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Abstract

Variation in transpiration and conductance between individual trees of Scots pine and Norway spruce was investigated in
a mixed 50-year-old stand in central Sweden. Daily transpiration rates were measured by the tissue heat balance method on
five trees of each species during a dry, warm growing season. Daytime averages of sapflow, climatic variables and soil water
content were used to fit an empirical model of tree conductance for each tree. Conductance per unit needle area was about twice
as high in pine as in spruce, while equal-sized trees transpired similarly in both species. Conductance generally decreased
more steeply with increasing vapour pressure deficit and increased faster with increasing light in pine than in spruce, although
one individual spruce behaved more like the pines. Inclusion of a linear or exponential function for air temperature improved
the model for pine, but of the spruces, only one tree showed a clear temperature dependency. The response to decreasing soil
water content varied widely; the spruces tended to be more sensitive to drought than the pines. When the drought was at its
worst, no sapflow could be detected in some of the trees. On average, the reduction in transpiration began when ca. 80% of
the extractable water in the rooting zone had been depleted.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tree transpiration is the major pathway for both
water and energy leaving the forest ecosystem. Mea-
surement of transpiration provides access to the
canopy conductance of the forest, a key parameter in
models of water- and carbon-exchange (Collins and
Avissar, 1994), since the water and carbon fluxes are
strongly linked by their common passage through the
stomata (Morén et al., 2001).
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The scale at which the forest is studied answers dif-
ferent questions in the context of exchanges of energy
and matter (Jarvis, 1995). Studies at shoot or branch
level (e.g.Harley and Baldocchi, 1995; Roberntz and
Stockfors, 1998), for instance, are particularly useful
in the study of physiological processes; scaling-up to
stand level from single shoots is intrinsically complex
but can give firm results (e.g.Baldocchi and Harley,
1995). Studies at tree level (e.g.Cermak et al., 1995;
Granier et al., 1996) provide an average response of
the mostly non-linear physiological processes, and are
therefore, more useful for empirical modelling. Such
studies are particularly useful for scaling-up fluxes
for a certain stand or plot if a sufficient number of
trees are measured (Cermak et al., 1995), and provide
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answers about the variation within it. The ecosystem
or landscape level (e.g.Tenhunen et al., 1998; Grelle
et al., 1999) provides answers about net exchange and
the variation between stands or regions.

The sapflow technique (Swanson, 1994) is very
useful for obtaining the total water use of a single tree.
Sapflow is commonly scaled up to stand level and con-
sidered as representing transpiration. A problem with
this approach is that, because of the capacitance of the
trunk and branches, sapflow lags somewhat behind
transpiration (Granier and Loustau, 1994; Köstner
et al., 1996). The lag is not constant over the course
of the day, between days or between trees (Lundblad
and Lindroth, 2002; Phillips et al., 1997), even though
in many approaches it is assumed to be constant;
modelling the lag is consequently not a simple task.
However, daily sapflow totals can often be assumed to
equal the sum of transpiration, although under some
conditions, e.g. after a dry period followed by some
rainy days, this may not be true (Waring et al., 1979;
Zweifel and Häsler, 2001). Another drawback of a
daily time step is that the processes which affect tran-
spiration are non-linear, hence, any model would be
truly empirical and should be used with caution out-
side the range for which it was calibrated. The daily
pattern of the variables can also vary between differ-
ent days; this will affect conductance, even though
the mean of the variables may be unchanged.

Soil moisture is considered to be a critical parameter
in many models of evaporation or surface energy par-
titioning. Many models show large sensitivity to soil
moisture, and general circulation models, which are
used to predict future climate change, are no excep-
tion (e.g.Viterbo and Beljaars, 1995). Unfortunately,
it is inherently difficult to establish firm relationships
between transpiration (or canopy conductance) and
soil water content, mainly because of the large spa-
tial variation in soil properties and soil moisture, but
also because of transpiration’s strong dependence on
other weather parameters. There are, however, several
empirical studies of such relationships in which firm
relationships have been established; e.g. for Scots pine
by Rutter (1967), Sturm et al. (1996)andIrvine et al.
(1998), for Norway spruce byLu et al. (1995)andLu
et al. (1996), and for mixed stands of these species by
Cienciala et al. (1998). As far as the present authors
are aware, variation in individual response in a mixed
stand has not previously been estimated and modelled.

Evaluation of individual variation can increase our
understanding of the response of the entire stand.

The primary aim of this study was to quantify how
tree conductance, and thus, the transpiration of indi-
vidual trees in a mixed pine and spruce forest, depends
on soil moisture. In order to do that it was also neces-
sary to quantify the influence of weather conditions on
the conductance of individual trees under non-limiting
soil water conditions. Daily data from a growing sea-
son with large variation in soil water content were
used to estimate and model conductance and its de-
pendence on weather parameters and soil moisture.

2. Material and methods

2.1. The stand

Scots pine (Pinus sylvestrisL.) and Norway spruce
(Picea abies(L.) Karst) are dominant species in most
of the Eurasian Taiga. Scots pine is a pioneer species
that is well adapted to dry conditions. Norway spruce
is a secondary species that is shade-tolerant and prefers
wetter habitats that are not frequently disturbed. Mixed
stands are, however, very common. The studied stand
was located in the Norunda forest in central Sweden
(60◦5′N, 17◦29′E, altitude 45 m). The stand was ca.
50 years old and was growing on a boulder-rich, sandy
glacial till. The stand was naturally regenerated and
was a mix of Scots pine (64% of the basal area (BA)
at 1.3 m height), Norway spruce (33%) and deciduous
trees (3%). A plot, 60 m× 120 m, was established
in 1997 for studies of tree water relations, and the
diameter of all trees on it was measured. The mean
diameter was 20 cm, mean height was 17 m, BA was
29 m2 ha−1 and there were 872 trees per hectare.

2.2. Sapflow

Sapflow was measured by the tissue heat balance
method (Cermak et al., 1973; Cermak et al., 1976;
Cermak et al., 1982) with a P4.1 sapflow meter (Eco-
logical Measuring Systems, Bruno, Czech Republic).
This is a method that has previously been proven to
give reliable transpiration estimates in the studied for-
est (Grelle et al., 1997; Cienciala et al., 1999) and the
method was evaluated inLundblad et al. (2001). The
system used five electrodes inserted in parallel, and
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supplied with a constant power of 1 W, to heat a seg-
ment of the stem. The temperature difference between
the heated and unheated part of the stem was measured
with a thermo battery consisting of eight sensors.

The measured temperature difference,�T (K), is
correlated to sapflow for the heated segment as

Qw = P

cw �T
− k

cw
(kg s−1) (1)

whereP (W) is the heat input,cw the specific heat of
water (4186.8 J kg−1 K−1) andk (W K−1) is the coef-
ficient of heat loss from the heated segment, obtained
under zero-flow conditions. Tree level sapflow,Q, was
calculated by dividingQw by the width of the heated
segment (8 cm) and multiplying by the circumference
under bark at the measuring point.

To record as much as possible of the variation in
sapflow, both between trees and around the circumfer-
ence of a tree, with the 12 sapflow channels available,
the following set-up was used: the installations were
made on five pines and five spruces in July 1998 (de-
noted P1–5 and S1–5). On each tree, two measuring
points were installed, on the eastern and western side,
respectively. On one pine and one spruce, both mea-
suring points were continuously measured. Only one
side of the other trees was connected on each mea-
surement period. In 1999, measurements were shifted
from the east to the west side on 16 June and shifted
back on 5 August. The two relationships, before and
after the shifts, to the sapflow in the continuously mea-
sured tree of the same species, was used to calculate a
mean value based on measurements of both sides, as
in Lundblad et al. (2001). There was a difference in
sapflow between opposite sides, but the relationship
was relatively stable (seeLundblad et al., 2001). In the
present study, sapflow measurements from 16 April to
27 October 1999 were used. In 2000, the systems were
installed in another sample of trees, sapflow from this
year was used to validate the final model of the tran-
spiration, this year sapflow was measured 19 May to
22 October. No severe visual injuries were detected
when the electrodes were removed in autumn 1999.

For the 2 days during which the measured side was
shifted, sapflow was calculated as the mean fraction
of the flow a few days before and after the shift, in the
trees that was not shifted. Similarly, the missing days
for P1, P3, P5, S1 and S4 on 6–9 July were replaced.
For S5, the heating control malfunctioned from 16

June to 6 July and from 6 to 11 August. Data from
these periods were replaced by data generated from
the relationship with the remainder of the pines before
and after the heating failure.

2.3. Weather and soil moisture

Soil water content (θ ) at 0–20 and 0–50 cm depth,
was measured with the TDR-technique (Topp et al.,
1980) at eight positions located in a transect through
the stand. This transect was not in the same direction
as the sapflow transect, so it was not possible to link
‘local’ soil moisture to the individual trees. A general
formula for mineral soils was used to obtainθ from
the measurements. At each position, one pair of 20 cm
rods and one pair of 50 cm rods were placed verti-
cally. The signal was read manually about every tenth
day during the growing season, by means of a Tek-
tronix 1502C cable tester (Tektronix Corp., Beaverton,
OR, USA). Additionally,θ was measured with two
ThetaProbes (ML1, Delta-T Devices Inc., Cambridge,
UK), installed at 10–15 cm depth, which were read
every minute with a Campbell CR10-datalogger and
a Campbell AM32-multiplexer (Campbell Scientific
Inc., NE, USA). Data were stored as 10 min means.
The dynamic information from the ThetaProbes was
used to obtain interpolated daily values ofθ , based
on the level of the mean of the TDR measurements.
Fromθ , the relative extractable water (REW) (θREW)
was calculated as

θREW = θ − θm

θFC − θm
(2)

whereθm is minimumθ (0.02 for 0–20 cm and 0.05
for 0–50 cm depth in the present study) andθFC is θ at
field capacity (0.30 in the present study, both depths).
The θm was taken as the minimumθ found in the
present study, and was in accordance with the wilting
point found byLundin et al. (1999)in an adjacent
stand. TheθFC was taken as theθ in the spring shortly
after the groundwater table had fallen to the lower
limit of the measured soil volume.

Climatic data were taken from a tower ca. 500 m
from the site and, for missing values, from a scaf-
fold tower 50 m from the site (instrumentation is given
in Table 1). The data from the tower 500 m away
were preferred, because the instruments in the scaffold
tower were below the height of the tallest trees.
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Table 1
Meteorological instrumentation in the Norunda tower and the scaf-
fold tower

Quantity Instrument

Air temperature Thermocouple (in situ, Ockelbo,
Sweden)a

Hygrometer MP probe (Rotronic
Instruments Ltd., Horley, UK)b

Relative humidity Hygrometer MP probe (Rotronic
Instruments Ltd., Horley, UK)a,b

Global radiation Pyranometer CM-21 (Kipp & Zonen,
Delft, The Netherlands)a

LI-190SZ quantum sensor (LI-COR
Inc., Lincoln, NE, USA)b

Precipitation IS200W rain gauge (in situ, Ockelbo,
Sweden)a

Data were recorded every minute with Campbell CR10-datalogger
(Campbell Scientific Inc., NE, USA) and stored as 10 min means.

a Norunda tower.
b Scaffold tower.

2.4. Leaf area of the sapflow trees

The leaf area index (LAI) of the stand (LLAI2000)
was estimated three times in 1999 with the LAI2000
plant canopy analyser (LI-COR Inc., Lincoln, NE).
The measurements were corrected for foliage clump-
ing by the factor 1.65 provided by the manufacturer,
and averaged.

The functions obtained from a detailed biomass
sampling (Morén et al., 2000) were used to find pro-
jected leaf area (Ltree) for all individual trees in the
stand, with diameter as input. TheLtree was corrected
to sum up to the level ofLLAI2000, because the sam-
pled stand differed somewhat in age and the sampling
was done in a different year:

Ltreecor= Ltree
LLAI2000A∑

Ltree
(3)

whereA is the area of the plot (m2).
Tree height and live crown length were measured

both on the sapflow trees and on a sample of 115
pines and 85 spruces. The needle mass according
to Marklund (1988), was calculated from diameter
at breast height, height and live crown length. For
pine, the north co-ordinate, according to the Swedish
co-ordinate system, was also included in the input pa-
rameters. A relationship between diameter and needle

mass was established for pine and spruce, respectively
and was applied to all trees in the plot.

Functions between needle mass andLtreecor could
then be fitted for pine and spruce, respectively. The
functions were used to obtain the projected leaf area
of the sapflow trees from needle mass (in which tree
height and live crown length were taken into account).
The polynomial functions, on average, corresponded
to specific leaf areas of 7.3 and 4.5 m2 kg−1 for pine
and spruce, respectively which is close to the values
in Morén et al. (2000).

The final leaf area of the sapflow trees was used to
express sapflow per unit leaf area. The properties of
the sapflow trees are summarised inTable 2.

2.5. Tree conductance

The mean daytime value of temperature (Tday (◦C)),
vapour pressure deficit (Dday (Pa)) and global radi-
ation (Rday (W m−2)) were calculated for the period
when global radiation(R) > 0. Daily sums of sapflow
for each tree were calculated with no restriction inR,
but were divided by the duration ofR > 0 to obtain
mean daytime transpiration per unit needle area (Eday
(g m−2 s−1)). This was done because sapflow may be
expected to lag behind transpiration, but transpiration
will only occur whenR > 0. For pine and spruce, re-
spectively mean values ofEday, weighted by the leaf
area were calculated, for which the conductance also
was modelled. Tree conductance (gtday) was then cal-
culated according toMonteith and Unsworth (1990):

gtday = λEdayγ

ρcpDday
(4)

where λ is the latent heat of vaporisation of wa-
ter (2465 J g−1), γ the psychrometer constant
(65.5 Pa K−1), ρ the density of the air (1225 g m−3),
andcp is the specific heat of air (1.01 J g−1 K−1). The
use of this simplified equation for calculating conduc-
tance is valid if the trees are well coupled to the at-
mosphere, which can be assumed for conifers (Jarvis
et al., 1976; Granier and Loustau, 1994; Phillips and
Oren, 1998). The advantage of using a daily time
step when modelling conductance is that the problem
of the time-lag between sapflow and transpiration is
overcome. The disadvantage is thatEq. (4) rightfully
should be used on instantaneous values, but the error
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Table 2
Dendrological properties of the pines (P1–5) and spruces (S1–5) in the present study and their distance to the centre of the nearest strip
road (seeSection 4)

P1 P2 P3 P4 P5 S1 S2 S3 S4 S5

Diameter (cm) 24.5 21.8 22.3 19.0 15.8 24.6 21.6 20.4 19.6 16.4
Height (m) 17.0 16.8 16.7 15.4 16.9 19.0 16.6 17.2 16.5 16.0
Crown length (m) 9.0 8.0 7.9 8.7 6.3 15.3 14.1 12.4 13.7 13.1
Leaf area (m2) 62.7 47.4 48.9 44.3 23.5 107.1 96.4 77.1 83.2 66.1
Needle mass (kg) 8.81 6.35 6.60 5.86 2.48 25.2 21.3 14.9 16.8 11.8
Distance to road (m) 8.4 2.0 7.5 2.1 6.8 2.6 1.5 3.8 10.7 2.8

is generally small, and thus acceptable, as described
by Phillips and Oren (1998).

To estimate the effect of soil moisture on tree
conductance, it is necessary to analyse the influ-
ence of weather conditions on conductance under
non-limiting soil moisture conditions. Thus, the aim
of the modelling described later was primarily to ob-
tain a tool to ‘normalise’ conductances with respect
to different weather parameters, i.e. not to obtain a
general model of individual tree conductance. An
empirical model of the calculatedgtday was fitted to
vapour pressure deficit, radiation, temperature and soil
moisture:

gtday = gtmaxf (Dday)f (Rday)f (Tday)f (θ) (5)

The modelling approach was stepwise, firstgtmax and
f(Dday) was decided by using data when the other func-
tions were close to 1. Thenf(Rday) was fitted when
f(Tday) andf(θ ) were close to 1, thereafterf(Tday) when
θ was not limiting, and finallyf(θ ).

The period 18 May to 15 June was used to fit the
functions forDday and Rday; this was a period with
little variation in Tday (mean 15.2◦C; σ = 2.2) and
sufficient soil moisture. The function forTday was fit-
ted after the period from 7 July to 27 September had
been excluded (during this period,θREW 0–50 cm was
<0.30). Days with Penman potential evaporation (Ep)
(Penman, 1948) less than 1 mm were also excluded
as a small absolute measured error is likely to have a
large effect when two small numbers are divided.

When fitting the functions forθ , the period 1 June
to 15 September was used, days withEp less than
1 mm being excluded, as also days withDday above
2000 Pa, because maximumDday during the period
when f(Dday) was fitted was 1355 Pa. In total, there
were 11, 2 and 12 days, respectively, outside the range

for which the functions forDday, Rday andTday were
fitted, from a total of 189 days for which the final
model was applied.

3. Results

3.1. Weather

The winter and early spring of 1999 were wet.
Precipitation from December to April was 270 mm,
i.e. 64% more than for the normal period 1960–1990
(Uppsala Weather Station, 30 km south). The growing
season began with high soil water content (θ ) and with
the ground water table at or close to the soil surface
at many points. May, June and August had precip-
itation and temperature close to the normal, while
July and September were warmer than normal, by 1.9
and 3.2◦C, respectively (Fig. 1a). In July, only about
one-third of the normal precipitation fell, and the first
half of September was also very dry. This depleted
the soil water, andθ0–50 cm decreased to minimum
values<6% on 4 August and 15 September (Fig. 1b).
After some rainy days at the end of June, at the end
of July and at the beginning of August,θ recovered
temporarily. In the middle of July, and at the turn of
the month to August, there were some days with very
warm and dry conditions. The mean daytime vapour
pressure deficit (Dday) then had a maximum value of
ca. 2400 Pa (Fig. 1c).

3.2. Sapflow

The decreasingθ had a high impact on the sapflow
rate. In spite of high demand, i.e. high vapour pressure
deficit and global radiation (Fig. 1c) in middle of July,
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Fig. 1. Environmental conditions and sapflow for the 1999 season. (a) Mean daytime temperature,Tday (thin line) and accumulated monthly
precipitation (bold line). In April, a manual rain gauge was emptied a few times and only a total for this month is presented. (b) Soil water
content at 0–20 cm (normal line) and 0–50 cm (bold line) depth. The points are means from manual reading of eight positions with TDR
rods and the lines are calculated from the dynamics of continuously measured ThetaProbes. (c) Mean daytime vapour pressure deficit,
Dday (bold line) and mean daytime global radiation,Rday (thin line). (d) Seven-day running means of sapflow for the pines P1 (thin line),
P2 (normal line) and P4 (bold line). (e) Seven-day running means of sapflow for the spruces S1 (thin line), S2 (normal line) and S3 (bold
line). The presented trees were selected to represent the range in soil moisture response.
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at the beginning of August and the end of September,
sapflow decreased dramatically (Fig. 1d and e). At the
beginning of July, the first trees began to respond to
the decreasingθ , while others maintained transpiration
a few weeks longer. This individual behaviour can be
demonstrated by comparing the relationship in sapflow
rates between trees at the beginning of June, when
soil water content was high, with a period in Septem-
ber, when soil water content was low and decreasing
(Fig. 2). The three selected pines did not differ by

Fig. 2. Sapflow and environmental conditions for 2 days in June and 6 days in September 1999 (note that thex-axis is not continuous). (a)
Sapflow for the pines P1 (thin line), P2 (normal line) and P4 (bold line). (b) Sapflow for the spruces S1 (thin line), S2 (normal line) and
S3 (bold line). (c) Soil water content at 0–50 cm. (d) Global radiation (normal line) and vapour pressure deficit (bold line). The presented
trees were selected to represent the range in soil moisture response.

more than about 20% at most in June, whereas the
difference in mid-September was 15 orders of mag-
nitude between the tree with the highest maintained
sapflow rate, and that which was least able to tran-
spire (Fig. 2a). It may also be noted that the tree with
the highest sapflow rate in June decreased most in
September, while the tree with the lowest rate in June
maintained its flow rate best. The picture was simi-
lar for the spruces, but here all trees decreased their
sapflow rates to almost zero in mid-September.
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3.3. Tree conductance

The period 18 May to 15 June was selected to fit
the functionsf(Dday) and f(Rday), because soil mois-
ture was high at the same time as there was a large
variation in vapour pressure deficit and global radia-
tion. Tree conductance showed the characteristic be-
haviour for conifers, i.e. decreasing conductance with
increasingDday, with a large scatter for lowDday and
increasing conductance with increasingRday (Fig. 3).
The pines showed a stronger response to highDday
than the spruces. Thegtday increased with increasing
Rday in a logarithmic fashion. For the pines, there
was a tendency towards decreasinggtday at the high-
est radiation levels, which was caused by the steep
response toDday. The correlation betweenDday and
Rday was high,r2 = 0.65.

As the first step, the dependence onDday was con-
sidered by applying boundary-line analysis (Webb,
1972; Martin et al., 1997). Lines were fitted to the up-

Fig. 3. Tree conductance, based on sapflow per unit projected needle area, dependence on daytime vapour pressure deficit (Dday) and
daytime radiation (Rday) for the period 18 May to 15 June 1999. (a) Dependence on (Dday) for pines, P1 (×), P2 (+), P3 (�), P4 (�)
and P5 (�), the lines are fitted through boundary-line analysis (see text). (b) Dependence onDday for spruces, S1 (×), S2 (+), S3 (�),
S4 (�) and S5 (�). (c) The pines’ dependence onRday (symbols as in (a)). (d) The spruces’ dependence onRday (symbols as in (b)).

per right part ofFig. 3a and b, where no limitation
due to low radiation could be expected. Although the
relationships seemed linear for the pines, exponential
functions of the form:

gtday = gtmaxexp(−aDday) (6)

were used, wheregtmax and a are fitted parameters
whose values are given inTable 3; gtmax is a hy-
pothetical conductance at zeroDday and saturated
radiation, which varied between 5.9 and 14.3 mm s−1

for the pines and between 1.3 and 2.6 for the spruces.
The parametera was ca. 0.002 for the pines and
0.001 for the spruces. Exponential functions were
preferred, to make extrapolation possible, as this
is the known common behaviour (e.g.Stewart,
1988).

As the next step, the dependence on global radiation
was considered. The quotient between measured con-
ductance (Eq. (4)) andgtmax× f (Dday) was regarded
as a function ofRday (Fig. 4). The relationships were
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Table 3
Parameters for the conductance,gtday, functions of vapour pressure deficit,Dday, and radiation,Rday (gtday = gtmaxexp(−aDday)(b ln Rday−
c)), for the pines P1–5, the spruces S1–5 and for a weighted average for respective species

P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 Pine Spruce

gtmax (mm s−1) 11.05 10.43 14.31 5.91 7.12 1.55 1.31 2.35 2.60 1.76 10.44 1.48
a × 103 2.15 2.12 2.44 1.46 2.04 1.29 1.08 0.92 0.99 1.55 2.12 0.92
b 0.563 0.555 0.573 0.582 0.576 0.458 0.497 0.457 0.471 0.615 0.578 0.470
c 2.51 2.49 2.60 2.50 2.57 1.84 2.21 1.87 1.93 2.79 2.59 1.91

Fig. 4. The ratio of measured conductance (gtday) to conductance modelled using vapour pressure deficit (gtmaxf(Dday)) plotted against
global radiation; the lines are logarithmic regressions and data are from 18 May to 15 June 1999. (a) Pines P1 (×), P2 (+), P3 (�), P4
(�) and P5 (�). (b) Spruces S1 (×), S2 (+), S3 (�), S4 (�) and S5 (�).
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best described by logarithmic functions:

f (Rday) = b ln Rday − c (7)

whereb andc are parameters. When the functions de-
livered negative values (ifb ln Rday < c), the function
was set to zero. This point, below which no transpira-
tion occurred during the day according to the model,
accorded toRday values between 60 and 95 W m−2.
The values of the parameters,b and c, are listed in
Table 3. For the mean pine,b and c were 0.58 and
2.6, respectively and for spruce 0.47 and 1.9, respec-
tively. S5 deviated somewhat from the other spruces,
by exhibiting values more like those of the pines.

Finally, the effect of air temperature on the conduc-
tances was dealt with in the following manner. For
the pines, there was a strong relationship between the
quotient between measured conductance (Eq. (4)) and
conductance modelled withRday, Dday and mean day-
time air temperature (Fig. 5). For four of the trees,
the relationship was best described by an exponential
function:

f1(Tday) = k exp(lTday) (8)

For one tree, the relationship was linear:

f2(Tday) = mTday (9)

The quotient showed a clear linear response to tem-
perature for one of the spruces only, for the rest of the
spruces, there was no relationship, i.e.

f3(Tday) = 1 (10)

The parameter values (k, l and m) and the function
used for each tree are given inTable 4.

Accordingly, it was now possible to assess the ef-
fect of soil moisture on tree conductance. The quotient
between measured conductance (Eq. (4)) and conduc-
tance modelled with radiance, vapour pressure deficit,
and temperature, showed a strong dependence on the

Table 4
The function used for temperature,Tday, dependence of the conductance and the derived parameters (f1(Tday) = k exp(lTday), f2(Tday) =
mTday, f3(Tday) = 1), for the pines P1–5, the spruces S1–5 and for a weighted average for respective species

P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 Pine Spruce

f(Tday) 1 1 1 2 1 2 3 3 3 3 1 3
k 0.160 0.170 0.123 – 0.222 – – – – – 0.171 –
l 0.114 0.113 0.130 – 0.095 – – – – – 0.110 –
m – – – 0.063 – 0.066 – – – – – –

relative amount of extractable water,θREW (Fig. 6).
Linear functions up to a threshold value (x) were used
to describe the relationships:

f (θ) = θREW

x
, x < θREW (11)

f (θ) = 1, x = θREW (12)

To obtain x, Eqs. (11) and (12)were combined to
one equation (Eq. (13)) which was solved by the ‘nlin
procedure’ in SAS statistical software (version 6.12,
SAS Institute, Cary, NC):

f (θ) =
(

θREW

x

( |x − θREW|
(x − θREW)

+ 1

)

+ |θREW − x|
(θREW − x)

+ 1

)
× 0.5 (13)

The threshold value (x) was derived for both
θREW 0–20 cm and θREW 0–50 cm; the values ofx are
listed in Table 5. The variation inx was large, be-
tween 0.04 and 0.37θREW 0–50 cm for the pines and
between 0.18 and 0.39 for the spruces.

The slope and ther2 values for the relationship be-
tween measured conductance and conductance mod-
elled with all functions inEq. (5), are given inTable 6.
The conductance in the early spring and late autumn
was difficult to explain by the model for some of the
spruces, for which reason, the relationships restricted
to the period 1 May to 30 September are also given.
For the pines, there was little difference between the
model fitted toθREW 0–20 cm or θREW 0–50 cm; it ex-
plained 46–74% of the variation, and underestimated
conductance by 0–14%. For the spruces, when the
spring and autumn period were excluded, the model
was improved by 1–6% ifθREW 0–20 cm was used in-
stead ofθREW 0–50 cm; r2 was between 0.59 and 0.80,
and the slope was between 0.94 and 1.0 when the re-
stricted period andθREW 0–20 cm were used.
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Fig. 5. The ratio of measured conductance to conductance modelled using radiance and vapour pressure deficit, plotted against temperature
and regression lines. Data are from 16 April to 6 July and from 28 September to 27 October 1999. Days with Penman potential evaporation
less than 1 mm were excluded. (a) Pines P1 (×), P2 (+), P3 (�), P4 (�) and P5 (�). (b) Spruces S1 (×), S2 (+), S3 (�), S4 (�) and
S5 (�), the line is for S1, the only spruce with a temperature dependence.

Table 5
The values of the parameterx derived for the pines P1–5, the spruces S1–5 and for a weighted average for respective species

P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 Pine Spruce

x0–20 0.219 0.065 0.256 0.328 0.207 0.205 0.368 0.267 0.200 0.329 0.207 0.239
x0–50 0.205 0.042 0.260 0.371 0.196 0.188 0.392 0.303 0.176 0.384 0.195 0.214

Above this value of relative extractable water (θREW), there is no restriction due to drought; below, there is a linear decrease down to zero
at 0θREW. The parameter was calculated forθREW at both 0–20 and 0–50 cm depth.
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Fig. 6. The ratio of measured conductance to conductance modelled using radiance, vapour pressure deficit, and temperature, plotted against
relative extractable water. The lines are the dependence for mean pine and spruce. Data are from 1 June to 15 September 1999. Four
days with daytime vapour pressure deficit above 2000 Pa and 5 days with Penman potential evaporation less than 1 mm were excluded. (a)
Pines P1 (×), P2 (+), P3 (�), P4 (�) and P5 (�). (b) Spruces S1 (×), S2 (+), S3 (�), S4 (�) and S5 (�).

The model was used to calculate the transpiration
in 1999 and 2000. The modelled conductance for
pine and spruce, respectively were used inEq. (4) to
calculateEday (g m−2 s−1), and in combination with
daylength (s), total needle area (

∑
Ltreecor (m2)) and

the area of the plot scaled to transpiration in millime-
tres per day. The measuredEday was scaled in the
same way. In 1999, the model generally fitted the data
well; the slope andr2 for the regressions between the
measured and modelled transpiration forced through
origin were 0.96 and 0.85, respectively for pine

(θREW 0–50 cm) and 0.94 and 0.86 for spruce (Fig. 7a
and b). This is an important test, because it should
reveal whether some extrapolations were made which
would seriously have biased the results. In 2000, the
spring and autumn were warm and dry while the
summer was very wet. The soil water content was as
high in the end of July as in the beginning of May;
the lowest values ofθ were found in the middle of
June and in the end of September. There were only
7 days for pine and 11 days for spruce in the end of
September that hadθREW 0–50 cm below the threshold.
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Fig. 7. Modelled daily stand level transpiration fitted to the measurements for the 1999 season and validated against the measurements for
the 2000 season; measured transpiration (×) and modelled transpiration (�): (a) pine 1999, (b) spruce 1999, (c) pine 2000 and (d) spruce
2000.

In general, the model explained the variation in total
transpiration well (r2 = 0.85) but underestimated the
transpiration by 26% (Fig. 8). This was due to an un-
derestimation of the spruce transpiration by as much

as 38% while that of the pine was 13% (Fig. 7c and d).
There was, however, a shift in the performance of
the model from the end of July when the weather
became much drier. For the period before 26 July, the
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Table 6
Slope and r2 values for linear regressions, forced through origin, between measured and modelled conductance (gtday measured=
slope(gtday modelled), for the pines P1–5, the spruces S1–5 and for a weighted average for respective species

P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 Pine Spruce

Slope0–20 0.969 0.855 0.998 0.923 0.950 0.961 0.899 0.870 0.581 0.966 0.978 0.911
r2
0–20 0.64 0.46 0.69 0.74 0.63 0.62 0.56 0.48 0.23 0.52 0.68 0.58

Slope0–20ex 0.993 0.864 1.003 0.915 0.963 0.967 0.940 0.937 0.982 1.005 0.985 0.984
r2
0–20ex 0.66 0.39 0.70 0.82 0.65 0.71 0.80 0.68 0.73 0.59 0.68 0.74

Slope0–50 0.974 0.857 0.987 0.902 0.947 0.962 0.903 0.846 0.574 0.941 0.976 0.918
r2
0–50 0.64 0.44 0.70 0.74 0.62 0.58 0.50 0.45 0.22 0.53 0.67 0.52

Slope0–50ex 0.998 0.866 0.992 0.893 0.96 0.969 0.943 0.905 0.987 0.975 0.983 0.993
r2
0–50ex 0.67 0.36 0.71 0.81 0.64 0.66 0.8 0.62 0.67 0.58 0.67 0.68

The regressions were calculated for conductance modelled with soil water content (θ ) at both 0–20 and 0–50 cm depth. The relationships
restricted to the period 1 May to 30 September are also given (‘ex’ in subscript).

Fig. 8. Measured and modelled daily stand level transpiration for
the 2000 season. The data were divided in two sets, before (•,
solid regression line) and after (×, dashed regression line) 26 July.
For the whole season ther2 and slope was 0.85 and 0.74, respec-
tively.

model underestimated the total transpiration by 12%
but after that date it gave just 64% of the measured
transpiration (Fig. 8).

4. Discussion

The levels ofgtday can be compared to studies
of canopy conductance ifgtday is multiplied by the
estimated leaf area index, assuming the stand to be
monospecific (LAI: 3.7 for pine or 7.1 for spruce).
This scaling-up to canopy conductance showed that

the conductances for monospecific stands of pine
and spruce, respectively were similar, with slightly
greater scatter for spruce. This also indicates that
mean transpiration for equally sized (diameter) pines
and spruces was approximately equal, although there
was some individual variation, which has previously
been shown for a nearby stand (Cienciala et al., 1998).
For spruce, the level of the canopy conductance was
ca. 50% lower than inCienciala et al. (1992), and for
pine it was ca. 35% lower than that for a stand of
Pinus taeda(Phillips and Oren, 1998). The level of
gtmax for spruce was close to what has been found by
Cienciala et al. (1994), where also the daytime aver-
age and the same approach to modelling the response
to Dday were used.

The spruces exhibited two distinct levels of con-
ductance. Three trees had a much lower conductance
than the others (Fig. 3b). It has previously been re-
ported that spruces belonging to the comb or brush
type, according toDengler (1992), differed almost
threefold in maximum conductance in a nearby stand
(Morén, 1999). The branches of the brush type are
more outspread and branched than those of the comb
type which shoots are hanging. In the present study,
however, all sapflow trees belonged to the brush type,
although some of the comb type were present in the
stand. A possible explanation may be that the three
trees with the lower conductance were all growing
closer than 3 m to a strip road of about 3 m width used
in a thinning in 1990/1991 (Table 2). Soil compaction
and root damage may have reduced their ability to ex-
tract water. The effect of strip roads on water flux has
been little studied, but there are some contradictory
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studies of their influence on tree growth:Kardell
(1978) reported a negative andKardell and Nilsson
(1986)a positive effect on growth in studies of Nor-
way spruce. In the estimates of leaf area, mainly
based on the needle biomass according toMarklund
(1988), there is also uncertainty. If their crown density
had been lowered, the lower conductance of the trees
close to the strip roads could have been caused by an
overestimate of the needle area. In the most advanced
form of Marklund’s (1988)functions, the diameter in-
crement for the last 5 years is included as the second
most significant variable after diameter. Unpublished
results from the stand of the present study indicate
that the spruces close to strip roads do have reduced
growth. The small variation in the conductance for the
pines and the other two spruces, however, indicates
that this simply calculated needle mass is correlated
with transpiration, because the leaf area of the trees
was based on the needle mass. The needle mass could
therefore be regarded as a useful tool for scaling-up
sapflow, as inCienciala et al. (1998).

The parametera, which describes how steep is the
reduction in conductance with increasingDday, was
ca. 0.002 for the pines and 0.001 for the spruces.
Where the same function for vapour pressure deficit
has been used in other studies, the level has gener-
ally been lower.Cienciala et al. (1992, 1994)reported
values of 0.00045 and 0.00070 for Norway spruce.
Köstner et al. (1996)reported values for Scots pine
between 0.00037 and 0.00051 andGrelle et al. (1999)
a value of 0.00099 for a mixed pine and spruce forest.
Of these studies, only those byCienciala et al. (1992,
1994) were based on daily averages; the other stud-
ies used 30 min data. Variables such as radiation and
vapour pressure deficit have different dynamics dur-
ing the course of the day, and when daily averages are
used, the effect of this is smoothed out. The values of
the parameters can therefore not really be compared
with those of parameters based on analyses with a
shorter time step.

The difference in light response (Fig. 4a and b)
between the pines and spruces may be a consequence
of different light regimes. The radiation level was
measured above the stand, and treated as identical
for all trees in the modelling work. The pines had a
much shorter crown length (Table 2), and their leaf
area was distributed higher than the spruces (Morén
et al., 2000). Spruce S5, which had values of the

parametersa–c closer to the pines, had small open-
ing in the stand on its southern side, hence might
be expected to have been exposed to higher light
levels.

In many studies, the temperature response func-
tion has been found to be non-significant and has
been omitted (e.g.Grelle et al., 1999; Granier et al.,
2000b). In others, a bell-shaped relationship using
an optimum temperature (Stewart, 1988; Gash et al.,
1989) has been used. InGranier et al. (2000a)a linear
relationship between 10 and 17◦C was used, where
the function took the value of 0 below the span and 1
above. In the present study, an exponential or linear
relationship was found for the pines, while there was
only one spruce that showed a linear response (Fig. 5a
and b). For the spruces for which no dependence of
temperature was used there was at tendency for lower
conductance at the lowest temperatures (<7◦C). A
temperature response function without an optimum
or maximum level conflicts with the theory of the
physical processes involved. The reason for the ex-
ponential behaviour for the pines could be that the
parametera was overestimated, i.e. the function of
Dday was too steep. This could be explained if none
of the data points in the right side ofFig. 3areached
the maximum level of the conductance for the respec-
tive Dday. Too low radiation might explain this, but
all of those points belonged to high radiation levels
(Rday > 350 W m−2 s−1). Another explanation may
be that the points in question belonged to the second
half of May, and that the current year’s shoots were
not fully developed and the conductance therefore was
lower. Pine exchanges more of its needles each year
than spruce. Nevertheless, the final model showed no
clear tendency to over- or underestimation when it
was extrapolated above the range for which it was
calibrated.

The effect of decreasing soil water content (θ ) has
been an issue in several studies. InFig. 9, the results of
some of them are presented together with the results
from the present study. The results of the present study
agree well with those ofStewart (1988), but are steeper
than the findings byEwers et al. (2001), Irvine et al.
(1998)andGranier et al. (2000b). The most striking
feature in the present study was the large variation
between trees: for pine P2, there were 16 days below
the thresholdθREW, while for S2 there were as many
as 95 days (Fig. 6a and b, Table 5). One explanation
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Fig. 9. The reduction of conductance/transpiration due to decreas-
ing soil water content from a number of studies.Granier et al.
(2000a,b)is a general study,Stewart (1988)is from a mixture
of Scots pine and Corsican pine (Pinus nigravar. miritima (Ait.)
Melv.), Irvine et al. (1998)is from Scots pine andEwers et al.
(2001) is from Pinus taeda(control treatment). The equations by
Granier et al. and Stewart were converted fromθREW to θ by their
relationship in the present study.

for this behaviour could be the highly variableθ in
the stand; the standard deviation was about 0.15 in
May and 0.05 in July. There was a tendency for the
spruces to be more affected by drought than the pines,
although this was not significant. For the average pine
and spruce, there were 63 and 75 days, respectively
with drought restriction. During the dry summer of
1994, pine and spruce transpiration was reduced by 40
and 67%, respectively in an adjacent stand (Cienciala
et al., 1998).

Soil water content was only measured down to
50 cm depth although during a drought it is likely
that also deeper soil layers contribute to water up-
take (e.g.VanSplunder et al., 1996). The relationship
between soil moisture and soil tension was not deter-
mined for this particular soil, but measurements in a
nearby pit (Stähli et al., 1995) shows that 20%θREW
corresponds to about−2500 hPa. It should, however,
be pointed out that the soil properties of the studied
forest are very heterogeneous.

In 1999, the model fitted the measurements well
(Fig. 7a and b). Much of the deviation occurred dur-
ing periods when daily total sapflow and transpiration
could not be expected to be the same (Waring et al.,
1979; Zweifel and Häsler, 2001). Zweifel and Häsler

(2001) reported that the diurnal variation in stem ra-
dius can be as much as 1–2 mm in Norway spruce in
winter and spring, which could explain some of the
very high flow rates in the spruce trees on some days
in April. The underestimate for some days in August
could probably also be explained to some extent by
the recharge of stored water after some rain events.
Waring et al. (1979)reported that the change in water
content of the sapwood could contribute to more than
1 mm per day of transpiration in a Scots pine planta-
tion. The scatter of the model is also large during the
warmest days in the middle of July, when the model
was extrapolated far outside the temperature range for
which it was calibrated. The performance of the model
on the 2000 data changed drastically when the very
rainy period ended. The reason could be that the trees
adapts to the high soil moisture by decreasing the sen-
sitivity of the stomatal conductance to increased VPD.
The diurnal pattern in the transpiration and weather
showed that although the radiation ended 1.5 h later in
the end of August than in the beginning of June, the
sapflow continued equally long (Fig. 10).

In Table 7, the correlations between the variables
used in this study are listed. In addition to the high
correlation betweenDday and Rday, it is noteworthy
that Tday andθREW are correlated. This behaviour is
probably normal during moderately wet to dry grow-
ing seasons. As the driest periods normally are left
out when the parameterisation is made, so are also the
warmest. For this reason, it is difficult to distinguish
the effect of temperature, vapour pressure deficit and
soil moisture at the most extreme levels. LAI, which
was not measured over the course of the season in the
present study, is probably also correlated to tempera-
ture, especially in deciduous forests.

Table 7
The r2 values for linear regressions between the variables (vapour
pressure deficit (Dday), global radiation (rday), temperature (Tday)
and relative extractable water at two depths (θREW)) used in the
model

Dday Rday Tday θREW 0–20 θREW 0–50

Dday 1 0.65 0.62 −0.16 −0.05
Rday 1 0.34 −0.01 0.01
Tday 1 −0.48 −0.28
θREW 0–20 1 0.89

Negative values indicate that the relationship was negative.
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Fig. 10. Average diurnal pattern for 2 weeks of temperature (a), global radiation (b), vapour pressure deficit (c) and transpiration (d) for a
period in the beginning of June (solid line) and in the end of August (dotted line) of 2000.

5. Conclusions

The main conclusions to be drawn from this paper
are that on average, the reduction of conductance
does not begin until 80% of the extractable amount of
soil water has been depleted. We also found that the
individual response to low soil water content varies
greatly; spruce tended to be more affected by drought
than was pine. It is also evident that the canopy
conductance in Scots pine and Norway spruce trees
shows slightly different responses to vapour pres-
sure deficit and radiation when they are growing in a
mixed stand. Pine shows a steeper response to both
variables. In spring, and when the soil water con-
tent changes rapidly, there may be a poor connection
between transpiration and sapflow, also when daily
averages are used.

Validation of the model on data from the year af-
ter the calibration showed that after a sharp shift in
weather conditions, from wet and rainy to warm and
dry, the model underestimated the transpiration sub-
stantially.

For future studies, it is important to point out that
the location of strip roads should be considered when
selecting trees for sapflow measurements and when
scaling-up to larger areas.
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