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Abstract 

Estimation of areal evapotranspiration is crucial for the parameterization of the soil-vegetation-atmosphere interface in 
climate models and for the assessment of land-use changes on water resources. Present knowledge on how areal forest 
evapotranspiration depends on forest species composition and age is insufficient. In this study, transpiration of 50- and 
lOO-year-old coniferous stands was estimated on the basis of sap-flow measurements on 24 trees, 12 in each stand. The 
measured samples represented the size distribution of Pinus sylvestris and Picea abies trees. Daily canopy transpiration 
(E,) was scaled from individual tree flow rates using the quotients of stem circumferences of the sample trees to those of 
the stands. EQ was used in a rearranged Penman equation to deduce a potential canopy conductance, valid for non-limiting 
soil-water conditions, from a period when soil-water storage was not limiting transpiration. This enabled quantification of 
the seasonal transpiration deficit, which in both stands reached at least one fifth of the total potential transpiration over the 
growth season. The estimated fluxes of EQ were low with a maximum daily value of about 2.8 mm in the 50-year-old stand. 
For dry-weather days, .Ea was well correlated to daily sums of stand evapotranspiration estimated from eddy-correlation 
measurements. Responses to drought were species specific. Transpiration in pines from the 50-year-old stand was less 
affected by drought relative to spruce or older pine trees, which was also reflected by stem increment during the season. 
0 1997 Elsevier Science B.V. 
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1. Introduction aerodynamically rough and well ventilated, which 

Transpiration flux from coniferous forests in the 
boreal region is largely controlled by canopy conduc- 
tance (g,). This is because boreal-forest canopies are 

minimizes the effect of aerodynamic conductance 
(Jarvis and McNaughton, 1986). The influx of car- 
bon dioxide will be similarly constrained by g,, 
since both water vapour and CO, pass through the 

* Corresponding author. Fax: + 46-18-672795. E-mail: 
Emil.Cienciala@mv.slu.se. 

stomata. Hence, stomata1 control is not only the key 
for assessment of transpiration and water balance, 
but it is also important for estimation of carbon 
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assimilation and net primary production of trees and 
stands. Under given concentrations of nitrogen in the 
soil, g, is mostly limited by a high vapour-pressure 
deficit, by soil-water deficit or by a combination of 
those factors. In these cases, stomata will close and 
g, will decrease. In many evaporation models, con- 
ductance sub-models of various complexities are 
usually included in a Penman-type equation. Known 
determining factors such as radiation, vapour-pres- 
sure deficit, soil-water deficit or water potential, are 
commonly expressed as individual multiplicative 
members which determine the actual g, (e.g. Jarvis, 
1976). Such models do not provide any information 
about mechanisms of the limitations, but they can 
mimic the actual rates well for most modelling pur- 
poses. 

The forest in the region has a rich mosaic of 
stands with a specific pine/spruce share and age. 
Comparing studies on water fluxes from monospe- 
cific stands of either pine (e.g. Lindroth and Halldin, 
1986) or spruce (e.g. Cienciala et al., 1994) in 
Sweden indicates that the importance of age and 
species for the site water budget is large. It is 
therefore desirable to compare the actual water use 
for the individual species and age classes. This will 
help to clarify the importance of species composition 
and age for averaging fluxes on larger spatial scales. 

Another important aspect of forest functioning is 
response to drought. This has become important 
especially in recent years: there is growing evidence 
of a higher frequency of climatic extremes as a result 
of global climate change (e.g. Karl et al., 1995). 
Even in the regions without climatic extremes, the 
annual variability of precipitation may be high and 
distribution of rainfall during a growth season very 
uneven. This may affect both growth and stability of 
forest ecosystems. As drought limits both water and 
carbon fluxes, quantification of the effects of drought 
on forest transpiration is therefore also important for 
assessment of a potential loss of production. To 
assess drought effect on transpiration, we estimated 
transpiration deficit, defined as the difference be- 
tween the stand transpiration for non-limiting soil- 
water conditions and the actual transpiration. We 
quantified transpiration deficit on daily basis for two 
stands of different ages and assessed the perfor- 
mance of species under water deficit conditions dur- 
ing a particularly dry growth season. Canopy con- 

ductance was obtained from a rearranged Penman- 
type equation with actual transpiration as an input 
variable. It was parameterized on a short moist pe- 
riod and then used to compute transpiration, not 
limited by soil-water, for the whole growth season. 
This enabled quantification of the seasonal transpira- 
tion deficit and its variation with tree age and species, 
which was the aim of this paper. 

2. Material and methods 

2.1. Site and stands 

The NOPEX (Northern Hemisphere Climate- 
Processes Land-Surface Experiment; Halldin et al., 
1995) Central Tower Site (60”5’N, 17”29’E, altitude 
45 m> is located in the Norunda Common about 30 
km north of Uppsala. Forests in the area are mixtures 
of Norway spruce and Scats pine which have been 
managed by forestry practices for over 200 years. 
Stands are distinguished by different spruce-pine 
proportions and age classes; the stands are harvested 
at IOO- to 120-year intervals. The soil is a deep 
boulder-rich sandy loam of glacial origin. At the site, 
the soil was podzolized and classified as Dystric 
Regosols (St;ihli et al., 1995). Ground water was 
very variable-it was observed at depths of 40-90 
cm in May 1994. Rooting depth is mostly up to 50 
cm, but occasional roots were found up to a l-m 
depth. In Uppsala, the 1961- 1990 average air tem- 
perature was 5.5”C, the average annual precipitation 
527 mm and the average Penman (1948) reference 
evaporation 454 mm. Measurements used in this 
paper were performed during the 1994 growth sea- 
son. This season was warm and dry relative to the 
average climatic conditions; the cumulative precipi- 
tation reached only 271 mm for the growth period 
(Fig. 11, which is about 16% lower than the long-term 
average in Uppsala. 

The studied stands were 50 and 100 years old. 
The basal area was 29.3 m* ha-’ and maximum 
stand height was 23 m for the 50-year-old stand. The 
corresponding values for the lOO-year-old stand were 
34.7 m* ha-’ and 28 m. The canopy of the 50-year- 
old stand was closed with occasional openings. The 
projected leaf-area index (LA0 was about 4-5. The 
stand was composed of Norway spruce (Picea abies 
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Fig. 1. Weather conditions and soil-vegetation-atmosphere fluxes 
during the 1994 growth season: 3-day average values of short-wave 
radiation (R,) and vapour-pressure deficit (6e); daily sums of 
evaporation according to Turc (ET) and transpiration ( EQ) for the 
50- and lOO-year-old stands: daily and cumulative precipitation 

(P, P,,). 

CL.); 66% of the stand basal area) and Scats pine 
(Pinus sylvestris CL.); 33%) with a few specimens of 
birch (Bet& albu (L,.)). The lOO-year-old stand was 
more open with an emerging small understory of 
Norway spruce. LA1 of this stand was about 3-4. 
The main canopy was composed of pine (80% of the 
stand basal area), spruce (19%) and birch (1%). 
There was a sparse vegetation in the older stand that 
consisted of many small young spruces and acido- 
phylous vegetation ( Vaccinium myrtillus). 

2.2. Measurements 

Tree sap flow was measured by the heat-balance The following analysis with a daily time step was 
method (Cerm&k et al., 1973, KuEera et al., 1977) performed:. Daytime average canopy conductance 
with instruments from EMS, Bmo, Czech Republic. (g,) was obtained by inversion of the Penman- 
Twelve trees in each of the stands were measured Monte&h equation using E, as an input variable. 
from two sides (24 channels per stand), distributed This permitted analysis of g, as a function of short- 
equally between pine and spruce. The logistics of the wave radiation CR,) and vapour-pressure deficit (Se>. 
tree sample selection and scaling of tree flyxes into The parameterization of the individual functions was 
stand flux was similar to that described by Cerm& et performed using data from June 1994, the period 

al. (1995). The measurements started in May, about 
2 weeks after the initiation of the growth period. In 
the younger stand, sap flow was not measured in 
both species simultaneously until mid-June and con- 
sequently the canopy transpiration data are not avail- 
able for this earlier period (Fig. 1). There are also 
some shorter periods during the summer when the 
sap-flow equipment was not in operation due to 
lightning. Sap flow from individual trees was scaled 
into canopy transpiration (EQ) on the basis of stem 
circumference quotients. This type of scaling was 
required due to the large variability of the measured 
sap flow among trees on the site (Cerm& et al., 
1995). 

Dry-weather situations were used to compare stand 
evapotranspiration ( E35 > with canopy transpiration 
(Eo). Es5 was measured with an eddy-correlation 
system on a 100-m tower at 35 m height. The tower 
was located 150 m from the lOO-year-old stand and 
about 600 m from the 50-year-old stand. The eddy- 
correlation system consisted of a sonic anemometer 
(Solent) and an infrared gas analyser (LI-COR LI- 
6262) which measured the fluctuating components 
with a frequency of 10 Hz (Grelle and Lindroth, 
1994, 1996). The forests surrounding the mast is 
relatively homogeneous with a fetch of 1 to tens of 
kilometres. A detailed footprint analysis for the mea- 
surements on the tower was not available for this 
study. 

Stem diameter increment was measured with den- 
drometer bands made of a thin metal sheet. They 
were placed at a height of about 1.5-2 m on those 
trees where sap flow was measured. Readings were 
taken at 2- to 3-week intervals. 

Weather data were taken from the System of 
Information in NOPEX (SINOP). 

2.3. Calculations 
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with several rain showers. During this period transpi- 
ration was assumed to be unaffected by soil-moisture 
scarcity. This assumption was based on the observed 
good correlation of Eo with the potential evapora- 
tion CR,) according to Turc (19611, in sharp contrast 
with the situation in July, when EQ rapidly de- 
creased relative to ET (Fig. 2). ET is calculated from 
daily means of short-wave radiation (R,; kJ day-‘) 
and air temperature (T,; “C) as 

ET = (R,/41.868 + 50) X 0.013 X T,/( T, + 15) 

(1) 

ET mimics well the rates of potential evapotranspira- 
tion (e.g. Cienciala et al., 1992, Federer et al., 1996). 
Since it does not use atmospheric humidity that 
would interact with stand evapotranspiration, it was 
used as a truly independent index of evaporative 
conditions in this study. 

Analysis of canopy conductance g, was based on 
a type of Lohammar (Lohammar et al., 1980) equa- 
tion. This phenomenological function has proven to 
be one of the most efficient to explain how measured 
conductance data depend on weather conditions (e.g. 
Massman and Kaufmann, 1989). The Lohammar 
equation is commonly expressed as: 

g, = gln,, x R,/( a + R,)/( 1 + b x se) (2) 

where R, is incoming short-wave radiation and Se 
vapour-pressure deficit. I$. (2) contains three pa- 

Noncnda 1994 
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Fig. 2. Daily transpiration ( EQ) of the two stands against evapo- 
transpiration by Turc (ET) for the period of 1 June-15 July. The 
sharp decline of EQ relative to ET reflecting the progression of 
water deficit during l-15 July 1994 is marked by connecting 
IilK%% 

mmeters (g,,, , a, b) whose values must be esti- 
mated on the basis of available data. In our case, the 
total set of data was rather limited for situations 
where soil-water was apparently not a limiting fac- 
tor. Instead of trying to estimate parameter values for 
a three-parameter function with an insufficient data 
set, we modified the original form of the equation 
and estimated parameter values in two steps. The 
influence of radiation on g, (m s-l> was first evalu- 
ated for values of Se below 1 kPa. The following 
function was used: 

g,=aR,/(b+R,) (3) 

Days with precipitation and the first day after a 
precipitation event were excluded from the data set 
used to estimate parameter values. The influence of 
vapour-pressure deficit on g, was subsequently 
evaluated with R,-values constrained to those above 
300 W rnm2. The following function was used: 

g, = c exp( - d6e) (4) 

Values for parameters a (9.32 X 10m3; 8.03 X 10e3), 
b (281; 1521, c (8.03 X 10m3; 3.62 X 10m3) and d 
(0.569; 0.331) were estimated from a least-squares 
regression fitting procedure for the respective stands 
(50 years; 100 years) using the independent variables 
R, (W rnp2) and 6e &Pa). Actual canopy conduc- 
tance was finally taken as the minimum value as 
given by Eqs. (3) and (4). Stand transpiration for 
non-limiting soil-water conditions (E,) for the whole 
growth season was calculated with these parameter- 
ized conductance functions in the Penman-Monte&h 
equation. 

Transpiration deficit can then be quantified as the 
difference between EN and EQ. This way, transpira- 
tion deficit represents the amount of water required 
by trees, but not available from the soil or accessible 
to trees. Note also, that E, does not directly relate to 
the potential evapotranspiration estimate ET. E, 
represents a function for maximum transpiration flux 
that was parameterized for a given stand(s) through 
the canopy conductance functions. 

To assess the importance of differences in species 
composition and age for pine and spruce in the 50- 
and lOO-year-old stands, we expressed E. for each 
of the species by weighting the species’ contribution 
to EQ <EQp and EQ, for pine and spruce, respec- 
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tively) by the quotient of the total stand basal area to 
the basal area of the particular species (A,, As; m2). 
This way, the stand was represented by a hypotheti- 
cal monoculture of either pine or spruce. The transpi- 
ration flux for such a monospecific stand of, for 
example, pine can be written as 

Eo =Eop(Ap +As),‘A, (5) 
where the fluxes Et1 and Eop, are given in mm 
day-‘. For these calculations, we included all the 
cases where pine and spruce trees were simultane- 
ously measured in both stands (n = 95 days). The 
species-specific transpiration rates were then used to 
derive species-specific g,. 

3. Results 

3.1. Canopy transpiration and stand evapotranspira- 
tion 

The daily values of canopy transpiration (E,) 
reached maxima of 2.8 mm for the 50- and 1.7 mm 
for the lOO-year-old stands (Fig. 1). The seasonal 
daily average, including all cases for which EQ was 
estimated in both stands, was 0.9 mm day-’ and 0.5 
mm day-‘, i.e. transpiration rates in the older stand 
were about 60% of those in the younger stand. The 
correlation between EQ of the 50- and lOO-year-old 
stands was strong (r = 0.981, but the relation of the 
absolute values changed during the season. This 
indicated slightly different drought responses of these 
two stands. 

The maximum values of transpiration were 
reached in the beginning of July, just before the start 
of the dry period (Fig. 1). The transpiration rates 
then decreased continuously while the evaporative 
demand continuously increased until mid-July when 
the dry spell was interrupted by two thunderstorms 
giving 19 mm of rain. After these showers, there was 
again a dry spell about 10 days when transpiration 
rates continued to decrease. In contrast, the reference 
evaporation estimated from empirical equations by 
Penman (1948) and Turc (1961) showed increasing 
rates during these two sub-periods, following the 
trends of the driving variables (radiation, air temper- 
ature, vapour-pressure deficit). These two estimates 
of evaporation had similar seasonal sums, namely 
468 mm and 462 mm. 

Eo was well correlated to daily sums of eddy-cor- 
relation measurements of actual evapotranspiration 
(&) during periods of dry weather (Fig. 3). 

The linear regression between EQ and Ej5 had a 
slope of 1.12 and a correlation coefficient r = 0.93 
for the 50-year-old stand, whereas the lOO-year-old 
stand had slope of 0.54 and a lower correlation 
(r = 0.80). For all dry-weather situations when soil- 
water was assumed to be non-limiting, the average 
value of EQ reached 85% of E35 for the young stand 
and 45% of E35 for the old stand. 

Accumulated species-specific transpiration was 
69.8 mm for pine and 85.8 mm for spruce in the 
50-year-old stand. This gives the relative rates of the 
two species: pine transpiration rate reached 81% of 
the rate for spruce. The corresponding pine values 
were 38.0 mm and spruce values 80.0 mm in the 
lOO-year-old stand, i.e. pine transpiration reached 
47% of the rate for spruce. This analysis is biased by 
the species-different responses to drought. If data 
from the drought in July-August 1994 were ex- 
cluded, the pine-spruce transpiration-rate quotient 
reached 61% in the 50-year-old stand and 52% in the 
lOO-year-old stand. The within-species comparison 
with respect to tree age showed that specific transpi- 
ration was lower for lOO-year-old trees than for 
younger ones. The difference was moderate for 
spruce, about 7% (16%), whereas it was large for 
pine, about 46% (28%), with the values in parenthe- 
sis based on the estimates excluding data from 
July-August 1994. 
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Fig. 3. Daily values of canopy transpiration (EQ) for the 50- and 
lOO-year-old stands (only dry-weather days included) versus ac- 
tual stand evapotmnspiration ( E35) estimated from measurements 
at 35 m by eddy-correlation equipment. 
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3.2. Canopy conductance 

The parameterization of the canopy-conductance 
functions (Eqs. (3) and (4)) with the given con- 
straints was complicated by a large scatter, giving 
low regression coeffkients ( r’). For the radiation 
(R,) function (Eq. (311, r* was 0.27 for the 50-year- 
old stand and 0.26 for the lOO-year-old stand (Fig. 
4). Also the dependence of g, on vapour-pressure 
deficit (6e; Eq. (4)) was relatively weak: using the 
constrained g, from June, the corresponding I-* 
values were 0.53 and 0.31 for the 50- and lOO-year- 
old stands, respectively (Fig. 4). 

The average actual g, for all times with simulta- 
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Fig. 4. Parameterization of canopy conductance ( g,) as a function 
of radiation (R, , top> and vapour-pressure deficit (Se, bottom) for 
the 50- and lOO-year-old stands, with the constrained values used 
for fitting marked by ‘ + ‘. A possible range of undem&nation, 
provided the assumption of saturated soil in June was not fahilled, 
is shown by shading for the 50-year-old stand. 
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Fig. 5. Seasonal course of 2-day-average actual canopy transpira- 
tion (Eo, dots) and potential (non-limiting soil water) transpira- 
tion (EN). Transpiration deficit, given by the difference E, - EQ, 
is shown by dark shading. A possible range of underestimation, 
based on the assumption of saturated soil in June was not fulfilled, 
is shown by light shading for the 50-year-old stand. 

neous measurements in both stands were 2.60 mm 
s-l for the 50- and 1.52 mm s-l for the lOO-year-old 
stands. The corresponding average values estimated 
by the parameter&d functions representing non- 
limiting soil-water conditions were 3.55 mm s-l and 
2.13 mm s- ‘. The maximum actual values of g, 
reached about 7 mm s-l and 4 mm s-l for the two 
stands in the studied growth season. 

The absolute differences of actual g, values for 
the 50- and lOO-year-old stands reflect the observa- 
tions of species- and age-specific transpiration. The 
average value of g, for a period of 95 days, when 
simultaneous measurements were performed on all 
the trees, were 2.85 mm s-’ for the hypothetical 
monospecific stand of 50-year-old spruce, 2.09 mm 
S -’ for 50-year-old pine, 2.64 mm s-l for lOO-year- 
old spruce and 1.25 mm s-l for lOO-year-old pine. 
The canopy conductance (per ground area) was lower 
for the older stand by 7% (17%) in spruce and by 
about 40% (31%) in pine trees (values in parenthesis 
calculated without data from the dry period of July- 
August). 

3.3. Transpiration deficit and stem-diameter incre- 
ment 

The seasonal integral of potential canopy transpi- 
ration (E, > reached 237 mm for the 50- and 144 mm 
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for the lOO-year-old stands, whereas the actual 
canopy transpiration ( EQ) was 193 mm and 112 mm, 
respectively. Transpiration deficit, i.e. the difference 
between EQ and EN, reached 19% of the seasonal 
integral of E, for the 50-year-old stand and 22% for 
the lOO-year-old stand (Fig. 5). 

The responses of trees to the water shortage in 
July and August were species-specific. In the lOO- 
year-old stand, both species lowered transpiration in 
similar ways relative to the potential evaporation. In 
the 50-year-old stand, pine trees partly compensated 
for the water shortage in the upper soil layers and 
maintained their transpiration rate well correlated to 
the evaporative demand for most of that period. This 
can be demonstrated with data from 1 June to 15 
July, indicating onset of water shortage around 1 
July (Fig. 2). For the individual species, the relation 
of EQ to ET was similar to that shown for the total 
canopy transpiration, with the exception of the 50- 
year-old pine trees, whose EQ remained highly cor- 
related to ET (Fig. 6). This species/age-specific 
response to drought was also reflected in the inde- 
pendent measurements of stem-diameter increment. 
The increment for the pine trees in the 50-year-old 
stand was less reduced during the drought period of 

0 0.5 1.00 0.5 1.0 

ET/E,_ (6) 

Fig. 6. Canopy transpiration (E,$ for the individual species 
relative to the potential evaporation by Turc (ET ) for the period of 
1 June-15 July; E. and ET are normal&d by the maximum 
values (EQmu and ETmu. respectively) for the categories shown. 
The progression of water deficit during 1-15 July, which had no 
obvious effect on E. of tbe Z&year-old pine trees at that period, 
is shown by connecting lines and filled symbols. 
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Fig. 7. Seasonal basal-area increment of trees (Ai) from the 50- 
and lOO-year-old stands (averages and standard errors of six trees 
per species and stand) where also sap flow was measured. 

July-August while the reduction was distinct for 
spruce trees in both stands and for pine trees in the 
lOO-year-old stand (Fig. 7). 

4. Discussion 

The absolute values of transpiration found here 
are lower than most of the values reported for 
conifers. The quantitative comparison of the mea- 
sured fluxes with literature is difficult, because most 
of the published measurements have been made over 
younger, shorter and denser plantations (e.g. Mc- 
Naughton and Black, 1973, Jarvis et al., 1976, Milne, 
1979, Tajchman et al., 1979) and they also include 
understory evapotranspiration. The range of literature 
values for conifers is high: Lindroth (1985) and Gash 
et al. (19891, who measured evapotranspiration over 
mature pine forests with low tree density and leaf-area 
index (LAI) found maximum daily evaporation rates 
of 4.5 and 4.8 mm. Gn the other hand, the measure- 
ments of Stewart (1988) over the 35-year-old Thet- 
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ford pine forest revealed evapotranspiration rate 
maxima similar to the values found here. Investiga- 
tions in boreal coniferous forests in Canada revealed 
daily transpiration rates less than 2 mm, much less 
than normally found for temperate forests (Sellers et 
al,, 1995). It is thus obvious, that for a single cate- 
gory of coniferous forests a wide range of actual flux 
rates is reported, which depends on many factors like 
structure, age, species composition, climatic and 
soil-water conditions etc. 

Also the correlation between the actual transpira- 
tion via sap-flow measurements and evapotranspira- 
tion by eddy-correlation system revealed difficulties 
of quantitative comparisons. Logically, canopy tran- 
spiration was mostly lower than stand evapotranspi- 
ration. In addition to tree transpiration, stand fluxes 
incorporate soil and dew evaporation and transpira- 
tion from understory vegetation, especially for the 
less dense loo-year stand. The sporadic cases when 
tree transpiration was slightly higher than the evapo- 
transpiration measured by eddy-correlation system 
are likely to be explained by a footprint analysis. 
This is necessary because the tower where eddy 
correlation was measured, was at a distance of about 
150 and 600 m from the two investigated stands. 
There was also a large directional variability ob- 
served for the measured fluxes of stand evapotran- 
spiration by eddy correlation on the tower (Grelle et 
al., 1997). This reflects the patchy structure of the 
forest in the area with many relatively small stands 
of different ages and densities. A detailed footprint 
analysis of the eddy-correlation flux measurements 
will likely improve the relationships of transpiration 
and evapotranspiration fluxes for the studied stands. 

The g, found here for the 50-year-old stand was 
about half of that found for a dense 24-year-old 
spruce monoculture in south Sweden (Cienciala et 
al., 1994). The latter forest had roughly twice as 
much needle area per unit of ground area compared 
with the present stand. The comparison of g, with 
other literature values was hampered by the fact that 
most conductance values found in the literature refer 
to whole stands and not to a tree canopy, i.e. under- 
story evaporation contributes to the stand conduc- 
tances. Understory evapotranspiration can contribute 
considerably to stand evapotranspiration. For a 4- 
year-old Pinus rudiatu stand with a height of 2.5 m 
and LA1 of about 3, Kelliher et al. (1990) reported 

an understory contribution to the total evapotranspi- 
ration of up to 50%. Spittlehouse and Black (1982) 
found that the understory of a Douglas-fir forest with 
a leaf-area index of 4.5 transpired 35% of the canopy 
transpiration whereas Ovhed (1995) found similar 
values for a birch forest with an LAI of 2. For our 
site, the contributions from the forest floor was later 
estimated as 15% in the 50-year-old stand for the 
growth period of 1995 (Grelle et al., 1997). How- 
ever, this contribution was estimated for a markedly 
more moist period in 1995 relative to the unusually 
dry year of 1994 investigated here. 

The pronounced differences in species-specific 
canopy transpiration could explain much of the dif- 
ferences in canopy fluxes for the two stands. The 
much lower transpiration of the old pine trees to- 
gether with their dominant representation makes the 
flux smaller in the lOO-year-old stand. The absolute 
difference in transpiration observed between the two 
stands is partly biased by a slightly smaller leaf area 
index (by about one) for the older stand; this, how- 
ever, did not explain the observed differences in 
transpiration fluxes. This supports the hypothesis of 
a lower hydraulic conductance in the vascular system 
of older trees as a primary reason for greater stom- 
atal closure and lower transpiration (Hinckley and 
Ceulemans, 1989, Yoder et al., 1994). The increased 
tree hydraulic resistance in older and taller trees may 
also limit tree height and tree growth and herewith 
explain the decline of production in older trees (e.g. 
Yoder et al., 1994, Ryan and Yoder, 1997). We 
briefly checked this for pines, where major differ- 
ences in canopy transpiration for the two age classes 
were observed, expressing the transpiration fluxes 
per leaf area on a tree basis. The biomass functions 
of Marklund (1988) were applied to calculate the 
needle mass for individual trees. Using a specific 
leaf area of 20 m kg-‘, we obtained the leaf area for 
individual trees. Also on a tree leaf area basis, 
transpiration was generally about lo-30% lower for 
the older pine trees relative to the younger ones (data 
not shown here). 

The omega factor (0) was mostly below 0.1 for 
both stands. These are typical values for coniferous 
stands with good canopy ventilation (Jarvis and Mc- 
Naughton, 1986). fl is an in&x of decoupling be- 
tween plant cover and atmosphere (McNaughton and 
Jarvis, 1983). It reflects the importance of canopy 
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conductance (g,) as a factor controlling transpira- 
tion. 

The uncertainty in assessing the impact of soil- 
water scarcity on canopy transpiration was primarily 
related to the low correlation between potential g, 
and weather conditions. There are several reasons for 
the weak correlation of g, to R, and Se: (1) the 
limited set of data for which parameter values were 
estimated. The data set was limited on purpose to 
avoid seasonal averaging and to include only non- 
limiting soil-water conditions; (2) simplifications by 
reducing the complex 3-D nature of canopy gas 
exchange and interacting microclimatic variables into 
the ‘big-leaf’ surface transfer implicit in the Pen- 
man-Monteith equation-neglecting the species- 
specific radiation regime (light-sensitive pine versus 
less light-demanding spruce, which competes well as 
an understory species); (3) the uncertainty about 
soil-water conditions. The measurements of soil- 
water status were not available for this study and 
therefore the assumption of a fully saturated soil in 
June may not have been fully met. This would also 
contribute to the large variations of g, in relation to 
R, and 6e (Fig. 4). Nevertheless, previous good 
results with similar forms of g, in the Penman- 
Monteith equation (e.g. Lindroth and Halldin, 1986, 
Stewart, 1988, Cienciala et al., 1992, Granier and 
Loustau, 1994) still makes it reasonable to base an 
analysis on the functions. But there is a need to 
re-investigate the response of g, to vapour pressure 
deficit, which might be only a mimicking factor of 
other likely limitation mechanisms such as hydraulic 
resistance and transpiration rate. The sole effect of 
humidity on g, was recently questioned by Monteith 
(1995). 

Since the soil-water measurements were not avail- 
able at the site in 1994, our assumption about soil- 
water deficit might have underestimated the real 
conditions at the site. It is possible that the soil was 
not fully recharged in June (the period used for 
parameter-value estimation) even if this was indi- 
cated by the relation of E. to ET (Fig. 2). The years 
1993 and 1994 were dry relative to the long-term 
average and the soil may have been unsaturated at 
the beginning of 1994. If this were the case, the g, 
functions (Eqs. (3) and (4)) should be determined by 
the maximum g, values rather than by their average 
in order to mimic the non-limiting conditions (Fig. 

4). If the functions of g, for the 50-year-old stand 
are drawn through the maximum values, the pre- 
dicted potential transpiration would increase to a 
maximum of about 3.3 mm and a seasonal sum of 
308 mm (Figs, 4 and 5). This would mean a substan- 
tially larger transpiration deficit for the site (Fig. 5). 
To clarify this question, a detailed analysis of diurnal 
courses of water uptake could be used, preferably in 
combination with a high resolution SPAC model, 
like the one of Eckersten (1991a,b). Alternatively, 
new measurements at the site during a hydrologically 
different year or concurrent independent measure- 
ments of soil-water conditions might clarify this 
uncertainty. 

Deep roots are one of the features which makes 
trees drought tolerant (e.g. Kramer, 1983, Kozlowski 
et al., 1991). Pine and spruce are expected to per- 
form differently in drought conditions. Pine is char- 
acterized by a deep root system, whereas spruce is a 
shallow-rooted species. In 1993, when measurements 
were performed only in the lOO-year-old stand it 
was observed that the recovery of sap flow after a 
drought period was more rapid for spruce than for 
pine <Cerrnak et al., 1995). That observation was 
based on data from two short time intervals. Here the 
seasonal courses showed that pine trees reduced 
transpiration in a similar way to spruce trees in the 
lOO-year-old stand during an extended drought pe- 
riod. We cannot say whether the older pine trees 
were just not able to operate under the same gradient 
of water potential as the younger ones or whether 
these gradients were higher in older trees. Additional 
measurements of water potential would help us to 
answer these questions. 

Using measurements of stem increment to assess 
the effect of drought on production may be biased by 
several factors, e.g. by a varying allocation of carbon 
to different tree compartments, changing respiration 
components in a tree carbon budget etc. However, 
the age- and species-specific transpiration responses 
to drought (Fig. 6) agreed well with the stem incre- 
ment for the studied categories (Fig. 7). We observed 
a similarly good correspondence of stem increment 
to infiltrated water in another study on 24year-old 
Norway spruce trees (Cienciala et al., 1994). The 
parallel measurements of stem increment appear to 
be a simple and useful independent measure on how 
trees respond to drought. 



166 E. Cienciala et al. /Agricultural and Forest Meteorology 86 (1997) 157-167 

5. Conclusions References 

1. 

2. 

3. 

4. 

5. 

6. 

For dry-weather days, daily canopy transpiration 
estimated on the basis of sap-flow measurement 
and stand evapotranspiration estimated from 
eddy-correlation measurements were highly corre- 
lated. 
Seasonal transpiration deficit in the studied mixed 
spruce/pine boreal forest stands was at least one 
fifth of the seasonal potential (not limited by soil 
moisture) transpiration. 
Canopy conductance and transpiration were lower 
for pine than for spruce at stand and tree level. 
Canopy conductance was lower for lOO-year-old 
trees than for 50-year-old ones approximately by 
one tenth for spruce and by a third for pine. A 
probable reason for this is a decreased hydraulic 
conductance in the sapwood of older trees. 
In the 50-year-old stand, transpiration in pines 
was less affected by drought as compared with 
spruce or older pine trees. 
Local-scale fluxes depend on species distribution 
and age, and this may affect regional fluxes. 
Distribution functions could be achieved by cate- 
gorizing forests in the region into age classes and 
pine/spruce quotients. Future measurement pro- 
grammes should be planned to cover these cate- 
gories. 
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