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Abstract 

Over the past thirty years, along with students and colleagues, I have conducted 
research on numerous aspects of peach trees and peach orchard systems in order to 
better understand how trees grow and produce a crop. This understanding has helped 
identify key ecophysiological limitations to tree growth and crop yield potential in 
various orchard systems. While it is clear that one of the primary limitations to 
increasing yield is photosynthetic capacity, no one has ever succeeded in enhancing 
constitutive leaf photosynthetic capacity in fruit trees and the only thing that can be 
practically done to maximize photosynthesis at the orchard level is to optimize light 
capture and provide adequate water and nutrients. Therefore it is important to under-
stand how photosynthates are used and the ecophysiological limitations to their optimal 
utilization in order to identify key limitations to tree growth and cropping potential that 
can be affected by crop breeding or orchard management. 

We have approached these problems by developing a functional-structural 
peach tree model that has served as a guide to focus research on specific details about 
tree, fruit and root growth and respiration as well as the dynamics of long term carbo-
hydrates (CHO) storage and mobilization. Collectively the crop modeling has identified 
key “bottlenecks” that limit the cropping potential of peach trees. 

These “bottlenecks” include factors such as: tree anatomical and architectural 
characteristics, the dynamics of fruit growth, carbohydrate storage and carbohydrate 
mobilization and transport; to name a few. These factors are discussed in the context of 
identifying opportunities for future research that can reduce the effect of these “bottle-
necks” and improve cropping potential.  
 
INTRODUCTION 

Ultimately crop productivity is dependent on the efficiency of photosynthesis or the 
accumulation of dry matter and the allocation of photosynthates or dry matter to economic 
end-products (Cooper, 1976). Using an economic analogy, this can be thought of as a 
problem of understanding supply and demand. Supply of photosynthates or dry matter on 
the one hand and their allocation to fulfill demands for photosynthates on the other. 

Early research into fruit tree photosynthesis often focused on the question of  
whether photosynthesis is primarily driven by the presence of crop or crop load (Avery, 
1975; Chalmers et al., 1975; Crews et al., 1975; Hansen, 1970) and there is evidence that 
crop can have effects on leaf stomatal conductance (DeJong, 1986, 1987). However most 
of these studies are largely irrelevant to the question of understanding the ecophysiological 
limits to yield in peach trees because in order to have yield, fruit must be present, and so 
leaf photosynthetic behavior in the absence of fruit does not matter. There is little debate 
about the fact that photosynthesis in the presence of fruit is mainly driven by light energy 
and can be affected by prevailing environmental conditions such as temperature and 
ambient CO2 concentrations as well as the water and nutrient status of the tree. Therefore 
this paper will first focus on environmental and constitutive factors that influence photo-
synthesis. Then the demand side of the equation will be explored and the factors controlling 
the allocation of photosynthates or dry matter will be discussed. Both the supply and 
demand sides of the equation will be discussed in the context of what plant breeders or 
growers can do to enhance cultivars and management practices to optimize economic 
yields.  

In the case of peach and most fleshy fruit crops it is important to point out the 
difference between economic yield and total yield. There is a well-known relationship 
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between fruit size (and quality) and crop load. Invariably, fruit size is inversely related to 
crop load (Cain and Mehlenbacher, 1956) and the economics of peach crop marketing are 
such that maximizing yield is much less important than optimizing yield of fruit of adequate 
size and quality to meet the demands of the consumer. So for the purposes of this paper the 
primary objective is to determine what factors affect the fruit size/crop load relationship 
with the objective of determining what can be done to change the fundamental relationship 
toward achieving more yield at a given fruit size or greater fruit size at a given yield. In 
other words the objective of this paper is to explore what can be done to change the 
fundamental relationship between the fruit size vs. crop load relationship shown in Figure 
1. For the purposes of this discussion we will consider that the trees are not stressed by lack 
of water, nutrients or pest control measures.  
 
The Supply Side 

Like virtually all other temperate deciduous tree fruit species, peach leaves exhibit 
the classic characteristics of leaves having the C3 biosynthetic pathway of photosynthesis 
(Brown, 1994). Maximal reported rates of leaf CO2 assimilation are around 20-22 µmoles 
m-2 s-1 (DeJong et al., 1989) while many researchers have reported lower values (Flore and 
Lakso, 1989). Leaf carboxylation efficiency appears to saturate well beyond intercellular 
CO2 concentrations of 300 µL L-1 (DeJong, 1983; Rosati et al., 1999) and estimated 
intercellular CO2 concentrations under normal conditions have been reported to be between 
180 and 250 µL L-1 (DeJong, 1983, 1986a). Individual leaf CO2 assimilation appears to 
approach light saturation at 700-1,000 µmoles m-2 s-1 depending on the leaf position in the 
canopy (DeJong, 1983; Kappel and Flore, 1983; Rosati et al., 1999). Leaf mass per unit 
area and leaf nitrogen concentration are nonlinearly related to absorbed photosynthetically 
active radiation (PAR), and there is a weak linear relationship between leaf nitrogen concen-
tration per unit mass and absorbed PAR (Walcroft et al., 2002) but a strong relationship 
between leaf nitrogen per unit leaf area (DeJong, 1983; DeJong and Doyle, 1985; DeJong 
et al., 1989). The leaf Ribulose bisphosphate carboxylase content increases with the amount 
of nitrogen applied to young trees (Nii et al., 1997). In the canopy, spatial variability in 
photosynthetic capacity results from acclimation to varying absorbed PAR as the crown 
develops; acclimation being driven principally by changes in leaf mass per unit area rather 
than the amount or partitioning of leaf nitrogen (Rosati et al., 2000; Walcroft et al., 2002). 

The leaf photosynthesis apparatus of peach appears to be fairly insensitive to 
changes in temperature between 20 and 32°C but can be substantially inhibited by temper-
atures above and below this range (Crews et al., 1975; Girona et al., 1993). 

Although it is widely accepted that leaf age strongly affects the photosynthetic 
capacity of individual leaves of most species (Flore and Lakso, 1989), there is very little 
data available specifically for peach. Peach tree canopies grow quite rapidly and peach leaf 
CO2 assimilation capacity is strongly influenced by internal canopy shading (DeJong et al., 
1989; DeJong and Doyle, 1985; LeRoux et al., 2001; Marini and Marini, 1983; Rosati et 
al., 1999). Therefore it is difficult to separate leaf age effects from changes in leaf light 
exposure in natural growing, field canopies. It is apparent that leaves in the most exposed 
parts of the tree canopies tend to maintain relatively constant photosynthetic capacities in 
the absence of major stress during the middle part of the growing season from May to 
September (in the northern hemisphere) (DeJong, 1986). 

There have been dramatic changes in peach genetic characteristics through domest-
ication and breeding over the past couple of centuries. However, crop improvement efforts 
in peach have primarily focused on fruit quality traits and timing of fruit maturity. The 
resulting changes have apparently had little effect on leaf photosynthetic characteristics of 
peach (Quilot et al., 2004) although there appears to be substantial variability in the related 
Prunus species that are primarily related to tree canopy density and distribution of leaf 
nitrogen (DeJong, 1983; Rieger and Duemmel, 1992). 

Although individual leaf photosynthesis rates can vary dramatically within a peach 
tree canopy due to long and short term effects of differences in light exposure, daily photo-
synthesis of individual leaves in a peach tree canopy at specific temperatures, humidity and 
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atmospheric CO2 concentrations is linearly related to daily light interception (Rosati et al., 
2002). This means that daily canopy photosynthesis of peach trees is essentially a function 
of  daily canopy light interception when the trees are well managed with adequate nutrients 
and water.  Thus, as has been documented for other tree crops, ultimately maximum 
potential yield should be a function of canopy light interception (Lampinen et al., 2012). 

Thus the primary things that a grower can do to influence the supply side of the 
equation are to optimize water and nutrient supply as well as canopy light interception. 
Canopy light interception can be adjusted by tree planting density and pruning. However 
with peach production, especially production for the fresh market, economic yield is not 
only a function of crop biomass but fruit quality is vitally important; and tree nutrition, 
water status, density and within-tree light distribution and crop load can all have strong 
effects on fruit quality.  To more fully understand this requires an understanding of what 
factors are involved in regulating the demand side of the equation. 
 
The Demand Side 

Although there have been many studies about what happens to photosynthates in 
leaves after they are assimilated as well as their transport out of leaves and their assimilation 
into fruit or other sinks in peach trees (DeJong and Moing, 2008) for the objective of this 
paper it is only necessary to focus on photosynthate or dry matter partitioning at the whole 
plant level. Over the past couple of decades the concept that carbohydrate partitioning at 
the whole plant level is primarily driven by growth and development of individual organs 
has become widely accepted (Gifford and Evans, 1981; Ho, 1988; Lacointe, 2000; 
Marcelis, 1994; Watson and Casper, 1984; Weinstein and Yanai, 1994). Grossman and 
DeJong (1994b) and Allen et al. (2005) used this concept in the development of the PEACH 
and L-PEACH models, respectively, and DeJong (1999) outlined four principle steps for 
applying this concept to logically understand carbon partitioning in peach (and other fruit) 
trees.  

The first principle is that a tree is a collection of semiautonomous organs and each 
organ has a genetically determined, organ-specific development pattern and growth 
potential. Although much emphasis is often placed on considering plants as highly 
integrated organisms, the concept of semi-autonomy among organs is widely recognized 
(Harper, 1980; Sprugel et al., 1991; Watson and Casper, 1984; White, 1979). Indeed, the 
primary morphological features that distinguish one species or cultivar (in the case of 
peach) from another are at the organ or sub-organ level (i.e., fruit or leaf shape and size, 
floral characteristics, etc.), not at the whole plant level. Furthermore, although variation 
exists, the developmental patterns and growth rates of individual organs under specific 
environmental conditions are generally predictable and have been modeled. Models have 
been developed for the growth of peach fruit (DeJong and Goudriaan, 1989; Genard and 
Huguet, 1996; Genard and Souty, 1996; Grossman and DeJong, 1995b; Pavel and DeJong, 
1993), shoots and branches (Costes et al., 1993; Genard et al., 1998; Grossman and DeJong, 
1995a; Lescourret et al., 1998) and roots (Bidel et al., 2000). Although tree pruning and 
training can drastically alter the shape of peach trees, they generally have very little effect 
on individual organ characteristics other than those explained by changes in the local micro-
environment of the organs or changes in the availability of carbohydrates due to the 
proximity of other sinks.   

The fact that there appears to be some level of branch autonomy (Sprugel et al., 
1991) in peach trees further reinforces this first principle. Branch autonomy tends to 
functionally isolate some sinks from sources of carbohydrates. When sinks are manipulated 
through pruning or fruit thinning to create an apparent abundance of photosynthate in one 
part of the tree and an under-supply somewhere else, the carbon does not freely move to 
the location of greatest demand. When one scaffold of Y-shaped peach trees was defruited 
the remaining fruit on the fruited scaffold benefited very little from the carbon that should 
have been available for fruit growth from the defruited scaffold (Marsal et al., 2003). 
Interestingly, scaffold diameter growth appeared to be one of the sinks that benefited most 
from the removal of fruit while root growth was only marginally affected. There is much to 
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be learned about the movement of carbohydrates within the context of the whole tree.  The 
role of branch autonomy in the early spring, when much of the carbon used for growth is 
mobilized from storage in the root, trunk and major branches and is presumably transported 
in the xylem, is still poorly understood. 

Carbon partitioning at the branch level has been studied in peach explicitly with 
radioactive tracer studies (Corelli Grappadelli et al., 1996) and by manipulating leaf number 
and fruit load in isolated branches (Genard et al., 1998). Implicit conclusions about carbon 
partitioning within shoots have also been drawn from fruit thinning studies to determine 
optimal fruit positioning for fruit size (Marini and Sowers, 1994; Spencer and Couvillon, 
1975). These studies support the idea that fruit are strong sinks for carbon within shoots but 
their influence on where recently fixed carbon goes varies substantially within the local 
context of the stem unit.  

The second principle is that the genetic potential of an organ is activated or 
deactivated by organ-specific, endogenous and/or environmental signals. The semi-
autonomous nature of individual organs can be demonstrated by the fact that individual 
organs on a tree can be experimentally activated by manipulating factors that stimulate the 
growth of specific organs independently from processes occurring in organs elsewhere on 
the tree. For instance, exposing individual buds on a branch to rest-breaking treatments can 
induce budbreak in those buds while similar buds on other parts of the tree remain inactive 
(Chandler, 1942). Similarly, grafting multiple cultivars with differing chilling requirements 
onto one trunk will not influence the inherent chilling exposure required for activation by 
the branch of each specific cultivar. Also, removing the apical meristem on a shoot will 
promote the activation of growth of lateral buds on the remaining part of the shoot while 
buds on other shoots are unaffected (Harris, 1983). Although the exact mechanism of the 
environment and/or endogenous signals that activate growth are not fully understood, the 
primary site of activation is clearly at the organ or sub-organ level. This is certainly one 
area where hormones play key roles in influencing carbon partitioning at the whole tree 
level, as suggested by data on hormone concentration in xylem sap (Sorce et al., 2002). 

The third principle is that after an organ is activated, current environmental condi-
tions and genetic growth potential interact to determine conditional organ growth capacity. 
Although often overlooked, ambient temperature is probably the single most important 
environmental factor influencing organ growth. The importance of temperature is related 
to the strong dependence of respiration on temperature. All real plant organ growth is 
dependent on metabolic activity and enzyme function, and these processes are linked to 
respiration. Plant respiration generally has a temperature response quotient (Q10) of about 
2 (doubles for every 10°C increase in temperature between 5 and 35°C, Amthor, 1989) and 
peach is no exception (Grossman and DeJong, 1994a; Pavel and DeJong, 1993). Therefore, 
conditional growth capacity of any organ is highly dependent on ambient temperature. The 
conditional growth capacity of peach fruits growing under near-optimal field conditions 
has been modeled for several peach cultivars using relative growth rate functions (Berman 
et al., 1998; DeJong and Goudriaan, 1989; Grossman and DeJong, 1995a; Pavel and 
DeJong, 1993). That other environmental factors such as water status can also have a 
substantial effect on organ growth is well-documented (Bradford and Hsiao, 1982). 
Extension growth of peach shoots has been successfully modeled by considering temper-
ature and dynamic changes in shoot water status (Basile et al., 2003; Berman and DeJong, 
1997a). Although peach fruit growth is quite sensitive to water stress it is important to 
distinguish between growth in fresh vs. dry matter since the former is much more sensitive 
than the latter (Berman and DeJong, 1997b; Girona et al., 2004). Nutrient availability also 
can strongly influence conditional organ growth capacity because certain nutrients are 
required as constituents for the growing organs. Accordingly, Saenz et al. (1997) have 
demonstrated that N-availability can influence developmental patterns of peach fruit.  

The fourth principle is that realized organ growth is a consequence of conditional 
organ growth capacity, resource availability (assimilate and nutrient supply) and inter-
organ competition for those resources. When conditional growth capacity of an organ is 
set, organ growth should proceed at a rate equal to the conditional growth capacity as long 
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as transport is not limited and enough resources (carbohydrates) are available to support 
that organ’s growth and the growth of all other competing organs. However, if the tree does 
not have enough carbohydrate to support the conditional growth capacity of all organs or 
carbohydrate transport within the tree is limited, then the growth of an individual organ will 
be a function of its ability to compete for available carbohydrates with other organs. Since 
flowering and pollination are not major problems in the more productive peach growing 
regions, most peach cultivars set very heavy fruit loads. Therefore lack of available 
assimilates and inter-fruit competition for carbohydrates is generally the primary factor 
limiting realized fruit growth in mature peach trees and fruit thinning is essential to manage 
this competition (Cain and Mehlenbacher, 1956; Costa and Vizzoto, 2000; DeJong and 
Grossman, 1995; Dorsey and McMunn, 1928; Grossman and DeJong, 1995b; Johnson and 
Handley, 1989; Pavel and DeJong, 1993b). Certainly there are some limitations to carbo-
hydrate transport within the tree (DeJong and Grossman, 1995; Marsal et al., 2003) but 
these are difficult to quantify specifically. There is substantial evidence that peach fruit 
growth can compete effectively for carbohydrates with shoot, trunk and root growth when 
the crop loads are high and all fruit are considered as a collective sink (Grossman and 
DeJong, 1995a; Marsal et al., 2003; Proebsting, 1958). But there is some evidence to the 
contrary when pruning systems stimulate excess vegetative shoot growth (Grossman and 
DeJong, 1998). There is also clear documentation of the capacity of individual fruit organs 
to compete with each other and/or vegetative sinks at the local branch level (Genard et al., 
1998). To complicate things further the competitive ability of fruit for carbohydrates 
appears to vary with the stage of fruit development (DeJong and Grossman, 1995). 

A final principle is that inter-organ competition for carbohydrates (CHOs) is a 
function of location relative to sources and sinks of CHOs, transport resistances, organ sink 
efficiency and organ microenvironment. Practical experience indicates that the distribution 
of sinks and sources for carbohydrates is important in peach trees since fruit found in 
clusters rarely attain similar sizes as fruits that are well distributed within a tree canopy. 
Indeed, the importance of fruit distribution has been documented by Marsal et al. (2003) 
and transport resistances between carbohydrate sources and sinks are affected by both fruit 
distribution and period during the growing season (DeJong and Grossman, 1995). Organ 
sink efficiency is likely governed by an organ’s ability to unload carbohydrates from the 
phloem stream but this is quite difficult to quantify. Considering the fruit sink, phloem 
unloading is clearly a function of movement and complex conversions of specific sugars 
within the fruit (Genard and Souty, 1996; Genard et al., 2003). At the whole fruit level, 
organ sink efficiency is related to the intrinsic potential relative growth rate of the fruit of 
a specific genotype (Grossman and DeJong, 1995a; Berman et al., 1998). Differences in 
microenvironment within plant canopies, except for light, are often neglected in annual 
crops but since peach trees are quite large, organ microenvironment can have significant 
effects on organ development and growth. It is generally known that fruit in the lower parts 
of peach tree canopies mature later than in the top of the tree and Basile et al. (2007) 
documented significant differences in both fruit development and growth rates in different 
levels of peach tree canopies.  

Upon examining these principles for understanding carbon partitioning it becomes 
apparent that phenological patterns of organ growth are the principle determinants of 
carbon partitioning in peach trees. When experiments are conducted involving different 
crop load treatments or some other treatment that dramatically favors the growth of one 
type of organ over others, biomass data collected at the end of the season appears to indicate 
that some organs are in direct competition with others (Chalmers and Van den Ende, 1975; 
Proebsting, 1958). However when seasonal patterns of growth are analyzed, it is apparent 
that direct competition between different organ types is often limited by temporal 
separation of growth activities (Berman and DeJong, 2003; DeJong et al., 1987; Miller and 
Walsh, 1988; Rufat and DeJong, 2001; Basile et al., 2007). Generally, in late maturing 
peach cultivars, shoot and root growth is the dominant sink shortly after bud break in the 
spring. This period is followed by a peak of fruit growth and then there is a resurgence of 
root growth (Ben Mimoun and DeJong, 2006) and shoot diameter growth after harvest 
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(Berman and DeJong, 2003; Grossman and DeJong, 1995a). It is interesting that breeding 
efforts to create cultivars with early fruit ripening times has apparently interfered with the 
natural temporal separation of dominant sink activities in peach trees. The dominant period 
of fruit growth of early maturing peach cultivars often coincides directly with the early peak 
of shoot growth. This has increased the competition between fruit and shoot growth, 
resulting in decreased yield potential (DeJong et al., 1987; Grossman and DeJong, 1995a). 
There is also some evidence that selection for early maturing cultivars has involved 
selection for decreases in the total fruit growth potential and dry matter content and these 
factors also account for differences in economic yield potential between early and late 
maturing cultivars (Berman et al., 1998). 

The selection for early maturing fruit has also increased the competition for 
carbohydrates between organs within the fruit such that seed development corresponds with 
the period of flesh enlargement (Pavel and DeJong, 1993a) as well as increasing the 
individual fruit relative growth rates so that the tree cannot support as many fruits at one 
time (Grossman and DeJong, 1995a, 1995b). 

Since economic peach yields are ultimately dependent on fruit development and 
growth (or fruit sink behavior) it is essential that we understand the factors involved in 
controlling these processes. DeJong and Goudriaan (1989) modeled peach fruit growth as 
a relative growth rate (RGR) function and demonstrated that using this type of analysis 
resulted in similar shapes of curves for both early and late maturing cultivars. They also 
demonstrated how two characteristics of the RGR curves (the initial slope and the 
asymptote) determine if the curve of fresh or dry mass accumulation exhibits a single or 
double sigmoid pattern. However the utility of fruit RGR analysis became more apparent 
when using it to understand limitations to peach fruit growth and develop models of peach 
crop production. 

Since fruit RGR’s are linearly related to fruit growth respiration rates they can be 
used to estimate the total carbohydrate cost of a growing fruit over specific intervals of time 
during development (DeJong and Goudriaan, 1989). This was very useful for development 
of a crop production model for peach trees (DeJong et al., 1990; Grossman and DeJong 
1994; Allen et al., 2005; Lopez et al., 2008; DaSilva et al., 2011). 

Logically peach fruit growth is limited both by the potential of the fruit to grow (sink) 
or the availability of resources (source) during specific intervals. However it is not possible 
to ascertain which is most limiting by comparing mass accumulation curves or fruit absolute 
growth rates. Comparison of fruit relative growth rate data from trees with little crop and 
with large crops has been used to indicate that primary periods of fruit growth limitation due 
to source limitation occur in the early and late stages of growth and growth during the middle 
period is largely sink limited (Pavel and DeJong, 1993a; Grossman and DeJong, 1995a). The 
primary effect of crop load on individual fruit size is a function of the amount of time fruit 
growth is source-limited compared to sink-limited. Furthermore, source-limitations to 
individual fruit growth can be a function of either lack total resources available in the tree 
to support fruit growth or transport/competition limitations imposed by transport resistances 
or competition from other sinks. DeJong and Grossman (1995) used RGR analysis to show 
that transport/competition limitations are prominent during early phases of fruit growth but 
overall resource supply is more important later.  Subsequently, using similar techniques, 
Marsal et al. (2003) documented that patterns of fruit thinning within a tree had substantial 
influence on transport/competition limitations to fruit growth. Fruit RGR analysis to 
determine if peach fruit size reductions associated with nitrogen deficiency were caused by 
increased source or sink limitations yielded the rather surprising result that fruit RGR’s of 
N deficient trees were similar to N sufficient trees during the course of the fruit growth and 
the most important factor causing decreased fruit size in N deficient trees appeared to be a 
shortening of the fruit development period (Saenz et al., 1997). 

Probably the most practical application of fruit relative growth rate analysis is in 
using it to understand fruit growth and crop yield responses to fruit thinning. Fruit RGR’s 
can be used to quantify the growth potential of fruit of a given cultivar for any interval 
throughout the fruit development period because mass accumulation is expressed per 
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existing mass at the beginning of the interval and the elapsed time during the interval. Thus 
the potential RGR for an interval is equivalent to the potential “interest rate” compounded 
on the mass at the beginning of an interval.  Growth is compounded based on the potential 
RGR, the mass at the beginning of the interval and the ability of the tree to supply the 
resources to achieve the potential RGR. If the potential RGR is not achieved, the actual 
growth is less than the potential and both the potential and actual growth for every sub-
sequent interval is less than it would have been because the growth for each subsequent 
interval is based on the mass at the beginning of that interval (Grossman and DeJong, 
1995b). This means that any potential fruit growth that is not achieved early in the season 
cannot be made up later. Thus final fruit size is not only a function of crop load near harvest 
but also on crop load throughout the season. 

This behavior of fruit growth has been verified with whole-tree, fruit thinning 
experiments of early and late maturing peaches in California (Grossman and DeJong, 
1995b), crop modeling studies (DeJong et al., 2000; Grossman and DeJong, 2005; Lopez 
et al., 2008) and commercial orchard thinning trials. Commercial fruit thinning trials 
showed that thinning earlier than was previously recommended for commercial clingstone 
peach orchards in California resulted in either larger fruit sizes at similar crop loads or 
similar fruit sizes at higher crop loads, or both larger fruit sizes at higher crop loads without 
any significant increases in fruit defects such as split-pits (DeJong et al., 1992). 

If global climate change brings an increase in temperatures one of the most 
pronounced effects of these increased temperatures will likely to be on shortening the fruit 
development period and a tendency for reduced fruit size of individual peach cultivars. 

Reductions in fruit size resulting from warm springs can also be explained by 
relative growth rate analyses (Lopez et al., 2009). The length of the fruit development 
period for a given cultivar in a specific year is a function of the general genetically 
determined pattern of growth for the cultivar and the temperatures experienced in the field 
during the first 30 days after bloom (Ben Mimoun and DeJong, 1999; Marra et al., 2002). 
Temperature dependence of the length of the fruit development period has been success-
fully quantified by calculating the cumulative Growing Degree Hours during the first 30 
days after full bloom (GDH30) for several Californian peach cultivars over numerous 
growing seasons (Ben Mimoun and DeJong, 1999; Day et al., 2008). Additional research 
has shown that most of the temperature dependent differences in the time between full 
bloom and the date of fruit maturity among years for a specific cultivar can be accounted 
for by differences in the time between full bloom and reference date (pit hardening + 10 
days) (Lopez and DeJong, 2007). The same and subsequent research (Lopez et al., 2007; 
Lopez and DeJong, 2009) documented that in years when early spring temperatures were 
high (GDH30 >7000) there was a strong tendency for fruit sizes to be small while fruit sizes 
tended to be large in years when GDH30 <6000. The explanation for these trends in fruit 
size responses among years have been explained by running fruit RGR models for springs 
with high and low spring temperatures (Lopez et al., 2011). These analyses indicate that, in 
springs with high early temperatures, not only is the total fruit development period of a 
given cultivar shortened, but the daily carbohydrate requirements for fruit growth are much 
higher, earlier in the season. As previous fruit RGR analysis has shown, carbon deficits 
early in the season that result in reductions in fruit size relative to the potential, cannot be 
made up later in the season and final fruit sizes tend to be small. Furthermore it is likely 
that the some of the carbon deficits that limit fruit growth early in the season may be due 
to transport limitations rather than general supply limitations (DeJong and Grossman, 1995) 
since much of the carbon supplying fruit growth early in the season is from storage rather 
than current photosynthesis. If this is the case a grower is limited in what can be done to 
mitigate against smaller fruit sizes linked to high early spring temperatures. Appreciation 
of the relationship between spring temperatures 30 days after bloom is particularly 
important for growers of peaches in warm subtropical regions that often experience small 
fruit sizes since, in situations with high spring temperatures, early fruit thinning would be 
essential and if early fruit growth is limited by transport resistances it may not be possible 
to entirely compensate for small fruit sizes by early thinning. 
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The relationship between high temperatures 30 days after bloom and the total length 
of the fruit development period and fruit size is also important for peach tree breeders to 
recognize since it can explain year to year variations in the harvest dates and fruit size of 
new selections being evaluated. Furthermore it could be used to normalize date of fruit 
maturity data among years. It could also provide information that may make it possible to 
explain differences in cultivar performance in different climates.  
 
What Can Be Done to Improve the Physiological Efficiency of Peach Production 
Systems? 

Since, for the purpose of this discussion, it was assumed that water, nutrients and 
pests are not limiting factors, those factors will not be considered in this discussion of 
improving the physiological efficiency of peach orchards. Also since there has been 
virtually no success in trying to manipulate basic biochemical and physiological processes 
in fruit trees to increase photosynthetic efficiencies after more than fifty years of research 
this approach will also not be discussed. The primary means of improving the light 
harvesting efficiency of peach orchards is to select pruning systems and planting densities 
that harvest approximately 80% of the light incident to an orchard and distribute that light 
as evenly as possible within the tree canopies. This has been the subject of much research 
over the past several decades and unfortunately the V-shaped trellis systems that tend to be 
the most efficient in terms of light capture are also among the most expensive systems to 
install and maintain. Thus, systems that are the most physiologically efficient may not be 
the most economically efficient. 

So what can be done regarding improving the physiological efficiency of peach 
orchards relative to distribution and use of photosynthates toward improving the fruit size 
vs. crop load relationship in Figure 1? Given that fruit growth rates are governed by a 
relative growth rate function the most obvious and critical thing for existing orchards is to 
reduce excessive crop loads as early as possible. Any incremental loss in fruit growth 
potential cannot be made up for later in the growing season. Recent advances in mechanical 
flower thinning have proven to be helpful in this regard (Miller et al., 2011) and the results 
of that research can be explained by the concept of fruit relative growth rates. In the absence 
of mechanical thinning options it is advisable to thin the fruit down to desired crop loads 
as soon as is economically feasible (DeJong et al., 1992). 

In the longer term, one thing that should be tried is to select for genotypes that have 
intrinsically large fruit size potentials. Fruit tree breeders are often not concerned about 
fruit size potentials above a certain modest potential size because the market only requires 
modest sized fruit and it is assumed that crop yield goals can be achieved by leaving more 
fruit on the tree. However, our modeling research with fruit relative growth rates indicate 
that fruit of genotypes with intrinsically larger fruit sizes may actually be capable of higher 
crops of modest sized fruit because the sink efficiency of individual fruit with large fruit 
size potential should be higher than the sink efficiency of individual fruit with modest fruit 
size potential. 

This concept needs to be tested by doing crop load vs fruit size studies with cultivars 
of contrasting intrinsic fruit size potentials. 

A second potential avenue of research to pursue would be to breed for early 
maturing cultivars that have a greater potential to store more carbohydrates in their woody 
tissues over the winter period. Grossman and DeJong (1995b) showed that both early and 
late maturing peach cultivars were capable of committing the same amount of carbo-
hydrates to fruit growth during the first couple of months of fruit growth even though the 
early maturing cultivar did not put any carbohydrates into fruit growth for two fewer 
months in the previous season. 

If early maturing cultivars could be bred to store an amount of carbohydrate 
equivalent to the additional amount that the later maturing fruit put into fruit growth by 
maturing fruit later in the season, then the yields of early maturing cultivars could be 
substantially increased. More research needs to be conducted concerning factors controlling 
annual carbohydrate storage and mobilization in peach trees.  
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Another factor that limits the efficiency of distribution and use of photosynthesis 
within a tree is that all the fruit on a tree consisting of one scion genotype develop and 
mature their fruit synchronously. 

This means that the tree must meet the carbohydrate demands of all the fruit at the 
same time and the carbohydrate supply to all other components of the tree may suffer during 
the final stages of fruit growth. Correspondingly, early maturing cultivars spend much of 
the growing season producing excessive vegetative growth that must be later removed 
through pruning. A third potential means of enhancing the efficiency of the distribution and 
use of photosynthates in peach orchards could be to develop bi-cultivar trees and distribute 
them in alternating patterns in an orchard. If bi-cultivar, V-shaped trees were developed 
such that one scaffold of the tree was an early maturing cultivar and the other scaffold was 
a late maturing cultivar then the trees could be oriented in the orchard such that all scaffolds 
of one cultivar are oriented toward one row middle and all the scaffolds of the other cultivar 
are oriented toward the other row middle. Theoretically such bi-cultivar trees may be 
capable of greater combined yields of comparable sized fruit than a combination of 
individual trees of the same cultivars grown in an equivalent orchard space because the 
carbohydrate demands of the fruit with different development and growth patterns would 
be more evenly distributed throughout the growing season. Although there would likely be 
limited movement of carbohydrates from one side of the tree to the other in support of fruit 
growth (Marsal et al., 2003) carbohydrate supply to other parts of the tree should be more 
uniform and this may ultimately favor less vegetative growth and more collective fruit 
growth. Although such orchards may not be practically feasible on a large scale, never-
theless such experiments would be instructive for developing further understanding about 
peach tree functioning at an orchard level. 

A final and more practical means of increasing the efficiency of distribution and use 
of photosynthates is the use of vigor-controlling rootstocks. In many areas of the world, 
especially in California, growing conditions are such that peach trees produce excessive 
vegetative growth and regularly require extensive pruning. With the development of several 
size-controlling peach rootstocks that are now available (Tombesi et al., 2012; Rieghard et 
al., 2008) it is now possible to select peach rootstocks that provide a range of vigor control. 

One of the primary growth responses to these rootstocks is the production of many 
fewer epicormic shoots (water sprouts) (Weibel et al., 2003; Basile et al., 2003; Pernice et 
al., 2006) that generally represent wasted energy. Trees grown on these rootstocks generally 
require less summer and dormant season pruning while maintaining similar yields to trees 
on vigorous rootstocks (DeJong et al., 2013). Thus, they have higher harvest to dry matter 
growth increments. Ultimately, planting trees on these rootstocks with appropriate training 
systems and tree densities, so that total orchard light interception is the same or greater than 
orchards planted with vigorous rootstocks, should be more physiologically efficient and 
provide opportunities for growers to reduce management costs associated with reduced tree 
heights. 
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Figurese 
 
 

 
 

Fig. 1. The relationships between crop load and average fruit mass and total crop fresh yield 
as generated by the L-Peach model (Lopez et al., 2008). The focus of this paper is 
to discuss what can be done to increase crop yields while maintaining or increasing 
fruit size as indicated by the arrows. 
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