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3Service des Eaux et Forêts
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Abstract: Low water tables typically found in peatlands during dry summer periods or in the vicinity of
drainage ditches may lead to moisture deficiency in porous surface peats. Episodes of drought stress might
compromise the growth benefits brought about by lower ground-water levels. We examined the water rela-
tions of black spruce (Picea mariana) trees on a natural peatland during relatively wet (1990) and relatively
dry (1991) summers. Seasonal patterns of pre-dawn and mid-day shoot water potentials and stomatal con-
ductance were not related to peat water content or to water-table depth. There was no evidence of water
stress or osmotic adjustment in sampled trees during wet and dry growing seasons. Our soil moisture data
showed that although water-table levels were as low as �66 cm in 1991, water availability in the root zone
remained high. Even with the absence of mid-day water stress during the summer of 1991, a 50% reduction
in stomatal conductance as compared with the previous year was found. We suggest that signals from the
bulk of the roots located in dry peat top layer contributed to the regulation of stomatal conductance.

Key Words: Picea mariana, shoot water relation parameters, stomatal conductance, forested bog, osmotic
adjustment

INTRODUCTION

The cool and anaerobic soil conditions typically
found in peatland forests affect the physiology of trees,
particularly their water relations, photosynthesis, and
mineral nutrition (Kozlowski 1982). Lowering of the
water-table level through drainage or by evapotrans-
piration during summer dry periods improves the
moisture, aeration, and thermal regimes of peat and
increases nutrient availability (Hillman 1992, Prévost
et al. 1999). Such improvements in edaphic conditions
are generally associated with increased photosynthesis

(Macdonald and Lieffers 1990) and enhanced above-
and below-ground growth (Payandeh 1973, Lieffers
and Rothwell 1987, Dang and Lieffers 1989, Paavi-
lainen and Päivänen 1995, Macdonald and Yin 1999).
Some concerns have been presented that low water

tables could occasionally lead to moisture deficiency
during hot and dry summer periods (Braekke 1983,
Berry and Jeglum 1988, Rothwell et al. 1996). This is
because trees growing on organic soils have root sys-
tems that are predominantly confined to the unsaturat-
ed surface layers of peat (upper 20 cm) (Lieffers and
Rothwell 1987). Consequently, the effect of lowering
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the water table upon substrate water potential (Man-
nerkoski 1985) and the possible rapid decrease of peat
moisture in the more fibrous surface layers (where
most of the roots are located) could expose these trees
to periods of water deficit during dry summers. High
evaporative demand could also induce short-term wa-
ter stress. Such episodes of water stress would thus
limit tree growth and compromise the benefits brought
about by low ground-water levels.
Although drought stress generally is associated with

limited bulk soil-water resources, there is evidence that
trees in natural peatlands can undergo periods of water
stress during the afternoon (Dang et al. 1991). Insuf-
ficient tree water uptake in wet organic soils is usually
attributed to the relatively small absorptive surface of
shallow root systems and possibly reduced root hy-
draulic conductance because of low soil temperatures
(Lopushinsky and Kaufmann 1984, Dang et al. 1991).
However, it has also been suggested that tree species
adapted to high soil water availability lack the mech-
anisms of drought tolerance that are commonly found
in xeric and mesic species (Fan et al. 1994, Kubiske
and Abrams 1994, Tognetti et al. 1997). It is thus pos-
sible that physiological processes in peatland trees are
affected by even small reductions in root-zone water
content. While the effects of flooding on tree physi-
ology have been well-described (Kozlowski 1982,
Macdonald and Lieffers 1990, Dang et al. 1991), there
is little information on how peatland trees respond to
occasional drying of the peat top layer.
In this study, we examined the water relations and

stomatal conductance to water vapour (gs) of black
spruce (Picea mariana (Mill.) BSP) trees on a natural
peatland during two consecutive growing seasons. Our
main objectives were to determine (1) whether peat-
land trees undergo periods of water stress when ex-
posed to the drying of peat top layer produced by low
water tables and (2) the physiological processes in-
volved in their responses to seasonal drought. Rela-
tively dry soil conditions were provided by a moderate
summer drought in the second growing season.

MATERIALS AND METHODS

Experimental Site

We conducted this study in the richer part of a for-
ested ombrotrophic bog of the Lotbinière district,
about 50 km south-west of Québec City, Québec, Can-
ada (46�27� N, 71�23� W). The organic material, av-
eraging 1 m in depth for the bog (�60 cm in our study
site; area �1 ha), has accumulated on an impermeable
compacted sandy till. The forest is a 45- to 55-year-
old open black spruce stand, with tree heights up to
12 m, a tree density of 950 trees ha–1, and a total basal

area of 11 m2 ha–1. Tamarack (Larix laricina (Du Roi)
K. Koch) and balsam fir (Abies balsamea (L.) Mill.)
are present as companion species. Sphagnum spp. cov-
ers the ground, Pleurozium schreberi (Brid.) Mitt., and
Polythricum strictum Banks. are dominant species on
the hummocks, and Nemopanthus mucronatus (L.)
Trel. is the chief shrub.
The climate is cold and humid, with a growing sea-

son (daily mean temperature above �5�C) lasting on
average 185 days and reaching 1660 degree-days (Du-
mas-Rousseau 1975). Mean July and January temper-
atures are 18.5 and �12.5�C, respectively. Total an-
nual precipitation for the region averages 957 mm, of
which two-thirds falls during the growing season. The
potential evapotranspiration for the area estimated by
Thornthwaite’s method is 560 mm (Wilson 1971).
Four undisturbed 260 cm3 peat samples were col-

lected at 5, 10, 20, 30, 40, and 50 cm depth (while the
water table was at �6 cm) to determine soil properties.
Details of the sampling procedure are given in Pepin
et al. (1992). These samples were kept saturated in the
laboratory for 24 h, and the following physical char-
acteristics were measured: weight and volume at sat-
uration, dry weight, bulk density, particle density, and
total porosity. Based on those characteristics and the
Canadian System of Soil Classification (Agriculture
Canada Expert Committee on Soil Survey 1987), the
material was found to be fibric at 5 cm, mesic in the
10–40 cm layer, and humic at 50 cm and was classified
as a Typic Mesisol. Roots were predominantly located
within the upper 10–15 cm peat layer, with maximum
rooting depth occasionally reaching 20 cm (measured
in four different soil pits).

Shoot Water Relations

Tree water status was monitored during both grow-
ing seasons by measuring pre-dawn (�pre) and mid-day
(�mid) shoot water potential (Ritchie and Hinckley
1975). Four twigs per tree were excised with a pruning
pole at 0200 and 1400 h from lateral branches in the
upper third of the crown of five dominant-codominant
black spruce distributed on the site (area �0.1 ha).
Excised twigs were immediately sealed in humidified
plastic bags, placed in a cooler, and brought back to
the lab for determinations of � with a pressure cham-
ber (model 610, PMS Instruments, Corvallis, OR,
USA). The variability among all 20 readings was rare-
ly greater than 0.1 MPa.
Water relations parameters of four healthy domi-

nant-codominant trees (also used for measurements of
stomatal conductance) were determined through the
analysis of pressure-volume (PV) curves (Cheung et
al. 1975, 1976, Kandiko et al. 1980, Ritchie and Shula
1984) on three sampling dates in each growing season.
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Twigs were collected between 0200 and 0300 h, stored
in plastic bags, and then recut under water in the lab-
oratory and left to saturate overnight. On the next
morning, PV curves were obtained using the procedure
of Hinckley et al. (1980). Afterwards, sample shoots
were oven-dried at 65�C for 48 h and their dry weight
determined.
Osmotic potentials were estimated according to the

‘‘PVC’’ exponential model of Schulte and Hinckley
(1985). The osmotic potential at full saturation (��,sat)
and turgor loss point (��,tlp) and the relative water con-
tent at turgor loss point (Rtlp) were calculated with a
non-linear least squares routine using the Marquardt
algorithm (SAS Institute 1985). Bulk tissue elastic
modulus (E) was calculated after Roberts et al. (1981)
and Emax data, which correspond to bulk modulus of
elasticity at full turgor, were taken at R values of 100
and 97% (Colombo 1987, Grossnickle 1989).

Stomatal Conductance

Diurnal patterns of stomatal conductance (gs) were
measured during 10 days (5 July–27 Aug) in 1990 and
8 days (4 July–29 Aug) in 1991 under clear or partly
cloudy conditions. Scaffolds were installed to provide
access to branches in the upper third of the crown of
four spruces. Four one-year-old shoots (one per
branch) were labeled on each tree and measured re-
peatedly. Measurements of gs were made every 2 h
between 0700 and 1900 h using a steady-state diffu-
sion porometer (LI-1600, Li-Cor Inc., Lincoln, NE,
USA) with a conifer cuvette. The sampling periods
started when the foliage was dry in the morning. New
one-year-old shoots were selected on the same branch-
es in the second growing season. Additional gs mea-
surements were carried out on two codominant balsam
fir trees (located �50 m away from the sampled spruce
trees) following the same procedure. Values of gs were
corrected for the total foliage area enclosed in the
chamber (Eq. A1, LI-COR 1989). The foliage area of
each shoot used for gs measurements was determined
at the end of the growing season using a digital im-
aging analysis system (model DIAS, Decagon Devices
Inc., Pullman, WA, USA). Total foliage area (all sides)
was then calculated using a ratio of total to projected
needle surface area of 2.3 (determined following the
procedures of Brand (1987), n 	25 samples of 5
spruce needles). A ratio of 2 was assumed to calculate
the total surface area of balsam fir needles. Foliage
area enclosed in the cuvette was corrected for the few
needles that were lost during the measurement period.
Air temperature and relative humidity were mea-

sured every half hour with a psychrometer (model 566,
Bendix, Baltimore, MD, USA) and used to calculate
the atmospheric vapour pressure deficit (VPD). All po-

rometer measurements were made at ambient humid-
ities between 20 and 70%.

Soil Moisture Conditions

The water regime of the peat was measured during
both growing seasons. Water-table levels were mea-
sured in nine ground-water wells (perforated plastic
pipes: 4 cm in diameter and 1 m long) distributed on
the site. The moisture content of peat was determined
using time-domain reflectometry (TDR). Details of
measurement techniques and calibration in peat sub-
strate can be found in Pepin et al. (1992). TDR mea-
surements were carried out with a cable tester (model
1502, Tektronix, Beaverton, OR, USA) in one pit dur-
ing the first growing season, and one more pit was
installed before the second growing season. TDR
probes were inserted horizontally at 5, 10, 20, and 30
cm depths into a wall of each pit carefully dug and
refilled. These TDR profiles were located at �3 and
10 m from the trees sampled for gs. Measurements of
the water-table depths and TDR readings were per-
formed every 2–3 days between May and October.
Daily precipitation was monitored at the site with a
Belfort rain gauge and recorded hourly with a datalog-
ger (CR10, Campbell Scientific, Logan, UT, USA).

Data Analyses

Kolomogorov D statistic and Bartlett’s test were
used to verify assumptions of normality and homo-
geneity of variances, respectively. Pre-dawn and mid-
day water potentials and daily maximum stomatal con-
ductance were compared between years using analysis
of variance. Changes in shoot water relations param-
eters during a growing season were compared using
the Waller–Duncan method. All statistical analyses
were performed on the SAS system (SAS Institute
1985) with a level of significance of P � 0.05.

RESULTS

Soil Moisture Conditions

May to September 1990 and 1991 rainfalls were 612
and 403 mm, respectively (Figure 1). The average and
lowest water-table depths measured at the site were,
respectively, �13.3 and �23.9 cm during the first
growing season and �29.6 and �66.4 cm during the
second. There was no significant seasonal change in
peat moisture content in 1990. Overall, peat water con-
tent remained very close to saturation at all depths dur-
ing the first growing season. The moisture contents
were, under saturated soil conditions, higher in the sur-
face horizons than at 20- and 30-cm depth. This was
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Figure 1. Rainfall, water-table depth, and volumetric peat
water content at 5, 10, 20, and 30 cm depths during wet
(1990) and dry (1991) growing seasons. In the middle panel,
0 cm indicates the peat surface.
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attributable to a greater peat porosity in the surface
layers (5, 10 cm).
Soil drying was observed only at the 5-cm depth for

few days in 1990 (changes �0.10 m3 m–3). In contrast,
a pronounced decrease in peat water content was ob-
served at 5 and 10 cm during the second season (Fig-
ure 1). When the water table was at its lowest level,
moisture contents were 0.48 and 0.67 m3 m–3 at the 5-
and 10-cm depth, respectively. There was only a slight
seasonal decrease in water content at the 20-cm depth
(�0.12 m3 m–3) and almost no change (�0.05 m3 m–3)
at 30 cm.

Water Relations

During the wet 1990 growing season, there was a
significant decrease in osmotic potential at saturation
(��,sat) but little change in osmotic potential at turgor
loss point (��,tlp) (Table 1). Mid-day water potentials
measured on 17 July, 3 and 23 August (mean 	�1.56
MPa) were all greater than corresponding ��,tlp (mean
	�2.25 MPa). The relative water content at turgor
loss point (Rtlp) and maximum modulus of elasticity
(Emax) both increased between the first two sampling
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Figure 2. Seasonal changes in daily pre-dawn (solid bars)
and mid-day (shaded bars) shoot water potentials (mean 

SE, n 	 20) of black spruce trees during (A) wet (1990) and
(B) dry (1991) growing seasons. Sampling dates and corre-
sponding ‘day of year’ are indicated. a: cloudy day; b: no
mid-day measurements because of rain.

Table 2. Seasonal averages (
 SE, and n in parentheses) of daily pre-dawn (�pre) and mid-day (�mid) shoot water potentials, and daily
maximum stomatal conductances (gs,max) of black spruce trees during wet (1990) and dry (1991) growing seasons. Values followed by
the same letter are not significantly different (P � 0.05) between seasons.

Parameters Wet Growing Season Dry Growing Season

�pre (MPa)
�mid (MPa)
gs,max (mmol m�2 s�1)

�0.43 
 0.01 a (328)
�1.49 
 0.02 a (245)
45.9 
 1.8 a (10)

�0.58 
 0.02 b (137)
�1.48 
 0.02 a (117)
33.4 
 3.3 b (8)

dates in 1990 and remained at that level for the last
measurement. The low Emax measured on 17 July 1990
suggested that shoot elongation was still in process
(not measured). This is consistent with the observed
late bud burst (mid-June) in the wet compared to dry
year (late May).
In general, there were only small seasonal changes

in shoot water-relations attributes throughout the dry
1991 summer (Table 1). However, on the first sam-
pling date, lower ��,sat and greater ��,tlp, Rtlp and Emax
were found in 1991 than in 1990. The mid-day water
potentials measured on 19 July, 7 and 29 August
(mean 	�1.45 MPa) were all higher than the osmotic
potentials at turgor loss point measured on the same
days (mean 	�2.02 MPa). Interestingly, the lowest
(more negative) osmotic potentials (both ��,sat and
��,tlp) were observed during the wet growing season.
Despite significant differences in soil moisture re-

gime between both growing seasons, pre-dawn (�pre)
and mid-day (�mid) shoot water potentials were gen-
erally similar (Figure 2). Under the wet soil conditions
of the 1990 season, mean pre-dawn water potentials
ranged between �0.18 and �0.72 MPa, and mean
mid-day water potentials varied between �0.71 and
�1.83 MPa (Figure 2). During the dry 1991 growing
season, mean values of �pre and �mid ranged from
�0.30 to �0.99 MPa and �1.16 to �1.88 MPa, re-
spectively. Mid-day � were occasionally measured on

cloudy days in 1990 (see Figure 2) and thus, these data
were excluded from the calculation of seasonal mean
(Table 2). The seasonal average of daily �pre was
slightly lower in dry than wet year (P�0.001).

Stomatal Conductance

In general, diurnal patterns of stomatal conductance
(gs) were similar between both growing seasons (Fig-
ure 3). Typically, stomatal conductance was high in
the morning when the vapour pressure deficit (VPD)
was low and decreased gradually with increasing VPD
throughout the day. Some sampling dates showed very
little diurnal change (�10%) in gs, while the average
daily reductions were 28 and 39% during the wet and
dry growing season, respectively.
The stomatal conductance of black spruce foliage

was reduced by 54% in 1991, with a seasonal average
of 14.0 mmol m–2 s–1 as compared to 30.5 mmol m–2

s–1 in summer 1990 (Figure 4a). A similar reduction in
gs was observed in two individuals of a companion
species (A. balsamea: seasonal average of 40.7 and
21.1 mmol m–2 s–1 in summer 1990 and 1991, respec-
tively) (Figure 4b). However, the mean daily maxi-
mum gs was only 27% lower in the dry than wet grow-
ing season (Table 2). The drier soil conditions ob-
served in 1991 were also associated with higher va-
pour pressure deficits. Maximum vapour pressure
deficits were about 3.5–4.0 kPa during dry 1991 sum-
mer while VPD reached 2.5–3.0 kPa in summer 1990
(Figure 4). No significant difference in stomatal sen-
sitivity to VPD could be detected between both grow-
ing seasons.

DISCUSSION

Water Relations

The water status of peatland trees was not adversely
affected by drying of the peat top layer. When exposed
to relatively low water tables and concomitant dry peat
surfaces, black spruce trees had pre-dawn (�pre) and
mid-day (�mid) shoot water potentials similar to those
under high ground-water levels (Figure 2, Table 2). It
is generally assumed that, following overnight recov-
ery, pre-dawn � corresponds to the equilibrium be-
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Figure 3. Diurnal course of stomatal conductance to water
vapour (gs; circle) measured on four black spruce trees dur-
ing (A) wet (1990; n 	 10 days) and (B) dry (1991; n 	 8
days) growing seasons. Measurements were carried out on
four shoots per individual and averaged (n 	 16) per hour.
Each data point is the mean (
 SE) of three to seven sam-
pling days (measurement periods occasionally started on the
odd hour when foliage was covered with dew). Also shown
is the atmospheric vapour pressure deficit (VPD; triangle).
Means without vertical bars indicate that SE is smaller than
the symbol.

Figure 4. Hourly average stomatal conductance to water
vapour (gs) in relation to the atmospheric vapour pressure
deficit measured during wet (1990; closed symbols) and dry
(1991; open symbols) growing seasons. (A) Data are aver-
ages of 16 shoots measured on four black spruce trees; dry
season: 18.4–2.0·VPD, R2	0.18. (B) Data are averages of 8
shoots measured on two balsam fir trees; wet season: 58.7–
10.3·VPD, R2	0.39; dry season: 32.5–5.4·VPD, R2	0.53.

tween plant and soil water potential, and thus reflects
soil water status (but see Sellin 1999). Although the
lowest �pre measured in this study occurred when the
water table was at its deepest level (31 July 1991),
there was overall no significant relationship between
�pre and peat moisture content at any depth (R2�0.10,
P�0.52). Values of �pre and �mid presented here are
within the �0.4 to �2.2 MPa range reported for black
spruces on natural peatlands under saturated soil con-
ditions (Dang et al. 1991) and during a dry growing
season (Dang et al. 1997).
Despite lower peat water content in the dry com-

pared to wet year, the matric potentials and hence soil
water availability remained relatively high. At the low-
est water-table level of �66 cm, the water content at
5, 10, and 20 cm depths corresponded to matric po-
tentials above �0.02 MPa according to Paavilainen
and Päivänen (1995) and the relations established by

Belleau (1988) on a nearby site. Although this may
explain the lack of differences in shoot water poten-
tials between wet and dry years (also observed in 2
balsam fir trees; data not shown), it does not account
for the reductions in stomatal conductance observed
during the summer of 1991 (Figures 3 and 4). Another
possibility is that physiological adjustment occurred to
maintain a constant �. Our water-relations parameters
indicate that trees maintained turgor throughout both
wet and dry growing seasons, but there were no sea-
sonal elastic or osmotic adjustments associated with
the drier soil conditions of 1991 (Table 1). Many stud-
ies have shown that the responses of black spruce to
water stress can involve the regulation of turgor
through active osmotic adjustment (Zwiazek and Blake
1989, Tan et al. 1992) or changes in cell wall elasticity
(Blake et al. 1991, Fan et al. 1994) and/or the accli-
mation of stomatal and photosynthetic mechanisms
(Zine El Abidine et al. 1994).
CO2 assimilation (A) in black spruce is mostly lim-

ited by mesophyll processes during water stress (Stew-
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art et al. 1995) or under wet soil conditions (Dang et
al. 1991, Kubiske and Abrams 1993). However, there
is evidence that stomatal limitation to A increases later
in the growing season (Dang et al. 1997). It has been
proposed that the aperture of stomata is regulated to
minimize the risk of xylem cavitation by maintaining
shoot water potentials above threshold values and pos-
sibly maximize, in the short-term, carbon assimilation
and productivity (Jones and Sutherland 1991, Sperry
1995, Williams et al. 1996). In mature black spruce
trees, stomatal conductance has been found to decrease
continuously in response to falling shoot water poten-
tial, whereas net photosynthesis and mesophyll con-
ductance have threshold � values of about �2.5 MPa
(Dang et al. 1997). The lowest mid-day water poten-
tials reported in the literature for black spruce trees
growing on organic soils (–2.0 to �2.2 MPa, including
this study) approached but remained slightly above the
threshold � for photosynthesis. This suggests that
there are homeostatic adjustments (e.g., stomatal reg-
ulation, properties of the hydraulic pathway) that
maintain shoot water potential within relatively narrow
limits. The mechanisms underlying such responses are
not known. However, Maier-Maercker (1998) recently
described experiments that support the notion of neg-
ative feedback loop between gs and � and suggested
that stomata respond directly to the ratio of water sup-
ply to water demand by the atmosphere.

Stomatal Conductance

The drier peat conditions of summer 1991 were as-
sociated with a 54% reduction in stomatal conductance
(gs) and a 27% reduction in daily maximum gs, as com-
pared with the previous year (Figures 3 and 4, Table
2). This contrasts with the data of Macdonald and Lief-
fers (1990), who found that lowering the water table
through drainage (average drop: 40–50 cm) improved
nitrogen relations but had no significant effect on sto-
matal conductance, up to 5 years after treatment. Fur-
ther, the diurnal changes in gs observed in this study
(mean daily reduction: �28 and 39% during wet and
dry year, respectively) were much less pronounced
than those reported by Dang et al. (1991) for black
spruce trees on saturated peatland (mean daily reduc-
tion in gs: �60%). It is clear that gs is regulated by
changes in the transpirational flux density within the
tree, which accommodates the atmospheric demand for
water with the supply of water from the soil (Monteith
1995). Dang et al. (1997) recently described the sto-
matal responses of black spruce trees to leaf-to-atmo-
sphere vapour pressure difference (D) and demonstrat-
ed its importance in regulating gas exchange at the
shoot level. The stomata of black spruce were only
slightly sensitive to changes in VPD during the wet

growing season, with an overall 11% decrease in gs as
VPD increased from 0.75 to 3.0 kPa (Figure 4a).
Hence, it appears that under these conditions of high
soil water availability, there was sufficient water up-
take by the trees over this range of evaporative de-
mands (also supported by the water potential measure-
ments). A greater stomatal sensitivity to VPD was
found during the dry summer of 1991, where gs de-
creased by nearly 40% with increasing VPD from 0.75
to 4.0 kPa. Such reductions in gs are more consistent
with the observations of Dang et al. (1991; �50% de-
crease in gs when VPD increased from 0.1 to 1.4 kPa)
and of Dang et al. (1997; �60% decrease in gs for a
change in D from 0.5 to 4.0 kPa). Assuming that
VPD�D for conifer foliage (i.e., the boundary layer
conductance is large), the empirical model of Dang et
al. (1997) clearly overestimates the values of gs found
during the relatively dry soil conditions of summer
1991. Our results thus suggest that there might be ad-
ditional mechanisms that could account for the reduc-
tion in stomatal conductance and the difference in the
gs vs. VPD relationships between years.
There is evidence that in a drying soil, chemical root

signals may reduce stomatal conductance without any
detectable change in shoot water potential (Davies and
Zhang 1991). Endogenous abscisic acid (ABA) pro-
duced in the roots and transported to the leaves via the
xylem stream has been implicated in bringing about
stomatal closure in drought-stressed herbaceous spe-
cies (Schurr et al. 1992). In contrast, it is suggested
that in woody species, ABA is sequestered in the leaf
under well-watered soil conditions and subsequently
released in the apoplast, as the soil dries, to act on the
stomatal guard cells (Hartung and Slovik 1991). Small
changes in leaf water status generally associated with
soil drying or other perturbation to the hydraulic path-
way in the xylem (but likely masked by measurement
of bulk �; Sperry et al. 1993) could trigger the redis-
tribution of ABA in leaves (Fuchs and Livingston
1996, Whitehead et al. 1996). Although the stomata of
woody plants do not appear fully responsive to signals
generated in the roots (Saliendra et al. 1995, Fuchs and
Livingston 1996), such responses have not been ex-
amined in tree species adapted to high soil water avail-
ability. Roots located in the more fibrous surface layers
(0–5 cm) were occasionally exposed to peat moisture
contents lower than 0.40 m3 m–3 during the dry summer
of 1991. We suggest that despite high moisture avail-
ability in the root zone, small roots in the surface ho-
rizons of dry peat were dehydrated and that metabo-
lites from these roots likely contributed to the stomatal
regulation of transpiration (decrease in gs), thus main-
taining shoot turgor under conditions of high evapo-
rative demand. Although consistent with our findings,
such a hypothesis remains to be tested. Our results do
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not, however, rule out the possibility that gs is regu-
lated by an interaction between chemical and hydraulic
signals, as, for example, proposed by Tardieu and Da-
vies (1993). The sensitivity of peatland trees to sea-
sonal drought, and the physiological processes in-
volved in their acclimative responses to soil drying,
warrants further investigation, particularly in a context
where future changes in temperature and precipitation
regime may lead to increased soil water variability in
organic soils.
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published data of vegetation and soil surveys. Com-
ments from Pierre Y. Bernier and two anonymous re-
viewers greatly improved this manuscript. This re-
search was supported by the Natural Science and En-
gineering Research Council of Canada (NSERC), the
Ministère des Ressources naturelles du Québec
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Paavilainen, E. and J. Päivänen. 1995. Peatland Forestry. Ecology
and Principles. Ecological Studies Series, Vol. 1110. Springer-
Verlag, Berlin, Germany.

Payandeh, B. 1973. Analyses of a forest drainage experiment in
Northern Ontario. 1. Growth analysis. Canadian Journal of Forest
Research 3:387–398.

Pepin, S., A. P. Plamondon, and J. Stein. 1992. Peat water content
measurement using time domain reflectometry. Canadian Journal
of Forest Research 22:534–540.

Prévost, M., A. P. Plamondon, and P. Belleau. 1999. Effects of
drainage of a forested peatland on water quality and quantity.
Journal of Hydrology 214:130–143.

Ritchie, G. A. and T. M. Hinckley. 1975. The pressure chamber as
an instrument for ecological research. Advances in Ecological Re-
search 9:165–254.

Ritchie, G. A. and R. G. Shula. 1984 Seasonal changes of tissue-
water relations in shoots and roots systems of Douglas-fir seed-
lings. Forest Science 30:538–548.

Roberts, S. W., B. R. Strain, and K. K. Knoerr. 1981. Seasonal
variation of leaf tissue elasticity in four forest tree species. Phy-
siologia Plantarum 52:245–250.

Rothwell, R. L., U. Silins, and G. R. Hillman. 1996. The effects of
drainage on substrate water content at several forested Alberta
peatlands. Canadian Journal of Forest Research 26:53–62.

Saliendra, N. Z., J. S. Sperry, and J. P. Comstock. 1995. Influence
of leaf water status on stomatal response to humidity, hydraulic
conductance, and soil drought in Betula occidentalis. Planta 196:
357–366.

SAS Institute. 1985. SAS (Statistical Analysis System) User’s
guide—Statistics. Version 5. SAS Institute Inc., Cary, NC, USA.

Schulte, P. J. and T. M. Hinckley. 1985. A comparison of pressure-
volume curve data analysis techniques. Journal of Experimental
Botany 36:1590–1602.

Schurr, U., T. Gollan, and E. D. Schulze. 1992. Stomatal response
to drying soil in relation to changes in the xylem sap composition
of Helianthus annuus II. Stomatal sensitivity to ABA imported
from the xylem sap. Plant, Cell and Environment 15:561–567.

Sellin, A. 1999. Does pre-dawn water potential reflect conditions of
equilibrium in plant and soil water status? Acta Oecologia 20:51–
59.

Sperry, J. S., N. N. Alder, and S. E. Eastlack. 1993. The effect of
reduced hydraulic conductance on stomatal conductance and xy-
lem cavitation. Journal of Experimental Botany 44:1075–1082.

Sperry, J. S. 1995. Limitations on stem water transport and their
consequences. p. 105–124. In B. L. Gartner (ed.) Plant Stems:
Physiology and Functional Morphology. Academic Press, San Di-
ego, CA, USA.

Stewart, J. D., A. Zine El Abidine, and P. Y. Bernier. 1995. Stomatal
and mesophyll limitations of photosynthesis in black spruce seed-
lings during multiple cycles of drought. Tree Physiology 15:57–
64.

Tan, W., T. J. Blake, and T. J. B. Boyle. 1992. Drought tolerance
in faster- and slower-growing black spruce (Picea mariana) prov-
enances: II. Osmotic adjustment and changes of soluble carbo-
hydrates and amino acids under osmotic stress. Physiologia Plan-
tarum 85:645–651.

Tardieu, F. and W. J. Davies. 1993. Integration of hydraulic and
chemical signalling in the control of stomatal conductance and
water status of droughted plants. Plant, Cell and Environment 16:
341–349.

Tognetti, R., M. Michelozzi, and A. Giovannelli. 1997. Geographi-
cal variation in water relations, hydraulic architecture and terpene
composition of Aleppo pine seedlings from Italian provenances.
Tree Physiology 17:241–259.

Whitehead, D., N. J. Livingston, F. M. Kelliher, K. P. Hogan, S.
Pepin, T. M. McSeveny, and J. N. Byers. 1996. Response of tran-
spiration and photosynthesis to a transient change in illuminated
foliage area for a Pinus radiata D. Don tree. Plant, Cell and En-
vironment 19:949–957.

Williams, M., E. B. Rastetter, D. N. Fernandes, M. L. Goulden, S.
C. Wofsy, G. R. Shaver, J. M. Melillo, J. W. Munger, S.-M. Fan,
and K. J. Nadelhoffer. 1996. Modelling the soil-plant-atmosphere
continuum in a Quercus–Acer stand at Harvard Forest: the regu-
lation of stomatal conductance by light, nitrogen and soil/plant
hydraulic properties. Plant, Cell and Environment 19:911–927.

Wilson, C. V. 1971. The Climate of Quebec. Climatic Atlas: Part
One. Meteorological Service of Canada, Ottawa, ON, Canada.

Zine El Abidine, A., P. Y. Bernier, J. D. Stewart, and A. P. Pla-
mondon. 1994. Water stress preconditioning of black spruce seed-
lings from lowland and upland sites. Canadian Journal of Botany
72:1511–1518.

Zwiazek, J. J. and T. J. Blake. 1989. Effects of preconditioning on
subsequent water relations, stomatal sensitivity, and photosynthe-
sis in osmotically stressed black spruces. Canadian Journal of Bot-
any 67:2240–2244.

Manuscript received 22 February 2001; revisions received 10 De-
cember 2001; accepted 4 January 2002.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [7200.000 7200.000]
>> setpagedevice


