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Abstract Stem orientation is an important factor for
fruit tree growth and branching habit since it influences
fruit production as well as training practices. A mechani-
cal model of the bending of a stem under axillary load
was written and evaluated using experimental data on
apricot trees (Prunus armeniaca L.). A set of 15 1-year-
old stems of various shapes was observed during the
early stage of the growing season when radial growth is
still negligible and the loading of the stem increases
considerably. The structural modulus of elasticity (MOE)
of the stems was estimated through in situ bending tests
assuming homogeneous material behaviour. The effect of
viscoelasticity was observed through creep tests per-
formed on similar stems during winter. Inputs of the
model are initial shape, initial diameter, and fina load,
defined at various positions along the stem. The final
shape was simulated based on different mechanical as-
sumptions, and compared to observations. Assuming
small deflections resulted in an underestimate of the
mean slope variation of 48%, accounting for large dis-
placements reduced this underestimate to 29% and ac-
counting for viscoelasticity reduced it further to 14%. An
adjustment of the structural MOE to fit the final shape
led to an excellent fit of the datain most cases, the resid-
ual errors for some axes being attributed to material het-
erogeneity. The use of biomechanical models to predict
the shape of fruit trees based on growth parameters, pro-
vided adequate assumptions are made, is discussed.
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Introduction

Woody species exhibit large architectural diversity. Form
and orientation of stems are important components of
this diversity and interact with growth and ramification
(Smith and Wareing 1964; Wareing and Nasr 1961). In
the case of fruit trees, it has been established that stem
form and orientation have a qualitative and quantitative
impact on production (Lakhoua and Crabbe 1975; Lauri
et a. 1997; Lichou et a. 1997), while in a forestry
context trunk form is an essential criterion of quality
(Kozlowski 1971; Thomas 2000; Timell 1986).

The form of awoody stem isinitiated during its elon-
gation by the direction of apex growth (Fisher and
Stevenson 1981). This primary direction is modified
by the combined effect of three phenomena: bending
resulting from the additional self-weight of stems and
axillary loads, stem rigidification resulting from radial
growth, and secondary reorientation associated with
wood maturation (Archer 1986). Fournier and collabora-
tors (Fournier et al. 1991a, 1991b) clarified the applica-
tion of mechanical principles to the calculation of the de-
formation of a growing stem. These works underlined
the importance of the relative dynamics of stem loading
and rigidification, distinguishing “short-term” loading
such as wind or snow from “long-term” loading resulting
from progressive weight increase of the tree. Qualitative
validations of the concepts used in these models have
been proposed (Castera and Morlier 1991). A compari-
son between the mechanical model and experimental da-
ta was achieved in the context of the biomechanics of
regulation (Fournier et al. 1994); however, this study fo-
cused on the regulation of the form of the stem, and did
not take into account the actual dynamics of growth.
Moreover, most of the work on biomechanical modelling
of the form of woody stems has been conducted on forest
species, focusing on the change in form and stress distri-
bution of trunks of adult trees. In this context, the time
unit is the annua growth ring (Fourcaud and Lac 1996;
Fournier et al. 1991a) and the effect of intra-year dynam-
ics of loading and rigidification is disregarded.



The present study is part of awider project devoted to
the genetic selection of apricot trees. One of the goals of
this project isto control the form of new varieties. A bio-
mechanical model was thus developed to help under-
stand the relationship between growth characteristics and
the form of woody stems, and to simulate the effect of
modification of these growth characteristics on stem
form.

The aerial architecture of apricot tree has been studied
previously in detail by Costes (Costes 1993). Apricot
trees present a large diversity of forms which apparently
results, at least in part, from the bending of the long
branches. The flowering of the apricot tree occurs on
1-year-old stems and blooming precedes vegetative bud
break. This is followed by the first stage of fruit growth
and development of leafy shoots (Costes et al. 1995;
Lichou and Audubert 1989). Radial growth (i.e. the
increase in stem thickness) starts later in the season
(Costes et al. 2000). During the period preceding radial
growth, the 1-year-old stems are submitted to large load
increments. This period attracted our interest for several
reasons: (1) during this period the intra-year growth
dynamic cannot be disregarded, (2) the delay between
weight increase and radial growth allows simplified me-
chanical formulas where the quantity of matter constitut-
ing the holding structure can be considered as roughly
constant, (3) the large amount of loading implies easily
measurable deflections, and (4) bending takes place
within a relatively long period allowing one to test the
consequences of the viscoelastic behaviour of the stems
(Gril and Fournier 1993).

The goa of the present survey is to evauate, from
data measured on 1-year-old apricot tree stems, a mechan-
ical model predicting the amount of bending during a peri-
od with no radia growth. The analysis used has much in
common with that applied by other authors to the model-
ling of wind loading of tree trunks (Milne and Blackburn
1989; Morgan and Cannell 1987; West et al. 1989). The
present work must be considered as a validation step of
the model; both the relevance and the necessity of the
mechanical assumptions introduced will be discussed.

Mechanical model of stem bending
Basic model assuming small perturbations

Bending simulation is based on curvilinear beam
bending theory with perfect embedment at one end
(Timoshenko 1953). The problem is solved in two
dimensions: the stem is supposed to remain in a vertical
plane. It is divided into n beam elements. The geometry
of theith element (i) in theinitial state is described by its
diameter (D)), its length (L;), and its curvature (Cin). All
elements are made of the same homogeneous elastic ma-
terial, characterized by its modulus of elasticity (MOE;
E) and density (p). The angle between the horizontal di-
rection and the tangent at the point of embedment is
given as @,

m"
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Fig. 1 Data describing the geometry and the load of an axisin a
vertical plane. m mass, @ angle of a segment

In theinitial equilibrium, the element i is submitted to
the loading due to the self-weight of the stem. Bending
results from additional loads defined by their mass (m/)
for each element i. We will neglect the fact that the cen-
tres of mass of the axillary products may be significantly
distinct from their point of application, and consider that
all their mass is concentrated at their base. This approxi-
mation will be discussed subsequently.

The deformation of the element i resultsin a variation

of curvature:
AC; = AM;/EL; (1)
where [; is the second moment of area of the element (for
a circular cross-section, 1=1iD#/64), AM; is the bending
moment applied on the element i by the increment of
weight of the downward stem portion. Let x; be the posi-
tion of the end of the element i in the absolute coordinate
system (O, X, Z), x* and m* the position and mass, re-
spectively, of the centre of mass of the downward stem
portion (Fig. 1). The total mass of the element i, includ-
ing the self-weight and the loading, is:

m; = m; + Tl',le'Dlz/4 (2)
The bending moment applied to the element i is:
M; = (xf —x,‘) g m;“ (3)

where g is the gravity constant. The mass of the down-
ward stem portion fromi—1is:

m_y =m +m; (4)
The position of its centre of massis:
xltl = (m;'x} er,-x,-)/m;:1 5)

The recurrent application of these formulas aong the
stem axis, from the apex toward the insertion, allows one
to calculate the bending moment applied to each segment
in agiven geometrical configuration (Blaise et al. 1992).

However, the deformation derived from Eg. 1 corre-
sponds to an equilibrium solution only if the moment
(AM) is calculated in the final configuration. In the case
where the small deflection assumption (SDA) is valid,
the change in bending moment induced by the deforma-
tion can be neglected such that the moment calculated in
the final configuration can be approximated by that
calculated in the initial configuration (Fig. 2). The de-
formed configuration of every element can then be given
by the new curvature:

C = C}ni +AM,'/EI,' (6)



1. Small displacements 2. Large displacements
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Fig. 2 Calculation of the bending moment: assuming small dis-
placements (AM=AX!P=AXP) (1); considering large displace-
ments (AM=AXIPZAXOP) (2)

The length (assumed unchanged) and new curvature of
all elements allow one to rebuild the whole form of the
stem. If @, is the angle of the segment i, the angle of the
segment i+ 1 becomes:

D =D +CiLy (7)
The position of its extremity is given by:

Xip1 =xi+L; COS((I),‘Jrl) (8
Zit1 = zi+Lisin(D;yp) 9

The position of all segments of the stem can be calculat-
ed by the recurrent application of these formulas from
the stem insertion toward the apex.

Accounting for large displacements

In the case of large displacements, the deformation cal-
culated with the SDA is not a valid approximation of the
solution. Indeed, since the bending moments depend on
the lever arm of the loads, they vary strongly during de-
formation (Fig. 2), and the solution is no longer compati-
ble with the requirements of static equilibrium. To take
this phenomenon into account, bending moments must
be recal culated in the deformed configuration, and a new
stem form derived again from the deformations associat-
ed with the new moments. The operation is repeated un-
til the difference in form is lower than a given threshold.
In other words, a correct solution verifying both condi-
tions of static equilibrium and kinematic relations has
been reached as soon as it remains practically unchanged
by a cycle of recalculation of bending moments (from
apex to insertion) followed by form reconstruction (from
insertion to apex). This iterative resolution of the prob-
lem can be subjected to problems of convergence, solved
by the introduction of a damping factor (Craig 1989).
The method of Morgan and Cannell (1987), based on
the use of atransport matrix, differs from ours by the or-
dering of operations, as they recalculate the moments to-
gether with reconstruction of the shape. As soon as a sta-
ble form has been reached both methods should lead to
the same solution. West et al. (West et a. 1989) have
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proposed an alternative approach with an integro-differ-
ential equation technique based on the same physical
principle, but they did not apply it to conditions requir-
ing the consideration of large displacements. None of
these models accounted for an initial geometry differing
from astraight line, asis alowed in the present formula.

The calculations were easily performed with the
help of spreadsheets of Microsoft Excel97 associated
with Microsoft Visual Basic commands. The stem struc-
ture is composed of 50 elements. Large displacement
calculations have been validated by comparison with
well-known analytical solutions of elastic buckling
(Timoshenko 1966).

A procedure of structural MOE adjustment has been
integrated into the model. It determines the value of
MOE minimising the distance between the simulated
final configuration and a target configuration. The dis-
tance used is the sum of squares of distances between the
points of the stem (least square criterion).

Accounting for viscoelasticity

Woody material shows viscoelastic behaviour (Koll-
Mann and C6té 1968). As a result, the deformations in-
duced by a given load vary with time. To take this phe-
nomenon into account, it is necessary to know the tem-
poral evolution of the material properties, characterized
here by a time-dependent MOE [E(t)]. The deformation
at time t; of an element submitted to the bending mo-
ment AM since time t, becomes:
AC(t1) = AM/E(t; —to)] (10)
The deformation at time t; is equivalent to the instanta-
neous deformation of an elastic material whose MOE is
Since time is not an explicit parameter in our model,
viscoelasticity is taken into account through the use of
an equivalent structural MOE at the final date. The cal-
culation of this modulus considers the dynamics of the
loading as well as the E(t) law, and is based on the prin-
ciple of superposition (Lemaitre and Chaboche 1985).
Let a beam element be submitted at successive dates
(ty, toes tyooon tp) to permanent loads characterized by
their bending moments (AM,, AM,,..., AM,,..., AMy). At
time t;, the curvature increase caused by the load added
a timet,is:
ACk(tf) :AMk/E(tf—lk)I (11)
The increment of curvature caused by the cumulation of
al loadsis:

AC(ty) = Y[ AC(ty) |= X[ AML/E(ty — 1)1 | (12)
The equivalent MOE at timet; is:
EY® = AM /IAC(ty) (13)

where AM=Z(AM,) is the total bending moment imposed
on the element.
The equivalent MOE finally becomes:

EY =AM/ [ AM/E(tf — 1) | (14)
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Materials and methods

Material

In order to check the model based on alarge range of morphology,
three varieties of apricot tree (Prunus armeniaca) with contrasting
stem forms have been chosen for the survey (Fig. 3). Lambertin
no. 1 has an upright form, Modesto a spreading form, and Palsteyn
a weeping form (Lichou and Audubert 1989). The trees were
planted in 1993 in the experimental orchard of the Fruit Arboricul-
ture Laboratory of INRA (Montpellier, France). The trees had
been grafted on seedlings of Manicot rootstock. The studied mate-
rial isfrom six Lambertin treestrained in a'Y form, eight Modesto
treestrained in a'Y form and four Palsteyn trees trained in a goblet
form with four limbs. During the winter 1997/1998, the trees were
pruned to induce the devel opment of long shoots.

In the beginning of 1999, five 1-year-old stems of each variety
were selected for the dynamic description of growth and bending.
All were made of a single growth unit, 70-170 cm long, and car-
ried no sylleptic branches. The stems were observed during 1999,
which corresponded to their first year of fruit production and ram-
ification. The ramification process leads to the development of ax-
illary leafy shoots. Two types of shoots are usually distinguished.
Short shoots originate from organs entirely pre-formed in the bud;
their length does not exceed a few centimetres. Long shoots con-
tain longer internodes and they continue elongating after bud
break. Since apricot trees exhibit a sympodial ramification, stem
extension requires the elongation of the bud located below the
dead apex. This bud is equivalent to any lateral bud of the stem;
therefore, in our survey, extension growth is not distinguished
from other axillary shoots. The presented results are restricted to
the period between the flowering of the most precocious variety
(week 7 of the year) and fruit maturity of the most precocious
variety (week 22 of the year).

During 1999, 20 additional stems and 150 fruits of each variety
were used to establish relations between the morphology of the
axillary productions and their mass. The chosen stems were simi-
lar to the samples used for growth observation. During winter
1999/2000, three other stems of each variety, similar to those of
the main sample, were used for the creep tests.

Record of loading history

The axillary productions associated with each node were observed
repeatedly during the survey: at bloom, 56 weeks after bloom,
then every 2-3 weeks until fruit maturity. Three types of axillary
production were distinguished: fruits, short shoots and long
shoots. The diameter of the biggest transverse dimension of the
fruits was measured. As most of the mass of the short shoots is
made of the leaves, only the number of leaves was recorded. For
the long shoots, the number of leaves, the base diameter and
length of the shoot were recorded.

Since the stems were observed during the whole season, it was
not possible to measure the mass of the organs directly. For each
type of production and for each variety, allometric relations were
established to estimate the mass of the organs from the measured
data. All axillary products of the stems used for this purpose were
observed in the same way as those of the survey, then weighed
with a precision of +0.1 g. In asimilar way, 30 fruits of each vari-
ety were measured and weighed at five stages to establish the rela-
tion between the diameter and the mass of the organs. The rela-
tions between leaf number and mass of short shoots, between di-
ameter and mass of fruits and between length, base diameter and
mass of long shoots, were then established.

Record of diameter growth history

Just before flowering, the stems were marked at 5-cm intervals
with a Typex ring to ensure fixed measurement points throughout
the study. At each point, stem diameter was measured with elec-
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Fig. 3 Three apricot tree varieties with contrasting forms

tronic callipers. These data were recorded on the same dates as the
measurements on axillary products. Considering the main role of
the diameter data for the mechanical simulation, two precautions
were taken: (1) we checked the circularity of the stem section by
measuring the diameter in two perpendicular directions, (2) during
the survey, the diameter was measured perpendicularly to the stem
axis, with the direction of the handle in the vertical plane of stem
bending.

To characterize the radial growth of every stem globally,
the mean diameter (D,,,) was defined as the average of the diame-
ters recorded at all measurement points. The second moment of
area corresponding to the mean diameter (I,,=1D,,4/64) was used
to compare stems from a mechanical point of view (Alméras
2001).

Record of bending history

The position of each measurement point was recorded using a
magnetic three-dimensional (3D) Polhemus digitizer (Polhemus
1993) and data acquisition software (Adam et a. 2000). These
measurements were done 1-2 weeks after flowering, then every
3-4 weeks until fruit maturity.

Various operations were performed for each scatter describing
agiven stem.

1. To ascertain the reliability of the data, the points were visual-
ized and the real length of segments was compared to that de-
rived from coordinates.

2. Inview of the simplified in-plane mechanical calculations, the
points were projected in their vertical plane (Fig. 4), using
classic data-reduction methods (Seber 1984). The stems were
well represented in this plane, since the average distance be-
tween initial and projected points was <1% of the length of the
stems.

3. Coordinates were finally expressed in a 2D coordinate system
where the origin is the insertion point of the stem, and the x-
axisisthe direction of the scatter (Fig. 4).

To characterize the intensity of bending, some authors use the
variation of the tip coordinate (Leiser and Kemper 1973; Milne
and Blackburn 1989; Morgan and Cannell 1987). However, this
criterion gives much weight to local effects around the tip. In this
study, the orientation of a stem axis was quantified as the mean
slope (i.e. the average slope of the segments), and the bending be-
tween two dates was characterized by the reduction of the mean
slope, designated “leaning”.

Interpolation of the data

For practical reasons, like differences between varieties' phenolo-
gy or climatic constraints associated with in-field digitalization,
the various data could not be recorded simultaneously. To homo-
genise the data format, measured values were sometimes comple-
mented by weekly values interpolated linearly between the dates
of nearest measurement.
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Fig. 4 Adapting geometrical data: determination of the projection
plane (1); projection of the points (2); Two-dimensional represen-
tation after translation and rotation (3)

The geometric measurements were achieved every 5 cm along
the stems whereas the bending model requires 50 elements of
discretization. Consequently, the steps of discretization differed
from those of model input; these were obtained by linear interpo-
|ation between the nearest points.

In situ elastic bending test

The structural MOE of the stems was estimated in situ by a bend-
ing test. The initial form of the stem was digitized, then a known
weight was attached at a given position of the stem, and the form
was digitized again about 10 min later. The stem diameter was
measured at various positions along the stem axis. This test was
performed for every stem of the sample just before flowering with
a weight of 185 g attached at the point three-quarters of the way
along the total stem length.
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A procedure of assessment of structural MOE was used to ob-
tain a unique value of MOE, assuming that the stem is composed
of homogeneous material. The value was determined through the
use of the mechanical model, thus ensuring a correct accounting of
large displacements.

In situ creep bending test

During winter 19992000, an in situ creep test was conducted on
three stems of each variety to evaluate the viscoelastic behaviour
of the stems. The test was done in winter so that no growth influ-
enced the loading or the stem rigidity. The test was similar to that
of instantaneous bending, except that after 10 min of loading and
form recording, the stem was left loaded and the form was digi-
tized 40 min, 3 h, 24 h, 5 days and 32 days after loading. The
structural MOE was evaluated at each stage by large-displacement
adjustment relative to the initial form before loading. From the
values E(t,)..., E(t,) obtained for the timest,...t,, alaw of time-de-
pendent structural MOE [E(t)] can be evaluated.

Results

The results concerning the dynamics of growth and
bending, as well as the results of the simulations, have
been established for all stems of the sample (five of each
variety). They will be presented for the whole sample
and illustrated for one typical stem of each variety.

Growth dynamics

In the beginning of the season, the mean diameter of the
stems ranged between 5.3 and 8.9 mm and, at week 22,
between 5.5 and 12.9 mm. Fig. 5a—c shows the change in
| for the three typical stems. clearly, | increases very
slowly at the beginning of the season. During the
10 weeks after flowering, | increased by <25% on aver-
age for al stems. Afterwards, the rate of growth became
faster: | increased on average by 117% between weeks 7
and 22. Table 1 gives | at weeks 7 and 22 for all stems.
For comparison, on the same stems, | increased by an
average of 600% during the whole year.

Axillary load

The observed stems reached the stage of full bloom by
mid February (week 7) for Lambertin and Palsteyn, and
by the end of February (week 9) for Modesto. Fertiliza-
tion of the fruits takes place in the following 2 weeks.
The fruits then undergo a first phase of an increase in
weight, until the period of pit hardening, about 40 days
after flowering (Costes et a. 1995). Vegetative bud
break took place for all varieties about 2 weeks after full
bloom. On all stems, most nodes produced short shoots
carrying three to ten leaves. These shoots opened out
their leaves within 2—3 weeks. On the five Modesto and
one Palsteyn stem, one or two nodes produced long
shoots that continued to grow 4-5 weeks after bud break.

The relations between length and long shoot mass and
between diameter and fruit mass were quantified by a
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Fig. 5a—c Change in mean second moment of area and axillary
load for three axes

Table1 Global data for each stem: total axillary load at week 17
(L); mean second moment of area (1) at week 7 (1-7), 17 (1-17) and
22 (1-22), direct estimate of Young's modulus of elasticity (E®) by

——Mean slope (°)
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a- 'Lambertin'n°23
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Week number

Fig. 6a—c Changein mean slope for three axes

in situ bending test, value corrected to take creep into account
(Eve), adjusted value (Ead). D Mean distance between points of
observed and adjusted configurations

L (9) 1-7 (mm?) 1-17 (mm#) 1-22 (mm#) EO9(MPa) Eve (MPa) Eadi (MPa) D (cm)
Lambertin no. 23 130 60 73 89 4,718 3,822 4,301 0.5
Lambertin no. 30 223 314 402 531 3,810 3,086 3,060 11
Lambertin no. 32 183 77 79 96 6,552 5,344 2,288 33
Lambertin no. 33 101 110 122 160 5,489 4,431 4,001 0.9
Lambertin no. 38 212 183 184 201 6,875 5,589 3,629 0.4
Modesto no. 19 127 86 98 172 5,410 4,792 3,432 19
Modesto no. 20 275 266 364 574 6,513 5,770 3,046 21
Modesto no. 22 156 190 274 1,052 5,957 5,264 4,289 0.4
Modesto no. 23 133 158 191 464 5,342 4,710 3,642 0.5
Modesto no. 24 202 191 231 531 4,830 4,275 3,198 0.9
Palsteyn no. 30 386 128 165 296 6,582 5,505 8,737 0.9
Palsteyn no. 31 428 158 204 240 4,179 3,527 3,687 0.7
Palsteyn no. 37 163 56 76 91 5,507 4,637 3,139 2.2
Palsteyn no. 39 64 40 46 47 4,285 3,578 3,265 0.5
Palsteyn no. 40 186 95 111 121 4,414 3,706 3,153 2.8

power law (m=adb), where m is the mass of the organ,
d the measured dimension, a and b parameters of estima
tion. The parameters have been quantified by regression
for every variety and every type of organ (data not shown).

For each stem, the total loading was calculated at
each date and is shown on Fig. 5a— for the three typical
stems for the period considered. It increased until fruit
maturity under the combined effect of shoot and fruit
growth. At week 22, the fruit weight represented 50% of
the total loading on average, that of short shoots 40%,
and that of long shoots 10%.

The mechanical modelling concerned a period be-
tween weeks 7 and 17, during which time the radial
growth did not exceed 10% of the initial diameter.
At week 17, the total load of the stems ranged between
64 and 386 g. Table 1 indicates the mass of axillary
loads, as well as the mean | at this date for each stem.
One Lambertin and two Modesto trees did not carry any
fruit at this date. The other stems carried one to ten
fruits. The length of long shoots did not exceed 25 cm at
week 17.
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Fig. 7 Change in the shape of a Lambertin axis during a creep
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Fig. 8 Relative decrease in the equivalent Young's modulus for
the three varieties. Each point represents the mean of three stems.
Regression lines (passing through 0) and regression coefficients
(R?) for each variety are indicated on the figure

Bending

The mean slope decreased regularly from flowering to
fruit maturity, up to a maximal average leaning of 45°
(Fig. 6a—=). In the period between weeks 7 and 17, the
stems bent by 30° on average. This mean value hides im-
portant variations among stems. leaning at this date
ranged between 7° and 58°.

Mechanical properties of the stems

The structural MOE of every stem (E9) has been deter-
mined by adjustment from the data of instantaneous
loading (Table 1).

The creep tests confirmed the existence of viscoelas-
tic behaviour. The bending of stems submitted to a con-
stant load increased with time (Fig. 7). This corresponds
to an apparent MOE decreasing with time (Fig. 8). For
each variety and at each date of measurement, the curves
give the average for al three stems of the relative reduc-
tion in MOE, given by theratio:

[E(00) — E()]/E(t0) (15)
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Fig. 9a—c Observed initial (—) and final (—) form of three axes,
and simulated final form under different assumptions: small dis-
placements and structural modulus of elasticity (E9) (O), large dis-
placements and E° (O), large displacements and eguivalent E (o),
large displacements and adjusted E (x)

where E(ty) is the structural MOE after 10 min of load-
ing. The curves were approximated by a linear regres-
sion asfollows:

E(t) = E(1)[1 — alog(t/1)] (16)
The slope (a) characterizes the degree of viscoelasticity
of the material. The values of a and the coefficients of
determination are indicated in Fig. 8.

These relations allow one to calculate, for each stem,
E(t), with E(ty) taken as the instantaneous MOE (EO) of
the given stem. The equivalent modulus at week 17 (Ev€)
can be calculated using Eq. 14, for each stem, by taking
into account the loading history (Table 1).
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Fig. 10 Comparison between measured and observed leaning for
all axes, with different sets of assumptions

Making use of the mechanical model

For each stem, we calculated the bending predicted by
the mechanical model. The possible variation of the an-
gle of embedment, resulting from movements of the
holding branch, was taken into account. To carry out the
calculation, the model requires:

1. Global stem data: inclination of stem base before and
after bending, total stem length, material MOE and
density.

2. For each 50 elements: curvature and diameter in the
initial state, and attached load.

For each stem, initial state data (base angle, total length,
curvature, diameter) have been specified from the mea-
surements of week 7, and final state data (base angle and
loading) from those of week 17. Measured geometrical
data at week 17 were used to evaluate the quality of the
model. The calculations of deformation were achieved
using three sets of assumptions:

1. Small displacements (SDA) and structural MOE (E?).

2. Large displacements and structural MOE (E°).

3. Large displacements and structural MOE (Eve) taking
into account the viscoel asticity.

Fig. 9a—c shows the results of the simulations for the
three typical stems. To facilitate the comparison between
stems of different length, the graphs were normalized by
the total length of the stem. Fig. 10 compares, for all
stems, their simulated and observed |eaning.

Discussion
Evaluation criteria of the models

We distinguished between three levels to evaluate the
models:

1. The global level, which involves the whole sample.
The errors detected at this level reveal a global insuf-
ficiency of the model, that depends little of the indi-
vidual features of the stems. They can be assessed by
comparing the average values of simulated and ob-
served leaning, or, in a practically equivalent way, by
comparing the slopes of the regression line obtained
from these valuesto 1 (Fig. 10).

2. The individual level concerns the simulation of each
stem. The errors at this level result from specific fea-
tures of individual stems. They generate a bigger dis-
persion in the diagrams comparing the simulated and
observed leaning, resulting in a lower coefficient of
determination.

3. Thelocal level concerns the different parts of a given
stem. The errors made at this level cannot be reveaed
by the comparison of simulated and observed |eaning,
which are, by definition, averaged over the whole
stem. The global simulation of a given stem might
well be of good quality, without the simulated form
corresponding locally to the observed form. These
effects can only be observed by comparing locally the
simulated and observed forms, provided they are not
masked by individual and global errors.

Inadequacy of SDA and necessity to account
for large displacements

The comparison between the simulation made with and
without SDA (Fig. 10) shows clearly the unsuitability of
this assumption in the case of young fruit tree stems.
Leaning is globally underestimated by 48% on average
when assuming SDA. This underestimate is reduced to
29% by accounting for large displacements.

The effect of the SDA is, however, more complex
than a systematic underestimate as can be seen in Fig. 9.
In Fig. 9c, leaning calculated with the simplifying as-
sumption (SDA) is superior to that calculated without.
The effect of SDA actually depends not only on the mag-
nitude of the deformation, but also on the initial stem



orientation. The more vertical the stem, the greater the
error. As a result, SDA not only leads to a global error
on the mean of the simulated leaning, but also to a high-
er dispersion of individual errors. This effect resultsin a
lower coefficient of determination between observed and
simulated leaning (R?=0.58 with SDA vs. R2=0.66 when
accounting for large displacements).

Previous authors discussing the limits of validity
of SDA usually disregard the influence of stem orienta-
tion. For instance, Milne and Blackburn (Milne and
Blackburn 1989) consider that the endpoint deflection
calculated under SDA should be <25% of the stem
length to ensure the applicability of SDA. This is only
true, however, with respect to a load acting transversely
to the stem direction, as was the case in their work. The
more axial the load, the less applicable becomes such a
criterion. At the opposite extreme, when the load is close
to axia and buckling occurs, the use of a large displace-
ment formulation cannot be avoided although a SDA cal-
culation would predict a negligible deflection.

Improvement through accounting for viscoel asticity

In the model, viscoelasticity has been taken into account
indirectly through the calculation of an equivalent MOE
at the final date. It results in an average MOE decrease
of 15%. Leaning simulated with this corrected value re-
mains underestimated on average in relation to the ob-
served leaning, but by only 14%. Compared to the un-
derestimate of 29% obtained with the instantaneous
structural MOE, this is a substantial improvement. The
method used here considers the viscoelasticity of al
stems of a variety globally, and does not permit one to
detect differences of behaviour between individuals.
This explains why the coefficient of determination is not
improved by this correction.

We note that this calculation disregards the viscoelas-
tic effects associated with the variations of bending mo-
ment during the period of measurement. Only a calcula-
tion involving time explicitly, with a recalculation at
every step of the bending moments in the deformed con-
figuration, would permit one to take into account these
second-order effects.

Possible origin of global and individual errors

The difference between the measured stem form and that
simulated by the model, after accounting for large dis-
placements and viscoel asticity, can be attributed to vari-
ous causes, including the quality of the input data as
much as that of the model itself.

First of al, the assessment of stem loading can be dis-
cussed. Loading was estimated indirectly through allo-
metric laws established on a relevant sample. The fina
uncertainty on the load is about 10%, but the estimates
should not be biased as they have been established on a
relevant sample. Therefore, this factor can explain indi-
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vidual gaps but cannot be responsible for the globally
underestimated leaning. On the other hand, the loading
imposed by axillary shoots was assumed to be concen-
trated, thus neglecting the lever arm of long shoots and,
automatically, underestimating the leaning of individuals
with such shoots. However, these shoots represent a
small part of the load and their length did not exceed
25 cm. Calculations made separately show that they can
only account for asmall part of the observed errors.

Furthermore, the assumption of no radial growth dur-
ing the period is questionable since it was not strictly
zero: the diameter increased by 1-10% of the initial di-
ameter. The newly formed tissues have potentially three
effects (Fournier et al. 19914): (1) they act like an addi-
tional load; (2) once lignified, they participate in the sup-
port of the stem; (3) the maturation strains occurring dur-
ing their lignification induces a slight correction of the
stem orientation. Effect (1) works in accordance with the
observed error, (2) and (3) opposite to it. The conse-
quences of these factors are not included in the present
model and have not been quantified.

Evidencing local errors by fitting the structural MOE

Local errors produced by the model could not be checked
unless individual errors were eliminated. This was ob-
tained by adjusting the structural MOE. For every stem,
the value of MOE minimising the distance between the
simulated and the measured configuration was cal cul ated.
Table 1 gives the adjusted structural MOE for each stem,
as well as the average distance between the points of the
simulated and measured configuration. Fig. 9a—c shows
the results of the simulations based on the adjusted struc-
tural MOE for the three stem types. In eight cases out of
15, the average distance is <1 cm and the smulated con-
figuration is almost identical to the measured configura-
tion. The quality of the simulations with only one adjust-
ed parameter shows that the model accounts for most of
the locally involved phenomena. However, in five cases,
the difference was rather high (see Fig. 9c, for example).
The poor quality of the adjustment can be assigned to
local effects not taken into account by the model, since
the structural MOE adjustment has corrected the individ-
ual effect on the whole stem.

The method used to determine MOE is similar in
principle to that used, for instance, by Leiser and
Kemper (Leiser and Kemper 1973) or Morgan and
Cannell (Morgan and Cannell 1987), except that these
authors fitted the deflection of the loaded point, whereas
our criterion involved all measured positions along the
stem axis. Another specific point of our work is that
it concerns loading in natural conditions, i.e. the load
increase during the growing season; our previous predic-
tions of stem geometry were based on the value of
structural MOE measured before the start of the growing
Season.

Errors observed at the local level after fitting MOE
can be attributed to material properties. The material of
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stems was assumed to have homogeneous elastic proper-
ties. Measurements of MOE of beam portions taken at
different positions along the stems (unpublished data)
did not show any significant correlation between the
MOE and the position in the annual shoot, thus justify-
ing the use of a structural value. However, alongitudinal
variation of the MOE is likely to occur in some stems. In
Fig. 9c, for example, a decrease in the MOE aong the
stem could explain the poor quality of the simulation
based on structural M OE adjustment, with bending being
underestimated in the basal part of the stem, and overes-
timated in itsterminal part.

The model could be improved by accounting for lon-
gitudinal variations in MOE. Experimental data on these
variations can be obtained in a non-destructive way,
through the same type of in situ bending test used here.
Moulia (1993) used this type of test on corn leaves with
a local analysis that consists of calculating, for any ab-
scissa (s) of the stem, alocal MOE [E(s)]. The MOE is
given directly by E(s)=AM(s)/1(s) AC(s), where AM(S) is
the variation of bending moment due to the external load
at s, and AC(s) the variation of curvature at s. This meth-
od requires the calculation of curvature variations, which
involve the second-order derivatives of the measured co-
ordinates. Therefore, it is very sensitive to small mea-
surement errors; to achieve a good degree of precision a
large number of points must be digitized.

Implications for the modelling of tree development

In the case of young fruit tree stems, variations of bend-
ing moment during deformation (i.e. large displace-
ments) and viscoelastic behaviour of the stem must be
taken into account to achieve a good agreement between
simulations and observations. For older stems, load in-
crements act on a thicker, more rigid structure, yielding
much smaller displacements. Therefore, the error result-
ing from the SDA is likely to be smaller in aged struc-
tures. Thisjustifies why the effect of large displacements
have long been disregarded in most mechanical models
(Blaise et a. 1992; Castera and Morlier 1991; Fourcaud
and Lac 1996; Fournier et a. 1994). However, in the
case of a vertical stem loaded vertically, the SDA re-
mains problematic because the bending moment is ex-
tremely sensitive to small changes in the form of the
trunk. The SDA has been discarded in recent mechanical
models (Ancelin et a. 1999; Jirasek et al. 2000). In con-
trast, creep probably goes on, so that this error would
tend to increase with the age of the structure. To our
knowledge, no mechanical model of tree development
takes these viscoel astic effects into account.

Previous works show that the form of a stem is sensi-
tive to the amount of radial growth in the first years of
its development (Fournier et al. 1994). Moreover, the dy-
namics of diameter growth and of loading suggest a con-
siderable impact of the relative kinetics of the two phe-
nomena on the bending of the fruit tree stems, and there-
fore the unsuitability of an annual time step for their

modelling. Indeed, during the first years of growth, axil-
lary loads lead to large bending while the relative in-
crease in | is considerable. The order of occurrence of
these growth events is crucia to predict stem bending in
a satisfactory way. In an apricot tree, the fact that the
weight increase precedes diameter growth is the cause of
the large degree of bending observed. The presence of
fruit isamajor cause of this bending, but it is not the on-
ly one. The weight of the leaves and branches is respon-
sible for >50% of the load, suggesting that these results
could be extended to the stems of non-fruit species, in
particular when they are slender and hold abundant axill-
aries.

The growth of a branch interacts with the form and
orientation of its stems (Cannell and Dewar 1994; Fisher
and Stevenson 1981; Wilson 2000). The objective of the
mechanical modelling in this context is to explore the
consequences of growth on the form of these stems. Re-
ciprocally, the form and orientation of a stem influence
its mode of growth through the phenomenon called
gravimorphism (Smith and Wareing 1964; Wareing and
Nasr 1961). The joined integration of both phenomenain
growth models remains currently the object of several
works (Alteyrac et al. 1999; Jirasek et a. 2000). In these
models, the relation between form and growth are ex-
pressed by temporal relations. the deformation during a
given period is calculated from the growth of the previ-
ous period, and partly controls the growth of the follow-
ing period. In this context, we believe that the deforma-
tions undergone by a stem in early years of growth can
be fundamental for the understanding of its long-term
development. Indeed, these large displacements are
subsequently fixed by the radia growth of the stem. The
straightening mechanisms of the stem depend themselves
on the growth processes. Even a small difference in stem
form at early stages could lead, through the reciprocal
dependencies between form and growth, to an important
divergencein its later development.
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