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Reproductive and Vegetative Growth of Deciduous Fruit Trees
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An approach to developing a simulation model of the annu
supply and demand for reproductive and vegetative growth in p
trees is presented. This modeling approach simulates photosynth
assimilation using seasonal canopy light interception and daily m
mum and maximum temperature and solar radiation inputs. Sim
ing C partitioning and crop growth is based on the hypothesis
plants grow as collections of semi-autonomous, but interacting
gans. The plant genotype, triggered by internal and environm
signals, determines current organ-specific growth potentials. D
environmental conditions interact with organ-specific growth po
tials to determine the conditional growth capacity and mainten
respiration requirement (i.e., the daily C demand) of each organ
Then, the daily C available for growth after maintenance requirem
are met is partitioned to leaves, fruit, stems, and branches bas
their relative conditional growth capacities. Remaining carbohyd
is partitioned to the trunk, based on its conditional growth capa
and all residual carbohydrate is partitioned to roots after abovegr
demands are met. The methods used to determine organ-sp
growth potentials and the usefulness of using the supply and de
approach to modeling the C economy of deciduous fruit crops
discussed.

The relatively intensive management requirements of pere
horticultural crops probably offer more opportunities for pract
applications of computer simulation models of crop growth 
carbohydrate requirements than less intensively managed ann
biennial agronomic crops. However, there has been much less res
on models for perennial horticultural crops than for annual 
ORTSCIENCE, VOL. 29(12), DECEMBER 1994
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ig. 1. A diagram of the C sources available to growing organs. The carboh
net photosynthesis, stored carbohydrate mobilization, translocation res
carbohydrates (DeJong and Grossman, 1992).

e gratefully acknowledge the staff of Kearney Agricultural Center fo
orticultural operations and field assistance. The description of the model 
dapted from a PhD dissertation by Y.L.G. The cost of publishing this pa
as defrayed in part by the payment of page charges. Under postal regulat
is paper therefore must be hereby marked advertisement solely to indicate this
ct.
 C
ch

tic C
ni-
lat-
hat
or-
tal
ily
n-
ce
pe.
nts
d on
te
ty,
nd

cific
and
are

ial
l
d
l or
arch
nd

biennial crop species because the traditional approaches us
annual row crops, such as sequential harvests of total plant bio
present a monumental task for tree crops. Furthermore, the 
management variables (such as scion cultivars, rootstock cult
tree spacing, location, pruning, and training) and the normal env
mental variables (such as daily photon flux, temperature, water a
ability, and fertility) make the value of spending large amounts of 
and energy to collect site-specific data for a model questionable

However, deciduous tree crops offer certain advantages for d
oping functionally based simulation models that are useful for st
ing whole-plant C partitioning. Since deciduous tree crops suc
peach (Prunus persica L. Batsch), plum (Prunus spp.), or apple (Malus
spp.) begin the growing season with synchronized bloom, the
load can be manipulated without stimulating further reproduc
development such as subsequent bloom or increased seed n
Also, the indeterminate nature of these plants means that there
preset normal growth or C partitioning pattern as there may b
rapidly developing annual plants such as cereals or grain legu
These factors led to our development of a simulation model bas
organ-specific growth potentials.

Conceptual approach

Our modeling approach is based on fundamental supply
demand principles. Carbohydrate is the basic currency of the m
For the first 150 degree-days (2 to 3 weeks with 7C minimum and
maximum thresholds) of the growing season, carbohydrate is ass
to come from storage. After that period, the daily carbohydrate su
is determined by a canopy photosynthesis submodel, SUCRO
(van Keulen et al., 1982, van Kraalingen and Spitters, 1986), that has
been modified to account for the discontinuous canopy and
characteristics of peach orchards. The output of the C su
model is a daily estimate of the amount of carbohydrate availab
structural and storage growth and maintenance of all organ types (F

r
was
per
ions,
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ydrate available for growth and maintenance of each organ type is determined by daily
istances between sources and sinks, and the relative competitive ability of the sinks for
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Our approach to modeling carbohydrate use in deciduous
crops is based on the observation that plant growth occurs in indiv
plant organs, including fruit, stems, leaves, and roots (Sprugel e
1991; Watson and Casper, 1984). With this approach, the 
carbohydrate demand is determined by the collective growth p
tials of all individual growing organs on the tree. Observed carb
drate partitioning is assumed to result from the dynamic equilibr
achieved by competition of individual sink organs for resour
(Patrick, 1991) within constraints dictated by plant genotype, env
mental thresholds, and ambient environmental conditions (Fig
Competition between growing organs is mediated by the effect
growth has on resource availability and the relative ability of 
translocation system to provide carbohydrates to the growing or

Although actual organ growth potentials are nearly impossib
determine experimentally, they can be estimated by measuring 
growth in response to crop load manipulation in species that 
produce heavy crops naturally. In our work, we assume that mea
ments of individual fruit growth on trees that have had their initial c
load reduced by ≈90% are reasonable approximations of the poten
fruit growth rate under the given environmental circumstances. S
larly, measurements of leaf, branch, and trunk growth of defru
trees are assumed to be adequate approximations of the g
potential of these organs relative to their growth potential with no
crop loads.

Respiration costs are dealt with in two ways. Maintenance res
tion costs are assumed to have the highest priority for availab
(Crapo and Ketellaper, 1981) and estimated maintenance respi
costs are met before any growth occurs. Growth respiration cos
calculated with dry-weight growth costs of the various organs.

THE MODEL

Carbohydrate supply. A diagram of the current version of th
model is shown in Fig. 3, and details of the model and the com
program for the model are available in Grossman and DeJong (19
Daily C assimilation is calculated with a modified annual crop gro
model, SUCROS ‘86 (Simple and Universal crop growth simula
(van Keulen et al., 1982; van Kraalingen and Spitters, 1986),
explicitly simulates total daily canopy photosynthesis using Gaus
integration of the instantaneous leaf photosynthesis rate over ca
depth and diurnal light conditions (Goudriaan, 1986; Kropff et 
1987).
1436

Fig. 2. A diagram of the potential and realized growth of an organ. Solid a
Grossman, 1992).
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The assimilation module of SUCROS ‘86 was modified to acco
for the discontinuous canopy in a peach orchard. The effective leaf
index during the day is adjusted using data on the daily pattern of 
interception within peach orchards (DeJong and Goudriaan, 198
The light-saturated instantaneous photosynthetic rate is adjuste
the effect of air temperature (Y.L. Grossman, unpublished data),
age (DeJong and Doyle, 1984), and light exposure with canopy d
(DeJong and Doyle, 1985). Leaf area index is calculated from si
lated leaf weight using an experimentally determined average spe
leaf area (Y.L. Grossman, unpublished data).

Carbohydrate demand. The two components of carbohydra
demand, growth and respiration, are simulated daily. Maintena
respiration, the respiration associated with the upkeep of existing p
structures that is required for their persistence (Penning de V
1975), is simulated explicitly. The carbohydrate requirement 
growth is derived from the genetic potential for growth of each or
type, including the carbohydrate converted to dry matter and
respiratory cost of the conversion (Penning de Vries et al., 19
Penning de Vries and van Laar, 1982).

Maintenance respiration cannot be experimentally separated 
growth respiration on growing tissues. Several methods for dis
guishing between maintenance and growth respiration have 
developed (Amthor, 1989). In the mature-tissue method, mainten
respiration is estimated on a tissue that is no longer growing. In
regression method, the relationship between respiration rate
growth rate is measured, and respiration rate is extrapolated back
point of no growth.

Leaf maintenance respiration rates were estimated from previo
determined leaf-specific respiration rates using the mature-tis
method (Grossman and DeJong, 1994a). Stem, branch, and 
maintenance respiration rates at 20C were estimated using the re
sion method:

RS = RM + (G * RGR) [3]

where RS is the specific respiration rate (grams of carbohydrate 
gram dry weight per second), RM is the maintenance respiration ra
(grams of carbohydrate per gram dry weight per second), G is
growth respiration coefficient (grams of carbohydrate per gram 
weight), and RGR is the relative growth rate (grams dry weight 
gram dry weight per second). G for peaches (0.211 g carbohydr
dry weight) was used in the calculation (DeJong and Goudria
HORTSCIENCE, VOL. 29(12), DECEMBER 1994

rrows indicate mechanisms, dotted arrows indicate information transfer (DeJong and
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Fig. 3. Relational diagram illustrating C flow in the model. Boxes are state variables and valves are rate variables. Solid lines represent C flow and dashed lines
represent information flow (Grossman and DeJong, 1994b).
1989a). Current-year stems, branches, and trunk specific respir
rates (RSs) and relative growth rates (RGRs) were obtained experim
tally as previously described (Grossman, 1993; Grossman 
DeJong,1994a). The fruit maintenance respiration rate was d
mined from DeJong and Goudriaan (1989a). The maintenance r
ration rate for roots was set to the rate determined for branche
similar size.

Maintenance respiration is sensitive to temperature, approxima
doubling when temperature increases from 20 to 30C (Grossman
DeJong, 1994a). For this reason, the model calculates temperatu
maintenance respiration hourly. Hourly temperature is calcula
from air and soil minimum and maximum temperatures assumi
sinusoidal temperature pattern during the day and an expone
temperature decline during the night (van Kraalingen and Rapp
1987). The daily carbohydrate cost of maintenance respiratio
determined as the sum of the products of the hourly respiration 
and the dry weights for each organ type.

The model determines daily potential net sink strength for e
organ type from the seasonal patterns of organ growth pote
(Grossman, 1993). The daily conditional net sink strength, reflec
the effect of temperature on growth, is determined from the pote
net sink strength and the number of degree-days accumulated on
day. The carbohydrate cost of daily growth is calculated as the su
the carbohydrate equivalent weight of the dry weight added by gro
(sink strength) and the respiratory cost of that growth:
HORTSCIENCE, VOL. 29(12), DECEMBER 1994
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CG = (CEDM * DM) + (G * DM) [4]

where CG is the carbohydrate cost of the dry matter added (gram
carbohydrate per day), CEDM is the carbohydrate content of the dr
matter (grams of carbohydrate per gram dry weight), DM is the wei
of the dry matter added (grams of dry weight per day), and G is
growth respiration coefficient (grams of carbohydrate per gram 
weight). The carbohydrate content of leaves, current-year stems, f
trunk, and roots was estimated from tissue C content measure
pyrolysis (Microanalytical Laboratory, Dept. of Chemistry, Univ. o
California, Berkeley).

Carbohydrate partitioning. Carbohydrate partitioning is simulated
daily. As it is generally accepted that an insufficient carbohydr
supply reduces growth before it reduces maintenance (Crapo 
Ketellapper, 1981), the model supplies carbohydrate for maintena
respiration requirements before supplying carbohydrate for grow
The carbohydrate requirements for growth are satisfied based on
conditional net sink strengths of the growing organs and their prox
ity to the source. This approach is similar to that taken in modeling
growth of potatoes (Solanum tuberosum L.) (Ng and Loomis, 1984),
grapevines (Vitis vinifera L.) (Wermelinger et al., 1991), and kiwifruit
[Actinidia deliciosa (A. Chev.) C.F. Liang & A.R. Ferguson var
deliciosa ‘Hayward’] (Buwalda, 1991). All carbohydrate partitioning
is characterized in terms of dry-weight gain, representing the we
of structural growth and carbohydrate storage reserves.
1437
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The calculation of sink strength is simplified by grouping organ
the same type together, although it is recognized that transport o
to individual growing organs. The fruit, leaves, stems, and bran
are modeled as being closest to the source, followed by the trun
finally the roots. Daily carbohydrate availability is calculated a
maintenance respiration and the carbohydrate cost of fruit, leaf, 
and branch growth potential are calculated. Growth occurs a
potential rate if sufficient carbohydrate is available. If there is
enough carbohydrate available to support potential growth, t
organs compete for carbohydrate based on their sink strength
fraction of potential growth that can be supported is calculated a
ratio of carbohydrate available after maintenance respiration t
carbohydrate requirement for potential growth. This fraction is m
plied by the potential growth of each organ type to determine o
growth. Trunk growth is determined in the same manner by calcul
the ratio of carbohydrate available after fruit, leaf, stem, and br
growth to the carbohydrate cost of trunk growth potential. Carb
drate remaining after trunk growth supports root growth.

For the first 150 degree-days after bloom (2 weeks), fruit, lea
stems, and branches are allowed to grow at their conditional gr
rates, unrestricted by carbohydrate availability. The carbohyd
represented by the difference between C assimilation and car
drate required to support maintenance respiration and grow
assumed to come from stored carbohydrate and is deducted fro
1438

Fig. 4. Simulated, calibration, and experimental seasonal patterns of organ
fraction of potential growth allowed by the model for peach trees that w
for defruited trees. Calibration curves for fruit and vegetative growth po
trees, respectively (Grossman, 1993). Calibration curves and simula
availability restricted growth on several days. Where calibration curve 
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dry weight of the trunk and roots. During the rest of the seas
carbohydrate demand is supplied only by daily C assimilation.

In this modeling approach, the daily C budget is balanced
assigning carbohydrate remaining after fruit, leaf, stem, branch,
trunk growth, and respiration demands are met to root growth.
attempt is made to account for carbohydrate loss from the roots by
root turnover, exudation, and increased respiration during ac
nutrient transport. For this reason, although the model calculates
growth, the values should more reasonably be attributed to 
activity, including structural and storage biomass gain and metab
processes.

MODEL SIMULATIONS

Input data for model simulations included tree attributes (initial 
weights of fruit, leaves, stems branches, trunk, and roots; numb
fruit at bloom and after thinning; thinning date) and environmen
data (minimum and maximum air and soil temperatures, solar ra
tion).

Details concerning collecting input data, model calibration, a
model accuracy are available elsewhere (Grossman, 1993; Gros
and DeJong, 1994b). We will concentrate only on demonstrating 
model simulations may be used to study aspects of plant growth
development that are very difficult to study experimentally.
HORTSCIENCE, VOL. 29(12), DECEMBER 1994

 dry weight per tree under calibration conditions: individual fruit dry weight and the
ere heavily thinned at bloom, and leaf, stem, branch, and trunk dry weight per tree
tentials were obtained from field data for growth on heavily thinned and defruited
tion curves under calibration conditions differ because simulated carbohydrate
is not distinguishable, it coincides with simulation curve.
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Fig. 5. Simulated and experimental seasonal patterns of individual fruit dry weight, the fraction of potential growth allowed by the model, and leaf, stem, branch,
and trunk dry weight per tree for peach trees that were thinned 8 weeks after bloom (Grossman and DeJong, 1994b).
Although crop load can significantly influence vegetative d
matter production (Forshey and Elfving, 1989; Heim et al., 19
Lenz, 1974), the timing and nature of these interactions are lar
unknown. Simulations of seasonal dry-weight gain of the various p
organs and estimates of the daily carbohydrate investment 
associated with the growth of each organ (Figs. 4–6) on trees
specific variety, crop load, and time of thinning indicate the natur
these interactions. As is generally known, fruit are the dominant 
for much of the time under normal cropping conditions. The mo
indicates that leaves are also a major sink during the early part o
season. The woody parts of the tree dominate the postharvest p

Comparing simulations of organ growth under various croppin
environmental conditions allows the development of an integra
picture of the effects of changed conditions on that organ’s gro
(Fig. 7). This approach is particularly suitable for root activity beca
the model assumes that the root receives all of the residual carb
drate available after the requirements of other organs are met
though modeling carbohydrate partitioning to roots may overestim
root activity under certain conditions, the model clearly shows w
cropping may have large effects on root growth (Heim et al., 19
Lenz, 1974).

The model allows the calculation of quantitative estimates for d
C assimilation, respiration, and growth over the season (Fig
Although these calculations depend on many assumptions and w
vary greatly depending on environmental conditions, they cle
indicate the potential significance of maintenance respiration in
tree’s overall C balance. They indicate seasonal C use vs. assimil
HORTSCIENCE, VOL. 29(12), DECEMBER 1994
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previously unavailable for tree crops. An unusual feature of t
modeling approach is that carbohydrate partitioning coefficients to
various organ types are a product of the model (Fig. 9) rather than
input since our modeling approach uses organ growth potentials a
primary determinants of carbohydrate use. In contrast, most p
simulation models partition carbohydrates according to assumed 
titioning coefficients. The simulations indicate that almost all t
carbohydrate is partitioned to fruit during the first few days befo
noticeable leaf activity begins. Then, as soon as leaf growth sta
partitioning shifts to leaf growth. The fruit regain dominance as t
primary sink ≈1 month later. Stems and branches receive a relativ
small share of the carbohydrates until after harvest.

In retrospect, none of the results of these different types of sim
tions are particularly surprising. In fact, they seem to agree with m
previous results and concepts regarding tree growth and crop pro
tivity. Taken together, the modeling approach we have used descr
tree and crop growth on a real-time basis and provides a conce
basis for developing integrated working hypotheses for understan
tree function. Model predictions can be used as experimental hyp
eses to be tested in the field. Alternatively, previous experimen
results can be reexamined to determine if they substantiate m
predictions. Furthermore, computer simulation allows dynamic in
gration of the effects of various input factors, such as crop load, f
growth potential, and the environment, on tree growth and c
production. Thus, we believe that this modeling approach can b
powerful aid to developing and understanding some unifying conce
in horticultural crop production.
1439
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Fig. 6. Simulated seasonal patterns of daily carbohydrate investment costs of growth of fruit, leaves, stems, branches, trunk, and roots of peach trees that were thinned
8 weeks after bloom. Note scale change on graph pertaining to branches (Grossman and DeJong, 1994b).
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Fig. 8. Simulated seasonal pattern of daily C assimilation, maintenance respiration, growth respiration, and growth of peach trees that were thinned 8 weeks after
bloom. Values can be converted to grams of carbohydrate per square meter per day dividing by 8 (Grossman and DeJong, 1994b).

Fig. 7. Simulated seasonal pattern of dry-weight accumulation in roots per tree for peach trees that were defruited; heavily thinned at bloom; thinned 2, 4, or 8 weeks
after bloom; and left unthinned (Grossman and DeJong, 1994b).
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Fig. 9. Simulated seasonal patterns of the partitioning coefficients for fruit, leaves, stems, branches, trunk, and roots of peach trees that were thinned 8 weeks after
bloom (Grossman and DeJong, 1994b).
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