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Summary

ROSNER S. & KIKUTA S. B. 2002. Determination of the osmotic potential in

secondary phloem of Norway spruce (Picea abies (L.) KARST.) using tissue discs - A
technical report. - Phyton (Horn, Austria) 42 (1): 79-97, with 4 figures. - English with
German summary.

Methods for determining relative water content, the osmotic potential at full
saturation (f o (sat)) and the in situ osmotic potential ("Po (in situ)) on secondary
phloem discs of Picea abies (L.) Karst, are presented.

Osmotic potential at full saturation and relative water content (R), parameters
enabling comparisons within the tree or between different trees, were measured on
the same sample. Small water losses during manipulation steps between weighing
after saturation and weighing after cryo-storage did not influence correct determi-
nation of Wo (sat) values. Saturation periods of 5 to 10 min were sufficient to reach
full turgor. With these short saturation times, oozing or respiratory loss of osmoti-
cally active solutes was negligible.

An improved disc method, termed SFD method, was developed to measure
Wo (in situ) on saturated, frozen discs that were dehydrated to the initial fresh
weight on a micro-balance before measurement of the potential. Thus, the osmo-
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tic potential was measured exactly at the water content operative at sample
collection.

Wo (in situ) determined with the conventional disc method (tissues frozen with-
out saturation) were significantly lower (more negative) because of water loss during
manipulation steps. The SFD method gives more reliable values for the in situ os-
motic potential compared to the conventional disc method. Furthermore, it is possi-
ble to measure several different parameters of water status, such as water content,
relative water content, and osmotic potential at different water contents, on the same
sample. Further advantages of the SFD method over the press-sap and conventional
disc methods are discussed.

Zusammenfassung

ROSNER S. & KIKUTA S. B. 2002. Bestimmung des osmotischen Potentials von
Fichtenbast (Picea abies (L.) KARST.) mittels Gewebescheibchen - Ein technischer
Report. - Phyton (Horn, Austria) 42 (1) : 79-97, mit 4 Abbildungen. - Englisch mit
deutscher Zusammenfassung.

In der vorliegenden Arbeit werden Methoden präsentiert, den relativen Wasser-
gehalt, das osmotische Potential bei voller Sättigung (To (sat)) und das in situ os-
motische Potential (Wo (in situ)) an Bastscheibchen von Fichte zu bestimmen.

Mit der beschriebenen Methode ist es möglich, R und Wo (sat) an derselben
Probe zu messen. Geringe Wasserverluste während nötiger Manipulationsschritte
hatten keinen Einfluss auf die korrekte Bestimmung von fo (sat). Sättigungszeiten
zwischen 5 und 10 Minuten waren ausreichend, um volle Turgeszenz zu gewährleis-
ten, und garantierten keine Verluste von osmotisch aktiven Substanzen oder re-
spirative Verluste.

Die Bestimmung von Wo (in situ) erfolgte an gesättigt eingefrorenen Gewebe-
scheibchen, die zuvor auf einer Mikrowaage auf das ursprüngliche Frischgewicht
dehydriert wurden, wodurch die Potentialmessung exakt beim ursprünglichen in situ
Wassergehalt ermöglicht wurde (SFD Methode). Die Bestimmung von Wo (in situ) mit
der herkömmlichen Methode, bei der die Scheibchen ungesättigt eingefroren werden,
führte zu signifikant negativeren Werten, welche durch unkontrollierbaren Wasser-
verlust bedingt waren.

Die Autoren erachten deshalb die SFD Methode als eine Methode, die re-
präsentative Werte für die Bestimmung von Wo (in situ) liefert. Darüber hinaus ist es
möglich, verschiedene Wasserhaushaltsparameter wie den (relativen) Wassergehehalt
und das osmotische Potential an derselben Probe bei verschiedenen Sättigungs-
graden zu messen.

Abbrevia t ions

Wo osmotic potential
Wo (in situ) in situ osmotic potential of secondary phloem discs at sample

collection
Wo (sat) osmotic potential of fully saturated secondary phloem discs
C water content
C in situ in situ water content at sample collection
C sat water content at full saturation
CB crown base
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D dry weight

F fresh weight

E relative water content

R in situ in situ relative water content at sample collection

S saturated weight

SFD method method for measuring the osmotic potential at a given fresh

weight (e.g. To (in situ)); discs were Saturated, Frozen, and

Dehydrated to pre-set fresh weights, for instance to the in situ

values

3/1 Oh 3/10 of tree height

In t roduct ion

Münch's pressure-flow model (MUNCH 1930) states that phloem osmo-
tic relations play a predominant role in the translocation of photosynthates
in the plant body. Therefore, an osmotically dynamic system has to be ex-
pected, with solutes constantly moving from sources (sites of photo-
synthate supply) to sinks (sites of metabolism or storage of photo-
synthates). Along this pathway, pronounced pressure gradients are gener-
ated, associated with differences in the solute concentration. Osmotic po-
tential (Wo) of symplastic solutions in plant organs is an important com-
ponent of plant water relations describing the effects of dissolved solutes.
Measurement of Wo should thus provide information on the amount of as-
similates supplied to, transported in and removed from the secondary
phloem, as well as on storage, mobilisation, and distribution of reserve
material.

Two standard methods for the direct measurement of osmotic potential
in bark tissues, such as cortex (defined as the tissue between secondary
phloem and periderm: ESAU 1969, TROCKENBRODT 1990), secondary phloem,
and cambium are widely used today: Wo is either measured on press saps
or on killed plant tissue. Cryoscopy of press saps (DIXON & ATKINS 1910)
has been the method most frequently used for these tissues. Thermocouple
psychrometry allows a more rapid measurement of osmotic potential with
fewer preparatory steps (SPANNER 1951), but only scarce data have been
published on stem tissues. KAUFMANN & KRAMER 1967 measured osmotic
potentials of secondary phloem discs from various deciduous tree species.

Only the in situ osmotic potential (Wo (in situ)), defined as the Wo of
freshly harvested tissues, has been measured on cortex, secondary phloem
and cambium of Norway spruce (Picea abies (L.) Karst.) trees. Water loss
from these tissues during sampling, killing, and preparation of press saps
for the determination of Wo (in situ) was not taken into account (KRAEMER
1953, MERKER 1956, DÜNISCH & al. 1996). Considerable water loss from cut
edges occurs even in leaf discs (WALKER & al. 1984), thus influencing the
measured water potential significantly. Discs of secondary phloem will
loose even more water during preparation, since the entire surface is ex-
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posed to air. Therefore, it has to be tested if the conventional disc method is
reliable for determining in situ osmotic potential.

To (in situ) per se offers limited information on water relations in the
plant, since it is influenced by active and passive processes. An active
change of osmotic potential is caused by an increase or a decrease of os-
motically active solutes at a given water content. A passive change origi-
nates solely from a difference in water content, thus from a change in vo-
lume of the symplast. To distinguish between active and passive changes,
parameters such as the in situ relative water content (R in situ), that is the
actual water content as a fraction of the water in the fully hydrated tissue,
or the osmotic potential at full saturation {Wo (sat)) have to be determined.
These parameters permit comparisons of water relations in the secondary
phloem within a tree and between trees, as well as the measurement of
seasonal courses and reactions to drought stress.

Considering the importance of assimilate distribution and utilisation
for plant growth and defence, data on the osmotic potential of the phloem
can be helpful in understanding differences in the vitality of trees. Drought
stressed trees may be easierly colonised by aggressive phloem feeding bark
beetle species (Coleoptera: Scolytidae) due to their less effective terpene-
based defence system (CHRISTIANSEN & al. 1987, LEWINSOHN & al. 1993,
BRYANT & RAFFA 1995, PAINE & al. 1997). Also, they may offer high nutri-
tional quality for the beetles, because of the increased levels of minerals,
soluble N and sugars in the secondary phloem (CLANCY & al. 1995). Thus,
for a better understanding of these plant-insect interactions, osmotic
parameters should be measured in the secondary phloem and not in the
xylem.

The purpose of this study was to develop reliable methods for deter-
mining the in situ relative water content and the osmotic potentials both in
situ and at full saturation on secondary phloem tissue of Picea abies. The
conventional disc method introduced by KAUFMANN & KRAMER 1967 was
improved. Since no data on saturation kinetics for secondary phloem have
been available, saturation experiments were done to find out how to reach
full turgor with a minimum loss of osmotically active solutes.

Mater ia l and Methods

Plant material

Samples of secondary phloem were taken from Norway spruce trees {Picea abies
L. KARST.) harvested at four low-elevation sites in Lower Austria: Manhartsberg,
Prinzersdorf, Rosalia, and Amstetten. Samples were also taken from a high-elevation
stand in Styria: Murau. For further details of study sites, trees, and time of sample
collection see table 1.

Samples were either taken in the field immediately after harvesting or from
spruce logs (60 cm length) transported to the laboratory and stored in a cold room
(4 °C, 80% r.h.).
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Table 1.
Characterisation of study sites and harvested trees

Study site

Murau
Manhartsberg
Prinzersdorf

Rosalia

Amstetten

Height
a.s.l. (m) E

1200 14°10'
500 15°46'
250 15°31'

600 1.6°17'

300 14°50'

N

47°05'
48°33'
48°12'

47042'

48°05'

Tree
age (y)

90

95

65

80

60

75

80

75

75

75

75

20

Tree height
(m)

25.0
24.7
20.0
23.5
19.0
24.9
23.6
23.5
23.7
21.8
21.1
12.0

Time of
harvesting

August 4, 1995
August 17, 1995
June 21, 1995
August 26, 1996
November 5, 1996
May 30, 1996

July 22,1996

September 28, 1999

Preparation of discs
A core of bark plus one or two annual increments of wood was punched out with

a cork-borer of 6 mm diameter. To avoid water loss during transport to the laboratory
the cores were tightly wrapped in ParafilmIJ (American National Can™, Greenwich)
and stored in a styrofoam box kept cool with ice packs.

Starting from the vascular cambium, discs were cut tangentially (in direction to
the periderm) from the core with a scalpel. On the disc cut next to the cambium the
water status of the conducting secondary phloem, consisting of uncollapsed sieve
cells and parenchyma cells, was determined. In Picea dbies, the sieve cells of the last
and next-to-the-last annual rings remain uncollapsed during summer and transport
assimilates axially (HOLDHEIDE 1951). The thickness of the discs had to be chosen
according to the specimen and varied from 0.2 to 0.5 mm, since the width of the
conducting secondary phloem depends on genetics, growth conditions, and the phy-
siological age of the bark (BÄUCKER & al. 1998, FRANCESCHI & al. 1998, ROSNER 1998).

The width of secondary phloem (conducting and non-conducting) of the trees in-
vestigated was 4 to 6 mm.

About 0.5 mm thick discs were also cut from the central part of the non-con-
ducting secondary phloem 1.5 to 2.5 mm distant from the vascular cambium. Both
sampling positions proved suitable for delivering water status parameters com-
parable within or between trees. Radial gradients of osmotic potential and relative
water content in secondary phloem were be discussed in another paper (ROSNER & al.
2001).

Determination of saturation time for discs (disc saturation method)
Osmotic potential at full saturation (fo (sat)) and relative water content (R)

were measured on discs prepared as follows: After determining the fresh weight (F)
on a micro-balance (ME/BE22, resolution: 0.001 mg, Mettler, Zürich, CH), the discs
were saturated with distilled water according to the method described by SLAVIK
1974 for leaves. A water-saturated polyurethane foam sheet with holes of 6 mm in
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Fig. 1. Protocol of sample preparation and measurement procedure for secondary
phloem discs. Osmotic potential at full saturation (<Fo (sat)) and in situ osmotic po-
tential {Wo (in situ)) were measured on the same sample. *Po (in situ) was measured
with the SFD method. MB = micro balance. For details see materials and methods

("Correlation between osmotic potential and water content").

diameter was put into a small plastic box (7x3 cm) with a tightly fitting lid. The
discs were placed with forceps into the holes (one disc per hole), thus providing direct
contact between the foam sheet and the edges of the discs. After 5 to 120 min of sa-
turation the discs were removed from the box, quickly blotted with filter paper and
weighed again to obtain the saturated weight (S). Water loss from the discs was kept
at a minimum by performing all steps of manipulation very rapidly. Saturation times
of more than 2 hours lead to no further increase in S (unpublished data).

Saturated discs were put in 0.7 ml micro-tubes (Roth, Karlsruhe, D), killed in a
repeated freeze-thaw cycle (EJKUTA & RICHTER 1992) to eliminate turgor, and stored
at -20 °C (Figure 1).

Before measurement of the osmotic potential, the closed vials with fully satu-
rated and killed discs were warmed up to 37 °C, the operating temperature of the
Wescor 5500 Vapor Pressure Osmometer (Logan, Utah, USA). After weighing, discs
were transferred immediately into the sample holder of the osmometer, and the os-
motic potential was measured. The osmolality values (mosmol kg-1) obtained were
converted into osmotic potentials at 25 °C using conversion tables (Lang 1967). As it
was not advisable, according to the manufacturers' recommendations, to run the
micro-balance and the osmometer under high air humidity in a closed chamber,
sample manipulation was performed under laboratory conditions. Time elapsed
during the manipulation steps did not exceed 5 seconds. For a high degree of accu-
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racy, discs were also weighed after measurement of the potential. The mean value of
the two weighings was used to calculate R (equation [3]) for the potential measured.

On average, the osmometer measurement of one sample required 45 min, but
with some specimens took up to 90 min till vapor pressure equilibrium was reached
(for equilibration times of leaves see KIKUTA & RICHTER 1992). Therefore, to process a
large number of samples it was absolutely necessary to store the discs frozen until the
measurement of potentials.

Discs were dried to constant weight for 12 h at 85 °C (LITVAY & MCKIMMY 1975).
The values of fresh weight (F), saturated weight (S), and dry weight (D) were used to
calculate the following parameters:

C = (F - D) / D [1]
C sat = (S - D) / D [2]
R = (F - D) / (S - D) [3]
Percentage values were obtained by multiplying C and R by 100.

Determination of osmotic potential at full saturation {To (sat)) on bark pieces
(bark piece saturation method)

To detect a possible loss of osmotically active substances during saturation, the
disc saturation method was compared to an alternative saturation approach: Bark
pieces (5x5 cm) were saturated by placing them between two wet sheets of poly-
urethane. Cores of bark were punched out after saturation for 25, 40, 60, and 130 min.
Discs were then cut from the cores and killed in a repeated freeze-thaw cycle before
measurement of the osmotic potential. Parallel measurements of To (sat) were done
with the disc saturation method, using 10, 20, 30, and 40 min of saturation.

Determination of in situ osmotic potential (To (in situ)) with the SFD method
The SFD method allows measurement of the osmotic potential at different water

content levels above, at or below the in situ values.
For measurement of To (in situ), discs prepared as described in "Preparation of

discs" were weighed to determine their initial fresh weight, then saturated (method
see "Determination of saturation time for discs") for 5 min (conducting secondary
phloem) or 10 min (non-conducting secondary phloem), and frozen. Non-conducting
secondary phloem required longer saturation because of changes occurring in the
tissue at the end of its functional period, such as collapse of sieve cells, dilatation
growth, sclerification of parenchyma cells, and accumulation of calcium oxalate
crystals (ESAU 1969).

The stored discs were thawed in closed vials at room temperature, transferred to
the micro-balance and allowed to dehydrate to the initial fresh weight plus a few
tenth of a milligram, exactly 2.5% of the initial fresh weight. The initial fresh weight
of each disc was about 10 mg. The potential was measured, and the sample was
weighed again. The mean between the weighings prior to and immediately following
the To measurement should correspond to the initial fresh weight. Weighing before
and after To measurement on a number of samples provided sufficient information
on the weight losses during the period between weighing and potential measurement.
Therefore, it was possible to estimate the weight to which the samples had to be de-
hydrated, so that:

(Weight before To measurement + Weight after To measurement) / 2 = Initial
weight
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Consequently, we assumed that the potential measured was a reasonable
approximation to Wo (in situ).

Comparison between the conventional disc method and the SFD method
To validate the SFD method, in situ osmotic potential was also measured on the

same samples with the conventional method: After determining their fresh weight,
discs (method see "Preparation of discs") were killed in a freeze-thaw cycle and
stored at -20 °C for a few days. After thawing, the discs were weighed again and the
osmotic potential was measured. Then the overall decline of water content was cal-
culated (conventional disc method).

Water loss during the conventional procedure could be simulated by dehydrat-
ing saturated, frozen, and stored discs on the micro-balance: After thawing, *Po (in
situ) was measured with the SFD method (in situ, SFD). Then the discs were de-
hydrated to a pre-set weight less than the initial fresh weight, and *Fo was measured
(< in situ, SFD). The calculation of this weight was based upon the mean percentage
loss of initial fresh weight when discs were prepared for Wo measurements with the
conventional disc method. If the osmotic potentials show no significant differences
between the two methods compared, it is evident that the SFD method gives correct
values for the in situ osmotic potential and that no physiological changes influen-
cing <Po occurred during saturation or dehydration at room temperature.

Correlation between osmotic potential and water content
Regressions between Wo and R or C can be used for calculating the osmotic po-

tential at a given water content. In leaf samples, calculation of Wo for a pre-set R is
generally not necessary, if •Po (sat) is determined exactly at 100% R. In secondary
phloem discs, determination for a given R might be relevant because small water1 „
losses occur after thawing during transfer and weighing. For a high degree of ac-
curacy it is possible to calculate R at the measurement of Wo, and, on the other
hand, !Po for a uniform R, for instance at 90 or 95%, provided that S is correctly
determined before freezing. In our experiments, a correct determination of S was
insured by placing the saturation boxes at a distance of only 10 cm from the micro-
balance and working very rapidly.

For calculating the regression, two or three measurements of potential at dif-
ferent water contents are required on the same sample. Figure 1 shows the protocol
for determining the osmotic potential in situ and at full saturation. The mean of the
weights before and after the measurement of Wo (sat) was used to determine the
corresponding water content exactly. With the SFD method, measurements of the
osmotic potential at several C-levels above, at or below the in situ values are possi-
ble. Data of osmotic potential and reciprocals of C or R were used for calculating
linear regressions, according to the theory of pressure-volume (pV) curves (type I
transformation, TYEEE & RICHTEE 1981, 1982). The linear portion of a pV curve,
reached after the turgor loss point, represents the osmotic behavior of the vacuolar
sap. By extrapolating this straight line to R values above the turgor loss point, the
osmotic potential for any given water content can be estimated, for instance Wo at an
R of 100%, which is defined as osmotic potential at full saturation (Wo (sat)). Since in
our experiments the osmotic potential of killed tissue was measured (and not the
water potential of living tissue), a linear regression line can be calculated directly
from the equations: Wo = a + b * 1/C or Wo = a + b * 1/R.
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Short term storage of spruce logs
To detect any possible influence of log storage on osmotic potential and water

content of secondary phloem, samples were taken immediately after tree harvest, and
periodically thereafter, from the stored log.

After harvesting, a log of 60 cm length was cut at breast height from the tree and
cores of bark were punched out with a cork borer. Discs of conducting secondary
phloem were cut from the core and saturated for 5 min. Afterwards, the discs were
quickly blotted with filter paper, put in vials and frozen in dry ice. Then, the log was
transported to the laboratory, and samples were processed as described in Figure 1.
The log was stored for four days in a cold room (4 °C, 80% r.h.). Every day, samples
were taken for measurement of C in situ, C sat, R in situ, fo (in situ) and To (sat). For
samples collected immediately after tree harvest, only data of Wo (sat) and C sat are
available, since it was not possible to use the micro-balance under field conditions.

Statistical analyses
Statistical data analyses were carried out with SPSS 7.5.1 for Windows. Mean

values of normally distributed data were tested for significance of differences either
with the t-test for independent samples or with one-way ANOVA and subsequent
Student-Newman-Keuls multiple range test. Associations between two variables
were examined using linear regression analyses. Differences or correlations were
accepted as significant if P was ^ 0.05. *: P ^ 0.05, **: P < 0.01, ***: P «S 0.001.

Box plots show the distribution of data. The lower boundary of the box in-
dicates the 25th percentile, the upper boundary the 75th percentile. A line within the
box marks the median. The "whiskers" lines extend from the box to the highest and
lowest values.

Results

Saturation time for calculating relative water content (R) using tissue discs
For samples of conducting secondary phloem (n = 5) taken from the

central part of the crown at 19.4 m height of a tree harvested on August 4,
1995 at Murau 5 min were sufficient to reach full saturation, leading to a
calculated R in situ of 45.7 + 2.7%. Saturating the samples for 10 min led
to values of 44.7 ± 4.5%, and for 20 min to 48.5 ± 5.7%.

Discs of non-conducting secondary phloem of samples taken in 3/10 of
tree height (7.4 m) from a tree harvested on August 17, 1995 at Manharts-
berg, were fully saturated after 10 min. R in situ was 48.6 + 2.2% and did
not differ significantly from values of discs saturated for 120 min (50.8 ±
4.5%).

Osmotic potential of secondary phloem at full saturation (Wo (sat)) ob-
tained with the disc saturation method compared to the bark piece sa-
turation method

Bark pieces of 5 x 5 cm took six times longer for saturation than discs
(Figure 2). Using the disc saturation method, 10 min of saturation were
sufficient to determine Wo (sat) for conducting secondary phloem. With the
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Fig. 2. Osmotic potentials of conducting secondary phloem, duration and mode of
saturation varying. In situ osmotic potential (time of saturation = 0 min) was ob-
tained with the SFD method. Dark filling: bark pieces (5x5 cm); white filling: sec-
ondary phloem discs (0 6 mm). Time of harvesting: June 21, 1995 in Prinzersdorf;

sample collection on June 26; n = 5.

bark piece method, conducting secondary phloem reached full saturation
after 60 min only: Wo was significantly different from potentials measured
after 25 (P ^ 0.01) and 40 min (P sc 0.05) saturation, respectively, but not
significantly different from results obtained on discs saturated for 10 to
40 min. In bark pieces saturated for 130 min osmotic potentials became
less negative, indicating dilution of osmotically active substances: Mean
values of Wo (sat) after 130 min saturation differed significantly from re-
sults of discs saturated for 10 to 40 min (P ^ 0.05, Figure 2).

In conclusion, we think the saturation of discs preferable to the
saturation of bark pieces, because the disc method offers, in addition to
shorter saturation periods, the advantage of determining osmotic poten-
tial, water content and relative water content on the same sample.

Comparison between the conventional disc method and the SFD method
for determination of in situ osmotic potential ('Fo (in situ))

With discs treated by the conventional disc method (frozen without
saturation), water loss till potential measurement was 26.2% (fresh weight
loss of 15.7%) for the experiment done in August, and 11.1% (fresh weight
loss of 7.2%) in November.
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conventional < in situ, SFD in situ, SFD
Fig. 3. Osmotic potentials of secondary phloem discs measured with different meth-
ods: Discs were (a) non-saturated, frozen, and stored ([conventional] n = 9); (b) satu-
rated, frozen, stored, and dehydrated below initial fresh weight (F) ([< in situ, SFD]
n = 8); (c) saturated, frozen, stored, and dehydrated to initial F ([in situ, SFD] n = 8).
Samples from the central part of secondary phloem were taken on August 28, 1996 at

3/10 tree height (7.1 m) from a tree harvested on August 26 in Prinzersdorf.

Water loss caused by the conventional disc method could be well si-
mulated with the SFD method by dehydrating saturated discs to a pre-set
weight below the initial fresh weight. Water loss till measurement of the
potential was not significantly different between the two methods, with
values for the SFD method of 25.1% (14.8% fresh weight loss) in August,
and 11.7% (7.7% fresh weight loss) in November [< in situ, SFD].

In August, the osmotic potential was -1.43 + 0.25 MPa for the con-
ventional disc method [conventional] and -1.30 + 0.07 MPa for the SFD
method [< in situ, SFD], with the values not differing significantly
(Figure 3). Again, in the November experiment, no significant differences
were found between the osmotic potentials measured with the conven-
tional disc method (-1.27 + 0.09 MPa [conventional]) and the SFD method
(-1.23 + 0.08 MPa [< in situ, SFD]) (Figure 4).

Since it is possible to simulate the water loss of discs treated in the
conventional way by dehydrating saturated discs on the micro-balance
below the initial fresh weight, it is assumed that the in situ osmotic po-
tential could be restored by the same method.

The osmotic potentials of discs measured with the conventional
method were in both experiments significantly more negative than the in
situ osmotic potentials determined with the SFD method (P ^ 0.001,
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1/C
Fig. 4. Correlation between osmotic potential and water content of the central part of
secondary phloem. Samples were taken on November 7, 1996 at 3/10 tree height
(5.7 m) of a tree harvested in Prinzersdorf on November 5. Osmotic potential was
determined at different water contents. Discs were (a) fully saturated (•, Wo (sat),
disc saturation method), (b) exposed to short dehydration on the micro-balance
(O, SFD method), (c) dehydrated approximately to initial F (O, fo (sat), SFD
method), (d) dehydrated to a pre-set value below initial F (A, SFD method). In situ
osmotic potential was also measured with the conventional disc method on not-
saturated, frozen discs (A). Linear regression is given by "Fo (MPa) = 0,0642 - 2,1718 *

1/C, r = 0,98***,n = 50.

Figures 3 and 4, [conventional], [in situ, SFD]). The mean value of in situ
osmotic potentials was -0.92 + 0.05 MPa in the August experiment, and
-1.06 + 0.05 MPa in November, which yielded differences of 0.2 to 0.5 MPa
between the two methods compared.

Correlation between osmotic potential and water content
The correlation between osmotic potential and water content or re-

lative water content was very close. Equations of linear regression analysis
and correlation coefficients are given for samples taken at the Rosalia
(Table 2) and Prinzersdorf (Legend of Figure 4) sites. In each case we used
three values of Wo (sat) and three of Wo (in situ), and the corresponding C
or R. Six data pairs proved sufficient to achieve high correlation coeffi-
cients. Linear equations can be used for calculating osmotic potential at
any C or R selected. With the regression equation Wo versus R it was pos-
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sible to calculate the influence of the water loss between weighing after
saturation and weighing after storage (at potential measurement) on *Po
(sat) values. Water loss, which varied between 2 and 8%, had no significant
influence on Wo (sat) (Table 2).

Water status of stored logs
In the conducting secondary phloem of logs stored for four days in a

cold room, no significant changes in water status parameters, such as C
in situ, C sat, R in situ, Wo (in situ) and Wo (sat), were observed (Table 3).
For Wo (sat), almost identical values were measured throughout the ex-
periment.

Discussion

In our opinion, the SFD method presented has various advantages
compared to the conventional disc and the classical press sap methods.

To obtain correct values for Wo (in situ) it is essential that water and
solute loss of the samples is prevented. BENNETT 1990 reviews various pro-
blems occurring when the water status of plant tissues is measured with
thermocouple psychrometers. An important source of error is the water
loss between sample collection and transfer into the chamber of the osm-
ometer, which leads to a passive concentration of solutes. WALKER & al.
1984 found a negative correlation between the ratio leaf area/leaf volume
and the measured value of total water potential. Water potential became
more negative with decreasing radius of the leaf discs or with increasing
ratio leaf area/leaf volume. In leaf discs, severe water losses may occur at
cut edges without cuticle. In secondary phloem discs the entire surface is
exposed to air without any barrier in between, thus water losses have to be
expected. The question arose, if these losses have an impact on the correct
determination of the in situ osmotic potential. Water loss during mani-
pulation steps (weighing after saturation - killing - weighing at potential
measurement) from rehydrated discs had no impact on the determination
of Wo (sat), because the loss of water in relation to the total water content
was small (2 to 8%). Thus, it is not necessary to correct measured Wo (sat)
values for water loss.

Our experiments showed that it is not possible to obtain reliable va-
lues for in situ osmotic potential with the conventional disc method where
measurements are done on discs frozen without prior saturation (Figures 3
and 4). Water loss during manipulation steps, such as weighing and killing
or transfer to vials and osmometer, lowers osmotic potentials considerably.
From disc preparation until determination of the initial fresh weight, small
water losses can occur to the same extent with the conventional disc
method and the SFD method. With the SFD method, further water loss
during the next steps of manipulation was prevented (Figure 1). With the
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conventional disc method, water loss during manipulation steps after de-
termination of the initial fresh weight (such as sample killing and transfer
to the vials, transfer of thawed samples to the osmometer), lowered the
osmotic potential significantly. Therefore, we suppose that the conven-
tional disc method does not measure in situ osmotic potentials correctly.
This is especially true for samples frozen and stored for subsequent mea-
surements of potential. Storing specimens at low temperature is unavoid-
able if one has to manage a large number of samples. In this case, the SFD
method gives obviously more reliable values for in situ osmotic potentials
than the conventional disc method.

Compared to the press-sap method, the SFD method is superior, since
several water relations parameters can be measured on the same sample.
These parameters are water content (C), relative water content (R), in situ
osmotic potential {To (in situ)) and osmotic potential at full saturation {Wo
(sat)).

A prerequisite for correct Wo (in situ) - measurements with the SFD
method is the exact determination of the initial fresh weight, which should
be done either directly in the field or immediately after sample transport to
the laboratory. It is also possible to store spruce logs under low tempera-
ture and high humidity, and take the disc samples within the following
days. For plant material harvested in late summer, our results showed that
up to the fourth day of storage no changes in water status occurred
(Table 3). Thus, we consider short term storage of logs acceptable, espe-
cially when a large number of samples has to be handled.

Osmotic potential at full saturation permits comparisons of the con-
tent of osmotically active solutes within the tree or between different trees
at the same relative water content. Saturation times suggested by SLAVIK
1974 for leaf discs (more than 8 h) turned out to be far too long for secon-
dary phloem discs. Oversaturation of samples may result in excess water
uptake into the apoplast, including the interfibrillar spaces of the cell
wall, conduits and intercellular spaces, and in a loss of symplastic solutes.
Therefore, the shortest resaturation period sufficient to bring tissues to
a *Fo level corresponding to full hydration in the field should be used
(PARKER & PALLARDY 1987, ABRAMS 1988, KUBISKE & ABRAMS 1991). For
secondary phloem discs, 5 to 10 min of saturation were sufficient to reach
full turgor. As our experiments show, oversaturation resulting in excess
apoplastic water or leakage of solutes from the sieve cells did not occur
during this short rehydration period: Non-saturated, frozen discs had, at
equal water contents, similar osmotic potentials as SFD discs (Figures 3
and 4). If any leakage from the sieve cells happened during saturation,
SFD discs would have less negative Wo values compared to non-saturated
frozen discs. In addition, data obtained with the conventional disc method
also fit perfectly in the regression between osmotic potential and 1/C of
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SFD method data (Figure 4). This indicates that 'plateau effects', such as
observed in pV-curve studies (LADIGES 1975, PARKER & PALLARDY 1987,
KUBISKE & ABRAMS 1990, ABRAMS & KUBISKE 1994, PARKER & COLOMBO

1995, 1996,), did not occur with the SFD method. Compared to the pV-
procedure, the osmotic potential at full saturation can be determined di-
rectly and the values need not be corrected (e.g. with the correlation be-
tween fresh weight and total water potential).

Another advantage of the short saturation time is that errors in the
measurement of Wo (sat) or R in situ caused by respirative losses of carbo-
hydrates can be avoided.

Due to the very close correlation between osmotic potential and water
content or relative water content, when using the SFD method, it is possi-
ble to calculate values of osmotic potential at any pre-set C or R.

In conclusion, with the SFD method for the measurement of osmotic
potential on secondary phloem discs, several different water status para-
meters can be measured on the same sample and probably more reliable
values are given compared to the conventional disc method.
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