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Abstract. Storage water use is an indirect consequence
of the interplay between different meteorological drivers
through their effect on water flow and water potential in
trees. We studied these microclimatic drivers of storage wa-
ter use in Scots pine (Pinus sylvestris L.) growing in a tem-
perate climate. The storage water use was modeled using the
ANAFORE model, integrating a dynamic water flow and –
storage model with a process-based transpiration model. The
model was calibrated and validated with sap flow measure-
ments for the growing season of 2000 (26 May–18 October).

Because there was no severe soil drought during the study
period, we were able to study atmospheric effects. Incoming
radiation and vapour pressure deficit (VPD) were the main at-
mospheric drivers of storage water use. The general trends of
sap flow and storage water use are similar, and follow more
or less the pattern of incoming radiation. Nevertheless, con-
siderable differences in the day-to-day pattern of sap flow
and storage water use were observed. VPD was determined
to be one of the main drivers of these differences. During
dry atmospheric conditions (high VPD) storage water use
was reduced. This reduction was higher than the reduction
in measured sap flow. Our results suggest that the trees did
not rely more on storage water during periods of atmospheric
drought, without severe soil drought. The daily minimum
tree water content was lower in periods of high VPD, but the
reserves were not completely depleted after the first day of
high VPD, due to refilling during the night.

Nevertheless, the tree water content deficit was a third im-
portant factor influencing storage water use. When storage
compartments were depleted beyond a threshold, storage wa-
ter use was limited due to the low water potential in the stor-
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age compartments. The maximum relative contribution of
storage water to daily transpiration was also constrained by
an increasing tree water content deficit.

1 Introduction

The water balance of a tree depends on the transpirational
loss, uptake from the soil and internal storage of water. Stor-
age water use or refilling may induce a considerable time
lag between transpiration and sap flow near the base of the
stem (Goldstein et al., 1998). Stored water plays a biologi-
cally significant role in trees (Čerḿak et al., 2007). It is ac-
cessible to the individual tree only, unlike soil water, which
may be taken up by other plants or lost through evaporation
or drainage. Water released from storage in the stem serves
as buffer to preclude low xylem water potentials that might
otherwise be caused by peaks of transpiration. Therefore,
the xylem water potential is smoothed along the flow path,
which may help avoid xylem cavitation. Trees can use stored
water to allow continued photosynthesis when transpiration
exceeds soil water uptake (Zweifel et al., 2001). Despite the
importance of water storage in regulating the water budget
of trees, limited information exists on the contribution of in-
ternal water storage to their total daily water consumption
(Meinzer et al., 2001).

Several authors found that the contribution of internal wa-
ter to transpiration is not a constant in the water budget of
trees (Loustau et al., 1996; Köstner et al., 1998; Zweifel et
al., 2005; Verbeeck et al., 2007), but changes dynamically
from day to day. To determine the complete water balance of
a forest ecosystem and its dynamics, it is therefore important
to know which factors influence the use of stored water.
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Storage water use is driven by external meteorological fac-
tors on the one hand, and by internal physical factors on
the other hand. This paper investigates the effect of the at-
mospheric microclimate on the use of stored water of Scots
pine (Pinus sylvestris L.) for the growing season of 2000 (26
May–18 October). Since there was no severe soil drought
during the study period, we were able to study the effect of
atmospheric drought. Low soil water availability and high
evaporative demand are often treated together as aspects of
drought stress. However, their effects on plants may dif-
fer: the first is a measure of how much water is available
in the source, while the second (high evaporative demand)
reflects the sink effect of the atmosphere (Bhaskar and Ack-
erly, 2006). In contrast to low soil water availability, the in-
fluence of high evaporative demand or atmospheric drought
on hydraulic traits is less well understood, in part due to the
difficulty of isolating this factor (Ewers et al., 2005; Zweifel
et al., 2005).

Several experimental studies mentioned byČerḿak et
al. (2007), calculate storage water use from sap flow mea-
surements at different heights. In these studies, sap flow
measurements at the top of the canopy are used as a mea-
sure for the transpiration at leaf level. Over the last couple
of years, several models that take into account water storage
have been developed to model the non-steady-state flow of
water through a tree (e.g. Zweifel et al., 2005; Steppe et al.,
2006), using transpiration as an input value.

Nevertheless, as suggested by Chuang et al. (2006), a
stomatal model can easily be coupled with a model of the
hydraulic system of a tree to provide independent time series
of transpiration. This has been done by Lhomme et al. (2001)
using an empirical Jarvis-type stomatal model and a big leaf
transpiration model, and by Verbeeck et al. (2007) using the
process-based ANAFORE model.

In this paper, the ANAFORE model was used to model
sap flow and transpiration for various Scots pine trees in
Brasschaat, Belgium. This model integrates a water flow
and storage submodel in a process-based transpiration model
(companion paper: Verbeeck et al., 2007). The goal of this
study was to determine the atmospheric drivers of day-to-day
and diurnal variation of storage water use.

2 Materials and methods

2.1 Site description

The forest under investigation is “De Inslag”, a mixed
patchy coniferous/deciduous forest located in Brasschaat
(51◦18′33′′ N, 4◦31′14′′ E), in the Belgian Campine region,
about 20 km north-east of Antwerp. The site is part of the
European Carboeurope-IP network and is a level-II observa-
tion plot (ICP-II forests) for intensive monitoring of forest
ecosystems (EC-UN/ECE, 1996), managed by the Ministry
of the Flemish Community (AMINAL). The landscape is a

coastal plain, almost flat (slope<0.3%) and at a mean eleva-
tion of 16 m. The climate is temperate maritime with a mean
annual temperature of 9.8◦C and 750 mm of annual precipi-
tation (30 years average). The site is located in an area with
high nitrogen deposition (30–40 kg ha−1year−1; Neirynck et
al., 2002).

This relatively small (150 ha) forest consists of many
patches of different coniferous and deciduous species, with
a variety of understorey species. This paper focuses on one
particular Scots pine (Pinus sylvestris L.) stand, described
in detail by Curiel Yuste et al. (2005). The even-aged Scots
pine stand was planted in 1929. In 1997, tree density was
556 trees ha−1. In November 1999, a thinning was per-
formed reducing the stem number to 377 trees ha−1. In win-
ter 1999–2000, the mean DBH (Diameter at Breast Height)
was 29.4 cm, the mean height 21.4 m.

The soil is loamy sand, moderately wet, with a distinct
humus and iron B-horizon (Baeyens et al., 1993) and is clas-
sified as an Umbric Regosol (FAO classification, Roskams et
al., 1997). Below the sandy layer, at a depth of 1 to 3 m,
lies a clay layer, making that the site has poor drainage,
and groundwater depth is usually between 1.2 and 1.5 m
(Baeyens et al., 1993). The soil is typically moist, but rarely
saturated because of the high hydraulic conductivity of the
upper sandy layers. More details about the physical and
chemical properties of the soil can be found in Janssens et
al. (1999) and Neirynck et al. (2002).

2.2 Sap flow measurements

The sap flow data used in this study were obtained during a
measurement campaign during the growing season of 2000.
From 26 May until 18 October 2000, sap flow was measured
on 14 sample trees (two groups of 7 trees). The main at-
tributes of the sampled trees are given in Table 1. Leaf area
of the sample trees was determined according to the method
explained inČerḿak et al. (1998), based on destructive mea-
surements on a series of sample trees from the same stand.
Sapwood area was estimated from the radial sap flow pro-
files: the border between sapwood and heartwood was found
where sap flow reached zero.

The sap flow in the sample trees was measured with the
heat field deformation (HFD) method (Nadezhdina et al.,
1998, 2004, 2006; Nadezhdina andČerḿak, 2000;Čerḿak
et al., 2004). This method is based on the observed changes
of an artificial heat field around a linear heater in a tree stem,
which depends on the sap flow rate and the xylem tissue
properties. Deformation of the heat field generated by the
linear heater in a certain tangential section of the stem is
characterized by the ratio of temperature gradients measured
around the heater in the axial and tangential directions. This
ratio represents the basis for sap flow calculation.

Two types of sensors were used for the sap flow mea-
surements in the sample trees: small, single-point sensors
for routine sap flow measurements during the entire growing
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season and long, multi-point sensors for the determination of
the variable flow pattern along the xylem radius in the tree
stem. Each sap flow sensor consisted of two sets of dif-
ferential thermocouples and a linear heater. Needles of the
multi-point sensor contained six thermocouples, 10 or 16 mm
apart. Four multi-point sensors were used, resulting in 24
measurement points. By moving the needles along the radius
at half the distance between the thermocouples (5 or 8 mm),
24 additional measuring points were obtained (Nadezhdina
et al., 2002, 2007). The conducting system of stems at breast
height was therefore characterized by a total of 48 measuring
points in each sample tree. The radial pattern was used to
scale-up the flow from routine single-point measurements to
the whole tree level, according to the procedure previously
described by Nadezhdina et al. (2002). The sap flow was
measured every minute and recorded as means over 15 min
intervals by data loggers (EMS-12, Unilog & Environmental
Measuring Systems Inc., Brno, Czech Republic).

Sap flow methods deal with methodological and integra-
tion problems (K̈ostner et al., 1998) that introduce uncer-
tainty on the measurements. At the tree level, the most im-
portant error introducing factors are: non-uniformity of the
sap flow along the radius (when radial pattern is neglected),
determination of the sapwood depth, positioning of sensors
beneath the cambium, possible non-parallelism of inserted
needles, differences in xylem heath conductivity and tempo-
ral variations.

2.3 Supporting measurements

Meteorological parameters, i.e. global radiation (pyranome-
ter, Kipp and Zonen CM6B, the Netherlands), net radia-
tion (REBS 07, Seattle, WA, USA), photosynthetically ac-
tive radiation (PAR, JYP-1000 sensor, SDEC, Tours, France),
air temperature and relative humidity (Didcot Instrument
Co Ltd, Abingdon, United Kingdom DTS-5A), wind-speed
(Didcot DWR-250G) and precipitation (Didcot DRG-51)
were continuously measured at the top of a tower (40 m)
located within the Scots pine stand, and recorded half-
hourly on a data logger (Campbell CR10, CSI, Logan, UT,
USA). More details about the instruments and methods (e.g.
gapfilling) used at the site can be found in Overloop and
Meiresonne (1999), Kowalski et al. (2000) and Carrara et
al. (2003).

Soil moisture was measured twice a week at two locations
in the vicinity of the two groups of 7 Scots pine trees with a
series of TDR-sensors (Time Domain Reflectometry), placed
every 25 cm down to a depth of 175 cm (cabletester: Tek-
tonix 1502B, Redmond, USA). Volumetric soil water content
measurements were linearly interpolated to obtain estimates
for the entire measurement period. Soil water potential was
calculated from the volumetric soil water content using the
power function model of van Genuchten (1980). Parameters
for the soil water retention curve were determined at the site
by Meiresonne et al. (2003).

Table 1. Main attributes of the 14 sampled Scots pine trees in the
year 2000 at the experimental plot in Brasschaat, Belgium. All
values are reported for individual trees. Diameter at breast height
(DBH), height (H), sapwood area (SA), leaf area (LA), leaf-to-
sapwood area (LA/SA).

Tree DBH H SA LA LA/SA
# (cm) (m) (cm2) (m2) (m2 cm−2)

11 36.0 18.2 564 90.5 0.16
12 32.5 18.1 494 75.1 0.15
13 31.2 19.0 511 69.3 0.14
14 29.9 16.3 428 65.3 0.15
15 27.9 15.2 393 56.7 0.14
16 26.7 15.9 320 53.7 0.17
17 30.6 15.5 430 66.1 0.15
21 34.4 23.1 563 82.7 0.15
22 32.2 22.0 424 74.3 0.18
23 29.6 16.7 425 63.3 0.15
24 28.2 19.2 423 58.6 0.14
25 26.7 19.9 420 53.3 0.13
26 23.7 16.0 297 41.9 0.14
27 27.7 18.4 434 57.1 0.13

2.4 Model description

The ANAFORE model (ANAlysis of FORest Ecosystems)
is a mechanistic tree and forest stand model. To model water
fluxes, it integrates a dynamic water flow model in a process
based transpiration model as described in a companion paper
by Verbeeck et al. (2007). Stomatal aperture, sap flow, photo-
synthesis (Farquhar et al., 1980) and transpiration (Penman,
1948; Monteith, 1965) are simulated on a half-hourly basis.
The most relevant equations to model water fluxes are de-
scribed below.

The stomatal conductance model is derived from the
formula of Dewar (2002), and described in Verbeeck et
al. (2007):

gs =
[a1(An + Rd)+ b]

ci

(

1 + VPD2

D0

) exp{− [ABA] β exp(δψleaf)} (1)

where gs is the stomatal conductance to CO2 (mol CO2
m−2 s−1), An is the net leaf CO2 assimilation rate (mol
CO2 m−2 s−1), Rd is the dark respiration rate (mol CO2
m−2 s−1), ci is the intercellular CO2 concentration (mol
CO2 mol−1 air), VPD is the atmospheric vapour pressure
deficit (kPa),a1 (dimensionless),b (mol CO2 m−2 s−1) and
D0 (kPa2) are empirical constants which are parameter com-
binations, [ABA] is the leaf xylem concentration of abscisic
acid (ABA) (mol ABA m−3), ψleaf is the leaf water po-
tential (MPa),β is the basal sensitivity of stomata to ABA
(m3 mol−1 ABA) andδ (MPa−1) is a factor relating stomatal

www.biogeosciences.net/4/657/2007/ Biogeosciences, 4, 657–671, 2007
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W 

Fig. 1. Electrical analogon diagram of the water storage model.
Xylem and storage compartments are shown.ψsoil: soil water po-
tential,ψstem: water potential of the xylem in the stem,ψleaf: leaf
water potential,ψstorage: water potential in the storage compart-
ment,fstorage: water exchange between the xylem and the storage
compartment,Ftree: water flow in the stem,RS : exchange resis-
tance between the xylem and the storage compartment,RX: flow
resistance of the xylem,C: capacitance of the storage compartment,
T : canopy transpiration rate,W : water content of the storage com-
partment.

ABA sensitivity toψleaf. According to Dewar (2002), the
leaf xylem concentration of ABA is calculated as follows:

[ABA] =
−λrootψroot − λleafψleaf

Vw(T + a)
(2)

whereψroot andψleaf are the root and leaf water potentials
(MPa), λroot andλleaf are the root and leaf ABA synthesis
coefficients,Vw is the molal volume of H2O,T is the canopy
transpiration rate (mol H2O m−2 s−1) anda is the effective
ABA sequestration rate (mol H2O m−2 s−1). The equations
of the stomatal conductance model (Eq. 1) and the photo-
synthesis model of Farquhar et al. (1980) are simultaneously
solved according to Op de Beeck et al. (2007).

The actual transpiration of the sunlit and shaded fraction
of each canopy layer is calculated according to the Penman-

Monteith approach (Penman, 1948; Monteith, 1965):

λE=
s(Rn−G)+ ρacpgb (VPD)

s + γ
(

gb
gw

) (3)

whereE is the leaf transpiration rate (kg m−2 s−1), λ the la-
tent heat of vaporization (J kg−1), s the slope of the saturated
water vapour pressure curve (Pa◦C−1), Rn the net radiation
above the canopy layer (W m−2),G the sensible heat storage
(W m−2), ρa the density of the air (kg m−3), cp the specific
heat of dry air (J kg−1 ◦C−1), gb the boundary layer con-
ductance for H2O (m s−1), VPD the vapour pressure deficit
(Pa), γ the psychrometric constant (Pa◦C−1), andgw the
total conductance for H2O (m s−1) between the evaporating
site and the bulk air (i.e. the series sum of the stomatal and
boundary layer conductance) (Jones, 1992). The sunlit and
shaded leaf area of each canopy layer is used to scale up to
the level of the entire tree.

The sap flow submodel used in ANAFORE is based on
the electrical analogon approach and is a simplified version
of the water transport submodel of the RCGro model (Steppe
et al., 2006). A diagram of the model is given in Fig. 1. This
simplified dynamic flow and storage model uses three flow
resistances and one capacitance. Transpiration of an individ-
ual tree and soil water potential are the inputs to calculate
sap flow and water storage. The vertical water transport in
the xylem can be described by Ohm’s law:

T =
ψstem− ψleaf

RX
(4)

Ftree =
ψsoil − ψstem

RX
(5)

whereT is the canopy transpiration rate (mg s−1), Ftree is
the sap flow in the stem (mg s−1), ψsoil is the soil water po-
tential (MPa),ψstem is the water potential in the stem xylem
andRX is the xylem flow resistance (MPa s mg−1). Both
xylem flow resistances are assumed equal. Beside vertical
water transport, internally stored water can contribute to the
daily transpiration loss because of the hydraulic connection
between the xylem and storage pools. This contribution de-
pends on the magnitude of the hydraulic exchange resistance,
RS (MPa s mg−1) that must be overcome when water flows
from the storage compartments to the xylem to equilibrate
the imbalance between water supply and demand during the
day (Lhomme et al., 2001). Water flow to or from the storage
poolsfstorage(mg s−1) can be expressed as:

fstorage=
ψstem− ψstorage

RS
(6)

whereψstorage is the water potential (MPa) in the storage
compartment. Values offstorageare negative when water is
withdrawn from the storage pool. Flow rates out of the xylem

Biogeosciences, 4, 657–671, 2007 www.biogeosciences.net/4/657/2007/
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Table 2. Maximum water content, availability and storage water use of the 14 sampled Scots pine trees in the year 2000 at the experimental
plot in Brasschaat, Belgium. All values are reported for individual trees. Maximum daily storage water use (STOmax), maximum contribution
of storage water to daily transpiration (CONmax). STOmax andCONmax are maximum values for each tree over the entire studied period (27
May–18 October 2000). Maximum tree water content (Wmax), maximum available tree water content (AWmax) (=Wmax – minimumW over
the entire studied period), tree water content deficit threshold (WD).

Tree # STOmax CONmax Wmax AWmax AWmax WDthreshold
(kg day−1) (%) (kg) (kg) (% ofWmax) (% ofWmax)

11 11.9 36.7 271 63 23.2 14.8
12 12.9 35.2 214 44 20.6 13.8
13 14.6 44.2 213 64 30.0 10.9
14 13.4 43.1 171 54 31.6 18.2
15 10.3 39.7 146 52 35.6 20.7
16 8.8 39.0 114 32 28.1 15.8
17 13.1 44.3 175 56 32.0 11.7
21 12.8 41.5 258 53 20.5 7.7
22 11.2 43.1 182 42 23.1 8.4
23 7.7 30.2 168 30 18.9 9.9
24 5.3 30.1 159 18 11.3 6.6
25 6.0 32.0 150 25 16.7 9.6
26 0.46 28.4 94 2 2.1 1.1
27 11.7 44.6 160 57 35.6 20.6

compartments can be derived from Kirchhoff’s electric cur-
rent law (Fig. 1):

T = Ftree− fstorage (7)

The capacitanceC(mg MPa−1) of the storage tissue can be
defined as the ratio between the change in amount of water
in the storage tissue and the change in water potential of the
tissue (e.g. Hunt, 1991; Phillips et al., 2003).

C =
1W

1ψstorage
(8)

whereW is the water content of the tree (mg), corresponding
to the total charge on the capacitor of an electrical circuit.
The capacitance is considered here as a constant parameter
per tree (Steppe et al., 2006).

The flow rate to or from the storage poolfstoragedescribed
in Eq. (6) is equivalent to the change in water content of the
storage pool:

fstorage=
1W

1t
(9)

Our sap flow model combines the above set of algebraic and
differential Eqs. (4–9). As initial conditions the water po-
tential of the storage tissue is considered to be zero when
the water content is maximal. The maximum water content
(Wmax, kg) of the 14 pine trees (Table 2) was estimated by
taking 40% of the stem volume (Steppe et al., 2006). The
maximum available tree water content (AWmax, kg) is calcu-
lated as the difference betweenWmax and the minimum of
W during the entire studied period. This minimum is not the

absolute minimum, but the minimum of the considered pe-
riod used as a baseline to calculateAWmax. The tree water
content deficit (WD, %) can be defined as the actual depleted
fraction ofWmax.

The entire set of equations of the stomatal conductance,
photosynthesis, transpiration and sap flow models is solved
numerically for each time step, by an iteration procedure that
converges to an equilibrium leaf water potential using the
“golden section search” procedure (Press et al., 1996). The
leaf water potential of the previous time step is used as an
initial value to start the procedure.

As stated in Eq. (7), the storage water flow can be cal-
culated from the difference between sap flow (measured or
modeled) and modeled transpiration. Positive values of stor-
age water flow indicate that water storage is being recharged.
Negative values indicate that storage water is being used to
fulfill the transpiration needs of the leaves. Each day, the
use of storage water can be estimated from the curve of the
storage water flow as the integrated area below the zero line.
For the entire studied period the maximum daily storage wa-
ter use (STOmax, kg day−1) and the maximum contribution of
storage water to daily transpiration (%) were calculated for
each individual tree.

2.5 Model parameterization and validation

In a companion paper, the model was parameterized and val-
idated using sap flow measurements and storage estimates
for the 14 pine trees (Verbeeck et al., 2007). Parameter val-
ues (used in the equations to calculate stomatal conductance,
sap flow, photosynthesis) are based on measurements at the

www.biogeosciences.net/4/657/2007/ Biogeosciences, 4, 657–671, 2007
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Table 3. Parameter values used for the stomatal and the water storage model.

Symbol (units) Parameter description Value

a (mol H2O m−2 s−1) ABA sequestration rate 1×10−4 (Tardieu and Davies 1993)
a1 (dimensionless) Empirical constant (parameter combination) Calibrated
C (mg MPa−1) Capacitance of storage compartment Calibrated
D0 (kPa2) Empirical constant (parameter combination) 1.0 (Verbeeck et al., 2007)
b (mol CO2 m−2 s−1) Empirical constant 5.0×10−6 (Verbeeck et al., 2007)
RS (MPa s mg−1) Hydraulic exchange resistance between

xylem and storage compartment
0.0013 (Verbeeck et al., 2007)

RX (MPa s mg−1) Xylem flow resistance Calibrated
Vw (m3 mol−1 H2O) Partial molal volume of water 18×10−6

β (m3 mol−1 ABA) ABA sensitivity parameter 1.48×10−4(Tardieu and Davies, 1993)
δ (MPa−1) ABA sensitivity parameter −2 (Tardieu and Davies 1993)
λroot
(µmol ABA MPa−1 m−2 s−1)

ABA synthesis constant of roots 4.0×10−6 (Dewar, pers. comm.)

λleaf
(µmol ABA MPa−1 m−2 s−1)

ABA synthesis constant of leaves 1.0×10−6 (Dewar, pers. comm.)
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Fig. 2. Climatic conditions during the studied period (27 May–7 July 2000): daily incoming solar radiation (Rg), mean daily temperature,
daily maximum vapour pressure deficit (VPD), precipitation and soil water potential (ψsoil).

Brasschaat site or on general parameters from the literature
(Sampson et al., 2006; Verbeeck et al., 2007). Parameter val-
ues of the stomatal and the water storage model are given in
Table 3. A subset of three parameters (a1, C andRX) was
selected to be calibrated with half-hourly sap flow data (Ver-
beeck et al., 2007) using the simplex algorithm (Nelder and
Mead, 1965). The validation of the model revealed that a

calibration using only the first two weeks of sap flow data
yielded parameter values that were valid for the rest of the
growing season (145 days of data) (Verbeeck et al., 2007).
Nevertheless, for the present study we tested a recalibration
of the model every two weeks of the growing season. Al-
though considerable seasonal variation was found (a standard
deviation of up to 20% of the mean fora1 andRX and up to
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Table 4. Calibrated values for parametersa1 (empirical constant of
stomatal model),C (capacitance of storage compartment) andRX
(xylem flow resistance) for different trees based on sap flow data of
two weeks (27 May–9 June 2000).

Tree Nb. a1(-) C(×106 mg MPa−1) RX(MPa s mg−1)

11 3.73 23.7 0.00150
12 4.38 32.9 0.00129
13 4.45 50.5 0.00172
14 3.89 43.5 0.00167
15 2.17 69.0 0.00139
16 2.24 37.8 0.00147
17 3.25 46.5 0.00178
21 3.13 48.6 0.00156
22 3.07 34.4 0.00182
23 2.04 51.7 0.00090
24 1.34 38.4 0.00097
25 1.42 54.5 0.00099
26 1.59 49.1 0.00083
27 2.63 55.6 0.00179

70% forC), the two-weekly parameterization yielded only a
slightly better fit to the sap flow measurements, and no clear
trends (seasonal or climatic) could be found in the parame-
ters. Therefore, constant parameters were used for the entire
growing season (Table 4).

2.6 Site conditions

For the analysis in this study we selected six weeks (27 May–
7 July 2000) of data that contained sunny days with high sap
flow rates as well as cloudy days with lower sap flow. More-
over, the 3rd and 4th week had almost no precipitation and
the 4th week showed a peak in temperature and VPD (Fig. 2).

Although the soil water potential reached the lowest value
of the growing season (23 June) due to a fortnight without
precipitation, there was never severe soil water stress for the
trees. Soil water potential dropped only once below field ca-
pacity (−0.03 MPa) in the top soil layer (25 cm). The deeper
layers, which can be easily reached by the roots of the pines,
were always above field capacity. A regression showed that
soil water content could only explain less than 4% of the vari-
ability in the daily sap flow measurements. This could be ex-
pected because transpiration of woody species remains unaf-
fected until the soil water fraction has decreased to a level be-
tween 23% and 32% of field capacity (Sinclair et al., 2005).
However, soil water fraction is not the only factor influenc-
ing water availability for tree. Several other factors can play
a role (e.g. level of the water table, hydraulic lift,. . . ). Nev-
ertheless, the absence of severe soil water stress for the pine
trees during the study period gave the opportunity to investi-
gate the effects of atmospheric drought.
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Fig. 3. Day to day variation of the measured sap flow of pine #23
and the relative contribution of storage water use to daily transpira-
tion. Four typical days were selected (4 June, 9 June, 20 June, 24
June). 4 June and 9 June before the period of high VPD, 20 June
during the period of high VPD and 24 June shortly after that pe-
riod. These four days were paired as such that both pairs had two
days with equal measured daily sap flow, but with contrasting stor-
age water use. The first pair (4 June and 24 June) contained the
days with a moderate sap flow and entirely different climatic condi-
tions. The second pair (9 June and 20 June) was chosen to examine
the effect of high VPD. Both days had similar high incoming radia-
tion, but the temperature and VPD of 20 June were much higher as
compared to 9 June.

2.7 Selection of typical days to analyze microclimate ef-
fects

Based on the daily measured sap flow and the modeled con-
tribution of storage water to daily transpiration of all pine
trees (example in Fig. 3 for pine #23) we selected four typical
days for a detailed analysis of the storage water use: 4 June
and 9 June before the period of high VPD, 20 June during
the period of high VPD and 24 June shortly after that period.
These four days were paired as such that both pairs had two
days with equal measured daily sap flow, but with contrast-
ing storage water use. The first pair (4 June and 24 June)
contained the days with a moderate sap flow and entirely dif-
ferent climatic conditions. 4 June had high incoming radia-
tion, temperature and VPD. In contrast, on 24 June incoming
radiation, temperature and VPD were low. The second pair
(9 June and 20 June) was chosen to examine the effect of
high VPD. Both days had similar high incoming radiation,
but the temperature and VPD of 20 June were much higher
as compared to 9 June.
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3 Results and discussion

3.1 Variability of storage water use

The pine trees showed a considerable day-to-day variation in
the relative contribution of storage water use to daily transpi-
ration (Fig. 3). The variation in absolute daily use of stored
water was even larger (data not shown). In a companion pa-
per (Verbeeck et al., 2007) we showed that the general sea-
sonal trend of daily storage water use is similar to that of the
daily transpiration or sap flow. In contrast to these similar
seasonal trends, the day-to-day patterns of measured sap flow
and relative contributions of stored water to daily transpira-
tion differ a lot (Fig. 3). Days with an equal amount of sap
flow had very different amounts of storage water use. Com-
paring 4 June with 24 June for all trees shows that, except for
trees #13 and #16, all trees had a similar amount of sap flow
on both days, but all trees showed a much lower storage wa-
ter use on 24 June (Fig. 4). The absolute amount of storage
water use varied from tree to tree and could be linked to the
dimensions of the trees, as previously described (Verbeeck et
al., 2007).

Maximum use of stored water over the growing season
varied among trees from 0.46 to 14.6 kg day−1 (Table 2).
The upper bound of this range corresponds well to the aver-
age value of 14 kg that K̈ostner et al. (1998) found for easily
available water inPicea abies trees. The maximum contribu-
tion of the storage water to daily transpiration varied between
28 and 45%. These values fall within the wide range of val-
ues that can be found in the literature: ranging from 1 up to
50% (Čerḿak et al., 2007) or even up to 65% (Zweifel et al.,
2001).
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3.2 Radiation effects

The different response of sap flow and transpiration to radi-
ation (Fig. 5), is one of the mechanisms that determines the
use of water from the storage compartments. With higher ra-
diation the increase in sap flow is less steep than the increase
in transpiration due to the buffering effect of storage water.
Storage water use was high at high rates of incoming radi-
ation and storage water recharge took place when incoming
radiation was low (Fig. 6a). On the other hand, when the stor-
age water flow was plotted against VPD (Fig. 6b) or temper-
ature (data not shown) the effect of these factors on storage
water use was less pronounced than the effect of incoming
radiation.

Two days with similar measured daily sap flow but with to-
tally different climatic conditions were compared (Fig. 7). 4
June was warm and sunny and 24 June was cool and cloudy
with an incoming radiation of 19.1 and 8.2 MJ m2 day−1,
respectively. These differences in microclimate and thus in
transpiration caused a large difference in storage water use
(e.g. 13.3 and 1.0 kg day−1, respectively for pine tree #23).
Although modeled stomatal conductance was high during the
whole day on 24 June, low radiation and VPD kept the tran-
spiration rates small. In this extreme case, the transpiration
during the cloudy day (24 June) was higher than the sap flow
only during one short period around midday, which means
that storage water was used only during this short period and
that during the rest of the day storage recharge was taking
place.

3.3 Effects of vapour pressure deficit

The effects of radiation and VPD are highly correlated and
difficult to separate. To illustrate the effect of VPD on stor-
age water use, we compared two days (9 June and 20 June)
with a similar measured sap flow and equal incoming radi-
ation (29.3 and 28.6 MJ m2 day−1, respectively), but dif-
ferent VPD (peak values of 1.6 and 2.8 kPa, respectively).
This comparison showed that atmospheric drought is a sec-
ond important driver influencing storage water use via tran-
spiration (Fig. 8). It is clear that on 20 June (high VPD)
stomatal closure in the afternoon was much stronger, which
reduced transpiration and thus use of storage water. Further-
more, the refilling of the storage pool was higher on 20 June.
The response of stomates to VPD has been reported by sev-
eral authors (e.g. Monteith, 1995; Martin et al., 1997; Irvine
et al., 1998; Oren et al., 1999a; Gao et al., 2002; Motzer
et al., 2005). It is recognized as one of the most important
sources of variation in stomatal conductance, but the mech-
anism of the response is still unclear (Bunce, 1997; 2006;
Whitehead, 1998). The modeled stomatal conductance val-
ues of this study are consistent with other data for Scots pine
(Stewart, 1988; Irvine et al., 1998).

The VPD effect is even better illustrated by the typical
hysteresis patterns in Fig. 9. The hysteresis is caused by

time shifts between the diurnal patterns of radiation, VPD,
temperature, transpiration and sap flow. Analysis of these
patterns gives a better insight into the interactions between
climate and the diurnal patterns of water flow in the tree.

The relation between water flow and VPD shows a clock-
wise hysteresis. On days with moderate VPDs, there is a
typical plateau at VPDs close to 1.5 kPa (Fig. 9iii), while on
days with extreme high VPD (Fig. 9iv) transpiration even de-
clined at VPDs above 1.5 kPa. On June 9 (Fig. 9iii) transpi-
ration increased until 14 h but on 20 June (Fig. 9iv) transpi-
ration started decreasing at 10 h due to the high VPD values
that were already reached. Due to the buffering effect of the
storage water, this decrease was not observed in the sap flow
measurements.

The widths of the hysteresis loops between transpiration
and VPD were larger than the widths of the loop of sap flow
versus VPD (Fig. 9). This typical pattern of clockwise hys-
teresis has been found by several authors (Meinzer et al.,
1997, 1999; Ewers et al., 2005; Motzer et al., 2005).

Plotting sap flow versus solar radiation typically produces
a counter-clockwise hysteresis (Meinzer et al., 1997; Ewers
et al., 2005). We also observed this on days with moderate
VPD. However, in case of high VPD we found a clockwise
hysteresis (Fig. 9ii). The decrease of transpiration starting
around 10 h in the morning caused this clockwise pattern.
In contrast, during the sunny day with low VPD (Fig. 9i),
transpiration increased until 14 h. This illustrates the high
impact of VPD on the diurnal pattern of water flow within a
tree.

The large discrepancy between sap flow at the stem base
and transpiration at the leaf level indicates that sap flow mea-
surements should not be used to calculate diurnal patterns
of canopy conductance by inverting the Penman-Monteith
equation without taking the possible time-lag into account.
Sap flow can only be used as a measure for diurnal transpira-
tion if the measurements are corrected for the time lag with
transpiration. A commonly used method to account for the
time lag is to artificially shift the sap flow time series to max-
imize correlation with VPD or radiation (Oren et al., 1999b;
Ford et al., 2005).

Contrary to the expectation that trees would rely more on
their storage water in periods of atmospheric drought, we
found in this study that the storage water use did not increase
with atmospheric drought. However, in conditions of high
soil water availability, storage water use was mainly driven
by transpiration. Therefore, the hypothesis of Phillips et
al. (2003) that storage water use increases with drought, only
holds for soil water stress and not for atmospheric drought.
According to our results, atmospheric drought did not induce
an extra use of storage water. The use of storage water is
not an extra advantage for trees in overcoming atmospheric
drought in well-watered soils. Nonetheless, storage water
contributes substantially to daily transpiration, irrespective
of the climatic conditions. These results confirm that stored
water plays an important role not only during periods of
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Fig. 9. Hysteris patterns of sap flow and transpiration versus solar radiation (Rg) (i and ii) and versus vapour pressure deficit (VPD) (iii and
iv) for pine #23 on 9 June and 20 June (2000), respectively.

drought, but whenever water transport occurs within the tree
(Zweifel et al., 2001). These last mentioned authors found
that even in well-watered soils the tree water reserves were
depleted every morning.

3.4 Constraints by tree water content deficit

Due to the use and recharge of stored water, the internal tree
water content (W ) fluctuated daily. The daily minimum tree
water content was strongly correlated with daily solar ra-
diation and by daily maximum VPD (e.g. for pine #23 in
Fig. 10). The total observed amount of stored water avail-
able for transpiration (AWmax) varied among trees from 2 to
64 kg. The available storage water ranged between 2% and
36% of the total tree water content (Table 2).

Besides the diurnal fluctuations of tree water content, there
was also a considerable day-to-day variation in daily mean
tree water content, due to the net daily storage water use or
recharge. When the relative contribution of storage water use
to transpiration was plotted against daily mean values of the
water deficit in the tree (WD) (Fig. 11), it became clear that

the tree water content puts a constraint on the maximum pos-
sible contribution to the daily transpiration. In other words,
the increase of transpiration was higher than the increase of
storage water use with tree water content deficit.

On the other hand, the absolute amount of storage water
use continues to increase with increasing tree water content
deficit, until a maximum is reached (Fig. 12). Beyond this
threshold of tree water content deficit (WDthreshold), a fur-
ther depletion of the storage pool is more difficult due to
the low water potential in the storage compartment, result-
ing in a lower storage water use. The threshold for tree water
content deficit varied considerably among the 14 individual
trees, ranging from 1% to 21% (Table 2).

Over the considered period without soil water stress, the
simulations showed that the pine trees were able to refill the
water storage pool that was depleted due to net daily storage
water use. This is an indication that permanent cavitation
was probably not taking place during the considered period.
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Fig. 10. Daily minimum values of tree water content plotted versus
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mum vapour pressure deficit (VPD) (bottom panel). Data from pine
#23 for the period 27 May–18 October 2000.

3.5 Limitations of the model analysis

The above analysis shows that the ANAFORE model is a
useful tool to analyse storage water use and its influencing
factors. Nevertheless, the models’ general structure and sev-
eral specific assumptions put limits on the use of the model
and the power of the analysis.

The simple representation of the hydraulic system of a tree
(Fig. 1) does not give the possibility to study in detail all of
the internal physical factors that influence storage water use.
Our electrical analogon model is a convenient simplification
of reality, but the assumptions and simplifications introduce
some errors. For example, in reality the xylem compartment
and the storage compartment are partly confounded and share
common properties that are not taken into account in the
model. Other important processes are not explicitely mod-
elled in our approach e.g. embolism (Hölttä et al., 2002) and,
xylem diameter fluctuations (Perämäki et al., 2005). More
detailed sap flow models (e.g. Früh and Kurth, 1999) will
have the potential to conduct more detailed analyses. But a
limited dataset like ours (sap flow and meteorological data)
will probably not be sufficient to identify all parameters in-
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cluded in such complex models.
Moreover, even with the simple flow model used in this

study, problems of parameter identifiability appear when
only a limited dataset is available (Verbeeck et al., 2007).
More complex models can therefore only be applied on a
very limited amount of well equipped measurement sites.

Flow resistances and the capacitance (C) were assumed
constant, which is a simplification of reality. Without soil
water stress (no cavitation), we can assume a constant xylem
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flow resistance. Nevertheless, in case of soil water stress this
assumption is no longer valid, because the xylem flow resis-
tance will increase due to cavitation. AlsoC will vary over
time (Scholz et al., 2007). The recalibration of our model
showed indeed a large seasonal variability ofC. Difference
in capacitance can be due to differences in the biophysical
properties of the storage tissues and/or due to differences in
the size of the storage compartment (Scholz et al., 2007).

In addition, the time step of the meteorological data put a
constraint on the accuracy of the storage water use estimates.
Also the accuracy of our conclusions concerning time-lags
between onset of transpiration of the leaves and onset of sap
flow is restricted by the time step of the meteorological data
(in this case 30 min). The moment when a pine tree switches
between storage use and storage refilling can only be esti-
mated with an accuracy of a half hour.

4 Conclusions

Relations between water flow, storage water use and climatic
drivers were analysed in this study. As expected, solar radia-
tion is the main atmospheric driver of transpiration, and thus
also of sap flow and storage water use. Nevertheless, the day-
to-day patterns of measured sap flow and storage water use
could be quite different, even when solar radiation was equal.
VPD was the main atmospheric driver of these differences.
In conditions of high soil water availability and atmospheric
drought, trees did not rely more on their storage water. In
contrast, when VPD was high, closing stomata caused low
transpiration and low storage water use. The daily minimum
tree water content was lower in periods of high VPD, but the
reserves were not completely depleted after the first day of
high VPD, due to refilling during the night.

Nevertheless, the tree water content deficit was a third im-
portant factor influencing storage water use. When storage
compartments were depleted beyond a threshold, storage wa-
ter use became limited due to low water potential in the stor-
age compartments. Also the maximum relative contribution
of storage water to daily transpiration was constrained by an
increasing tree water content deficit.

The next step in the development of the model will be
the analysis of effects of soil water stress on storage wa-
ter use. Maintenance of considerable transpiration rates af-
ter soil drying often depends on the availability of water in
deeper soil layers, but is also hypothesized to be a result from
contributions of storage water to transpiration (Sinclair et al.,
2005). Future analysis with the ANAFORE model might en-
able us to test this hypothesis.
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