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Abstract. L-PEACH is an L-system-based functional-structuraddel for simulating
architectural growth and carbohydrate partitionsnmgong individual organs in peach
(Prunus persica (L.) Batsch) trees. The original model providedratotype for how tree
architecture and carbon economy could be integrhteéddid not simulate peach tree
architecture realistically. Moreover, evaluation tbe functional characteristics of the
individual organs and the whole-tree remained gelgropen issue. In this work we
incorporated Markovian models into L-PEACH in orderimprove the architecture of
simulated trees. The model was also calibratedamg of carbohydrate, and tools for
systematically displaying quantitative outputs @vdluating the behaviour of the model
were developed. The use of the Markovian model @pnito model tree architecture in L-
PEACH reproduced tree behavior and responses tagearent practices visually similar
to trees in commercial orchards. The new architattonodel along with a number of
improvements in the carbohydrate partitioning athoms derived from the model
evaluation significantly improved results relatedl darbon allocation, such as organ
growth, carbohydrate assimilation, reserve dynamacsl maintenance respiration. The
model results are now consistent within the modettee structure and are in general

agreement with observations of peach trees grownmlgr field conditions.

Additional keywords: architectural modellingcarbon allocation, carbon-based model,

functional structural plant modelling, peach treevgh simulation



Introduction
PEACH (Grossman and DeJong 1994), a mechanistipgmnmodel, was developed to
understand the functional carbon economy of peasbst understand how fruit trees
function in the field environment, and predict trg@wth and crop yield responses of
commercial peach trees. Although PEACH was ablesitoulate reproductive and
vegetative growth of peach trees, responses t@harienvironmental conditions, and
crop yield responses to commercial practices, ftoigd interactions between tree
architecture and carbon allocation. Each organ tyae treated collectively as a single
compartment and consequently all organs of a diyee grew at the same rate. Because
of these limitations PEACH did not simulate chanigearchitecture over time and intra-
canopy variability among organs of the same types€ limitations were overcome in L-
PEACH (Allenet al. 2005; 2007), a more detailed simulation modelasbon economy,
in which the growth and function of organs were eled individually within an
architectural model of canopy development. L-systenLindenmayer 1968;
Prusinkiewicz and Lindemayer 1990) were used toukite the architectural
development of the tree and keep track of all utscfional elements as it grows. The
partitioning of carbohydrates between individuaktcomponents was modelled using an
analogy between the flow of resources in a plawt e flow of current in an electric
circuit (Prusinkiewiczt al. 2007b).

L-PEACH had thus been designed as a functionattsiral plant model that
simulates growth and carbon source-sink relatigrsshiithin the architectural framework
of a plant (Allenet al. 2005). However, substantial improvements of thelehavere

needed to increase the realism of the simulated tiees the topology and geometry of the



modelled tree (Alleret al. 2005) and the quantitative outputs generated BEACH
(Allen et al. 2007) did not correspond closely with observatiohpeach trees growing
under field conditions.

To develop a more realistic model of tree architext we incorporated into L-
PEACH a Markovian model of shoot topology and batef A similar approach was
previously used to simulate development of fruitiagple trees by incorporating a
Markovian model into L-systems-based architecttma¢ models (Rentost al. 2006;
Costeset al. this issue). The objectives of the present stu&dyewto improve the
architectural development of simulated trees inHABH by using Markovian models,
evaluate the physiological characteristics of sated trees within the new architectural
model, and document the most significant improvasi@n the model algorithms
obtained from this evaluation. To demonstrate tbéemqtial of the new version, we
simulated tree architectural development, individoegan growth and functionality,
carbohydrate assimilation, reserve storage and lipatbon, and maintenance respiration

of peach trees during three consecutive years.

L-PEACH description
The general model structure and simulation algoriib that reported by Alleet al.
(2005; 2007). Original and subsequent developmientee model design, necessary to
understand the overall concept of this researehdescribed below.

L-PEACH is written in the L+C plant modelling larage (Karwowski and
Prusinkiewicz 2003; Prusinkiewiaa al. 2007a) and implemented using the L-system-

based modelling software L-studio (Prusinkiewicz024). The model is driven by



environmental factors, such as daily solar radmmaod daily minimum and maximum
temperatures. These environmental drivers intewébt four different components of the
model: an architectural model of peaétmunus persica (L.) Batsch) tree growth; a set of
sub-models that define the physiological functiagabf various types of sources and
sinks; an algorithm that simulates source-sinkradgons and carbohydrate transport
within the architectural model; and another setsob-models that allow simulating
commercial practices, such as pruning and fruitrtimg. The four components of the
model interact over time directing the growth amyelopment of the organs that make
up the simulated tree. In each daily step, thresedsional depictions of the simulated
tree can be defined graphically using the L-stuld) software (Figure 1) while
guantitative data generated during a simulation atgomatically transferred to
MATLAB (version 7.0, release 14) to perform datalsgmis and display results in the

form of plots.

Tree architecture
The model is implemented using the L-system-badent gimulator LPFGncluded in

L-studio (ttp://www.algorithmicbotany.org/virtual_laboratoryKarwowski and Lane

2006) combined with Markovian models that are futhplemented in V-Plants software

(http://www-sop.inria.fr/virtualplantsGuédonet al., 2001). The conceptual framework

of L-systems is used to simulate carbohydrate aflon and integrate all the architectural
elements of the plant, while the Markovian modedérek the succession of shoots along
an axis and the branching pattern of the shootss®lected the strategy developed in

MAppleT (Costest al., this issue) to insert Markovian models into L-PEACH



In the L-system formalism, a plant is treated asolection of semi-autonomous
modules (Prusinkiewicz 2004b). Specifically, L-PHACmodules represent stem
segments (internodes), buds, leaves, flowers, witsfr The root system is treated
collectively as a single module. The modelled tieghen described as a branching
network of phytomers. Each phytomer consists ofré@rnode with a specified initial
length, and a node that has a leaf and differgmstyof buds attached to it. The bud
modules play a significant role in the tree arattiteal model: vegetative buds produce
new phytomers, which accommodate shoot growth, @dsefloral buds produce flowers,
which accommodate reproductive growth. Buds cartelominal or axillary. Terminal
buds, which are only located at the end of a sha, always vegetative. Regarding
axillary buds, each phytomer has a central axillamg, which can be blind (failing to
produce phytomers or flowers), floral or vegetatiwéh zero to two lateral floral axillary
buds. The number and characteristics of axillargshwithin a specific phytomer and
along the parent shoot, are modelled accordinguaribte statistical models estimated
for three shoot types characterizing unpruned pesds (brindles, mixed shoots and
vigorous shoots; Fourniat al. 1998) and adjusted in L-PEACH based on obsemsitio
of shoots from pruned trees. In the bivariate madéle first variable controls the fate of
the central bud, while the second variable contitmdsfate of the lateral buds associated
with the central bud. Branching organisation is eitadl by hidden semi-Markov chains
(HSMCs) that are indexed by the node rank fromlthse to the top of the shoot, as a
succession of zones that significantly differ ieitraxillary bud fates (Table 1). Four sets
of parameters are estimated for each shoot tyjgal iprobabilities that determine the

first zone at the base of the shoots, transitiavbabilities between zones, occupancy



distributions representing the length of each zaare two observation distributions

representing the fate of the central bud and tteedathe lateral buds within each zone,
respectively (see Guédo# al., 2001 and Rentoret al, 2006 for details). These

distributions are the same in a given zone fortlad shoot types, whereas transition
probabilities depend on shoot type, the median zdmeéng progressively skipped when
the shoot length decreases (Table 1 and Fousnatr, 1998).

L-PEACH is initiated with a root and a stem segmiwat has a leaf, a vegetative
terminal bud, a vegetative axillary bud, and anlaxi latent bud. Simulation begins with
the terminal bud break, and shoot growth is sinedlathrough creation of new
phytomers. At this point the branching patterntd tree is modelled with hidden semi-
Markov chains in a two-step process: selectionhef $hoot type and generation of a
succession of zones within each shoot, as detedhtigethe bivariate model outlined
above. The shoot types are categorized by thegthlefhumber of stem segments in the
shoot) as small (5), medium-small (7-17), mediu®-35), long (36-56), and very-long
(59-87). The succession of zones within shootsasgnted in Table 1. Small shoots are
assumed to have five blind nodes. The remainingtshisave different lengths, but they
all start with a blind zone and end with a floralablind zone. In spite of this similarity,
the shoots differ in the number of zones and thmber of vegetative and flower buds
(Table 1). These vegetative buds may become aativihe same season (sylleptic
shoots), in the next growing season (proleptic &)oor remain dormant. Regarding
terminal bud fate, potential length of the new gkos based on the concept that
succeeding shoots have less vigour than their pateot (Durancet al. 2005). This is

modelled by a transition matrix representing at finler Markov chain, as proposed in



MappleT (Costest al., this issue). In addition, potential shoot lengthreduced for
shoots produced late in the season (Costeal. 2007). Once the type of shoot is
determined by either the Markov chain for termimatls or the HSMCs for axillary buds,
if there is no carbohydrate limitation the shootl \grow to its full size. If there is a
carbohydrate limitation, the realized length wi# beduced (Costeat al. 2007). The
flower buds remain dormant in the season in whigly have been generated and set fruit
in the next season shortly after the bloom date.

The architectural model is governed by calendae tffrable 2). The time parameters
include dates of floral bud break, vegetative buéak, full bloom, initiation of bud
dormancy in the late summer or fall, and start @mdl of leaf abscission. These
parameters can be easily specified by the usertrarsdprovide flexibility for simulating
experiments that are conducted for model evaluaiiéa anticipate that future versions
of the model could include environmentally and pbipgically induced differences in

the calendar parameters.

Functional characteristics of source and sinks

The original model (Alleret al. 2005) contained more than thirty functions desegb
relationships between specific variables in the ehoand was not calibrated to specific
units of carbon. The model is now calibrated t@sid “currency” equivalent to grams of
carbohydrate, and many of the original functionsensimplified by using common
sigmoidal functions to model functions with simiktiapes, with scaling parameters for
calibrating these functions to specific componeritkese parameters can be easily

modified by the user in order to simulate differeaxgan behavior or parameterize



specific simulations. The parameters used to déteritine functional characteristics of
sources and sinks are based in concepts of cartaibygartitioning from literature.
However, when quantitative detail on the functidgadf a given source-sink component
was unavailable, the functionality of the componems determined from simulated

experimentsn silico (Table 2).

Leaves
Leaves are programmed to perform net photosyntiiBsisand assimilate carbohydrates

into the tree. The amount of Pn by the leaf ovéayis the product of three functions:

Pn = { (Leaf light exposure) ,{Leaf carbohydrate storage). (lfeaf area) (1)

Function § captures the relation between the rate of asdionland the incoming light.
Carbon assimilation is simulated in time steps afag, and is calculated as a linear
function of accumulated light exposure of a leafimy a day (Table 2). Interactions
between tree architecture and light environmentiaken into account by using a model
of light attenuation through the canopy as desdritme Grossman and DeJong (1994b).
Function § (sigmoid function), which was previously characted by Allenet al.
(2005), describes the feedback inhibition of lehbtpsynthesis as a function of the
existing amount of carbohydrates in the leaf (Nea@d Incoll 1968; Foyer 1988).
Function £ relates the amount of carbohydrate assimilatioth¢oleaf area. Leaf area is
not constant and is programmed to reach a maximaloeTable 2) dependent on the

amount of carbohydrate available for leaf growthirty a specific leaf growth period.



Leaf area is calculated by placing an upper linmttbe total accumulated amount of

carbohydrate (g) by using a sigmoid functiay): (f

leaf area = maxleaf area fd( leaf carbohydreemass ] 2)
leaf

maxleaf area: SLW - CRG

where SLW denotes the specific leaf weight (thesgméed model uses the simplifying
assumption that the SLW is constant in time andutinout the canopy), and CR&is
the carbohydrate requirement for leaf growth (T&)leAccording to thegffunction, as a
leaf approaches its final size, ¢ 1), it accumulates carbohydrates at a decreaateg
even if the carbohydrate concentration at the peiwre the leaf is attached is high.

The carbohydrates gained by the leaf through photbesis are first stored in the
leaf. Part of these carbohydrates remains in thie $#gmulating starch accumulation. The
remainder is used by the leaf for its growth, oexported to other parts of the tree. From
the time of leaf emergence to the time at whichléiaé reaches its final size, the gained
carbohydrates are used primarily to build the yolesj. Afterwards, the leaf is a net
source of carbohydrates, which are exported fragnehf. Carbohydrates assimilated by
the leaf are also used for leaf maintenance rdagpitawhich has been programmed to
respond to temperature using previously determitead specific respiration rates

(Grossman and DeJong 1994b) (Table 2).

Stem segments

Stem segments (internodes) act as conduits forohgdoate transport within the tree.

They require significant amounts of carbohydrataselongation growth, girth growth,

10



storage, and maintenance respiration. Stem segrhents been programmed to reach
their maximum lengths following similar procedur@sscribed for leaf area expansion
(2). In this case we considered that a stem segh@nthe shape of a cylinder and that

stem elongation occurs before secondary (girthyvtro

stermlength = maxstemlength. fd(stemcarbohydr:aeavallablefor elongatlon] 3)

maxstemlength-n - % -p_.. -CRG

stem

where ris the initial radius of the segmemptenis the stem density, and CR&,is the
carbohydrate requirement for stem growth (TableQ2jce maximum length is achieved,
girth growth is simulated using the pipe model (®zakiet al. 1964). For most of the
growing season the stem segments act as sinks tampa carbon with other growing
organs. The ratio of storage carbohydrate to stractarbohydrate (the sum of primary
and secondary growth) in a given segment can nmezka user-specified value (Table
2). At floral bud break, carbohydrate from the at®w is mobilized for a user-defined
period of time (Table 2), and exported to othetgpaf the tree to support initial leaf and
fruit growth before current carbohydrate from pleytthesis can support total tree
carbohydrate demand. Stem segment maintenanceatespiis calculated using specific

respiration rates for branches determined by Grasssnd DeJong (1994b) (Table 2).
Fruits

Flower buds set fruit shortly after the bloom datewever, some of these fruits drop

during the growing season. Fruit abscission may \&mcording to weather and local

11



growing conditions. To cover these types of sca@saseveral parameters can be adjusted
by the user. These parameters include the fracfidne fruit that abort and the period of
time over which the fruit abscission can occur (€ab). Fruit growth is programmed
following seasonal relative growth rates, as a tioncof accumulated degree-days after
full bloom. Different peach cultivars can be moddllusing growth rate functions
obtained from field experiments (DeJong and Gowalria989; Grossman and DeJong
1994b). The relative growth rate functions provide growth potential of fruit for each
time interval and interact with the amount of cdmjmrates available for fruit growth
over specific intervals to generate realized figribwth over time. Fruit maintenance
respiration rates were also programmed using dhtaired previously (DeJong and

Goudriaan 1989) (Table 2).

Root

Similar to the stem segment modules, the root carbath as a sink or a source during
the growing season. Root growth is programmed faseion of root weight and above
biomass weight, according to data obtained fronid fiexperiments (Grossman and
DeJong 1994a). Root carbohydrate storage variesfisantly during the year according
to concepts described by Loeschkeal. (1990). Specifically, root reserves are depleted a
floral bud break for a user-defined storage moailan period (Table 2). The amount of
carbohydrates available for initial reproductived aregetative development is a defined
percentage of the total root weight. This percemtegn be modified by the user, with
data on root starch concentrations in winter (Logiest. 2007, DeJong unpublished data)

suggesting values between 10 and 30% of the tatat mass. Once current

12



photosynthates are available for reproductive aredjetative organ growth and
maintenance, root reserves are replenished urdil #bdscission. Root maintenance
respiration rates were programmed using respiratcmefficients from PEACH

(Grossman and DeJong 1994b) (Table 2).

Carbohydrate assimilation, transport and partitioning algorithm

For the purpose of carbohydrate assimilation, parisand partitioning within the
modelled tree, the tree branching network describethe tree architecture section is
abstracted into a dynamically reconfigured, noedinand non-stationary electric circuit.
Its sub-circuits represent individual stem segmentplant organs (buds, flowers, fruits,
and leaves), connected into a network with trartspesistances (Alleret al. 2005;
Prusinkiewiczet al. 2007b). Roots are treated as one large single imo#iach sub-
circuit has components (sources of electromotiveefan series with resistances) that
represent primary growth (elongation growth), selewy growth (girth growth), storage,
and maintenance respiration (Figure 2). Parametethese components capture plant
module’s physiological potential to utilize carbdngtes for growth, respiration or
storage. Physiological potentials for growth anolgh respiration are primarily based on
defined relative growth rate functions for eachamrgwhile maintenance respiration is
estimated from temperature and empirically deriraddtionships (Grossman and DeJong
1994b). The physiological potential of storage sitdktake up carbohydrates is estimated
by assigning a storage capacity as a percent ofveight to each module capable of
storage. In each simulation step, the electricudiris used to calculate the amount of

carbohydrate exchanged between all the elementseoélectric circuit. The circuit is
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then updated to reflect the resulting changes,thadhext simulation step proceeds. A
numerical method implemented using L-systems wa®ldped to iteratively solve the
equations for carbohydrate flow and allocation gitrkiewiczet al. 2007b).

Because of the complexity of the interactions btte#@ components of the model, we
developed tools for displaying and analyzing quatitie outputs and tracking the
behaviour of individual modules. To this end, wecarporated into L-PEACH
subroutines for generating data files that are egiosntly analyzed and visualized using
MATLAB (version 7.0, release 14). This has allowgd systematic analysis and

debugging of many aspects of the model.

Smulation of commercial practices

In the current version of L-PEACH we included magtlin that make it possible to
simulate management operations typically conduatedhe field including: pruning,
budding, fruit thinning, and harvesting.

Pruning is performed by directly manipulating tiheet displayed on the screen with
the LPFG plant modeling program (Prusinkiewigzal. 2007a). Tree responses to
pruning are modelled using the concepts of apiaahidance (Wilson 2000) and
reiteration (Halléet al., 1978). When a pruning cut is made, the fatet®fuds between
the cut and the next branching point are reassigheltbwing reiteration concepts, we
assumed that, if axillary vegetative buds are priggbe distal buds are assigned to the
same shoot category as the shoot that has beervedmieollowing the apical control
concept (Wilson 2000), we also assumed that orfigwaaxillary buds become active,

while the rest remain latent. This follows the idkat the distal buds are no longer under
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apical dominance, but as they emerge they haverendace effect on the more proximal
buds. The number of activated buds is determinethbystem segment circumference
below the pruning cut. If only axillary latent budee present then the distal latent buds
become active and develop very-long shoots (Pertia. 2006). In any case, if the
pruning cut is made during the growing season, distal buds become active
immediately. If pruning is done during the dormpatiod, the distal buds become active
at vegetative bud break.

To increase the realism of the model while simaaitommercial fruit tree growth,
vegetative propagation of the tree by budding carsimulated by pruning a simulated
young seedling tree back to a few centimetres abiowground, and growing a new tree
from the new shoot that grew in response to thd pauning cut. As budding is usually
carried out in the spring (about May, Table 2) aotkntial length of shoots is based on
how late in the growing season the shoot stargrdav, a budded tree has a final size
limitation dependent on the “budding” date.

Fruit thinning can be performed either manuallyaatomatically. For manual fruit
thinning the user can select the fruits to be resdoby directly manipulating the
displayed tree (Prusinkiewict al. 2007a). The automated fruit thinning option isdzhs
in the proximity of fruits to one another, and atp#s to simulate commercial fruit
thinning practices. The fruiting shoots are scarinech the base to distal end, and if two
or more peaches are separated by less than aisgeuifmber of stem segments, the
more distal fruits of are removed. Thus the friiart remain after thinning can be

automatically spaced to a specified minimum nunabénternodes between fruit.
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Harvest date is a user-defined parameter (Tabld&ging into account that fruit
growers classify peach cultivars based on harvast, dhe harvesting parameter is an
important component of simulating different peaaltiears. In the future versions of the
model we plan to also include the effects of eapying temperatures on harvest date

(BenMimoun and DeJong 1999).

Evaluation of the new architectural model and its subsequent effects on source-sink
behaviour of simulated peach trees

Evaluation of the model was carried out by simualatpeach tree development during
three consecutive years, with the parameters piexben Table 2. Weather data was
obtained from CIMIS (California Irrigation Managentdnformation System, Davis, CA
station). The simulated trees were either left unpd or were trained to a perpendicular
V system, following procedures described by DeJehgl. (1994) and simulated as

interactive pruning cuts in winter.

Tree architecture

In the first growing season, prior to budding, endated tree had a single, very-long
shoot that was cut before reaching its final len@iigure 3, Table 1). After budding, a
very-long shoot emerged and grew in the directibrthe main axis, while axillary
vegetative shoots grew sylleptically (Gena&tcal. 1994). The resulting simulated trees
were similar to those found in a fruit tree nurs@st prior to sale. Prior to the beginning
of the second year, the trunk of pruned trees wasochalf a meter (Figure 3A). This cut

prompted a reiteration response, resulting in thedyction of new very-long shoots
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below the cut after bud break. This new shoot gnoeampensated for the perturbed
equilibrium between the shoot and the root after phuning cut (Genaret al. 1998;
Perniceet al. 2006). The sylleptic shoot growth behaviour withive new very-long
shoots was similar to that of the first growing ®®a (Figure 3A). This response is the
key to eventually developing the strong, open s$tinécof commercial peach trees. In
contrast, in unpruned trees new shoots grew mdioly the terminal buds, and thus
were less vigorous than their parent shoots. Tisedrop of fruit was produced on shoots
formed in the previous (first) year (Figure 3B).

At the beginning of the third year, two branchemtied in the same vertical plane
were selected for developing the main scaffoldthefV-shaped training system (Figure
3A). The selected branches received heading catstraus very-long shoots grew again
from their terminal ends after vegetative bud bre@yleptic shoots that were formed
during the previous year on the previously esthblismain scaffolds remained unpruned.
These shoots produced flowers, fruits and prolegitmot growth after bud break (Figure
3A). During the third growing season, unpruned drpeoduced a large crop causing a

significant reduction in tree vigour compared wptluned trees (Figure 3B).

Source-sink behaviour of simulated tree

The complexity of L-PEACH makes it difficult to dgae the relationships between
individual components of the model. For instanbte, direction and quantity of carbon
flux through a stem segment at any given time skepends on the sink demands and
source supplies above, below and within this segneemd it is difficult to predict these

values a priori. For the same reason, quantitative verificationabfthe individual

17



components of the model is difficult, and it woudd virtually impossible to design a
field experiment to independently evaluate the phggical characteristics of all the
components of a tree. However, in spite of thasédtions, L-PEACH is a potential tool
to integrate and evaluate source-sink relationsimgseach trees and elucidate seasonal
organ and whole-tree behaviour at higher levelsofanization. For demonstration
purposes some quantitative outputs are presentes tbeillustrate simulated results
related to carbon allocation, such as carbohydiasimilation, maintenance respiration,
reserve dynamics, and organ growth.

As illustrated in Figure 4A,C, L-PEACH effectivelynodels variations in net
photosynthesis as a consequence of variable weathditions. The model is sensitive to
cloudy days, although differences in the leaf ekpate are reduced, compared to the
differences in photosynthesis (Figure 4C). Thisnameenon may be explained by an
increase in the amount of carbohydrates mobilizethfthe leaf storage compartment in
cloudy days. This is consistent with the observabyg Wardlaw (1990) that carbohydrate
reserves built up within the leaf may be mobilizadd exported when current
photosynthesis is decreased. The amount of carbateydssimilated by individual leaves
was also a function of the physiological state lné teaves. Our basic approach for
dynamically modelling leaf growth as a functionanfailable resources and potential leaf
size (2) was also successful in reproducing peaahdxpansion over time (Figure 4B,
4D): leaf maturity was achieved about 25 days afegetative break, consistent with
observations by Steinbergt al. 1990. However, we recognize that our modelling

approach could be improved using more detailed migalenethods (Seleznyova 2007).
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Simulated seasonal patterns of tree daily carbattgdassimilation increased with
increases in total leaf biomass (Figure 5). Betw&#% and 50% of the tree carbohydrate
assimilation was used for tree maintenance regmira{Figure 5), indicating the
importance of respiratory cost in the carbohydisaéance of the tree (Grossman and
DeJong 1994b; Viviret al. 2002). Simulated tree daily maintenance respinaticreased
with increases in temperature and whole-tree bisnfBgure 5, Figure 6A). When tree
daily maintenance respiration reached its maximates; it accounted for a relatively
constant amount of carbohydrate usage (Figure 3ps@nan and DeJong 1994b).
Similar behaviour to that reported for total treaimienance respiration was observed for
both the above- and below-ground structural org&igure 6B). Assuming that fruits
were harvested before reaching the constant amaducdrbohydrate usage (Figure 6C);
the shape and magnitude of simulated fruit redpimaturves were consistent with the
results of DeJong and Walton (1989) for late matypeach trees.

Part of the carbohydrates assimilated by the tneengl the growing season was
stored in the root and stem segments. Root carbateydeserves were subsequently used
for maintenance respiration during the winter seaand to support early tree growth
after bud break (Figure 7) (Loeschetral. 1990; Jordan and Habib 1996). The seasonal
dynamics of reserves in the stem segments wassndear as the dynamics observed in
the root. This was because the root supplied cgdrates to the stem segments before
bud break and because part of the carbohydratesdsio the stem segments were
removed after winter pruning (results not shownprérefinement is needed to quantify

carbohydrate storage and mobilization functionimghie model, but modelling stem and
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root storage as explicit sinks and sources foriipderiods of time, as suggested by
Cannell and Dewar (1994), appears to yield genecallirect model behaviour.

Simulated tree carbon assimilation provided swdfiticarbohydrate to support organ
growth (Figure 8). During the three years of sintiola most biomass was accumulated
in the stem segments, and root weight was aboutlorteof total stem segment biomass
(Grossman and DeJong 1994a). The fruits also adetedua significant amount of
assimilates while the leaves had lower amountstafiding biomass. The simulated
patterns of organ growth also reflected the int@vacwith the tree architecture and the
different components of the models (Figure 8). Teduction in total leaf and stem
segment weights after the growing season was aeqaeace of leaf abscission and
winter pruning, respectively. The seasonal pattefrsmulated root weight reflected that
the tree carbohydrate balance was source-limitékdeabeginning of the growing season.
Total fruit carbohydrate mass per tree decreas#u avreduction in the number of fruits
per tree after fruit thinning (day 870 in Figure 8he substantial reduction in fruit
competition after fruit thinning allowed optimizatimn average fruit carbohydrate mass

at harvest (~33 g frut) (Figure 8).

Conclusion

The use of the hidden semi-Markov chain conceptsniodelling branching
structures in L-PEACH was successful at reprodutiegs that were similar to peach
trees observed in orchards. The new architecturadlein along with a number of
improvements in the carbohydrate partitioning athamns significantly improved results

related to carbon allocation, such as organ grow@nbohydrate assimilation, reserve
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dynamics, and maintenance respiration. The modllteewere in general agreement
with observations of peach trees growing unded feginditions.

The current L-PEACH model substantially improveevous three-dimensional
depictions of peach trees presented by Adeal. (2005; 2007). The realism of the new
architecture and the pruning responses can helprstachd the general practices that
should be followed for training systems designedhtain specific tree shapes. Users can
observe how the natural growth habit of the treenified by pruning, how the tree
responds to different types of pruning cuts, inslgdimproper cuts, without dramatic
commercial consequences. These features allow LEPEA0 be used as a tool for
teaching, including interactive lessons on comnnaiming practices.

Although L-PEACH is still in the early stages advetlopment, it is a useful tool
for simultaneously modelling tree architectural witto and carbohydrate source-sink
relationships in peach trees. More quantitativedasibn of the model at the whole plant
and individual organ levels is needed to increaseaccuracy of simulated trees. Since
much of the available data from previous experimemtd literature are not suitable for
guantitatively validating L-PEACH, there is a na@edcollect additional quantitative data
for this purpose. L-PEACH can be used for identifythe relevant outputs of the model
to be measured, developing new quantitative hypetheand guiding experimental
research. This will result in a greater understagdin the environmental physiology of

peach trees, which is the overarching objectivimefpeach modelling project.
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Table 1. Types of shoots and succession of zones (from proximal to distal) within
each shoot type accor ding to the hidden semi-Markov chainsused in L-PEACH.

Zone composition represents the type of axillary budsthat are the most frequent in

that zone.

Type of shoot Zone composition

1 2 3 4 5 6
Small B
Medium-small B V+AF F B
Medium B \% V + AF F B
Long B Y V + AF F B
Very-long B Vv V+AF V+AF F B

Abbreviations: B = Blind buds, V = Vegetative bud&; = Axillary flowers and

F = Floral buds.
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Table 2. Parameter s used to deter mine ar chitectural development, physiological functionality

of source and sinks, and management practicesin the L-PEACH model

Par ameter

Value (Unit)

Origin

Architectural development
Floral bud break

Full bloom

Vegetative bud break
Bud dormancy

Start leaf abscission
End leaf abscission

Leaf

fa

max leaf area

Specific leaf weight (SLW)
CRGeaf

Maintenance respiration

Sem segment
i
max stem length

pstem

CRGyem

Storage ratio

Storage mobilization period
Maintenance respiration

Fruit

Fruit abscission

Fruit abscission period
Maintenance respiration

Root

Storage ratio

Storage mobilization period
Maintenance respiration

Management practices
Day of budding

Fruit thinning date
Fruit thinning space
Harvest day

60 (day of year)
72 (day of year)
78 (day of year)
257 (day of year)
288 (day of year)
319 (day of year)

User-defined
User-defined
User-defined
User-defined
User-@efin
User-defined

fo=1[18.9 - leaf PAR exposure] -55 Rosatal. 2002

40 (An
0.004 (g dw &n

1.463 (g CHO g dw)
3.5 (mmol g§J dw s%)

0.1 (cm)
2.7 (cm)
0.54 (g dw crif)
1.14 (g CHO g dw)
20 (% of total stem mass)
60 (days after bloom)
0.8 (mmol CQg"* dw s")

80 (% of total flowers)
60 (days after bloom)
0.63 (mmol @O dw s

30 (% of total root mass)
60 (days)
0.8 (mmol g§J dw s%)

136 (day of year)
130 (day of year)
4 (number of stem segments)
240 (day of year)

Steinberget al. (1990)

Marini and Marini (1983)
Penning de Vriegt al. (1989)
Grossman and DeJong (1994b)

User-defined
User-defined
Grossman (1993)
Grossman (1993)
User-@efin
User-defined
Grossman and DeJong (1994b)

Useridef
tisefmed
DeJong and Goudriaan (1989)

User-afin
User-defined
Grossman and DeJong (1994b)

Commercial praztic

Commercialqtice
omi@ercial practice

Mid-late maturinyficar

Abbreviations: CHO = carbohydrates, dw = dry weighAR = photosynthetically active

radiation, CRGgs = carbohydrate requirements for leaf growth, GRG= carbohydrate

requirements for stem growth
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Figures

o HEE

Fig 1. L-studio output showing the potential of L-PEACH to simuléiteee-dimensional
structure of mature peach trees (A), and intra-pgnariability among organs of the
same type in response to localized source-sinkvi@tsa(B, C). L-studio also allows
modifications in the property that is visualized ity stem’s colors,.e., movement of
carbohydrates through the tree (A,C) (see Algtnal. 2005 for further details on
carbohydrate fluxes and colors), or a bark-likeocdB). In Figure 1B, leaves were

removed to increase visibility of fruit.
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Fig 2. Schematic representation of any individual modui¢éhiw the tree branching

network. Rectangles denote resistances; circlestdeources of electromotive force.

31



(A) Pruned trees
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Fig 3. Model output showing three-dimensional depictioragiruned peach tree (A) and
an unpruned peach tree (B) over three years ofthrolihe pruned tree was trained to a
perpendicular V system by means of pruning cutwvimter. The final tree height was

about 3.0 m.
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Fig 4. Seasonal patterns of solar radiation (A), indigidueaf growth (B), leaf
photosynthesis and leaf carbohydrate export (CJ, iadividual leaf growth rate (D).
Simulated data represent an individual leaf durthg first year of tree growth.

Abbreviations: Pn = photosynthesis, and CHO = daybmtes.
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Fig 5. Simulated seasonal patterns of daily carbohydzatmilation and maintenance

respiration during three consecutive years of pesed growth. The simulated tree was

trained to a perpendicular V system. In the thiedry crop load was 100 fruits tree

Abbreviations: CHO = carbohydrates.
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Fig 6. Seasonal patterns of daily air temperature (Apvaground and belowground
maintenance respiration (B), and total fruit manatece respiration (C) during the third
year of growth of peach trees trained to a permenali V system. Crop load was 100

fruits treé'. Abbreviations: CHO = carbohydrates.
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Fig 7. Seasonal variations of total carbohydrate reseinvethe root during three
consecutive years of peach tree growth. The simdiltxee was trained to a perpendicular
V system. In the third year, crop load was 100téruieé". Abbreviations: CHO =

carbohydrates.
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Fig 8. Organ mass during three consecutive years foulated peach trees trained to a
perpendicular V system. Sudden drops in cumulatiass of stems and fruits were due
to pruning, fruit thinning and fruit harvest. Inetthird year, crop load after fruit thinning

was 100 fruits tré& Abbreviations: CHO = carbohydrates.
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