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Abstract 
 

This study reports on the transpiration by a hybrid poplar (Populus trichocarpa x P. deltoides) plantation in East 
Flanders during 1997. Transpiration was measured by sap flow techniques on individual trees and scaled to the stand level, 
and was simulated by the WAVE water balance model. Relatively high transpiration values by the poplar stand were 
found during the growing season, with maximum and mean daily transpiration of 5 and 1.9 mm per day, respectively. The 
seasonal (1 April-31 October) total transpiration amounted to 320 mm, representing roughly 70% of the potential 
evapotranspiration over this period. However, this transpiration represented only about three-fourths of the incoming 
precipitation. Reasonable agreement was found between measured and simulated stand transpiration. The difference between 
cumulated precipitation and cumulated actual transpiration closely mimicked the course of the water table. Suggestions for 
further improvements to the WAVE model have been made and discussed. © 1999 Published by Elsevier Science B.V. All 
rights reserved. 
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1. lntroduction 

 
Trees have a large effect on the hydrological cycle. 

The water use, or evaporative loss, of vegetation 
consists of two components, i.e., active transpiration 
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(from the soil through live plants) and interception 
(direct evaporation from live and dead plants and the 
soil surface). For most stands of broad-leaved trees, 
transpiration is the major component of water use. In a 
review of 92 catchment experiments world-wide, 
Bosch and Hewlett (1982) showed an average reduc- 
tion of water yield of approximately 25 mm per year 
for every 10% of a catchment under mature deciduous 
trees, as compared with grass or pioneer vegetation; 
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the equivalent figure for coniferous forests was 40 mm 
per year. Although there has been less work done on 
the stand water use by broad-leaved trees than by 
coniferous trees, a number of values of annual stand 
transpiration can be found in the literature for decid- 
uous species. For example, the yearly stand transpira- 
tion of an ash forest on chalk soils in southern Britain 
was 372 mm, which slightly exceeded that from a 
beech forest - 355 mm (Roberts and Rosier, 1994). 
On clay soils, the average annual transpiration of ash 
for the same years was 327 mm (Harding et al., 1992). 
These annual values are in agreement with the values 
for deciduous trees listed in Hall and Roberts (1990). 
They demonstrate that the total water use of beech and 
ash forests on chalk and clay formations in southern 
Britain was less than it was for grass. 

Hybrid poplar (Populus spp.) is an excellent tree 
species in rotation cycles of 15-20 years, because of 
its superior growth vigour and high wood production. 
It has been widely planted and cultivated in various 
countries (Anonymous, 1996) and is a major wood 
source in western Europe. Poplar plantations are also 
important in several parts of Flanders (Belgium). 
Poplars prefer moist to wet soils for optimal growth 
and production levels. But the possibly high water 
consumption of this fast growing tree species has led 
to concerns that large plantations may affect regional 
water table levels, or reduce aquifer recharge and river 
flows. There have been few studies on stand transpira- 
tion and stand water balance of poplar under longer 
rotations. Van Slycken and Vereecken (1990) used a 
water balance model to relate yield to water avail- 
ability in an attempt to understand the variability in 
growth at a 2 ha hybrid poplar plantation in Belgium. 
Their model was used to predict water supply through 
capillary rise from the groundwater table. Valadon and 
Diot (1996) found few references to poplar water cycle 
in their bibliographic review. For poplar under shorter 
rotation cycles, a detailed study on a four-year-old 
hybrid poplar (Populus trichocarpa x P. deltoides) 
stand in the Pacific Northwest (USA) yielded a 
maximum stand transpiration rate of 4.8 mm  per 
day (Hinckley et al., 1994). However, measurements 
in this study were carried out only over a short time 
period and no modelling was performed; conse- 
quently, no longer-term data was presented. Similarly, 
for a two- and five-year-old irrigated poplar coppice 
stand, transpiration rates of 4.4 to 4.8 mm per day have 

been reported (Hansen, 1988). A comprehensive 
synoptic review on poplar stand transpiration has been 
given in Table 1. Values cited and mentioned above 
have been included in this table. 

The main objectives of this study were (1) to 
quantify the transpiration of a fast-growing 13-year- 
old monoclonal poplar stand in East Flanders (Bel- 
gium) using two different approaches, (2) to compare 
the stand transpiration values scaled up from sap flow 
measurements on individual representative trees with 
those simulated by a water balance model, and (3) to 
relate the transpiration from the poplar stand to the 
potential evapotranspiration and the incoming preci- 
pitation. 

 
 

2. Materials and methods 
 

2.1. Experimental site and stand description 
 

The experimental poplar stand is located at 
Balegem (50°55tN, 3°47tE), in the sandy loam 
region of the province of East Flanders, Belgium, at 
a height of 45 m above sea level. The site is a former 
meadow with orchard of about 1.5 ha and the relief is 
flat. The soil is moderately gleyic loamy, with a 
degraded  texture-B  horizon,  the  texture  becoming 
coarser with depth and  with  an  Ap-horizon  of 
30 cm thick. The Belgian soil survey classifies the 
soil as an Adc(z)30. The FAO soil taxonomic classi- 
fication refers to the soil as a Glossaqualf. Mean 
annual and growing season totals (1 April-31 Octo- 
ber) of precipitation and evaporation at the site are 
given in Table 2. 

In 1984, approximately 1 ha was planted with two- 
year-old sets of the poplar clone Populus 
trichocarpa x P. deltoides cv. Beaupre', while the rest 
of the area was planted with the clone Populus 
trichocarpa x P. deltoides cv. Boelare. The spacing 
in  the  entire  plantation  was  approximately  7 m x 
7.5 m. In the winter of 1996-1997, the average height 
of the Beaupre' trees was 31.6 m, the stand basal area 
25.1 m2 ha-1 and the average stem volume 1.77 m3. 
With a mean circumference of 132 cm at breast height 
at the age of 13 years, an average yearly circumference 
increment of 10.2 cm per year was obtained. The 
frequency distribution of the diameter at breast height 
is illustrated by Fig. 1. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 
Comparative literature survey of stand transpiration of poplar (Populus) 

 

Poplar (Populus) Location Daily transpiration 
(mm/day) 

Total growing 
season transpiration 
(mm/growing season) 

Stand age 
(years) 

Reference 

P. tristis Wisconsin State, USA 4.4-4.8 - 2 and 5 Hansen (1988) 
P. trichocarpa x P. deltoides Buckinghamshire and Avon, UK 1-8 - 3 Hall et al. (1998), Hall and Allen (1997) 
P. euramericana, clone I-214 Northern Italy - 158 4 Anselmi (1982) 
P. trichocarpa x P. deltoides Washington State, USA 3.6 (average), 4.8 (maximum) 430-550 4 Hinckley et al. (1994) 
P. deltoides Michigan State, USA - 128 2 Liu et al. (1988) 

   365 3 Liu and Dickmann (1992) 
   603 6  
P. trichocarpa x P. deltoides East Flanders, Belgium 1.9 (average), 5 (maximum) 320 13 Present study 
P. tremuloides Saskatchewan, Canada 5-6 (maximum) 400 70 Black et al. (1996) 

 
 



  
Precipitation (P), potential evapotranspiration over grass (Er) and difference between precipitation and potential evapotranspiration (P - Er) at 
the experimental poplar site in Balegem (East Flanders, Belgium)a

 

Period Precipitation during 
1833-1975 (mm) 

Potential evapotranspiration 
over grass during 1967-1986 
(mm) 

Difference between precipitation 
and potential evapotranspiration 
(mm) 

 
 

During the year 750 548.7 +204.3 
During the growing season 465 470.3 -5.3 

 
 

aLong-term averages expressed on an annual basis, as well as over a growing season, are being represented (data modified after Dupriez and 
Sneyers, 1979; Gellens-Meulenberghs and Gellens, 1992). 

 

 
 
 

Fig. 1. Tree stocking density for all DBH (diameter at breast height) classes in the poplar stand in Balegem. 
 

In the summer of 1997, five representative poplar 
trees of the clone Populus trichocarpa x P. deltoides 
cv. Beaupre' were selected out of the very uniform 
plantation for the sap flow measurements. A small 

poplar tree was also included in the experiment to 
illustrate the different behaviour of dominant and 
suppressed trees. Biometric data of the selected trees 
are given in Table 3. 

 

Table 3 
Biometric data of the sap flow sample trees 

 

Tree No. Diameter at breast 
height (cm) 

Basal area 
(cm2) 

Bark thickness 
(cm) 

Crown radii: 
N, E, S, W (m) 

Projected crown 
area (m2) 

1 39.9 1253.4 1.1 3.9, 4.6, 3.4, 4.3 51.8 
2 44.2 1537.5 1.1 4.3, 6.3, 4.2, 4.0 69.4 
4 38.5 1165.1 1.1 4.2, 3.4, 3.4, 5.3 52.2 
5 42.0 1386.6 0.9 4.0, 4.0, 3.5, 4.7 51.5 
7 47.1 1743.1 1.1 4.8, 4.1, 7.0, 3.5 73.9 
8 16.4 211.1 0.8 0.8, 1.0, 1.7, 4.2 11.6 

2.2. Monitoring of the water balance in the poplar 
stand 

Climatological conditions at 2 m height were con- 
tinuously measured by an automatic weather station 
(Didcot Instrument Co. Ltd., Abingdon, UK), installed 

in a nearby meadow. A data logger (Campbell Scien- 
tific CR10, Shepshed, UK) permanently monitored 



 
With a previously determined specific leaf area, 
the maximum leaf area index (Lm) was 
determined. 

The ratio between the solar radiation inside (Ri) 

and outside the stand (Ro) reflects the plant area index 
(P). The evolution of the leaf area index (L) 
during the 
growing season was derived from this ratio, assuming 
that winter values (subscript w) of the ratio correspond 
to the skeleton area index, S (L = P - S): 

precipitation (tipping bucket Didcot DRG-51), wind 
speed  (Didcot  DWR-205),  wind  direction  (Didcot 

 
Lt = Lm 
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   l 
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(1) 
DWD-105), photosynthetic active radiation (Didcot 
DRP-1), air temperature and relative humidity (wet 
and dry psychrometer Didcot DTS-5) and incoming 
short-wave radiation (tube solarimeter, Delta-T- 
Devices, TSL, Burwell, UK). 

A second weather station (Didcot) in between the 
trees recorded, besides air temperature and relative 
humidity (Didcot DTS-5), short-wave radiation (tube 
solarimeter, Delta-T-Devices, TSL, Burwell, UK) and 
air pressure. In order to determine the interception, net 
precipitation was measured by flowmeters (Didcot 
DFM-250). They recorded the throughfall collected 
by plastic gutters (3 m2 surface area) in between the 
trees and the stemflow collected by spirals along the 
stem of two representative trees. The fluctuations of 
the groundwater table (Didcot DWL-10) were also 
followed to a depth of 4.4 m. Two different methods 
were used to measure soil moisture. TDR sensors were 
installed horizontally up to a depth of 3 m, at intervals 
of 25 cm, for the soil moisture content and measured 
by a cable tester (Tectronix 1502B, Redmond, USA). 
Tensiometers (Delta-T-Devices, SWT6, Burwell, UK) 
measured the soil water tension to a depth of 1.5 m. 
All data were measured every 30 s and recorded as 
means over 1 h intervals. During  the  period  of 
the sap flow campaign (9 August-2 September 
1997), the means were calculated over 15 min inter- 
vals. The TDR sensors were measured manually twice 
a week. 

If on particular days precipitation data were mis- 
sing, because of failure and repair of the tipping 
bucket, data were supplied from the Royal Meteor- 
ological Institute of Belgium, which has weather 
stations near the experimental plot: Melle, at 9 km 
distance, which provided hourly data, and Munte, at 
4 km distance, which supplied daily data. 

In autumn of each year, leaves were collected in 10 
baskets with a total surface of 2.8 m2 and oven dried. 

o    t o    w 

where Lt is the leaf area index at time t. 
The growth of five model trees was followed by 

microdendrometers, on a weekly basis. 
 

2.3. Simulation of the water balance 
 

For the simulation of the water balance, the WAVE 
(Water and Agrochemicals in soil, crop and Vadose 
Environment) model has been used (Vanclooster et al., 
1994). This model describes the transport and trans- 
formations of matter and energy in the soil, crop and 
vadose environment. The WAVE model consists of 
different modules, and the water transport module is a 
revised version of the SWATRER model (Feddes et al., 
1978). It describes the one-dimensional water trans- 
port in the soil using the equation of Richards (1931), 
which is based on the soil hydraulic properties. These 
include soil moisture retention, described by the 
power function model of van Genuchten (van Ge- 
nuchten, 1980; van Genuchten and Nielsen, 1985) and 
the hydraulic conductivity relationship, for which the 
Gardner (1958) model performed well in Belgian 
conditions (Vereecken et al., 1990). 

The soil profile is divided into a number of com- 
partments, and the total time period into discrete time 
increments of unequal lengths (time steps smaller than 
1 day), for the numerical calculation of the soil water 
fluxes. The conductivity and the differential moisture 
capacity are linearised. 

The maximum potential crop evapotranspiration 
(Ec) is required as input, and is calculated by multi- 
plying the potential evapotranspiration of a reference 
surface (Er) with a crop coefficient (Kc). Er is calcu- 
lated according to the Penman-Monteith equation 
(Monteith, 1965) for a standard stand of short cut 
grass, with roughness length 0.0015 m, zero plane 
displacement     0.08 m     and     canopy     resistance 



  
 

70 s m-1, using the AWSET (Hess, 1995) program 
for automatic weather stations. The potential tran- 
spiration (Tp) and evaporation (Es) are obtained by 
splitting Ec, using the leaf area index as splitting 
factor. 

Es = e-0.6LEc (2) 
Tp  = Ec-Es-l (3) 

where l is the interception (mm). 
The actual transpiration is the integral of the root 

water uptake over the profile. This is the relative 
maximum root water uptake as a function of depth, 
multiplied by a sink term. This term expresses the 
effect of the current pressure head on the potential root 
water uptake. The actual transpiration is limited by, 
and can never be greater than, the potential transpira- 
tion. While the water transport module of WAVE was 
originally developed for agricultural crops, it has been 
calibrated for forest conditions, too (Hubrechts et al., 
1997). In particular, the crop coefficient, Kc, the sink 
term and the relative root distribution are subjected to 
calibration. The soil moisture profile, as determined 
by the TDR sensors and the tensiometers, is used as 
calibration parameter. 

As input, the program requires some general profile 
information, daily climatological data (precipitation, 
reference potential evapotranspiration and intercep- 
tion capacity), soil hydraulic properties (soil moisture 
retention curve and hydraulic conductivity relation- 
ship), the course of the groundwater table, if present, 
and some crop-specific information (Li, Kc, relative 
root distribution). 

The model produces daily and cumulative values of 
evaporation, transpiration and evapotranspiration, the 
integrated upward and downward water fluxes and 
change of water storage at the bottom of the profile 
and at the bottom of the upper layer, the moisture 
content as well as the pressure head and root water 
extraction for each layer. 

 

2.4. Measurement and evaluation of sap flow 
rates 

 
Sap flow was measured in all experimental trees 

using the heat field deformation method with linear 
radial heating and a combined sensor (Nadezhdina and 
Cermak, 1998). The combined sensor consisted of a 

heater (insulated resistance wire) and two or three 
pairs of thermocouples situated around the heater. 
Both the heater and the thermocouples were incorpo- 
rated into stainless steel hypodermic needles, with an 
outer diameter of 1.2 mm. For the routine measure- 
ments of sap flow (primarily focused on diurnal 
dynamics of flow), standard sensors were inserted into 
a known depth below the cambium. Additionally, a 
series of special sensors were applied to measure the 
sap flow at different depths. Sap flow rate was mea- 
sured at six depths below the cambium within the 
sapwood, in order to get the radial pattern of flow and 
to specify the best position of the standard sensors. 
Each needle of such a sensor contained six thermo- 
couples. The thermocouples were arranged in the 
different sensors at equal distances of 10 or 15 mm; 
thus, the sensors were  covering  depths  of  50 and 
75 mm below the cambium. The temperature differ- 
ences were measured every minute and recorded as 
means over 15 min intervals (occasionally during 
intensive studies over 1 min intervals) by a datalogger 
(Unilog & Environmental Measuring Systems, Inc., 
type EMS-12, Brno, Czech Republic). 

The non-homogeneous flow in the different sap- 
wood depths was integrated over the whole sapwood 
area in order to get data for entire stems. Transpiration 
of the entire plantation stand area unit was scaled up 
from sap flow data for individual trees, based on the 
stand inventory. The scaling-up procedure has been 
described in detail by Cermak et al. (1997, 1998) and 
by Cermak and Kucera (1987, 1990), but in brief the 
procedure  is  as  follows.  The  mean  daily   sap 
flow rate in individual sample trees was related to 
the basal area and, alternatively, to the projected crown 
area of the sample trees. Transpiration of the mean 
trees for each DBH class was derived from the corre- 
sponding regressions. Stand transpiration was 
obtained by multiplying values for the mean trees 
with the corresponding number of trees in each class, 
and summing. 

All measurements at 15 min intervals were inte- 
grated to daily transpiration rates, Td, over the mea- 
suring period (8 August-3 September 1997). By 
relating these data to potential  evapotranspiration, 
Ec, it was possible to calculate the transpiration for 
the whole growing season Ts. However, because of the 
evolution of the leaf area during the growing season, a 
correction factor was used, the ratio between the leaf 



  

area index for a particular short period (Lt) and the 
maximum leaf area index (Lm). This full foliage leaf 
area index was reached in 1997, from 5 June to 7 
September. 

  
Lt 
  

3.2. Comparison of the measured and the modelled 
transpiration data 

The totals over the whole period from 9 August to 3 
September showed good agreement between the mod- 

Tt = Ts 
m 

  (4) elled and the measured transpiration, i.e., 141 and 
149 mm, respectively. However, consideration of the 

where Tt is the corrected transpiration at any time t. 
 
 

3. Results 
 

3.1. Upscaling the transpiration data from trees to 
stands 

 
The tree stems were very symmetrical, which cor- 

responded to minimum differences in sap flow 
between measuring points. The radial pattern of sap 
flow, discussed elsewhere (Cermak and Nadezhdina, 
1998), indicated that the whole sapwood area was 
conducting, although not at the same rate all over the 
area; maximum flow occurred around the middle part 
of sapwood. Both linear and curvilinear regressions 
for deriving transpiration of mean trees of each DBH 
class (Table 4) showed a very good fit. But the 
application of the curvilinear equation was taken as 
more reliable, especially for the smallest and largest 
trees at the stand, according to the experience on other 
experimental sites (Cermak et al., 1997). The basal 
area was taken as a more suitable independent vari- 
able, because it is easier to measure at the stand level. 
Although the crown projected area also showed good 
relationships in the sample trees, both independent 
variables gave similar results. A relatively low number 
of trees seemed sufficient for upscaling, because the 
plantation was very homogenous. The small tree was 
an exception, but did not deviate from the general 
relationship and helped anchor the scaling curves 
close to the origin. 

individual daily totals showed that on about a quarter 
of the days, the model significantly under- or over- 
estimated the transpiration scaled up from the sap flow 
measurements (Fig. 2). A more detailed analysis of the 
diurnal courses was necessary. 

On days with the best fit between the modelled and 
the measured transpiration rates (period A in Fig. 2), 
there was only 2-10% difference between both 
approaches. These were days without precipitation. 
The high and variable radiation showed daily totals of 
around 22 MJ m-2 per  day, but actual peak values 
persisted only for short time periods, of the order of 
minutes. The vapour pressure deficit (VPD) was med- 
ium to high, with daytime maximum about 12 hPa, 
night-time around zero. On these days, the sap flow 
reached highest  daytime peak values  and medium 
levels of night-time flows, i.e., about 10% of the 
daytime values (Fig. 3). 

Situations where the model showed higher daily 
values of transpiration than those measured (period B, 
9-10 August, in Fig. 2), were also days without 
precipitation. However, there was an almost cloudless 
sky.  The  daily  totals   of   radiation   were   above 
24 MJ m-2 per day, and actual peak values persisted 
for rather long periods of time, of the order of hours. 
The VPD was high, with daytime maximum VPD of 
about 18 hPa, night-time VPD between 2 and 4 hPa. 
The daytime values of the sap flow were lower than in 
the previous case. Moreover, in this period the highest 
night-time flow rates were reached, up to 15% of 
daytime values, and these were found to be highly 
sensitive to VPD (Fig. 4). The diurnal variation of the 

 
Table 4 
Linear and non-linear equations relating the mean daily transpiration (Td) of the sample trees to their biometric parameters 

Independent variable Equation r2
 

L 

Basal area (X1) Td = 0.12 X1 0.98 
 Td = 315 exp(-3.4 exp (-0.00124 X1)) 0.98 
Projected crown area (X2) Td = 2.96 X2 0.98 

 Td = 315 exp (-3.5 exp (-0.0306 X2)) 0.98 

 



  
 

 
 
 

Fig. 2. (a) Precipitation during the intensive study period (sap flow measurement campaign) of 9 August to 3 September 1997. Three specific 
periods (represented by A, B and C) were analysed in more detail as discussed in the text; (b) Daily totals of actual stand transpiration, as 
measured by the sap flow method (empty squares, thin line) and as simulated by the WAVE model (full squares, heavy line). 

 
 

sap flow rates is consistent with stomatal closure 
during the midday hours, in response to water stress. 
The model does not reproduce such an effect. On 11 
August, sap flow did reach higher levels, because VPD 
values were highest on 11 August in comparison with 
most other days, and also reached their maximum in 
late afternoon, when radiation already dropped (Figs. 
2 and 4). 

The model yielded lower values of daily transpira- 
tion than the measured ones (i.e., underestimated the 
measured transpiration) on days with precipitation 
events, e.g. period C in Fig. 2. However, the effect 
of the rain on the modelled transpiration rates was 
dependent on the amount and timing of the precipita- 
tion. When rainfall exceeded 1 mm, the model 
deviated from the measured transpiration when the 
rain did not fall within the period during which 
transpiration occurred. This clearly happened on 24 
August (with most of the rainfall at night), on 28 
August (with much of the rainfall in the morning), and 
on 1 September (with high rainfall during evening and 

 
at night). On these dates, the model predicted zero 
transpiration, although  the sap flow measurements 
showed a quite high transpiration level (Fig. 5). How- 
ever, when the rainfall came from a short, but heavy 
shower (<1 mm) during daytime with a persisting 
evaporational demand, the simulated transpiration 
was close to the measurements: 26 and 29 August 
are good examples of this. Furthermore, on days with 
rather high precipitation (>1 mm; e.g., on 22 and 30 
August) spread over a major part of the day with low 
radiation and evaporation demand, the model also 
satisfactorily simulated the stand transpiration. Typi- 
cally, these days were also characterised by low VPDs 
(around 3 hPa during daytime and reaching zero dur- 
ing the night), as well as by low and variable incoming 
radiation levels, i.e., daily totals of global radiation 
(Rg) were equal to or lower than 12 MJ m-2 per day. 
On these days, sap flow rates were also low, decreased, 
of course, during rainy events, and remained rather 
low for some time after the rainy period. The night- 
time values of sap flow rates were lower than in both 



  
 

 
 
 
 

Fig. 3. (a) Typical diurnal course of sap flow rate, (b) incoming global radiation and vapour pressure deficit (VPD), as observed on selected 
days with a good correlation between measured (by sap flow method) and simulated (by the WAVE model) transpiration rates during period A 
with no precipitation. 

 
previous situations, but they remained rather high 
(about 12% of maximum sap flow rates) when com- 
pared with the daytime values (Fig. 5). 

 
3.3. Temporal scaling using Ec and leaf area index 

data 
 

The daily transpiration, as measured by the sap flow 
technique, Td, showed a good correlation with poten- 
tial evapotranspiration, Ec (Fig. 6). This allowed the 
application of the regression equation so that data 
could be extrapolated over a longer period of time 
outside the study period. 

Td = Ec0.86 (5) 

This coefficient produced daily transpiration estimates 
in good agreement with the simulation for the period 

with fully developed leaf area index Lm (period II in 
Fig. 7(a)) and, when seasonal changes of leaf area 
index were taken into consideration, for the period of 
leaf growth (20 April-5 June, period I, Fig. 7(a)) and 
leaf fall (7 September-7 October, period III, Fig. 7(a)). 

When the growing season was considered from 1 
April to 31 October (Fig. 7(b)), the seasonal total of Ec 

reached  508 mm.  The  actual  stand  transpiration 
(scaled up from the measured sap flow rates) reached 
329 mm  (with  a  maximum  of  4.91 mm  per  day), 
which was very close to the value of 311 mm simu- 
lated by the model (with a maximum of 5.06 mm per 
day).  So,  the  total  cumulative transpiration  of  the 
poplar  stand  represented  65%  (measured),  respec- 
tively  61%  (modelled)  of  Ec.  When  the  growing 
season was restricted to the active period during which 
transpiration could really occur (i.e. with L > 0, from 



  

 
 
 
 

Fig. 4. (a) Typical diurnal course of sap flow rate, (b) incoming global radiation and vapour pressure deficit (VPD) as observed on days when 
the actual transpiration, as measured by the sap flow method, was overestimated by the WAVE model during period B with no precipitation. 

 
19 April to 6 October 1997), the mean daily transpira- 
tion of the poplar stand was 1.92 mm per day, as 
obtained  from  the  sap  flow  measurements,  and 
1.82 mm per day as a result of the modelling effort, 
for a mean Ec of 2.72 mm per day. The sound coher- 
ence between the simulated and the calculated tran- 
spiration course suggested that the slope of the 
regression (Fig. 6, Eq. (5)) was rather unaffected by 
phenological changes in the trees over the growing 
season. 

Both stand transpiration and precipitation (P) were 
reflected in the seasonal evolution of soil water con- 
tent, with  most pronounced changes in  soil water 
content occurring in the upper soil layer (Fig. 8(a)). 
Furthermore, the calculated difference (D, in mm) 
between the cumulated precipitation and the cumu- 
lated transpiration, D = P - Td  also clearly reflected 

the pronounced changes in the level of the ground- 
water table (see Fig. 8(b) and Fig. 9(a)). The regres- 
sion between the difference of precipitation (430 mm) 
and transpiration (311 or 329 mm) cumulated over the 
period of fully developed foliage (i.e., 21 May-22 
September)   and   the   groundwater    table    level 
(H = 0.028 x D - 4.75) showed a good fit when tran- 
spiration data from the sap flow measurements were 
used (r2 = 0.86; SE = 0.332). This regression was 
almost the same when simulated transpiration data 
from the model were used, although the fit was slightly 
lower, i.e. r2 = 0.56 (Fig. 9(b)). 

 
4. Discussion 

 
This study reported seasonal transpiration by the 

monoclonal poplar stand of 320 mm, with a maximum 



  
 

 
 
 
 

Fig. 5. (a) Typical diurnal course of sap flow rate and precipitation, (b) incoming global radiation and vapour pressure deficit (VPD) as 
observed on days when the actual transpiration, as measured by the sap flow method, was underestimated by the WAVE model during period C 
when rain occurred. 

 
 

of 5 mm per day and daily mean of 1.9 mm per day. 
This was a considerable quantity of water when 
compared with other species in the region, such as 
Scots pine, where values of 1 mm per day were 
observed (Cermak et al., unpublished results). The 
stand transpiration values of this study are comparable 
to those available in the literature for many forests 
in Europe (Roberts, 1983). Stand transpiration of 430- 
550 mm were obtained in the Pacific Northwest 
when the measured transpiration rates of young 
interamerican hybrid poplars were extrapolated to a 
growing season of 120-150  days (Hinckley et al., 
1994). On the other hand, values as low as 158 mm 
over 120 days of growing season were observed in 
Italy for Populus x euramericana (Anselmi, 1982). 
However, part of these differences might be explained 

by stand age, as transpiration studies on Populus 
deltoides have shown (Liu et al., 1988; Liu and 
Dickmann, 1992). Black et al. (1996) found that the 
annual water use by a 70-year-old Populus tremuloides 
stand in northern Saskatchewan, Canada, was 400 mm 
and the maximum daily value almost 6 mm per day. 
For a coppiced poplar stand of the same clone (Beau- 
pre'), Hall et al. (1998) and Hall and Allen (1997) 
reported a variation in daily transpiration  from 1- 
8 mm per day, depending on the supply of ground- 
water (Table 1). 

Data from several studies reviewed by Hall and 
Roberts (1990) are characterised by annual transpira- 
tion totals substantially less than the potential tran- 
spiration for the site locations. However, transpiration 
totals for mature stands of several common European 



 

 
Fig. 6. Relation between actual transpiration (Td) of the poplar plantation, as measured by the sap flow method and scaled up to the stand level 
and potential evapotranspiration (Ec ). Values during a wet period: filled, black squares; values during a dry period: open, square symbols. The 
dotted line represents the 1 : 1 relationship. 

 
 

 
 
 
 

Fig. 7. (a) Seasonal course of potential evapotranspiration (Ec) and leaf area index at the poplar plantation during the year 1997. I: leaf growth 
(spring), II: fully developed leaf area (summer), III: leaf fall (autumn). Only the evolution of the leaf area index from leaf flush in the spring 
until leaf fall in the autumn was applied for further calculations, supposing that LAI remained constant over the major part of the growing 
season (i.e., June-September). (b) Seasonal course of actual daily transpiration, either measured by the sap flow method (thick line), or 
simulated by the WAVE model (thin line). Values of actual transpiration calculated using Ec and corrected according to leaf area index 
development are marked by open squares. 



  
 

 
 
 
 

Fig. 8. (a) Seasonal course of soil water content at different depths (horizons) and daily precipitation at the poplar plantation during the year 
1997. (b) Evolution of cumulative values of precipitation (P), potential evapotranspiration (Ec) and transpiration either measured by the sap 
flow method (Tt) or simulated by the WAVE model (Tw) for the poplar stand. 

 

species, including poplar and willow, were unavailable 
(Harding et al., 1992). For the specific conditions of 
the present study in Balegem (Belgium), precipitation 
was also high enough, with the good water storage 
capacity of the loamy soil, probably to preserve the 
poplars from drought stress. 

At present, few comparisons exist between scaled- 
up sap flow rates and simulated water balance. For 
determination of the transpiration of the monoclonal 
poplar stand, acceptable agreement was observed 
between the transpiration measured by the sap flow 
method on individual trees and scaled up to the stand 
level and the one simulated by the WAVE model. The 
model could be improved by introducing two-step 
calculation procedures. For example, on days of high 
evaporative demand, when the model overestimated 
transpiration, we could introduce a parameter to 
account for the reduction in stomatal conductance 

in response to high evaporative demand caused by 
high values of radiation and VPD. Our results indi- 
cated  that  the  threshold  value  of  Rg    is  around 
24.8 MJ m-2 per day, i.e. about 96% of the seasonal 
maxima, and that the threshold value of the simulta- 
neously occurring VPD would be about 17 hPa, i.e. 
about 90% of the seasonal maxima. With regard to 
rainy days, when the model underestimated the stand 
transpiration, we suggest that not only the rainfall 
needs to be included in the model as an input variable 
for the calculation of the transpiration. As rainy events 
are followed by a period of interception, the diurnal 
distribution of the rainfall should also be included in 
the model, and this could be introduced either by a 
measurable parameter characterising the daytime per- 
iod of leaf wetness, or by indicating the time of the 
rainy events, at least in terms of daytime (from early 
morning to late afternoon) or night-time hours. 



  

 
 

 
Fig. 9. (a) Seasonal course of the measured groundwater table level (H) (dotted heavy line) and of the calculated difference between 
cumulative precipitation (�P) and cumulative actual transpiration (�Td), either measured by the sap flow method or simulated by the WAVE 
model. (b) Relation between (�P-�Td) and groundwater table level for a period with almost fully developed canopy foliage. Black squares: 
based on sap flow measurements, open squares: based on model. 

 

5. Conclusions 
 

This study reported reliable data on the stand 
transpiration of nearly mature poplar stands, namely, 
320 mm for the growing season of 1997, with a daily 
average of 1.9 mm and a maximum of 5 mm. Further- 
more, this study illustrated that the WAVE model, 
which simulates the water balance of a forest stand, 
showed good agreement with the measured transpira- 
tion, but further validation and testing are required. 
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