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Abstract The aim of this study was to investigate tran-
spiration and its main driving factors on the example of a
hybrid poplar plantation with the clone Populus maxi-
mowiczii X P. nigra, cv. Max 1 on a site in the hilly loess
region of Saxony (Germany). Transpiration was measured
using sap flow techniques during the 2007 and 2008
growing season. At the same time, throughfall, soil mois-
ture dynamics and soil physical properties were also
measured. Total transpiration rates amounted to 486 mm
and 463 mm, respectively, during the 2 years. Maximum
daily transpiration rates reached 6.7 mm/day, while an
average of 2.2 mm/day for the entire growing season was
recorded. The main controlling factors for stand transpi-
ration included the evaporative demand, water availability
and soil temperature. The information was implemented
into a simple empirical model for the prediction of tran-
spiration. It can be concluded that large-scale establish-
ment of poplar plantations will result in a distinct reduction
in groundwater recharge. On the other hand, surface run-off
and soil erosion may decrease. Due to limited water
availability in the late growing season, the growth potential
of the tested clone cannot fully be exploited at many sites
in Germany.

Keywords Evapotranspiration - Soil water - Poplar -
Plantation - Sap flow

Communicated by R. Matyssek.

R. Petzold (<)) - K. Schwirzel - K.-H. Feger

Institute of Soil Science and Site Ecology, Technische
Universitdt Dresden, Pienner Str. 19, 01737 Tharandt, Germany
e-mail: Petzold @forst.tu-dresden.de

Abbreviations

ETP  Potential evapotranspiration over grass
LAI  Leaf area index

REW Root extractable water [fraction]

T Stand transpiration

Tn Stand transpiration normalised by LAI
Ts Soil temperature

Introduction

Interest in the utilisation of fast growing tree species as a
renewable energy source and raw material is increasing
worldwide. In Germany, short rotation plantations are
being established on agricultural land. Hybrid poplars
(Populus spec.) and willows (Salix spec.) are favoured in
northern temperate climates due to their rapid growth rates,
ease of propagation, broad genetic base, short breeding
cycles and ability to resprout after multiple harvests (Volk
et al. 2004). The demand of short rotation forests with an
optimal supply of nutrients, water and light is high.
Nutrient supply on former arable land is sufficient, at least
during the initial rotations or if not, can easily be adjusted
by means of fertilisation. The light situation can be con-
trolled by optimising stand structure and density. However,
at many sites, water can present a problem. It is generally
accepted that poplar stands use significantly more water
than field crops or other deciduous trees (Stephens et al.
2001). On sites where either precipitation rates are too low
or irrigation is not feasible, soil water availability becomes
the main growth limiting factor (e.g. Jug et al. 1999,
Linderson et al. 2007). Due to the high levels of water
uptake by poplar, the conversion of arable land to short
rotation plantations, of this species, may result in a reduced
groundwater recharge and surface water yield (Hall et al.
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1996; 1998, Allen et al. 1999). In order to exploit the high
yield potential of short rotation forests, but simultaneously
minimise negative effects of the high water demand, it is
necessary to carefully select adequate sites for plantations.
Moreover, poplar species and their hybrids show a wide
range of physiological mechanisms to control transpiration
and canopy conductance in response to changing environ-
mental variables (Blake et al. 1996; Monclus et al. 2006;
Souch and Stephens 1998). Therefore, the specific water
relationship of the various clones has to be taken into
account when assessing hydrological effects of poplar
plantations.

Only sparse information exists about the water demand
and transpiration of poplar species and their hybrids, for
site conditions in Germany. Bungart and Hiittl (2004)
studied the relationship between water of poplar plantation
with P. trichocarpa x P. deltoides, cv. Beaupré and
P. trichocarpa x P. maximowiczii, cv. Androscoggin on
rehabilitated sites in the mining region in South Branden-
burg, Germany. They found significant differences in
transpiration between the two clones. However, more than
50 different poplar clones exist in Germany, which have
shown superior growth characteristics and have legal
authorisation for use in plantation practise. To date, there is
no information available about the relationship between
soil water dynamics, root water uptake, transpiration and
yield under field conditions with the often planted clone
of Populus maximowiczii x P. nigra. Nevertheless, the
knowledge of site- and plant-specific interactions supports
planning of short rotation forests and is therefore necessary
for the economic success and ecological sustainability of
plantations.

Objectives

The main objectives of this study were (i) to determine
stand transpiration of the clone Populus maximowiczii X
P. nigra, cv. Max 1 by sap flow measurements, (ii) to
identify the main environmental variables controlling stand
transpiration and (iii) to derive an empirical model for
predicting actual canopy transpiration in response to
evaporative demand, soil moisture and soil temperature.

Materials and methods
Study site

The study site is located near Methau, a village in the hilly
loess region of Saxony, Germany (51°05'N, 12°49'E) at
210 m asl. The region is characterised by a subcontinental
climate. According to the records of the Methau agrome-
teorological station (1994-2008), the mean annual air
temperature is 8.7°C and the mean annual precipitation is
770 mm. Table 1 presents monthly values of precipitation
and the precipitation deficit for the study duration of 2007
and 2008 in comparison with the average of 1994 through
2008. The 2 years are characterised by similar mean air
temperatures but significantly higher monthly precipitation
rates than the long-term averages.

The poplar plantation was established in 1999 on former
arable land. The goal of this plantation was to demonstrate
the production potential of raw material for the paper
industry within an exploitation cycle of 10 years. Different
clones and management schemes were tested. It covers an
area of 13.4 ha on a gentle NW facing slope. The soil cover
consists of a mosaic of Haplic Luvisols which transitions to
Stagnic Luvisols, derived from loess, above a deeply
weathered argillite. Twelve different poplar clones (cut-
tings) had been planted in several blocks. The plot of our
study consisted of a poplar block (Populus maximowiczii
x P. nigra, cv. Max 1) in growth years nine and ten,
respectively, covering an area of 828 m”. The original
spacing in the block was 2 x 3 m (1,667 cuttings/ha). Due
to plant mortality after planting, the actual tree density is
1,570 trees/ha. To the west of the trees, in the centre of
the plantation, was a block of the Populus trichocarpa x
P. deltoides, cv. Beaupré clone and to the east a block of
the Populus maximowiczii x P. nigra, cv. Max 3 clone. In
December 2006, the average tree height was 11.0 m and
the mean diameter at breast height was 13.2 cm.

Sap flow measurements
The transpiration T of the poplar stand was estimated based

on sap flow measurements using the trunk heat balance
method (THB) (Cermak et al. 1973; Kucera et al. 1977;

Table 1 Monthly sum of corrected precipitation and monthly precipitation deficit (P — ETP) during the growing season, average values for the

period during 1994-2008

Period Precipitation [mm/month] Precipitation deficit [mm/month]

Apr May Jun Jul Aug Sep Apr-Sep Apr May Jun Jul Aug Sep Apr—Sep
1994-2008 44 73 67 91 87 65 428 —-17 —19 -35 —18 -9 14 —84
2007 2 123 84 119 119 109 556 —83 16 -30 2 29 58 -9
2008 119 23 85 78 106 68 479 69 —-76 —-32 —34 0 15 —-57
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Table 2 Biometric data of sample trees for sap flow measurements,
each individual tree was only measured during one growing season,
height estimation by optical measurement (Vertex III, Haglof,
Sweden)

Sample tree 2007 2008
DBH [cm] Height [m] DBH [cm] Height [m]

1 12.3 9.7 13.1 14.2
2 12.9 8.1 14.0 14.6
3 13.6 114 15.2 14.9
4 14.2 11.2 15.8 13.2
5 15.5 11.2 18.1 15.0
6 16.6 11.3 18.4 13.5
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Fig. 1 Distribution of tree diameters at breast height (DBH) for the
measured poplar stand (area = 828 m?) used for calculation of stand
transpiration

Cermak et al. 2004). Sap flow sensors from EMS (Envi-
ronmental Measurement Systems Inc., Brno, Czech
Republic) were installed on six trees (Table 2) according to
the tree diameter distribution (Fig. 1).

Between three heated sensors, which cover an effective
tangential width of 5.5 cm and a reference sensor, the sys-
tem kept a constant temperature difference of 1 K. Stainless
heating plates and electrodes covering a xylem depth of
35 mm were used. The assumption that electrodes cover the
main part of the conducting xylem depth was confirmed by
visual differentiation between the wet, dark heartwood and
the dryer, lighter sapwood (c.f. Cermdk and Nadezhdina
1998). Samples of cores of different trees at different
expositions taken with an increment borer were therefore
evaluated. The output voltage for heating the stainless plates
of the three upper sensors was logged every 10 min (EMS
minicube). The values represent the integral over the heated
volume of the trunk segment. They were directly converted
to the sap flow rate by a physical-based heat balance equa-
tion (éermék etal. 1973, 2004; Kuceraet al. 1977; Tatarinov

et al. 2005). Mini32 software (EMS) automatically calcu-
lated the sap flow rate (kg/h) for each measured tree
according to biometric parameters. Baseline correction was
manually performed using Mini32 (EMS), assuming zero
flow at 3:00 pm. For more information, see the manual of the
used sap flow system of EMS (2006). Daily mean values of
sap flow rate were calculated according to recommendations
by Phillips and Oren (1998) by averaging values from
6:00 pm to 5:00 am on the following day. Upscaling of
single tree transpiration to stand transpiration is based on sap
flow distribution in DBH classes (éermék et al. 2004).

Simple linear regression curves were constructed
between the diameter of the investigated trees and the
averaged sap flow rate (in 2007, R?> = 0.84 and in 2008,
R* = 0.58). However, the R* values were not improved by
using an upscaling procedure for each individual day, and
obtained daily values for stand transpiration did not differ
significantly from values calculated by a seasonal scaling
approach. Some gaps exist in sap flow data due to sensor
failures during a part of the 2008 growing season. Between
tree three and four (R2 = 0.95) and tree two and six
(R* = 0.97), respectively, functions of linear regression
were performed in undisturbed measuring periods and used
for gap filling.

Leaf area index (LAI) was measured using the optical
instrument LAI 2000-PCA (LI-COR Inc., Lincoln, USA) in
an interval of one to 3 weeks during the whole growing
season. Below the canopy, 24 permanent points were
measured with the 90° cap, and a second sensor was used to
measure in an open field near the plantation. Due to the size
of the plot, only rings one to three were analysed. In
accordance with recommendations by Eriksson et al.
(2005), no further correction for clumping index and winter
LAI were made. The optical measurement was reassessed
by estimating the leaf area index based on the specific leaf
area at different tree heights (July 2007) and leaf collection
during leaf fall 2007.

Soil hydrological and soil physical measurements

Soil moisture was measured with TDR sensors (IMKO
GmbH, Ettlingen, Germany). After determining the main
rooting zone, based on soil profile assessment (Table 3),
three sensors were horizontally installed at 5 cm, two at
20 cm and one at 45 cm depths. Soil temperature was
measured by Pt100-sensors in 5, 20 and 45 cm depths.
A Logger (DL2e-Logger, Delta-T) monitored in 1h
intervals. To evaluate the heterogeneity of the plot and
observe soil moisture development deeper in the soil pro-
file, we used a TRIME PR3 tube probe (IMKO) designed
for water content profiling, with a mobile FM3 measuring
device (IMKO). Nine IMKO-TECANAT plastic access
tubes were randomly installed and weekly profiled during
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Table 3 Soil physical and hydrological properties at the study site

Horizon Thickness Sand Silt Clay C,, dB

AC per dm AWC per horizon Hydraulic conductivity at

Fine roots per horizon®
pressure head [cm]

—-31 —63 —316

[cm] [M.—%] [g/em®] [Vol.—%]  [mm] [mm/day] [roots/dm?]
Ap 32 6 8 12 158 141 13 90 8.9 1.6 0.3 73
E 18 3 85 12 041 154 6 47 6.0 3.6 0.8 7
Btg1 17 9 73 18 020 157 7 36 0.9 0.7 0.3 8
Btg2 25 29 55 17 012 177 5 53 n.m. n.m. n.m. 2
Bt - 28 51 21 011 172 4 n.m. 0.8 0.6 0.2 -

The soil is a Stagnic Luvisol with C,, organic carbon, dB Bulk density, AC air capacity = volume between pF 0 and pF 1.8, AWC plant
available water = water stored between pF 1.8 and pF 4.2, pF loglpressure headl, n.m. not measured; (* determined in a soil trench; coarse roots
deeper than 1.2 m below the trunk assessed by complete stump excavation of two sample trees)

the 2007 growing season down to 100 cm soil depth. In
2007, soil suctions were measured weekly using 26 per-
manently installed pressure head tensiometers in 5, 30, 45,
60 and 100 cm depths.

The measured soil water contents, at 5 and 20 cm, were
assumed to apply to soil depth intervals at 0—10 cm and
10-30 cm, respectively. Based on the results from the
tensiometers, TDR and PR3 probes, the soil water
dynamics below 30 cm only showed small variations. This
allowed scaling of the water content measurements, of the
TDR probe at 45 cm, to a range of 30—100 cm. The root
extractable water (REW) was calculated from TDR mea-
surements as proposed by Granier et al. 2000

Opc — 0O

REW Orc — Omin M)
with @, O, and Ogc (Vol.%) as actual, minimum and
volumetric water content at field capacity estimated from
field measurements. Field capacity was defined as the soil
water content, after three dry days, following a period of
saturated soil, in early spring 2008. REW was calculated to
a depth of 100 cm using averaged daily TDR readings in
the scaling intervals as mentioned.

Soils were described according to WRB soil classifica-
tion. The coarse and fine root distribution was mapped
according to the method used by Bohm (1979). Excavation
of two stumps, in 2008, gave additional information about
rooting behaviour below the trunk. Disturbed and undis-
turbed soil samples (250 cm®) were taken from every
horizon (five replicates) to measure water retention,
unsaturated hydraulic conductivity, bulk density, soil tex-
ture and carbon content. The complete description of the
investigated soil profile is given in Table 3. The upper soil
horizon is characterised by a higher available water
capacity than the lower horizons. Higher bulk densities and
low hydraulic conductivities determine stagnic conditions
in the lower horizons.

@ Springer

Climatological measurements

An automatic weather station was placed under the canopy
to record relative humidity, temperature (SKH 2011,
Skye Instruments, Powys, UK) and small throughfall
events (Hellmann with tipping bucket, Thies, Gottingen,
Germany). Throughfall was collected using plastic gutters
(collecting area 2.24 m?) and transferred into a barrel. The
water level was recorded by a pressure sensor (PR -36 W,
Keller, Winterthur, Switzerland), and all sensor data were
logged at hourly intervals (DL2e-Logger, Delta-T-Devices,
Burwell, UK).

Stemflow could be observed during heavier rainfall, but
no measurements were conducted. In order to obtain an
estimate of total interception, stemflow was assumed to be
5% of net rainfall (Levia and Frost 2003).

Data for the open land climatological conditions were
taken from the nearby agrometeorological station Methau
operated within the network of the Saxon State Agriculture
Office. The station (Lambrecht Meteorological Instru-
ments, Gottingen, Germany) recorded air temperature and
relative humidity (No. 8093), global radiation (pyranome-
ter No. 16103), precipitation (Hellmann with tipping
bucket No. 15188), wind speed and wind direction. Ori-
ginal precipitation values were corrected in order to
account for systematic underestimation following official
standards (Richter 1995).

Data analysis and modelling approach

The evaporative demand of the atmosphere was expressed
as potential evapotranspiration over grass ETP according to
Allen et al. (1998).

Stand transpiration T was normalised by LAI (Tn) due
to known influence of LAI dynamics on T. ETP was then
contrasted with daily transpiration Tn, and a general



Eur J Forest Res (2011) 130:695-706

699

relationship in an adapted form of Ewers et al. (2008) was
established.

Tn=ax [l —e PP (2)

The stand transpiration can then be calculated as
follows:

T = Tn*LAI (3)

We identified environmental variables controlling Tn (i.e.
explaining its daily and seasonal variation). The variables
were then used to parameterise response functions in the
general empirical model (Eq. 3). The upper envelope of data
points in the relationship between Tn and ETP was
constructed. This upper boundary represents transpiration
under optimal conditions of the investigated poplar stand.
The boundary line was calculated by the quantile regression
approach. Quantile regression models can describe a
response variable, in our case, stand transpiration 7, which
is often modified by several independent and/or interacting
multiple factors (cf. Cade and Noon 2003; Koenker 2005;
Poyatos et al. 2005). We analysed the transpiration of the
poplar stand during periods with LAI >3. Under such
conditions, soil evaporation can be assumed to be negligible
in the energy balance (Kelliher et al. 1995). We fitted
parameters a and b to the upper 95% quantile for calculation
of optimum transpiration Tng 5. Upon further analysis, we
introduced modifier functions to decrease soil moisture
f(REW) and soil temperature f(Ts). Depending on
environmental conditions, these functions yielded values
between 1 (no limitation of transpiration) and O (totally
inhibited transpiration). The soil moisture response function
was used in the following form (i.e. Poyatos et al. 2005):

F(REW) = 1 — 5, % e 2*REW (4)
where s; and s, are fitting parameters. The soil temperature

response function for water uptake by roots was adapted
from Mellander et al. (2006)

1—e Ts > 1. C
Ts) = him 5
s ={ g 1o fin€ 5)

—ty#(Ts—tim )2

where #; and t, are fitting parameters and Ts is the soil
temperature at 20 cm depth (°C). The parameter f;,
represents the threshold temperature below where no root
water uptake (and thus, transpiration) occurs. We assumed
a tight coupling of root activity and gas exchange at leaf
level in the early growing season, when soil water is not
limiting but soil temperature significantly controls
processes in fine roots (Pregitzer et al. 2000); therefore,
we fixed #;,, at 10°C. This is according to Lyr (1996) who
observed in pot experiments of Populus nigra that there
was no root activity at soil temperatures <10°C.The
complete transpiration model was then obtained:

T = Tnos * f(REW) « f(Ts) * LAI (6)

All statistical analysis, nonlinear and quantile regressions
were done in R, version 2.7.1. (R Development Core Team
2008). The appropriate response functions were selected by
maximising the fit of the regression line between measured
and modelled stand transpiration and visual evaluation of
residuals. Akaike’s Information Criterion (AIC), which
represents a value of log likelihood penalised by the
number of used fitting parameters, was minimised. If no
other information was given, statistical tests and fitted
parameters were significant with a 7-test significance level of
P < 0.001.

Results
Environmental conditions

The temporal dynamics of environmental variables during
the 2007 and 2008 growing seasons are presented in Fig. 2.

The 2007 growing season was characterised by a dry
and warm start, followed by a period with continuously
distributed precipitation. Due to the dry winter, there was
no full soil water storage at the beginning of April 2007.
There was only 85% of root extractable water available. In
contrast to 2007, the beginning of the growing season in
2008 was colder and wetter. Due to relatively dry condi-
tions in the following months, the decrease in root
extractable water was steeper than in 2007. In both years,
the transpiration T of the fully developed poplar stand was
similar to the course of the potential crop evapotranspira-
tion ETP. However, at the beginning of the growing season
in both years, with increasing soil temperatures and canopy
development, the first reduced transpiration reaches the
level of ETP in the first half of May. During July and
August, T clearly fell behind ETP, which corresponds with
the lowest levels of REW.

Canopy development in both years started at the
beginning of April and autumn leaf fall was finished in the
middle of October. The LAI calculation from specific leaf
area and leaf collection in 2007 yielded an average of five
and was in good agreement with the LAI obtained by the
PCA-2000 measurement during the same period. Measured
LAI values, particularly from July 2007, are one unit
higher than in the same period in 2008. However, in 2007
after three storms, LAI decreased by approximately one
unit due to loss of branches and leaves. Also, the decrease
observed at the end of June 2008 was induced by a storm.

Maximum daily transpiration rates in 2007
reached 5.7 mm/day (6.7 mm/day in 2008), while average
transpiration of all measured days reached 2.3 mm/day
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Fig. 2 Time series of stand
transpiration (7), crop reference
evaporation (ETP), root
extractable water (REW),
precipitation (P), leaf area index
(LAI), soil temperature at 20 cm
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(2.2 mm/day) and in total 486 mm (463 mm). The transpi-
ration of 2007 and 2008 calculated by the soil water balance
method yielded 495 mm and 467 mm, respectively. Values
of total interception during growing seasons reached
163 mm (2007) and 113 mm (2008) which corresponds to
28 and 24% of open field precipitation, respectively.

Transpiration response to soil moisture and soil
temperature

Different soil moisture conditions modified the magnitude of
transpiration response to evaporative demand. Decreasing
root extractable water, REW, led to a reduced ratio of Tn/ETP
(Fig. 3a). Although this relationship only became noticeable
when the data were pooled into a set at higher or lower soil
temperatures, respectively. The threshold in the example was
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19°C. In contrast, at high levels of REW > >0.5, we observed
areducedratio of Tn/ETP (Fig. 3a). This was due to relatively
low soil temperatures, Ts, in April and the beginning of May.
In Fig. 3b, the ratio of Tn/ETP is contrasted to the soil tem-
perature, Ts. A significant correlation was only observed at
low soil temperatures and high soil moisture conditions
(threshold for data pooling REW >0.5).

Modelling transpiration

The fitted general model (Egs. 2, 3) was able to predict
actual transpiration, depending on evaporation demand.
Larger differences between predicted and measured tran-
spiration were observed at low and high evaporation
demand. Based on modelled optimum transpiration, Tng s,
we implemented the response functions for REW (Eq. 4)
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% Al and Ts (Eq. 5). The regression statistics for all modelling
oo steps is given in Table 4.
% The introduced response functions for soil moisture and
=l g2 soil temperature improved both model fit and model quality
<|s =< (Table 4). The consideration of only REW response
R increased the adjusted R? from 0.74 to 0.86 with only slight
8 g & improvement of the intercept and slope of the regression
= el .
el 23~ between modelled and measured daily values. The complete
1S 2 = model (Eq. 6) reduced the intercept, which means a
\% decreased overestimation in the lower ETP range. The model
S 55 " was able to explain 89% of variation in 2007, simultaneously
2l << *:’ yielding the lowest value of Akaike’s Information Criterion
% § g go g (AIC). Nevertheless, daily transpiration estimates were
= (=] . . . .
= 315 slightly overestimated in the lower range of ETP (Fig. 4).
& Visual inspection of residuals (measured-modelled)
) :3) confirmed that the variation of daily transpiration can be
S | %z explained by our empirical modelling approach (Fig. 5a-e).
S| g p y P g app g
NG The error of modelled daily transpiration ranged between
ol 2 ; +1 mm/day and —1 mm/day (Fig. 5a). Residuals against
é explaining variables ETP, REW and Ts showed a some-
£ E what balanced scatter (Fig. 5b-d). The implementation of
S z modifier function for root extractable water and soil tem-
|8 perature resulted in an unbiased representation of residuals
o)) w2 . .
2|2 over the whole growing season (Fig. 5e).
— . 5]
il I = A generalised representation of the empirical model is
c 2 g illustrated in Fig. 6. While the reduction in transpiration
g% é begins at REW <0.4 (Fig. 6a), at a reduced transpiration
§ = I due to low temperatures, it is noticeable only in the range
N Q9 g of 10-15°C (Fig. 6b).
i B £ The application of the calibrated model with the envi-
5ol E ronmental data of 2008 led to an exceptional prediction of
g 3 E transpiration (adj. R* = 0.83). However, the total transpi-
% % - ration for days with LAI >3 was systematically underes-
~ 8 8 —§ timated and amounted to 387 mm, which is 13% less than
N g the measured total transpiration of 443 mm (Table 5).
~ =~ ~|& Although 2008 was characterised by lower precipitation,
= x x ~ . . . . .
_ 88 8 g there were less days with precipitation and lower inter-
(==l . .
'q'; e ception than in 2007.
=] ~ o~ >~ o0
- aalg
S|leo]| s o |5
§ el I Discussion
g aaalg
£l |Ss<S<|8 - .
2 S & ol & Transpiration rates estimated from measured sap flow
S| [$338
Sla| == =&
“ 0 The physical background of the applied THB method for
% = 3 sap flow measurements is robust against radial variation of
gls . ; % sap flow density and does not require any calibration
£ g SE|E (Cermak et al. 2004). However, our applied upscaling
%) ¥ 9=
S8 é £ |8 procedure from measured tree trunk segment to tree level,
&= o E g by multiplying the circumference, assumed a uniform
S e & x|2 Y Y . .
-« | £ 2 FEle azimuthal flow pattern. Nevertheless, azimuthal flow vari-
i) v n R . . . . . .
= gl 2 22 ation is a crucial point in sap flow measurements and dis-
EISIEEEIE cussed elsewhere (e.g. Cohen et al. 2008). Differences of
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Fig. 4 Modelled versus measured transpiration in 2007, complete
transpiration model with response functions for soil moisture and soil
temperature

sun exposure, heterogeneity in soil structure or position of
sensors in relation to large branches may lead to different
azimuthal flow patterns. Cohen et al. (2008) concluded that
the variation of the azimuthal sap flow pattern within a
single tree may have the same magnitude to that between
trees. Cermdk et al. (2004) showed that the upscaling error
in homogenous stands sharply decreases with increasing
number of sample trees and reaches approximately 15% for

n =4 and 10% for n = 12, respectively. Meiresonne et al.
(1999), who measured sap flow with multi-point sensors in a
13-year-old poplar plantation (P. trichocarpa x P. delto-
ides, cv. Beaupré), concluded that a relatively low number of
trees could be sufficient for upscaling from tree to stand level
(R? = 0.98 for regression between sap flow rate and basal
area of eight sample trees). However, in our linear upscaling
approach, 82% of single tree sap flow could be explained by
stem diameter. The lower R” of this linear upscaling equation
in 2008 (0.55) may be the result of sensor failure and the
chosen gap filling method or a higher variation of sap flow
patterns within the selected samples as discussed above.
Therefore, six sample trees in that particular poplar stand
were the minimum in order to match a measurement error
<20%.

The maximum daily transpiration rates at 5.7 mm/day
(2007) and 6.7 mm/day (2008) and the average transpira-
tion rates of 2.3 mm/day resp. 2.3 mm/day are in the range
of reported values for stand transpiration of the genus
Populus (Meiresonne et al. 1999). The accumulated tran-
spiration values at our site in Saxony, at 486 mm (2007)
and 463 mm (2008), for the entire growing season are
rather high in comparison with the range of 153-310 mm
at a mining reclamation site in South Brandenburg (Ger-
many; Bungart and Hiittl 2004). These authors investigated
the water balance of the poplar clones P. trichocarpa x
P. deltoides, cv. Beaupré and P. maximowiczii X
P. trichocarpa, cv. Androscoggin during a period of
7 years. Meiresonne et al. (1999) extrapolated daily values

= a b c
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Fig. 5 Residuals (measured—modelled canopy transpiration) as a function of a) modelled T; b) ETP; ¢) root extractable water REW; d) soil

temperature Ts; e) time
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Fig. 6 Empirical transpiration
model a) Transpiration as a
function of ETP and REW at
Ts = 20°C b) as a function of
ETP and Ts at REW = 0.5;
LAl =4

T [mm/day]

T [mm/day]
w

4
gTP

Table S Measured T (SF = upscaled from sap flow), modelled T and measured weather conditions (P = precipitation; / = interception) of the

poplar stand in Methau

Year Meas.T (SF) Mod. T Days with LAI >3 P total P mean Days with precipitation I total I mean
[mm] [mm] [no] [mm] [mm/day] [no] [%] [mm] [mm/day]

2007 473 481 175 557 32 58 33 155 8.9

2008 443 387 153 353 23 36 24 92 6.0

of a poplar stand in Belgium with an annual transpiration of
329 mm. In contrast, Hall et al. (1996) measured transpi-
ration rates of a poplar stand (Populus trichocarpa x
P. deltoides) in the United Kingdom by means of hydro-
logical modelling with an annual transpiration of 527 mm
(precipitation 676 mm/year), which is slightly higher than
our observations.

The shape and the magnitude of the leaf area development
at Methau (Fig. 2, LAl,.x = 6 in 2007 and 5 in 2008) are
similar to the LAI dynamics reported in other studies on
poplar plantations (Hall 1998; Bungart and Hiittl 2004).
There is no information available about variation in LAI
because of branch and crown breakage. However, the vul-
nerability to wind damage, especially for Tacamahaca pop-
lars (Balsam Poplars), is known in management practice.
Furthermore, branch abscission as well as branch and crown
breakage after high wind are propagation strategies in par-
ticular for Tacamahaca poplars (Braatne et al. 1996). How-
ever, the observed reduction in LAI by approximately 20%
due to such phenomena and the seasonal dynamic course of
LAI influences transpiration rates and have to be considered
when analysing transpiration and responses to environmen-
tal variables.

Comparison of transpiration rates on poplar with other
tree species and field crops in Saxony

Afforestation of former arable land may affect the
hydrological cycle at the site and landscape level. In order

to assess the potential environmental impacts, a compar-
ison of stand evapotranspiration of poplar to other species
is necessary. Therefore, summed transpiration and inter-
ception of the studied poplar plantation at Methau were
compared to stands of other tree species and agricultural
crops in Saxony. As shown in Table 6, evapotranspiration
during the growing season of the poplar plantation
exceeds that of water demanding agricultural crops, such
as winter wheat and sugar beets, by 25-40%. This can be
explained by a longer growing season with higher daily
evapotranspiration rates. In particular, higher interception
rates from leaves and shoots of the dense canopy of
poplar plantation in comparison with annual crops may
contribute to the higher evapotranspiration rates of poplar
plantations. In contrast to adult forest stands, evapo-
transpiration of the young poplar stand is up to 90%
higher. Although the age of the forest stands and unfa-
vourable site conditions in the low mountain range may
be responsible for these large differences in evapotrans-
piration rates. Furthermore, relatively high interception
rates of evergreen conifers (e.g. Norway spruce) outside
the growing season have to be taken into account for a
complete assessment of evapotranspiration rates. Hall
et al. (1996) confirmed that the annual water use of short
rotation plantations of poplar coppice (3-year-old shoots
on 7-year-old stools) in the United Kingdom is higher
than any agricultural crops and deciduous forest stands.
According to these authors, only pine stands use more
water.
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Table 6 Comparison of measured evapotranspiration of stands of poplar, Norway spruce, European beech and various agricultural crops on sites

in Saxony (Germany)

Species Age Site, altitude (m asl) Soil Length of P ETota Av. ET rate
[years] GS, year [mm/GS) [mm/GS] [mm/day]
Populus maximowiczii x P. nigra® 8 Methau, 210 m Stagnic Luvisol 188 days 2007 558 622 33
Picea abies (Norway spruce)b 115 Tharandt, 380 m Sceletic Cambisol 206 days 2007 558 328 1.6
Fagus sylvatica (European beech)® 97 Tharandt, 380 m Dystric Cambisol ~ 190 days 2007 619 386 2.0
Triticum aestivum (Winter wheat)® 1 Brandis, 136 m Haplic Luvisol 136 days 2007 349 466 3.4
Triticum aestivum (Winter wheat)* 1 Brandis, 136 m Haplic Luvisol 158 days 1991 280 460 29
Solanum tuberosum (Potato)® 1 Brandis, 136 m Haplic Luvisol 128 days 1985 255 339 2.6
Beta vulgaris (Sugar beet)” 1 Brandis, 136 m Haplic Luvisol 164 days 1990 356 493 3.0

GS growing season, P precipitation, ET,,, Evapotranspiration, av. ET rate = average ET rate during GS

 present study with cv. Max 1; ETy = Transpiration + Interception

° Department of Meteorology, TU Dresden (personal communication); ET,y, from Eddy-flux measurements

¢ Haferkorn (personal communication); ET,y from lysimeter measurements

9 Haferkorn (2000); lysimeter measurements

Transpiration response to environmental conditions
and modelling

Instead of the known atmospheric drivers for transpiration,
like radiation, vapour pressure deficit and temperature, we
chose ETP to express the evaporative demand of the
atmosphere. It allowed us to successfully model daily
transpiration dynamics of the stand level with a nonlinear
relationship between transpiration and ETP. This correla-
tion reflects the often described stomata behaviour char-
acterised by an increasing closure in a logarithmic form
with increasing vapour pressure deficits (Hinckley et al.
1994; Oren et al. 1999, Zhang et al. 1999; Kim et al. 2008).
In the generalised approach presented here, 74% of varia-
tion could be explained by ETP which corresponds to the
range of reported values for other tree species (e.g. Poyatos
et al. 2005; Ewers et al. (2008)). The observed strong
reduction in transpiration ratios when REW drops below
0.4 (Fig. 3a) was reported for many tree species in Europe
(Bernier et al. 2002; Granier et al. 2000; Schwirzel et al.
2009). Braatne et al. (1992), who investigated the behav-
iour of the cv. Beaupré in pot experiments, reported a
threshold value of 0.6 for the response to REW. In contrast,
Allen et al. (1999) did not find a clear change of transpi-
ration ratios in response to decreasing REW for the black
poplar clone P. deltoides x P. nigra, cv. Dorschkamp.
Although in the same study, a threshold value 0.32 was
found for the Beaupré clone. A general extraction of exact
thresholds is dependant on the definition of REW. The
minimum water content @, in Eq. (1) was defined
according to the observed minimum during the studied
years which were both characterised by extraordinary
precipitation without long dry periods. Furthermore, we
referred REW to a constant soil depth of 100 cm assuming
that no proliferation of fine roots occur from sinker roots

@ Springer

deeper in the soil. However, root water uptake from hori-
zons below 100 cm may occur when water occurs in cracks
or fractures of the argillite rock soil complex.

Low soil temperature was found to explain reduced
transpiration (Fig. 3b) in early spring when soil water is not
a limiting factor and anaerobic conditions can be excluded.
Only a few studies consider low soil temperature as a
controlling variable for transpiration. For Pinus sylvestris,
a reduced transpiration at soil temperatures <8°C was
demonstrated by Mellander et al. (2004). This was
explained by reduced stomata conductance due to abiscisic
acid signals and reduced root permeability at lower soil
temperatures. However, evapotranspiration and net photo-
synthesis are correlated, and therefore, increased root
growth productivity may also be an indicator for transpi-
ration (Coté et al. 1998; Pregitzer et al. 2000). Lyr (1996)
investigated root productivity of eight European tree spe-
cies, under fertilised and optimal water conditions and
constant air temperature in relation to different soil tem-
perature regimes. For Quercus robur and Larix decidua, he
found increased activity at soil temperatures > 5°C. Root
growth of Populus nigra developed at soil temperatures
> 10°C. This threshold value was also found by Zalesny
et al. (2005) for cuttings of 21 poplar clones. Nevertheless,
soil temperature effects on transpiration are not constant
due to plant interaction with aboveground climatic condi-
tions and soil moisture dynamics.

Quantile regression allowed us to define a boundary
relationship between Tn and ETP in the data set in an
objective way. Therefore, we could avoid uncertainties in
the definition of nonlimiting conditions for transpiration
which are necessary to fit multiplicative models in a step-
wise process with pooled data (cf. Ewers et al. 2008;
Granier et al. 2000). According to the generalised model
(Fig. 6a), transpiration occurs even when REW = 0, which
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should be impossible from a theoretical point of view. The
reason for this phenomenon is associated with the uncertain
definition of REW as discussed above.

The test of the model to the independent data set of 2008
resulted in a slight but systematic underestimation of
transpiration (Table 5). This may be acceptable because
data uncertainty of the upscaled stand transpiration in 2008
are higher. Nevertheless, neglecting interception in our
modelling approach may also bias the results. A part of
evaporative demand (ETP) on wet days is requested by
evaporation of intercepted water from wet leaves more than
by transpiration. The calibration of Eq. (2), by quantile
regression under wet conditions, will then lead to param-
eters which systematically underestimate optimal transpi-
ration under dry conditions. The informative value of
modelling results will decrease as site conditions show
greater differences than those incorporated in the parame-
terisation procedure. Nevertheless, the empirical model is
suited to generalise a relationship between transpiration
and controlling environmental factors that have to be
accounted for when implementing a more process-oriented
modelling approach.

Conclusions

Our results demonstrate that water consumption of the
studied poplar plantation during growing season exceed
that of any other agricultural crop and mature broad leaved
forest stands and even old conifer stands reported for
comparable site conditions in Saxony (Germany). These
findings have to be carefully considered, when short rota-
tion plantations are established on a large scale on arable
land. In particular, this will be essential for site conditions
and management schemes which allow the development of
canopies with high LAI values. The higher evapotranspi-
ration will lead to a reduced infiltration and hence decrease
in groundwater recharge. However, as a positive effect,
surface run-off may be clearly reduced, thus leading to
reduced soil erosion. The high retention potential of drier
plantation soils also contributes to improved water reten-
tion and, thus, flood prevention. Such conflicting hydro-
logical effects have to be taken into account when short
rotation plantations are assessed on a landscape scale.
Quantitative data are indispensable to negotiate trade-offs
between conflicting sectors providing ecosystem services.

Evaporative demand, water availability and soil tem-
perature were found to be the main controlling factors for
stand transpiration. We conclude that at our site in Methau,
the plant-specific maximum transpiration was not reached
because of the low soil temperature when soil water is not
limiting, especially in spring. In contrast, transpiration is
reduced in periods with favourable soil temperature but

sustained soil drought. These interactions inhibit higher gas
exchange rates, hence photosynthesis and assimilation,
especially in the early and late stages of growing seasons.
This appears to be a major reason why the growth potential
of this highly productive poplar clone cannot fully be
exploited under the given site conditions. However, it is
quite clear that the multiple interactions are highly
dependant on site and clone characteristics. This has to be
adequately considered, when transferring the findings to
other sites in Saxony, in particular to wetter, colder regions
in mountainous areas or to warmer, drier regions in the
lowlands. Our empirical modelling approach is only a step
in the way of differentiated assessment of potentials and
risks of poplar cultivation, based on process-oriented
modelling.
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