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To achieve its maximum organ growth potential, an organ must grow at its potential relative growth rate (RGR)
throughout development, When resource availability limits growth, the RGR is reduced below the potential RGR.
This study examines whether, following a period of resource-limited growth, the RGR is able to increase to the
potential RGR when sufficient resources are available. Fruit RGRs of 4 late maturing peach cultivar were examined
following remeval of most of the fruits (heavy thinning) from previously unthinned trees in Apr., May, and Jun. The
fruit RGRs after imposition of the thinning treatments were higher than those on unthinned trees during source-
limited periods of the growing season, suggesting that fruit RGR can increase in respense to increased resource
availability. In general, the RGRs of fruits on trees thinned in Apr., May, and Jun. did not exceed those of fruits on
trees thinned at bloom, suggesting that heavy thinning at bloom provides a reasonable estimate of the potential RGR.
There were times, however, when the effects of competition with vegetative sinks were apparent, suggesting that the
RGR of fruits on trees that were heavily thinned at bloom may underestimate the potential RGR during these times.
The absolute growth rates of fruits on thinned trees were greater than those on unthinned trees, but generally were
not greater than those on trees that were thinned at bloom, suggesting that peach fruits are unable to recover potential

growth lost during resource-limited growth periods.
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INTRODUCTION

Although resource limitations on plant organ growth are
widely recognized (Lloyd, 1980; Stephenson, 1981; Patrick,
1988; Ho, Grange and Shaw, 1989) there has been little
experimental examination of the seasonal patterns of these
limitations. The concept of maximum organ growth
potential has been used to detect seasonal patterns of
resource limitations on peach fruit growth (Pavel and
DelJong, 1993; Grossman and Delong, 1995). Maximum
organ growth potential is genetically determined and is
attained when an organ is grown under optimal environ-
mental conditions in the presence of a non-limiting supply
of carbon and other resources (Warren Wilson, 1967, 1972;
Wareing and Patrick, 1975; Ho, 1984, 1988; Ho et al., 1989,
Farrar, 1993). The maximum organ growth potential
represents the potential capacity of an organ to accumulate
assimilates.

To achieve its maximum organ growth potential, an
organ must grow at its potential relative growth rate
{(RGR), the potential rate of increase in dry weight per unit
dry weight per unit time, throughout development. When
resource availability limits growth, the RGR is reduced
below the potential RGR (Warren Wilson, 1967, 1972;
Wareing and Patrick, 1975; Ho, 1984, 1988; Ho er af., 1989;
Farrar, 1993). The concept of maximum organ growth
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potential postulates that, following a period of source-
limited growth, the RGR increases to the potential RGR if
resource supply exceeds demand. Thus, at a given de-
velopmental stage, organs of different sizes and different
resource supply histories have the potential to grow at the
same RGR.

This hypothesis is supported by the data of Choe er al.
(1988) indicating that, under comparable conditions, the
RGRs of wild radish seedlings (introgressive hybrids of
Raphanus raphanistrum and R. sativus) grown from seeds of
differing weights are not significantly different. Further
support comes from experiments on potato plants with two
fast-growing tubers. The absolute growth rate of one tuber
increased when the growth of a competing tuber was
slowed by cooling it to 8 °C (Engels and Marschner, 1986).
This indicates that tubers are able to increase their relative
growth rates in response to increased resource availability.

The hypothesis that the RGR attains the potential RGR
under conditions of sufficient resource supply may not be
universally applicable (Wardlaw, 1990). It is possible that
following a period of resource limitation, the maximum
possible RGR of two organs at the same developmental
stage might differ if one had previously experienced a
resource limitation and the other had not. For example, in
many fruits, the majority of cell divisions are completed
within the first several weeks after bloom (Denne, 1960;
Blanpied and Wilde, 1968 ; Scorza et al., 1991). If individual
fruits are subject to resource limitations during the cell
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division phase of growth, they might complete fewer cell
divisions, reducing their subsequent growth potential.

Many experimental manipulations reduce organ growth
over the course of a season. Maximum organ growth
potential can be used to investigate whether these reductions
result from continuous or episodic reductions in organ
growth rate. For example, the timing of resource limitations
on fruit growth under a variety of thinning treatments could
be examined if the maximum fruit growth potential were
known. Estimating growth potentials requires elimination
of competing sinks {Wareing and Patrick, 1975; Ho, 1988;
Ho et al., 1989). In two studies, maximum growth potential
of peach fruits was estimated by removing most of the fruits
from the tree at the time of bloom which eliminated most of
the fruit—fruit competition but did not eliminate other
competing sinks such as developing shoots, roots and
cambium (Pavel and DeJong, 1993 ; Grossman and DeJong,
1995). In fact, vegetative growth was much more vigorous
on heavily-thinned trees than on unthinned trees (Grossman
and Delong, 1995, unpubl. res.}. This vigorous vegetative
growth might have competed with fruit growth, reducing
the resource availability to the remaining fruits compared to
resource availability on unthinned trees. If this were the
case, the RGR of fruits on the heavily-thinned trees would
have underestimated the potential RGR.

The present study investigates two questions about the
concept of maximum fruit growth potential. The first
question is: can previously resource-limited fruits increase
their RGR in response to increases in resource availability?
This was examined by reducing fruit—fruit competition on
previously unthinned trees at several times during the
season. The second question is: does heavy thinning at
bloom reasonably estimate maximum fruit growth po-
tential? This was addressed by comparing fruit RGRs on
trees that were heavily thinned at bloom to fruit RGRs on
trees that were heavily thinned later in the season. An
ancillary question is: can the absolute growth rate of
previously resource-limited fruits exceed that of fruits on
trees that were heavily thinned at bloom, allowing their
weight to ‘catch up’ to fruits on earlier thinned trees?

METHODS
Thinning treatments

The fruits analysed in this study were grown in 1991, on
trees of a mid-Aug. maturing peach cultivar [Prunus
persica (L.} Batsch ¢v. Cal Red] that were planted in 1984 at
the University of California Kearney Agricultural Center in
Parlier, California, USA. Tree spacing and horticultural
care are described in Grossman and DeJong (1995).

Most of the flowers were removed from five replicate trees
shortly before full bloom (heavy thinning) in order to
estimate maximum fruit growth potential on the remaining
fruits {Table 1). To examine the effect of substantially
reducing fruit—fruit competition later in the growing season,
most of the fruits were removed from five previously
unthinned trees in Apr., May, and Jun. (Table 1).
Throughout the remainder of the paper, trees that were
heavily-thinned at bloom, and in Apr., May, and Jun. are
referred to as bloom-, Apr.-, May-, and Jun.-thinned,
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TABLE 1. Treatment dates, average final fruit dry weights,
and fruit numbers for a late maturing peach cultivar, Cal Red,
that was heavily thinned on different dates

Degree-days Final weight

Thinning after per fruit Fruit
time Date bloom (g) number
Bloom 28 Feb. 91* —35 52-5%% 66°
Apr. 9 Apr. 91 166 53.3% 578
May 21 May 91 521 394" 62°
Jun. 10 Jun. 91 822 35:2¢ 53
Unthinned n.a. na. 20-64 378°

* Bloom-thinned trees were rethinned on 9 Apr. 1991 to remove
fruits missed during initial thinning.

t Different letters indicate significantly different means, Tukey’s
Studentized Range Test, P < 0-05.

n.a., Not applicable.

respectively, Fruit growth on unthinned trees was also
monitored.

Fruit dry weights were determined every 2 weeks as
described in Grossman and DeJong {1995). All data were
expressed on the basis of accumulated degree-days after
bloom, a developmental index that integrates the effects of
time and temperature on plant growth (Zalom et al., 1983),

" using weather data acquired by the California Irrigation

Management Information System (CIMIS) weather station
located at the Kearney Agricultural Center. Degree-days
were calculated using the single sine, horizontal cut-off
method, with critical temperatures of 7 and 35 °C (DeJong
and Goudriaan, 19894).

Data analysis

The functional approach, employing mathematical func-
tions to fit observed data, was used to obtain instantaneous
estimates of fruit growth (Elias and Causton, 1976; Hunt,
1979, 1982; Parsons and Hunt, 1981). Fruit growth curves
were fitted as cubic splines using the method of least-squares
regression on logarithmically-transformed dry weight data
for each fruit on each measurement day vs. degree-days
after bloom (SAS REG procedure, SAS Institute, Inc., SAS
Circle Box 8000, Cary, NC, USA). Because global equations
tend to smooth abrupt changes in the first derivative caused
by the imposition of an experimental treatment such as
thinning (Wickens and Cheeseman, 1988), thinning date
was used as the initial time value for equations fitted to the
experimental data for each treatment. Because of the
sensitivity of the fitting procedure to the initial time value,
companion equations for bloom-thinned and unthinned
treatments were calculated using the same initial time
values. All statistical comparisons were made between fitted
curves with the same initial values.

Instantaneous estimates of relative growth rate (RGR)
were obtained as the first derivatives of the fitted growth
functions [Grossman and DeJong, 1995, eqn (2)]. In-
stantaneous estimates of absolute growth rate (AGR) were
obtained as the first derivatives of the exponential form of
the fitted equations [Grossman and Delong, 1995, eqn
(3)]. Variances of the estimates of fruit dry weight, RGR,
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and AGR were calculated from the variance—covariance
matrix (Steel and Torrie, 1980; Miller, 1986; Casella and
Berger, 1990; Grossman, 1993). All statistical comparisons
of the derivative curves were made using the expected values
and variances from the fitted equations at 100 degree-day
intervals. Tests for significant differences (P < 0-05) between
expected values of RGR and AGR for the different
treatments were based on an asymptotic normal statistic
(Z). Tukey’s Studentized Range Test was used to make
comparisons between mean fruit dry weights for each of the
treatments.

RESULTS

Final fruit dry weights were significantly greater on earlier
than on later-thinned trees, with the exception that fruit
weights on bloom- and Apr.-thinned trees were not different
(Fig. 1, Table 1). Significant differences between fruit dry
weights on bloom-thinned and unthinned trees were detected
within 220 degree-days (6 weeks) after bloom. Differences in
fruit dry weights between fruits on thinned and unthinned
trees appeared on the day after thinning for the Apr. and
May thinnings (7 and 20 degree-days, respectively), and 220
degree-days (2:5 weeks) after thinning for the Jun. thinning,
Significant differences in dry weight persisted from the time
of initial detection through harvest.

Cubic splines with knots at 700 and 1400 degree-days
{125 and 185 weeks) were fitted to logarithmically-
transformed dry weight data vs. degree-days after bloom for
the bloom- and Apr.-thinned treatments; cubic splines with
a knot at 1400 degree-days were fitted for the May-thinned
treatment, and cubic equations with no knots were fitted for
the Jun.-thinned treatment (Fig. 1). The fruit RGRs on
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F1G. 1. Seasonal patterns of mean individual fruit dry weight on trees
of a late maturing peach cultivar, Cal Red, that were heavily thinned
on different dates. Bars representing 1 standard error of the mean fit
within the symbols, Lines represent the exponential form of equations
fitted to the natural logarithm of dry weight fit beginning 217 degree-
days after bloom for bloom-thinned, Apr.-thinned, and unthinned
trees, beginning 536 degree-days after bloom for May-thinned trees,
and beginning 342 degree-days after bloom for Jun.-thinned trees,
Time of thinning: (@), bloom (35 d before bloom); (M), Apr. (166 d
after bloom); (A), May (521 d after bloom); (W), June (822 d after
bloom); @, unthinned.

563

Relative growth rate
(mg g™ dd™! fruit™)

Difference between RGRs
(mgg™! dd? fruit™)

0 500 1000 1500 2000
A A A 0

& weeks 10 weeks 15 weeks 20 weeks

Degree-days and weeks after bloom

F1G. 2. A, Secasonal patterns of relative growth rate (RGR) for fruits on
a late maturing peach cultivar, Cal Red, that were heavily thinned at
bloom (——) or left unthinned (-—-). Bars indicate one standard
deviation of the expected value of RGR at 100 degree-day intervals
after bloom (bars fit within linc where not visible). B, Seasonal pattern
of the difference between the RGR of fruits on bloom-thinned and
unthinned trees. Bars represent 95 % confidence limits for the difference.
Differences between the means are significant (P < (-05) at time points
where bars do not overlap the zero axis.

bloom-thinned and unthinned trees showed a rapid initial
decline for the first 400 degree-days after bloom, followed
by a slower period of decline until about 650 degree-days
after bloom, then a relatively constant RGR until harvest
(Fig. 2A). RGRs for fruits on Apr.-, May-, and Jun.-
thinned trees showed similar patterns.

Significant differences between the fruit RGRs on bloom-
thinned and unthinned trees were detected from bloom until
700 degree-days (0—12-5 weeks) after bloom, and from 1700
to 2000 degree-days after bloom (21-23-5 weeks) (Fig. 2).
Similar seasonal patterns were observed when the fruit
RGRs on Apr.-, May-, and Jun.-thinned trees were
compared with the fruit RGRs on unthinned trees (Fig. 3).
However, significant differences between the fruit RGRs on
Apr.-thinned and unthinned trees were detected beginning
1000 degree-days after bloom (15 weeks), carlier than they
were detected between fruit RGRs on bloom-thinned and
unthinned trees (Figs 2B and 3A).

Throughout most of the fruit growth period after thinning,
the RGRs of fruits on bloom-thinned and later-thinned
trees were not significantly different (Fig. 4). The fruit RGR
on Apr.-thinned trees was less than the RGR of fruits on
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Fi16G. 3. Seasonal patterns of the differences between the RGRs of fruits

on (A} Apr.-, (B) May-, (C) Jun.-thinned and unthinned trees. Bars

represent 95 % confidence limits for the difference. Differences between

the means are significant (P < 0-05) at time points where bars do not
overlap the zero axis.

bloom-thinned trees at 400 and 500 degree-days (9 and 10-5
weeks) after bloom, and was greater than the RGR of fruits
on bloom-thinned trees at 1200 and 1300 degree-days (17
and 18 weeks) after bloom (Fig. 4A). The RGRs of fruits on
May- and Jun.-thinned trees exceeded the RGR of fruits on
bloom-thinned trees for perieds of 300 and 400 degree-days
(3 and 3-5 weeks) after thinning, respectively (Fig. 4B, C).

The fruit AGRs gn bloom-thinned and unthinned trees
increased to an initial maximum at about 500 degree-days
(10-5 weeks), reached a local minimum at about 1100
degree-days (165 weeks), then increased until 1800 degree-
days (22 weeks) (Fig. 5). Significant differences between fruit
AGRs on bloom-thinned and unthinned trees were detected
from 100 to 1900 degree-days (3-5-22-5 weeks). At 2000
degree-days (23-5 weeks) after bloom, the magnitude of the
fruit AGR on unthinned trees was lower than that on
heavily-thinned trees, however, no significant difference was
detected due to the poor predictive ability of the fitted
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Fi1G. 4. Seasonal patterns of the differences between the RGRs of fruits

on bloom-thinned and (A) Apr.-, (B) May-, (C) Jun.-thinned trees.

Bars represent 95% confidence limits for the difference. Differences

between the means are significant (P < 0-03) at time points where bars
do not overlap the zero axis.

equations near their endpoints. Similar seasonal patterns
were observed when the fruit AGRs on Apr.-, May-, and
Jun.-thinned trees were compared to the fruit AGR on
unthinned trees, and significant differences were detected on
all dates tested (Fig. 6).

Throughout most of the season, the fruit AGRs on
bloom- and Apr.-thinned trees were not significantly
different with the exception of 1200 and 1400 degree-days
after bloom (17-18-5 weeks, Fig. 7A). In contrast, significant
differences between fruit AGRs on bloom- and May-thinned
trees were detected on all dates except 1700 degree-days (21
weeks, Fig. 7B). Significant differences between {ruit AGRs
on bloom- and Jun.-thinned trees were detected from 1100
to 1900 degree-days (16-5-22-5 weeks, Fig. 7C).

DISCUSSION

Decreasing fruit—fruit competition by removing most of the
fruits from the tree increased final fruit dry weight (Fig. 1,
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FiG. 5. A, Seasonal patterns of abselute growth rate (AGR) for fruits
on a late maturing peach cultivar, Cal Red, that were heavily thinned
at bloom {——) or left unthinned (——-). Bars indicate 1 standard
deviation of the expected value of AGR at 100 degree-day intervals
after bloom. B, Seasonal pattern of the difference between the AGR of
fruits on bloom-thinned and unthinned trees. Bars represent 95%
confidence limits for the difference. Differences between the means are
significant {P < 0-05) a1 time points where bars do not overlap the zero
axis.

Table 1, Johnson and Handley, 1989; Grossman and
Delong, 1994, 1995). This confirms the hypothesis that
fruit growth on unthinned trees was resource-limited over
the course of the season. As reported previously, source-
limited growth periods, periods when fruit RGRs on thinned
and unthinned trees were significantly different from one
another, alternated with periods when no source limitation
was detected (Figs 2 and 3; Pavel and DelJong, 1993;
Grossman and DeJong, 1995).

The detection of significant differences between fruit
RGRs on Apr.-, May-, Jun.-thinned and unthinned trees
gives an affirmative answer to the first question posed in the
Introduction: the RGR of previously source-limited fruits
(i.e. fruits on previously unthinned trees) increased when
additional resources were made available by thinning, Thus,
although limited resource availability early in fruit de-
velopment reduced fruit size and may have reduced cell
number and/or cell size compared to bloom-thinned fruits,
the fruits retained the ability to respond to increases in
resource availability by increasing their RGRs.

In general, increasing resource availability to previously
source-limited fruits increased the RGR to near that of
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FIG. 6. Seasonal patterns of the differences between the AGRs of fruits

on (A) Apr.-, (B} May-, (C} Jun.-thinned and unthinned trees. Bars

represent 95 % confidence limits for the difference. Differences between

the means are significant (P < 0-05) at time points where bars do not
overlap the zero axis,

fruits on bloom-thinned trees (Fig. 4). This suggests that the
RGR of fruits on bloom-thinned trees provides a reason-
able estimate of the potential RGR. However, the effects of
competition with other sinks were apparent, suggesting that
the RGR of fruits on bloom-thinned trees may under-
estimate the potential RGR at certain times. For exampie,
fruit RGRs on May- and Jun.-thinned trees exceeded the
fruit RGR on bloom-thinned trees for a period immediately
after thinning (Fig. 4B, C). By the May thinning date, shoot
extension growth had substantially slowed (Grossman and
DeJong, unpubl. res.). Immediately following thinning, the
vegetative sink demand was probably lower on the pre-
viously unthinned trees than on the bloom-thinned trees,
because thinned trees produced more vegetative growth
than unthinned trees, and earlier-thinned trees produced
more vegetative growth than later-thinned trees (Grossman
and DelJong, unpubl. res.). It may have taken several
weeks after thinning to activate additional vegetative sink
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F1G. 7. Seasonal patterns of the differences between the AGRs of fruits

on bloom-thinned and (A) Apr.-, (B) May-, (C) Jun.-thinned trees.

Bars represent 95% confidence limits for the difference. Differences

between the means are significant (P < 0-05) at time points where bars
de not overlap the zero axis.

demand. Once additional vegetative sinks had developed,
the RGRs of fruits on May- and Jun.-thinned trees no
longer exceeded the RGR of fruits on bloom-thinned trees.
The rapid response of the fruit RGR to heavy thinning
suggests that the resource limitations prior to thinning
are due to resource supply and not to transport
capacity.

The fruit RGR on Apr.-thinned trees was significantly
less than the fruit RGR on bloom-thinned trees from 400 to
500 degree-days (9-10-5 weeks), a period of active shoot
extension growth (Fig. 4 A, Grossman and DeJong, unpubl.
res.). It may be that the additional resources made available
by removing a large number of fruits were not sufficient to
increase the RGR of fruits on Apr.-thinned trees to the level
of the RGR of fruits on bloom-thinned trees due to
competition from vegetative sinks.

The source-limited fruit growth periods may have been
longer than the periods detected because the RGR of fruits

Grossman and DeJong—Maximum Fruit Growth Potential Following Resource Limitation

on bloom-thinned trees appears to have somewhat under-
estimated the potential RGR. However, the results of this
study confirm that a period of growth with no detectable
source limitation occurs ¢n unthinned trees {DeJong and
Goudriaan, 19895 ; DeJong, Johnson and Castagnoli, 1990;
Pavel and DelJong, 1993; Grossman and DeJong, 1995). In
all thinning experiments, regardless of the time of thinning,
there was a period during which the RGR did not exceed the
RGR on unthinned trees (Figs 2 and 3). If fruit growth
during this peried had been source-limited, one would have
expected heavy thinning to increase the fruit RGR on
thinned trees above that on unthinned trees. Growth periods
without source limitations have also been identified in corn
and soybean seeds (reviewed in Patrick, 1988). In these
seeds, there are periods when starch accumulation appears
to be limited by the capacity for starch synthesis rather than
by sucrose concentration in the seed or the rate of sucrose
import.

The fruit AGRs represent the rate of dry weight
accumulation by individual fruits. All thinning treatmerts
increased the fruit AGRs compared with the fruit AGR on
unthinned trees (Figs 5 and 6). Because AGR is the product
of dry weight and RGR, the increases in AGR following
thinning were caused by increases in fruit dry weight (Fig. 1)
and, during some periods, increases in fruit RGR (Fig. 3).
Although thinning resulted in increases in fruit RGR, the
weight of fruits on later thinned trees could not ‘catch up’
to the weight of fruits on earlier thinned trees because this
would have required that the fruit AGR exceed that on
bloom-thinned trees, a situation that occurred only once,
briefly, on Apr.-thinned trees (1200-1400 degree-days,
17-18-5 weeks, Fig. 7). Although these fruits were not
significantly larger than fruits on bloom-thinned trees (Fig.
1), their RGR was greater from 1200 to 1300 degree-days
(17-18 weeks, Fig. 3A). Thus, peach fruits are not able to
recover potential growth lost during resource-limited growth
periods. At the commercial level, this suggests that fruit
thinning should be carried out early in the season, before
resource limitations produce irrevocable reductions in fruit
absolute growth rate for the remainder of the season
(Johnson and Handley, 1989; Yoshikawa and Johnson,
1989; Grossman and DelJong, 1995).

This study supports the hypothesis that resources can be
made available to individual organs by reducing competition
from other sinks, as suggested by Wardlaw {1968}, Wareing
and Patrick (1975), Lloyd (1980), Stephenson (1981}, and
others. It also offers support to the hypothesis that sink
regions exercise major control over resource partitioning
within the plant by competing with one another {Gifford
and Evans, 1981; Ho et af., 1989; Patrick, 1991; Delong
and Grossman, 1992; Grossman and DeJong, 1995 and
unpubl. res.). The basis for the competitive ability of a sink
is its maximum organ growth potential. However, there are
few quantitative descriptions of the seasonal patterns of
maximum organ growth potential in the source—sink
literature (Warren Wilson, 1967, 1972, Wareing and Patrick,
1975; Ho et al., 1989; Farrar, 1993). The estimate of the
maximum growth potential of peach fruits obtained by
heavily thinning peach trees at bloom appears to be
reasonable for most of the growing season, although it may
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underestimate the actual growth potential during periods of
heavy competition from vegetative growth., Peach fruits
appear to be unable to recover potential growth lost during
resource-limited growth periods. A simulation model of
peach tree growth that uses estimated fruit and vegetative
maximum growth potentials to determine carbon partition-
ing between reproductive and vegetative growth predicts
resource-limited growth periods similar to those described
in this experimental study (Grossman and Delong, 1994),
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