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Modeling the effect of water supply on peach growth and sugar contents.

Abstract — Introduction. Water stress has been shown to affect the fruit quality, mainly by
decreasing fruit weight and increasing sugar contents. In the future, irrigation scheduling will
probably be based on simulations performed by models. Our aim was to create a model com-
posed of two recently reported sub-models concerning peach fruit growth and fruit sugar con-
tent. The model. The model studied was restricted to the fruit. It first calculated fruit growth
in fresh and dry matter according to the simple laws of water and carbon transfer into and out
of the fruit (sub-model 1). Then, the flow of carbon calculated by sub-model 1 was used in
sub-model 2 to simulate the temporal variation of sugar contents. The model inputs were tem-
perature, global radiation and maximum daily trunk shrinkage (MDS). Materials and methods.
Well-watered and water-stressed Dixired peach trees were used for calibrating and testing the
model. Simulations and discussion. The model allowed to simulate the seasonal variation
of fresh and dry weight, dry matter content of fruit and flesh sugars contents. The sucrose
increased steadily especially during ripening whereas the other sugars were almost invariable.
This behavior is typical of peach fruit accumulation of sugar. Similarly to our experimental
data, the model did not predict any important variation of reducing sugars and sorbitol con-
centrations. The interaction between water stress and sap sugar concentration was investigated.
Conclusion. We have shown that simple hypotheses on tluid tlows made it possible to per-
form simulations of fruit growth and quality in reaction to water supply. The present model
could be of help to manage daily irrigation according to the information obtained by the
bio-inclicator (MDS). (© Elsevier, Paris)
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Modeélisation de I'effet de I'irrigation sur la croissance et la teneur en sucres
des péches.

Résumé — Introduction. Le stress hydrique affecterait la qualité du fruit, principalement en
diminuant son poids et en augmentant sa teneur en sucres. Dans Pavenir, l'irrigation devrait
étre programmeée a partir des résultats de simulations données par des modeles. Notre objec-
tif a été de créer un modele constitué de deux sous-modeéles récemment décrits, concernant
la croissance de la péche et sa teneur en sucres. Le modeéle. Le modele étudié se rapporte au
seul fruit. D’abord, il calcule la croissance de ce fruit en matiéres fraiche et séche a partir de
simples lois de transfert du carbone et de I'eau a l'intérieur et hors du fruit (sous-modele 1).
Ensuite, le flux de carbone calculé par le sous-modele 1 est utilisé dans le sous-modele 2 pour
simuler la variation dans le temps cle la teneur en sucres. Les entrées du modele sont la tem-
pérature, la radiation globale et le maximum de contraction ciurne du tronc (MCDT). Matériel
et méthodes. Des péchers de la variété Dixired, soit bien irrigués, soit soumis a un stress
hydrique, ont été utilisés pour calibrer et tester le modele. Simulations et discussion. Le
modele a permis de simuler les variations saisonniéres de poids frais et sec et celles des teneurs
en matiére seche et en sucres dans la chair. Le saccharose a augmenté progressivement, sur-
tout pendant la maturation, alors que les autres sucres n‘ont presque pas varié. Ce comporte-
ment est typique de 'accumulation de sucres dans la péche. De méme que nos données expé-
rimentales, le modele n’a pas montré d'importantes variations des teneurs en sucres réducteurs
et en sorbitol. L'interaction entre le stress hydrique et le taux de sucres dans la seve a été étu-
diée. Conclusion. De simples hypothéses de circulation des tluides ont donc permis d'effec-
tuer des simulations de la croissance du fruit et de sa qualité en réponse 2 un stress hydrique.
Le modele présenté pourrait aider a gérer Pirrigation au jour le jour 2 partir des informations
données par le bio-indicateur (MCDT). (© Elsevier, Paris)
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Figure 1.

Diagram illustration of two
sub-models and corresponding
links. In the first sub-model,
rectangles represent state
variables, valve symbols
represent flows of water and
carbon and external variables
are underlined. The arrows
with no valve symbol represent
flows of information.

In the second sub-model,

the arrows, ellipses and
rectangles represent carbon
flows, carbon supply and
losses, and carbohydrate
components, respectively. The
coefficient associated

to each flow is indicated by F;
(i=1to 4, see text).
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1. introduction

Fruit trees, mostly cultivated in dry coun-
tries, are often subjected to water stress.
This stress has been shown to affect the
fruit quality, mainly by decreasing fruit
weight and increasing sugar contents [1, 2J.
In order to schedule irrigation, growers
have to be able to predict the effect of water
deficit on fruit quality. In the future, this irri-
gation scheduling will probably be based
on simulations performed by models, as
shown in Buwalda and Atkins (3] for a vari-
ety of horticultural practices. Our aim was
to create a model composed of two recently
reported sub-models concerning peach fruit
growth [4] and fruit sugar content [5],
respectively. We describe how to use this
model for analysing the effect of water
stress on fruit quality. We conclude by con-
sidering some perspectives on fruit model-

ing.

2. the model

The model in figure 1 was restricted to
the fruit. It assumed that trees were opti-
mally fertilized and carbon acquisition by
photosynthesis was sufficient for well-irri-
gated trees to reach their full fruit growth
potential.
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The model first calculated fruit growth in
fresh and dry matter according to the sim-
ple laws of water and carbon transfer into
and out of the fruit (sub-model 1). Then,
the flow of carbon calculated by sub-model 1
was used in sub-model 2 to simulate the
temporal variation of sugar contents. The
model inputs were temperature, global radi-
ation and maximum daily trunk shrinkage
(MDS). We chose MDS as an indicator of
plant water status because it varied accord-
ing to the water content of peach trees [6]
and was thus functionally related to tree
water potential [7]. Moreover, MDS was suc-
cessfully used for irrigation scheduling [8].

2.1. sub-model 1

This sub-model has been thoroughly
described and discussed in Génard and
Huguet [4]. The fruit received a daily solu-
tion flow from the plant (F) and lost water
by transpiration (7) and carbon by respira-
tion.

The maintenance respiration was a func-
tion of dry mass and was a Q10 function of
temperature. Growth respiration was a
function of absolute growth rate expressed
in dry matter. Daily transpiration, calculated
as the sum of hourly transpiration, was a
function of fruit weight ( W), hourly global
solar radiation (GR) and skin area of the
fruit (A):

I= A'ETbnmx (1-e BwGR)

where 7}, . Was the maximum hourly tran-
spiration per unit area of skin, § a parame-
ter and A was calculated from an empirical
relation of fruit weight.

The sap flow (F) was calculated as an
increasing function of fruit transpiration
because we assumed that the osmotic
potential of the fruit decreased as transpi-
ration increased. The effect of water supply
on sap flow was considered through MDS
in the function:

F=Ap(1—e~AyT™
A;= a ( M)bi i F < Fiax
MDS,

where a;, b;, MDS,and F,, ;.. were parame-
ters.

with

The sap flow increased according to cal-
culated transpiration rate and leveled off at



lower values when MDS/MDS,, increased,
i.e., when water stress was greater.

We added an equation to the model pre-
sented by Génard and Huguet [4] to calcu-
late the phloemic flow (F, ). This flow was
modeled as a function of fruit fresh weight,
which was consistent with our experimen-
tal results (data not shown):

Fpp =l W2
Assuming a constant dry matter concen-

tration (d) in the phloem sap, the flow of
carbon into the fruit was calculated as:

deb
dt
where ¢fl was the carbon content of dry
matter.

= Fppd-cfl

This flow of carbon into the fruit was the
main input in the sub-model 2 .

2.2. sub-model 2

The main components of this sub-model
were described and discussed in Génard et
Souty [5]. It simulated the partitioning of
carbon coming from the phloem into sor-
bitol, sucrose, glucose, fructose, and other
carbohydrates in the fruit as well as CO,
produced through the respiration process.
The link between each compartment was
the carbon flow. Each flow exiting a com-
partment i (except respiration) was the
product of the carbon contentin i by a coef-
ficient F;,, which was either a constant or a
function of degree-days (dd). The temporal
variation of the carbon amount in a com-
partment x was the balance between the
carbon flow entering and exiting this com-
partment:

dac.

Pt

i#x
where Ex and Rx, which can be null, were
the carbon flow from the phoemic sap and
the carbon outflow to the respiration,
respectively.

The sugar concentration for a sugar “x”
(SCx) was computed as:
100C,

SCy =
Y FW

X__ 5 =
—S<E AT F, (ky de)-C;-F, (k dd)-CR,

Effect of water supply on peach growth

where ¢, was the carbon content in 1 g of
this sugar and FW is the flesh fresh weight.

3. materials and methods

Our data were taken from an experiment
that compared well-watered and water-
stressed Dixired peach trees. The level of
water stress for each treatment is illustrated
in figure 2 by the temporal variation of the
MDS of the trunk. This experiment, which
is described by Huguet and Génard [2], was
conducted at Montfavet Inra centre in
southern France and was used for calibrat-
ing and testing the model. The model runs
on a daily basis. Differential equations were
solved numerically using the first-order
Runge Kutta method [9]. Most parameters
used for the simulations were taken from
Génard and Huguet [4] for sub-model 1,
and an experiment in Génard and Souty (5]
for the sub-model 2. The parameters ¢l and
c2 of the equation used to calculate
phloemic flow were estimated by fitting the
model to the data from other experiments
on Suncrest and Bigtop cultivars, presented
in Huguet et al. [10]. A nonlinear fit was car-
ried out using the least-squares method.

The dry matter concentration of phloem
sap (parameter d) was estimated. As ki param-
eters for submodel 2 had previously been
estimatedforthe Suncrest cultivar, they were
partly used for the Dixired cultivar. The val-
ues of two ki parameters only were re-esti-
mated to better fit the Dixired data. These
estimations were calculated by minimizing
the difference between simulated and
observed data from the well-watered treat-
ment. The variables considered for the fit
were dry and fresh weight at harvest for d,
and sugar concentrations at harvest for ki.
The model was tested using Dixired data
from the water-stressed treatment.

4. simulations and discussion

Parameters ¢l and ¢2 were estimated as
0.0028 and 1.535, respectively. The phloemic
concentration d was estimated as 0.28 g-cm3,
which is a possible value for phloem sap
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Figure 2.

Maximum daily shrinkage

of trunk (observed data),

and simulations of the variation
of fruit fresh weight, flesh dry
matter content and total sugar
content for well-irrigated (thin
curve) and water-stressed
(thick curve) trees.

The positions of | and S

on each graph indicates

the observed values at harvest
in well-irrigated and water-
stressed trees, respectively.
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[11] and is close to the measurements of
Escobar-Gutiérrez [12] in peach seedlings.
Changes in two & values, in comparison
with original values estimated for Suncrest
cultivar [3], indicated that the amount of
sucrose was higher in the phloem sap of
Dixired, and reducing sugars were used
more actively for cell synthesis in Dixired
than in Suncrest.

For well-watered trees used for model
calibration, there was a close agreement
between measured fresh fruit weight at har-
vest and model outputs (figure 2). Similar
agreements were obtained for dry matter
and sugar content (figutres 2, 3). The model
simulated fairly well the hierarchy between
sugar concentrations: sucrose > glucose or
fructose > sorbitol, as observed by fruit
analyses [13, 14].

The model allowed to simulate the sea-
sonal variation of fresh and dry weight, dry
matter content of fruit and flesh sugars con-
tents. The sucrose increased steadily espe-
cially during ripening whereas the other
sugars were almost invariable. This behav-
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jor is typical of peach fruit accumulation of
sugar as shown by Ishida et al. [13] and
Chapman et al. [15]. The test on water-
stressed trees was conclusive (figures 2, 3).
The model simulated the observed decrease
of fruit weight and the increase of sucrose
content. Similarly to our experimental data,
it did not predict any important variation of
reducing sugars and sorbitol concentra-
tions.

The interaction between water stress and
sap sugar concentration was investigated.
When we applied a stress to a tree, we
could consider two cases: either the stress
can simply limit the water availability or the
stress can also limit the sugar availability by
depressing the photosynthesis and induc-
ing a decrease of the phloemic sap sugar
concentration [16]. These two situations
were simulated considering that stress acts
or not on the phloemic sap sugar concen-
tration (figure 4). In the first case, the model
simulated an increase of the dry matter con-
tent in comparison with the well-irrigated
tree. This situation seems to be the most fre-
quently observed and was noted for Dixired
peach cultivar. To simulate the second case,
we considered that the phloemic sap sugar
concentration had decreased from 0.3 g-g-!
t0 0.1 g-g"! with the application of the stress.
This resulted in a lower dry matter content
at harvest than for the well-irrigated tree.
We observed such a situation for the culti-
var Bigtop.

5. conclusion

We have shown that simple hypotheses
on fluid flows made it possible to perform
simulations of fruit growth and quality in
reaction to water supply. The present model
could be of help to manage daily irrigation
(tactical decision) according to the infor-
mation obtained by the bio-indicator. How-
ever, we saw that the interaction between
carbon supply and water stress is also rel-
evant. Ben Mimoun et al. [17] suggested
creating a carbon-based model that would
focus on this aspect. Connecting the two
approaches seems a promising idea.

In the future, we believe that it will be
possible to connect this fruit model to a tree




using an integrative approach on tree func-
tioning [18]. The effect of different water
management strategies on the whole plant
will be simulated according to hypotheses
on climate and soil. This will enable grow-
ers to test new horticultural techniques and
create new areas suitable for fruit produc-
tion.

acknowledgments

We thank G. Rigou for improving the
English.

references

[1] Crisosto C.H., Johnson R.S., Luza J.G.,
Crisosto G.M., Irrigation regimes affect fruit
soluble solids concentration and rate of water
loss of ‘O’Henry’ peaches, HortScience 29

(1994) 1169-1171.

Huguet J.G., Génard M., Effets de la disponi-
bilité hydrique sur les flux de matiéres et la
croissance de la péche, Agronomie 15 (1995)
97-107.

Buwalda J.G., Atkins T.A., Third international
symposium on computer modelling in fruit
research and orchard management, Acta
Hortic. 313 (1992).

Génard M., Huguet J.G., Modelling response
of peach fruit growth to water stress, Tree
Physiol. 16 (1996) 407—-415.

Génard M., Souty M., Modeling the peach
sugar contents in relation to fruit growth,
J.Am. Soc.Hortic. Sci. 121 (1996) 1122—-1131.

[6] Simmoneau T., Habib R., Goutouly J.P.,
Huguet J.G., Diurnal changes in stem diam-
eter depend upon variations in water content:
direct evidence in peach trees, J. Exp. Bot. 44

(1993) 615-621.

Chalmers D.J., Wilson |.B., Productivity of
peach trees: tree growth and water stress in
relation to fruit growth and assimilate
demand, Ann. Bot. 42 (1978) 285-294.

[8] Li S.H., Huguet J.G., Bussi C., Irrigation
scheduling in a mature peach orchard using
tensiometers and dendrometers, Irrigation

and Drainage Syst. 3 (1989) 1—-12.

[9] Steiner E.C., Blau G.E., Agin G.L., SimuSolv.
Modeling and simulation software, The Dow
Chemical Company, Midland, MI, 48764,

USA, 1993.

Effect of water supply on peach growth

Sucrose Fructose
12 12
10 10
‘T@ 8 '-_@ 8
8 s S 8
> 4 > 4
2 2 \—’_,do
0 0
0O 5 10 15 20 25 30 5 10 15 20 25 30
Days Days
Glucose Sorbitol
12 12
-~ 10 = 10
|c> 'O.)
8 8
8 3
™ 6 - B
()] (@]
4 4
2 \—’-’o 2 o
0 o -
0O 5 10 15 20 25 30 0O 5 10 15 20 25 30
Days Days
A S position
< | position — Well irrigated
O S and | overlapping —— Water stressed
Figure 3.

Simulations of sucrose, glucose, fructose and sorbitol contents in fruit flesh of well-
irrigated (thin curve) and water-stressed (thick curve) trees. The positions of | and S
on each graph indicates the observed values at harvest in well-irrigated and water-

stressed trees, respectively.

g-100 g
20

Dry matter
>

=
N

—
o
]
’
1

[eo)

0 5 10 15 20 25 30
Days

Well irrigated

(MDS / MDS, = 3 and phloem = 0.3 g-g”")

Water stressed
(MDS / MDS, = 1 and phloem = 0.3 g-g™")

Water stressed
(MDS /MDS, = 3 and Phloem =0.1 g-g”")

Fruits, vol. 54 (3)

Figure 4.

Simulations of flesh dry matter
content in fruits of well-irrigated
or water-stressed trees,
according to phloem sap
sugar concentration.
Well-irrigated trees shrink less
(MDS/MDSg = 1) than those
in stressed conditions
(MDS/MDS, = 3)

(MDS = maximum daily trunk
shrinkage).

Two types of simulations
were performed in stressed
conditions: with or without

the stress effect on phloem
sugar concentration,

which either remains equal

to 0.3 g-g™! or decreases

to 0.1 g-gl.
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Modelizacion del efecto del riego en el crecimiento y el contenido
de azucares de los melocotones.

Resumen — Introduccion. El estrés hidrico afectaria la calidad de la fruta. principalmente
al disminuir su peso y al aumentar su contenido de aztcares. En lo sucesivo, el riego deberia
programarse a partir de los resultados de simulaciones dadas por modelos. Nuestro objetivo
fue crear un modelo constituido de dos submodelos recientemente descritos, concerniendo el
crecimiento del melocotén y su contenido de aztcares. El modelo. El modelo estudiado se
refiere sélo a la fruta. En primer lugar, calcula el crecimiento de esta fruta en materias fresca
y seca a partir de sencillas leyes de transferencia del carbono y del agua dentro y fuera de la
fruta (submodelo 1). Mis tarde, el flujo de carbono calculado por el submocdlelo 1 se utiliza
en el submodelo 2 para simular la variacion en el tiempo del contenido de aztcares. Las entra-
das del modelo son la temperatura, la radiacion global y el maximo de contraccion diurna del
tronco (MCDT). Material y métodos. Se utilizaron melocotoneros de la variedad Dixired, ya
sea bien irrigados, ya sea sometidos a un estrés hidrico, para calibrar y someter a prueba el
modelo. Simulaciones y discusion. El modelo permitié simular las variaciones temporales
de peso fresco y seco y las de los contenidos en materia seca y en azicares en la carne. La
sacarosa aumento progresivamente, sobre todo durante la maturacion, mientras que los demas
azucares casi no variaron. Este comportamiento es tipico de la acumulacion de azicares en el
melocotén. Lo mismo que nuestros datos experimentales. el modelo no mostré importantes
variaciones de los contenidos de aztcares reductores y de sorbitol. Se estudio la interaccion
entre el estrés hidrico y la tasa de azGcares en la savia. Conclusion. Meras hipotesis de cir-
culacion de los fluidos permitieron pues realizar simulaciones del crecimiento de la fruta y
de su calidad como respuesta a un estrés hidrico. El modelo presentado podria ayudar a mane-
jar el riego dia a dia a partir de las informaciones dadas por el bio-indicador (MCDT).
(© Elsevier, Paris)
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