h is noticed for both birch and water±

lysozyme. In region IV fcp2 approaches an asymptotic

value of approximately 1.7 J gÿ1 Kÿ1 for birch and

1.5 J gÿ1 Kÿ1 for water±lysozyme, which is identi®ed

with the apparent heat capacity for the dry substance at

full hydration. fcp2 is here identical with the intercept

m for the linear model described in Eq. (6).

Structural information about the change of water

state can not be gained from heat capacity measure-

ments alone, but the information can be used to

support models involving structural parameters. One

empirical model for the change in fcp2 with h is

described in [13]. Such a phenomenological descrip-

tion can further be explained with a statistical mechan-

ical model, showing how adsorbed molecules interact

on a heterogeneous surface [10].

4.3. Dependence of temperature and growth stage

There are no signi®cant differences in cp for birch in

the studied temperature range (14±378C). The con-

stancy in this thermodynamic property probably

re¯ects the dominance of free water in the birch

samples in this experiment series (w1�0.70±0.95

g gÿ1). The heat capacity of pure water in this range

is almost constant.

The change of cp with temperature for the dry

biomass was not studied, but the magnitude of change

can be indicated by the corresponding values for the

water±starch system [14]. In the temperature range 7±

708C the speci®c heat capacity for dry starch increased

linearly from 1.12 to 1.37 J gÿ1 Kÿ1. For water±starch

mixtures with low water content (w1�0.14 and

0.17 g gÿ1, respectively) the increase of cp was non-

linear within the same range. The apparent heat

capacity for water in those mixtures was approxi-

mately constant in the whole range and equal to 4.7

and 4.8 J gÿ1 Kÿ1, respectively.

The temperature dependence of cp as a result of

changing interactions between water and macromole-
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cules has been further studied by Privalov et al. [23]

and Makhatadze et al. [24].

The constancy of cp for birch at different growth

stages during the exponential growth can be explained

with the stability of the physiological state, compris-

ing of constant concentrations and proportions of

nutrients, carbon and water. This is a result of the

experimental control in the method of growing birch

seedlings and the stability has been con®rmed in a

comprehensive set of experiments, see for instance

[20].
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