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Table S1. List of variables in the berry growth module 

Variables Description Unit 

Af Fruit surface area cm
2
 

Cf 
Concentration of sugar in fruit pulp (mainly 

hexose in this case) 
g g

-1
 

sucrose

pC Phloem sucrose concentration 
g Sucrose 

g H2O
-1

carbon

pC Phloem carbon concentration 
g Carbon 

g H2O
-1

DM Total dry mass of the fruit, include pulp and seed g 

FM Total fresh mass of the fruit g 

sf
Fraction of soluble sugar in the dry mass of the 

pulp 

dimen-

sionless 

NSC Non-structural carbon g 

Pf Hydrostatic pressure in fruit MPa 

Pp Hydrostatic pressure in phloem MPa 

Px Hydrostatic pressure in xylem MPa 

Rf Fruit respiration rate g h
-1

 

s Dry mass of the pulp per fruit g 

Tf Fruit transpiration rate g h
-1

 

Ua Rate of active uptake of sugar g h
-1

 

Up Rate of mass flow from phloem to fruit g h
-1

 

Ux Rate of mass flow from xylem to fruit g h
-1

 

Us Total rate of sugar uptake g h
-1

 

w Amount of water mass in the pulp per fruit g 

 The conductance of fruit surface to water vapour cm h
-1

 

f Osmotic pressure in fruit MPa 

p Osmotic pressure in phloem MPa 

x Osmotic pressure in xylem MPa 

x Water potential in xylem MPa 

f Water potential in fruit MPa 



Table S2. list of variable values to initialize the model 

Input variables 

Fruiting-
cutting 

Cabernet 
Sauvignon 

one-cane-pruned 
Sangiovese Description 

Latitude (degree) 44.8 45 the latitude of the simulation place 

Simulation control 

nrRows 3 1 number of rows 

nrPlants 5 4 number of plants in a row 

rowDistance (meter) 0.15 1.10 distance between rows 

plantDistance (meter) 0.15 1.10 distance between plants in a row 

Plant morphology 

CORDON_NUM 1 1 number of cordons per vine 

SHOOT_NUM 1 8 number of shoots per cordon 

MAX_LEAF_NUMBER 15 15 number of leaf per plant 
STARTING_LEAF_NUMBE
R 4 4 starting node position 

lwRatio 1.4 1.4 
ratio between leaf blade length and 
width 

shapeCoeff 2 2 
leaf shape coefficient (0 
rectangular,high value pinched) 

phyllotaxis (degree) 137.5 137.5 
angle between consecutive leaves 
alonga stem 

Leaf optical properties 

reflectancePAR 0.1 0.1 
reflectance of PAR by leaves and 
stem 

transmittancePAR 0.05 0.05 transmittance of PAR by leaves 

Initial condition 

SLA   (cm2 g-1) 200 45.4 
cm2 g specific leaf area,for 
calculating biomass 

BIOMASS_INTERNODE 
(mg) 2510 by_density_length biomass at veraison 

BIOMASS_ROOT (mg) 1866.25 106666.8 biomass at veraison 

BIOMASS_WOOD (mg) 12286.875 by_density_length biomass at veraison 

BIOMASS_CORDON (mg) 3071.71875 by_density_length this is for one cordon 
BERRY_FRESH_WEIGHT 
(mg) 691 985 

mean berry Fresh weight 
includeSeed at verasion  

BERRY_DRY_WEIGHT 
(mg) 120 110 

mean berry dry weight at verasion 
include seed 

CONENTRATION_SOLUBL
E_SUGAR  0.105 0.014 gSolubleSugar gH20 at veraison 

berryNum 45 92 number of berries per bunch 

SEED_FRESH_MASS (mg) 50 50 The fresh weight of seed at veraison 



leafNContent_input (g m-

2) 1.5 2.1 
leaf nitrogen content per square 
meter 

Calculation of wood 
shoot biomass based on 
density 

  
  

WOOD_DENSITY 
(mg/cm3) 

 
400 density of the wood 

WOOD_DIAMETER 
(meter) 0.01 0.03 Diameter of the wood part 

WOOD_LENGTH (meter) 0.2 0.35 Length of the wood part 
CORDON_DENSITY  
(mg/cm3) 

 
400 

the density of shoot may change 
with age 

CORDON_DIAMETER 
(meter) 

 
0.012 Diameter of the cordon part 

CORDON_LENGTH 
(meter) 

 
1 Length of the cordon part 

SHOOT_DENSITY  
(mg/cm3) 

 
300 

the density of shoot may change 
with age 

SHOOT_DIAMETER 
(meter) 0.008 0.008 Diameter of the wood part 

SHOOT_LENGTH (meter) 1 1 Length of the wood part 
Water concentration of 
each organ 

  
  

WATER_CONTENT_LEAF 0.76 0.76 data at veraison 

WATER_CONTENT_ROOT 0.9 0.8 data at veraison 
WATER_CONTENT_INTER
NODE 0.8 0.8 data at veraison 
WATER_CONTENT_WOO
D 0.56 0.56 data at veraison 
WATER_CONTENT_BERR
Y 0.82 0.82 data at veraison 
Carbon content in whole 
biomass 

  
  

C_CONTENT_LEAF 0.439 0.439 data at veraison 

C_CONTENT_INTERNODE 0.442 0.442 data at veraison 

C_CONTENT_ROOT 0.420 0.420 data at veraison 

C_CONTENT_BERRY 0.433 0.433 data at veraison 

C_CONTENT_WOOD 0.464 0.464 data at veraison 
Structural carbon in total 
carbon 

  
  

STRUCTURE_C_LEAF 0.863 0.863 data at veraison 
STRUCTURE_C_INTERNO
DE 0.898 0.898 data at veraison 

STRUCTURE_C_ROOT 0.904 0.904 data at veraison 
STRUCTURE_C_BERRY 0.082 0.082 data at veraison 

STRUCTURE_C_WOOD 0.903 0.903 data at veraison 
Sucrose starch carbon in 
total carbon 

  
  

SUCROSE_C_LEAF 0.136 0.136 data at veraison 

SUCROSE_C_INTERNODE 0.102 0.102 data at veraison 

SUCROSE_C_ROOT 0.095 0.095 data at veraison 



SUCROSE_C_BERRY 0.917 0.917 data at veraison 

SUCROSE_C_WOOD 0.0967 0.097 data at veraison 

External input files 

leafDeclinationAngle_file 
Exp2015_Zhu_Bordeaux_leaf.declina

tion.angle.csv 

the declination angle between 
petiole and stem, and between 
blade and petiole at different ranks 

organSize_file 
Exp2012_Dai_

organSize 
Exp2013_Bobeica_

organSize 
organ size of leaf, internode, petio 
along ranks 

climate_file 
Exp2012_Dai_

climate 
Exp2013_Bobeica_

climate Climate file 

berryWeight_file 
Exp2012_Dai_

berryProfile 
Exp2013_Bobeica_

berryProfile The dynamics of berry weight 



stemi

Supplementary Protocol S1: detailed description of the carbon allocation module 

A diagram of the carbon allocation module was presented in Fig. 2 in the main text, and 

parameter values were listed in the table 1 of the main text.  

Carbon loading from leaf to phloem was assumed to be an active loading process, and was 

modelled as Michaelis-Menten kinetics (E1 to E3 in Fig. 2). The rate of carbon loading 

(Loadingleaf,i) was determined by the area of each individual leaf (Aleaf,i), maximum rate of 

carbon loading per unit of leaf area (Vmax,leaf), the non-structural carbon concentration per unit 

of leaf fresh mass (Cleaf,i), and a Michaelis constant (KM,leaf). Similar to carbon loading from 

leaf to phloem, a Michaelis-Menten function was also used for carbon loading from stem to 

phloem (E4 in Fig. 2) based on the description in Patrick et al. (2001).  

Loss of assimilates from the phloem to the stem parenchyma may occur through apo- or 

symplasmic pathways (Patrick and Offler, 1996; Van Bel, 1996). This process was noted as 

leakage in Patrick et al. (2001). It was modelled as a multiplicative function (E5 in Fig. 2) of 

phloem carbohydrate concentration (𝐶p
carbon ), fresh mass of  (FMi), and a constant

unloading rate per unit of fresh mass per hour (kleakage). Leakage and reloading of 

carbohydrates occur simultaneously along the phloem pathway.  

Carbon unloading by root was simulated as an active unloading process (E7 in Fig. 2), 

following Barillot et al. (2016). Carbon loading from root to phloem was ignored as root was 

a sink rather than a source at post-véraison stage in grapevine. The rate of carbon unloading 

by root (Uroot, E7 in Fig. 2) depended on the fresh mass of the root (FMroot), maximum carbon 

unloading rate per unit of fresh mass (Vmax,root), phloem carbon concentration (𝐶p
carbon), and a

Michaelis constant (KM,root).  

Three types of respiration were considered in this study (Table 1), named growth respiration 

(qg), phloem loading respiration and unloading respiration (qmobile for each process) and 

maintenance respiration (qm). The effect of temperature on the rate of maintenance respiration 

was included through a Q10 concept (De Vries and Van Laar, 1982). For perennial fruit crops, 

it was speculated that fine roots would turn over within 1 year while the growth of structural 

roots were negligible (Buwalda, 1993; Janssens et al., 2002; Cieslak et al., 2011). According 

to Buwalda (1993) fine roots were less than 20% of the total root biomass, thus the loss of 

root biomass through root death (
root

dq ) was estimated as 2e-5 gC gC
-1 

h
-1

( 0.2/365/24). 

Growth respiration for stem was not considered in this study as we focus on the post véraison 

stage with static architecture. We only consider the process of carbon unloading from phloem 



to stem, and carbon loading from stem to phloem. Maintenance coefficient for leaves was 

excluded as maintenance respiration was already included in the calculation of dark 

respiration in the extended-FvCB module.  



Supplementary Protocol S2: Model set up and initialization 

A list of model input variables were shown in Table S2. 

The size of leaf, internode and petiole, the declination angle between petiole and stem, and 

between blade and petiole at different ranks of Cabernet Sauvignon under fruiting-cutting 

conditions were determined in the experiment of 2015. Leaves were mostly opposite to each 

other for grapevine, so phyllotaxis was set to 180 degree. However, the horizontal angle 

between petiole and blade could change based on the environmental condition, such as the 

direction of the light. We did the leaf azimuth measurement on fruiting-cutting Cabernet 

Sauvignon in the greenhouse, but did not find any patterns along the different ranks. A 

random number between -10 to 10 was given for the leaf azimuth. 

The biomass of each component leaf, internode, trunk (wood cuttings) and root as well as 

water content at véraison stage were determined in 2015. The concentrations of non-structural 

carbon in each component were derived from the experiment described in Ollat and 

Gaudillere (1998) for fruiting-cutting Cabernet Sauvignon. The number of berries per bunch 

(45 berries per bunch at véraison), leaf mass, specific leaf area, fresh weight, dry weight and 

hexose concentration were determined in the experiment of 2012, and were input into the 

model as the initial condition. Leaf area was estimated using the relationship between specific 

leaf area (m
2
 fresh area gDW

−1
) and total leaf dry weight. The biomass of internode, trunk and 

root were assumed to be the same as the experiment of 2015. Two berries per bunch were 

removed every 7 days during simulation in accordance with the sampling procedure.  

The architecture for the one-cane-pruned Sangiovese was set up in the model based on the 

mean trait value of four vines. A Sangiovese plant was configured to have eight shoots on a 1-

m fruit-bearing cane. The size distributions of leaf and internode along ranks were assumed to 

be the same as fruiting-cutting Cabernet Sauvignon. The length of each leaf was multiplied by 

1.4 to obtain the observed mean leaf area per vine (1.02 m
2 

vine
-1

 with 8 shoots for the 

treatment of 12 leaves per cluster, 0.31 m
2
 vine

-1
 with 8 shoots for 3 leaves per cluster). The 

length and diameter of the trunk, cordon and shoot were estimated in ImageJ based on images 

taken during the experiment. The number of berries per cluster was set as 92 for the treatment 

of 12 leaves per cluster, and set as 110 for the treatment of 3 leaves per cluster based on the 

experimental record. Leaf area was measured on the leaves that were removed the day of 

treatment and after harvest of all berries (Bobeica et al., 2015). Leaf area was determined by 

measuring the surface of each blade with a leaf area meter (LI-3000A, LI-COR Biosciences, 

Lincoln, NE, USA). Specific leaf areas were determined and were the same between the 12-



leaf and 3-leaf treatments. Three berries per cluster were removed after each sampling date. 

Similarly in model simulation three berries per cluster were removed every 7 days.  

The biomass of the leaf was calculated based on the observed leaf area and specific leaf area 

in Sangiovese (Bobeica et al., 2015). The biomass of trunk, cordon and shoot were calculated 

based on length, diameter, and wood density (400 mg cm
3
 for trunk and cordon, and 300 mg

cm
3
 for shoot)(Castelan-Estrada et al., 2002). The biomass of the root was estimated by the

relationship between shoot fresh weight and root fresh weight presented in Poni et al. (1992).  

For fruiting-cuttings of Cabernet Sauvignon, fifteen plants (three rows with five plants per 

row) were described in a 3D scene based on the plant configuration in the greenhouse. The 

mean of the fifteen plants was used in the calculation and optimization. For one-cane-pruned 

Sangiovese, four plants in one row were described in a 3D scene. The mean of the four plants 

was used in the calculation and optimization.  



Supplementary Protocol S3: calibration of the berry growth module, whole-

plant photosynthesis and carbon allocation module 

Calibration of the berry growth module 

In the Lockhart cell growth equation, the threshold value of turgor pressure (Y) above which 

expansive growth occurs was fixed at 0.05 MPa (Table 1), based on direct turgor 

measurement on post-véraison grape berries (Thomas et al., 2006; Thomas et al., 2008; 

Matthews et al., 2009; Castellarin et al., 2016). As the coefficient describing the cell wall 

extensibility in grape has not been reported, the value from peach (0.1 MPa
-1

h
-1

) was used 

(Fishman and Génard, 1998). The reflection coefficient describing the impermeability of berry 

cell membranes was set at 0.9, reflecting the substantial membrane integrity maintained over 

normal berry development (Krasnow et al., 2008). Parameters relating with fruit surface area, 

skin surface conductance to water vapour, the contribution of hexose to total osmolarity and 

sucrose allocation at each time step (kss) were estimated based on experimental measurements 

and their values were given in Table 1 in main text and Supplementary Figs. S2.  

Whole plant canopy photosynthesis 

The biochemical photosynthesis parameters for Sangiovese were assumed to be the same as 

Cabernet Sauvignon as shown in Zhu et al. (2018). The performance of the model in 

predicting the whole-canopy photosynthesis of Sangiovese with 12 leaves per cluster was 

optimized by adjusting leaf nitrogen content and the response of stomata conductance to 

vapour pressure deficit (VPD). Parameters were optimized by the Metropolis-Hastings 

algorithm with random walk Markov chain Monte Carlo (MCMC) method at the whole-plant 

level. The method was customized written within the whole-plant model with the basic java 

common math library. This algorithm accepts a new parameter set when the difference 

between the log-likelihood calculated based on the new parameter and previous log-likelihood 

is larger than the natural logarithm of a random value between 0 and 1. Parameters were 

optimized only based on the photosynthesis, transpiration and water use efficiency data 

between 10 o’clock to 16 o’clock and filtered by water use efficiency (unit: umol CO2 

mmolH2O
-1

) smaller than four and larger than two, which were the most reliable data section 

according to our experience with this gas exchange measurement. The optimization result was 

further verified with the all whole-canopy photosynthesis records of 12 leaves per cluster and 

of 3 leaves per cluster.  

Calibration of the carbon allocation module 



Parameters related with carbon allocation were first taken from literature (Table 1 main text) 

and then explored by try and error to ensure the simulated trends was agree with our general 

knowledge. Parameters linked with carbon unloading by stem and root (kleakage and Vmax,root) 

were fixed after many rounds of parameter exploration which produced a general trends that 

there is around 10% increase in root biomass and 20% increase in stem biomass from véraison 

to harvest with berry dry mass is close to the observed values in the 12 leaves per cluster 

treatment in one-cane-pruned Sangiovese. This trend is shown by Rossouw et al. (2017) that 

root biomass increased by 5 to 15%, trunk biomass increased by about 13% and shoot 

biomass increased by about 42% from véraison to harvest in potted vine with full irrigation 

and a leaf to fruit ratio around 1.8 m
2
/kg at harvest. The overall carbon allocation fraction to

berry, shoot+trunk, and root is approximately 0.67, 0.18 and 0.15 respectively. Furthermore, 

in field grown vines, Greven et al. (2016) found the fraction of starch in root and stem 

biomass increased by 10% from véraison to harvest. Vmax,stem was determined for making sure 

the non-structural carbon concentration of stem was within the range observed in Grechi et al. 

(2007). Note, the explored value for the carbon dynamics of the stem may contain some 

unconsidered processes. For instance, the value of kleakage may contain active carbon unloading 

from phloem to stem for the radial growth of the internode and trunk as we try to match the 

overall biomass increase of the stem. Thus one should use this value with caution.   

Final parameter optimization was done in sequence of carbon unloading by berry (Vmax,berry, kcf,

and Cf
*
) and water uptake by berry (Lp,max, FMLp

*
 and kLp) through whole-plant model

optimization. Parameters were optimized at whole-plant level by maximizing the sum of log-

likelihood of the simulated model outputs given the observed berry dry weight and fresh 

weight using the random walk Markov chain Monte Carlo (MCMC) method (see the 

description above). Optimization was done based on the observed data of 12 leaves per cluster 

for both Cabernet Sauvignon and Sangiovese. The data of 3 leaves per cluster was reserved 

for validation. Many iterations were made to verify the stability of the parameters. After 

serval rounds of optimization for berry dry weight, kcf, and Cf
* 

were fixed and Vmax,berry  was

optimized for the dynamics of berry dry weight (Supplementary Fig. S4). After determining 

Vmax,berry and many rounds of optimization for berry fresh weight through adjusting Lp,max, 

FMLp
*
 and kLp, FMLp

*
 and kLp were fixed and Lp,max were further optimized for the dynamics

of berry fresh weight. A final round of optimization was done by optimizing both Vmax,berry and 

Lp,max for the dynamics of berry dry weight and fresh weight.  



Supplementary figures: 

Fig. S1 Illustration of experimental condition for fruiting-cutting Cabernet Sauvignon in the 

greenhouse (left panels A and C), and for outdoor potted one-cane-pruned Sangiovese with 

the treatment of different leaf number per cluster (left panels B and D). The plastic bags 

around one-cane-pruned Sangiovese were used for measuring whole-plant gas exchange. 



Fig. S2 Correlation between grape berry surface conductance to water vapour and berry fresh 

weight (upper panels) and the relative contribution of acids (for instance as amino acids and 

organic acids) and other compounds (for instance H
+
, K

+
, Ca

2+
, Na

+
, Cl

-1
 and SO4

-2
) to soluble

sugar in the total osmotic pressure under different concentrations of soluble sugar (bottom 

panels). Circles were measurements at varying developmental stages and lines were the fitted 

curve. Left panels were data for Cabernet Sauvignon and right panels were data for 

Sangiovese. Berry surface conductance to water vapour decreased from 100 cm h
-1

 to 55.4 cm

h
-1

 for Cabernet Sauvignon when fresh weight increased from 0.4 g to 1.4 g, and decreased

from 140 cm h
-1

 to 25.8 cm h
-1

 for Sangiovese when fresh weight increased from 1.0 g to 3.5

g. The ratio between the osmotic pressure caused by acids and other soluble compounds and

the osmotic pressure caused by soluble sugar in the total osmotic pressure decreased with 

increasing fruit hexose concentration. The ratio decreased from eight when the soluble sugar 

concentration was 0.001 mol mol
-1

 (~0.01 gHexose gPulp
-1

, see conversion method in E10 Fig.

2 in main text) to 0.5 when the soluble sugar concentration was 0.02 mol mol
-1

 (~0.17

gHexose gPulp
-1

) for Cabernet Sauvignon.



Fig. S3 Daily mean climate condition for the greenhouse fruiting-cutting Cabernet Sauvignon 

at Bordeaux in 2012, and for the outdoor potted one-cane-pruned cv. Sangiovese at Piacenza 

in 2013. As plants were regularly irrigated, soil water potential was assumed constant over 

time (−0.05 MPa). 



Fig. S4 Evolution of Vmax_berry and log-likelihood during one of the random walk Markov 

chain Monte Carlo optimizations. Left panels are the optimizing result of for fruiting-cutting 

Cabernet Sauvignon with a relative low starting value for Vmax_berry. Right panels are the 

optimizing result of for one-cane-pruned Sangiovese with a starting Vmax_berry close to the final 

optimizing value. Optimization was done based on the dynamics of berry dry weight and fresh 

weight under 12L per cluster for using the dataset of Bobeica et al. (2015) for both Cabernet 

Sauvignon and Sangiovese. Mean parameter values with log-likelihood larger than -66 for 

Cabernet Sauvignon and with log-likelihood larger than -59 for Sangiovese were used as the 

final Vmax_berry value.  



Fig. S5 diurnal dynamics of total radiation, air temperature, relative humidity and valour 

pressure deficit on August 7
th

, 2010 in the campus of INRA Bordeaux. This date is close to

the date of véraison. This diurnal data was used for the scenario simulations. Photosynthetic 

active radiation was about 50% of the total radiation. Vapour pressure deficit was calculated 

based on relative humidity and air temperature.  



Fig. S6 Verification (left panels) and validation (right panels) of the simulated whole-canopy 

photosynthesis per unit of leaf area (A, B), canopy transpiration per unit of leaf area (C, D), 

instantaneous canopy water use efficiency (E, F) for vines with 12 leaves per cluster and 3 

leaves per cluster of one-cane pruned Sangiovese. Open circles were the observed values, 

while lines were simulated values. The model was only optimized based on the photosynthesis, 

transpiration and water use efficiency data between 10 o’clock to 16 o’clock, and filtered by 

water use efficiency that smaller than four and larger than two. Red points in left panels were 

the data used for model optimization during this period, while other points were just used for 

model validations. The time period of day of year 228 to 232 was selected because we have 

the best continuous records in this period. The simulation results for the whole period of day 

198 to 244 is shown in Fig. S7. The leaf area per plant for 12 leaves per cluster was 1.02 m
2
,

and for 3 leaves per shoot was 0.31 m
2
.



Fig. S7 Verification (left panels) and validation (right panels) of the simulated whole-canopy 

photosynthesis per unit of leaf area (A, B), canopy transpiration per unit of leaf area (C, D), 

instantaneous canopy water use efficiency (E, F) for vines with 12 leaves per cluster and 3 

leaves per cluster of one-cane pruned Sangiovese. Red points are the data used for model 

optimization. The model was optimized based on the photosynthesis, transpiration and water 

use efficiency data between 10 o’clock to 16 o’clock and filtered by water use efficiency 

smaller than four and larger than two. Points beyond this period are validations. Only the 

observed data points where the water-use efficiency (WUE) is smaller than 6 umol CO2/ 

mmolH2O were shown in the figure.  



Fig. S8 Simulated diurnal whole-plant carbon loading by all leaves (circles) and stems 

(squares) in fruiting-cutting Carbernet Sauvignon (A and B) and one-cane-pruned Sangiovese 

(C and D). Left panels were 12 leaves per cluster and right panels were 3 leaves per cluster. 

Carbon loading from leaf to phloem gradually increased during the day, and reached the 

maximum around 16:00, and then decreased late in the afternoon. In one-cane-pruned 

Sangiovese, the carbon supply in the treatment with 12 leaves per cluster was 2.74 times of 

that in the treatment with 3 leaves per cluster while the leaf area ratio was 3.29. However, in 

fruiting-cutting Cabernet Sauvignon despite the fact that the leaf area ratio was 4.16, the 

model predicted that the total carbon loading by leaf in the treatment with 12 leaves per 

cluster was only 1.37 times of that in the treatment with 3 leaves per cluster. This contrasting 

results found in fruiting-cutting Cabernet Sauvignon was partly because of the high plant 

density used in greenhouse leading to self and mutual shading (Supplementary Fig. S1), and 



partly because of the low radiation level, which was limiting leaf photosynthesis at its 

maximum photosynthesis rate, caused by sheltering in summer for avoiding high temperature 

(Supplementary Fig. S3). Shaded areas indicated the night-time period, 8 pm to 5 am. 



 

Fig. S9 Simulated mean daily fraction of carbon unloading by berries (circles), stem (squares) 

and root (triangles) in fruiting-cutting Cabernet Sauvignon (A and B) and one-cane-pruned 

Sangiovese (C and D). On average of two crop loads, leaf contributes 55.7% of the total 

carbon loaded in the phloem in fruiting-cutting Cabernet Sauvignon, and stem contributes 

44.3% of the total carbon loaded, while in one-cane-pruned Sangiovese leaf contributes 80.1% 

of the total carbon loaded. Stem unloaded 26.5% of the total carbon in fruiting-cutting 

Cabernet Sauvignon and unloaded 28.5% in one-cane-pruned Sangiovese on average of two 

crop loads demonstrating the carbon leakage-reloading processes in stem (Supplementary 

Method S1). The fraction of carbon unloaded by berry was 67.6% in fruiting-cutting Cabernet 

Sauvignon with 12 leaves per cluster, and was 73.1% for 3 leaves per cluster. In one-cane-

pruned Sangiovese, the fraction of carbon unloaded by berry was 52.2% for 12 leaves per 



cluster and 65.5% for 3 leaves per cluster. In our model, berry sink priority was captured 

through the Michaelis-Menten constant (Km) values, where small values represent high 

priority. Km,berry was set as one fifth of Km,root (in unit of gC gH2O
-1

, Table 1). Thus under 

conditions of carbon limitation the berry would get a greater proportion of the total available 

carbon.   



 

Fig. S10 Simulated diurnal changes of phloem osmotic pressure (A and B), turgor pressure (C 

and D) and water potential (E and F) for Cabernet Sauvignon (left panels) and Sangiovese 

(right panels) within a 4-day period. Solid lines represented vines with 12L per cluster, and 

dashed lines represented vines with 3L per cluster. Shaded areas indicated the night-time 

period, 8 pm to 5 am.  

  



 

Fig. S11 Maximum daily phloem sucrose concentration (A and B), minimum daily phloem 

sucrose concentration (C and D) for Cabernet Sauvignon (left panels) and Sangiovese (right 

panels). Solid lines represented the vines with 12 leaves per cluster, and dashed lines 

represented vines with 3 leaves per cluster. The high phloem sucrose concentration at the start 

of the simulation could be because: 1) the input nonstructural carbon concentration for leaf 

and stem was higher than the actual condition, thus the model require some time to stabilize 

based on the current environmental condition; 2) berry has a lower sugar uptake capacity at 

the start of the simulation due to a lower dry matter.  

  



 

Fig. S12 The dynamics of berry dry weight (A), fruit hexose concentration (B), mean canopy 

photosynthesis rate (C), mean canopy transpiration rate (D), xylem water potential (E) and 

phloem sucrose concentration (F) under varying sugar uptake capacity (Vmax,berry) with water 

stress for the first eight days (70 to 77 days after flowering) and well-watered for remaining 

four days (78 to 81 days after flowering). Solid and red lines were simulated with constant 

default Vmax (Table 1). Dotted and blue lines were simulated with 0.1 Vmax for the first four 

days, and then switch to Vmax for the remaining eight days. Dashed and green lines were 

simulated with 0.1Vmax throughout the whole period. Simulation was run based on the model 

set up for fruiting-cutting Cabernet Sauvignon system. Climatic conditions were shown in 

Supplementary Fig. S5. Shaded areas indicate the night-time, 8 pm to 5 am.   



 

Fig. S13 The dynamics of berry fresh weight (A), water influx (B), surface transpiration (C), 

water balance (D), osmotic pressure (E) and turgor pressure (F) with the extensibility of cell 

wall being 0.1 MPa
-1

 h
-1 

(solid lines) and with no extensibility of cell wall (Ø = 0, dashed 

lines). Simulation was run for 7 days based on the model set up for fruiting-cutting Cabernet 

Sauvignon system. Climatic conditions were shown in Supplementary Fig. S5. Shaded areas 

indicated the night-time, 8 pm to 5 am. Reducing the cell wall extensibility to zero caused a 

reduction in berry FW because of a negative water balance during the day and neutral water 

balance during the night (A dashed line). Consequently, there was an increase in osmotic 

pressure (E) which increased the water influx during the day and gradually resulted in a zero 

water balance at daytime (D). The increase in osmotic pressure was accompanied by a raise in 

fruit turgor pressure (F) which pushes the cell wall to enlarge.  
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