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Summary Pressure-volume curves were determined for
black spruce (Picea mariana (Mill.) BSP) trees from four
full-sib families. During the first two years, trees were meas-

ured from a plantation on a dry ste In the third year, trees were
sampled from the dry ste and a wet Ste. Diurnd measurements
of shoot water potential allowed insitu shoot turgor to be
esimated in addition to dtandard water relations traits. Over all
years, Female 59 progeny displayed lower osmotic potentials
at saturation (¥, ) than Female 63 progeny. Genetic differ-
ences in ¥, were similar on both the dry and wet sites.
Modulus of elasticity (E) was greater for Female 59 progeny
than for Female 63 progeny, producing a compensatory effect

resulting in no genetic or ste differences in osmotic potentia
a turgor loss point (Wy,) or relative water content a turgor loss
point (RWC ,). Mean and predawn shoot turgor pressures (P,
and P,q) were higher for Female 59 progeny than for Female
63 progeny and higher a the wet dte than the dry site. Genotype
x environment trends were observed; compared to Female 63
progeny, Female 59 progeny displayed 9.8 and 5.1% higher
P, On the dry and wet sites, respectively, and 3.4 and 9.8%

greater Py valuesin wet and dry years, respectively. Tree
volume growth showed no relationship to ¥y, 0r RWCy,, but
was correlated with ¥, and P,; however, the strongest corre-
lation was with Py, (r = 0.90).

Keywords: genetic variation, growth, Picea mariana, turgor.

Introduction

Shoot water relations can provide a link between plant water
status and many growth-related processes that are sensitive to
water availability (Kramer 1983, White et a. 1996). Physi-
ological responses to water availability vary among and within
tree species and are often difficult to interpret on the basis of
component physiological processes considered in isolation.
Although there have been many greenhouse and growth cham-
ber dudies on water relations of trees, few dudies have exam-
ined genetic variation in shoot water relations of field-grown
trees in situ.

12254, 3041 Cornwallis Road, Research Triangle Park, NC 27709, USA

A standard quantitative genetic analysis of a 7 x 7 black
spruce (Picea mariana (Mill.) B.S.P.) diallel on three sites at
the Petawawa Research Forest indicated a genotype x environ-
ment interaction (G x E) on growth characteristics (Boyle
1987). Four families that exhibited this growth variation
among the three sites were selected for further examination.
One female parent produced families that displayed relatively
high productivities on the three sites, whereas the other female
parent produced families that had high growth rates on the wet
and moderately dry sites but not on the dry site The stes are
in close proximity and can be assumed to receive the same
rainfall. Differences in drainage account for the differences in
water availability among the sites (S. Brown and R. Ponce
Hemandez, Trent University, Peterborough, ON, Canada, un-
published data).

Shoot water relations parameters were measured in mature
black spruce trees from the same four full-db families studied
above. Our objectives wereto: (1) test for genetic and site
variations in water relations traits, (2) assess G x E interaction
on water relations traits; and (3) determine if any water rela-
tions trats were related to growth. The companion paper (Ma
jor and Johnsen 1999) examines the temporal variation in
water relations traits and their relationship to soil water avail-
ahility.

Materials and methods

Ste location and plant material

The four full-sib families of black spruce measured in this
study are a subset of a complete 7 x 7 diald experiment
established in 1973, with two-year-old stock, at three sites
within a 5-km radius located & the Pefawawa Research Foret
(46" N, 77°30" W) (Morgenstem 1974, Boyle 1987). The four
families comprise a 2 female parent x 2 male parent breeding
dructure (Table 1). The paent trees originated from the Lakes
Simcoe-Rideau Region of Ontario (Hills 1960). In 1992, the
three sites displayed a range of productivities. Mean heights
for al four families were 8.09, 7.57 and 8.63 m for Sites 1, 2
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Table 1. Parentage of the four full-sib families (7122, 7125, 7143 and
7146) of black spruce.

Male Femde 59 Female 63
52 7122 7125
62 7143 7146

(dry) and 3 (wet), respectively. Full-sh families 7122 and 7143
maintained relatively high productivities across dl three gites,
whereas families 7125 and 7146 had high and moderate
growth rates on sites 1 and 3, but significantly lower growth
raes on ste 2 (Figure 1). Air temperature (1.3 m) and ranfal
data for the period 1973-1993 were collected from a weather
dtation located within 8 km of the study sites.

In 1991 and 1992, the dry site (Site 2) was selected for
pressure-volume assessment because it showed the lowest
productivity and the greatest difference in growth among prog-
eny of females. In 1993, the dry and wet sites (Stes 2 and 3),
representing growth extremes, were studied. All sites have
plantations with randomized complete block designs: the dry
ste has four blocks of 16-tree plots (4 x 4) and the wet Ste has
three blocks of 9-tree plots (3 x 3). Trees were planted at a
1.8 m x 1.8 m spacing. Trees within family/block plots were
randomly assigned to each date; individual trees were only
measured on one date. The first three of four blocks from the
dry site and the three blocks from the wet site were used for
sampling. Each time, one tree per family per block was meas-
ured. In addition, xylem water potentials were measured on
each tree at predawn (0400-0500 h) and at (0830-0930, 1030-
1130, 1230-1330, and 1430-1530 h on different branches
within - minutes of excision.
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Figure 1. Family height (mean + SD) for four full-sb families from
three sites located a the Petawawa Research Forest, Ontario, Canada.
Families 7122 and 7143 are progeny from Femae 59 (filled symbols)
and families 7125 and 7146 are progeny from Female 63 (open
symbols). Measurements were taken in 1992,

N

Methodology

On days of pressure-volume measurements, lateral shoots
(15-20 cm) from the upper third of the crown were collected
a dawn and dlowed to rehydrate briefly by placing the shoots
in 4 cm of water in a beaker located inside a large opague
plastic bag and sealing the bag. After about 2 h, shoots were
removed and the saturated weight of each shoot was measured.
For each choot, a pressurevolume curve wes condructed from
measurements of shoot mass and xylem water potential (¥,),
the latter determined with a pressure chamber (Model 3005,
Soil Moisture Corp., Santa Barbara, CA) (Hinckley et d. 1980,
Grossnickle 1989). Between measurements, the shoot tran-
spired outside the pressure chamber on the laboratory bench
(22 £ 2 °C ar temperature, 50 £ 10% relative humidity, and 60
+ 20 pmol m~2 57! irradiance). Pressure-volume curves were
completed within one day of the diurnal W, measurements.
Shoot dry weights were measured after oven drying at 65 °C
for 48 h and dry weight fraction (DWF) was determined by
dividing dry weight by saturated weight. Tree volume of the
sample trees was calculated from the heights and diameters
measured in the fall of 1992 using the formulal/3nr?h (r =
radius and h = height).

The pressure-volume curve was used to determine osmotic
potential & saturation (¥g,) and turgor loss point (Wy,), rea
tive water content a turgor loss point (RWCg,), and modulus
of elasticity (€) (Schulte and Hinckley 1985, Grossnickle
1989). In situ shoot turgor pressure was estimated as the
difference between ¥, and the corresponding osmotic poten-
tial. Predawn shoot turgor pressure (P,q) was determined by
using only predawn xylem water potential (¥yq). Mean shoot
turgor pressure (P,) was determined from the five diurnal
xylem water potential measurements including the predawn
measurement.

Measurements on dry site, 1991

Water relations measurements were taken on five dates be-
tween July 4 and August 13, 1991. Current-year foliage was
used for determining pressure-volume curves. Xylem water
potentials were not measured on the same trees and hence
turgor pressure could not be accurately estimated. For each
sampling time, an average of three replicates was used from
the four families on the dry site, resulting in a total of 60
samples.

Measurements on dry site, 1992

Water relations measurements of one-year-old foliage were
made on six dates between July 5 and August 9, 1992. Pres-

sure-volume curves and ¥, were determined for the same
trees, except for the first sampling time (July 5). For each
sanpling time, an average of sx replicates was used from the
four families on the dry site resulting in a totd of 140 samples.

Measurements on dry and wet sites, 1993

Water relations measurements were taken on seven dates be-
tween July 5 and August 9, 1993. One-year-old foliage was
used, and pressure-volume curves and ¥, were determined for
the same trees. For each sampling time, three replicates were
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used from the four families on both sites, resulting in a totad of
168 samples.

Satistical  analysis

Analysis of variance (ANOVA) was used to assess the influ-
ence of femde paent, mde parent, date, and ste (1993 only),
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aswell astheir interactions, using a randomized complete
block design. Female parent, male parent, site, date and block
were dl conddered to be fixed effects Because water relations
measurements took place over an approximately 6-week pe-
riod and changes occurred in response to seasond and environ-
mental variations (Major and Johnsen 1999), results were
summarized for the season and compared with growth. Corre-
lation analysis was used to examine the relationship between
water reldions trats and tree volume.

Results

Totd rainfdl, and mean maximum and minimum temperatures
ae summarized for 45 days between July 1 and August 14, (the
period for which physiological data were collected) for 1991,
1992 and 1993 (Figure 2). Plantation means for the 1973-1993
peiod were 1164 mm of ranfdl and maximum and minimum
temperatures of 254 and 127 “C, repectively. Ranfdl for the
1992 summer season was the second wettest (204 mm) and
1993 was among the driest (70.1 mm) seasons in plantation
history. Mean maximum temperature was low in 1992
(22.7 “C) and above average for 1991 (26.7 “C) and 1993
(262 “C). Mean minimum temperature in 1992 was the lowest
thus far recorded (10.4 “C), and the third highest in 1993
(13.8°C).

Male or female parent was not a significant source of vari-
dion for any water relations trait in 1991. Date was a signifi-
cant source of variation for ¥, ¥y,, and E. Although not
statistically significant, Female 59 progeny had lower ¥,
(-1.37 versus-1.29 MPa) and Wy, (-2.09 versus -1.90 MPa)
than Female 63 progeny. Relative water content at turgor loss
point and g were similar between progeny of females.

In 1992 (the wettest year), Female 59 progeny had signifi-
cantly lower ¥, (-1.73 versus -1.68 MPa, P = 0.050) than
Female 63 progeny, but equal ¥y, (-2.35 versus-2.33 MPa,
P =0.333) andRWCy, (79.9 versus 79.7%, P = 0.729) (Ta-
ble 2). Female 59 progeny had higher p, (0.77 versus0.71
MPa, P =0.043) and P,q (1.50 versus 1.45 MPa, P = 0.085)
than Femae 63 progeny (Figure 3A). Modulus of eadticity did
not differ significantly between progeny of Femdes 59 and 63
(823 versus 7.62 MPa, regectivdy, P = 0.182) (Table 2). Dae
was a significant (P ¢ 0.0001) source of variation for ¥, ,
¥y, RWCy,, and P,. Other sources of variation including
male, interactions between female and male, female and date,
male and date, and female x male x date had no significant
effects on any of the water relaions traits tested in 1992,

In 1993 (the driest year), the predominant genetic differ-
ences in water relations trends measured were also between
‘progeny of the two female parents (Table 3). Female 59 prog-
eny had significantly lower ¥, (-1.83 versus -1.72 MPa, P =
10.0013) but similar ¥y, (-2.55 versus -2.51 MPa, P=0.2017)
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Figure 2. Mean and range of (A) precipitation, (B) maximum and (C)
minimum temperatures (1.3 m) between July 1 and August 14 a
Petawawa Research Forest for the years 1973-90 and 1991, 1992, and
1993.

and RWCy, (78.0 versus 78.1, P = 0.9336) than Female 63
progeny (Table 2). Femde 59 progeny had significantly higher
P4 (1.55 versus 1.44 MPa, P = 0.0004) (Figure3A), P« (0.91
versus 0.83 MPa, P =0.0005), and g (7.00 versus 6.14 MPa,
P = 0.003) (Table 2) than progeny of Female 63. Comparing
1992 and 1993 data, all water relations traits displayed the
same rank trends.

In 1993, midsummer mean soil water potentials were -0.46
and -0.33 MPa for Stes 2 and 3, respectively. Trees on the dry
site (Site 2) had higher ¥, (-1.71 versus -1.84 MPa, P =
0.0004) but smilar ¥y, (-2.52 versus -2.54 MPa, P = 0.529)
and RWCy, (77.4 versus78,7%, P = 0.1779) compared with
trees on the wet ste (Ste 3) (Table 2). Trees on the dry ste had
alower Py (1.40 versus 1.60 MPa, P < 0.00l), and P, (0.80
versus 094 MPa, P < 0001) than trees on the wet site. Modu-
lus of eadticity of the trees was similar (P = 0.188) for the dry
(640 MPa) and wet stes (6.76 MPa).

No water relations trait showed a significant female x site
interaction (Table 3). However, Female 59 progeny showed
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Table 2. Overal means and standard errors of water relations traits by femae progeny for oneyear-old foliage in 1992 from Ste 2 and for

one-year-old foliage in 1993 from Sites 2 and 3. Abbreviations: ¥ = osmotic potential at saturation; ¥y, = osmotic potential at turgor loss point;
RWCy, = relative water content at turgor loss point; ¢ = modulus of elagticity; and P, = mean shoot turgor (» = 7).

Female progeny Vo (MPa) Pyp (MPa) RWCy, (%) € (MPa) P, (MPa)
Site 2 1992 (n = 70)

59 -1.73 £0.03 -2.35 £0.03 799 £ 07 823 £ 0.26 0.77 £ 0.03
63 -1.68 £0.03 -2.33 £ 0.04 79.7 4 0.7 7.62 + 030 0.71+003
Site 21993 (n = 42)

59 -1.77+004 -2.57+0.05 7714 10 6.62 + 0.34 0.86 £ 0.04
63 -1.65+0.04 -2.47 1 0.05 77+lo0 6.17+025 0.75 £ 0.03
Site 3 1993 (n = 42)

59 -1.89+0.03 -2.53 £ 0.04 789 £ 08 7.38 £ 0.33 097 £ 0.04
63 -1.79+0.03 -2.550.04 785+ 08 6.12 £ 0.29 091 + 0.03

14.7 and 6.6% higher P, than Female 63 progeny on the dry
and wet sites, respectively. Predawn shoot pressure potential
also displayed twofold differences with 9.8 and 5.1% higher
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Figure 3. Predawn shoot turgor pressure (Pyq) (mean + SE) for prog-
eny of Females 59 and 63, (A) by site measured in 1993, and (B) by

year on the dry ste.

values for Female 59 progeny compared to Femde 63 progeny
on the dry and wet stes respectively (Figure 3B).

No significant correlations were found between mean fam-
ily tree volumes from both sites and the corresponding mean
Wy (P =0.535,r = 0.26, Figure 4A), RWCy, (P = 0.187,r =
0.52, Figure 4B), € (P = 0.237, r = 0.47, Figure 5A), and ¥, (P
=0.072, r = 0.67, data not shown). Significant relationships
were found between tree volume and mean W, (P = 0.011, r
=0.83) (Figure 5B) and P, (P = 0.017, r = 0.80) (Figure 6A).
Predawn pressure potential had the highest correlation to tree
volume (P = 0.002, r = 0.90) (Figure 6B).

Discussion

Site  variation

The stes are in close proximity and can be assumed to receive
the same rainfall. Differences in drainage account for the
differences in water availability between the two sites
(S. Brown and R. Ponce Hemandez, unpublished data). Pre-
dawn shoot turgor and P, were 143 and 17.5% higher on Ste 3
(wet ote) than on Ste 2 (dry ste). There was no difference in
Wy, between sites, as a result of compensatory e effects. Dif-
ferences in overadl mean ¥, were smal because the overriding
influence of vapor pressure deficit on daily measures mini-
mized the soil water availability effects (Hinckley et d. 1978).
Interestingly, mean ¥, was lower on the wet ste than the dry
site, which is intuitively contrary to what might be expected.
This aspect is discussed further in Mgor and Johnsen (1999).

Genetic variation

Genetic effects on water relations were consistent between
years, especially between progeny of Females 59 and 63. This
finding is consstent with results of gas exchange (Johnsen and
Major 1995, Major and Johnsen 1996) and stable isotope
(Flanagan and Johnsen 1995) dudies. In 1991, 1992 and 1993,
Femde 59 progeny had ¥, vaues that were 6.2,3.0, ad 64%
lower, respectively, than the corresponding values for Female
63 progeny. During 1992 and 1993, Female 59 progeny dis-
played consistently grester P, and P,y than Female 63 progeny.
Within a species, consistent differences in turgor or ¥, be-
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Table 3. Sources of variaion, degrees of freedom (DF) and P-values from ANOVA of 1993 water relations traits. Abbreviations. ¥
potential at saturation; ¥y, = osmotic potential at turgor loss point; RWC y, =
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P, = mean shoot turgor pressure; and P,y = predawn shoot turgor pressure.
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= osmotic

sal =

relative water content at turgor loss point; € = modulus of elasticity;

Source DF Y Pip RWCy, g P, Py
Female (F) ! 0.0013 0.2017 0.9336 0.0025 0.0005 0.0004
Mae (M) 1 0.4048 0.6769 0.0037 0.0530 0.6242 0.4690
Site () 1 0.0004 0.5290 0.1779 0.1883 < 00001 < 00001
Dae (D) 6 0.0118 0.0005 0.0014 < 0.0001 < 0.0001 < 0.0001
FxM 1 0.2315 0.0958 0.8795 0.7649 0.1517 0.2746
Fx§ 1 0.8579 0.0950 0.3809 0.1526 0.6224 0.5192
FxD 6 0.6798 0.7877 0.8301 0.5228 0.4543 0.7059
MxS 1 0.3866 0.0246 0.3159 0.4464 0.0559 0.1712
MxD 6 0.6827 0.8124 0.3757 0.9094 0.7165 0.8540
SxD 6 0.798 0.0707 0.0949 0.8783 0.0008 0.0095
FxMxS§ 1 0.6661 0.7214 0.6751 0.7376 0.9155 0.4465
FxMxD 6 0.5545 0.3499 0.1335 0.2849 0.1867 0.6057
FxSxD 6 0.2654 0.3484 0.8658 0.7755 0.2249 0.2040
MxSxD 6 0.8235 0.2339 0.7903 0.9129 0.1749 0.8119
Block (site) 4 0.4431 0.1671 0.4192 0.7071 0.0483 0.2994
-Error 108
Totd 161
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tween families have been reported only for agriculturd Species
(e.g., Morgan 1995, Premachandras et al. 1995).

In both 1992 and 1993, modulus of elagticity was grester for
Female 59 progeny than for Female 63 progeny, creating a
compensatory effect resulting in little or no difference in Wy,
or RWC g, between the progeny of the females over a range of
conditions. In addition, even during the exceptionally dry
growing season of 1993, turgor was estimated to be negative
for only three ¥, measurements out of more than 670. More-
over, ¥y, had the lowest correlation with growth. These data
contrast with the conclusions drawn by Tan et al. 19924,
1992h. They suggest that growth differences are a result of
stomatal limitation or closure or both. These authors based
their conclusions about turgor loss on inference rather than
measurements. Our results are in agreement with the finding
that net photosynthesis in these trees is more affected by
non-stomatal limitations than by stomatal limitations (Major
and Johnsen 1996). We conclude that, at least in older trees,
Wap did not greatly influence growth.

dte interaction

Genotype  x

Severd trends indicated that variaion in water relations ftraits
contributed to the observed G x E on growth; however the G x
E interaction of water relations traits were never statistically
significant.

Genetic differences in ¥, were proportional in magnitude
to annual rainfall. That is, the degree of difference in ¥,
between female progeny was highest in 1993 (0.11 MPa) the
driest year, followed by 1991 (0.08 MPa) with intermediate
ranfdl and 1992 (0.05 MPa), the wettest year during our study.
Although ¥, appeared to be the water relations trait underly-
ing the observed G x E on growth, when families were com-
pared directly on the two sites in 1993, progeny of both
females exhibited similar differences in Wy, on both stes (0.12
MPa, dry ste and 010 MPa, wet Ste).

Mean shoot turgor pressure also displayed inconsistent G x
E trends. Females 59 and 63 progeny showed similar differ-
ences in mean shoot turgor pressure between 1992 (wet) and
1993 (dry), (0.06 MPa, 8.4% and 0.08 MPa, 9.6%, respec-

(mean £ SE), and (B) predawn
shoot turgor (Ppa) (Mean + SE)
of four full-sib families from
the wet and dry sites.

tively). Nevertheless, in 1993, Femae 59 progeny showed 0.11
(14.7%) and 0.06 MPa (6.6%) greater mean turgor pressures
than Female 63 progeny on the dry and wet Stes, respectively.
This inconsistency between years and sites is reconciled by
the fact that, although 1992 was wetter than 1993, VPD was
higher on measurement days in 1992 (2.01 kPa) than in 1993
(1.57 kPa).

Among the water relations traits measured, P,q displayed the
most consistent G x E trends. For ingtance, Female 59 progeny
showed 0.05 MPa (3.4%) and 0.11 MPa (7.6%) greater pre-
dawn shoot turgor pressures in 1992 and 1993, respectively,
than Femade 63 progeny, which is consistent with 1992 having
three times the rainfal of 1993, Furthermore, P,y of Femde 59
progeny showed 0.13 (9.8%) and 0.08 MPa (5.1%) greater
values than Female 63 progeny on the dry and wet sites,
respectively. In addition, family mean Py was highly corre-
lated with growth across the two sites.

Relationship to growth

Based on areview of the older literature, Zahner (1968) re-
ported that up to 80 and 90% of the variation in diameter
growth of trees were attributable to variations in rainfall and
plant water stress in humid and arid areas, respectively. How-
ever, the physiology of cell enlargement is complex and de-
pendent on many factors such as cell wal extenshbility, water
relations, energy and carbohydrate supply, time of day and
season. As developed by Lockhart, a generally accepted con-
ceptud growth equation is that the rate of cel volume growth
equals the product of effective turgor pressure (turgor pressure
minus cell wall yield threshold) timesirreversible cell wall
extensibility (plasticity) (Lockhart 1965, Cleland 1987,
Okamoto 1996).

We found that shoot turgor pressure was correlated with
growth. Mean daytime shoot turgor showed the weskest corre-
lation with growth (1 = 0.75), followed by mean diurna turgor
(r = 0.80), and predawn shoot turgor pressure displayed the
strongest relationship to growth (r = 0.90). Lockhart (1965)
describes the minimum turgor necessary for cell expansion,
also known as cell wall yield threshold, as the pressure at
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which the cell wall begins irreversible expansion. These con-
ditions prevail in the predawn and early dawn hours when
turgor is highest and likely to exceed cell wall threshold (Boyer
1987, Randell and Sinclair 1987). Often, daytime turgor is
below the minimum for growth but enough to maintain sto-
matal opening and processes other than growth. Thus, our
finding that P, exhibited the highest correlations with growth
(r = 0.90) is in agreement with the concept of Lockhart's
equation.

The very strong relationship between Py and growth indi-
cates the families may have smilar cell wall extenshility and
yied threshhold ftraits. The exception was family 7146 on the
wet site, which displayed a much higher growth rate than
expected based on the observed general relationship between
Py and growth. One possble explanation, based on the Lock-
hart model, is that family 7 146 has a higher cell wall plasticity
or alower cell wall yield threshold than the other families
when grown on a wetter site.

Relationships between turgor and growth vary widely.
Short-term studies with maize, pea plants or fungal hyphae
have resulted in varying results (Amir e d. 1995 Harold e 4.
1995, Neumann 1995, Okamoto et al. 1995). With woody
trees, both poor relationships (e.g., Pinus roots, Tomos and
Pritchard 1994, Sglix leaves, Stadenberg et d. 1994) and close
relationships (e.g., Pinus roots Triboulot et al. 1995, Poplus
roots, Bosac e d. 1995) between turgor and growth have been
reported. In our study, the mature full-sib families, with no
inoreeding, had widey different volume growth (1232 x 1 ¢
cm®), but the overdl range in mean family Py was smdl (05
to 0.11 MPa). However, it appears that small physiological
differences can contribute to large productivity differences as
a reult of the compounding effect (Mgor and Johnsen 1996).

Acknowledgments

Thanks are extended to Trina Price for assisting with and supervising
the data collection.

References

Amir, R, E. Steudle, D. Levanon, Y. Hadar and |. Chet. 1995. Turgor
changes in  Morchella esculenta during trandocation and sclerotial
formation. Exp. Mycol. 19: 129-136.

Bosac, C., SD.L. Gardner, G. Taylor and D. Wilkins. 1995. Elevated
CO, and hybrid poplar-A detailed investigation of root and shoot
growth and physiology of Populus euramericana, ' primo.” For.
Ecol. Manag. 74:103-1 16.

Boyer, JS. 1987. Hydraulics, wall extensibility and wall proteins. In
Physiology of Cell Expansion During Plant Growth. Eds. D.J.
Cosgrove and D.P. Knievel. The American Society of Plant Physi-
ologists, Rockville, MD, pp 109-121.

Boyle, T.JB. 1987. A didlel cross in black spruce. Genome 29:180-
186.

Cleland, RE. 1987. The mechanism of wal loosening and wall exten-
sion. i Physiology of Cell Expansion During Plant Growth. Eds.
D.J. Cosgrove and D.P. Knievel. The American Society of Plant
Physiologists, Rockville, MD, pp 18-27.

Fanagan, L.B. and KH. Johnsen. 1995. Genetic variaion in carbon
isotope discrimination and its relationship to growth under field
conditions in full-sib families of Piceq mariana. Can. J. For. Res.
25:39-47.

Grossnickle, S.C. 1989. Shoot phenology and water relations of Picea
glauca. Can. J. For. Res. 19:1287-1290.

Harold, FM., RL. Harold and NP, Money. 1995. What forces drive
cell wall expansion. Can. J. Bot. Suppl. 73:5379-383.

Hills, G.A. 1960. Regiond site research. For. Chron. 36:401-412.

Hinckley, T.M., J.P. Lassoie and SW. Running. 1978. Tempora and
spatiad varigions in the water status of forest trees. For. Sci.
Monogr. 20, Bethesda, MD, 72 p.

Hinckley, T.M., F. Duhme, ARR. Hinckley and H. Richter. 1980. Water
relations of drought hardy shrubs. osmotic potentid and stomatal
reactivity. Plant Cell Environ. 3: 13 [-140.

Johnsen, K.H. and JE. Mgor. 1995. Gas exchange of 20-year-old
black spruce families displaying a genetic x environmental interac-
tion in growth rate. Can. J. For. Res. 25:430-439.

Kramer, PJ. 1983, Water relations of plants. Academic Press Inc.,
Orlando, FL, 489 p.

Lockhart, JA. 1965. An anaysis of irreversible plant cell elongation.
J. Theor. Biol. 8:264-275,

Magor, JE. and K.H. Johnsen, 1996. Family variation in photosynthe-
sisof 22-year-old black spruce: a test of two models of physiologi-
ca response to water stress. Can. J. For. Res. 26:1922-1933.

Mgjor, JE. and K.H. Johnsen. 1999. Shoot water relations of mature
black spruce families displaying a genotype x environment interac-
tion in growth rate: 1. Temporal trends and responses to varying soil
water conditions. Tree Physiol. 19:375-382.

Morgan, JM. 1995. Growth and yield of wheat lines with differing
osmoregulative capacity at high soil water deficit in seasons of
varying evaporative demand. Field Crops Res. 4(:143-152.

Morgenstern, EK. 1974. A didld cross in black spruce, Piceu mari-
ana (Mill) B.SP. Slvae Genet. 23:67-70.

Neumann, PM. 1995. The role of cell wal adjustment in plant resis-
tance to water deficits. Crop Sci. 35:1258-1266.

Okamoto, H. 1996. A brief note on growth physiology of plants. J.
Plant Res. 109:69-74,

Okamoto, A., M. Katsumi and H. Okamoto. 1995. The effects of auxin
on the mechanical propertiesin vivo of cell wall in hypocotyl
segments  from  gibberdllin-deficient cowpea seedlings. Plant Cell
Physiol. 36:645-65 1.

Premachandras, G.E,, D.T. Hahn, D. Rhodes and R.J. Joly. 1995. Lesf
water relations and solute accumulation in two grain sorghum lines
exhibiting contrasting drought tolerance. J. Exp. Bot. 46:1833-
1841.

Randell, HC. and T.R. Sinclair. 1987. Leaf wall yield threshold as
determined by vapor pressure psychrometery for field-grown soy-
beans. In Physiology of Cell Expansion During Plant Growth. Eds.
DJ. Cosgrove and D.P. Knievel. The American Society of Plant
Physiologists, Rockville, MD, pp 243-244.

Schulte, PJ. and T.M. Hinckley. 1985. A comparison of pressure-vol-
ume curve data andysis technique. J. Exp. Bot. 36:1590-1602,
Stadenberg, 1., AJS. McDondd and S. Pamer. 1994. Diurna vari-
ation in leaf extenson of Salix-viminglis @ two nitrogen supply

rates. Tree Physiol. 14:1131- 138.

Tan, W., T.J Blake and T.JB. Boyle. 19924, Drought tolerance in
faster- and dlower-growing black spruce (Piceu marigna) Proge-
nies. 1. Stomatal and gas exchange responses to osmotic stress.
Physiol. Plant. 85:639-644,

Tan, W., TJ. Blake and T.JB. Boyle. 1992b. Drought tolerance in
faster- and dower-growing black spruce (Piceu mariuna) proge-
nies. II. Osmotic adjustment and changes of soluble carbohydrates
and amino acids under osmotic stress. Physiol. Plant. 85:645-651.

TREE PHYSIOLOGY ON-LINE a http://www.heronpublishing.com




374 JOHNSEN AND MAJOR

Tomos, D. and J. Pritchard. 1994. Biophysical and hiochemica control White, D.A., CL. Beadle and D. Worledge. 1996. Leaf water relations

of cell expansion in roots and leaves. J. Exp. Bot. 45:1721-1731. of Eucalyptus globulus ssp. globulus and E. nitens: seasonal,
Triboulot, M.B., J. Pritchard and D. Tomos. 1995. Stimulation and drought and species effects. Tree Physiol. 16:469-476.
inhibition of pine root growth by osmotic stress. New Phytol. Zahner, R. 1968. Water deficits and growth of trees. In Water Deficits

130:169-175. and Plant Growth, Vol. 2. Ed. T.T. Kozlowski. Academic Press, New i
York, pp 191-254.

TREE PHYSIOLOGY VOLUME 19.1999




