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A mathematical model linking tree sap flow dynamicsto daily stem
diameter fluctuations and radial stem growth

KATHY STEPPE, 12 DIRK J. W. DE PAUW,® RAOUL LEMEUR! and PETER

A. VANROLLEGHEM?

! Department of Applied Ecology and Environmental Biology, Laboratory of Plant Ecology, Ghent University, Coupure links 653, B-9000 Ghent,

Belgium
2 Corresponding author (kathy.steppe@ugent.be)

s Department of Applied Mathematics, Biometrics and Process Control (BIOMATH), Ghent University, Coupure links 653, B-9000 Ghent, Belgium

Received May 6, 2005; accepted June 11, 2005; published online December 15, 2005

Summary Todate, modelsfor simulating sap flow dynamics
inindividual treeswith adirect link to stem diameter variation
include only the diameter fluctuation driven by a change in
stem water storage. This paper reports results obtained with a
comprehensive flow and storage model using whole-tree leaf
transpiration asthe only input variable. The model includesra-
dial stem growth based on Lockhart’s equation for irreversible
cell expansion. It was demonstrated that including growth is
essential to obtaining good simulation results. To model sap
flow dynamics, capacitance of storage tissueswas assumed ei-
ther constant (i.e., electrical analogue approach) or variable
and dependent on the water content of the respective storage
tissue (i.e., hydraulic system approach). These approaches re-
sulted in different shapes for the desorption curve used to cal-
culate the capacitance of storage tissues. Comparison of these
methods allowed detection of specific differences in model
simulation of sap flow at the stem base (F(stem)) and stem di-
ameter variation (D). Sensitivity analysiswas performed to se-
lect alimited subset of identifiable parameters driving most of
thevariability in model predictionsof F(stem) and D. Both the
electrical analogue and the hydraulic system approach for the
flow and storage model were successfully calibrated and vali-
dated for the case of ayoung beech tree (Fagus sylvatica L.).
Use of an objective model selection criterion revealed that the
flow and storage model based on the electrical analogue ap-
proach yielded better predictions.

Keywords: beech, capacitance, desorption curve, identi-
fiability, Lockhart’sequation, model selection, parameter esti-
mation, sensitivity analysis, stem diameter variation, water
relations, water storage.

Introduction

A correct mathematical translation of water flow behavior in
plants and trees has fascinated plant physiologists for many
years. In afirst attempt to describe water transport in plants
mathematically, van den Honert (1948) proposed a simple

Ohm'’s law analogue model. For this model to hold, the plant
must be regarded as asimplerigid tube where steady-state wa-
ter flow conditions occur. However, the assumption of steady-
state flow conditionsin plants, and particularly in trees, is un-
readlistic, as is documented by the extensive literature on time
lags between water loss by |eaf transpiration and water uptake
by roots (e.g., Schulze et a. 1985, Goldstein et al. 1998,
Steppe et al. 2002, Steppe and Lemeur 2004). The time lags
can be explained only by the use of internally stored water.
This interna reservoir can be depleted and subsequently re-
plenished on adaily basis, causing the stem diameter to shrink
and swell accordingly (e.g., Herzog et al. 1995, Tatarinov and
Eermak 1999, Zweifel et al. 2000, Zweifel and Hasler 2001,
Steppe 2004).

Adjustment of van den Honert’smodel to accommodate dy-
namic water flow in plants led initialy to the development of
dynamic models, based on either a hydraulic system (e.g., Ed-
wards et al. 1986, Tyree 1988, Zweifel et al. 2001) or on an
electrical analogue (e.g., Landsberg et a. 1976, Lhommeet al.
2001). Such modelsusually account for the storage of water in
the stem, branches and leaves by inclusion of one or more hy-
draulic plant capacitances (see reviews by Jarvis et al. 1981
and Hunt et al. 1991).

Recently, dynamic modelsfor water flow inindividual trees
have also taken into account the link between the change in
stem water storage and the daily variation in whole stem diam-
eter (e.g., Zweifel and Hasler 2001, Zweifel et al. 2001). These
models attribute stem diameter variation to the imbalance be-
tween water loss and water uptake. However, itisclear that in
addition to daily diameter fluctuation caused by water storage
changes, stem diameter variation al so depends on growth pro-
cesses. Water flow into cells leads to irreversible changes in
cell volume if it is accompanied by cell wall extension. This
physiological processcan be described by L ockhart’s equation
(1965).

Growth phenomena based on L ockhart’s equation have not
yet been incorporated in dynamic flow and storage models. On
the contrary, growth effects on stem diameter fluctuations are



258 STEPPE, DE PAUW, LEMEUR AND VANROLLEGHEM

often eliminated from the measured data by subtracting linear
growth from the stem diameter variation (Sevanto et al. 2002).
It is not known if this linear trend line represents actual stem
growth, or if the actual daily fluctuationsin stem diameter can
be detected this way. To answer these questions and to gain
more insight into the underlying mechanisms driving stem di-
ameter variation, growth effects need to be included in
dynamic water flow and water storage models.

The purpose of the present study was to develop adynamic
flow and storage model that includes both stem growth and the
daily stem diameter fluctuation resulting from changesin stem
water storage. In addition, two approachesto cal culate the ca-
pacitance (C) of storage tissues were compared. The dynamic
flow and storage model isreferred to as HydGro (i.e., hydrau-
lic system approach) when capacitance is variable and de-
pends on the water content of the storage tissue, or as RCGro
(i.e., electrical analogue approach) when capacitance is con-
stant. Both models are driven by whole-tree leaf transpiration.
After sensitivity analysis for selection of a subset of identifi-
able model parameters, both HydGro and RCGro were cali-
brated and validated for the case of a 2-year-old beech tree
(Fagus sylvatica L.). Model predictions are compared for
changes in stem diameter variation (combined effect of water
storage and stem growth) and the sap flow rate at the stem
base. We also identify specific differences between HydGro
and RCGro and assess the better model based on an objective
criterion.

Materials and methods

Plant material

Theflow and storage model was calibrated and validated for a
2-year-old beech tree (Fagus sylvatica). The young tree was
planted in a container (0.4 m diameter x 0.4 min height) and
placed in a growth room of the Laboratory of Plant Ecology
(Ghent University, Belgium). The container was filled with a
mixture of 60% silt loam soil (i.e., 38.6% sand, 50.8% silt and
11.6% clay) and 40% peat. The tree was about 1.5 m high and
had a stem diameter at the soil surface of 17.6 mm.
Photosynthetically active radiation (PAR) and air tempera-
ture in the growth room were measured above the tree with a
guantum sensor (Li-190S, Li-Cor, Lincoln, NE) and ther-
mocouples (Thermocouple T, Omega, Netherlands), respec-
tively. Relative humidity of the air was monitored with an RH
sensor (HIH-3605-A, Honeywell) and fluctuated freely de-
pending on irradiance, air temperature and the transpiration
rate of the tree. Soil water potential in the container was mea-
sured with a miniature type electronic tensiometer (SWT5,
Delta-T devices, U.K.) and was maintained above —20 kPa.

Physiological measurements

Transpiration rate (E) and sap flow at the stem base (F(stem))
were continuously measured with Dynagage sap flow sensors
based on the heat balance principle. The sensorswereinstalled
according to theinstructions manual (van Bavel and van Bavel

1990). Based on the close correspondence between leaf
transpiration rates measured with a “branch-bag-ADC H,O
Infrared Gas Analysis’ system and sap flow rates in the sup-
porting branch of the tree (Steppe 2004, Steppe and Lemeur
2004), the diurnal courses of sap flow measured (SGAS5,
Dynamax, USA) in a selected second-order branch (diameter
=4.1 mm) at thetop of the young tree were used as a surrogate
for the diurnal courses of E. Hence, leaf water storage can be
neglected in the case of the well-watered young tree. With | eaf
area as a scaling factor, sap flow rates at the second-order
branch level were upscaled to whole-tree leaf transpiration.
Diurnal courses of F(stem) were measured (SGB16,
Dynamex) at the base of the stem (diameter =17.6 mm). Tore-
cord diurnal changes in branch and stem temperature for cor-
rection of the sap flow calculations for the heat storage term
(Grime et a. 1995), a small thermocouple was placed at the
center of the sensor heater between the heater and the surface
of the tree segment.

Variationsin stem diameter were detected with alinear vari-
able displacement transducer (LVDT; LBB 375-PA-100 and
transducer bridge 8C-35, Schaevitz, USA). The LVDT was at-
tached to the stem with a custom-made stainless steel holder.
Control runs demonstrated that no temperature corrections
were required for the LVDT support system, nor for the ther-
mal expansion of the xylem of the beech tree (Steppe 2004).

All sensor outputs were recorded every 10 s and 5-min
means were stored in a computer connected to the data acqui-
sition system (HP 34970A, Hewlett Packard, USA).

Model description

In the flow and storage model, transpiration is the only input
variable, because water transport in the tree is linked to stem
diameter variation for given daily courses of whole-tree leaf
transpiration. Stem diameter variation is assumed to result
from daily changes in water storage as well as from growth.
Thus, themodel consistsof: (1) asubmodel for calculating dy-
namic water transport; and (2) asubmodel for predicting stem
diameter variation. In the first submodel, adistinction is made
depending on the way the capacitance of storage tissues is
calculated.

Concept of the dynamic water transport submodel

Theflow and storage model (Figure 1) consists of two types of
elements: storage compartments and flow path sections. Two
internal water storage compartments are defined: the crown
storage pool located at the top of the model tree, representing
mainly first-order brancheswithout |eaves and the el astic stem
storage pool, which includes the living part of the stem bark.
The crown storage pool includes branches and |eaves when E
isactually measured instead of using branch sap flow asasur-
rogate. The soil is considered as a non-limiting external water
storage pool. The experimental conditions chosen allowed us
to ignore the change in xylem water content due to cavitation.
The storage compartments are connected by two flow paths:
F(crown) connects the two internal water storage pools and
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Transpiration (E)

F(siem)

Soil pool

Figure 1. Schematic of the single-tree flow and storage model. The
model consists of two internal water storage compartments (pools for
crown and stem), one externa water source (soil pool) and two flow
paths (F(stem) and F(crown)). The model is driven by transpiration
(E). Flow ratesinto and out of the stem (i.e., bark) and the crown stor-
age compartments are represented by f(stem) and f(crown), respec-
tively. Abbreviations: W*(pool) = water potential in the indicated
xylem compartment; W3(pool) = water potential in the indicated stor-
age compartment; W(stem) and W(crown) = water content of stem and
crown storage pool, respectively; and D = stem diameter.

F(stem) connects the stem storage pool with the soil. Transpi-
ration rate in the crown top starts a chain of events throughout
the tree. It affects the xylem water potential of the crown
(W*(crown)). In response to the decrease in W*(crown), awa-
ter potential difference developsin the xylem that induces wa-
ter flow in the upper part of the tree (F(crown)). In addition to
xylem water flow, water from the crown storage pool can con-
tribute to the transpiration stream, because of the hydraulic
connection between stored water and xylem water (Zweifel et
al. 2000, 2001, Zweifel and Hasler 2001, Génard et al. 2001,
Steppe and Lemeur 2004). As water is withdrawn from the
crown storage compartment, the water content (W(crown)) de-
creases and the water potential (WS(crown)) is lowered. The
tension developed in the xylem by transpiration is further
transmitted through the stem of thetreetoward therootsresult-
ing in two new water potential differences: one in the xylem
between stem and roots, and one between the xylem and the
stem storage pool. Whereas the water potential difference in
the xylem induces a vertical water flow in the lower flow sec-

tion of the model tree (F(stem)), the water potential difference
between xylem and bark causes a radia water flow from the
stem storage compartment toward the xylem. As aresult, the
water content of theliving part of the stem bark (W(stem)) de-
creases and, consequently, stem diameter (D) shrinks. Thewa
ter potential of the stem storage pool (W3(stem)) islowered as
the stem tissue contracts and thiswill proceed until the differ-
ence between xylem water potential of the stem (W*(stem))
and W5(stem) is zero.

To trandate the phenomenon of dynamic water transport in
trees into mathematical equations, a choice is generally made
between a hydraulic system approach or an electrical circuit
analogue. Inthisstudy, both approaches areincluded and com-
pared. The major difference between these approaches is the
way the capacitance of storage tissues is calculated (see be-
low). Model design is based on the diagrams depicted in Fig-
ure 2. Lists of all model variables and parameters (including
units and definitions) are presented in Tables 1 and 2.

Model assumptions The model comprises two sequential
flow paths(i.e., F(stem) and F(crown)), with F(stem) set equal
to F(roots) (Figure 2) because no important time lags could be
detected between stem and root sap flow in the young tree
(Steppe 2004). We assumed that the two flow paths have an
equal flow resistance (R*(stem) = R*(crown) = R*) (cf. Zweifel
et a. 2001) and that the exchange resi stance between the xylem
and the storage compartment of the stem and the crownisequal
(R%(stem) = R%(crown) = R®). We also set the water potential of
the xylem root compartment equal to the soil water potential
(W*(roots) = W(soail)). Thisapproximation isjustified because
themodel aims mainly to simulate the physiological processes
within the tree (i.e., from the xylem root compartment and
higher). Furthermore, al simulations of time series were
started at the end of the night when equal values of water poten-
tialsprevail in the soil-plant continuum, because E iszero (No-
bel 1999).

Basic flow equations Depending on the model approach
used, the mathematical description of thewater transport inthe
xylem flow path sections can be expressed by Darcy’slaw (hy-
draulic system approach, Figure 2a), or derived from Ohm's
law (electrical analogue approach, Figure 2b):

WX*(stem) — W*(roots)

F(stem) = — =

@

_ W¥(crown) — WX(stem)
R

F(crown) =

)

Water potentialsin the xylem compartments are thereby en-
tirely determined by their negative pressure potential compo-
nent, because the osmotic potential of the xylem sap is
negligible (Jones 1992, Nobel 1999). Besides vertical water
transport, internally stored water can contribute to the daily
transpiration stream because of the hydraulic connection be-
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I | H ! : H .
! 7 ' ! p— : . W(roots) | for sap flow F(stem) and lin-
I | H S(roots : X 1 + | . .
1 WX(roots) Rx(rools)z) if(mms).‘ Ww(roots) ! o) < firaots) Re(roots) Clroos) ‘{ ear variable displacement
: - P wioas ! | Reroots) S MR transducer for stem diameter
: Froos) | i — | (D) variation; and 2 = sap flow
. Soil ' I L RN S sensor for transpiration rate
0l . .
— (E). Abbreviations: W(pool) =
L s

water content stored in the
storage compartment of a pool;
WS(pool) = water potential in astorage compartment; W*(pool) = water potential in axylem compartment; f(pool) = water exchange between the
xylem and the storage compartment of apool; F(pool) = water flow into axylem compartment; R¥(pool) = exchange resistance between axylem
and astorage compartment; R*(pool) = flow resistancein axylem compartment; and C(pool) = capacitance of the storage compartment of apool.

tween xylem and storage pools (Simonneau et a. 1993,
Zweifel et al. 2000, 2001, Zweifel and Hésler 2001, Génard et
al. 2001, Steppe 2004, Steppe and Lemeur 2004). This contri-

f(pool) =

dwW(pool)
T @

t

bution depends on the magnitude of the hydraulic exchangere-
sistance (R°) that must be overcomewhen water flowsfromthe
storage compartments toward the xylem to equilibrate the im-
balance between water supply and demand during the day
(Lhomme et al. 2001). Water flow to or from the storage pool
f(pool) can be expressed as:

W*(pool) — W 3(pool)
RS

f(pool) = ©)

Thisflow rateisequivalent to the first derivative expressing
the change in the water content of the storage pool:

Values of f(pool) are negative when water is withdrawn
from the storage pool and positive when the storage pool isre-
filled. Combining xylem flow and storage flow, the flow rates
out of the xylem compartments can be derived from either the
water mass balance equation (hydraulic approach, Figure 2a),
or from Kirchhoff’s electrical current law, whereby the flow
rates represent the currents flowing in the electrical network
(electrical analogue approach, Figure 2b):

E = F(crown) — f(crown) (5)

F(crown) = F(stem) — f(stem) (6)

Table 1. Symbol, unit and description of themodel variables. Poolsare defined as crown, stem and roots (Figure 2). Superscriptsx and srefer tothe

xylem and the storage compartment, respectively.

Symbol Unit Description

A m? Surface area of the virtual membrane separating the stem storage
compartment from the xylem compartment

ds m Thickness of storage compartment

D m Outer diameter of stem segment

D; m Inner diameter of stem segment

f(pool) mg s Water exchange between the xylem and the storage compartment of a pool

F(pool) mg s Water flow in axylem compartment

A m® Volume of storage compartment

V(stem) m® Volume of water in stem storage compartment

W(pool) mg Water content stored in storage compartment

WS(pool) MPa Total water potential in a storage compartment

WX(pool) MPa Total water potentia in axylem compartment

w: MPa Osmotic component of the water potential in storage compartment

W MPa Pressure component of the water potential in storage compartment
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Table 2. Symbol, unit and description of the model parameters.

Symbol Unit Description

a m Allometric parameter

b m~ Allometric parameter

C(pool) mg MPa™* Capacitance of storage compartment of a pool

k1(pool) mg Amount of stored water at the inflection point of the desorption curve

ko(pool) unitless Index for rate of change of WS(pool) at the inflection point of the desorption curve

| m Length of stem segment

L mMPa s Radial hydraulic conductivity of the virtual membrane separating the stem storage
compartment from the xylem compartment

RS MPasmg™ Exchange resistance between a xylem and a storage compartment

R* MPasmg™ Flow resistance in a xylem compartment

B unitless Empirical parameter for the initial condition of the pressure potential of the
storage compartment (W¥;)

€ MPa Bulk elastic modulus of living tissue in relation to reversible dimensional changes
(water storage)

€0 m™ Proportionality constant

® MPats? Extensibility of cell wallsin relation to non-reversible dimensional changes
(growth of tissue)

Pw mgm~— Density of water

r MPa Critical value for the pressure component (quS) which must be exceeded to
produce (positive) growth in the storage compartment

O unitless Reflection coefficient of the virtual membrane to solutes in the xylem sap

YX(roots) MPa Xylem water potential in roots

Wi (pool) MPa Lowest water potential of the storage compartment when W(pool) - 0

WX (w; =0) MPa Water potential of stem xylem for which the zero pressure potentia in the storage

compartment is reached

Derived flow equations Combining Equations 2, 4 and 5, the dw(stem) _ R* +R°®
water exchange rate between the xylem and the storage com- dt - (R*+ RY)(R* + 2R°) - (R®)?
partment of the crown can be rewritten as:
|:| D S S [D
N L e R .
dW(crown) _ W*(stem) — W*(crown) O LR*+R* L U R+RID
& R ~F @ " RRE .
EHU (crown) — TR H
Substituting the equation expressing the xylem water poten-
tial: 11)
WX (pool) = dW(pool) R®+ W3(pool) @) Equations for desorption curve and hydraulic capacitance
dt Solving Equation 11 involves an expression for calculating the

for W*(crown) in Equation 7 leads to:

dw(crown) _ W*(stem) — W*(crown) — R*E

9
dt R* +R® ©)

Inasimilar way, the water exchange rate between the xylem
and the stem storage compartment can be deduced:

dW(stem) _ W*(roots) — 2¥*(stem) + W (crown) (10)
dt R* +2R®

Rewriting Equation 10 in terms of storage water potentials
yields:

water potential of the storage pools. In thisrespect, the hydrau-
lic system approach differsfrom the electrical analogue. Inthe
hydraulic system approach, the desorption curve, asdefined by
Zweifel et al. (2000, 2001), directly relates the total water po-
tential of astorage compartment toitswater content (Figure3):

‘Pr:m (pool)

1+ eXpD\/V(pooI) =k, (pool)d
H K, (pool)

W3(pool) =

(12)

In accordance with Zweifel et a. (2001), the same function is
used for both crown and stem storage compartments, but with
different parameter values for W= (pool), ki(pool) and
ko (pooal).
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Figure 3. Idedlized desorption curve and the parameters of Equa
tion 12. Abbreviations: W(pool) = available water content of storage
tissue; W5(pool) = water potential of storagetissue; k;(pool) = amount
of stored water at the inflection point; kx(pool) = index for rate of
change of W3(pool) at theinflection point; and W, ,(pool) = minimum
water potential of storage compartment.

Inthe electrical analogue approach, the function that relates
the total water potentia of the storage compartment to its wa-
ter content is given by:

W(pool)

C(pool) (13

W*(pool) = W*(roots) +

This function can be interpreted as a desorption curve; how-
ever, in contrast to the one proposed by Zweifel et a. (2000,
2001), it now representsastraight linewith as ope equal to the
inverse of the capacitance. Application of the laws for electri-
cal networksleadsto Equation 13, where the flow between the
xylem and the storage compartment of a pool is given by the
first derivative of its water content (Equation 4). In this equa-
tion, f(pool) representsthe current flowing inthe electrical cir-
cuit (Figure 2b), whereas W(pool) corresponds to the total
charge on the capacitor. The capacitance of the storage tissue
C(pool) can also be defined as the ratio of the change in the
amount of water (volume or mass) present in the storagetissue
to the change in water potential of thetissue (e.g., Jarviset al.
1981, Hunt et a. 1991, Jones 1992):

dwW(pool)

C(Pool) =34 (pool)

(19

Based on this definition, the value of C(pool) can be deter-
mined astheinverse of the slope of the curve expressing there-
lationship between W3(pool) and W(pool). Thus, the
capacitanceisvariablefor the hydraulic system approach (Fig-
ure 3), whereas it remains fixed for the electrical analogue
approach.

Concept of the stem diameter variation submodel

Model assumptions Daily stem diameter fluctuation is
caused by changesin the hydration of the stem. Irreversiblein-

crease in stem diameter is caused by growth. It iswell known
that water flow into growing cells can lead to an irreversible
changein cell volume. According to the widely used L ockhart
model (1965), cell expansion is driven largely by turgor pres-
sure (i.e., positive pressure potential), which irreversibly de-
forms the cell wall as the cell compartment expands. The
expansion requires turgor above athreshold value before irre-
versible deformation begins. Based on Lockhart’s equation,
Génard et a. (2001) developed a biophysical model for stem
and root diameter variation in woody plantsthat offersabasis
for integrating water storage compartments and diameter
growth into adynamic water transport model. After restructur-
ingthemodel of Génard et al. (2001), by making water flow be-
tween the xylem and the stem storage compartment a linking
variable between thewater transport submodel on the one hand
and the stem diameter variation submodel on the other hand,
parts of themodel of Génard et al. (2001) wereincorporatedin
the dynamic flow and storage model.

The stem diameter variation submodel is designed to simu-
late stem diameter variation resulting from both changes in
water storage (stem diameter fluctuation) and growth. For this
purpose, the stem is modeled as two coaxia cylinders sepa-
rated by a“virtual” membrane (Figure4). We assumed that the
xylem forms a continuous rigid cylinder bound by an outer
ring composed of various extensible tissues (i.e., bark com-
posed of phloem and cambium) (cf. Génard et a. 2001). The
external cylinder is considered as the stem storage compart-
ment and can swell and shrink in response to radial water flow
from the xylem. The“virtual” membrane represents the mem-
branes and cell walls of several cell layers participating in
apoplastic and symplastic water flow between the overall
system of extensible tissue (“single cell”) and the rigid xylem
system.

|

D

Figure 4. Geometric representation of astem segment. A stemwith di-
ameter D comprises two coaxia cylinders of length |, separated by a
membrane. Mature xylem is represented by the inner cylinder of di-
ameter D;. Extensible tissues of the bark are represented by the exter-
nal cylindrical layer of thicknessd®.
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Basic equations for stem geometry The stem geometry pro-
posed by Génard et al. (2001) isused in the present submodel.
Thethickness of the storage compartment (d®) isequal to (Fig-
ure 4):

D-D,

d° ==~ (15)

where D and D; are the outer and inner diameter of the stem
segment.

The volume of the storage compartment (V°) can be written
as:

VS:%(DZ—Df) (16)

where| is stem segment length.
Assuming d® is much smaller compared to D;, Equation 16
can be rewritten as:

V* O7d°*D)| 17)

The approximation made in Equation 17 is necessary to sim-
plify further analysesof the stem diameter variation submodel .
Génard et a. (2001) showed that the error resulting from this
simplified function is less than 10%. Additional assumptions
and equations in the submodel included the following.

Relationship between the thickness of the storage compart-
ment (d®) and the outer stem diameter (D):

d°=a(l-e™) (18)

where a and b are parameters. This empirical relationship is
taken from Génard et a. (2001) and is based on the observa-
tion that the thickness of extensible tissues increases with the
diameter of the organ (Huguet 1985). Génard et al. (2001)
measured the thickness of extensible tissues on three peach
cultivars and by a nonlinear regression procedure estimated
the values of a and b as 2.968 x 10 m and 32 m™, respec-
tively. We used the same rel ationship and parameter valuesfor
the young beech tree.

Therelationship between the changein pressure potential of
the storage compartment and the rel ative change of the storage
compartment volume (Nobel 1999) is:

dw;_idvs

(o | SEAVARN:

(19)

Elastic modulus (¢) is proportional (€) to the product of the
outer diameter and the pressure potential :

€ =¢g,D¥] (20)

The elastic modulus increases with pressure potential and cell
size (Tyree and Jarvis 1982) and reaches an asymptotic value
for both high pressure potentials and cell sizes. However, to

minimize the number of model parameters and in accordance
with Génard et al. (2001), we assumed alinear relationship be-
tween € and pressure potential and the outer diameter of the
stem.

The relative volume change of the storage compartment
(plastic growth) depends on the pressure potential when acriti-
cal value(I") isexceeded (@isaproportionality constant called
cell wall extensibility; see below):

S
%% =@(W;-T) whenws>r (21)
% do\I{[ =0 whenW; <T (22)

Derived equations for the stem diameter variation ~ We as-
sumed that variation in stem diameter D per unit timeisthere-
sult of an elastic (el) and agrowth (gr) component:

@ Bt *Hart @

e ar

Stem diameter variation resulting from elastic changes (first
term in Equation 23) can be calculated from Equation 15 using
Equations 17, 19 and 20; thereby assuming that the inner di-
ameter of the stem does not change:

ELD@ _odd®_2d®dve _2d°dv; _
dt &,

d  vS dt e dt
2ds d¥,
g,DW, dt

(24)

The elastic change in stem diameter occurs because a small
change in volume produces a change in pressure potential
(Equation 19). The amount of this change depends on the bulk
elastic modulus € that expressesthe elasticity of cell walls, i.e.,
alarger elasticity of cell wallsisexplained by asmaller value
of the elastic modulus (Lambers et al. 1998, Nobel 1999). The
dependency of € on the pressure potential and the outer stem
diameter is defined by Equation 20.

Stem diameter variation resulting from growth (second term
in Equation 23) can be expressed asan algebraic equivalence:

dD dD Odds0
= 25
it = aobah @)

gr or

The quest to calculate dD/dd® led to theintroduction of Equa-
tion 18, from which it can be derived:

ﬁ%@: b(al— &) (29)

Besides Equation 26, stem diameter variation caused by
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growth involves an expression for the change in thickness d°.
For this purpose, D; was considered to be constant compared
with d® for plastic growth on a small time scale (e.g., hourly
basis); plastic growth being defined as permanent deformation
leading to dimensional changesin stem diameter components.
The model most widely used for plastic growth has been de-
veloped by Lockhart (1965) and is described by both Equa-
tions 21 and 22. Thus, plastic growth is a pressure potential
driven process, controlled by the physical properties of the pri-
mary cell wall (Lamberset a. 1998), and can be written using
Equations 17 and 21:

Odd*0 _ d° CdveO
O -0 =0 -0 =d%W¥,; -T 2
Odt 0, veOdt O, w0 @0

Combining Equations 25, 26 and 27, stem diameter varia-
tion due to growth is obtained as:

dD d°p s s
=~ F (WS-T)whenWs>T 28
QEQ b(a—ds)( p ~ 1) when s (8)

ar

124 -

ar

whenW > <T (29)

Stem diameter variation due to both elastic changes and
growth can then be written as:

s dys s
@dDH: 2d p, do (ws-r)
dt O e, DWS dt  b(a—d (30)

whenW; >T

s dys
@‘LD@: 2d° %% whenws<r 31)
dt g,D¥W, dt

Furthermore, d° and D; are computed as:

dd® _ e 9D

32
dt dt (32)
g = @ -2 dd (33)

dt dt dt
Equation for the pressure potential component  Incorpora-

tion of growth in the submodel for stem diameter variation
(solving Equations 30 and 31) needsan expression for the pres-
sure potential W in the stem storage compartment. From the
assumption that the change in water volume caused by water
exchange between the xylem and the stem storage compart-
ment is equal to the volume change of the storage compart-
ment:

av(stem) _ ov*

dt dt 39

and using the conversion from gravimetric weight (W) change
to achange in water volume (V):

dv(stem) _ 1 dw(stem)

35
dt p, Ot (39)

it can be deduced, using Equation 19 and 20 and after rear-
rangement, that the change in pressure potential results from
theflow of water in and out of the stem storage compartment:

awy _ £,D¥, dw(stem)

36
dt PV dt (30)

Equation 36 establishes the direct link between the water
transport submodel and the submodel for stem diameter varia-
tion. Oncethe pressure component in the storage compartment
(s) isknown, the osmotic component can be found from the to-
tal water potential:

WE =g ys (37)

Equation for the exchange resistance The flow of water be-
tween the xylem and the storage compartment in the stem can
be derived from non-equilibrium thermodynamics (Katchal-
sky and Curran 1965):

dv(stem) _ ALDP:(Stem) +0 WX (stem) -0

g @4} . . @ (38)
t p(stem) —o W (stem)

where Aissurface area of the virtual membrane separating the
xylem from the stem storage compartment (= mD;l) and L is
radial hydraulic conductivity of this membrane. For the “sin-
glecell” model approach, atissue reflection coefficient o, of 1
could be assumed. The “virtual” membrane represents several
layersthat |ead to possible symplastic or apopl astic water flow,
or both. The reflection coefficient of the apoplast is usually
close to 0, whereas aong the symplastic path the presence of
the membrane|eadsto areflection coefficient closeto 1 (Steu-
dle 2000). The overall tissue reflection will then be between 0
and 1. Becausefor the“singlecell” approach most of thewater
has to cross the cell membrane (Génard et al. 2001), areflec-
tion coefficient of 1 can be adopted. With this assumption,
Equation 38 reduces to:

dV(stem) _

T AL (W (stem) — WS(stem)) (39)

Substituting Equation 35 for dV(stem)/dt yields:

A = o, AL (7 (stem) - w¥(stem) (40)

Identification of Equation 3 from Equation 40 reveals that
hydraulic exchange resistance, R, isinversely proportional to
radial hydraulic conductivity L:
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Re= T (41)
P, AL

Model implementation

The flow and storage model, schematically depicted in Fig-
ure 5, consists of a set of algebraic and differential equations
that must be solved numerically. The complete set of equations
for each model approach was implemented in the (C++)
MSL-EXEC language of the modeling and simulation soft-
ware package WEST (Hemmis NV, Kortrijk, Belgium). De-
tailed information on WEST is given by Vanhooren et al.
(2003). After compilation of the (C++) MSL-EXEC code, a
compiled library isobtained and |oaded in the experimentation
environment of WEST. This environment allows simulation,
optimization, sensitivity analysis and optimal experimental
design. Henceforth, the compiled flow and storage model isre-
ferred to as HydGro or RCGro when the hydraulic system ap-
proach or the electrical anal ogue approach isused in the water
transport submodel, respectively.

Sensitivity analysis
Model calibration will be successful only if al model parame-
tersareidentifiable. To be identifiable, a parameter must fulfil
two conditions: (1) the model output must be sufficiently sen-
sitive to changesin the parameter value and (2) the parameters
must not be highly correlated (Brun et al. 2002, Dochain and
Vanrolleghem 2001). Because both HydGro and RCGro com-
prisealarge set of parameters (17 and 13, respectively; see Ta-
ble 2), it might be expected that not al parameters are
identifiable. Sensitivity analysis was therefore performed to
select a subset of identifiable parameters for final estimation.
To examinethefirst condition for aparameter to beidentifi-
able, a sensitivity measure 6™ similar to that of Brun et al.

[Flow and storage model]
I

! I

Water transport submodel Stem diameter submodel

Hydraulic } Eqn 12

( YS(pool) Vs
i Eqn 13

+ Eqn 17

Electrical

W /dt

S

[dD/dt {Eqn 30 ]

: Eqn 36

) 4

f(stem) i Egn 11
‘PXstem) | EqnB
f(crown) {Eqn 9

[dD/dt {Eqn 31

v | Eqn 37

WX(crown) | Eqn8 da®idt | Egn 32
F(stem) | Eqn1 dD,/dt | Eqn 33

F(crown) i Eqn 2

Figure 5. Schematic of the flow and storage model linking sap flow
dynamics in a tree to daily stem diameter fluctuations and stem
growth.

(2002) was used. Such ameasure allows assessment of therel-
ativeimportance of individual parametersfor the model output
and can be used to rank the parameters. In thisrespect, the sen-
sitivity §y;) was calculated as follows:

yi(6+A46) -y, (6—A6)
2y;(6)

Sy;) = 100 (42)

wherey; istheoutput of themodel variableat acertaintimei, 6
isthe parameter value and A8 isthe perturbation of the param-
eter. The perturbation factor was chosen to be 10% of the pa-
rameter value. Based on the sensitivity Sy;), the sensitivity
measure 0™ was defined as:

mes _ 1 o
o _ﬁ;‘s(yl)‘ 43

where N is number of sensitivity values along the time axis.
The value of ™ measures the mean sensitivity of the model
output resulting from a change in parameter 6. A high 6™
means that the value of 8 has an important influence on the
simulated model result. The parameters driving most of the
variability inthe model outputs F(stem) and D wereidentified.
These two output variables were chosen as being qualified for
model calibration because they were obtained by independent
methods.

The selection of the dominant subset of parameters was
complemented with an analysis of parameter correlation. The
sensitivities (Equation 42) were plotted and visually com-
pared. Parameters were assumed to be highly correlated when
their sensitivities were nearly proportional (Dochain and
Vanrolleghem 2001). In the case of a highly correlated and
highly ranked parameter pair, one of the parameterswas given
an assumed value which facilitated estimation of the other.
Such a procedure finally led to a subset of dominant parame-
ters (i.e., kay(stem), ky(crown), ki(stem), ki(crown), C(stem),
C(crown), R, B, @, L), al of which were identifiable.

Initial conditions and parameters

The remaining non-identifiable model parameters were set at
an assumed value (either taken from literature or directly mea-
sured or calculated). Xylem root water potential W*(roots) was
approximated from soil water potential measurements made
during the night preceding collection of the data set used for
simulation, as—0.0086 MPa. The W.>,.(pool) values for crown
and stem were set at —4 and —3 M Pa, respectively (cf. Bréda et
al. 1993, Cochard et al. 1996, 1999, Zweifel et al. 2001,
Raftoyannis and Radoglou 2002, Larcher 2003). Values of the
allometric parameters a and b in Equation 18 were those re-
ported by Génard et a. (2001) (i.e, 2.968 x 10~ m and
32 m™, respectively). Different values of the wall-yielding
threshold pressure I have been observed, ranging from 0.1 to
0.9 MPa (Green et a. 1971, Green and Cummins 1974, Brad-
ford and Hsiao 1982, Hsiao and Xu 2000). The assumption
that the threshold pressure had to be higher for stem tissues
than for young tissues or individual cells on which most of the
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measurements had been made, led to the choiceof ' =0.9 MPa
(Génard et al. 2001). Parameter £, was given an arbitrary value
of 1100 so that the simulated values of the elastic modulus €
(Equation 20) ranged between 12 to 20 MPa. These estimates
arewithin the range of the values obtained for giant algal cells
(from 10 to 60 MPa) and higher plant tissues (from O to
30 MPa) as reported by Dainty (1976), Tyree and Jarvis
(1982), Dale and Sutcliffe (1986) and Larcher (2003). The
length of the stem was measured at the beginning of the experi-
ment (1 m) and used asinitia I.

Integration of the model equations also requiresinitial val-
ues to be specified for D, D;, d %, W, W(stem) and W(crown).
We measured D with asliding calliper (D = 0.0176 m) at the
location of the LVDT. Initial values for D; and d® were then
calculated by Equations 15 and 18, respectively. Following the
approach of Génard et al. (2001), theinitial valuefor the pres-
sure potentia in the stem storage compartment was approxi-
mated from data acquired during the night preceding
collection of the data set used for simulation. Under these con-
ditions, the pressure potential in the stem storage compartment
can be assumed proportional to the water potential of the stem
xylem (Fanjul and Rosher 1984):

We =B(W, — WX =0) forthestematt =0 (44)

where (3 is an empirical parameter estimated during the cali-
bration procedure; and W*(W; = 0) isthewater potential of the
stem xylem for which the zero pressure potential inthe storage
compartment is reached. Following the approach of Génard et
al. (2001), the value of —2.9 MPagiven by Fanjul and Rosher
(1984) for apple leaves under well-watered conditions was
used for WX(W; = 0). For WX, (stem), the value of W (roots)
was used, which was estimated from soil water potential data
mesasured during the night. Theinitial value for the stem stor-
age water content Wy(stem) (i.e., 24,000 mg) was calculated
from the geometry of the stem (Equation 17), taking into ac-
count that only 40% of the total stem storage volume V*® con-
sists of water. The initial value of the crown storage water
content Wo(crown) (i.e., 14,000 mg) was cal culated from mea-
surements of fresh massand dry mass of the branches after the
experiments on the young tree were finished.

Model simulation and calibration

For simulations with both HydGro and RCGro, afourth-order
Runge-Kutta numerical integrator with variable step size was
used (integrator settings: accuracy = 1 x 107 and maximum
step size = 0.1). For model calibration the simplex method,
which is one of the search algorithms implemented in WEST
and originaly developed by Nelder and Mead (1965), was
used to minimize the weighted sum of squared errors for the
variables F(stem) and D. The weights used to account for the
differencesin the order of magnitude for both variablesin the
objective function were based on theinverse of the variance of
the measurement errors (Dochain and Vanrolleghem 2001).
The success of the parameter estimation process was eval u-

ated by checking the quality of the parameters based on the pa
rameter estimation error covariance matrix. Based on this
matrix, the standard errors of the parameters can be calculated
aso(6) = \/W where V;; is an element on the diagonal of the
covariance matrix. Confidenceintervalsfor the parametersare
then obtained as:

Bt,.,_,00)) (45)

a;N-p
for a confidence level specified as 100(1 — a)% wheret isthe
value obtained from the two-tailed Student-t distribution and
N istotal number of measurements used to estimate the p pa-
rameters.

Objective model sel ection methodol ogy

An objective model selection criterion called the Final Predic-
tion Error (FPE) was used to select the better model (i.e,
HydGro or RCGro) and, consequently, the better approach to
calculate the capacitance of storagetissues. We cal culated FPE
as (Dochain and Vanrolleghem 2001):

e = SR, 20SSR_ )
N (N-pN

where SSR is the weighted sum of squared residuals for
F(stem) and D, N is number of measurements and p is the
number of estimated parameters. The first term positively
evaluates a better fit of the model to the data and the second
term penalizes over-parameterized models. Thus, the smallest
criterion value reveals the better model.

Results

Model calibration

For calibration of both HydGro and RCGro, experimental data
with distinct sap flow dynamics and fast stem diameter growth
were used. Figure 6 shows the daily fluctuation of the micro-
climate imposed on the young beech tree in the growth room,
together with E. The fluctuating course of E during the second
half of the daytime period (Figure 6d) was mainly driven by
the fluctuating course of the vapor pressure deficit of the air
(Figure 6¢). This resulted from the slow response time and
hysteresis of the temperature controller in the growth room
(fluctuation of about 0.4 °C around the selected air tempera
ture of 23 °C, Figure 6b).

HydGro and RCGro were calibrated, with E as the input
variable, by minimizing the weighted squared difference be-
tween the model output and the measured data for F(stem)
and D. The estimated parameters, together with their
(ta:n-p)(0()) values (for the 95% confidence interval, Equa-
tion 45) and their error percentages, are listed in Table 3.

The estimated parameters resulted in model outputs that fit-
ted the experimental data well. Figure 7 illustrates the model
fits for F(stem) and D using HydGro and RCGro. Although
HydGro and RCGro apparently generate outputsthat are simi-
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DOY
175 176 177 178 179 175 176

DOY

177 178 179

PAR (umol m™2s™)

Figure 6. A 5-day sample (day
of year DOY 175-179) of the
varying microclimate in the
growth room: (a)
photosynthetically active radi-
ation (PAR), (b) air tempera-
ture (T,) and (c) vapor
pressure deficit (VPD); and of

VPD (kPa)

(d) leaf transpiration rate (E).

Time (h)

lar, differences were observed (e.g., the differences indicated
in Figures 71-71V). Compared with F(stem) computed with
RCGro, F(stem) computed with HydGro reaches zero more
slowly at the beginning of each night (Figure 71 versus 7I11).
Also, RCGro computes a slow decrease in D during the day,
whereas HydGro simulates a rather horizontal D course (cf.
Figure 711 and 71V). To explain these differences, the respec-
tive desorption curves (Figure 8) werereconstructed from sim-
ulated time courses of the total water potential and the water
content in the storage compartments. For HydGro, the theoret-
ical desorption curve was caculated using the calibrated
model parameters k;(pool) and k(pool) (see Model descrip-
tion). From the inverse slopes of the desorption curves, the
time courses of the capacitances were calculated (Figure 9).
Differences in capacitance C were revedled: C for both stem
and crown obtained from HydGro are much larger during the
night compared with the values obtained from RCGro.

To select the better model for predicting sap flow dynamics
and stem diameter variation, scatter plots were produced to

Time (h)

Transpiration rate is used as
input for calibration of both
HydGro and RCGro for a
young beech tree. Vertical dot-
ted lines correspond to the be-
ginning and end of the
daylight period. Daytime oscil-
|ations were caused by the
slow response and hysteresis
of the temperature controller in
the growth room.

E(mgs™)

compare simulated data with measured data (Figure 10) and
the objective model selection criterion FPE cal culated. For the
calibration data set, FPE was 0.1566 and 0.1501 for HydGro
and RCGro, respectively, and the corresponding values for the
validation data set were 0.5252 and 0.3851.

Model validation

The quality and reliability of the calibrated models were fur-
ther assessed by avalidation step with another subset of exper-
imental data that included physiological responses of the tree
(Figure 11) to step changesin PAR imposed on DOY 184 and
185 (Figure 114). During both days, PAR was suddenly de-
creased from 360 to 55 pmol m= s at 1300 h; however, the
low PAR was maintained during the remainder of DOY 184,
whereas it was increased at 1825 h on DOY 185. Asshown in
Figure 11b, the step changes in PAR also had effects on air
temperature and, thus, vapor pressure deficit (Figure 11c) and
E (Figure 11d).

Together with the parameter estimatesreported in Table 3, E

Table 3. Estimated parameter values of HydGro and RCGro for ayoung beech tree between day of year 175 and 179. The values of (ty:n-p)(0(6))
used to compute the 95% confidenceinterval (Equation 45) and the error percentage (error %) are also given. The error percentage isdefined asthe
ratio of (tq;n—p)(0(8)) and the respective estimated parameter value. See Table 2 for units and definitions of the parameters.

HydGro RCGro
Parameter Vaue (ta;n—p)(0(8)) Error % Parameter Value (ta;n—p)(0(8)) Error %
kq(stem) 23733.0 1.9 0.01 C(stem) 212.3 05 0.22
ko(stem) 54.4 0.9 173 C(crown) 1157.6 100.4 8.67
ky(crown) 11684.4 159.7 1.37

ko(crown) 563.3 32.2 5.72

R 0.1853 0.0081 4.40 R 0.1829 0.0005 0.27

B 0.3385 0.0003 0.10 B 0.3385 0.0002 0.05

o) 2.35x 1077 7.94 x 10710 0.34 @ 2.34x 1077 2.83x107° 121

L 1.12x 1077 2.60x 1078 23.25 L 8.38x 1078 276 %1078 32.96
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Figure 7. Model calibration
(day of year (DOY) 175-179)
showing comparisons between
measured and simulated sap
flow rate (F(stem)) at stem
base (aand c¢) and between the
mesasured and simulated diam-
eter variation (D) of the stem
(b and d) for HydGro (aand b)
and RCGro (c and d). Mea-
sured data were obtained every
5 min. Vertical dotted lines
represent the beginning and
end of the daylight period. De-
tails of simulation results are
aso shown (I-1V) to illustrate
specific differences between
model outputs obtained with
HydGro and RCGro.

Figure 8. Desorption curves
for the stem (a) and the crown
(b) storage pool of ayoung
beech tree. The thin line repre-
sents the entire desorption
curve obtained from the
HydGro model after calibra-
tion (Equation 12), and sym-
bols (black circles) indicate the
part of the curve that was used
during smulation. The straight
gray line represents the
desorption curve used during
model simulation with RCGro.

Figure 9. Diurnal courses of
hydraulic capacitance C for the
stem (a) and the crown (b)
storage pool of ayoung beech
tree. Capacitance values were
derived from the inverse of the
slopes of the desorption curves
presented in Figure 8. A dis-
tinction is made between C
values used by HydGro and by
RCGro. Vertical dotted lines
represent the beginning and
end of the daylight period.
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wasused to test thevalidity of both models. Without additional
calibration, good agreement was found between model simu-
lations for sap flow and stem diameter variation and measure-
ments (Figure 12).

Discussion

Performance of the flow and storage model

Both the HydGro and RCGro approach of the flow and storage
model successfully simulate sap flow dynamics and stem di-
ameter variation of the young beech tree (Figures 7 and 12). In
contrast to existing models (e.g., Peraméki et al. 2001, Zweifel

DOY

181 182 183 184 181 182

Measured D (mm)

of determination (r?) are
given.

et a. 2001), the simulated change in stem diameter also in-
cluded stem growth, which is superimposed on the daily diam-
eter fluctuation driven by changes in internal water storage.
This model extension appears to be essential to obtain good
simulation results and it helps to explore the mechanisms un-
derlying stem growth. Stem growth of the young beech tree
occurred mainly during the night when the pressure potential
in the stem storage compartment exceeded the wall-yielding
threshold value ™ (Figure 13), indicating that stem growthisa
highly dynamic process. Torevea thedaily fluctuationin stem
diameter caused by changes in water storage, Sevanto et al.
(2002) subtracted alinear trend line for growth from the origi-
nal measured stem diameter variations. For the beech tree, use
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Figure 11. A 6-day sample
(day of year (DOY) 181-186)
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of the varying microclimate in
the growth room: (a)
photosynthetically active radi-
ation (PAR), (b) air tempera-
ture (T,) and (c) vapor
pressure deficit (VPD); and (d)
the leaf transpiration rate (E).
Transpiration rate is used as
input for validation of the cali-
brated HydGro and RCGro
model for ayoung beech tree.
Vertical dotted lines corre-
spond to the beginning and
end of the daylight period. A
step change in PAR was made
on DOY 184 and 185.
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of thisprocedurein Figures 7 or 12 isinvalid because it would
lead to stem diameters that continuously shrink during the
daytime, whereas, in redity, stem diameter is constant during
periods of steady-state water flow.

The model assumption that daily fluctuationsin stem diam-
eter driven by changesin stem water storage take place in the
tissue externa to the xylem because the water content of the
xylem is constant under the experimental conditions imposed
is reasonable for the following reasons. Several authors have
reported that daily stem diameter fluctuations occur mainly in
the elastic tissues of the bark, whereas the xylem of the stem
undergoes only small fluctuations (Dobbs and Scott 1971,
Molz and Klepper 1973, Brough et al. 1986, Zweifel et a.
2000). At least 75% of the observed diameter changes could be
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Figure 13. Comparison of simulationsfor the pressure potential in the
stem storage compartment (llJ;(aem)) obtained with HydGro and
RCGro (day of year (DOY) 181-186). Vertical dotted lines represent
the beginning and end of the daylight period. The horizontal dashed
line represents the wall-yielding threshold pressure I".
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end of the daylight period. Co-
efficients of determination (r?)

Time (h) are given.

attributed to the extensible tissues external to the mature xy-
lem. Measurements of xylem and whole-stem (over-bark)
diameter variations of the young beech treeindicate that more
than 80% of the stem diameter fluctuation occurred in the bark
(Steppe 2004). Thelarger fluctuationsin whole-stem diameter
compared with xylem diameter aso indicate that xylem is a
more rigid material. Moreimportantly, the larger amplitude of
the whole-stem diameter variations results from water ex-
change between the xylem and the outer tissue. Thus, itisjus-
tified to consider the bark as an important pool of internally
stored water in the stem. Furthermore, it is possibleto estimate
rates of water depletion and replenishment in the bark from
continuous measurements of the whole stem (Zweifel and
Hésler 2001). Based on large time lags (30 to 110 min) be-
tween whole-stem and xylem diameter variations for Scots
pine trees, Sevanto et al. (2002, 2003) related the diameter
variations and the observed time lagsto the transport of carbo-
hydrates in the phloem and concluded that phloem and bark
did not represent a significant water storage pool. However,
the absence of atime lag between whole-stem and xylem di-
ameter variations in the young beech tree (Steppe 2004) and
the strong linear relationship between rate of change in water
storage and rate of change in stem diameter (Steppe and
L emeur 2004) strongly suggest that water stored in the phloem
and bark is hydraulically connected to the water in the xylem
and that the hydraulic conductivity between the internal stem
storage pool and the transpiration stream is high.

The strong stem diameter response to changesin sap flow is
of considerable physiological interest. When E, and subse-
quently F(stem) suddenly decreased in responseto animposed
step change in PAR, a sharp increase in stem diameter D was
observed (Figures 12b and 12d; DOY 184 and 185). Model
simulations indicate that the increase in D is partly aresult of
refilling of the internal stem storage pool in addition to stem
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growth. Thus, growth is driven by the increase in pressure po-
tential as shown in Figure 13. This particular effect empha-
sizestheimportance of including growth in water flow models
for establishing the correct link between sap flow dynamics
and stem diameter variation.

Quality assessment of estimated parameters is an essential
part of model calibration and so particular attention was given
to the accuracy of the estimated parameters (Table 3). The pa-
rameters related to the capacitance of the stem storage pool
(C(stem), ky(stem), kx(stem)) were estimated more precisely
than those of the crown pool —as indicated by the lower error
percentages of the former—because stem diameter variation
was used for optimization, whereas no calibration was done
for crown data. In the case of RCGro, the valuesfor C weredi-
rectly available, whereasfor HydGro adesorption curve had to
be generated to compute C. Comparison with C values from
theliteratureisdifficult because thereislittle agreement about
the units for capacitance (Aumann and Ford 2002). Values
with the same units that we used are reported to range from
1400 to 19,000 mg MPa™ for leaves and from 1100 to
2,100,000 mg MPa™ for stems (Milne and Young 1985,
Wronski et al. 1985, Hunt et al. 1991, Kobayashi and Tanaka
2001, Lhomme et al. 2001). Compared with these values, the
capacitance values estimated for the young beech tree are low,
probably because al published values were obtained for adult
trees and tree species other than Fagus sylvatica. For the hy-
draulic parameter R, the estimates were almost identical us-
ing either HydGro or RCGro; the difference being that the
value could be estimated more accurately with RCGro (Te-
ble 3). The estimated resistance was higher than reported liter-
aturevalues, reflecting the small vessel diameters of the xylem
of the young beech tree (Steppe et al. 2004). For example, val-
ues of hydraulic resistance ranging from 0.003 to 0.006 MPas
mg~* have been reported for Fagus sylvatica (Magnani and
Borghetti 1995), values ranging from 0.012 to 0.024 MPa s
mg~ for Quercus Pubescens (Tognetti et al. 1998), a value of
0.0063 MPa s mg™ for Picea sitchensis (Milne and Young
1985) and a value of 0.1 MPa s mg™ for Malus pumila
(Landsberg et a. 1976).

Among the model parametersrelated to growth, the empiri-
cal dimensionless parameter 3 could be estimated accurately
(low error percentages and small confidence intervals for both
approaches). The @ value for bark tissue of the young beech
treewas 2.35x 10~ MPa* s Cell wall extensibility usually
rangesfrom 8.33x 107%t05.56 x 107> MPa s (Hsiao et al.
1998), whichisan order of magnitude higher than thevalue es-
timated for the beech tree, probably because @is usually mea-
sured on young and extensible leaf tissues. Génard et al.
(2001) also found a high extensibility (¢=3.19 x 10~ MPa™*
s™) for plum roots and attributed this to the fact that the roots
were 5 yearsold.

Radial hydraulic conductivity L was estimated to fall within
the 95% confidenceinterval from 8.60 x 10810 1.38x 10" m
MPa s for HydGro and from 5.62 x 107810 1.11 x 10~ m
MPa s for RCGro, which isin the range reported for giant
algal cells (from 1.86 x 107810 2.78 x 10~*m MPa* s™%) and
for cells of higher plants (from 1.0 x 107™°t0 1.67 x 10~*m

MPa™s™) (Dainty 1976, Dale and Sutcliffe 1986, Génard et
al. 2001). The absol ute values of this parameter should be used
with care, however, because the error percentages calculated
for L are large—a manifestation of the lower sensitivity of L
which makes it more difficult to estimate.

The time frame that the flow and storage model usesto pre-
dict stem diameter variationsis between aday and 2 weeks. A
longer time frame resulted in poorer predictions of stem diam-
eter variations because of the time dependency of some of the
model parameters (Steppe 2004). Although the model was ap-
plied to ayoung beech tree, thereis no restriction concerning
its application to other tree species.

Desorption curve and capacitance

Differences in model outputs between HydGro and RCGro
(Figure 7) are attributable to the different methods of calculat-
ing C of the storage tissue. Typica time courses of C are
shown in Figure 9. The higher nighttime C values of HydGro
compared with RCGro imply that more water can be stored
(per unit pressure drop) in the storage pool s of the stem and the
crown at less negative water potentials. The physiological
meaning of this observation isreveaed by considering the na-
ture of the desorption curve used by HydGro (Figure 8). The
curve consists of two parts: a part from 0 to —0.3 MPawhere
thereisarather large C and apart below —0.5 MPawhere Cis
small. The first part refers to capillary water stored in
intercellular spaces; whereas the second part represents the
elastic storage in cells of the bark and the cambium. Such
phases in desorption phenomena have been extensively dis-
cussed by Tyree and Yang (1990) and Tyree and Zimmermann
(2002). In addition, these authors indicate a third part in the
desorption curve where C is again high at very negative water
potential's, because of the release of stored water by cavitation.
In the young beech tree, the contribution of stored water
released by cavitation could be neglected.

During daytime, both models use a constant storage capaci-
tance; the capacitance of HydGro being somewhat lower than
that of RCGro because of the steeper slope of the straight line
interconnecting the W9(pool) values of less than —0.3 MPa.
Hunt et al. (1991) noted that constant plant capacitances for
modeling the diurnal water flow in plants can be obtained from
bended desorption curves (i.e., omitting the initial part (capil-
lary stored water) of the pressure—volume curve). According
toHunt et al. (1991), the slope of the remaining curve then ap-
proximates a constant value that can be used in plant models.
However, Figure 9 illustrates that C values obtained in this
way would be lower than the C values that were obtained
through model calibration of RCGro (represented by the
straight linesin Figure 8), indicating that care should be taken
when trying to deduce constant capacitances from bended
desorption curves.

Model selection

Both HydGro and RCGro predict sap flow dynamicsin areal-
istic way and describe well the variation in stem diameter. The
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results of model calibration were good and both models suc-
cessfully passed the model validation procedure, confirming
that the processes driving both model approaches are adequate
and describe the underlying physiological mechanisms cor-
rectly. The choice between use of variable or fixed capaci-
tancesin the flow and storage model cannot be made based on
r 2values (Figures 10 and 12) because both modelshave asimi-
lar predicting power for F(stem) and D; however, FPE values
show that RCGro is the better model. No bended (complex)
desorption curves are needed to calculate C of storage tissues.
Additionally, modelsincluding only constant C values areless
complex because there are fewer parameters to estimate.

In conclusion, existing models for smulating sap flow dy-
namics and stem diameter changes observed in individual
trees are incompl ete because they include only diameter fluc-
tuations driven by changesin stem water storage. Inclusion of
astem growth component in the stem diameter variationises-
sential to obtain accurate simulations of F(stem) and D. Use of
a bended curve (HydGro) or a straight line (RCGro) for the
desorption curve to calculate C of storage tissues results in
specific differences between the simulated variables. Based on
sensitivity analysis, a subset of parameters could be identified
driving most of the variability inthe model outputsfor F(stem)
and D. This selection resulted in calibrated parameters with
low error percentages and small confidenceintervals. Good re-
sults for model calibration were obtained and both HydGro
and RCGro successfully passed the validation procedure.
Based on“Final Prediction Error” asthe model selection crite-
rion, RCGro is the better model, which also implies that the
use of constant C resulted in better model simulations. We
conclude that the flow and storage model isapowerful tool for
detailed and fundamental analyses of sap flow dynamics and
stem diameter variation. The model aso alows accurate as-
sessment of physiological characteristics that are difficult to
measure (e.g., hydraulic resistance, hydraulic capacitance and
cell wall extensibility).
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