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† Background and Aims Functional–structural modelling can be used to increase our understanding of how
different aspects of plant structure and function interact, identify knowledge gaps and guide priorities for
future experimentation. By integrating existing knowledge of the different aspects of the kiwifruit (Actinidia
deliciosa) vine’s architecture and physiology, our aim is to develop conceptual and mathematical hypotheses
on several of the vine’s features: (a) plasticity of the vine’s architecture; (b) effects of organ position within
the canopy on its size; (c) effects of environment and horticultural management on shoot growth, light distri-
bution and organ size; and (d) role of carbon reserves in early shoot growth.
† Methods Using the L-system modelling platform, a functional–structural plant model of a kiwifruit vine was
created that integrates architectural development, mechanistic modelling of carbon transport and allocation, and
environmental and management effects on vine and fruit growth. The branching pattern was captured at the indi-
vidual shoot level by modelling axillary shoot development using a discrete-time Markov chain. An existing carbon
transport resistance model was extended to account for several source/sink components of individual plant
elements. A quasi-Monte Carlo path-tracing algorithm was used to estimate the absorbed irradiance of each leaf.
† Key Results Several simulations were performed to illustrate the model’s potential to reproduce the major fea-
tures of the vine’s behaviour. The model simulated vine growth responses that were qualitatively similar to those
observed in experiments, including the plastic response of shoot growth to local carbon supply, the branching
patterns of two Actinidia species, the effect of carbon limitation and topological distance on fruit size and the
complex behaviour of sink competition for carbon.
† Conclusions The model is able to reproduce differences in vine and fruit growth arising from various exper-
imental treatments. This implies it will be a valuable tool for refining our understanding of kiwifruit growth
and for identifying strategies to improve production.

Key words: Actinidia deliciosa, kiwifruit, L-systems, plant architecture, carbon allocation, functional–structural
plant model.

INTRODUCTION

Kiwifruit (Actinidia deliciosa) originated from China, but was
first grown commercially in New Zealand and has become the
country’s most important export horticultural crop (Ferguson
and Bollard, 1990). The kiwifruit vine is characterized by vig-
orous growth and intense competition for carbohydrates
between vegetative and reproductive components.
Controlling the vegetative growth of the canopy and channel-
ling carbohydrates into fruit is a major challenge for kiwifruit
growers (Miller et al., 2001; Thorp et al., 2003). Traditionally,
developing new training and pruning strategies to control
canopy vigour and maximize production of high-quality fruit
involves multiple field trials, which are costly and time con-
suming. Our long-term goal is to use functional–structural
plant modelling for improving management techniques by
exploring the vine’s behaviour under hypothetical manage-
ment practices in different environmental conditions (e.g.
temperature and light). The aim of the research reported in

this paper was to develop a functional–structural kiwifruit
vine model, incorporating existing knowledge on kiwifruit
architecture and physiology, which can be used to guide
future experimental work by increasing our understanding of
how different aspects of the plant interact.

To this end, a model was developed that represents the fol-
lowing features of kiwifruit vine growth and function: (a) plas-
ticity of kiwifruit architecture and, in particular, effects of
genotype and temperature on shoot growth and shoot tip abor-
tion (Foster et al., 2007); (b) effects of management practices
on shoot growth, light distribution within the canopy and fruit
dry weight; (c) the role of reserves in the vine carbon
dynamics; and (d ) effects of fruit position within the canopy
on its dry weight.

In earlier work, Buwalda (1991) constructed a process-
based compartment model of the kiwifruit vine that included
maintenance respiration, growth of organs, and synthesis and
hydrolysis of carbon reserves, along with canopy net photosyn-
thesis. The model’s main focus was on the carbon economy of
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the vine, including predicting the effects of plant–environ-
ment interactions; however, it had a number of simplifying
assumptions: (a) a common pool of carbon; (b) no represen-
tation of 3-D structure and light distribution; and (c) the rate
of photosynthesis was considered proportional to total leaf
area. Although the model was able to reproduce several
observed phenomena [such as resource-limited growth,
depletion and regeneration of reserves, and root system turn-
over (Buwalda, 1991)], the common carbon pool model
cannot adequately account for the architectural plasticity of
the vine [as demonstrated for grapevine (Pallas et al., 2010)]
and the variations in fruit size caused by differences in local
carbon supply within the vine (Tombesi et al., 1993; Piller
and Meekings, 1997). Thus, a process-based model is unable
to reproduce fully the desired features of kiwifruit vine
growth and development.

Greaves et al. (1999) investigated the importance of carbon
reserve distribution in parent branches on axillary shoot
growth. They modelled a single parent branch as a linked
system of discrete elements, with each element comprised of
a labile, reserve and structural pool. They considered carbon
transport between the labile pools of connected elements,
carbon synthesis and hydrolysis between reserve and labile
pools, and the growth of shoots (not the parent branch itself )
by movement of carbon from the labile pool into the structural
pool. Output from their model showed general agreement with
data from their own experiments on mature kiwifruit vines.
Although this model is theoretically capable of meeting the
features of the vine, it was designed for the sole purpose of
investigating the effect of carbon reserves on early shoot
growth (before the leaves become sources of carbon).
Therefore, without substantial changes to the simple mechan-
ism used to drive growth, it is unable to produce all the desired
features of the vine’s growth (Greaves et al., 1999).

Greer et al. (2004) modelled canopy leaf area development
and daily amount of carbon acquisition of kiwifruit vines from
a mathematical model of shoot leaf area expansion and photo-
synthesis of individual leaves. They extended the shoot leaf
area expansion model of Seleznyova and Greer (2001) by
including architectural components (e.g. shoot type, node
number and probability of budbreak), and used a rectangular
hyperbolic function to model daily photosynthesis for leaves.
Measurements of canopy leaf area development and rates of
photosynthesis from vines grown in an orchard were in close
agreement with the output from their model, and the estimated
total carbon acquisition over the growing season was close to
the measured biomass of the vine over that season. They con-
cluded that their physiological model is scalable to whole
vines but requires further development for carbon partitioning
between individual organs. In other words, their model does
not take into account the structure of the vine.

In order to integrate structure with carbon dynamics, func-
tional–structural plant models (FSPMs) can be used. FSPMs
are computational models that explicitly account for the 3-D
architecture of a plant as it is governed by physiological pro-
cesses and the environment (Sievänen et al., 2000; Godin
and Sinoquet, 2005; Vos et al., 2007, 2010). The L-system
modelling approach (Lindenmayer, 1968) is widely used to
implement FSPMs (Fourcaud et al., 2008; Vos et al., 2010),
as it can represent development, growth and carbon allocation

processes at the organ level, taking into account effects of
organ position within the canopy (Prusinkiewicz et al.,
1997). Also, an L-system model can be interfaced with exter-
nal models to incorporate environmental effects (Měch and
Prusinkiewicz, 1996), such as light distribution (Cieslak
et al., 2008), and allows for interaction with the model as
the simulation progresses: first, by user-driven modification
of the numerical parameters in the model (Prusinkiewicz,
2004), and, secondly, by direct manipulation of the visual rep-
resentation of the model on the computer screen
(Prusinkiewicz et al., 2007b).

In this paper, a functional–structural kiwifruit vine model is
presented that integrates architectural development with
mechanistic modelling of carbon transport and allocation.
The model was implemented using the L-system-based model-
ling platform, L-studio (Prusinkiewicz et al., 2000), in the L +
C modelling language (Karwowski and Prusinkiewicz, 2003).
The focus here is on the modelling concepts used to incorpor-
ate existing biological knowledge and hypotheses on kiwifruit
architecture and physiology into the model. In order to demon-
strate the model’s capabilities and show its potential to repro-
duce the desired features of kiwifruit growth, the qualitative
behaviour of the model is investigated through several simu-
lations. The parameter values used in these simulations are
either taken directly from existing experimental work or are
fitted manually. Because of the complexity of the kiwifruit
vine model, calibration and quantitative validation require
the design of new experiments for parameter fitting, concen-
trating on just one particular aspect of the vine at a time
[e.g. competition between reproductive and vegetative com-
ponents (Minchin et al., 2010)], and is beyond the scope of
this paper. Nevertheless, a comparison is made between
model output and observed data.

METHODS: DESCRIPTION OF THE MODEL

The kiwifruit vine model combines aspects of the vine’s archi-
tecture, carbon dynamics and the interactions between them
(Fig. 1). For the architectural component, it includes a rep-
resentation of individual organs and their topological connec-
tions, with rules for production of metamers (Cieslak et al.,
2007). For the carbon dynamics component, it includes
carbon acquisition by leaves, transport throughout the plant,
allocation and growth dependent on availability, and the role
of carbon reserves (Cieslak et al., 2010). The model accounts
for exogenous factors, such as light distribution, temperature
and horticultural manipulation (pruning and training), and
other endogenous factors, such as shoot tip abortion and
organ abscission. All of these aspects are detailed in the
remainder of this section, and Tables 1 and 2 summarize the
various parameters and variables of the model, respectively.

Aspect integration using L-systems

L-systems (Prusinkiewicz et al., 1997) are used to create a
3-D virtual plant representation (Room et al., 1996) of the
annual growth cycle of a managed mature kiwifruit vine
(Sale and Lyford, 1990) (Fig. 2), and to integrate the aspects
of this model at different spatial and temporal scales. At the
beginning of each cycle, the structure consists of the main
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trunk, two leaders and a specified number of canes trained on a
support structure (Fig. 3). After budbreak and creation of the
initial cluster of leaves, the appearance of new metamers on
each shoot depends on environmental conditions and carbon
availability. The simulation of shoot development and organ
growth continues until the end of the annual growth cycle,
when the fruit is ready for harvest. Since the simulation ends
at this stage, the model does not currently take into account
organ senescence, but nothing precludes including it if
necessary.

The allocation of carbon to various sinks is computed with a
time step of 0.1 d (selected as a compromise between the accu-
racy and speed of the computation), whereas the light distri-
bution in the canopy is only calculated at daily time steps.
In principle, the time steps could be the same for both of
these aspects; however, calculating light distribution at the
organ level is computationally intensive at the required pre-
cision, and the accuracy of the numerical method used to
compute carbon allocation is limited by the size of the time
step (a daily time step would lead to a large approximation
error). To combine these aspects at different time scales, the
average daily amount of carbon acquired by each leaf is
calculated once per day, and then the amount is distributed
to the leaves uniformly over the entire day (using a time step
of 0.1 d).

Shoot development and vine architecture

Axillary shoots develop from mature first-order axillary
buds on the cane. Their structure, as described by Walton
et al. (1997), is as follows: nodes 1–4 have second-order axil-
lary buds; nodes 5–12 have axillary meristems that differen-
tiate into inflorescences and flowers; and nodes 13 onwards
have axillary meristems that produce next season’s axillary
buds. The first four nodes are subtended by bud scales,
while nodes from 5 up are subtended by leaf primordia. The
transition from pre-formed to neoformed nodes usually
occurs between node 15 and 25, with all kiwifruit buds

resuming organogenesis during budbreak (Foster et al.,
2007). Not all pre-formed organs expand during shoot devel-
opment, as the shoot apex can abort at any stage. The likeli-
hood of axillary meristem differentiation into flowers is
dependent on many factors, such as node number along the
shoot and application of chemical agents (Walton and
Fowke, 1993). Second-order axillary buds only develop if
the apical meristem of the first-order axillary bud is
damaged (Walton, 1996).

Each individual axillary bud and its potential shoot are mod-
elled by a discrete-time Markov chain (Taylor and Karlin,
1998), with three states: dormant, growing and aborted
(shown in Fig. 4). The time between state transitions in the
Markov chain corresponds to the rate of metamer appearance
on the axillary shoot and is determined by phyllochron,
which is the time interval between the appearance of succes-
sive leaves. At the start of the season, each axillary bud is in
a dormant state, with a transition probability for budbreak,
pbb(n, m), defined as a function of the developmental step, n,
nodal position on the parent cane, m, and of the bud’s orien-
tation on the cane [so only buds on the topside of the cane
will produce a shoot (Snowball and Considine, 1986)].
Modelling the effect of bud position along the parent cane is
based on a theoretical probability of latent bud obtained (in
tabulated form) by fitting a hidden semi-Markov model
(HSMC) to architectural data (Seleznyova et al., 2002:
fig. 12A). It was assumed that all buds can break at n ¼ 0,
with probability pbb(0, m) set by a user-defined function and
the bud’s orientation on the cane (1 for buds on the topside
and 0 for the underside). The buds that break will produce
an axillary shoot, and any remaining buds will stay dormant,
with pbb(n, m) ¼ 0 when n . 0. An axillary shoot produced
after budbreak will continue growing with a specified prob-
ability of shoot development [denoted by psd(n, m)], otherwise
the shoot will abort growth.

The non-stationary transition probability, psd(n, m), is modu-
lated by several factors. First, there is an associated vigour
(growth potential) with each shoot, e.g. a very vigorous

3-D vine architecture
  - metamer production
  - branching pattern
  - organ geometry
  - topology

Carbon dynamics
  - acquisition
  - transport
  - allocation and growth
  - reserves

Exogenous factors
  - environment
  - management

Growth regulation
  - shoot tip abortion
  - organ abscission

FI G. 1. Diagram of the kiwifruit vine model structure, showing the architectural and carbon dynamics aspects with the interactions between them.
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TABLE 1. The model parameters (by order of appearance in the text): symbols, definitions, units and values used in the simulations

Symbol Definition Value and units Reference

Shoot development
pbb(n, m) Probability of budbreak by node on parent cane Empirical function (dimensionless) Seleznyova et al. (2002)
psd(n, m) Probability of shoot development by node on parent cane See eqn (1) (dimensionless)
cmin Carbon concentration threshold for shoot development 0.01 g C m23

P(T ) Phyllochron as function of temperature Fig. 5 (days) Morgan et al. (1985)
T Temperature over time Empirical function (8C) Greer et al. (2004)
u Leaf phyllotaxis angle 144 8 Ferguson (1990)
f Leaf inclination angle 33 8 Morgan and McNaughton (1991)
cmin,flower Carbon concentration threshold for flower abortion 0.01 g C m23

Photosynthesis
Pmax Maximum photosynthetic rate 15.2 mmol CO2 m22 s21 Greer et al. (2004)
wapp Apparent photon yield 0.039 mol CO2 mol21 Greer et al. (2004)
D Maximum potential photon flux density above the canopy 1300 mmol PAR m22 s21 Greer et al. (2004)

Leaf growth
qleaf Sink priority for leaf growth 0.01 g C m23

tleaf(T ) Duration of rapid leaf growth Fig. 5 (days) Seleznyova and Halligan (2006)
B(n) Leaf growth parameter Fig. 7 (g C) Seleznyova and Greer (unpubl. res.)
L Specific leaf area 3.69e-6 m2 g21 C Seleznyova and Greer (unpubl. res.)

Internode growth
r Internode volumetric density 1.89e-7 g C m23 Seleznyova and Greer (unpubl. res.)
qinde,pri Sink priority for internode elongation 0.01 g C m23

qinde,sec Sink priority for internode thickening 0.05 g C m23

tinde(T ) Duration of rapid internode growth tleaf(T )/2 (days) Seleznyova (unpubl. res.)
ksec Long-term internode thickening rate 0.003 (dimensionless)
klogistic Rapid initial internode thickening rate 0.28 (dimensionless)

Internode flow resistance
kV Transport resistance coefficient 0.025 s m23

Fibrous root growth
qroot Sink priority for fibrous root growth 30 g C m23

kprgr Potential fibrous root growth rate 0.003 g C g21 C d21 Buwalda (1991)
Tprgr Root growth temperature response coefficient ln(2)/10 (dimensionless) Buwalda (1991)

Fruit growth
qfruit Sink priority for fruit growth 30 g C m23

Sfmax Maximum potential final fruit size 14.5 g C
k1, k2, k3 Fruit growth parameters 0.02 d21, 22.21 g22 C, 0.64 g C Gandar et al. (1996)

Maintenance respiration
qrsp,i Sink priority for maintenance respiration of organ type i (leaf,

internode, roots, fruit)
1e-4 g C m23

mleaf Leaf maintenance respiration coefficient 8.06e-3 g C g21 C d21 Walton and Fowke (1995)
minde Internode maintenance respiration coefficient 5.27e-3 g C g21 C d21 Walton and Fowke (1995)
mroot Root maintenance respiration coefficient 1.84e-3 g C g21 C d21 Walton and Fowke (1995)
mfruit Fruit maintenance respiration coefficient 1.43 g C g21 C d21 Walton and Fowke (1995)
Trsp,i Respiration temperature response coefficient for organ type i ln(2)/10 (dimensionless) Buwalda (1991)
cmin,abs Carbon concentration threshold for organ abscission due to

insufficient supply for maintenance
0.01 g C m23
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kiwifruit shoot can have a final length of 4.54 m compared
with a mean final shoot length (+ s.e.) of 0.71+ 0.06 m on
the vine (Snowball, 1997). The kiwifruit vine conforms to
Champagnat’s architectural model (Hallé et al., 1978), so
that vigorous shoots are most likely to develop in the central
region of the parent cane (Seleznyova et al., 2002). This is
captured in the model by a function, v(m), which modulates
a shoot’s vigour depending on its position along the parent
cane, where 0 ≤ v(m) , 1. In the current paper, v(m) is
defined in a graphical form using the function editor in
L-studio (Prusinkiewicz, 2004) to be increasing from zero at
the basal node to one at nodes 18–25, and then decreasing
to zero at the apical node. Secondly, there is an intrinsic vari-
ation in the shoot vigour emerging during budbreak, as the
variation in the number of neoformed metamers in a bud
increases through successive stages of budbreak (Foster
et al., 2007). This variation is captured in the model by rando-
mizing the vigour using a normally distributed random vari-
able, V, with mean 0.95 and s.d. 0.24, estimated according to
data collected by Foster et al. (2007). The third factor modu-
lating shoot development is that a shoot will abort growth
with different probabilities during any of three developmental
stages (Foster et al., 2007): opening of the initial cluster of
leaves ( p0), expansion of the pre-formed metamers ( p1), and
expansion of the neoformed metamers ( p2). The values of
these probabilities are dependent on the Actinidia species,
and must be fitted from experimental data, as was done by
Foster et al. (2007).

According to the three shoot development factors given
above, the non-stationary transition probability, which
changes with developmental step n (equivalent to the
number of nodes in the developing shoot), is defined as

psd(n,m) = min[v(m) × V, 1]

×

1 n ≤ N0

1 − p0 n = N0 + 1

1 − p1 N0 + 1 , n ≤ 18

1 − p2 n . 18

⎧⎪⎪⎨
⎪⎪⎩

(1)

where N0 is the number of nodes in the initial cluster, and it is
assumed there are 18 pre-formed nodes in all buds. The value
of N0 is generated per shoot from a binomial distribution with
a mean of 5.7 and an s.d. of 2.1, which are taken directly from
the architectural analysis by Seleznyova et al. (2002) of short
axillary shoots that terminated after opening of the initial
cluster. Finally, regardless of the value of psd(n, m), the
shoot will abort when the carbon supply is low (Piller et al.,
1998; Greaves et al., 1999), i.e. when the carbon concentration
at the shoot tip falls below a certain threshold cmin.

In kiwifruit, phyllochron responds non-linearly to tempera-
ture (Morgan et al., 1985; Seleznyova and Halligan, 2006) (see
Fig. 5). Therefore, the growing degree-days concept for mod-
elling leaf appearance cannot be applied, as it can only be used
in the case of a linear response. In our model, the rate of
metamer appearance is governed by a phyllochron index
defined as

dnP

dt
= 1

P(T) (2)
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where P(T ) is phyllochron as a function of average daily temp-
erature, T, and the integer part of nP corresponds to the devel-
opmental step at time t, n ¼ int(nP). The form of 1/P(T ) is
defined by the user; we used the empirical function given in
Fig. 5. Eqn (2) is numerically integrated using the explicit
Euler method (Press et al., 1992), with step size 0.1 and nP

initially set to zero. Thus, a new leaf appears when nP

increases by one, but this is subject to the probability of
shoot development, psd(n, m), given above. As the leaves
appear, they are arranged in a spiral phyllotaxis of 2/5

(Ferguson, 1990) (the angle between successive leaves is
u ¼ 1448) and have an inclination angle of f ¼ 338 (Morgan
and McNaughton, 1991).

The production of flowers and ultimately fruit on the axil-
lary shoot is dependent on node number (as given in the
description of first-order axillary bud above), so there are
potentially eight reproductive meristems in the axillary bud
(Hopping, 1990). Not all of these meristems develop into
flowers, and the details of the mechanisms that control
flower bud abortion/evocation are not fully known (Hopping,

TABLE 2. The state variables used in the model, with symbols, definitions and units given in order of appearance in the text

Symbol Definition Initial value with units

nP Phyllochron index 0 (dimensionless)
Pgross Leaf photosynthetic rate 0 mmol CO2 m22 s21

I Absorbed photosynthetic photon flux density per leaf 0 mmol PAR m22 s21

c Carbon concentration in transport pathway for each sink/source 0 g C m23

Leaf growth
sleaf Leaf sink size (structural carbon) 3.69e-4 g C
aleaf Leaf developmental age Fig. 7 (dimensionless)
Aleaf Leaf area (L.sleaf) m2

Internode growth
V Internode volume (pr2l ) m3

l Internode length (empirical function) m
r Internode radius 1.5e-3 m
ainde Internode developmental age –6/tinde(T ) (dimensionless)
sinde Internode sink size (structural carbon) (r.V ) g C
V Internode resistance along transport pathway Eqn (14) s m23

Fibrous root growth
sroot Fibrous root sink size (structural carbon) 4779 g C

Fruit growth
sfruit Fruit sink size (structural carbon) 0.1 g C

Maintenance respiration
Mrsp Amount of carbon required to meet maintenance respiration Eqn (17) g C

Leaf carbon supply
ssrc Acquired carbon in a leaf 0 g C

Carbon reserves
sres,inde Carbon reserves in an internode (sinde

.smax,inde) g C
sres,roots Carbon reserves in roots (sroot

.smax,roots) g C

Some initial values are given explicitly, and the remainder are set according to calculation.

A

B

30 days 90 days 240 days

FI G. 2. A 3-D visualization of the kiwifruit vine (A. deliciosa) over one season’s growth shown at the following times: 30, 90 and 240 d after budbreak. The vine
was trained on a pergola support structure (A) and a T-bar support structure (B).
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1990; Walton and Fowke, 1993; Snelgar et al., 2007). For this
reason, flower production is modelled as a binomial process
with the probability of an axillary bud switching physiologi-
cally from vegetative to reproductive dependent on node
number. For nodes 5–12, this probability is set according to
data collected by Walton and Fowke (1993), while for the
remaining nodes it is set to zero. Every flower on the shoot
is capable of setting and developing into a fruit (Hopping,
1990). The model takes into account the effect of local
carbon supply, so a flower will abort if the carbon supply is
too low, i.e. if the carbon concentration at the flower’s point
of attachment to the transport pathway is below a threshold,
cmin,flower, it aborts. This captures the suggestion proposed by
Walton and Fowke (1993) that increased supply of metabolites
reduces flower abortion. Also, the model assumes successful
pollination of all the flowers.

Canopy light distribution and photosynthesis

To study the effects of canopy structure on light distribution
and to estimate carbon acquisition through photosynthesis, the
kiwifruit vine model is interfaced with a light environment
model using the open L-system formalism (Měch and
Prusinkiewicz, 1996). The light environment model estimates
the amount of absorbed irradiance for each leaf in the
canopy using a quasi-Monte Carlo path-tracing algorithm
(Cieslak et al., 2008). It approximates the incoming light
from the sky based on the CIE standard clear sky or overcast
sky models (CIE-110, 1994), parameterized by the day of
year, time of day and geographical location.

Gross photosynthesis for each leaf is estimated using a light
response curve. The following rectangular hyperbolic function
is used (Greer et al., 2004)

Pgross = Pmax[tanh(I · wapp/Pmax)] (3)

where Pmax ¼ 15.2 mmol CO2 m22 s21 is the maximum rate of
photosynthesis, wapp ¼ 0.039 mol CO2 mol21 PAR is the
apparent photon yield and I (mmol PAR m22 s21) is the
photon flux density absorbed by the leaf (determined by the
light environment model), with the potential maximum at
the top of the canopy assumed to be D ¼ 1300 mmol PAR

A B C D

FI G. 3. Schematic of a mature kiwifruit vine trained on a T-bar support structure. In a standard management scheme, a single trunk is maintained with two
horizontally trained relay axes, called leaders, in opposite directions along a support structure (A). New relay axes from these leaders are left to bend under
their own weight and eventually tied down to support structures, which are called replacement or parent canes (B). The axillary shoots that grow from these
parent canes (C) will produce the fruit. Generally, the parent canes are replaced with one of the vigorous axillary shoots during winter pruning, bringing the
vine back to a similar form at the beginning of each season (B). In this kiwifruit vine model, the permanent structure (B) is assumed to be present at the

start of the simulation, but the branching pattern of the axillary shoots on a parent cane (D) is a result of the simulation.
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FI G. 4. The Markov chain representation of axillary shoot growth. The prob-
ability of budbreak is given by pbb(n, m). The probability of shoot development
is given by psd(n, m) and is modulated by initial bud vigour, positional effects
along the cane and resource availability. From Cieslak et al. (2010), # 2010
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FI G. 5. The rate of kiwifruit leaf appearance (solid line) and specific leaf
growth rate (dashed line) as a function of temperature. The functions are
fitted to data (squares, circles), collected by Seleznyova and Halligan (2006)

and Morgan et al. (1985). From Cieslak et al. (2010), # 2010 IEEE.
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m22 s21, approximated in midsummer (Greer et al., 2004).
The effect of temperature on the light response curve is not
currently included in the model, as Laing (1985) has noted
minimal variation in photosynthetic rate for temperatures in
the range 10–25 8C. Consequently, application of the current
model is limited to this temperature range.

Carbon dynamics

Prusinkiewicz et al. (2007a) presented an algorithm for
simulating the acquisition, transport and partitioning of
carbon within a plant based on an analogy between pressure-
driven flow and current flow in an electric circuit, originally
developed in the functional–structural peach tree model,
L-PEACH (Allen et al., 2005). The essence of this carbon
transport resistance allocation model (herein referred to as
C-TRAM) is to compute the concentration and flow of
carbon throughout the plant based on the resistances between
sink/source elements and within each element. Their
compact L-system implementation shows the benefit of
L-system-based models; as the structure develops, the system
of equations (in this case, controlling the flow of carbon
throughout the plant) is automatically expanded. The semi-
implicit Euler method (Press et al., 1992) was used to solve
the equations representing flow of carbon, which was essential
to avoid the limitation of the explicit Euler method for solving
stiff equations. As the system of equations may be non-linear,
the Newton–Raphson method was used to find a solution itera-
tively through linearization (Press et al., 1992).

In C-TRAM, each metamer was modelled as a conduit
element, representing an internode, with a single sink or
source element attached at its distal end, representing a
lateral organ such as a fruit or a leaf. We extended this
approach, so that for each plant organ (e.g. internode, leaf,
fruit and roots) several source/sink elements are defined to
take into account growth, maintenance, reserve dynamics
and, in the case of leaves, carbon acquisition. Specifically,
the extension uses multiscale modelling to apply one set of
L-system rules representing plant development at the organ
scale and another set of rules representing carbon dynamics
at the sink/source scale. The advantage of this multiscale
approach is that the L-system rules implementing C-TRAM
can be applied to all sinks/sources at one scale without modi-
fication of the original underlying method for solving the
non-linear system of equations. Otherwise, only linear
responses to carbon limitation can be considered, as in the
latest version of L-PEACH (Lopez et al., 2008), or the
Newton–Raphson method must be applied twice: first at
the organ scale to determine carbon allocation to different
sinks within each organ, and then at the whole-plant scale.
All that remains now is to define the equations for influx
of carbon into the different sink types and outflow of
carbon from sources.

Influx into organ growth sinks

C-TRAM allows for the mechanistic modelling of effects of
carbon limitation on organ growth via appropriate definition of
the functional forms of growth rates for different sink types.
The growth rate is determined by the influx of carbon into

the sink, depending on its intrinsic potential growth rate and
the carbon concentration outside the organ in the transport
pathway. This growth rate is modulated by two functions, as
given by the following equation

dsi

dt
= f (qi, c) × Gmax(. . .) (4)

where si is the size (structural carbon) of the sink of type i,
dsi/dt is the change in sink size, f(qi, c) is a non-linear
resource-limiting function of carbon concentration, c, outside
the sink in the transport pathway that depends on sink type,
and Gmax(. . .) is a maximum potential growth rate that
depends on environmental factors (e.g. temperature) and the
organ’s intrinsic properties. The form of the resource-limiting
function f(qi, c) is the same for all sink types and is defined by

f (qi, c) = c

qi + c
(5)

where qi can be interpreted as a sink priority parameter (given
the same carbon concentration in the vicinity of the sink, a low
value of qi indicates a higher carbon influx into the sink). This
function captures the complex behaviours that are likely to
occur for different sink types in a hierarchical arrangement
(Wardlaw, 1990). If carbon concentration outside the sink is
high, the carbon flux into the sink is at or near saturation,
but, when the concentration is low, the carbon flux of individ-
ual sinks falls with different rates depending on the type.
Although the form of this resource-limiting function is
similar to the Michaelis–Menten equation derived for
enzyme kinetics (Thornley and Johnson, 1990) and used to
model sink unloading by Minchin et al. (1993), its application
is different. In our model, eqn (5) is used in a more phenom-
enological sense to represent the aggregated sink responses,
with the parameter qi controlling sink priority dependent on
sink type.

The form of the function Gmax(. . .) depends on the sink type,
and will be described next for vegetative and reproductive
components of the vine.

Vegetative growth

Leaf and internode growth under carbon limitation is mod-
elled using two state variables as proposed by Seleznyova
(2008): sink size, si, and developmental age, ai, where i is
the type (leaf or internode). The developmental age variable
eliminates the need for specifying an organ’s potential final
size, so that organ size is only determined by its initial
state at the time of appearance, si,0 and ai,0, and duration
of rapid growth, ti, which is centred around the time of
maximum growth t0 (i.e. it is the time period when most
of the growth occurs) (Seleznyova and Greer, 2001).
Developmental age extends the thermal time concept by
accounting for the various effects of the environment on
the duration of growth (not only temperature), and it can
be applied when the response is non-linear (Seleznyova,
2008). In this model, the developmental age of a leaf or an
internode is used to determine the organ’s non-linear
growth response to temperature, which is not possible using
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the thermal time (degree-days) concept (Seleznyova and
Halligan, 2006).

Developmental age relates time to temperature via a direct
relationship (as temperature increases/decreases internal
ageing increases/decreases), and the change in developmental
age of an organ over time is modulated by the organ’s specific
growth rate, which is inversely related to the duration of
growth. More precisely, it is governed by the following
equation (Seleznyova, 2008)

dai

dt
= 1

ti(T)
(6)

where ti(T ) is now a function of temperature. Before describ-
ing the specific equations for modelling kiwifruit leaf and
internode growth, let us consider how the developmental age
variable can be used as input into a growth function.

Simple logistic-type growth can be modelled as a relative
growth rate by

ds

dt
= 1

t
sG(a), (7)

where s is the size of the organ, 1/t is the specific growth rate,
and G(a), the growth function, is defined as (Seleznyova,
2008)

G(a) = 1

1 + ea
. (8)

Note that these variables are used to explain the concept and
are not part of the kiwifruit vine model. By numerically inte-
grating eqn (7) using the explicit Euler method for different
initial values of developmental age, we can examine the differ-
ences in resulting final sizes. Figure 6 shows the size of an
organ with respect to its developmental age. The first solution
is used as a control, with t ¼ 3, and initial values a(0) ¼ –3

and s(0) ¼ 0.1. The developmental age is fixed to zero (a ¼
0) at the time of maximum expansion t0, which is why it is
initially negative (Seleznyova, 2008). In the remaining two
solutions, only the initial value of developmental age was
changed: a(0) ¼ –3.25 and a(0) ¼ –3.5, respectively. The
final sizes were s(tF) ¼ 1.8, s(tF) ¼ 2.2 and s(tF) ¼ 2.7,
respectively, where tF is the final simulation time. Assuming
the initial sizes are the same, decreasing the initial develop-
mental age, a(0), causes an increase in final size, and increas-
ing a(0) causes a decrease in final size, irrespective of the
duration of rapid growth, t. It is precisely this characteristic
of the developmental age variable that allows organ growth
to be modelled without specifying final size.

As kiwifruit leaf growth rate is characterized by logistic-
type growth (Seleznyova and Greer, 2001), the leaf sink size,
sleaf, is modelled according to a maximum potential relative
growth rate derived from data (Seleznyova, 2008). The follow-
ing equation is used to capture the change in leaf size [with
Gmax(. . .) given as the second term on the right-hand side of
the equation],

dsleaf

dt
= f (qleaf, c) G(aleaf)[sleaf − B(n)]

tleaf(T)

( )
(9)

where B(n) is a coefficient that controls the initial growth rate
of the leaf by node number n (see Fig. 7), and G(aleaf ) is
defined as before in eqn (8). The B(n) coefficient is necessary
to include positional effects on leaf size, because a leaf’s
initial size at time of appearance, sleaf,0, is the same for all
leaves. In addition, the specific growth rate, 1/tleaf(T ) is
included in this equation to set a leaf’s maximum relative
growth rate. Figure 5 shows the value of 1/tleaf(T ), which is
an empirical function defined by the user. The initial develop-
mental age for an organ can be determined from data as
described by Seleznyova (2008). Figure 7 shows this value,
aleaf,0, for kiwifruit leaves by node number. Together with
the tleaf parameter, the initial developmental age determines
the duration of the exponential expansion phase of the leaf.
Lastly, leaf area, Aleaf, is approximated from leaf sink size
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for different initial values of developmental age: a(0) ¼ –3, a(0) ¼ –3.25 and
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according to the equation Aleaf ¼ Lsleaf, where L is the specific
leaf area (m2 g21 C) and is assumed to be constant.

Internode growth rate is characterized by its increasing
volume due to expansion of cells and formation of new
phloem and xylem (Pallardy, 2008). The internode sink size
is proportional to internode volume, sinde ¼ rV, where r is
volumetric density (assumed to be constant) and V is internode
volume, and can be described by growth rates for radial and
axial components separately. Thus, based on preliminary
observations, internode elongation is described by a relative
growth rate (as for a leaf, but with B ¼ 0), and thickening is
given in two parts: short-term logistic expansion for young
internodes, and long-term radial expansion that is proportional
to the internode’s surface area. In practice, the length, l, and
radius, r, are governed by the following two equations:

dl

dt
= f (qinde,pri, c) G(ainde)l

tinde(T)

( )
(10)

and

dr

dt
= f (qinde,sec, c) ksec + klogisticG(ainde)r

tinde(T)

( )
(11)

where qinde,pri and qinde,sec are parameters controlling sink pri-
ority of primary and secondary growth, respectively, and both
ksec and klogistic are thickening growth rate parameters. The
former regulates long-term radial growth and the latter regu-
lates a rapid initial growth. The value of tinde(T ) for internodes
is half that of leaves (Seleznyova, Plant & Food Research,
Palmerston North, New Zealand, unpubl. res.). The initial
developmental age for internodes is ainde,0 ¼ –3.64, initial
length depends on node number and is defined in tabulated
form based on shoot growth data analysis, and initial radius
is set to 1.5e-3 m (Seleznyova and Greer, Plant & Food
Research, Palmerston North, New Zealand, unpubl. data).
Now, the two equations above can be combined to get the
change in internode sink size, given by

dsinde

dt
= r

dV

dt
= pr2r

dl

dt
+ 2prlr

dr

dt
(12)

This equation can be rewritten in terms of carbon units only, as
the following

dsinde

dt
= f (qinde,pri, c) G(ainde)sinde

tinde(T)

( )
+ f (qinde,sec, c)

× ksecAr+ klogisticG(ainde)sinde

tinde(T)

( )
(13)

where A ¼ 2prl is the internode’s surface area.
Resistance along the transport pathway, V, is directly pro-

portional to the length of the internode, and inversely pro-
portional to its circumference, as the phloem is a layer near
the surface of the internode. Assuming the thickness of the
layer is constant and much smaller than the internode’s

radius, it is given by the following equation

V = kV
l

2pr
(14)

where kV is a coefficient that includes the phloem’s thickness, l
is internode length and r is its radius.

Root growth is modelled according to the method proposed
by Buwalda (1991), where only the growth of fibrous roots is
considered, because, in a mature kiwifruit vine, growth of struc-
tural roots is negligible (Buwalda, 1993) and it is speculated that
fibrous roots turn over within 1 year (Buwalda and Hutton,
1988). The relative elongation rate of fibrous roots in late
summer, the peak period of growth (Buwalda and Hutton,
1988), is assumed to represent potential growth rate. Then,
the change in root sink size is modelled as a relative growth
rate that responds to changes in temperature, and is given by

dsroot

dt
= f (qroot, c)kprgrsroote

Tprgr(T−20) (15)

where kprgr is a parameter representing the potential root growth
rate for the peak period of growth in late summer, and Tprgr is a
parameter controlling the response of root growth to temperature
(Buwalda, 1991). A value of 0.003 g C g21 C d21 for kprgr at 20
8C was reported by Buwalda and Hutton (1988). The tempera-
ture response coefficient is assumed to double the growth rate
for every 10 8C increase in temperature, as proposed by
Buwalda (1991).

Fruit growth

Kiwifruit growth rate is characterized by a double-sigmoid
curve, where the growth rate is more rapid in the first phase
than in the second phase (Davison, 1990). In accordance
with this characteristic, the change in fruit sink size is mod-
elled as a relative growth rate by the following equation

dsfruit

dt
= f (qfruit, c)k1sfruit 1 − sfruit

Sfmax

( )

× 1 + k2 sfruit − k3( )2
[ ]

(16)

where the form of the potential growth rate, identified as
Gmax(. . .) in eqn (4), is the one proposed by Gandar et al.
(1996) for change in fruit weight over time. The parameter
Sfmax gives the maximum size of the fruit, and k1, k2, and k3

are parameters that are fitted to data (Gandar et al., 1996).
These parameters are necessary to capture the bimodal
relationship between growth rate and size in kiwifruit. The
shape of the peaks (points of inflection on the growth rate)
is determined by k1 and k2, and the trough in between them
is determined by k3 (Gandar et al., 1996). Compared with
the model for vegetative growth (described above), the fruit
growth model is currently constrained by the specification of
the maximum potential fruit size and by the exclusion of temp-
erature effects. Addressing this limitation is challenging as it is
difficult to show a consistent effect of temperature on kiwifruit
growth in the field; nevertheless, progress is being made
(Snelgar et al., 2005; Bebbington et al., 2009).
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Maintenance respiration

The carbon demand required to meet maintenance respir-
ation, Mrsp, of a specific organ is defined by the total
biomass of that organ and the ambient temperature. It is mod-
elled as the influx of carbon into a maintenance sink by the fol-
lowing equation (Buwalda, 1991)

Mrsp = f (qrsp,i, c)simie
Trsp,i(T−20) (17)

where qrsp,i is the sink priority for organ type i, si is current
sink size (corresponding to structural carbon), mi is a main-
tenance coefficient for organ type i, Trsp,i is a temperature
response coefficient, and T is the temperature. Grossman
and DeJong (1994) give values of mi for various plant
organs in peach, which may also be used for kiwifruit
(Walton and Fowke, 1995). The temperature-dependent
parameter is set so that the respiration rate doubles for
every 10 8C increase in temperature. Finally, insufficient
supply of carbon for maintenance respiration results in
organ abscission, when the carbon concentration at the
organ’s point of attachment to the transport pathway falls
below the threshold cmin,abs. This value must be set
through optimization.

Carbon acquisition

The carbon acquired through photosynthesis and stored in a
leaf is modelled as a source of size ssrc. Carbon is loaded from
the source into the transport pathway dependent on the carbon
concentration outside the leaf, c, and is assumed to involve
active transport (Cannell and Dewar, 1994). Therefore, the
amount of carbon the leaf will acquire and store, and then
supply into the transport pathway is modelled by

dssrc

dt
= Pgrosss(sleaf − ssrc)L − g(qsrc, c)ssrc (18)

where the first term captures carbon acquisition through photo-
synthesis limited by overloading, with the constant s ¼ 1.04
used to convert Pgross from units of mmol CO2 m22 s21 to g
C m22 d21, and g(qsrc, c) is a resource-limiting function,
which is currently defined as

g(qsrc, c) = 1 − c

qsrc + c
(19)

Parameter qsrc sets the carbon supply rate so that the leaf main-
tains a high carbon concentration outside itself in the transport
pathway (Cannell and Dewar, 1994). There is a maximum
amount of carbon a leaf can store based on its current size,
i.e. if ssrc approaches a state of saturation (when sleaf ¼ ssrc),
carbon acquisition by the leaf is reduced because it is unable
to store more carbon.

Reserve dynamics

Carbon reserves, in internodes and roots, are modelled as an
active competing sink driving starch synthesis (Cannell and
Dewar, 1994; Daudet et al., 2002). The rate of starch synthesis
depends on organ size, but may be limited by overloading.

Remobilization of stored carbon is proportional to the
amount of starch in the organ. The change in size of the
storage sink is given by the following equation

dsres,i

dt
= f (qsyn, c)(sismax,i − sres,i)ksyn

− g(qhyd, c)sres,ikhyd (20)

where i is organ type (internode or roots). The first half of the
equation limits carbon storage owing to starch overloading and
the organ storage capacity, which is proportional to the current
organ structural biomass, si, and maximum starch content per
unit of structural carbon, smax,i, for organ i (internodes or
roots). The other half governs carbon remobilization depend-
ing on the amount of stored carbon. The two parameters ksyn

and khyd control the rate of starch synthesis and hydrolysis,
respectively. Maximum starch content, smax,i, was calculated
from the reported budbreak starch concentration of 0.06 g
starch g21 dry weight for internodes and 0.22 g starch g21

dry weight for roots (Smith et al., 1992).

RESULTS: MODEL SIMULATIONS

In order to demonstrate the capability of the kiwifruit vine
model to produce the vine’s growth features and simulate
experimental scenarios, several simulations were performed.
The first simulation is of the branching patterns of
A. deliciosa and A. chinensis observed by Snowball (1997)
and Seleznyova et al. (2002), which highlights the perform-
ance of the architectural component of the model. The
second simulation emphasizes the role of relative distances
between sinks and sources based on the whole cane defoliation
experiments of Tombesi et al. (1993). In the last two simu-
lations, the effect of local carbon supply on early shoot
growth is shown by manipulating carbon reserves for isolated
shoots and for competing adjacent shoots on the basis of
experiments performed by Piller et al. (1998) and Greaves
et al. (1999), respectively. The parameters of the model are
set manually according to experimental data or from obser-
vations (see Table 1).

Since the focus of these simulations is only on showing the
capabilities of the model, the effect of temperature was excluded
so that parameters dependent on temperature could be kept con-
stant, with P ¼ 2.9 d, tinde¼ 2.77 d, tleaf ¼ 5.53 d, while the
remaining parameters were set as given in Table 1. The
initial values for state variables were set as given in Table 2.
The light model was set to simulate the PAR domain for a
clear sky averaged over the entire day, with the absorbance
ratio of the leaves set to 78 % (Greer and Laing, 1992).

Simulation of the entire vine over one growing season (240
d) with 28 canes and 392 shoots (totalling 6370 metamers)
took about 57 min on a notebook PC with a 1.73 GHz pro-
cessor and 2 GB of memory. During this simulation, compu-
tation of the light distribution within the canopy took about
18 min using 262 144 light path samples. Also, the final
number of sinks and sources was 71 500. As the L-system
simulator, lpfg, automatically handles addition/removal of
the model’s components (organs and sinks/sources), there is
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no theoretical restriction on the maximum number; the only
limit is set by the computer’s capacity.

Branching pattern: distributions of shoot node number
and axillary shoot types

An illustration of the model’s architectural component,
without the effects of resource limitation, is necessary to
provide a basis for further simulation of the entire vine. The
model calculates the final number of nodes for each axillary
shoot and the probability distributions of axillary shoot types
along the cane. This model output can be directly compared
with biological data, which can be used to calibrate the archi-
tectural parameters of the model manually.

Snowball (1997) collected data for the seasonal cycle of shoot
development for ten Actinidia species, which were pruned to
standard commercial practice on a T-bar support structure.
Among other things, she calculated the frequency distribution
of shoot node number for A. deliciosa and A. chinensis vines.
To calibrate the model parameters manually and compare the
model output with these data, a simulation of axillary shoot
growth from parent canes was performed for a female vine of
both species. The architectural parameters were identical for
each of these simulations, except for the probabilities of
growth cessation, which differed between A. deliciosa and
A. chinensis as follows: p0 for cessation after opening of the
initial cluster (0.02 vs. 0.35), p1 for cessation after expansion
of pre-formed metamers (0.005 vs. 0.1) and p2 for cessation
after expansion of neoformed metamers (0.09 vs. 0.01), where
values given in parentheses are for A. deliciosa and
A. chinensis, respectively. All three parameters have been
shown to be species dependent by Foster et al. (2007).

Figure 8A gives the frequency distribution of node numbers
for a simulation of shoots growing on 28 canes each for the
two female Actinidia vines. Table 3 gives the mean number
of nodes (+ s.e.) per shoot, the median number and the
maximum number for both species, along with the values
reported by Snowball (1997) for comparison. The similarity
of the values suggests that the probabilities for growth cessa-
tion are reasonably set.

Seleznyova et al. (2002) collected architectural data on
2-year-old branches of an unpruned A. chinensis vine and calcu-
lated probability distributions of different shoot types along the
parent cane. Kiwifruit axillary shoot types were classified as
short, medium and long (based on architectural analysis).
Short and medium shoots produce only pre-formed leaves and
are called terminated shoots, while long shoots are non-
terminating and have leaves arising from neoformed primordia.

To demonstrate the capability of the model to produce the
branching pattern observed by Seleznyova et al. (2002) on
2-year-old branches of A. chinensis, a simulation of axillary
shoot growth from an unpruned parent cane was performed.
The difference from the previous simulation was that the
number of nodes on the parent cane was much larger (80
nodes vs. 30 nodes for a pruned cane). This meant that, relative
to the previous simulation, the vigour function, v(m), had to
account for the extra nodes, but otherwise the parameters
were kept the same. Figure 8B gives the model output and cor-
responding data (Seleznyova et al., 2002: fig. 12) for prob-
ability distributions of different axillary shoot types grown

from long parent canes of the A. chinensis vine. As in the pre-
vious simulation, the model parameters were set manually and
the probability of budbreak along the parent cane was empiri-
cally set using a tabulated output of an HSMC model fitted to
architectural data (Seleznyova et al., 2002: fig. 12A).

Influence of distance between sink and source

Tombesi et al. (1993) investigated the effects of different
source–sink ratios on fruit growth and quality by defoliating
A. deliciosa vines with varying intensity. Four treatments were
applied: shoots on two, four, eight and 16 canes from 28–30
canes per vine were defoliated over the growing season, starting
48 d after budbreak. To show the effect that source proximity
has on fruit, they recorded the average fruit weight on the defo-
liated and undefoliated canes. The results showed a statistically
significant difference in fruit weight between treatments with
≥4 defoliated canes and the undefoliated canes.

This defoliation treatment was simulated using the kiwifruit
model. The same parameters were used as in the simulation of
axillary shoot growth of the A. deliciosa vine, but axillary
shoots on selected canes were defoliated 48 d after budbreak.
Tombesi et al. (1993) did not report which canes were defo-
liated in their experiments, so, for this simulation, canes
were chosen for defoliation starting at the apical end of each
leader, i.e. for the first treatment (two canes per vine), the
most distal canes from the main trunk on each leader were
selected for defoliation. For the second treatment (four canes
per vine), the very next cane following the most distal one
on each leader was also selected for defoliation. In subsequent
treatments (eight and 16 canes per vine), pairs of canes on
opposite sides of a leader were selected for defoliation,
always ensuring that one pair of undefoliated canes existed
between defoliated canes.

Figure 9 shows the predicted average fruit carbon content
for undefoliated and defoliated canes for all four treatments
and for a vine without any defoliation. It shows both the
model output and the observed data, which were estimated
from the average fruit fresh weight reported by Tombesi
et al. (1993). These estimates where calculated using a 15 %
dry matter content found by Tombesi et al. (1993) (there
were no significant differences in percentage dry matter
between treatments) and a conversion factor of 45 % g C
g21 dry weight. The model reproduces the considerable differ-
ence in fruit carbon content between the two types of canes,
especially for high levels of defoliation.

Competition for carbon reserves in shoot growth

Early shoot growth in kiwifruit relies significantly on
reserves, because carbon acquisition by leaves is insufficient
at that stage (Greer et al., 2003). To test the sensitivity of
shoot growth to reserves, Piller et al. (1998) performed gird-
ling experiments on parent canes to manipulate the amount
of resources available to the shoot. In one of the experiments,
a single shoot was isolated within a girdled section of a parent
cane 2 weeks after budbreak by removing all other shoots
within the section. Three treatments were applied: a girdle 1,
30 or 100 cm away from the shoot towards the cane’s base,
with a 1 cm girdle beyond the shoot towards the cane’s tip
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in each case, resulting in 2, 31 and 101 cm total lengths of the
girdled section of cane attached to the shoot. These exper-
iments can be replicated using the kiwifruit model on a com-
puter by simulating shoot growth from a girdled cane.

For each girdling treatment, 50 simulations of shoot growth
were performed (see Fig. 10). The only difference between the
three sets of simulations was the length of the parent cane, i.e.
the amount of carbon available to a growing shoot was
manipulated by changing the parent cane’s length. Each
shoot was assigned the same vigour, so the probability of
growth cessation was only modulated by resource availability.

Figure 10 shows the distribution of node number per shoot
generated from the simulations. For the 2 cm cane, the mean
node number is 5.92+ 0.2 s.e. For the 31 cm cane, the

mean is 18.18+ 2.9, and for the 101 cm cane the mean is
27.76+ 2.4. Piller et al. (1998) reported that shoots with a
2 cm girdle section were significantly shorter than controls.
The shoots in the 31 cm girdle section were not significantly
different from controls, but the shoots in the 100 cm girdle
section were longer and showed a significant increase in
growth rates 8 weeks after budbreak. Although a direct com-
parison between shoot lengths from the data and node
number distributions from the model is not feasible, qualitat-
ively the model is able to simulate the effect of carbon reserves
on shoot growth; growth is directly proportional to the amount
of reserves available.

Greaves et al. (1999) investigated the effect of carbon
reserve distribution in parent canes on axillary shoot growth.
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One of their experiments showed how growth of adjacent
shoots is affected during the time of reserve dependence
(when net photosynthesis is smaller than supply from
reserves). In this experiment, pairs of shoots were isolated
by applying two girdling treatments to parent canes 1 week
after budbreak. The two treatments differed by the location
of the shoots in the girdled section: (1) central location, the
shoots were in the middle of the cane (30 cm of cane on
either side of the shoots); and (2) apical location, the shoots
were located towards the apical end of the cane (54 cm of
cane before the basal shoot and 6 cm after the apical shoot).
They found that for both treatments the shoot nearest the
apical end of the cane had significantly less growth than the
basal shoot, with no significant effect resulting from the
location of the pair (i.e. central or apical) within the girdled
section.

The functional–structural kiwifruit vine model presented
here was used to simulate this experiment as well. All the par-
ameters were kept the same as in the previous simulation of
individual shoot growth from a girdled cane. For this simu-
lation two identical shoots were placed 15 cm apart on a
60 cm section of cane. The vigour of each shoot was set to
the same value so that the only difference between the

shoots was the radius of the cane section it was growing
from, i.e. the amount of locally available reserves. Canes
were treated as a sequence of eight internodes with length
set to 7.5 cm and radius set to 0.7 cm for the base internode,
which reduced linearly to 0.05 cm for the last internode.

Figure 11 shows the amount of structural carbon in vegeta-
tive components of the two simulated shoots. On the centrally
located shoot pair, growth of the apical shoot was slowed down
by competition for reserves from the basal shoot. The simu-
lation of an offset shoot pair showed a similar effect, but the
difference was larger. Greaves et al. (1999) reported a signifi-
cant difference in length of the shoot pair for both the centrally
located and offset shoots, with the basal shoot being about
33 cm longer 20 d after girdling in both cases.

DISCUSSION

A number of plant models are based on the ‘common pool
theory’ (Buwalda, 1991; Letort et al., 2008), which does not
account for topological distances between sinks and sources
of carbon. While useful for some purposes, the application
of this theory is not always possible, as some studies have
shown that topological distances play an important role in
carbon allocation (Lacointe, 2000). In kiwifruit, for example,
Tombesi et al. (1993) have shown the importance of
source–sink distance for fruit weight, budbreak and flower
differentiation when carbon availability is reduced.
Moreover, studies indicate that early kiwifruit shoot develop-
ment (before anthesis) is particularly sensitive to local
carbon supply (Piller and Meekings, 1997), and there is a
highly plastic developmental response to trophic competition
in fruiting shoots (Greer et al., 2003). Based on experimental
data, Pallas et al. (2010) have shown the inadequacy of the
common pool theory for modelling this type of plastic
response in grapevine development, and suggested that a
more suitable approach should include the topological distance
between sources and sinks. Our model satisfies this require-
ment, and is suitable for modelling the types of responses
seen in kiwifruit and grapevine.

TABLE 3. Statistical properties of final shoot node number
distributions for two Actinidia species: A. deliciosa and

A. chinensis

A. deliciosa A. chinensis

Data
Mean+ s.e. 15+0.6 11+0.9
Maximum 56 97
Median 13 7

Model
Mean+ s.e. 15.19+0.52 10.77+0.58
Maximum 61 92
Median 11 8

The mean with s.e., maximum and median number of nodes as reported by
Snowball (1997) are given, and can be compared with model output.
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Plasticity of kiwifruit architecture

A new aspect of the kiwifruit model is the inclusion of the
plastic response of shoot growth cessation to local carbon
supply. The model of shoot development was integrated with
the carbon dynamics model to include effects of carbon avail-
ability on metamer production. This method is similar to the
one used by Mathieu et al. (2008), except that, instead of a
single variable (source–sink ratio) controlling production of
all metamers on the plant, in the current model the fate of
each apex is determined by carbon availability in its immedi-
ate vicinity. Owing to this method, simulations of shoots
growing from three different levels of available reserves

reproduced the expected response of shoots to local carbon
supply. Thus, the model reproduces the effect of resource
availability on shoot growth, and is capable of producing the
observed patterns, such as those reported by Piller et al.
(1998).

Another aspect of the model is the inclusion of the vine’s
architectural plasticity as determined by species. The branch-
ing pattern of the vine is an emergent property of the model,
with the number of metamers on a shoot not pre-determined
but resulting from the simulation. This is based on the assump-
tion that branching pattern emerges from the overall vigour of
the parent cane and the likelihood of shoot tip abortion during
axillary bud outgrowth, which is species specific. Using this
feature, the shoot growth of two female Actinidia vines was
simulated by manually calibrating model parameters according
to data collected by Snowball (1997: fig. 2) for the same
species, resulting in a qualitatively similar final node number
distribution. Simulated distributions of axillary shoot types
along parent canes for A. chinensis were similar to those
observed by Seleznyova et al. (2002). However, adjustment
of the vigour function was required to improve representation
of positional effects on branching. In the future, the architec-
tural parameters could be modified to compare model output
further with data for other Actinidia species (Snowball,
1997; Foster et al., 2007) or for effects of rootstocks on
shoot growth (Clearwater et al., 2006).
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In this kiwifruit vine model, the fate of an axillary shoot
(whether it remains dormant, or develops into a short,
medium or long shoot) is captured at the individual shoot
level by modelling the physical state of the shoot apical mer-
istem, so the distributions of different shoot types along the
parent cane and node number distributions for axillary
shoots are emergent properties of the model. The model
differs from that of the peach tree model, L-PEACH (Lopez
et al., 2008), and the apple tree model, MAppleT (Costes
et al., 2008), where the branching patterns are modelled at a
parent shoot level by specifying branching zones along the
parent shoots based on experimental data, resulting in
the fates of axillary shoots being largely pre-determined by
the branching zones they belong to. This approach would be
too restrictive for modelling shoot growth in kiwifruit,
because axillary bud fate is highly plastic and depends on
environmental conditions and horticultural manipulations
(Clearwater et al., 2006; Foster et al., 2007).

Effects of horticultural manipulation

Orchard management practices for improving fruit size and
quality may involve changing the leaf–fruit ratio on the vine
by optimizing leaf distribution and fruit exposure (Tombesi
et al., 1993). The effects of reduced carbon availability and
topological distance, however, incur limits on these sink–
source manipulations. The experimental result of Tombesi
et al. (1993) showed the limitations of this management prac-
tice; when carbon availability in the vine is low, sinks, such as
fruit, take advantage of proximity to sources. In the model pre-
sented here, this effect was taken into account through the use
of a transport resistance model of carbon allocation
(C-TRAM), and the model was able to reproduce the reduction
in fruit size as observed by Tombesi et al. (1993: fig. 1) for
whole cane defoliation treatments (Fig. 9). Even with the
limited knowledge of the mechanisms underlying transport
resistance in plants, our basic assumption that carbon flow
through an internode is modulated by the length and surface
area of this internode was enough to reproduce the effect of
source proximity on fruit size. Being able to reproduce this
kind of result demonstrates the model’s capability to increase
our understanding of transport resistance between sink and
source, and to simulate some vine management practices.

Although only the effects of distance on major sinks, under
reduced carbon availability, were considered in the present
model, other sinks, such as buds during flower evocation, are
also affected by distance to sources during competition for
carbon (Tombesi et al., 1993). Including this effect in the
model will be important for further study of management prac-
tices over multiple years, since it means a possible reduction in
flowers for next season’s growth.

Sink competition

The kiwifruit vine model uses a mechanistic approach to
modelling sink competition and growth under resource limit-
ation. It is general enough to take into account non-linear
growth responses to temperature and carbon availability, and
organ growth rates for vegetative components of the vine are
specified without final sizes. Some models are based on the

proportional allocation of resources to sinks independent of
the level of availability (Buwalda, 1991; Letort et al., 2008);
however, experimental data suggest this is not always the
case, as there is a hierarchy of sinks based on competitive
ability to attract limited resources (Wardlaw, 1990; Minchin
et al., 1993). Our model is capable of capturing the complex
behaviour of sink competition for carbon, because the fraction
of carbon allocated to a sink depends on its type and the
carbon concentration outside the sink at its point of attachment
to the transport pathway.

Due to this approach, the simulation of competition for
carbon reserves between adjacent shoots (Fig. 11) showed
the capability of the model to produce the observed difference
in the growth rate of the two shoots (Greaves et al., 1999:
table 2), but, it predicted a larger difference in structural
carbon for the shoot pair located towards the apical end of
the cane. A simulation model that Greaves et al. (1999)
created to investigate the importance of carbon reserve distri-
bution in a single cane on axillary shoot growth similarly pre-
dicted a larger difference in the shoot pair located at the apical
end of the cane. There was a suggestion from their data that a
larger difference does occur, though a more thorough exper-
iment would need to be done to confirm this (Greaves et al.,
1999).

Internode secondary growth

An additional feature of the current model, which was not
illustrated in this paper, is the mechanistic approach to model-
ling internode thickening. Secondary growth of internodes is
often represented using the pipe model (Shinozaki et al.,
1964) as a teleonomic approach (Thornley, 1999). In the
alternative model used here, long-term secondary growth is
based on an absolute growth rate proportional to internode
surface area [similar to the model of Deleuze and Houllier
(1997) and to the model of Thornley (1999)]. This is a
mechanistic approach because only the local carbon supply
and intrinsic properties of each internode define secondary
growth.

Conclusions and future work

The functional–structural kiwifruit vine model described
herein has been successful in integrating existing knowledge
on the architecture and carbon dynamics of a managed and
mature vine with effects of the environment. As illustrated
by several simulations, it is able to simulate vine growth
responses qualitatively similar to those observed in biological
experiments, demonstrating its ability to mimic features of the
vine’s growth and function. Our approach was to formulate
mechanistic hypotheses for modelling growth at an organ
level that would lead to output consistent with biological
data at the plant level. This resulted in a model that is
primed for calibration and quantitative evaluation, meeting
our objectives of developing a robust kiwifruit vine model
that allows for in silico experiments testing our hypotheses
of the behaviour of the real plant. In the long term, the
model will help in finding and testing new horticultural man-
agement techniques, especially for new cultivars where the
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techniques have not yet been established and the genotype
growth habit may be largely unknown.

At this stage the model parameters were set manually, but,
in the future, the model needs to be calibrated with appropriate
data and evaluated against existing experimental results. Such
data will come from experiments similar to those performed by
Minchin et al. (2010) on sink behaviour during limited carbon
supply. Then, the model will be used for identifying knowl-
edge gaps and designing experiments for obtaining the data
essential for further model calibration and for performing a
sensitivity analysis. Once the kiwifruit vine model is cali-
brated, it will be studied in a systematic manner by simulating
the kiwifruit vine’s development, and performing experiments
that predict the behaviour of the system under the influence of
various parameters.
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theory to visual models of plants. In: Michalewicz MT. ed. Plants to eco-
systems. Advances in computational life sciences. Melbourne: CSIRO
Publishing, 1–27.
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