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Abstract

A model of kiwifruit berry development is presented, building on the model of Fishman and Génard used for peach 
fruit. That model has been extended to incorporate a number of important features of kiwifruit growth. First, the kiwi-
fruit berry is attached to the stem through a pedicel/receptacle complex which contributes significantly to the hydrau-
lic resistance between the stem and the fruit, and this resistance changes considerably during the season. Second, 
much of the carbohydrate in kiwifruit berries is stored as starch until the fruit matures late in the season, when the 
starch hydrolyses to soluble sugars. This starch storage has a major effect on the osmotic potential of the fruit, so an 
existing model of kiwifruit starch dynamics was included in the model. Using previously published approaches, we 
also included elasticity and extended the modelling period to cover both the cell division and cell expansion phases 
of growth. The resulting model showed close simulation of field observations of fresh weight, dry matter, starch, and 
soluble solids in kiwifruit. Comparison with continuous measurements of fruit diameter confirmed that elasticity was 
needed to adequately simulate observed diurnal variation in fruit size. Sensitivity analyses suggested that the model 
is particularly sensitive to variation in inputs relating to water (stem water potential and the humidity of the air), and to 
parameters controlling cell expansion (cell wall extensibility). Some limitations in the model structure were identified, 
suggesting that a revised model including current apoplastic/symplastic concepts needs to be developed.

Key words: Fruit growth model, mass flow, osmotic pressure, pedicel, starch, transport, water.

Introduction

Fruit growth involves both phloem and xylem flow, transpi-
ration from the fruit surface, and the internal processes of 
cell division, differentiation, metabolism, and catabolism. 
Final fruit size and composition are a result of the coupled 
import of water and carbon during growth. Carbohydrate, 
usually sucrose, arriving in the phloem is the major substrate 
for growth and storage, but is also osmotically active, thereby 
influencing phloem flow into the fruit. Inter-conversions in 
the chemical form and location of solutes also impact on the 

fruit water balance and growth via osmotic interactions. The 
external environment affects fruit transpiration as well as the 
phloem and xylem flows, so affects fruit size as well as fruit 
composition. Genotype differences also alter final fruit com-
position and fruit size. A process-based model of fruit growth 
is needed to provide integration of the known chemical and 
physical processes involved.

The aim of this study was to develop a physiologi-
cal model of fruit development of kiwifruit, capable of 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/),  
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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simulating development from soon after bloom to maturity. 
The approach has required an extension of the peach growth 
model of Fishman and Génard (1998), to include a pedi-
cel, multiple growth phases, and elasticity, which were not 
included in the original peach model that only applied to the 
post-stone-hardening phase of peach growth.

We have used the approach of Léchaudel et  al. (2007) 
applied to mango fruit to include elasticity, and that of 
Liu et al. (2007) applied to tomato fruit to include both the 
cell division and cell expansion phases. Extension to multi-
ple phases of growth was achieved by allowing the cell wall 
extensibility to vary through several orders of magnitude 
during fruit development. Lescourret et al. (2001) and Quilot 
et al. (2005) added genetic variation by allowing parameters 
describing the fruit processes to vary between genotypes.

As the kiwifruit berry grows, much of its carbohydrate is 
stored as starch, and the soluble solids fraction in the fruit 
remains roughly constant until late in the season when it 
increases rapidly due to starch hydrolysation (Richardson 
et al., 1997). This has been described by a starch sub-model 
model based upon earlier work of Hall et al. (2006). While 
dry weight accumulation in kiwifruit is roughly linear, the 
slope of the fresh-weight curve shows a marked reduction 
part way through the season (Richardson et al., 1997), reflect-
ing a roughly 5-fold drop in water uptake rates (Hall et al., 
2006). Measurements of fruit hydraulic resistance in kiwifruit 
(Mazzeo et al., 2013) showed that the proportion of hydraulic 
resistance contributed by the pedicel and receptacle (where 
the fruit attaches to the pedicel) grows from less than 50% at 
20 days after full bloom (DAFB) to over 80% from 50 DAFB. 
A separate pedicel component in the model is required to deal 
with this, as the approach of Fishman and Génard (1998) has 
hydraulic conductance increasing in proportion to the surface 
area of the fruit, and active uptake directly from the stem vas-
culature. Elasticity (Léchaudel et al., 2007) and changes in cell 
wall extensibility to represent different phases of growth (Liu 
et al., 2007) are incorporated so that the model can be used 
to simulate dynamics over the full growing season. Previous 
models of kiwifruit berry development have been descrip-
tive in nature, focused on individual properties of the fruit 
in isolation from the plant as a whole. For example, Hall and 
McPherson (1997) describe a model for soluble solids content 
of the fruit, Hall et al. (2002) and Bebbington et al. (2009) 
describe curves for predicting harvest fresh weight, and Hall 
and Snelgar (2008) describe a regression model for predict-
ing harvest fruit dry matter from seasonal temperatures. Hall 
et al. (2006) developed a descriptive model of the fruit which 
simulated a number of aspects of fruit quality, but this model 
did not incorporate any environmental factors.

The major motivation for this study was to link the vari-
ous sub-models mentioned above to simulate the growth of 
a kiwifruit berry from soon after bloom to maturity. This 
model may then give insight into the importance of the vari-
ous physiological processes which give rise to the observed 
two phase growth and what determines the final fruit dry-
matter content, which is a primary fruit-quality attribute of 
commercial interest. Also, as the sub-models include carbo-
hydrate and water availability as well as fruit temperature, the 

influence of immediate and seasonal environment upon fruit 
development will become clearer. This may provide guidance 
of management practices to mitigate adverse environmental 
conditions.

Materials and methods
Values and units of variables, parameters, and constants used in the 
model are summarized in the Appendix.

The Fishman and Génard model including elasticity
Details of the Fishman and Génard (1998) fruit model, extended to 
include elasticity, are given in the Supplementary material. Briefly, 
the fruit is described by a single compartment which takes up water 
and sugar through a composite membrane separating it from the 
xylem and phloem, and loses water and dry matter by transpira-
tion and respiration. Import into the fruit from the xylem is propor-
tional to the difference in water potentials, while mass flow from the 
phloem includes a reflection coefficient to include a component of 
symplastic flow. Sugar uptake is modelled as a parallel combination 
of active uptake, mass flow, and diffusion. In the original Fishman 
and Génard model the fruit growth was related to the plasticity of 
its tissues and was described at any time by its water content (w) and 
dry weight (s), both in grams. In order to account for diurnal varia-
tions of fruit volume, elasticity was included in the model (Léchaudel 
et al., 2007), requiring that a full description of the fruit’s state must 
include a third variable, the fruit turgor (Pf).

Extensions to the model
For explanation of the symbols used below see the Appendix. For 
further details, see the Supplementary material. Equation num-
bers here begin at 18, as the first 17 equations necessary to imple-
ment the model are given only in the Supplementary material as 
described above.

Pedicel
In kiwifruit, the pedicel/receptacle makes up a large proportion of the 
total hydraulic resistance of the berry (Mazzeo et al., 2013). Water and 
sucrose solution must flow through this structure before it can be taken 
up by the fruit. A pedicel component is therefore added to the model 
(Fig. 1), and we distinguish between properties of the vasculature at 
the stem end of the pedicel/receptacle (Cp, Pp, and πp) and at the fruit 
end from which uptake processes into the fruit take place (Pp

* ,Cp
* , and

π p
* ). The mass flow rate through the pedicel phloem Up

*  is given by

 U L P Pp p p p
* * *= −( )

 
(18)

where Lp
*  is the pedicel phloem axial conductance. Xylem flow is 

driven by the difference in hydrostatic pressure between the xylem in 
the stem and that in the fruit apoplasm, so

 U L P Px x p p p p
* *= −( )− −( )( )∗ ∗π π

 
(19)

where Lx
*  is the pedicel xylem axial conductance. We approximate 

the flow of sucrose through the phloem by

 
U U

C C
s p

p p∗ ∗
∗

=
+







2

 

(20)

where Cp
*  is the concentration of sugars in the fruit phloem 

vasculature.
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Note, however, that Pp
*  and Cp

*  are unknown, so need to be calcu-
lated from properties of the stem and fruit. We do this by assuming 
that there is no storage capacity within the pedicle, so the total mass 
flow through the pedicel must match that taken up by the fruit,

 U U U Ux p x p
* *+ = +  (21)

and similarly the sucrose passing through the pedicel must match 
that taken up by the fruit,

 U Us s
* =  (22)

The mass-flow conservation equation 21 can be used to derive an 
expression for Pp

*  in terms of Cp
*  and other quantities which are 

known at any point in time, then the sucrose conservation equation 
22 must be solved numerically for Cp

* .

Starch sub-model
The original fruit model of Fishman and Génard (1998) did not 
include the process of sugar removal from the fruit, and hence loss 
of solute potential, into non-osmotically active starch. As this is an 
important component of early development of the kiwifruit berry, 
the starch sub-model of Hall et al. (2006), including its parameters, 
has been used to allocate the dry-matter content of the fruit into 
soluble solutes and insoluble starch. Given the dry matter (s) and 
water (w) content of the fruit, we first calculate o, the amount of dry 
matter that is neither starch (u) nor soluble solids (ss)

 o A k s s s
s

s
wo o

b

b

= −( ) −
−











min exp ,

100
 (23)

where Ao=0.56 g, and ko = 0.0384 g−1 (values taken from Hall et al. 
2006). That is, o (other dry matter, which includes cell walls, mem-
branes, etc.) is generally an exponentially reducing proportion of 
dry weight (s), but in the early stage it may need to be limited so that 
the sum of dry matter of o and a basal soluble solids percentage 
needed for metabolism (sb=3.8%) does not exceed s. Then the mass 
of soluble solids is

 s s u os = − −  (24)

The balance between ss and u is maintained by two rate ‘con-
stants’, ks and ku, describing synthesis and breakdown of starch 
respectively, with

 d
d
u
t

k s s k us s b u= − −( )
 

(25)

Rate ku is assumed to be constant (ku = 0.0551 day−1), but ks drops 
with time, slowly at first then more rapidly to reach zero at time 
tr=165 DAFB (Hall et al. 2006);

 k t k
d t
t

s s
r

h

( ) exp( )= −
−







1 1
 

(26)

where ks1=0.5 day−1 and th = 25 days is the time before tr when ks 
drops to 63% of its maximum value. [Note there is an error in Hall 
et al. (2006) which says 73%.] The starch sub-model then allows cal-
culation of the proportion (Z) of dry matter that is in soluble form

 Z
s
s
s=  (27)

Model parameterization for kiwifruit
To develop a model which covers both the cell division and cell 
expansion phases of fruit development, large changes to parameter 
values were required part way through the season.

Plastic growth parameters and elasticity
To describe growth over the entire growing season, including both 
cell division and cell expansion phases, cell wall extensibility φ 
must change markedly with fruit age (Liu et al., 2007). We chose to 
describe log(φ) using a piecewise-linear function, with the transition 
between phases during d1=15 to d2=60 DAFB:

 ϕ

ϕ

ϕ ϕ
=

≤

−( ) ( ) + −( ) ( )
−











 ≤ <

1 1

2 1 1 2

2 1
1

,

exp
log log

t d

d t t d

d d
d t d22

2 2 2ϕ ϕexp − −( )( )













 k t d t d≥

 (28)

where φ1=0.2 bar−1 h−1, φ2=0.00135 bar−1 h−1, and φk=.0028 day−1. 
Parameter values were chosen to match the low crop-load data (see 
below). The yield threshold Y was set to a value of 2 bar, somewhat 
lower than the value of 5 bar used for peach in Fishman and Génard 
(1998), to come more into line with turgor measurements made on 
kiwifruit berries (Harker and Hallett 1994). Elasticity was set to 153 
bar (Léchaudel et al., 2007).

Uptake parameters
Following Fishman and Génard (1998), we made the maximum car-
bohydrate uptake rate νm proportional to dry weight s, but we also 
made the uptake rate dependent on temperature, so

 ν ν νm

T

Q s=
−

1 10

20
10
,  (29)

Units for νm are [g h−1]; Q10,ν is given the value 2 (Quinlan, 1980) 
and ν1  =  0.005 h−1 is chosen to match the low crop-load data. 
Following Fishman and Génard (1998), we used Km = 0.08, and for 
mass and diffusive flow from the vasculature into the fruit we set 

Fig. 1. Flows of water and dry matter (sucrose equivalent) in the 
kiwifruit model. Black arrows indicate fluxes of water; grey arrows 
are fluxes of sugar or dry matter.
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Lx = Lp = 0.0072 g cm−2 bar−1, and assumed that the area of mem-
branes grew proportionally to fruit surface area. Proportionality 
constants ax and ap (see Supplementary material) were fit to the low 
crop-load fresh weight data and reflection coefficients of 0.9 for 
phloem and 1 for xylem were assumed.

Pedicel conductance
Measurements by Mazzeo et al. (2013) show that the hydraulic resist-
ance of the fruit decreases for the first 40 or so DAFB, then increases 
again before levelling off  late in the season. We have approximated 
these measurements by fitting the following equation for pedicel 
xylem conductance Lx

*  to this data,

 

L

L k t t t t

L t t t

L

x

x x

x

x

*

.max
* * * *

.max
* * *

.max
*

exp ,

,

(

=

−( )( ) <

≤ ≤

1 1 1

1 2

−− − −( )( )+ >









 ∞ ∞L k t t L t tx x x,
* * *

,
* *)exp ,1 2 2

 

(30)

Fitted values were Lx.max
* = 0.09 g h−1 bar−1, Lx,

*
¥ = 0.02 g h−1 bar−1, 

kx1
* = 0.1 day−1, kx2

* = 0.036 day−1, t1
* = 30 days, and t2

* =70 days. 
Phloem conductance is generally about an order of magnitude lower 
than that of the xylem (Lacointe and Minchin, 2008). We assume 
that, as the pedicel is growing, phloem conductivity grows in pro-
portion to xylem conductance. However, as there is no evidence for 
any breakdown in pedicel phloem functionality as the season pro-
gresses we assumed that pedicel phloem conductance then becomes 
constant:

 L
L k t t t t

L t t
p

p p

p

* .max
* * * *

.max
* *

exp ,
=

−( )( ) <

≥








1 1 1

1

 (31)

We chose kp1
* = kx1

* = 0.1  day−1 to maintain proportionality early 
on, and Lp.max

* = 0.016 g h−1 bar−1 to ensure reasonable fits to the 
low crop-load data.

Transpiration parameters
As in Fishman and Génard (1998), we assumed that the humidity 
of the air spaces within the fruit is high (0.996). Skin permeance, ρ, 
was estimated from the data of Mazzeo (2008) by fitting an equation 
of the form

 ρ
ρ

ρ ρ ρ
ρ

ρ ρ
=

<
− − −( )( )+





 ∞ ∞

0

0

,

( )exp

t t

k t t otherwise
 

(32)

As the first data was collected 18 DAFB then followed a roughly 
exponential trajectory, we chose tρ = 18 days, then fitted values were 
ρ0=800 cm h−1, ρ∞ = 25 cm h−1, and kρ = 0.035 day−1.

Measurements made on kiwifruit berries throughout the season 
(data not shown) show that a good estimate of fruit surface area is 
given by

 A w sf = +γ η( )  (33)

where γ = 5.2076 and η = 0.6424.
Other parameter values, listed in the Appendix, were identical to 

those used in the peach model of Fishman and Génard (1998).

Data for testing the model
Richardson et al. (1997) measured fruit fresh weight, dry-matter pro-
portion (DM%), soluble solids proportion (SS%), and starch content 
as a proportion of dry matter (ST%) throughout the growing season 

on vines with high (>50 fruit m−2, five replicates) and low (18–30 fruit 
m−2, six replicates) crop loads. This data was collected near Whangarei, 
New Zealand, during the 1992/1993 season. In this study the low 
crop-load data was used to estimate some unknown parameters in 
the model, and the high crop-load data was used to test the extent to 
which changing the phloem sucrose concentration could adequately 
explain the difference between fruit development over the season.

To test the model’s ability to simulate the diurnal cycle of kiwi-
fruit growth, we measured diameters of a number of fruit in situ 
every 10 min during parts of the 2008/2009 growing season using 
linear voltage displacement transducers (LVDTs) at Plant and Food 
Research’s Te Puke research orchard. Observed diameter changes of 
the fruit were converted to approximate fractional changes in fruit 
fresh weight by assuming that fresh weight is proportional to the 
diameter cubed. A 5-day period, early in the growing period of rela-
tively fine weather (days 55–60), was chosen for detailed comparison 
with model simulations.

Model inputs
The fruit development model is driven by two environmental vari-
ables (temperature, T, and relative humidity, H), and two variables 
describing the state of the vasculature in the stem (stem water poten-
tial, Ψx, and concentration of sucrose in the phloem, Cp) at each time 
step. None of these inputs were directly measured by Richardson 
et al. (1997). As Whangarei does not have extensive records of hourly 
meteorological data, average hourly values of temperature and 
humidity for each month of the year were estimated instead using 
data from the meteorological site at Te Puke. While the Te Puke site is 
on average about 1.3°C cooler than Whangarei (N.Z. Meteorological 
Service 1983), patterns of kiwifruit development are very similar in 
the two locations. The diurnal patterns for both temperature and 
humidity could be adequately described throughout the growing 
season by the sine-exponential model of Parton and Logan (1981), 
which takes into account the changing day length. By fitting smooth 
second-order Fourier series to the seasonal curves of maximum and 
minimum temperature, and maximum and minimum humidity, a 
sequence of patterns suitable for describing hourly temperature and 
humidity on each day throughout the growing season was obtained.

The average daily pattern of stem water potential on any day of 
the year was estimated using

 Ψ −x soil soil stemP Tr L= − /  (34)

where Tr is total vine transpiration (L s−1), the water potential of the 
soil Psoil is −1 bar for a well-watered vine, and the soil to stem water 
conductance Lsoil–stem is approximately 0.001 L s−1 bar−1 for kiwifruit 
(S. Green, personal communication). This value is at the upper end 
of the range of soil–stem conductance measured by Clearwater 
et  al. (2004). The diurnal pattern of transpiration was approxi-
mated using a smooth curve calculated from hourly temperature, 
humidity, radiation, and wind using the methods of Green and 
McNaughton (1997). Seasonal variation in the magnitude of the 
transpiration curve was obtained by fitting a second-order Fourier 
series to monthly averages of daily transpiration calculated using the 
Priestly–Taylor approach.

The daily pattern of the concentration of sucrose in the phloem is 
unknown, but there is some evidence that maximum and minimum 
values do not vary markedly during the growing season (Smith and 
Milburn, 1980; N. Gould, personal communication). We therefore 
chose to set the daily minimum and maximum values for the phloem 
concentration to 9 and 17% as used by Fishman and Génard, but let 
the diurnal variation between these extrema vary in proportion to 
the pattern described for temperature, so that changing day length 
affects the average value.

Model inputs reflect the large effect that seasonal variation has 
on temperature, humidity, and stem water potential (Fig. 2). These 
patterns reflect the reality that temperatures are about 7°C cooler 
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in May than in January or February, while maximum transpiration 
rate is many times higher in summer than in autumn when fruit are 
harvested. Relative humidity shows relatively less variation between 
seasons, and seasonal differences in average phloem sucrose concen-
trations arise only from differences in daylength. Note that while 
humidity and temperature patterns are smoothed averages of data, 
the stem water potential pattern has been estimated from transpira-
tion calculations, and the phloem sucrose pattern is simply a modifi-
cation of that used by Fishman and Génard (1998).

Model implementation
The model was implemented in SAS (version 9.2; © 2008 SAS 
Institute, Cary, NC, USA) as this code ran quickly, allowing rapid 
development and modification.

Turgor can change very rapidly from hour to hour, leading to 
some instability and artificial oscillations in model predictions. All 
simulations were therefore carried out using a fourth-order Runge–
Kutta method with a half-hour time step.

Sensitivity analysis
In order to assess the sensitivity of different aspects of the model 
output to changes in parameters and inputs, each parameter or 
input pattern was varied slightly from the parameters used to fit the 
Richardson et  al. (1997) low crop-load data, and the consequent 
change in fresh weight, dry-matter proportion, soluble solids con-
centration, and starch content on day 170 (approximately harvest) 
were calculated.

Results

The model simulates the development of fruit under low 
crop load well (Fig. 3, heavy lines). The addition of the pedi-
cel compartment to the model allowed us to incorporate 
observed large changes in the conductivity of the pedicel/

receptacle complex into the model, and thus (in concert with 
changes to the cell wall extensibility parameter) simulate the 
large change in water relations between the two major phases 
of kiwifruit growth (cell division and cell expansion).

Simulations for high crop load (Fig.  3, light line) were 
obtained by altering a single input: the concentration of 
sucrose in the phloem was assumed to be 1% (i.e. 0.01 g 
g−1) lower throughout the season. All curves then match the 
high crop-load data well later in the season: fresh weight 
(Fig. 3a), dry weight (Fig. 3b), and percentage of  dry mat-
ter in the fruit are all reduced compared with the low crop 
load. The starch content of  the fruit is considerably lower 
for high crop-load fruit, but the soluble solids concentra-
tion is only marginally lower, agreeing with observed solu-
ble solids data. In the early part of  the season, however, the 
predictions are not so accurate: while the dry weight curve 
superficially seems to fit well, the fresh weight curve is a little 
high around day 60.

Fresh weights simulated by the model showed less overall 
growth but similar diurnal variation to that estimated by the 
LVDT measurements during days 55–60 (Fig. 4). Note that 
the LVDT data has been simply scaled to the same weight 
on day 55 as the model output. Despite the diurnal fluctua-
tions in growth, no backflow through the pedicel xylem was 
observed in the model output (data not shown).

If  elasticity is not included in the model, so that the model 
is more like that of Fishman and Génard (1998), then the 
overall growth rate is considerably higher (not shown). If  
parameters representing a scaling factor for the cell wall exten-
sibility, and the area of the membrane separating the fruit 
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Fig. 2. Diurnal variation in model inputs, and the variation during the growing season, for temperature (a), relative humidity (b), stem 
water potential (c), and phloem sucrose concentration under low crop load (d).
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from the vasculature are refitted to the low crop-load data 
of Richardson et al. (1997), reasonable fits are obtained to 
the long-term data of Richardson et al. (1997). However, the 
diurnal variation is then considerably less than that shown by 
the LVDT data (Fig. 4). An elastic component to the change 
in volume is clearly necessary to simulate the observed diur-
nal variation.

Sensitivity analysis

Sensitivity to model inputs
The maximum and minimum value of each input was varied 
throughout the season by amounts thought to reflect expected 
changes between locations or seasons, and model outputs on 
day 170 compared with the ‘base model’ (Table 1).

Increases in carbohydrate supply throughout the season 
either at day or at night increases fresh weight and dry weight 
at harvest, but only increases the percentage of dry matter 
in the fruit slightly. Increased maximum or minimum tem-
peratures decreased fresh weight, but had little effect on dry 
weight and increased all other fruit measures

Predicted fruit turgor generally increases during the sea-
son, accompanied by a reduction with time in the magnitude 
of the diurnal variation (Fig. 5).

Sensitivity to model parameters
Each parameter was varied up and down, usually by 20% of 
the value used in the low crop-load model, and model outputs 
on day 170 compared with the ‘base model’ (Table 2). In some 
cases where the model is very insensitive to a parameter, or its 
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Fig. 3. Model predictions (lines) and observed values (circles) for the development during the growing season under low (heavy line, 
filled circles) or high (lighter line, empty circles) crop loads, of fresh weight (a), dry weight (b), percentage of dry matter (c), percentage 
soluble solids (d), and starch as a percentage of dry matter (e).
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value is completely unknown, a larger percentage change was 
used, and in other cases where parameter values were close to 
a ‘natural limit’ a smaller percentage change was used.

Changes to initial water and dry-matter content at the 
start of  the simulation did have some effect on harvest fruit 
quality, but change in initial turgor did not. The effect of 
changing the osmotic pressure due to solutes other than 
sugar in the phloem (πpO) was similar to the effect of  chang-
ing initial water or dry-matter contents, but the effect of 
changing the osmotic pressure in the fruit (πfO) on both 
fruit fresh weight and percentage of  dry matter was very 
large. This adds directly to the turgor in the fruit (Fig. 5) so 
directly affects inflow rates.

Parameters controlling the relationship between cell expan-
sion and turgor all have a significant effect, particularly on 
fresh weight and the percentage of dry matter in the fruit at 
harvest. Of the cell expansion parameters, the day when cell 
wall extensibility stops dropping rapidly (d2) appears to have 

a particularly large effect. However, it should be noted that 
other parameters relating to cell wall extensibility have not 
been measured, so the values used could possibly be in error 
by more than an order of magnitude. Note that the elastic-
ity parameter also has a large effect on the size of the diur-
nal oscillation in fresh weight (Fig. 4). The effect of elasticity 
on overall seasonal development can be compensated for by 
altering parameters describing the membrane areas and cell 
wall extensibility.

The assumed reflection coefficient and area of the mem-
brane separating fruit vasculature from the fruit cells both 
have significant effects on fruit development. Note that the 
area parameters have been fitted here to the low crop-load 
data. The solute permeability coefficient of the membrane 
has only a small effect, reflecting the small role played by dif-
fusion of solutes through the membrane.

Parameters controlling the variation in skin perme-
ance with fruit age, which were fitted to independent data, 

Table 1. Sensitivity of model outputs to changes in inputs, the maximum and minimum values used each day for concentration of 
sugars in the phloem (Cp), temperature (T), stem water potential (Px), and humidity (H)

Each value for fresh weight (FW, g), dry weight (DW, g), percentage of dry matter (DM%), soluble solids percentage (SS%), and starch as a 
percentage of dry weight (ST%) is the average change induced by changing the input value by plus or minus the stated amount.

ID Change Change on day 170

FW DW DM% SS% ST%

Cp (min) 0.02 16.5 3.1 0.3 0.4 1.4
Cp (max) 0.02 15.4 3.6 0.8 0.7 1.9
T (min) 2 −2.2 0.0 0.3 0.1 0.3
T (max) 2 −5.0 0.2 0.8 0.4 0.7
Px (min) 2 57.7 1.2 −5.8 −2.9 −3.5
Px (max) 0.5 40.0 0.6 −4.7 −2.4 −2.6
H (min) 0.1 45.3 0.4 −5.1 −2.6 −3.3
H (max) 0.03 19.7 0.2 −2.4 −1.2 −1.4
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Fig. 4. Comparison of changes in fresh weight starting from day 
55 estimated from LVDT data (heavy line), the low crop-load model 
(light solid line), and the low crop load with no elastic component 
to growth and other parameters adjusted to compensate for the 
change (dashed line).
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Fig. 5. Modelled fruit turgor oscillations during the growing 
season. For clarity, only simulation of the low crop load is shown. 
Under high crop load conditions, turgor pressures are just slightly 
lower in the latter part of the growing season.
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significantly affect the harvest fruit quality. Parameters 
describing receptacle conductance have a similarly large 
effect. The xylem conductance parameters have been fitted 
to independent data, but parameters controlling phloem 
conductance have been simply chosen to give a good fit 
to the low crop-load data. Remember it has been assumed 
that during early pedicel development, phloem and xylem 
conductance grow in concert, but later in the season, when 

xylem conductivity drops, phloem conductivity is assumed 
to remain constant.

Many of  the parameters of  the starch sub-model from 
Hall et al. (2006) primarily affected the outputs reflecting 
the balance between soluble and insoluble carbohydrates 
(SS% and ST%), as might be expected. However, harvest 
fresh weight was particularly sensitive to minimum level of 
soluble solids (sb).

Table 2. Sensitivity of model outputs to changes in parameter values

Each value for fresh weight (FW, g), dry weight (DW, g), percentage of dry matter (DM%), soluble solids percentage (SS%), and starch as 
a percentage of dry weight (ST%) is the average change induced by changing the parameter value by plus or minus the stated amount. 
Particularly large changes (FW > 16 g, DW > 1 g, and DM%, SS%, and ST% > 2%) are shown in bold.

Parameter group ID Base value Change (%) Change on day 170

FW DW DM% SS% ST%

Initial values w0 3.2 20 11 0.2 −1.3 −0.6 −0.7
s0 0.5 20 12 0.5 −1.3 −0.6 −0.5
Pf0 2 100 0 0.0 0.0 0.0 0.0

Other solutes πpO 12.53 20 13 0.3 −1.6 −0.8 −0.9

πfO 6.5 20 164 2.8 −14.3 −7.6 −9.4

Cell expansion Y 0.08 25 −7 −0.1 0.0 0.0 0.2
d1 15 20 37 0.6 −4.7 −2.4 −2.5
d2 60 20 181 2.9 −16.8 −9.3 −10.4

φ1 0.2 20 18 0.3 −2.3 −1.1 −1.2

φ2 0.000135 20 24 0.4 −3.0 −1.5 −1.6

φk 0.028 20 −12 −0.2 1.4 0.7 0.7

ε 153 20 −45 −0.7 4.9 2.5 2.9

Active uptake Km 0.08 20 −8 −0.5 0.7 0.3 0.2

ν1 0.005 20 19 1.2 −1.6 −0.7 −0.4

Q10,ν 2 50 −11 −0.4 1.1 0.6 0.5

Membrane properties σp 0.9 5 −32 −0.8 3.6 1.8 1.8

ax 0.066 20 21 0.3 −2.6 −1.3 −1.4
ap 0.066 20 36 0.8 −4.3 −2.2 −2.2
ps 0.003 50 5 0.3 −0.5 −0.2 −0.1

Skin permeance ρ0 800 20 −46 −0.6 5.3 2.7 3.3

kρ 0.035 20 16 −0.1 −2.3 −1.2 −1.4

tρ 18 22 −23 −0.2 2.9 1.4 1.7

ρ∞ 25 20 −1 0.0 0.2 0.1 0.1

Pedicel conductance t1* 30 20 −52 −0.8 6.8 3.5 3.5
t2* 70 20 −1 0.5 0.6 0.3 0.6
Lx* .max 0.09 20 25 0.7 −2.9 −1.4 −1.5

k x*1 0.1 20 −19 −0.3 2.3 1.2 1.3

k x* 2 0.036 20 0 −0.3 −0.3 −0.2 −0.3

Lx*,∞ 0.02 20 0 0.3 0.3 0.2 0.2

Lp* .max 0.016 20 16 3.0 0.3 0.4 1.5

k p*1 0.1 20 −5 −0.2 0.6 0.3 0.2

Starch sub-model u0 0.01 20 0 0.0 0.0 0.0 0.0

Ao 0.56 20 −10 −0.2 1.1 0.1 −1.6
ko 0.038 20 1 0.0 −0.2 0.3 1.7
sb 3.8 20 54 0.9 −5.7 −2.5 −5.6
ks1 0.5 20 −2 0.0 0.2 −0.1 1.4
tr 165 6 −2 0.0 0.2 −2.2 13.4
th 25 20 0 0.0 0.0 0.2 −1.2
ku 0.055 20 1 0.0 −0.2 0.5 −3.5
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Discussion

By extending the model of  Fishman and Génard (1998), 
and including a number of  features from other papers we 
have been able to simulate kiwifruit berry carbohydrate 
and water dynamics over much of  the growing season. 
With appropriate choice of  parameters, the model simu-
lated a range of  time series realistically, including the com-
plex development of  DM% in the fruit (Fig. 3c), which has 
not been previously explained. The inclusion of  an elas-
tic component of  growth as described by Léchaudel et al. 
(2007) enabled the model to simulate realistic diurnal vari-
ation in fruit size (Fig. 4) and confirmed the findings of 
Léchaudel et  al. (2007) of  the importance of  an elastic 
component. Modification of  the cell wall extensibility 
with time using the approach of  Liu et al. (2007) allowed 
simulation of  the entire growing season. The large contri-
bution of  the pedicel/receptacle to the hydraulic resistance 
of  the kiwifruit berry required the inclusion of  this feature 
in the model.

The model presented here is of the fruit alone, not of the 
vine as a whole. Hence, we required two inputs which are 
properties of the whole vine: stem water potential and the 
concentration of sugar in the phloem. For stem water poten-
tial, our use of the approach of Green and McNaughton 
(1997) ensured that values are reasonable, but for phloem 
sugar concentrations we have simply used the maximum and 
minimum daily values suggested by Fishman and Génard 
(1998), so the patterns used are speculative.

Although the model simulates measured patterns of fruit 
development well, it seems to require unrealistically high 
turgor within the fruit later in the season to do so (Fig. 5). 
Simulations using a reduced reflection coefficient σp late in the 
season did not reduce this turgor (data not shown). Recent 
work (Gould et al., 2013) suggests that turgor in kiwifruit late 
in the season may be around an order of magnitude lower 
than the 15 bars suggested by the model, and turgor tends to 
fall, rather than rise, in ripening kiwifruit (Harker et al., 1997) 
and other fruit (Shackel et al., 1991; Matthews and Shackel, 
2005; Thomas et al., 2006, 2008). Decreasing turgor in ripen-
ing fruit may be associated with a rise in apoplasmic solute 
concentration (Wada et al., 2008; Wada et al., 2009), an aspect 
of fruit development not included here because current ver-
sions of the model do not include a separate compartment for 
the fruit apoplasm.

Very early in the season the model’s prediction of turgor 
at some times of day becomes slightly negative. This occurs 
during the same period when the starch sub-model predicts 
that starch contents are too high, and soluble solids concen-
trations are much lower than those observed (Fig.  3). It is 
likely that improvements to the starch sub-model to more 
realistically simulate this early stage would avoid predictions 
of negative turgor.

Modelled fresh and dry weight accumulation rates decline 
towards the end of  the growing season (Fig.  3), without 
invoking the inhibition of  active uptake as used in Fishman 
and Génard (1998). This could be in part because we have 

used input environmental variables that reflect the chang-
ing seasons, so by late in the growing season (May in New 
Zealand) temperatures have dropped considerably and aver-
age carbon concentrations slightly. However, a second rea-
son is the very low cell wall extensibility required to prevent 
the uptake of  water outstripping the dry-matter uptake late 
in the season, which would have lead to unrealistically low 
proportions of  dry matter in the fruit (DM%). Compared 
to many other fruits (e.g. peach, mango, and tomato) kiwi-
fruit have very low rates of  water (or fresh weight) accumu-
lation in the latter half  of  the growing season compared to 
the rate of  accumulation of  dry matter. A very low cell wall 
extensibility was needed to prevent excess water entering the 
fruit, thus leading to unrealistically high turgor in the fruit 
(Fig. 5), although this was probably because the model does 
not allow for membrane leakage and the resulting rise in 
apoplastic solute content now believed to occur during fruit 
maturation.

The sensitivity analysis gives us an idea as to the parame-
ters for which we need to concentrate on getting better exper-
imental values. The active uptake parameters affect both 
fresh and dry weight, and hence have a relatively small effect 
on final percentage of  dry matter in the fruit. Somewhat par-
adoxically, increasing the maximum uptake rate ν1 propor-
tionally increases fresh weight more than dry weight, thus 
actually decreasing the percentage of  dry matter in the fruit 
at harvest.

Improvements are planned to the model in future. 
The starch sub-model of  Hall et  al. (2006) was included 
unchanged, but clearly needs some improvement. Very early 
in the season, the model over-estimates the starch compo-
nent and under-estimates the soluble solids in the juice 
(Fig.  3), leading to negative turgor at some times of  day 
(Fig. 5). A major change planned is to divide the fruit into 
apopolastic and symplastic compartments, replacing the sin-
gle compartment of  Fishman and Génard (1998). This will 
enable the model to deal explicitly with separate symplas-
tic and apoplastic pathways, and with increasing membrane 
leakage as the fruit matures.

Supplementary material

Supplementary material is available at JXB online.
A brief  description of the model of Fishman and Génard 

(1998), extended to include elasticity following the approach 
of Léchaudel et  al. (2007), is provided as supplementary 
material.
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Appendix: values and units of variables, parameters, and constants

(a) Model variables

Variable Units Description

Cp g g −1 (Input time series) Concentration of sugar in stem phloem

Ψx bar (Input time series) Stem water potential

T °C (Input time series) Fruit temperature
H – (Input time series) Relative humidity of air
s g (State variable) dry weight of fruit
w g (State variable) water in fruit
Pf bar (State variable) Hydrostatic pressure (turgor) in fruit
Af cm2 Fruit surface area
Ax cm2 Area, membrane separating xylem vasculature from fruit
Ap cm2 Area, membrane separating phloem vasculature from fruit
Cp* g g −1 Concentration of sugar in fruit phloem vasculature
Cf g g −1 Concentration of sugar in fruit
Pp bar Hydrostatic pressure in stem phloem
Pp* bar Hydrostatic pressure in fruit phloem vasculature

πp bar Osmotic pressure in stem phloem

πp* bar Osmotic pressure in fruit phloem vasculature

πf bar Osmotic pressure in fruit

Rf g h−1 Total fruit respiration
Tf g h−1 Total fruit transpiration
Ua g h−1 Active uptake of sugar
Up g h−1 Mass flow (water) from phloem vasculature into fruit
Ux g h−1 Mass flow (water) from xylem vasculature into fruit
Us g h−1 Total rate of sugar uptake
V cm3 Volume of fruit

(b) Model parameters and constants

Variable Value Units Description

w0 3.2 g (Initial value) Initial water content of fruit
s0 0.5 g (Initial value) Initial dry weight of fruit
Pf0     2 bar (Initial value) Initial turgor pressure of fruit
ap 0.066 – Area of phloem membrane as fraction of fruit surface area
ax 0.066 – Area of xylem membrane as fraction of fruit surface area
Dw 1 g cm−3 Density of water
Ds 1.6 g cm−3 Density of dry matter
Hf 0.996 – Relative humidity of air spaces in fruit
Km 0.08 - Michaelis constant for active transport
Lx 0.00972 g cm−2

bar−1 h−1

Conductivity of xylem membrane for water transport

Lp 0.00972 g cm−2

bar−1 h−1

Conductivity of phloem membrane for water transport

ps 0.0027 g cm−2h−1 Permeability of phloem membrane for sugar diffusion
Q10 2.03 – Q10 for maintenance respiration
qg 0.21 – Growth respiration coefficient
qm,293 0.000131 h−1 Maintenance respiration coefficient
R 83 cm3 bar mol−1 K−1 Gas constant

νm (Eq. 29) g h−1 Maximal rate of active sucrose uptake

φ (Eq. 28) bar−1 h−1 Cell wall extensibility (Lockhart)

Y 2 bar Threshold pressure (Lockhart)
Z (Eq. 27) – Proportion of dry weight which is soluble sugars

ρ (Eq. 32) cm h−1 Permeation coefficient of fruit surface to water vapour

σp 0.9 – Reflection coefficient of membrane to sugar

γ
η

5.2076
0.6424

Parameters relating fruit area (cm2) to fresh weight (g)

MW   18 – Molecular weight of water
MS 342.3 – Molecular weight of sucrose

πpo 12.53 bar Osmotic pressure of other solutes in phloem

(Continued)
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Variable Value Units Description

πfo 6.5 bar Osmotic pressure of other solutes in fruit

Lp* (Eq. 30) g h−1 bar−1 Conductance of pedicel phloem
Lx* (Eq. 31) g h−1 bar−1 Conductance of pedicel xylem

ε 153 bar Fruit elasticity

rw 0.6 – g water produced when 1 g dry weight respires

Where values vary through the season, they are calculated from the equation numbers given.

Appendix. Continued
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