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ARTICLE INFO ABSTRACT
Keywords: Fruit mass and sugar content are important quality attributes of apple and pear fruit. During fruit growth, water
Fruit growth model and sugars accumulate as a result of the coordination of water and solid fluxes. This causes expansive growth

Water relations
Xylem water potential
Transport

driven by turgor pressure and controlled by cell mechanical properties. To analyse the effect of environmental
conditions on fruit growth dynamics, a biophysical model of apple (Malus domestica Borkh.) and pear (Pyrus
Carbohydrate uptake communis L.) fruit growth was developed and adapted from the Fishman-Génard model. Dynamically changing
Malus domestica patterns of average fruit fresh mass, dry mass and soluble solid mass in response to the environmental conditions
Pyrus communis during multiple seasons of varying environmental conditions were well captured by a parameterised model for
Simulation apple and pear fruit growth. Sensitivity analyses showed that the model was most sensitive to variations in
parameters related to active transport, cell wall extensibility and plant water status. The model enabled the
analysis of how fruit growth dynamics were affected by stress conditions. This model, which integrates bio-
physical laws and parameters governing fruit water and solute dynamics, may serve as a basis to investigate the
role of the processes involved in the complex growing behavior of pome fruit, and to optimise and predict fruit
growth and quality.

During these growth stages, accumulation of matter and increase of
fruit tissue volume are determined by the balance of incoming and
outgoing flows of water and carbohydrates (Lang, 1990). These fluxes
are the result of tightly coordinated and regulated processes such as
pear (Pyrus communis L.) is the consequence of two separate processes: vascular (xylen'l and phloem) transport, ﬁugar unloading and me'ta-
cell division and cell expansion (Janssen et al., 2008; Rodriguez, bolism, deposition of new cell wall material and cell wall expansion

Sanchez, & De La Casa, 2011; Tijero, Girardi, & Botton, 2021). Most of driven by turgor pressure (Lockhart, 1965). The processes governing
these flows depend on the developmental stage, the degree of

between-fruit competition, genotypic and hormonal effects, and
external conditions, such as light intensity, temperature and water
availability. More specifically, the water status of fruit and tree driving
these transport processes have been reported to determine fruit yield,
composition and sugar concentration (Morandi et al., 2012, 2014; Naor,
Klein, & Doron, 1995; Nemeskéri, 2007; Shackel, 2007; Wada et al.,
2021).

Understanding and modeling fruit growth patterns can aid in
providing predictions for fruit quality and timing of orchard manage-

stresses and turgor pressure. In response, water flows into the cell and ment. Multiple authors have presented models of pome fruit growth for

restores turgor pressure and wall stresses, resulting in enlarged cells prelet1on of fru1t. quality and harvest date by fitting matheman.cal
(Cosgrove, 2016) functions to experimental measurements (Lakso et al., 1995; Martins

1. Introduction

The growth of pome fruit such as apple (Malus domestica Borkh.) and

the post-anthesis cell divisions occur during the early stages of growth.
Cell expansion, in contrast, continues through the cell division period
until harvest and is driven by active transport of carbohydrates to fruit
cells from photosynthesis, with sorbitol as the predominant transport
carbohydrate. These photosynthates are used in the synthesis of struc-
tural carbohydrates for growth, respiration, energy storage and meta-
bolism into other sugars (most notably sucrose and fructose), starch and
organic acids, such as malic acid (Beriiter, 1990; Beriiter et al., 1997).
Along with the accumulation of sugars, the osmotic potential drops and
growing cell walls are loosened, causing transitorily reduced cell wall
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Nomenclature

Variable Definition

a Ratio of xylem and phloem area to fruit area (—)

Ay, Ap, A; Surface area of xylem, phloem, fruit (ecm?)

Cp, Cr, Cpp  Concentration of sugar in the phloem, fruit, over the
membrane (g g 1)

Cpmin» Cpmax Minimum, maximum phloem sugar concentrations (g

1
g )

y Parameter of surface area to fruit mass function (cm? g™

dy Fruit diameter (cm)

E Cell wall elastic modulus (MPa)

n Parameter of surface area to fruit mass function (—)

GDD Growing degree days (°d)

h Surface permeability to water vapour (cm h™1)

Hy, Hyr Relative humidity of fruit, ambient air (—)

ke, k, Rate constant of xylem functionality, cell wall extensibility
(!

ks max Maximum rate of active transport per unit of dry mass
(ggh™)

Kum Michaelis-Menten constant for active uptake (—)

Is Fruit length (cm)

Ly max Maximum conductivity ratio of xylem vs. phloem (—)

Ly, L, Hydraulic conductivity of xylem, phloem

(gcm™ MPal h'l)
my, My, Mg Mass of water, solid, soluble solids (g)
my.0, Mso Initial water mass (g), initial solid mass (g)

M, Molecular mass of sugar (g mol™ 1)

Ds Permeability of composite membrane for sugar transport
(gem™h™)

p* Saturation pressure (MPa)

Py, P,, Py Hydrostatic pressure in the xylem, phloem, fruit (MPa)
Psp Initial fruit turgor pressure (MPa)

Py sat, Pyact Water vapour pressure of saturated air, ambient air
(MPa)

Py min> Pxmax Minimum and maximum daily xylem water potential
(MPa)

II,, Iy, II¢, Mo p, Ir  Osmotic pressure in xylem, phloem, fruit;
osmotic pressure of other solutes in phloem, fruit (MPa)

AP Vapour pressure deficit (VPD) (MPa)

Qgr Growth respiration coefficient (—)

gma203  Maintenance respiration coefficient th™H

Qi0, Qi0, Temperature ratio of maintenance respiration, active
transport (—)

R Gas constant (cm3MPa K 'mol™)

R¢ Fruit respiration (g hH

Pws Ps Mass density of water, dry mass (g cm ™)

Sy Sensitivity coefficient (—)

Oy, Op Reflection coefficient of the composite membrane for sugar

uptake of xylem, phloem (—)

t Time (h)

Temperature (°C)

Thase Reference temperature for GDD calculation (°C)

Trnin day> Tmax,day Lowest, highest temperature during the day (°C)

T¢ Fruit transpiration (g h 1

T Kinetic parameter of active transport (h)

Uy, U,  Mass flow of water in the xylem, phloem (g h

Uy, U,, Un, Usg Mass flow of solids; active transport, mass flow,
passive diffusion (g h

v Fruit volume (cm®)

Y Threshold pressure for growth (MPa)

@ Cell wall extensibility (MPah™)

G Maximum cell wall extensibility (MPa™'h™)
Z Ratio of soluble solids to solids (—)

et al., 2008; Ribeiro et al., 2017; Zadravec et al., 2014). However, these
models are algebraic descriptions, which do not provide further insight
into the processes involved and do not take into account environmental
effects. Because water and dry mass accumulation during expansive
growth are governed by multiple connected mechanisms and depend on
environmental factors, process-based fruit growth models have been
proposed as useful frameworks to advance the understanding of the
development of fruit quality in response to environment and orchard
management (Génard et al., 2007).

To investigate this complexity, biophysical models of fruit growth
(Bussieres, 1994; Génard et al., 2003, 2007; Lescourret, Ben Mimoun, &
Génard, 1998; Marcelis et al., 2009) have been developed to describe the
main processes involved in the development of fruit quality during
growth. The model proposed by (Fishman & Génard, 1998) was further
modified and used to analyse the effect of climate fluctuations and
horticultural management on fruit quality of several species, including
peach (Léchaudel et al., 2005; Lechaudel et al., 2007), tomato (Con-
stantinescu, 2020; Liu et al., 2007; Van de Wal, 2017), kiwifruit (Hall
et al., 2013), grape (Van de Wal, 2017; Zhu et al., 2019) and blueberry
(Jorquera-Fontena, Génard, & Franck, 2017). Cakpo et al. (2020)
modeled sugar and starch dynamics during growth for several fruit
species. To our knowledge, biophysical fruit growth models of fresh
mass, dry mass, and sugars in response to varying environmental con-
ditions have not been developed for apple and pear fruit.

The goal of this study was to develop a biophysical fruit growth
model of apple and pear fruit based on the model of Fishman and Génard
(1998) to analyse and simulate seasonal variations in fruit quality,
namely fresh mass, dry mass, and soluble solids, in response to the
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differences in environmental conditions for four different growing sea-
sons. The model was modified, adapted and parametrised to account for
the growth physiology of apple and pear fruit. These adaptations include
developmental age-dependent changes in sugar accumulation, fruit
transpiration, and cell extensibility, as well as plant water status as a
function of environmental conditions. The model was used to analyse
the dominant fluxes and water status of fruit and tree, allowing the study
of diurnal and whole-season fruit growth dynamics. This model enabled
the investigation of fruit growth dynamics and fruit water status in
response to simulated water and phloem sugar stresses, exploring the
impact of management practices and stresses during apple and pear fruit
growth.

2. Materials and methods
2.1. Plant material

Experimental data were collected from Jonagold apple trees (Malus
domestica Borkh. ‘Jonagold’) planted in 2014 and Conference pear trees
(Pyrus communis L. ‘Conference’) planted in 1963, growing in the or-
chards of Proefcentrum Fruitteelt vzw (pcfruit) in Sint-Truiden, Belgium
(lat. 50° 46’ 21.9” N, long. 5° 9" 36.4" E) on loamy soil. Regular horti-
cultural care was applied, including thinning, pruning and control of
pests and diseases according to recommended practices for each fruit
variety. Local weather data, including relative humidity, temperature
and vapour pressure deficit (VPD) were measured hourly during each
season by a meteorological station close to the orchards at pcfruit. Fig. 1
and Table 1 compare the environmental conditions during the growing
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Fig. 1. Cumulative growing degree days for apple (A) and pear (B) during the seasons of 2018-2021. Growing degree days (GDD, in °d) were calculated using

equation (1).

Table 1

Environmental conditions during the growing seasons (from the day of full bloom to the end of the season) for apple and pear of 2018-2021. For each season, the
following weather parameters are given: the day of full bloom (DOFB), average temperature (T,yg), maximum temperature (Tpax), minimum temperature (Tmin),
average relative humidity (RH,yg), total rainfall (in mm), average daily rainfall (mm), total irradiation (W h m~2) and average daily irradiation (W h m3).

Apple
Year DOFB Tavg Tmax Tmin RHayg Total rainfall Rainfall (daily average) Total irradiation (W h Irradiation (daily average) (W h
(9] (9] O (%) (mm) (mm) m~?) m?)

2018 22/ 18.0 36.9 1.4 69.5 212.6 1.42 7.210° 4783.3
04

2019 20/ 16.3 41.6 -1.4 69.7 255.4 1.70 7.6 10° 5089.0
04

2020 16/ 16.7 38.3 -2.9 66.1 185.8 1.24 7.810° 5209.1
04

2021 28/ 15.8 33.6 -2.1 79.2 515.7 3.03 7.110° 4191.5
04

Pear

Year DOFB Tavg Tmax Tmin RHavg Total rainfall Rainfall (daily average) Total irradiation (W h Irradiation (daily average) (W h

(9] (9] (9] (%) (mm) (mm) m?) m~2)

2018 19/ 18.3 36.9 1.4 68.4 207.4 1.60 6.510° 4985.0
04

2019 10/ 15.6 41.6 -2.5 68.0 211.6 1.63 6.7 10° 5167.4
04

2020 07/ 16.4 38.3 -2.9 62.7 148.2 1.14 7.210° 5524.6
04

2021 19/ 15.7 33.6 —-2.5 76.4 448.9 3.20 6.6 10° 4746.8
04

seasons of apple and pear. Growing degree days (GDD, in °d) were
calculated for each day as in equation (1):

Tmax,day + Tmin.day

—T ase
GDD= 2 ’

Tmin,da > Tbase

g @
0 Tmin,dﬂy S Tbase

in which Ty day @nd Tryax day (°C) are the lowest and highest temperature

during that day respectively, and Tpqs is the reference temperature and

was set to 5 °C (Christodoulou & Culham, 2021; Lysiak, 2022).

2.2. Fruit quality measurements

During four growing seasons from 2018 to 2021, 10 fruit per variety
were harvested at weekly intervals during the cell expansion phase up to
fruit maturation. Apples and pears were picked at eye level using
random selection, while omitting underdeveloped and damaged fruit.
Fresh mass of harvested fruit was determined with a digital scale. The
fruit maximum equatorial diameter and length were measured using a
digital caliper and were used to estimate fruit surface area with equa-
tions (2) and (3). Fruit dry mass was measured by drying a small cortex
tissue sample in an oven at 70 °C until its mass reached equilibrium.
Fruit water mass was calculated as the difference between fresh and dry
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mass. The total soluble solid content was determined with a handheld
refractometer (PR-101 a, ATAGO CO. LTD, Tokyo, Japan; Quick-Brix 60,
Mettler Toledo International Inc., Columbus, USA) and was converted to
soluble solid mass following the method proposed by Hall et al. (2006).
Fruit osmotic potential was determined from freezing point osmometry
for the 2021 season. A subsample from the fruit was frozen with liquid
nitrogen, crushed with mortar and pestle, and was subsequently ground
into a fine powder with a grinding mixer (Mixer mill 200 MM, Retsch
GmbH, Haan, Germany). The obtained powder was centrifuged at 24
000 g for 15 min, after which the liquid fraction was collected. Next, the
osmolarity of the liquid fraction was measured with a freezing point
osmometer (Osmomat 3000, Gonotec GmbH, Berlin, Germany) and
converted to osmotic potential with the van ‘t Hoff equation (Nobel,
1974). Before measuring, the device was calibrated with distilled water
(zero osmolarity), and two solutions of known osmolarity.

2.3. Fruit skin water permeability

The fruit skin permeability was determined by measuring fruit
transpiration rate on harvested fruit as described by Fishman and
Génard (1998). The fruit pedicel was removed and the wound was
sealed with grease (Van de Wal, 2017). At the start of the experiment,



B. Dequeker et al.

the surface area of each fruit was estimated based on formulas (2) and
(3), with A (cm?) the fruit surface area, dyd; (cm) the fruit diameter and
Iy (cm) the pear fruit length.

dr\*
Af.apple =drn (5)

o =e(4) (8 () (- (&)

The maximum equatorial diameter and length of the fruit were
measured using a digital caliper. Next, fruit were placed in an incubator
(Termaks KBP 6087, LED Techno nv, Heusden-Zolder, Belgium) with
controlled temperature and humidity (20 °C, 52% RH). The mass of each
fruit was measured for 6 h at intervals of 45 min. The mass loss obser-
vations, the fruit surface area and ambient air temperature and humidity
were used to estimate the fruit skin permeability for five replicates at
weekly intervals during the season of 2021 with equation (18).

@

3)

2.4. Xylem midday water potential

The midday branch water potential of the tree branch was measured
during the season of 2021 using a pressure chamber (Model 670, PMS
Instrument Company, Albany, USA) following the method in (Levin,
2019). The chosen leaves were mature, fully expanded and all mea-
surements were made between 12:00 and 13:00 Central European Time
(CET). Leaf samples (n = 6-10) were selected randomly from a set of 10
trees for each variety and were covered with reflective foil-laminate
plastic bags for 45 min to allow equilibration before excision. After
this period, each leaf was cut from the branch with a sharp blade, placed
in the pressure chamber through a seal and subjected to a constant
pressure increase below 0.5 bars™l. The pressure value at the first
appearance of water from the cut during pressurisation was taken as the
midday xylem water pressure. The obtained xylem water pressure values
were related to the vapour pressure deficit, calculated from the mea-
surements of air temperature and relative humidity from a weather
station of the research station. The vapour pressure deficit AP (MPa) was
calculated as the difference between the water vapour pressure of
saturated air P, so¢ (MPa) and the actual vapour pressure P, o (MPa).

4

The partial water vapour pressure was expressed as a function of
relative humidity H, (between 0 and 1) and P, g:

AP:Pv,sal - Pv.ac(

)

The Buck equation (Buck, 1981) was used to calculate the saturation
vapour pressure as a function of temperature T (K), assuming the fruit
and air share the same temperature:

Pv,acl :Pv,sal act

T —273.15 T —273.15
234.5 257.14 4+ (T — 273.15)

©

Py =0.61121 exp{(18.678 -

2.5. Model description

The fruit growth model was an adaptation of a biophysical repre-
sentation of fruit growth originally developed for peach (Fishman &
Génard, 1998). The model simulates the growth after cell division has
ceased. The growth model assumes that the fruit can be considered as
one compartment (a cell community with a constant number of growing
cells) separated by a composite membrane from the environment and
branch. The main variables of the system are the water mass m,, (g) and
the dry mass my (g) in the fruit flesh, and fruit turgor pressure P; (MPa).
Water and dry matter dynamics during fruit growth are described by
balance equations governed by biophysical transport processes and
irreversible cell expansion as a consequence of turgor pressure
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(Lockhart, 1965; Ortega, 1985, 1990). The model with the main fluxes
and variables is illustrated in Fig. 2.

2.5.1. Water balance and fluxes

The rate of change of water in the fruit over time is the sum of the
water influx from the xylem Uy (g h!) and phloem U, (g h™!) minus the
water loss through transpiration Ty (g h™).

dm,,

dt )

=U+Up—T;

The indices x, p and f refer to xylem, phloem and fruit, respectively.
The water flow from the vasculature into the fruit is driven by the dif-
ferences in hydrostatic pressure P (MPa) and osmotic pressures I1 (MPa)
between phloem or xylem and the fruit.

Ux:AxLx(Px_Pf_Ux(Hx_Hf)) (8)

Up:Apr(Pp*Pf*"P(HP*Hf)) C)
where A, and A, are the xylem and phloem membrane area (cm?3), and
with Ly and L, (gcm™ MPal h™) the hydraulic conductivity of xylem
and phloem membrane respectively. The effective reflection coefficient
of the phloem and xylem, denoted o, and oy, are dimensionless measures
of the impermeability of each membrane to solutes. The concentration of
solutes in the xylem, and, hence, II;, was considered negligible
compared to inside the fruit. o, was set to 1, since the plasma membrane
is considered impermeable to sugars (Knipfer & Fricke, 2010). The
membrane areas of xylem and phloem were assumed to increase pro-
portionally to the fruit area A; (cm?) through a proportionality constant
a (dimensionless).

A, =a A¢ (10)

A, =aA; an

An empirical equation was used to relate fruit surface area A; to fresh

mass, with coefficients y (cm? g™) and # (—) as fitting parameters:
Ar= Y(mw + ms)ﬂ (12)

The osmotic pressures were calculated from the concentrations of

Phloem 4 A A

- P,,C,

v v v

Xylem

Solids

-——— =

B
Water

~

Fig. 2. Schematic representation of the fruit growth model (adapted from Hall
et al. (2013). The different fluxes of solids (dashed arrows) and water (solids
arrows) are shown.
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sugars C (g g™!) based on the van ‘t Hoff equation (Nobel, 1974) with
equation (13), with gas constant R (83.14 cm® MPa K mol™) and
temperature T (K). The contribution to osmotic pressure of solutes other
than carbohydrates (such as amino acids and minerals) was accounted
for with a term IT, (MPa).

C

=M, +R T —F+——
* (lfc)Ma

13

where M, (g mol™) is the molecular mass of the most abundant sugar
which was assumed to be sorbitol in the phloem, and hexoses in the fruit
(Bertiter et al., 1997). As a first approximation, I, was chosen constant
during fruit development. The sugar concentration C; (gg™) was
calculated based on the soluble solutes. It was assumed that a proportion
Z (dimensionless) of the total content of accumulated carbohydrates
remains as soluble sugars whereas the rest is converted to structural
material (14). The soluble solids content mg (g) was, hence, derived in a
simplified approach to represent soluble solids dynamics.

mgs = Zmy a4)
mSS
=+ 1)

The proportion Z was modeled as an empirical function of fruit mass,
derived from measurements, with Z; and Z, dimensionless fitting
parameters:

Z=Z\(my+m) +7Z, (16)

For pear, the hydraulic conductivity of xylem was assumed constant.
For apple, however, it was assumed to decrease with time based on the
observation that the pedicel hydraulic conductivity declined during
ripening as a consequence of physical disruption of the xylem vessels
(Drazeta et al., 2004; Morandi et al., 2011, 2012). As there is no evi-
dence for breakdown in phloem functionality during fruit development,
phloem conductivity was considered constant. These assumptions then
yield equation (17) for Ly:

. 2Lx.max
Tl ekt ?

@a7)

where Ly 1. (dimensionless) is the maximum conductivity ratio between
xylem and phloem and k, (h™!) a parameter describing the changes in
xylem functionality over time t (h). The value of Ly .« Was based on the
ratio of xylem and phloem flows.

Transpiration water loss is driven by the difference in relative hu-
midity between the air filled space in the fruit H; (dimensionless) and
the ambient atmosphere H,. (dimensionless). Additionally, transpira-
tion is considered proportional to the fruit surface area A¢ and the
permeability of its surface to water vapour h (cm h™!), as shown in (18).

Ty =Acah(Hy — Hoot) (18)

M, P*
RT ?

saturation pressure (MPa), R the gas constant (cm® MPa Klmol™)and T
temperature in K. The temperature dependence of saturation vapour
pressure was implemented as in Fishman and Génard (1998), with
dimensionless constants P;* equal to 8.048 x 107> and P,* equal to
0.0547 (equation (19)).

where a = with M,, the molecular mass of water (g mol™), P* the

Pt =P, el (127319

19)

Fruit surface water vapour permeability decreases with increasing
fruit mass, which is in agreement with measurements presented in this
work and as reported by (Lang, 1990; Maguire et al., 2000). This trend
was implemented with empirical equations: based on our experiments, a
power function (20) was used for apple, and a rational function (21) was
used for pear.
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h=hy (my, + my)"” (20

h

(my +mg) + hy @D

where h; and hy are fitted parameters. For apple, the units of h; and h,
are cm h! g™ and (-) respectively. For pear, the units of h; and hy are
cm h'lg and g respectively.

2.5.2. Carbohydrate balance and fluxes
The accumulation of dry matter with time is the uptake from the

phloem U; (g h™') minus respiration Ry (gh™).

(22)

*=U,—R
dt f

The transport of dry matter from the phloem to the fruit U, was
calculated with equation (23) as the sum of active transport U, (g b,
mass flow U, (gh™) and passive diffusion U, (gh™).

Us=U, + Uy + Uy (23)

Dry matter transport from phloem to fruit by mass flow was calcu-
lated from equation (24). Passive diffusion due to the gradient of sugar
concentrations between phloem and fruit was calculated with equation
(25):

Un=(1-06,)CuyU, 24

Uy :Apps (Cp - Cf) (25)
with p, (gcm™h™) the permeability of the composite membrane to
sugar transport and Cp;, (g g™') the mean concentration of the solutes in

the membrane contributing to mass flow (equation (26)):

G, + G
2

Cub = (26)

The rate of active carbohydrate uptake U, was described with a
modified Michaelis-Menten equation, with Ky, the Michaelis constant
(dimensionless). The maximum uptake rate was made proportional to
dry mass m,, maximum uptake rate k.« (g g'lh'l) and temperature T
through the Qo concept with Qo, (dimensionless) (Fishman and
Génard, 1998; Hall et al., 2013).

293
7ms Ql[].a 0 ks,max Cp

T Ra i G @7

U.

In (27), 7; (h) and 7, (h) are kinetic parameters accounting for an
“inhibitory” effect which increases with fruit age, and hence time ¢ (h).
This assumption was based on the decreasing accumulation of sugars in
later stages of growth per gram of apple fruit (Li et al., 2018) and pear
fruit (Oikawa et al., 2015). Sugar signals have been shown to mediate
plant sugar regulation, the effects of which depend on developmental
stage and environmental conditions (Matsoukas, Massiah, & Thomas, B.,
2013; Rolland, Baena-gonzalez, & Sheen, 2006).

Dry mass loss is driven by fruit respiration, and consists of growth
respiration and maintenance respiration (equation (28)). Growth
respiration Ry is proportional to dry mass uptake rate via growth coef-
ficient gg (dimensionless), while maintenance respiration depends on
dry mass and the maintenance respiration coefficient gma (h™Y). This
coefficient was made dependent on temperature through Q;, relative to
(ma,293 (h™1), the maintenance coefficient at reference temperature 20 °C
or 293 K, as shown in equation (29).

dm

Ry = q,;'ritS + Gma Ms

7 28)
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I-293
Gma = qma203Q10 ©

29
2.5.3. Volume growth

The balance equations were connected to the rate of change of fruit
volume V (cm®) to solve for the fruit turgor pressure. The fruit volume
change can be written as the sum of the rates of change of water and dry
mass:

av_ 1 dm,

av 1,
dt p, dt

ps dt

(30)

where p,, (gcm™) and p, (gcm™) are the density of water and carbo-
hydrates, respectively.

Two different approaches were used to obtain an expression for
turgor pressure: (I) by only taking into account plastic deformations, and
(ID) by including elastic and plastic changes to volume. Both calculation
methods were used to assess the impact of elasticity on the transport
processes determining fruit growth.

Fruit volume change can be calculated from the Lockhart equation
(Lockhart, 1965) for irreversible plant growth, when the elastic de-
formations and the contribution of dry mass to volume changes are
neglected (Fishman & Génard, 1998):

{V(p(Pf—Y) P>y
0

0<P <Y

av
o= (31)
with ¢ the cell wall extensibility (MPa'h™') and Y the threshold pressure
of fruit turgor (MPa) above which irreversible expansion occurs. Under
the aforementioned assumptions, and by setting (30) and (31) as equal,
the turgor pressure Py can then be obtained from the resulting analytical
equation, as shown in eq. (32):

p ALy (Py + ) + ApLy (Py — 0, (T, — TIy) ) — Tt + p, VoY
=

32
AL+ AL, +p Vo 32)

Alternatively, the change of volume can also be expressed as the
result of volume variations due to plastic and elastic deformations
(Ortega, 1985), with E the elastic modulus (MPa).

+{V(/)(P6—Y) P >Y

O0<P <Y

dv 1 _dP
_L,dp

A 33
dt E dt G3)

In this case, fruit turgor pressure is expressed by combining eq. (30)
and eq. (33) as a differential equation, as proposed in (Lechaudel et al.,
2007), that can be solved numerically.

dP; _E 1 dm, n 1 dm v (P Y) iF P> Y
a V\p, dr p.ar VT v
dpy E (1 d 1 d @34
e My g .
LI — 0<P Y
dt VQ;W dt +ps dt> i 0<Pi<

Cell wall extensibility ¢ was assumed to follow an exponential
decrease in time, determined by the parameters ¢, (MPa™h™) and k,
(h™"), as ¢ tends to become zero for mature cells (Proseus, Ortega, &
Boyer, 1999). The declining extensibility is consistent with the
decreasing activity of cell wall polysaccharide modifying enzymes
(Dheilly et al., 2016), involved in the regulation of the cell wall me-
chanical properties and growth processes (Cosgrove, 1993, 2016).

o= 2Pmax
1+ kot

(35)

2.5.4. Model inputs and initial conditions

The model requires inputs of two environmental variables (temper-
ature and relative humidity of the ambient air) and two variables related
to the stem vasculature (the xylem water potential and phloem sugar
concentration).

Xylem water potential and phloem sugar concentration were
modeled to reflect the influence of time of day and environmental
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conditions by letting the daily pattern vary between set daily minimum
and maximum values with the model of (Parton & Logan, 1981). The
daily patterns follow a sinusoidal function with the highest phloem
sugar concentration Cp max (g ¢’1) and lowest xylem water potential P, in
(MPa) at solar noon, and lowest phloem sugar concentration Cpmin
(gg’!) and highest xylem water potential P, ,,x (MPa) between sunset
and sunrise for that day (Fig. 1). For xylem water potential, Py i, was
related to environmental conditions based on an experimental regres-
sion between vapour pressure deficit AP and midday stem water po-
tential Py ,;,, measured from the pressure bomb experiments, with P;
and P, (MPa) fitting parameters.

Py min=P; In(AP) + P, (36)

To initialise the growth model, the model requires fruit water mass,
dry mass and turgor pressure at the beginning of the simulation at a
specific time point. The average water mass my (g) and dry mass m;q
(g) were input as the initial values of simulation for each growing sea-
son, knowing also initial time since the specific day after full bloom. The
initial turgor pressure P;, (MPa) was set based on observed values at
fruit set, and was calculated as the difference of the water potential
measured with the method from 2.4 and the osmotic potential of the
fruit.

2.5.5. Model solution, parameterisation and calibration

The system of ordinary differential equations (ODEs) was solved
numerically in MATLAB R2020a (The Mathworks Inc., Natick, USA),
using the ode45 solver with adaptive time steps. Relative error tolerance
was set to 10> and absolute error tolerance was set to 10~°. Simulations
were run for the same time period as the time of experimental data
collection. Fig. S1 gives the simulation period for each season, together
with their initial conditions. For apple, this time period corresponds to
the time from about 40 to 60 DAFB, until about 150-170 DAFB. For
pear, simulations were run from between about 50 and 70 DAFB, until
about 130-140 DAFB. The weather data needed to calculate the envi-
ronmental conditions as described in 2.5.4, and the initial values of the
state variables were entered as inputs for simulation.

Model parameters were estimated from experimental data as
described above or taken from the literature. Parameter values are given
in Table S1, with the source of the values. The parameters that were not
determined in independent experiments, were estimated with model
calibration by fitting simulated curves to experimental values of dry and
fresh mass data. Model implementation and parameter estimations were
done in OptiPa, a modeling tool for calibrating models based on ordi-
nary differential equations (Hertog et al., 2007). For parameter esti-
mations, non-linear least squares optimisation wusing the
Levenberg-Marquardt method was performed for both fresh and dry
mass simultaneously. For both apple and pear simulations, seasons 2018
to 2020 were included in the calibration dataset, while data from the
2021 season was used for validation. Four parameters were obtained
through model calibration: L,, 71, 72 and k,. The goodness of fit of the
model was evaluated through the root mean square error (RMSE) and
relative root mean squared error (RRMSE), which was formulated as:

N 2
> 1 (Visim — Vidaa)

i=1

37)

with N the number of dates on which fruit were sampled, n; the number
of repetitions at instance i, y;sm the simulated fruit fresh or dry mass at
instance i, ¥; gata the mean value of measured data at instance i, and y the
mean of all measured values.

2.5.6. Sensitivity analysis
A sensitivity analysis was performed to assess the sensitivity of the
model to parameter variations. For each parameter during the sensitivity
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analysis, the default value as presented in Table S1 was changed be-
tween —50 % and +50 %, while all other parameter values were kept
unchanged. The sensitivity of the model to a parameter was quantified
by the normalised sensitivity coefficient Sp, defined as the ratio between
the variation of fruit dry or fresh mass (Ay) relative to its average value
() and the variation of the parameter values (Ap) relative to its average
value (p) (equation (38)).

Ay/y

= 38
5, 38)

P

Mean normalised sensitivity coefficients were calculated over the
whole range of percentage changes for each parameter. The fresh mass
or dry mass at the end of a simulated growth season was used as the test
variable, applying conditions from 2018.

2.5.7. Fruit growth dynamics simulated under stress conditions

The model was applied to analyse the effect of virtual phloem sugar
and xylem water potential stresses on fruit growth dynamics. Model
sensitivity to input variations was calculated as described in 2.5.6. In
addition, the responses to phloem sugar stress and to xylem water po-
tential stresses were analysed, as these stress conditions may reflect
horticultural interventions in the production of photosynthates (for
instance with shading nets) and in the water status of the tree (for
example drought periods or withholding of irrigation). Phloem sugar
stress was simulated by decreasing the phloem sugar concentration
lower and upper limits by 0.05 g g~* based in first approximation on the
ranges used in (Fishman & Génard, 1998). Water stress was simulated by
reducing the xylem water potential by 0.25 MPa - chosen based on ob-
servations between 0.1 and 0.5 MPa during prolonged drought stress by
Bhusal, Han, and Yoon (2019) — while relative air humidity was kept
unchanged. These simulated stresses were applied for 3 weeks early in
the season (60 DAFB) and late in the season (110 DAFB).

3. Results
3.1. Environmental conditions during growing seasons

Considerable differences were observed between the environmental
conditions during multiple growing seasons from 2018 to 2021. Fig. 1
shows that the 2018 season had higher cumulative growing degree-days
compared to the other seasons. Furthermore, Table 1 highlights the
differences in temperature, humidity, rainfall and radiation between the
seasons. The 2018 season had the highest average temperature (18 °C)
of seasons 2018 to 2021, while the 2021 season was on average the
coldest (15.8 °C). During the 2021 season, the highest relative humidity
and rainfall were observed. Solar irradation was the lowest during the
2021 season and the highest during the 2020 season.

350
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3.2. Model parameters

Estimated values for the fruit surface water vapour permeability
were found to decrease with increasing fruit mass and, hence, fruit age,
for both apple and pear (R = 0.91 and R? = 0.87, respectively), as can
be seen in Fig. 3. Similar observations have been made by (Jones &
Higgs, 1982) for other apple cultivars. The decrease in h occurred more
rapidly during development for apple than for pear. The values at the
end of development for apple and pear were within the range of values
for apple fruit (0.876-127 cm h™!) reported by Maguire et al. (2000).

The estimated values of the hydraulic conductivity L, of the phloem
surface area were 0.080 gcm2MPalh! for apple and 0.206
gcm™ MPa™l h'! for pear, assuming for both a constant ratio of com-
posite membrane area to fruit area (a) of 0.0273 as in Fishman and
Génard (1998). They were comparable to the value used by Fishman and
Génard (1998) for maize roots (0.0972 g cm2MPa'h™), blueberries
(0.04583 gcm™2MPath™; Jorquera-Fontena et al., 2017), tomatoes
(0.15 g cm™2MPa'h™ ; Liu et al., 2007) and mentioned by Nobel (1974)
for plant membranes (0.2664 g cm™2 MPa h™).

Values for midday xylem water potential Py i, in apple and pear tree
branches were found to decrease with increasing AP and to plateau for
high AP (Fig. 4). These observations were modeled as a logarithmic
function of AP (equation (36)). Similar relationships were reported for
young apple trees (De Swaef, Steppe, & Lemeur, 2009). The midday
stem water potential values reported here were consistent with values
between —1 MPa and —2 MPa) for apple (Naor et al., 1995; Sircelj et al.,
2005) and between —0.4 and —1.5 MPa for pear (Vélez-Sanchez, Bala-
guera-Lopez, & Rodriguez Hernandez, 2022).

The value for the time constant of the exponential decrease in cell
wall extensibility k, was estimated as 0.0029 h™! for apple and 0.0027
h™! for pear, for both varieties assuming a maximum extensibility ¢,,,, of
0.1 MPa'h™!. With these calibrated values for k,,, ¢ showed a consistent
decline to zero towards maturity at the end of the season (Fig. S2),
reflecting the biological and physical changes in cell walls of mature
cells (Proseus et al., 1999).

From Fig. 5A it appears that the proportion of soluble solids to total
solids Z was not strongly influenced by increasing fruit fresh mass for
apple. While the linear regression fit yielded a slope with a value of 6.25
x 10~* which differed significantly from zero (p < 0.05), R% was in that
case equal to 0.238. Therefore, the ratio Z was considered constant in the
model (Z; = 0, Z; = 0.49). For pear, in contrast, a moderate linear trend
(R? = 0.63) was observed (Fig. 5B). This was implemented as a linear
function, with estimated values of 0.0020 and 0.24 for Z; and Z,,
respectively. The obtained values for Z were similar in magnitude to the
value of 0.61 for peach (Fishman and Génard, 1998) and 0.52 for tomato
by (Liu et al., 2007), assuming Z constant during fruit growth.

1000 |
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Fig. 3. Fruit surface water vapour permeability as a function of fruit mass, for apple (A) and pear (B). Fitted functions versus fruit fresh mass (m,, + m;) (line) to the
measurements (symbols) are shown. In addition, the R? and RMSE of the fitted functions are given.
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Fig. 4. Midday xylem water potential as a function of vapour pressure deficit (VPD) for apple (A) and pear (B), with logarithmic functions (line) fitted to the
measurements (symbols). Standard deviations for measurements (n = 6-10) are shown as vertical bars. In addition, the R? and RMSE of the fitted functions are given.
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Fig. 5. The ratio of soluble solids to solids for apple (A) and pear (B). Linear fits versus fruit fresh mass (m,, + m;) (line) to the data (symbols) for which fitting
parameters R> and RMSE values are shown, are displayed.
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Fig. 6. Simulation results of the fruit growth model for apple. Seasons 2018 to 2020 were used in model calibration, season 2021 was used for model validation.
Measured (symbols) and simulated (lines) dynamics of apple fruit fresh mass (A, B, C, D), fruit dry mass (E, F, G, H) and soluble solids mass (I, J, K, L) for each season
are shown. Standard deviations for measurements (n = 10) are shown as vertical bars. For each curve, RMSE and RRMSE are indicated.
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The values for 7; and 75 for the active transport equation (27) were
estimated as 1502.6 h and 468.3 h for apple, respectively, and 1914.9 h
and 797.0 h for pear, respectively.

3.3. Simulations of fruit fresh mass, dry mass and soluble solid mass

Measurements and simulations of fresh mass, dry mass and soluble
sugars for seasons 2018 to 2021 are shown in Fig. 6 for apple and in
Fig. 7 for pear. Seasons 2018, 2019; 2020 were used as calibration set
and season 2021 as validation set. For apple (Fig. 6), in general, the
sigmoidal shape of the growth curve was reproduced by the model.
RMSE and RRMSE values were between 22.2 and 53.0 g and 0.19-0.36
for fruit fresh mass, respectively (Fig. 6A-C), and between 4.2 and 5.6 g
and 0.21-0.31 for fruit dry mass, respectively (Fig. 6E-G). For soluble
solid mass (Fig. 6I-K), RMSE and RRMSE were between 2.3 and 3.9 g
and 0.23-0.37, respectively. Fresh mass was underestimated in year
2020 (Fig. 6C) and soluble solid mass was underestimated in 2019 and
2020 (Fig. 6J and K), notably at the end of the season. A good corre-
spondence between measurements and simulations was found in 2021
for fruit fresh mass (Fig. 6D, RMSE of 39 g and RRMSE of 0.23) and fruit
dry mass (Fig. 6H, RMSE of 6.6 g and RRMSE of 0.28). The soluble solids
mass from the middle to the end of the season was underestimated
(Fig. 6L), resulting in a high RMSE (6.3 g) and RRMSE (0.44).

For pear, the model was able to recreate the overall growth trends
during each season (Fig. 7). The values of RMSE and RRMSE ranged
between 22.8 and 35.7 g and 0.25-0.45, respectively, for fruit fresh mass
(Fig. 7A-C), and between 3.9 and 4.8 g and 0.24-0.29, respectively, for
fruit dry mass (Fig. 7E-G). A notable underestimation of fruit fresh mass
was observed for the 2019 season (Fig. 7B). For fruit soluble solid mass
(Fig. 7I-K) the RMSE and RRMSE were between 2.1 and 3.5 g and
0.27-0.43, respectively. The simulations of the validation dataset of the
2021 growing season showed a good match with the measurements,
except for moderate underestimations at the end of the season
(Fig. 7D-L). These simulations had RMSE and RRMSE values of 35.3 g
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and 0.30 for fresh mass, 5.7 g and 0.34 for dry mass, and 3.5 g and 0.37
for soluble solid mass.

3.4. Parameter sensitivity analysis

The mean normalised sensitivity coefficients showed the different
sensitivities of the simulated fruit water mass (Fig. 8A) and dry mass
(Fig. 8B) of apple with respect to parameter fluctuations.

The model simulations for water mass were highly sensitive to var-
iations in parameters related to active uptake of dry mass (72; ks max,
ms ), cell wall extensibility (k,), phloem transport (¢, and Z) and xylem
water potential (P; and P,). Moreover, moderate sensitivity was
observed for variations in the daily limiters of C, (C, mi» and to a lesser
extent Cpmax), 77 and Ky. In contrast, small changes to the water mass
simulations were induced by variations in transpiration function pa-
rameters (h; and h,), xylem water potential upper limit Py ;,,x, phloem
conductivity L,, osmotic pressure parameters (Il,, and II,;), initial
water mass m, o, maximum extensibility ¢,,,,, yield pressure Y, initial
turgor Py and elasticity E. For dry mass simulations, the model yielded
particularly large changes in active transport parameters (72, ks max, M,0,
o, and Ky). Moderate sensitivity was found for C, .., while weak
sensitivity was observed for the other model parameters.

3.5. Analysis of main processes of apple and pear fruit growth

To investigate the involvement of the different processes affecting
fruit functioning during growth, the model simulations of the main
fluxes and physiological parameters were analysed.

The relative contributions of the different fluxes to the water balance
changed over the course of the season (Fig. 9A and E for apple, and
Fig. 9B and F for pear), resulting in different growth rates at different
times during the season. For the case of apple, xylem water transport
was considered negligible (see equation (17)) and the main influx of
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Fig. 7. Simulation results of the fruit growth model for pear. Seasons 2018 to 2020 were used in model calibration, season 2021 was used for model validation.
Measured (symbols) and simulated (lines) dynamics of apple fruit fresh mass (A, B, C, D), fruit dry mass (E, F, G, H) and soluble solids mass (I, J, K, L) for each season
are shown. Standard deviations for measurements (n = 10) are shown as vertical bars. For each curve, RMSE and RRMSE are indicated.
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water was through the phloem. For pear fruit simulations, both xylem
and phloem contributed to the water influx into the fruit.

The model reproduced the diurnal dynamics of fruit, showing the
differences between night-time and midday periods (Fig. 9C and G for
apple and Fig. 9D and H for pear). During the night, the water balance
was positive, as the main water import from xylem and phloem exceeded
the reduced transpiration water loss. During the midday period, the
water balance decreased and sometimes became negative, resulting in a
decrease in fruit mass. Overall the simulations showed that fruit mass
growth would predominantly occur during the night.

The elastic deformation of fruit tissue was shown to have a large
impact on the water fluxes to the fruit and the diurnal dynamics of
growth. For apple (Fig. 9E and G), model simulations taking into ac-
count elasticity produced water influxes that would briefly become
negative at noon, which resulted in a negative water balance around
midday. In contrast, without elasticity, the water fluxes and conse-
quently the water balance would generally not reach negative values.
For pear on the other hand (Fig. 9D and H), negative water balances
were predicted with and without consideration of elasticity, with
stronger oscillations in the water balance when elasticity was included.
Predominantly phloem flow became negative and shift the simulated
water balance towards negative values at noon.

The simulated dry mass accumulation featured a maximum accu-
mulation rate at around 110 DAFB for apple, after which dry mass
accumulation would decline (Fig. 10A). For pear (Fig. 10B), the
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accumulation of dry mass increased up to around 120 DAFB and would
stay at a plateau for the remainder of the season. Fruit dry mass simu-
lations (Fig. 10C and D) also showed circadian growth patterns, as dry
mass accumulation would be the highest at around noon; the magni-
tudes of the dry mass accumulation fluxes were typically an order of
magnitude smaller than those of the water fluxes.

Over the course of the season, fruit turgor pressure simulations
showed a marked increase, with high values up to around 1.2 MPa for
apple (Fig. 11A and B) and 1.5 MPa for pear (Fig. 11D and E). The turgor
pressure at the end of the season was not influenced by changes in I, ,
I, or P;o (data not shown). In contrast, turgor pressure in apple fruit
has been reported to range between 0.2 and 0.8 MPa (Beriiter, 1990;
Iwanami et al., 2008; Wada et al., 2021). Model simulations predicted
that the osmotic pressure of apple would not increase during growth, but
decrease from about 1.8 MPa to about 1.6 MPa (Fig. 11A and B). This did
not correspond to experimental observations reported in this work
(Fig. 11C), where it would increase from 0.5 MPa for fruitlets to about
1.5 MPa at maturity, and to reports in literature (Beriiter, 1990). The
simulated osmotic pressure in pear increased over the course of the
season, from around 1.2 MPa to about 2 MPa (Fig. 11D and E). This was
consistent with fruit osmotic pressure measurements, which yielded
osmotic pressure values early in the season of about 1 MPa, and values at
the end of the season of 1.7 MPa (Fig. 11F).
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3.6. Fruit growth dynamics during simulated stresses

The effect of simulated stresses on the main factors driving fruit
growth was studied with the model. The mean normalised sensitivity
coefficients for fruit water and dry mass are presented in Fig. 12. The
model showed limited sensitivity to temperature, and almost no sensi-
tivity to relative air humidity. In contrast, high sensitivity coefficients
were found for phloem sugar concentration and for xylem water po-
tential with respect to fruit water mass.

The fruit growth dynamics in response to imposed water and phloem
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sugar stresses were studied with the model, and are shown in Fig. 13.
Lower phloem sugar concentrations directly resulted in lower active
transport (equation (27)). As a consequence, the fruit osmotic pressure
and in turn the xylem and phloem mass flows declined (equations (8)
and (9)). The simulations gave a reduction in xylem mass flow (—16%
during early stress and —2% during late stress), phloem mass flow
(—31% during early stress and —24% during late stress), respiration
(—29% during early stress and —24% during late stress), and a small
difference in transpiration (—3% during early stress and —1% during
late stress) and in osmotic pressure (—2% during early and —4% during
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late stress). Thus, lower fruit water and dry mass were observed respectively 30% and 19% lower at the end of the season, while the late
compared to the standard conditions upon simulated phloem sugar season stress decreased water mass and dry mass by 12% and 9% at the
stress. For the early stress simulation, water mass and dry mass were end of the season, respectively.
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Lower xylem water potential affected most notably fruit water mass
and had limited impact on the fruit dry mass. The large decrease in fruit
water (—32% during early stress and —29% during late stress) was a
consequence of the decrease in the water potential gradient between
xylem and phloem, and the fruit (equations (8) and (9)). Xylem flows
declined by 28% during early stress and by 25% during late stress, and
phloem flows similarly decreased by 25% during early stress and 18%
during late stress. Respiration was only slightly lower (—3% during early
stress and —1% during late stress), and transpiration as well decreased
only by 8% during early stress and by 2% during late stress. Due to the
lower water content and limited decrease in dry mass, fruit sugar con-
centration was higher than in the standard conditions, and resulted in an
increase in osmotic pressure by 19% during early stress and by 4%
during late stress.

4. Discussion

Fruit size and sugar content are important quality features that
determine to a large extent their commercial value and consumer
acceptance (Musacchi & Serra, 2018). The model presented in this work,
based on the peach model by Fishman and Génard (1998), incorporates
several adaptations to account for the specific physiology of apple and
pear during growth. These modifications enabled the model to
adequately simulate the seasonal patterns of apple and pear fruit growth
in response to different environmental conditions during multiple sea-
sons, as was shown in Table 1 and Fig. 1. The sensitivity analysis also
showed the importance of active uptake of sugars, sugar dynamics and
transport, and the water status of the branch, for the growth of apple and
pear fruit. For this reason, the parameters Ly, 71, 7o and k, were cali-
brated to the data.

To incorporate the role of water status of the tree on fruit growth and
its dependence on environmental conditions (Fig. 4), an empirical
function was introduced to couple xylem water potential of the stem at
noon with the vapour pressure deficit (equation (36)). This approach to
estimate stem water potential in the ‘average’ branch is in line with
other works, in which water potential was modeled with several
different methods of varying complexity. The earliest methods (Fishman
& Génard, 1998) approximated branch xylem water potential diurnal
variations as sinusoidal curves during the day with a constant value for
the night, and this approach has been used until today (Chen et al., 2021;
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Constantinescu, Vercambre, & Génard, 2020). Other authors have pre-
sented methods based on empirical equations as function of environ-
mental conditions such as vapour pressure deficit (Liu et al., 2007) or
transpiration (Hall et al., 2013), or as function of developmental age
(Jorquera-Fontena et al., 2017). Furthermore, hydraulic resistance
models analogous to electric networks (Constantinescu et al., 2020;
Coussement et al., 2020; Hall et al., 2013, 2017) have been developed to
model water transport in response to transpiration water loss. More
recently, functional-structural plant models (FSPMs) have gained
attention, as they integrate 3D plant structure with plant ecophysiology
to more accurately calculate local water transport (Coussement et al.,
2020; Zhu et al., 2019), but are limited in simulation capabilities due to
their high computational complexity. The method used in this study
balances incorporating plant water status and modeling complexity,
albeit without taking into account water availability.

The model was used to explore the evolution of the water (Fig. 9) and
dry mass fluxes (Fig. 10), and the important fruit water status parame-
ters during the day and over the course of the season (Fig. 11). The
analysis of these variables showed that the model could produce the
diurnally varying growth patterns. This result is consistent with reports
for apple (Jones & Higgs, 1985; Morandi et al., 2011) and for pear
(Morandi et al., 2014; Yamamoto, 1983). However, the osmotic pressure
and turgor pressure inside the fruit were found to deviate from mea-
surements (Fig. 11) and those reported in literature (Beriiter, 1990;
Iwanami, Moriya, & Abe, 2009). It should be noted that the aforemen-
tioned measurements of fruit turgor (except by Beriiter (1990)) were
performed on isolated tissue slices without the mechanical constraints of
the fruit skin and might, therefore, underestimate the actual pressure.
Also, (Beriiter, 1990) found that apple fruit turgor remains practically
constant during development. The increase in turgor pressure during
growth from the simulations might be caused by the decline of cell wall
extensibility, as incorporated via equation (35). Further work should
aim to explore further the role of elastic deformation during growth, as
the simulated water balances were sensitive to elasticity. In this context,
water balance and xylem and phloem transport measurements during
the day during the course of the season, similar to the methods used by
Morandi et al. (2014), and measurements of the elastoplastic deforma-
tion of the fruit would be useful to quantify the fluxes relevant for water
transport, and hence aid in further model development (Lechaudel et al.,
2007). Fruit growth was also sensitive to cell wall extensibility. The
ability of the cell wall to grow combines mechanical properties and
wall-loosening  processes, which are controlled by the
hormone-regulated actions of cell wall polymer modifying enzymes
(Cosgrove, 2016, 2018). The model might be improved by considering
the representation of hormonal and enzymatic control of cell wall
extensibility during the season (Dheilly et al., 2016; Yang et al., 2018).

The analysis of fruit growth during virtual water and carbon stress
limitations illustrated the ability of the model to study complex re-
sponses to environmental and plant factors, although further experi-
mental effort is needed to validate the stress condition simulations and
potential physiological adaptations to the stresses. For instance, in-
terventions such as covering with shading nets and under photovoltaic
panels or leaf thinning have been shown to affect carbon assimilation
and consequently fruit size and quality during apple fruit growth. Under
such conditions, carbon supply is often limited through reduced
photosynthesis, resulting in lower phloem transport, which may limit
fruit size and sugar content (Juillion et al., 2022, 2023; Morandi et al.,
2011). In addition, the model may also be applied to identify the impact
of variations in environmental factors, such as drought stress or, which
impacts plant water potential and stem flows. In turn, water stress re-
sults in smaller fruits with higher dry mass proportion (Bhusal et al.,
2019; Naor et al., 1995). Similar responses and evolutions in the main
components of fruit growth were obtained in the virtual stress simula-
tions as presented in section 3.6, and hence, the model may prove to be
useful to quantify and optimise the effects of such growing conditions.

Most of the adaptations for the model parameters incorporate fruit
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physiological processes during growth through empirical functions.
These functions introduced time dependencies of these parameters,
either explicitly (for example for L, (equation (17)) and ¢ (equation
(35)) or implicitly through fruit mass, as for example for Z (equation
(16)) or h (equations (20) and (21)). Although the model could
adequately reproduce the fruit growth patterns and was validated for an
additional season, the current implementation of these parameters limits
the predictive potential of the model and its interpretability. Further
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research should aim to describe the processes and their parameters
through additional balance equations or differential equations.

The simplified approach to model sugar dynamics yielded satisfac-
tory results for simulations of soluble solids in apple, except late in the
season. While satisfactory for pear, a decrease in osmotic pressure early
in the season was found in the simulations, however. Significant dif-
ferences between model predictions and measurements of osmotic
pressure were found for apple as well. The underestimations were
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attributed to the current implementation of sugar partitioning through
Cyr, which is a function of Z. The weak linear trend observed in Z was
found as the cause of the late-season differences: the model imple-
mentation of Z as constant does not account for the increase in soluble
solids with respect to the total solid content late in the season. In fact, the
soluble solids mass increased at the end the season due to the breakdown
of starch to sugars. These trends have been observed in apple (Cakpo
etal., 2020; Jing & Malladi, 2020; Li et al., 2018) and pear fruit (Oikawa
et al., 2015). The fruit osmotic pressure was found to be sensitive to
variations in Z, as Z strongly affected water accumulation, and hence
may cause the dilution of sugars (equation (15)) and the decrease in
osmotic pressure in the fruit (Figs. S3-S6). A modest improvement to
fruit osmotic pressure was achieved with the implementation of Z as
linear (Fig. S7); however, differences between simulation and mea-
surement were still highest early in the season. More detailed de-
scriptions of the fruit sugar dynamics during development, such as the
models proposed by Cakpo et al. (2020) and Hall et al. (2013), may
provide better representation of sugar accumulation and partitioning,
and may consequently improve simulations of osmotic pressure. Simu-
lated fruit sugar concentrations would enable better calculation of fruit
osmotic pressure (equation (13)) and direct calculation of fruit soluble
solids without Z.

The model presented here accounted for changes in temperature and
relative humidity. Solar irradiation was found to differ considerably
between different seasons (Table 1). As solar irradiation affects carbon
allocation to the fruit and in turn fruit growth and quality (Corelli--
Grappadelli & Lakso, 2004; Kviklys et al., 2022), further research should
aim to integrate carbon supply from solar irradiation such as the models
by Pallas et al. (2016) and Reyes et al. (2020) with the growth model
presented here. Better representation of the effect of light perception in
the canopy and carbon allocation on fruit quality and growth, could
guide orchard management practices, for example fruit growth under
shading nets or photovoltaic panels, and after thinning.

5. Conclusions

In this work, a fruit growth model for apple and pear was presented,
that can simulate the accumulation of fresh mass, dry mass, and soluble
solids during development for different seasons. Model modifications
taking into account the particular physiology of growing apple and pear
fruit were introduced. The model was shown to be highly sensitive to
parameters involved in active transport, the plant water potential, dry
mass transport and cell wall extensibility. Virtual water and phloem
sugar stress simulations showed the response in fruit growth dynamics.
Further steps include the refinement and validation of specific sub-
models related to cell wall changes and sugar conversion, and further
investigation of the contributions of different processes during growth
and in response to changing environmental factors. In the future, the
model might aid in identifying and predicting optimal fruit growing
management strategies.
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