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Seasonal, diurnal and rehydration-induced variation of pressure-
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Seasonal and diurnal variation and rehydration effects of pressure-volume param-
eters in Pseudotsuga menziesii (Mirb.) Franco from a plantation in central Pennsylva-
nia, USA, were evaluated during May-September, 1989. Predawn elastic modulus
was lowest in overwintering and newly expanded shoots in May and June, respec-
tively, whereas predawn osmotic potentials at full and zero turgor were lowest in May
and in early September, following an August drought. Seasonal variation in predawn
relative water content at zero turgor was highly correlated with increases and de-
creases in elastic modulus and osmotic potential. Diurnal osmotic adjustment re-
sulted in nearly constant turgor pressure, despite decreases in bulk shoot water
potential. Elastic modulus decreased diurnally on 1 August and increased on 3
September. Decreases in osmotic potential and/or elastic modulus on 24 June and 1
August lowered the relative water content at zero turgor. Plateaus in pressure-
volume data caused by excess apoplastic water, were present in 67% of naturally
rehydrated shoots and in all of the shoots artificially rehydrated for 3, 6, 12 and 24 h,
and they increased in volume with rehydration time. Plateaus represented 80-95% of
the excess apoplastic water lost during pressure-volume analysis. Correcting for
plateaus via linear regression had no significant effect on osmotic potential at full
turgor: however, uncorrected elastic modulus and relative water content at zero
turgor were often significantly lower than the plateau-corrected values, particularly in
artificially rehydrated shoots. Plateau-corrected osmotic potential at full turgor and
osmotic potential at zero turgor were significantly higher in most artificially re-
hydrated shoots than in those naturally rehydrated as the result of loss of symplastic
solutes. Corrected elastic modulus decreased following 12 and 24 h of rehydration
and corrected relative water content at zero turgor increased in as little as 3 h of
rehydration. These results indicate that seasonal and diurnal patterns of tissue-water
parameters in Pseudotsuga menziesii vary with plant phenology and drought condi-
tions, and that the length of rehydration period is an important consideration for
pressure-volume studies.
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Introduction

Seasonal adjustments in tissue-water relations of woody
species often occur in relation to changing environ-
mental conditions and plant phenology (Abrams
1988a). Osmotic adjustment and increased elasticity in
response to summer drought should facilitate water up-
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take from drying soils by maintaining a soil-to-leaf wa-
ter potential gradient, and should lower the wilting
point by extending the range of positive turgor (Tyree
and Jarvis 1982, Abrams 1988a, 1990, Pallardy et al.
1990). Similar changes in osmotic potential (¥,) and
cell wall elasticity in relation to cold acclimation have
been observed in overwintering foliage in several ever-
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green species (Roberts et al. 1980, Ritchie and Shula
1984, Teskey et al. 1984, Grossnickle 1989, Van den
Driessche 1989). Shifts in tissue-water relations which
occur independent of drought and cold temperature are
often attributed to changes in plant phenology (Zur et
al. 1981). For example, fully expanded foliage may ex-
hibit significant shifts in osmotic and elastic properties
even during well-watered summer conditions (Calkin
and Pearcy 1984, Ritchie and Shula 1984, Abrams
1988b, Kwon and Pallardy 1989, Kubiske and Abrams
1991).

Transpiration rate exceeding the rate of water uptake
and transport, coupled with high atmospheric evapora-
tive demand, often results in significant diurnal leaf
water deficits even in well-watered plants (Hinckley et
al. 1978, Hanson and Hitz 1982, Abrams et al. 1990).
Although not well documented in woody species, shifts
in osmotic and elastic properties can occur on a diurnal
basis in response to these short-term water deficits (Da-
vies and Lakso 1979, Hanson and Hitz 1982, Meinzer et
al. 1986, Robichaux et al. 1986). Diurnal shifts in tissue-
water relations may aid in the maintenance of turgor
and relatively high gas exchange rates at midday (Bow-
man and Roberts 1985a).

Seasonal and diurnal variations in tissue-water rela-
tions properties are often evaluated from pressure-vol-
ume (P-V) analysis. The P-V technique provides a
graphic view of changes in water potential components
over a full range of relative water content (RWC). Plant
material is routinely rehydrated prior to P-V analysis to
allow observations between full and zero turgor of each
sample and to enable one to discriminate between ac-
tive and passive changes in W, (Abrams 1988a, Turner
1988, Kubiske and Abrams 1990). However, rehydra-
tion may induce shifts in P-V relationships which mask
seasonal differences and responses to moisture deficit
(Eamus and Narayan 1990, Kubiske and Abrams 1991).
These shifts in P-V parameters have been attributed to
artifacts of artificial rehydration such as absorption of
excess apoplastic water (referred to as the “plateau
effect”; Parker and Pallardy 1987, Kubiske and Abrams
1991), and actual changes in tissue properties such as
streching of cell walls at high turgor pressure (Meinzer
et al. 1986) and metabolism or translocation of solutes
(Turner 1988, Emaus and Narayan 1990, Evans et al.
1990, Kubiske and Abrams 1991). However, the plat-
eau effect has also been reported in naturally rehy-
drated leaves and shoots and, therefore, may not be
strictly an artifact of artificial rehydration in all plants
(Parker and Pallardy 1987).

No previous study has addressed all three of these
sources of variation in P-V parameters in concert. Nor
have rehydration effects on P-V parameters or diurnal
variation in osmotic and elastic properties been investi-
gated in a coniferous species. Evaluation of P-V param-
eters in conifer shoots differs greatly from evaluation of
those in angiosperm leaves because the large apoplastic
volume in conifers may act as a tissue-water capacitor
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and augment the plateau effect (cf. Parker and Pallardy
1987, Kubiske and Abrams 1991). The purpose of this
study was (1) to evaluate seasonal and diurnal variation
in the tissue-water relations of Pseudotsuga menziesii
and (2) to assess the nature and impact of rehydration-
induced shifts (if any) in the P-V parameters of this
species. These objectives were addressed to provide
evidence that these factors have a significant impact on
the tissue-water relations parameters of a North Amer-
ican conifer.

Abbreviations — ¢, Bulk tissue elastic modules; N kg™!, mol
solute per kg dry weight; P-V, pressure-volume; RWC, relative
water content; RWC,, relative water content at zero turgor;
Y . pressure potential; ¥!*, osmotic potential at full turgor;
¥  osmotic potential at zero turgor; W, bulk shoot water
potential; SW, saturated weight; V,, symplastic volume.

Methods

Seasonal and diurnal variation

Trees of a single Rocky Mountain provenance (Flathead
Mountain, Montana, USA, 47°48’47”°N, 114°18'33"W)
were selected for study from a 1977 Pseudotsuga men-
ziesii var. glauca (Mirb.) Franco plantation in State
College, Pennsylvania, USA (40°47°36”N,
77°51°37"W). Two shoots from each of four trees were
collected at 0500, 0800, 1100, 1400 and 1700 h solar
time on 9 May, 24 June, 1 August and 3 September,
1989. All samples consisted solely of fully expanded,
current-year foliage except samples for May which were
collected prior to bud break. The shoots were sealed in
a humidified plastic container, transported to the lab
and trimmed to uniform 6 cm lengths with foliage over 4
cm of this length (cf. Neufeld and Teskey 1986). One
shoot per tree was rehydrated in the dark for 12 h solely
to determine the bulk shoot water potential (¥) at
saturation. Pressure-volume analysis was begun imme-
diately on the remaining shoot from each tree with no
artificial rehydration by periodically measuring W (with
a model 1000 pressure chamber, PMS Instrument Co.,
Corvalis, OR, USA) and fresh weight as the samples
dried by free transpiration under ambient conditions on
the laboratory bench (Turner 1988, Pallardy et al.
1990).

A moisture release curve (W vs fresh weight) for each
sample was examined for the presence of a plateau at
high levels of W (Fig. 1a, Parker and Pallardy 1987).
Saturated weight (SW, necessary for calculating RWC)
of each sample was extrapolated to W of the rehydrated
parallel sample by using a linear regression function of
W versus fresh weight above and including the turgor
loss point, but excluding any points within a plateau
region (Fig. 1a; cf. Ladiges 1975, Kubiske and Abrams
1990, 1991). Tissue-water relations parameters were de-
rived as follows from P-V curves (1/%¥ vs RWC) in which
RWC was based on the extrapolated saturated weight
(Fig. 1b). The moisture release curves were examined
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Fig. 1. a, Hypothetical moisture release curve of rehydrated
tissue showing a plateau (P) above the turgor loss point (¥9),
the saturated weight (SW) and the estimated saturated weight
(ESW) from plateau correction via linear regression, and a
region of cavitation (C) after the turgor loss point. b, Pressure-
volume curves from the data in (a) showing the position of the
curve before (O) and after (@) plateau correction and omission
of the cavitation region.

for sudden decreases in tissue weight or slight increases
in W below the turgor loss point which may represent
cavitation events (Fig. 1a; cf. Pallardy et al. 1990, Tyree
and Yang 1990); these points were omitted from P-V
curves and subsequent data analysis. Osmotic potential
at full turgor (W!%) was estimated via linear regression
of data in the straight line region of the P-V curves.
Relative water content at zero turgor (RWC;) and W_ at
zero turgor (¥?) were derived from the X and Y coor-
dinates, respectively, of the first point in the straight
line region of the P-V curves. This point was verified as
the point of inflection on the moisture release curve.
Bulk elastic modulus (¢) was calculated as AW /ARWC
(cf. Melkonian 1982, Bowman and Roberts 1985b),
where AW, is the change in pressure potential. Al-
though ¢ is not always constant with AW (Robichaux et
al. 1986, Parker and Pallardy 1987), ¢ was calculated as
a single value over the full range of turgor to ensure that
comparisons of € between treatments included the same
AW, interval, and to better represent the effect of
tissue elastic properties on the wilting point. The sym-
plastic volume at saturation (V;) was estimated by the
X-intercept of a regression line on W versus SW-FW
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(FW is the fresh weight at W) below the turgor loss
point, and was used to calculate the symplatic fraction
(Vo/V,, where V, = SW — dry weight). Data collected at
0500 h throughout the study were analysed for seasonal
variation, whereas data collected from 0500 to 1700 h
were analysed for diurnal variation on each study day.

Rehydration effects

Five mid-crown shoots from each of the 4 trees used for
monitoring diurnal variation were collected at 0500 h
solar time (predawn) on 2 May, 22 June, 27 July and 3
September, 1989. Shoots were sealed in a humidified
plastic container and transported to the lab. After they
were trimmed to uniform lengths, P-V analysis was be-
gun on one of the shoots from each tree with no re-
hydration period by using the free transpiration method
(see above). The remaining 4 shoots from each tree
were rehydrated in the dark for 3, 6, 12 and 24 h prior
to P-V analysis.

Saturated weight of each nonrehydrated sample was
determined via regression by using the mean saturated
W of all rehydrated samples without removal of plateaus
(Fig. 1a). Tissue-water relations parameters were de-
rived as described above for all nonrehydrated samples
with RWC based on the extrapolated saturated weight,
and for all rehydrated samples with RWC based on the
measured saturated weight. Parameters derived in this
manner from P-V curves are referred to as uncorrected
data. Next, the plots of W versus fresh weight for all
rehydrated and nonrehydrated samples were examined
for the presence of plateaus (Fig. 1a). Plateaus were
corrected by omitting P-V data in the plateau region
from a second linear regression procedure of W versus
fresh weight above and including the turgor loss point to
determine a new saturated weight (Kubiske and
Abrams 1990, 1991). In some cases, the turgor loss
point as indicated in a noncorrected P-V curve was not
in agreement with that in the moisture release curve
(Fig. 1a,b). In such cases, the turgor loss point as in-
dicated by the moisture release curve was used, and was
confirmed in the P-V curve following plateau correc-
tion. Tissue-water relations parameters were then esti-
mated as described above from P-V curves based on the
corrected saturated weight and are referred to as cor-
rected data. Mol osmotically active solutes per kg of dry
weight (Ns kg™") was calculated by N,=(W!V)/(RT)
from corrected P-V data where R and T are the uni-
versal gas constant and absolute temperature, respec-
tively (Tyree et al. 1978). Plateaus were quantified by
calculating volume water in the plateau region as a
percent of V: 100 X (SW-SW')/V, where SW and SW’
are the original and corrected saturated weights, respec-
tively (cf. Parker and Pallardy 1987). Data in both ex-
periments were analysed using two-way analysis of var-
iance, Fisher’s least significant difference mean sep-
aration procedure, and Pearson’s product-moment
correlation (P<0.05).
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Fig. 2. Predawn values of
(a) relative water content at
zero turgor and (b) tissue
elastic modulus (A), bulk
shoot water potential (O)
and osmotic potential at full
(O) and zero () turgor,
corrected for the plateau
effect, from P-V analysis of
Pseudotsuga menziesii shoots
with no artificial rehydration
collected throughout the

1989 growing season in
central Pennsylvania, USA.

Elastic Modulus (MPa)

Vertical bars represent SE.
(c), Daily precipitation
(vertical bars) and minimum
and maximum daily temper-
atures during the 1989
growing season in central
Pennsylvania, USA.
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Results

Seasonal variation

Plateau-corrected, predawn value$ from both the di-
urnal and rehydration data sets were examined for sea-
sonal variation. Data recorded on 3 September from
both data sets were pooled. Daily maximum and mini-
mum temperatures in 1989 were significantly lower in
early May relative to the later sampling dates (Fig. 2¢).
Precipitation in 1989 for May-July versus August was
75% above and 84% below the monthy 100-year mean,
respectively. The August drought ended the day prior
to measurement on 3 September, thus there were no
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3 Sept.

significant differences in predawn ¥ among sampling
dates (Fig. 2b). Predawn W!® and W9 were lowest in
early May and September and were highest in June and
on 1 August. Predawn ¢ was significantly lower in May
and June than on the later sampling dates. Relative
water content at zero turgor (RWGC,) significantly in-
creased with each sampling between May, June and
August, and then decreased by 3 September (Fig. 2a).
These changes in RWC, were correlated with the chang-
es in W% (r=0.93) and ¥? (r=0.94) (Fig. 2).
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Fig. 3. Diurnal changes in
RWC (B), RWC at zero
turgor (@), tissue elastic
modulus (A), turgor poten-
tial (A), bulk shoot water
potential (O), and osmotic
potential at full (O) and
zero turgor (), from P-V
analysis of Pseudotsuga
menziesii shoots with no

RWC (%)
8 & 8 &

artificial rehydration and
corrected for the plateau
effect. Shoots were collected

4 times during the 1989

growing season in central
Pennsylvania, USA. Vertical 20 1
bars represent SE.
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Diurnal variation

The diurnal decrease in ¥ on 9 May was followed by an
increase to near predawn level during an afternoon rain
(Fig. 3). On 9 May and 1 August ¥\ and ¥? decreased
by 1100 h and increased again to near predawn levels by
1700 h. The greatest diurnal decrease in W!* and ¥
occurred from predawn to 0800 h on 24 June. On 3
September W increased from 0500 to 1400 h, but
without a significant change in W% Consequently, de-
creased W on 3 September was due to lower ¥, prob-
ably resulting from higher &. Pressure potential also
decreased diurnally on 24 June. Pressure potential was
negatively correlated with W* and W on 9 May, 1
August and 3 September (r=—0.54 to —0.79). How-
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ever, decreased W, was positively correlated with de-
creased W (r=0.46) and W0 (r=0.87) on 24 June.

Diurnal changes in ¢ were not significant on 9 May or
24 June, during which time ¢ was low relative to the
later sampling dates (Fig. 3). On 1 August and 3 Sep-
tember, ¢ significantly decreased and increased, respec-
tively, on a diurnal basis. Relative water content signif-
icantly decreased between predawn and midday on all 4
sampling dates. Similarly, RWC, decreased by midday
but increased between 0500 and 1400 h on 3 Septem-
ber. On 9 May, RWC and RWC, increased during an
afternoon rain to near predawn level. The diurnal de-
creases in RWC and RWC, on 24 June and 1 August
were correlated with decreased W!* and W° (r=0.42 to
0.86).

Symplastic fraction was not correlated with the initial
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Fig. 4. Plateau-corrected osmotic potential at (a) full and (b)
zero turgor and (c) mol symplastic solutes per kg of dry weight
from P-V analysis of Pseudotsuga menziesii shoots collected
predawn and following various rehydration treatments at 4
times during the 1989 growing season in central Pennsylvania,
USA. Vertical lines represent SE. Significant difference be-
tween rehydrated and nonrehydrated samples within a day
indicated by *.

W in samples collected from 0500 (high ¥) to 1100 h
(low W), nor did the presence or absence of plateaus
have an apparent effect on the relationship of symplas-
tic fraction versus initial W. Therefore, there was no
compelling evidence that a significant change in apo-
plastic water volume occurred beyond the plateau re-
gion.

Rehydration effects

Increases in plateau-corrected W and W were signif-
icant following one or more levels of rehydration on all
4 study days (Fig. 4a,b). Seasonal variation which was
exhibited in the nonrehydrated samples between 22
June and 3 September (see above) was not present in
plateau-correlated W following rehydration of 3, 12 or
24 h, or W following rehydration of 12 h. Decreases in
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solute content were correlated with increases in W% on 3
of 4 days (r<—0.74; Fig 4c). There was no significant
rehydration effect on symplastic fraction on any date.
Xylem cavitation events below the turgor loss point
were seen in 21% of the moisture release curves as
sudden decreases in tissue weight or as slight increases
in W. These cavitations occurred at ¥ between —1.4 and
-3.4 MPa and were independent of rehydration treat-
ment or date.

Plateau-corrected ¢ exhibited no change with rehy-
dration on 2 May, but significant decreases were ob-
served on the 3 later sampling dates (Fig. 5a). Elastic
modulus was consistently higher on 27 July and 3 Sep-
tember than on the two earlier dates in all rehydration
treatments except for the 24-h treatment. Corrected
RWC, exhibited increases on 3 of the 4 sampling dates
following at least one rehydration treatment and exhib-
ited the lowest values on 2 May (Fig. 5b). Rehydration-
induced increases in corrected RWC, were correlated
with increased W' and W on 2 May and 22 June
(r=0.87 to 0.45).
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Fig. 5. Plateau-corrected tissue elastic modulus (a) and relative
water content at zero turgor (b) from P-V analysis of Pseudo-
tsuga menziesii shoots collected predawn and following various
rehydration treatments at 4 times during the 1989 growing
season in central Pennsylvania, USA. Vertical lines represent
se. Significant difference between rehydrated and nonrehy-
drated samples within a day indicated by *
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Fig. 6. Uncorrected osmotic potential at full turgor (a), tissue
elastic modulus (b), and relative water content at zero turgor
(c) from P-V analysis of Pseudotsuga menziesii shoots collected
predawn and following various rehydration treatments at 4
times during the 1989 growing season in central Pennsylvania,
USA. Vertical lines represent sg. Significant difference be-
tween rehydrated and nonrehydrated samples within a day
indicated by *.

Plateau effects

Uncorrected W!* exhibited all of the rehydration-in-
duced increases seen in the corrected data (Fig. 6a).
Although not statistically significant, uncorrected W%
values were generally higher than the corresponding
corrected values. Since WU is simply the W at zero tur-
gor, it is not affected by plateaus. Uncorrected ¢ in
rehydrated samples was often significantly lower than in
the corrected data, and there were more rehydration-
induced decreases in uncorrected ¢ than in the corrected
data (Fig. 6b). Uncorrected RWC, exhibited rehydra-
tion-induced decreases on 2 May and 22 June in contrast
to the increases seen the corrected data, and was often
significantly lower than the corresponding corrected
value (Fig. 6¢).

Plateaus in P-V data were present in 67% of the
nonrehydrated and in all of the rehydrated samples.
The lowest W at which plateaus were present was —0.9
MPa and the average volume of water in plateau regions
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significantly increased with increasing rehydration time
(Tab. 1).

Discussion

Seasonal variation in P-V parameters between May and
July sampling in this study probably reflected phenolog-
ical differences between old, new and maturing foliage
(Fig. 2). Solute accumulation in foliage during winter
has been documented in a number of northern conifer
species, including P. menziesii (Ritchie and Shula 1984,
Teskey et al. 1984); this accumulation was probably
reflected in low W2 and W' in early May. By late June,
the new foliage exhibited higher ¥, and RWC,, but
similar low &, compared to the year-old foliage in May.
Field conditions remained moist through the 1 August
sampling, during which time ¢ increased dramatically
and W, decreased slightly. These types of phenological
shifts in maturing foliage of well-watered plants have
been previously documented in P. menziesii and other
tree species (Ritchie and Shula 1984, Joly and Zaerr
1987, Abrams 1988a, Kwon and Pallardy 1989). Al-
though the August drought ended one day prior to
measurement on 3 September, complete reversal of os-
motic and elastic adjustment to drought may take sev-
eral days or weeks after rewatering (Turner and Jones
1980). Consequently, decreases in W%, W2 and ¢ from 1
August to 3 September may have been a response to the
August drought (cf. Joly and Zaerr 1987, Livingston
and Black 1987) but were apparently not in response to
temperature variation (cf. van den Driessche 1989).
Osmotic adjustment during drought should act to lower
W and help to maintain the soil-to-leaf W gradient,
whereas increased elasticity extends the range of posi-
tive turgor pressure thus lowering RWC,. However,
because well-watered controls were not used in this
study, we cannot state for certain whether the late sea-
son decreases in W, and £ were in response to drought
or phenology (Abrams 1990).

Diurnal W patterns in this study were similar to those

Tab. 1. Excess apoplastic water comprising plateau regions as a
percent of symplastic volume, and water potential (¥, MPa) at
the terminal region of the plateau in pressure-volume data
from shoots of Pseudotsuga menziesii following different re-
hydration times averaged over the 4 sampling dates in 1989
(mean=sg). Plateau volume was calculated by 100 x (SW-
SW')/V,, where SW is the initial saturated weight including the
plateau, SW' is the plateau-corrected saturated weight extra-
polated with linear regression, and V, is the corrected symplast
volume. Means within a column with the same letter are not
significantly different (P<0.05).

Rehydration  Plateau volume (%) End ¥ (MPa)
treatment

None 1.18+0.29a —0.55+0.04a
3h 3.66%0.76ab —0.30+0.03b
6h 7.59+1.01bc —0.31+0.07b
12h 10.95+2.34¢ —0.39+0.04b
24h 10.06%2.02¢ —0.33+0.04b
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