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The effects of clonal rootstocks on the partioning of dry matter in 10-year 

old 'Starkspur Supreme Delicious' apple trees was examined. Trees on Mac 24 

and M.7 Emla had the highest total dry weight M.26 Emla was intermediate; 

OAR 1, 0.3, M.9 Emla, Mac 9, and M.9 had lower total dry weights. M.27 Emla 

had the lowest total dry weight As total dry weight increased, the percentage of 

total dry weight partitioned to all vegetative components increased, while the 

percentage partitioned to all reproductive components decreased. Roots 

performed more like a reproductive component than a vegetative component 

although the relationship was not clear. 

As total tree dry weight increased, the accuracy of tree cross-sectional area 

as a predictor of total dry weight decreased. A log transformation improved the 

accuracy, and an explanation for this improvement is offered. An examination of 

cropping estimates which use trunk cross-sectional area as a predictor of total tree 

dry weight showed that OAR 1, M.26 Emla, and M27 Emla were underrated 

relative to values using the actual total dry weight Mac 24 and M.7 Emla were 

overrated. 



The effect of rootstocks on the construction costs of component, total tree 

construction costs, and net construction costs was also examined. Root stocks had 

minor influences on the construction costs of components which was probably 

related to slight differences in tissue composition. There were much larger 

differences between components. Leaf had the highest construction cost, probably 

due to higher percentages of high cost nitrogenous compounds and lipids, and 

lower percentages of low cost carbohydrates. Fruit and spurs had the lowest 

construction costs, indicating high levels of carbohydrates and low levels of 

nitrogenous compounds, lipids, and lignin. Wood is composed almost entirely of 

low cost cellulose and higher cost lignin, making it intermediate in construction 

cost As total tree dry weight increased, net construction cost increased, probably 

because a higher percentage of the total dry weight is partitioned to more costly 

vegetative components. Lower net construction cost of trees on dwarfing 

rootstocks would contribute to the observed increase in dry matter accumulation 

per leaf area. 
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ROOTSTOCK EFFECTS ON THE PARTITIONING OF DRY MATTER 
IN TEN-YEAR-OLD 'STARKSPUR SUPREME 

DELICIOUS' APPLE TREES 

Chapter 1 

INTRODUCTION 

Productivity of many agronomic and horticultural crops has been 

increased by reducing the dry matter allocation to vegetative growth, but 

very little information is available on allocation or partitioning of dry 

matter resources in perennial fruit crops. The studies on growth of fruit 

trees have generally concentrated on parts of the tree instead of the entire 

tree. Longterm measurements of vigor, yield, precocity, and trunk cross- 

sectional area have allowed researchers to classify rootstocks according to 

their ability to control tree size and yield, but the effect of rootstock on dry 

matter partitioning characteristics to all vegetative and reproductive 

components of a tree has received little research attention. 

If whole-tree performance is to be evaluated, non-destructive 

techniques, based on the positive correlation between trunk cross- sectional 

area and total tree fresh weight, can be used. A measure of productivity, 

yield efficiency is frequently used by horticulturists.  Yield effidency is 

defined as the yield in kilograms fresh weight divided by the trunk cross- 

sectional area in cm2, giving us an estimate of yield per total tree weight 

Different rootstocks have been evaluated and a range of yield efficiency 

observed. 
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Another widely used measure of crop productivity is the harvest index, 

defined as the percentage of the total dry matter that is allocated to the harvested 

sink, in this study the dry weight of apple (kg) per total tree dry weight The 

similarity in yield efficiency and harvest index is apparent, since both are 

measures of yield per total biomass. However, the relationship between the two 

has not been studied. Since the accuracy of yield efficiency and other fruit tree 

evaluations depend on the relationship between trunk cross-sectional area and 

total tree biomass, an examination of this relationship would provide insight into 

the relationship between yield efficiency and harvest index, and other evaluations 

which depend on the trunk cross-sectional area. 

While partitioning studies give us the quantity of dry matter stored in 

different tissues, the construction cost of these tissues to the plant is critical to the 

energy budget of the whole tree. The true biological cost of tree growth is a 

function of the quantity partitioned to different tissues and the cost to the plant of 

photosynthate for construction of these tissues. 

The energy cost of growing trees on different rootstocks may vary. Many 

studies have focused on the construction cost of growing plants, but there is little 

information on the costs of different tissues in trees and virtually none on the 

effect of rootstock on total energy requirement of the tree. If different rootstocks 

result in different growth demands, it may be possible to optimize production 

through revised management practices designed for the variable growth 

requirements induced by the different rootstocks. 
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The primary objectives of this research were to:  1) determine the effect of 

nine apple rootstocks on the partitioning of dry matter; 2) examine the 

relationship between trunk cross-sectional area and total tree dry weight and the 

effect of this relationship on calculations which use trunk cross-sectional area, and 

the relationship between yield efficiency and harvest index; and, 3) estimate the 

net energy budget of apple trees as influenced by rootstock. 



Chapter 2 

LITERATURE REVIEW 

Dry Matter Partitioning 

Nondestructive evaluations provide valuable clues to the partitioning 

characteristics of many rootstock/sdon combinations. However, destructive 

measurements of dry matter partitioning provide more and better information 

about specific growth relationships and partitioning differences induced by 

rootstocks. While fruit is obviously the most important component of growth and 

has attracted the most, attention, partitioning characteristics to all components 

provides information on the mechanism of rootstock response and the overall 

effidency of trees on different rootstocks. 

Many early studies dealt with specific relationships between growth 

components. In 1934, Knight reported a constant stem/root fresh weight ratio in 

trees removed from plots at East Mailing. The first planned partitioning studies 

were performed by M. C. Vyvyan in the 1930's. He found constant ratios 

between dry weight of leaf/stem, leaf/root, and stem/root and also reported that 

these ratios were rapidly re-established when changed by pruning. Working with 

different rootstocks, Colby confirmed these constant ratios in 1935, but noted that 

the ratios are different for different sdon/rootstock combinations. He also found 

that tree dry weights were intermediate between the own-rooted sdon and 
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ungrafted rootstock trees, demonstrating the reciprocal effect of scion on 

rootstock and rootstock on scion. 

The effect of fruiting on vegetative growth is well documented. In 1948, 

Singh compared partitioning characteristics of trees in "on" and "off" years, 

reporting a negative correlation between yield and change in trunk circumference 

and between yield and root growth. Maggs in 1963 found that deblossoming and 

defruiting increased leaf size, shoot growth, and total tree dry matter increase, but 

cropping trees showed a higher percentage of total dry weight in leaf and dry 

matter increase per unit of leaf area. He concluded that cropping trees are more 

effident at accumulating dry matter. A similar study by Avery in 1969 compared 

four rootstocks and demonstrated that while cropping attenuates vegetative 

growth, relative tree sizes remained the same as determined by the rootstock 

when fruit was absent 

The first studies to examine whole-tree partitioning of mature trees were 

performed by C. G. Forshey (1970) He compared Mclntosh on M.7 and seedling 

rootstocks, reporting dry weights of fruit, leaf, shoot, spur, small branches, and 

large branches plus trunk expressed as kg/m2 occupied area and kg/kg leaf. He 

concluded that tree size did not influence total tree dry matter accumulated per 

unit of occupied land, but the smaller trees on M.7 rootstocks produced more dry 

matter per unit leaf weight than the larger seedlings. Later, he reported dry 

weights of aboveground fractions of Mclntosh/M.7 at 5 sampling dates during the 

growing season along with the distribution percentages to each fraction (Forshey 
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et aL, 1983). The proportion of the total dry weight allocated to the fruit, or 

harvest index was determined to be 0.183. 

Recent studies have examined partitioning characteristics of cherry 

(Kappel, 1991) and peach trees (Miller et aL, 1988). The harvest indexes were 

found to be 0.150 and 0.214, respectively. 

The Relationship Between Trunk Cross-Sectional Area and Total Tree Binmass 

Yield is the ultimate measure of a tree's performance and has 

appropriately attracted the most interest Yield comparisons of different 

sdon/rootstock combinations present a problem, since different-sized trees cannot 

be compared by yield alone. Some form of standcirdization is needed to compare 

a large and small tree. Since fruit weight is easily measured, accurate non- 

destructive estimation of total tree weight would allow comparison of different- 

sized trees by expressing yield per unit of fresh weight of total tree biomass. 

Early research focused on the relationship between aboveground fresh 

weight and trunk circumference, finding high correlations in walnuts, almonds, 

peaches (Tufts 1919), and apples (Collison et aL, 1930; Knight et aL, 1933; Sudds 

et aL, 1928). Plots of weight against trunk cross-sectional areas produced a 

reasonably straight line (Hedrick, 1919), while weight against circumference gave 

a curved line (Heinicke, 1921) described by: W = ACb, where W is tree weight, 

A is a constant, C is circumference, raised to the power b. It was suggested that 

both relationships would be upset by cultural practices (Tukey et aL, 1938; Wilcox 

1937), but the power b remained fairly constant in later studies, ranging from 2.6 
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to 287 (Collison et aL, 1930; Heinicke, 1921; Knight, 1933; Sudds et aL, 1928). 

Pearce, in 1952, reported a much wider range of b values (1.92 to 2.76) when he 

applied the formula to a range of scion, rootstock, and treatment combinations. 

Westwood and Roberts (1970) obtained fresh weights and trunk cross- 

sectional area data for a large number of trees with several sdon/rootstock 

combinations. They found that tree fresh weight was highly correlated with trunk 

cross-sectional area. The relationship varied somewhat between scions but not 

between rootstocks with the same cultivar. Therefore, within a scion cultivar the 

yield per unit trunk cross-sectional area, or yield efficiency could be used to 

standardize for tree size. Currently, yield efficiency is widely used in fruit and nut 

tree evaluation. 

F-nergy Budget 

The observed growth yield (Y) has been defined by Pirt (1965) as: 

Spm 
Y =  

Spm + Srg + Srm 

where Spm is the amount of substrate retained in organic products during 

biosynthesis, Srg is the amount respired for energy to drive growth reactions, and 

Srm is the amount respired for maintenance processes. Assuming separate and 

fairly constant maintenance costs, he defined the true growth yield as: 

Spm 
YG =  

Spm + Srg 
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Direct measurement of true growth yield is possible with bacteria and yeast 

grown in culture, and much energy budget research has centered on these simple 

organisms. Analysis of higher plants is not as simple and required development of 

different techniques. Three methods to estimate true growth yield of spedfic 

plant tissues have been developed and are outlined below. 

1.        Penning de Vries et aL (1974) used proximate analysis and 

biochemical pathways provided by Dagley and Nicholson (1970) to predict the 

cost of plant growth. Assuming that the pathway of least cost is used by the plant 

and a P/O ratio of 3, they calculated the amount of glucose required for carbon 

skeletons plus the amount respired for energy to drive the necessary reactions for 

biosynthesis of the main classes of compounds found in plants. The production 

value, an estimator of true growth yield, is defined as the amount of product (g) 

synthesized firom 1 g glucose. They reported the following values of production 

value for the major classes of compounds found in plants: 

Protein (NH4
+)       0.62 

Protein (NO/)        0.40 

Lipid 0.33 

Carbohydrate 0.83 

Organic adds 1.10 

Lignin 0.47 

Although these classes cover a broad range of compounds, the average 

production value within a class is fairly constant for a wide range of plants. With 
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a production value for each class and relative quantities from proximate analysis, 

simple calculations give the production value for a plant organ and/or for the 

whole plant The weakness of this method is the need for proximate analysis, 

which is time consuming and impractical for a large number of samples, and is 

often inaccurate. Still, it is generally accepted as the most accurate estimator of 

true growth yield. 

2.       McDermitt and Loomis (1981) used elemental analysis to calculate 

directly the amount of substrate carbon and electrons which are conserved in 

biomass, and thus the amount of substrate required for biosynthesis. Glucose is 

again assumed to be the primary substrate, providing carbon skeletons and 

reducing equivalents required to reach the reduction level of the carbon in the 

product This reduction level can be determined firom the elemental analysis 

based on the assumption that for any compound the sum of oxidation numbers 

must equal zero.  Elemental analysis gives the quantities of the major elements 

found in plants and can be used to calculate the reduction level of the carbon in 

biomass. Assuming that the energy for this reduction is derived from respiration 

of glucose and one molecule of glucose provides 24 reducing equivalents, it is 

possible to calculate the glucose equivalent which has units of mole product per 

mole substrate.  Since the molecular weight of biomass tends to be fairly constant 

at 100 g per mole, the glucose equivalent can be converted to the glucose value, 

which has units of g product per g substrate and is analogous to the production 

value of Penning de Vries et aL Because the cost of producing ATP and reducing 
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02 in substrate level reactions is neglected in glucose value calculations, glucose 

value tends to be larger than production value, but the production value/glucose 

value ratio was found to be constant at 0.884± 0.008 and was called the growth 

efficiency (Eg). 

McDermitt and Loomis also determined the heat of combustion for various 

compounds and found that the slope of the regression line of heat of combustion 

against glucose equivalent was dependent on the proportion of carbohydrates in 

its composition. This method is fairly accurate, but elemental analysis is 

expensive and time-consuming for a large number of samples. 

3.       Williams, et aL (1987) based their approach on the regression of 

heat of combustion against glucose value for carbohydrates containing only 

carbon, hydrogen, and oxygen. Since heat of combustion is an accurate predictor 

of the carbon, hydrogen, and oxygen stored in tissue (Kharasch et aL, 1925), they 

reasoned that by adjusting the regression for nitrogen, sulphur, and ash content 

they could estimate the glucose equivalent for other compounds. They defined 

construction cost (C) as I/production value and from the relationship between 

production value and glucose value derived the formula construction cost C = 

GV/Eg. Replacing GV with the regression C = [(0.06968*Hc - 0.065)(1 - A) + 

kN/14.0067*180.15/24]*l/Eg, where He = heat of combustion (kJ/g), A = ash 

content (g/g), N = nitrogen content (g/g), k = the oxidation number of the N 

source (+5 for nitrate, -3 for ammonia), 14.0067 is the molecular weight of 

nitrogen, and 180.15/24 converts N to the amount of glucose (g) required for 
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reduction. Sulphur enters the plant as sulphate and after combustion remains as 

sulfuric add, and since the reduction level of these two compounds is the same 

(+6), sulphur cancels out of the formula. Comparing the three methods 

discussed, they found that this formula predicts construction cost within ± 6% of 

the biochemical analysis method and is very close to the method of elemental 

analysis. 

All of these methods require assumptions that are arguable. They all 

assume that respiration of glucose is the sole source of carbon and energy for 

biosynthesis. The method of Penning de Vries et aL also assumes that 

biosynthesis always occurs by the most effident pathway and the P/O ratio is 

always 3. Use of the McDermitt and Loomis method requires assumption of the 

oxidation state of elements when they enter the system and doesnt consider 

where reduction occurs, which may affect the cost of reduction. The method of 

Williams et aL requires an estimate of growth effidency, which probably varies for 

different tissues (McDermitt et aL, 1981; Williams et aL, 1987) and different 

biosynthetic pathways. While all have limitations, they give results consistent with 

each other and most likely are all good estimators of the true growth yield. Any 

of them should be more than adequate for net energy budget analysis of different 

rootstocks. 
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Apple Rootstocks 

Researchers at the East Mailing Research Station in Kent, England are 

generally credited with the first rootstock evaluation trials. From 1912-1918, 

'Paradise' and 'Doudn' types were collected from around the world with 16 

genotypes selected for propagation and renamed Mailing (M).I-XVI, since 

changed to Arabic numerals 1-16. Continued selection and breeding programs 

have increased the Mailing Series to M.1-M.27. During the 1920's, the John 

Innes Horticultural Institute at Merton, England collaborated with East Mailing to 

develop the Malling-Merton (MM) Series, with MM.101-MM115 selected for 

evaluation. 

Commercial acceptance of clonal rootstocks was slow to come, but as 

interest increased, breeding and selection programs developed to fit the needs of 

spedfic regions. The need for cold hardiness led to development of the Polish (P) 

Series and the Budagovsky (BUD) Series in northern Europe beginning in the 

1950's, while demand for virus-free stock and new propagation techniques 

resulted in virus-free clones from the Mailing Series, designated by EMLA after 

the selection number (Le. M.9 EMLA). 

In North America, evaluation of Mailing rootstocks began in the 1920's at 

Pennsylvania State College and at Kentsville Research Station in Nova Scotia, 

Canada. Evaluation programs soon expanded to numerous sites throughout the 

United States and Canada, with breeding and selection programs developed to 

identify and evaluate rootstocks better adapted to conditions in America. One of 
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the first programs was at the New York State Agricultural Research Station in 

Geneva, New York, which released the Cornell-Geneva (CG) Series in 1953, 

while more recently Michigan State University introduced the Michigan Apple 

Clone (MAC) Series. In Canada, the Ottowa (O.) Series originated in the 1960's, 

while the Kentsville Stock Clone (KSC) Series is currently being evaluated. 

With these rootstocks and many more being evaluated under a wide range 

of soil and climatic conditions, researchers in the U.S. and Canada realized a 

need for standardized testing under uniform cultural conditions. For this purpose, 

the North Central 140 (NC-140) Project was established in the early 1970's, with 

plantings throughout the U.S., Canada, and Mexico. The 1980-81 planting near 

Corvallis, Oregon consisted of 9 rootstocks: 0.3, M.7 EMLA, M.9 EMLA, M26 

EMLA, M.27 EMLA, M.9, MAC 9, MAC 24, and OAR 1. FoUowing are brief 

descriptions of the 9 rootstocks used in this planting with the scion 'Starkspur 

Supreme Delicious'. 

03 
The most dwarfing of the Ottowa Series was selected fitom Robin x M9 

progeny. It is considered slightly less dwarfing than M9, better anchored, less 

brittle, and more difficult to propagate, with suckering rare. It has been reported 

susceptible to woolly aphid, latent viruses, and fire blight, resistant to crown rot 

and powdery mildew. 
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M.7EMLA 

This virus-free rootstock is classified as semi-dwarf, or approximately 55% 

the size of trees on seedling stock, with less suckering than M.7. It is generally 

less precodous and has lower yield effidency than trees on more dwarfing stocks. 

Resistant to crown rot, fire blight, and powdery mildew, it is susceptible to woolly 

aphid. Commerdal use of M.7 and M.7 EMLA is extensive. 

NL9EMLA 

Trees on this virus-free clone of M.9 are reported to be slightly more 

vigorous and less precodous than M.9, while yield effidency is similar. It is 

susceptible to fire blight and woolly aphid, resistant to crown rot and powdery 

mildew. 

NL26EMLA 

Intermediate in vigor between M.9 EMLA and M.7 EMLA, this rootstock 

is widely used in commerdal orchards. This nonsuckering M.9 x M.16 cross is the 

most cold hardy of the Mailing series but is intolerant of poorly drained soils. It 

is susceptible to crown rot, fire blight, and woolly aphid, resistant to powdery 

mildew. Large burrknots often form at the graft union. 

M.27EMIA 

This cross of M.13 x M.9 is extremely dwarfing, precodous, with a high 

yield effidency, but needs support Considered nonsuckering, it has produced 

some suckers at the Corvallis site. It is susceptible to fire blight, woolly aphid. 
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and latent viruses, resistant to crown rot and powdery mildew. Commercial use is 

limited but may increase with high density plantings on trellis systems. 

MS 

This rootstock has a long history and is used extensively in breeding 

programs. Trees are 20-35% of standard, very precocious, with a high yield 

efficiency. Anchorage is poor with brittle roots and a tendency to sucker. It is 

susceptible to fire blight and woolly aphid, resistant to crown rot and powdery 

mildew. Commercial use is extensive and increasing with the popularity of 

trellising. 

MAC 9 

Renamed 'Mark' in 1989, trees on this rootstock are similar in size, 

productivity, precocity, and resistance to M.9, with better anchorage and no 

suckering. It propagates easily and is gaining in popularity. An abnormal bulbous 

root proliferation has been observed in plantings nationally, but the significance of 

the condition has yet to be ascertained. 

MAC 24 

Trees on this rootstock are 90% the size of standard trees. 

Anchorage is good with a shallow spreading root system, but extreme 

suckering may be a cultural problem. It is the most vigorous and has the 

least precocity and yield efficiency of trees in this study. 
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0AR1 

This Oregon seedling selection produces trees similar in size to 0.3 and 

M.9 EMLA- Anchorage is good with a shallow spreading root system, but yield 

efficiency has been low compared to similar-sized trees in this trial It is 

susceptible to woolly aphid and fire blight 
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Chapter 3 

ALTERED DRY MATTER PARTITIONING OF STARKSPUR SUPREME 
DELICIOUS' APPLE TREES BY NINE ROOTSTOCKS 

Abstract 

The dry matter partitioning to vegetative and reproductive components of 

'Starkspur Supreme Delidous' apple trees on 9 rootstocks in the 1980-81 NC-140 

trial was determined in March and again in October-November 1990. Trees on 

MAC 24 and M7 EMLA had the heaviest total tree dry weight, while M26 

EMLA was intermediate. Trees on OAR 1, 0.3, M.9 EMLA MAC 9, and M.9 

did not differ, and M.27 EMLA had the lowest total dry weight Total tree dry 

weight in March ranged from 56.6 kg for MAC 24 to 22 kg for M27 EMLA 

Values in October ranged from 91.5 kg for MAC 24 to 4.2 kg for M.27 EMLA 

Trees with the lesser total dry weight partitioned a higher percentage of their total 

to fruit, spurs, and spur leaves. The percentage of fruit dry weight ranged from 

47.7 for M9 to 33.3 for MAC 24. Spur leaf dry weight percentages were highest 

at 4.3 for M27 EMLA and lowest at 21 for MAC 24. Spur dry weight 

percentages in March ranged from 6.6 for M27 EMLA to 1.8 for MAC 24, and in 

October/November values ranged from 5.9 for M.27 EMLA to 1.6 for MAC 24. 
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Introduction 

Tree growth involves the accumulation of dry matter and its partitioning to 

various parts of the tree. Evaluations of rootstocks have concentrated on spedfic 

growth components such as fruit, spurs, flowers, roots, and shoots, but few have 

examined the effects on total dry weight and partitioning characteristics of mature 

apple trees. Forshey et aL (1983) reported the standardized dry weights and 

percent composition for various growth components of 'Mclntosh' apple trees on 

MM. 106, while Westwood and Roberts (1970) determined the fresh weight of 

various sdon/rootstock combinations. 

The removal of the 1980-81 NC-140 apple rootstock trial provided an 

opportunity for determining the effects of nine apple rootstocks on dry matter 

partitioning to different tree components of a single sdon cultivar. 

Materials and Methods 

The NC-140 plot was planted in 1980 and 1981 at the Lewis-Brown 

Research Farm near Corvallis, Oregon. The performance of the sdon cultivar 

'Starkspur Supreme Delidous' had been evaluated on the rootstocks 0.3, M.7 

EMLA, M.9 EMLA, M.26 EMLA, M.27 EMLA, M9, MAC 9, MAC 24, and 

OAR 1. Five replicates of each rootstock were planted in 1980 and five more in 

1981. Trees were planted in 10 rows at a spacing of 3.5 x 5.5 m, with each row a 

random arrangement of one replicate from each rootstock. Also planted were 

two pollinizer rows of 'Macspur' and 'Starkspur Golden Delidous' on M.26 

EMLA. 
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Trees were trained to a modified central leader and uniformly pruned each 

winter, a 1.5 m herbidde strip was maintained with red fescue between the rows, 

and irrigation was provided by low head sprinklers. The soil type is a silty clay 

loam. 

In early March 1990, trunk drcumference of trees was measured at 25 an 

above ground level, and eight replicates of each rootstock chosen for this study. 

Based on the relationship between total tree fresh weight and trunk cross- 

sectional area (Westwood and Roberts, 1970), trees within each rootstock were 

separated into two similar groups of four trees each. For each of the nine 

rootstocks, one group of four trees was destructively sampled in March 1990, the 

other in October/November 1990. 

In early March 1990, above ground portions of dormant trees were 

partitioned into fiame, 2-yr wood, 1-yr wood, and spurs, then oven-dried at 60oC 

and weighed. Partitioning of the second group began with firuit harvest in early 

October, with fruit weight per tree recorded and 50-fruit random subsamples 

weighed and placed in cold storage. Remaining aboveground portions were 

partitioned into frame, 2-yr wood, 1-yr wood, current season's growth, spurs, spur 

leat and shoot leaf, then dried and weighed as before. Fruit subsamples were 

sliced thin and dried at 30oC for 4 days, then completely dried at 60oC. 

Subsample dry weights were used to calculate total fruit dry weight per tree. 

Roots were excavated with a backhoe by sifting the contents of each bucket of soil 

taken from a 1.5 m radius around each tree to a 1.5 m depth. 
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No attempt was made to account for loss due to fruit and leaf drop, or for 

roots outside the excavation zone. Only a few of the largest trees had roots 

extending outside the excavation zone, so loss of roots was minimal Fruit set in 

1990 was considered above average, and fruit were not thinned during the growing 

season. Data on growth and production in previous years has been reported (NC- 

140, 1987 and 1991). 

The percentage of the total tree dry weight that was allocated to the 

various components and aboveground to root dry weight ratios were calculated. 

Data were analyzed by the general linear model (GLM) and correlation 

procedures of Statistical Analysis Systems (SAS). An arcsin square root 

transformation was performed on percent data prior to mean separation by the 

Waller-Duncan k-ratio t-test, k-ratio = 100. Data in the tables are non- 

transformed means of the four replicates at each sampling date. 

Results and Discussion 

In March 1990, MAC 24 had the highest total tree dry weight, followed by 

M.7 EMLA (Table 3.1). Trees on M26 EMLA were intermediate in dry weight, 

while trees on OAR 1, 0.3, M.9 EMLA, and MAC 9 were not significantly 

different M.9 also falls in this group, although dry weight was significantly less 

than OAR 1. Trees on M.27 EMLA had the lowest dry weight Dry weights 

ranged from 56.6 kg for MAC 24 to 22 kg for M.27 EMLA. In October, trees on 

MAC 24 were again heaviest although not significantly heavier than M.7 EMLA. 

Trees on M.26 EMLA were again intermediate, while OAR 1, O.S, M.9 EMLA, 



Table 3.1.     Total dry weight (kg) partitioned to components of 'Starkspur Supreme ! Delicious' apple trees on 9 
rootstocks.1 

Pry weiRht (ke) 
Shoot Spur 

Rootstock Frame 2-yr 1-yr Current Spur Root leaf leaf Fruit Total 

March 199Q 
MAC 24 36.35a 2.19a 1.19a 1.03a 15.85a 56.60a 
M.7 EMLA 28.10b 1.78b 0.92b 0.85ab 9.38b 41.01b 
M.26 EMLA 17.59c 1.23c 0.46c 0.75bc 5.43c 25.45c 
OAR1 7.86d 0.38def 0.13d 0.68bc 5.95c 14.99d 
0.3 7.58d 0.71d 0.23d 0.65c 3.48d 12.63de 
M.9 EMLA 7.37d 0.51d 0.19d 0.44de 2.35d 10.86de 
MAC 9 5.20de 0.36def 0.15d 0.58cd 2.95d 9.24de 
M.9 4.69de 0.32ef 0.09d 0.37e 2.68d 8.14ef 
M.27 EMLA 1.24e 0.09f O.Old 0.15f 0.75e 2.24f 

Qstober 1990 
MAC 24 32.10a 3.06a 2.15a 1.27a 1.52a 14.60a 1.84a 1.98ab 30.24a 91.52a 
M.7 EMLA 32.10a 2.74a 2.00a 1.25a 1.69a 10.93b 1.84a 2.10a 28.01a 82.64a 
M.26 EMLA 18.36b 1.43b 0.74b 0.50b 1.53a 8.40c 0.94b 1.52bc 19.62b 53.04b 
OAR1 7.74c 0.46cd 0.16b 0.04c 0.80b 5.18d 0.07c 1.06cd 9.78c 25.29c 
0.3 6.90c 0.65cd 0.45b 0.09c 0.81b 4.75de 0.23c l.OScd 12.37c 27.28c 
M.9 EMLA 7.59c 0.79c 0.28b 0.12c 0.83b 3.30de 0.27c 0.87d 12.27c 26.32c 
MAC 9 4.52c 0.25cd 0.08b 0.05c 0.68b 3.38de 0.12c 0.67de 8.17c 17.90cd 
M.9 5.41c 0.46cd 0.18b 0.04c 0.74b 2.80ef 0.11c 0.76d 9.32c 19.81c 
M.27 EMLA 0.91c 0.05d 0.02b 0.02c 0.25c 0.75f 0.01c 0.18e 2.01d 4.18d 

^ean separation in columns by Waller-Duncan k-ratio t-test, k-ratio = 100. Means of 4 replications at each date. 
N> 
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M.9, and MAC 9 did not statistically differ. Trees on M.27 EMLA had the least 

total dry weight Values ranged from 91.5 kg for MAC 24 to 4.2 kg for M.27 

EMLA 

Based on dry weight, these nine rootstocks fell roughly into four classes. 

MAC 24 and M.7 EMLA had the greatest total dry weight and could be classified 

as the largest group in this study, M.26 EMLA is alone in an intermediate class. 

OAR 1, 0.3, M9 EMLA, MAC 9, and M.9 make up the dwarf class, and M.27 

EMLA is alone in the sub-dwarf class. This classification system generally 

parallels those based on observations of rootstocks with respect to vigor control of 

the sdon (NC-140, 1987, 1991; Rom and Carlson, 1987), although trees on M7 

EMLA and M.26 EMLA were slightly more vigorous than expected. High 

variability within some rootstocks combined with the small sample size provides a 

possible explanation. For example, while mean dry weight of trees on M.26 

EMLA place this rootstock in an intermediate class, individual trees ranged from 

dwarf to vigorous. M.9, MAC 24, and M7 EMLA were also more variable than 

expected from genetically identical clones. 

Component dry weights followed generally the same trends as the total dry 

weights. MAC 24 had the greatest dry weight and M.27 EMLA had the least dry 

weight for all components. In October, fruit dry weights ranged from 30.2 kg for 

MAC 24 to 2.0 kg for M.27 EMLA. Rootstocks fell neatly into the four classes 

described earlier when fruit alone was considered. 
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Percentages of the total dry weight partitioned to the different components 

provide a better comparison of trees aaross rootstocks (Table 3.2). Harvest index 

and the percent of total tree dry weight that is allocated to fruit dry weight are 

synonymous terms. In general, as tree size decreased, a higher percentage of dry 

matter was partitioned to fruit, spurs, and spur leaf, while lower percentages went 

to frame, 2-yr wood, 1-yr wood, current season's growth, and shoot leaves. Trees 

on M.9 had the highest harvest index, followed by M.27 EMLA, M.9 EMLA, 

MAC 9, and O.3. Significantly lower in harvest index were OAR 1, M.26 EMLA, 

M.7 EMLA, and MAC 24. Spur leaf dry weight percentages ranged from 4.3 for 

M27 EMLA to 2.1 for MAC 24. Percentages of spur dry weight ranged from 5.9 

for M.27 EMLA to 1.6 for MAC 24. Working with larger trees 

(Mclntosh/MM.106) in a below average crop year, Foishey et al. (1983) found 

much lower percentages partitioned to fruit (18.3) and spurs (0.6) than any trees 

in this study, while wood components (70.5) were much higher. Those trees with 

the highest harvest index had the least percentage of dry weight allocated to 

vegetative components. This is consistent with research which has demonstrated 

that as fruiting increases, vegetative growth decreases (Avery, 1970; Forshey and 

McKee, 1970; Maggs, 1963; Rogers and Booth, 1964; Warrington et aL, 1990). 

Correlations between the percentage of dry weight partitioned to different 

components and the total dry weight further clarify the relationship between 

fruiting and vegetative growth (Table 3.3). There was a highly significant (P < 

0.01) negative correlation between total dry weight and percent fruit (r = -0.77), 



Table 3.2.     Percentage of dry weight partitioned to components of 'Starkspur Supreme Delicious' apple trees on 9 
rootstocks/ 

Drv weieht (ke) 
Shoot Spur 

Rootstock Frame 2.yr 1-yr Current Spur Root leaf leaf Fruit 

March 1990 
MAC 24 64.2ab 3.9abc 2.1a 1.8e 28.0cd 
M.7 EMLA 68.0a 4.2ab 2.2a 2.1de 23.5de 
M.26 EMLA 69.2a 4.9ab 1.7ab 3. led 21.1e 
OAR1 52. Id 2.6c 0.8cd 4.5b 40.0a 
0.3 60.1bc 5.6a 1.8ab 5. lab 27.4cde 
M.9 EMLA 67.8a 4.7ab 1.9bc 4.0bc 21.6de 
MAC 9 56.2cd 4.0ab l.Sabc 6.5a 31.8bc 
M.9 56.0cd 3.6bc l.Obcd 4.9b 34.5ab 
M.27 EMLA 54.4cd 3.9abc 0.5d 6.6a 34.6ab 

October 1990 
MAC 24 37.8a 3.4a 2.4a 1.4a 1.6d 15.9bc 2.1a 2.1e 33.3b 
M.7 EMLA 38.4a 3.3ab 2.3a 1.5a 2. Id 13.6cd 2.1a 2.5de 34.2b 
M.26 EMLA 32.7ab 2.6abc 1.2bc 0.8b 3.2bc 16.6bc 1.6ab 3.0cd 38.3b 
OAR1 30.5b 1.9cd 0.7cd 0.2d 3.1bc 20.5a 0.3d 4. lab 38.7b 
0.3 24.9cd 2.4abc 1.6ab 0.3cd 3.0c 17.7ab 0.8c 3.8ab 45.5a 
M.9 EMLA 28.9bc 2.9ab l.lbc 0.5bc 3.2bc 12.4d l.Obc 3.3bc 46.7a 
MAC 9 24.8cd 1.3d 0.4d 0.2cd 3.7bc 18.9ab 0.6cd 3.8ab 46.3a 
M.9 27.2bc 2.3bc 0.8cd 0.2d 3.9b 13.5cd 0.5cd 3.9ab 47.7a 
M.27 EMLA 21.9d 1.2d 0.4d 0.4cd 5.9a 18.4ab 0.2d 4.3a 47.3a 

"Mean separation in columns by Waller-Duncan k-ratio t-test, k-ratio = 100. Means of 4 replications at each date. 
£ 



Table 3.3.     Correlations between the percentages of dry weight partitioned to components of 'Starkspur Supreme 
Delicious' apple trees in October 1990. 

2-yr         1-yr                                                       Shoot        Spur Total 
 Frame       wood       wood       Current       Spur        Root leaf leaf        Fruit     dry wt 

Frame 

Spur 

Root 

Fruit 
^FV ^F^F ^F^F V^F ^F^F f^C n*T* T*^* T*T* 

Total dry wt        0.86 0.61        0.79 0.88 -0.78       -0.32        0.85        -0.76       -0.77 

ns, *, ** non-significant or significant at the 0.05 or 0.01 level, respectively; 

0.58 
** 

0.61 
** 

0.73 
** 

-0.64 
** 

-0.34 
* 

0.78 
** 

-0.59 
** 

-0.90 
** 

0.86 
** 

-0.64 
** 

-0.66 
** 

-0.72 
** 

-0.62 
** 

0.28 
ns 

-0.65 
** 

0.70 
** 

0.50 
** 

-0.78 
** 

■0.34 
* 

-0.51 
** 

-0.37 
* 

-0.36 
* 

0.29 
ns 

-0.42 
* 

0.41 
* 

-0.07 
ns 

-0.32 
ns 

0.90 -0.44 -0.57 -0.68 0.50 -0.07 -0.70 0.43 -0.77 

K 
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percent spur (r = -0.78), and percent spur leaf (r = -0.76) dry weights. Highly 

significant positive correlations were found between total dry weight and the 

percentage dry weight of firame (r = 0.86), 2-yr wood (r = 0.61), l-yr wood 

(r = 0.79), current season's growth (r = 0.88), and shoot leaf (r = 0.85). 

It is interesting to note that as tree size increases, the percentage of total 

dry weight partitioned to roots tends to decrease, although the relationship is not 

as dear as that between fruiting and vegetative growth. There was a significant 

negative (P < 0.05) correlation between percentages of root and frame, 2-yr 

wood, l-yr wood, current season's growth, and shoot leaf. A significant positive 

correlation was found between the percentage of root dry weight and spur leaf dry 

weight The negative correlation between the percentage root and total dry 

weight suggests that heavier trees are produdng more aboveground dry weight per 

root dry weight However, the aboveground to root dry weight ratios in Odober 

(Table 3.4) show why the correlations are relatively weak compared to the 

correlations between fruiting and growth components. M.9 EMLA, M.9, and M.7 

EMLA had the highest ratios, foUowed by MAC 24, M.26 EMLA, O.3. M.27 

EMLA, MAC 9, and OAR 1. Although the heavier trees MAC 24, M.7 EMLA, 

and M.26 EMLA had a high ratio, they were not the highest with no trend 

apparent in the more dwarf trees. It is clear that the quantity of roots is not the 

sole determiner of total tree size, but roots, generally considered vegetative 

growth, are more closely assodated with fruiting components in terms of 

partitioning chararteristics. 
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Table 3.4.     Ratio of aboveground to root dry weight for 'Starkspur Supreme 
Delicious' apple trees on 9 rootstocks in Miarch and October/ 
November.1 

Rootstock 
Aboveground to root dry weight ratio 

March 1990 October/November 1990 

MAC 24 

M.7EMLA 

M.26EMLA 

OAR1 

0.3 

M.9EMLA 

MAC 9 

M.9 

M.27EMLA 

2.6bc 

3.4ab 

3.8a 

1.5d 

2.8bc 

3.7a 

2.2cd 

2.0cd 

2.0cd 

5.3bc 

6.5ab 

5.2c 

3.9d 

4.7cd 

7.1a 

4.3cd 

6.5ab 

4.6cd 

'Mean sqnration in columns by Waller-Duncan k-ratio t-test, k = 100. Means of 
4 replications at each date. 
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Although M.9 and M.9 EMLA were not significantly different in total dry 

weight or in partitioning characteristics, there is some evidence that trees on M.9 

EMLA produce more vegetative growth than trees on M.9. Trees on M.9 EMLA 

were slightly higher, although not statistically, in dry weight for all components. 

The percentage partitioned to fruit, spurs, and spur leaf is slightly higher in trees 

on M.9 than on M.9 EMLA 

The 'Starkspur Supreme Delidous' apple trees on nine rootstocks 

partitioned in this study fell into four general categories (Table 3.1). MAC 24 

and M7 EMLA were the largest trees, followed by M26 EMLA being 

intermediate in weight M27 EMLA was the smallest tree, with the rest found in 

between M.26 EMLA and M.27 EMLA If the harvest index is used as a measure 

of the effidency of partitioning of dry weight to the firuit, then two groups of trees 

were clearly identified; a lower harvest index group which included MAC 24, M.7 

EMLA, M26 EMLA, and OAR 1 and a higher harvest index group induding 0.3, 

M.9 EMLA MAC 9, M.9, and M.27 EMLA 

While the mechanisms of dwarfing are not fully understood, it is clear that 

rootstocks affect the total tree dry weight and alter the partitioning characteristics 

of a sdon cultivar. As total tree dry weight decreased, the harvest index 

increased.  Competition for available photosynthate has been suggested as a 

possible dwarfing mechanism since a higher percentage of photosynthate 

partitioned to firuit means less available for vegetative growth (Beakbane, 1956). 

However, this explanation does not account for differences in rootstock response 
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observed prior to the onset of fruiting (Avery, 1970) and in years of total crop loss 

(Rogers and Booth, 1964; Singh, 1948). It is likely that differences in rootstock 

physiology produce the observed responses, and cropping can attenuate vegetative 

growth within a range genetically predetermined by the rootstock. 

General partitioning trends are suggested by this study, but it is impossible 

to predict how other cuMvars would respond on the same rootstocks. It is also 

important to note that the partitioning characteristics described apply only to 

nine- and ten-year-old trees. We know that rootstocks influence precocity and 

how soon a tree reaches maturity and maximum production. Larger trees such as 

MAC 24 and M.7 EMLA were still rapidly growing and increasing in productivity, 

while smaller trees such as M.27 EMLA and M.9 were probably at or near their 

optimum potential The same study on older trees or different cultivars might 

produce different results as the more vigorous trees are still increasing in 

productivity and the least vigorous trees may already be past their optimum 

productivity. 
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Chapter 4 

RELATIONSHIP BETWEEN APPLE TREE TRUNK CROSS-SECTIONAL 
AREA, HARVEST INDEX, AND TOTAL TREE DRY WEIGHT 

Abstract 

The relationship between trunk cross-sectional area and total dry weight, 

and between harvest index and yield effidency of 'Starkspur Supreme Delidous' 

apple trees on nine different rootstocks was examined in 1990. In general, as tree 

size increases, the reliability of trunk cross-sectional area as a predictor of total 

dry weight decreases. A log transformation increased the accuracy of the 

estimate. A comparison of tree evaluations based on trunk cross-sectional area 

and dry weight showed that M.27 EMLA had improved partitioning of dry weight 

to flowers and fruit when actual dry weight was used in calculations. OAR 1 also 

ranked higher in harvest index relative to yield effidency. The larger trees, MAC 

24 and M.7 EMLA, ranked higher in yield effidency and flower density when 

trunk cross-sectional area was used. The relationship between yield effidency and 

harvest index is improved when a log transformation of trunk cross-sectional area 

is used to compute the yield effidency. 
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Introduction 

Clonal rootstocks are widely used to provide size control, induce precocity, 

and increase productivity in tree fruit species. Evaluations of rootstocks 

commonly include the yield efficiency yield efficiency, a measure of productivity 

defined as the fresh weight yield divided by the trunk cross-sectional area. Trunk 

cross-sectional area has been positively correlated with the total tree fresh weight 

(Westwood, 1970). Therefore, yield efficiency provides an estimate of the fresh 

weight yield per kg of total fresh weight 

A widely used measure of productivity of annual crops is the harvest index, 

defined as the fraction: of the total dry weight that is partitioned to the harvested 

sink, or yield dry weight per kg total dry weight The similarity in yield efficiency 

and harvest index is apparent, since both are a measure of yield per total plant 

weight However, the relationship between these terms has not been studied. 

Destructive sampling of trees in the 1980-81 NC-140 apple rootstock trial 

provided an opportunity to investigate the relationship between yield efficiency 

and harvest index, and the reliability of trunk cross-sectional area as a predictor of 

total tree dry weight 

Materials and Methods 

In March 1990, and again in October/November 1990, fresh weight dry 

weight, and trunk cross-sectional area data were obtained from 36 ten- and 

eleven-year-old 'Starkspur Supreme Delidous' apple trees on nine different clonal 

rootstocks. Trunk circumference was measured at 25 cm above the ground and 
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trunk cross-sectional area calculated. Trees were partitioned as described in 

Chapter 1. Fresh weight and dry weight data were used to calculate the yield 

efficiency [fruit fresh weight(kg)/tnmk cross-sectional area(cm2)] and the harvest 

index [fruit dry weight(kg)/total tree dry weight(kg)]. Total flower number was 

calculated from the March sampling by counting flower buds on weighed 

subsamples representing approximately 10% of the total spur dry weight The 

number of fruit per tree used in crop density calculations was estimated based on 

the total fruit fresh weight and the weight of 50 fruit subsamples. The GLM 

procedure of SAS was used to examine the relationships between trunk cross- 

sectional area and total dry weight, yield effidency, and harvest index, crop 

density and fruit per total dry weight, and flower density and flowers per total dry 

weight 

Results and Discussion 

The linear regression of trunk cross-sectional area against dry weight (Fig. 

4.1) produced a highly significant correlation (R2 = 0.92), although the variance 

increased as dry weight increased. In other words, as total tree dry weight 

increased, the accuracy of trunk cross-sectional area as a predictor of dry weight 

decreased. A log transfonnation improved the linear fit (Fig. 4.2), where variance 

became more constant and the fit of the regression equation improved (R2 = 

0.95). 

An examination of the equations used in the estimation of tree weight 

helps to clarify the reason for this improvement and the relationship between 
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Fig. 4.1 linear regression of TCSA against total tree DW for 36 
•Starkspur Supreme Delidous' apple trees on nine 
rootstocks in October 1990. 
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Fig. 4.2 Linear regression of the logarithm of TCSA against the total 
tree DW for 36 'Starkspur Supreme Delidous' apple trees on 
nine rootstocks in October 1990. 
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trunk cross-sectional area and total tree weight Suppose the relationship is 

described by the equation 

(1) W = ACb 

(Huxley, 1924), where W = tree weight, A = a constant, C = trunk 

circumference, and b = a power of circumference. This equation has provided 

good results within a given trial, but the value b calculated across many studies 

has ranged from 1.97 to Z87 (Pearce, 1952), making it unreliable as a practical 

predictor of tree weight 

The relationship between trunk cross-sectional area and tree weight can be 

described by the equation 

(2) W = k (TCSA) 

where W = tree weight and k = a constant Since C = jrr and TCSA = ^i2, 

equation (2) can be rewritten as 

(3) W = k/^C2). 

Equation (3) is obviously the same as equation (1), where A in equation 

(1) is equal to k/4jt in equation (3) and b is arbitrarily set to equal 2 Using 

trunk cross-sectional area as a predictor of total tree dry weight is equivalent to 

using the circumference with b set at 2 regardless of research which has shown b 

not to be constant across different trials, scion cultivars, or rootstocks.  The 

danger of comparison of tree performances based on parameters using trunk 

cross-sectional area is obvious. 
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With this background, an examination of why the log transformation 

improves the estimate of total dry weight is possible. The relationship between 

trunk cross-sectional area and tree fresh weight is more accurately defined by the 

equation 

(4) W = k (TCSA)b. 

The log of both sides gives 

(5) log (W) = log (k) + b log (TCSA) 

which fits the linear regression model where log k is the y intercept and b is the 

slope of the line. Using the log transformation of trunk cross-sectional area 

therefore allowed us to use the actual value of b (2.14) for this trial instead of the 

arbitrary value of 2 in the linear regression analysis, thereby increasing the 

accuracy of our prediction of W and giving the improved R2. This b value is in 

the range previously reported. 

Yield efficiency was correlated with harvest index (R2 = 0.27, p > .001) 

although individual points are scattered (Figure 4.3). This is a consequence of the 

high variance within trunk cross-sectional area as a predictor of total tree fresh 

weight A modified yield efficiency (mYE) was defined as the log of fruit fresh 

weight divided by the log trunk cross-sectional area. When mYE was plotted 

against the harvest index (Figure 4.3), the scatter was greatly reduced and the R2 

increased to 0.45 (p > .0001), suggesting that the mYE is a better predictor of 

the harvest index. 
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Fig. 4.3 Linear regressions of YE and inYE against HI for 36 'Starkspur Supreme Delicious' 
apple trees on nine rootstocks In October 1990. 
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The danger of evaluations using trunk cross-sectional area can be 

demonstrated by a comparison of parameters calculated with trunk cross-sectional 

area and with the total tree dry weight (Table 4.1). In general, use of trunk cross- 

sectional area in the evaluations tended to overrate the larger trees and underrate 

the smaller trees relative to the same evaluations using the total tree dry weight 

This may be due in part to the age of the trees and the rootstock effects on 

maturity and vigor, or may be simply due to differences in tree size. It is possible 

the relationship between trunk cross-sectional area and total dry weight changes 

as a tree grows, regardless of rootstock For the larger trees, MAC 24 and M.7 

EMLA, the harvest index was low, but rated much higher when yield 

efficiency was used as the evaluation criterion. In contrast, the smallest trees, 

M.27 EMLA, were high in harvest index but lower in yield efficiency. OAR 1, 

which has consistently rated low in evaluations of yield efficiency (NC-140), had 

the lowest yield efficiency in this study, but the harvest index shows it is 

intermediate and similar to M.26 EMLA. The runting effect of M.27 EMLA on 

this sdon may have affected evaluation, but OAR 1 appears to have simply been 

underrated due to growth characteristics. Although the total tree dry weight of 

OAR 1 is similar to M.9 EMLA and 0.3, the trunk cross-sectional area is much 

larger, resulting in a much lower yield effidency. Estimation of flower density was 

higher for trees on MAC 24 and M.7 EMLA relative to trees on the other 

rootstocks when trunk cross-sectional area is used. Flower density was increased 

for M.27 EMLA when total tree dry weight was used. The crop density of M.27 



Table 4.1.     Flower and crop density, yield efficiency, and harvest index of 'Starkspur Supreme Delicious' apple trees on 
nine rootstocks.1 

TCSA 
(cm2) 

Total 
tree 
DW 
(kg) 

Flower density Croo densitv 
Harvest index 

FW/TCSA 
(kg/cm2) 

DW/DW 
Rootstock no/TCSA (cm2) no/DW (kg) no/TCSA (cm2) no/DW (kg) (kg^g) 

MAC 24 162a 92a 22.1b 50.2d 11.3b 3.9 1354bcd 0.33b 

M.7 EMLA 132b 83a 20.9b 58.6d 11.4b 3.5 1524abc 0.34b 

M.26 EMLA 115b 53b 27.6b 97.6c 10.5b 5.8 1230cd 0.38b 

OAR1 64c 25c 25.8b 97.9c 10.5b 5.2 1112d 0.39b 

0.3 50cd 27c 33.2ab lll.lbc 16.0a 5.5 1793a 0.45a 

M.9 EMLA 53cd 26c 28.4b 112.9bc 13.9ab 5.3 1680ab 0.47a 

MAC 9 36d 18cd 44.7a 172.6a 15.0a 5.9 1712ab 0.46a 

M.9 36d 20c 30.8ab 107.6bc 16.6a 5.8 1862a 0.48a 

M.27 EMLA 12e 4d 30.6ab 146. lab 10.6b 5.8 1185cd 0.47a 

'Mean separation in columns by Waller-Duncan k-ratio t-test, k-ratio = 100. Means of 4 replications. Flower density calculated 
from March 1990 sampling, all other variables from the October 1990 sampling. 

vo 
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EMLA increased relative to the other rootstocks when based on total tree dry 

weight, whereas the differences between the larger trees and the rest became less 

significant 

Some caution is required when comparing rootstocks based on trunk cross- 

sectional area, but comparisons are still valid if the limitations are understood. 

The modified yield effidency presented here may prove superior within a 

particular trial, but it is still based on a fixed value of b and will only serve to 

decrease the variance within a trial It is important to understand that b will vary 

across trials, across sdon varieties, and possibly across rootstocks. As more data 

accumulate, it may become possible to more accurately predict values of b under 

a particular set of conditions and improve evaluations of growth and productivity. 

We can expect the trunk cross-sectional area to underestimate the total tree dry 

weight of larger trees compared to smaller trees. 
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Chapters 

NET CONSTRUCTION COST OF STARKSPUR SUPREME 
DEUaOUS APPLE ON NINE ROOTSTOCKS 

Abstract 

The rootstocks in this study had minor influences on the construction cost 

of different components, with wood being slightly lower in cost on dwarfing 

rootstocks. This is probably attributable to minor differences in the percentages 

of lignin and carbohydrates between large and small trees. There were much 

greater differences between components, with leaf having the highest cost 

followed by wood components, spur, and fruit Variations in the percentages of 

the major classes of compounds in different components explain these differences. 

As tree size decreases, the net construction cost also decreases, probably because 

a higher percentage of the total dry weight is partitioned to the least costly 

component, fruit Lower net construction costs observed in smaller trees would 

contribute to the observed increase in dry matter accumulation per leaf area, 

since more fruit than wood can be produced with the same amount of 

photosynthate. 

Introduction 

While partitioning studies measure the dry weights of different growth 

components and demonstrate the patterns of distribution of dry matter as 

influenced by the rootstock, the construction cost (CC) of tissues may vary 

according to the molecular composition of the tissue. Many studies have shown 
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the energy costs of growing plants and of spedfic tissues, but there is virtually no 

information on the effect of rootstock on the net energy costs of a tree. 

Partitioning differences influenced by rootstocks may result in different total 

construction cost and, therefore, different total energy demands for growth. 

The objective of this study was to calculate total tree and net construction 

costs from the gross heat of combustion (dH,), percentage ash content (A), and 

total nitrogen (N) and determine rootstock effects on these construction costs. 

Materials and Methods 

Energy budget analysis was performed on components of 'Starkspur 

Supreme Delicious' apple trees grafted on MAC 24, M.7 EMLA, M.26 EMLA, 

M.9 EMLA, MAC 9, and M.27 EMLA. The components:  frame; 2-yr, 1-yr, and 

spur wood; and root were collected in March 1990. In October/November 1990, 

in addition to the aforementioned components, current season's growth, spur and 

shoot leaf, and fruit were also collected. 

Nine samples from ground subsamples of all components from two tree 

replicates were analyzed for gross heat of combustion (dH^, percentage ash 

content (A), and total nitrogen (N). The dHc was measured on pelletized samples 

using a Parr 1241 Adiabatic Bomb Calorimeter and standard operating procedures 

(Parr, 1975). An ashing oven was used for ash determination, while auto-analysis 

of total Kjeldahl nitrogen was provided by the Oregon State University Soil 

Science Department Construction cost of each component (CC,^,,) was 
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calculated using the equation: 

CC^p = [(0.06968*dHc-0.065)(l-A)+N/14.0067* 180.15/24)* 1/Eg 

where Eg is the growth efficiency and the units of CC^,,^ are g glucose/g dry 

weight (Williams et aL, 1987). A value of 0.87 was used in this study as an 

estimate of growth efficiency (Penning de Vries et aL, 1974). Total tree 

construction cost (CCtot) (kg glucose) was calculated by multiplying the cost of 

each component by the percentage of the total tree dry weight for that component 

(Table 3.2), then summing all components for trees on each rootstock. The net 

construction cost (CC,,^) (g glucose per g dry weight) was then calculated for trees 

on each rootstock by dividing the CCtot by the total tree dry weight 

Data were analyzed using a general linear model procedure in SAS (SAS 

Institute, 1987). Means separations were by the Waller Duncan k-ratio 

t-test, k-ratio = 100. 

Results and Discussion 

The six rootstocks used in this study did not, in general, influence the 

construction cost of components (Tables 5.1 and 5.2). There were differences 

observed for 1-yr wood in March, and 2-yr and l-yr wood and root in 

October/November. In many cases, the component construction cost of wood 

from more dwarfing rootstocks was lower. 

More apparent are the differences between components. In March, frame, 

2-yr and 1-yr wood, and root had the highest component construction cost, 

followed by spur wood.   Shoot leaf component construction cost was highest. 
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Table 5JL.      Construction cost of components of 'Starkspur Supreme Delicious' 
apple trees on 6 rootstocks, March 1990*. 

Frame 
Construction cost (e ducose/e dw} 

Rootstock 2-yr wood 1-yr wood Spur Root 

MAC 24 1.32 1.31 1.27bc 1.18 1.34 

M.7EMLA 1.30 1.33 1.30ab 1.18 1.29 

M26EMLA 1.32 1.32 1.32a 1.22 1.27 

M.9EMLA 1.30 1.28 1.25c 1.19 1.24 

MAC 9 1.30 1.27 1.25c 1.16 1.30 

M.27EMLA 1.28 1.27 1.28b 1.21 1.22 

Mean 1.30a 1.30a 1.28a 1.19b 1.28a 

'Mean separation in columns and across component means by Waller-Duncan 
k-ratio t-test, k-ratio * 100. Means of 2 replications. 



Table 5.2.     Construction cost of components of 'Starkspur Supreme Delicious* apple trees on 6 rootstocks, 
October/November 1990,. 

Construction cost (e elucose/e drv weiehtt 
Rootstock 

Frame 
2-yr 
wood 

1-yr 
wood Shoot Spur Root 

Shoot 
leaf 

Spur 
leaf Fruit 

MAC 24 1.30 1.32abc 1.33a 1.27 1.17 1.39a 1.42 1.30 1.20 

M.7 EMLA 1.30 1.33ab 1.34a 1.26 1.21 1.30b 1.44 1.40 1.20 

M.26 EMLA 1.31 1.33a 1.31a 1.30 1.20 1.30b 1.46 1.36 1.18 

M.9 EMLA 1.29 1.29cd 1.25b 1.28 1.22 1.19c 1.47 1.40 1.18 

MAC 9 1.27 1.27d 1.25b 1.26 1.18 1.26b 1.47 1.35 1.20 

M.27 EMLA 1.31 1.30bcd 1.24b 1.27 1.21 1.27b 1.48 1.40 1.20 

Mean 1.30c 1.31c 1.29c 1.27c 1.20d 1.28c 1.46a 1.37b 1.19d 

'Mean separation in columns and across component means by Waller-Duncan k-ratio t-test, k-ratio = 100. 
Means of 2 replications. 

£ 
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followed by spur leaf in the October/November sample. Wood components were 

similar, ranging from a component construction cost of 1.31 for 2-yr wood to 1.27 

for current season's wood, while fruit and spur wood were lowest at 1.19 and 1.20, 

respectively. The construction cost of different classes of molecular compounds 

which make up plant material can help to explain the observed differences. 

While these classes include a wide range of compounds, the variation in 

construction cost between classes is much greater than the variation of compounds 

within a class. The lipid fraction has the highest construction cost (2.85), followed 

by lignins (207), nitrogenous compounds (1.61), carbohydrates (1.17), and organic 

adds (0.91) (Penning de Vries et aL, 1974). Leaves are higher in nitrogenous 

compounds (25-30%) and lipids (4-5%), and lower in carbohydrates (60-65%), 

resulting in the highest construction cost of all components studied (Souci et aL, 

1981). The difference between shoot and spur leaves might be related to a 

difference in physiological age. Spur leaves were approaching senescence and 

probably had begun recycling nitrogenous compounds and carbohydrates into 

storage organs of the trees. 

Wood components contain high percentages of cellulose (75-80%) and 

lignin (20-25%), giving them construction costs close to those observed for leaves 

(Farmer, 1973). Newer growth is less lignified and contains a higher percentage 

of bark and, although differences are not significant, there is a trend towards 

lower construction costs for 1-yr and current season's wood. Fruit and spur wood 

had the lowest construction cost Since fruit is high in carbohydrates (93%) and 
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low in nitrogenous compounds (2-25%) and lipids (2-25%), it is not surprising 

that the component construction cost is close to that for carbohydrates (Farmer, 

1973). 

The differences observed between the same wood components on different 

rootstocks are not as easily explained. It is possible that the rootstock influences 

the types of compounds within each class, but more likely that the percentage of 

each class varies within components. Wood components on smaller trees were 

proportionately smaller, with a higher percentage of bark and vascular tissue and 

less structural tissue, so it is probable they were higher in carbohydrates and lower 

in much more costly lignins. 

Rootstocks influence the percentage of the total tree dry weight partitioned 

to each component (Table 3.2). Therefore, we anticipated differences in total 

construction cost for trees on different rootstocks. In March, trees on MAC 24 

had the highest total construction cost, followed by M.26 EMLA, M.7 EMLA, 

MAC 9, M.9 EMLA, and M.27 EMLA (Table 5.3). MAC 24 again had the 

highest total construction cost in October/November, followed by M.7 EMLA, 

M.26 EMLA, M.27 EMLA, MAC 9, and M.9 EMLA 

Trees on all rootstocks had lower net construction cost in 

October/November than in March because the addition of the component with 

the lowest cost, fruit, outweighed the addition of the highest cost component, leaf. 

In general, as tree size decreases, net construction cost also decreases. It has 

been shown that as tree size decreases, the percentage of total dry weight 
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Table 5.3.     Total tree and net construction costs of 'Starkspur Supreme 
Delicious' apple trees on 6 rootstocks*. 

Construction cost 
Total Net 

Rootstock (kg glucose) (g glucose/g dw1) 

Sampling Time 

Man* 1990 

MAC 24 74.9a 1.32a 

M.7EMLA 53.1b 1.30c 

M.26EMLA 33.2c 1.31b 

M.9EMTA 13.9d 1.28e 

MAC 9 11.9de 1.29d 

M.27EMLA 2.8e 1.25f 

C)?tt)t>erl990 

MAC 24 117.6a 1.28a 

M.7EMLA 104.9a 1.27b 

M.26EMLA 66.9b 1.26c 

M.9 EMLA 32.3c 1.23e 

MAC 9 22.2cd 1.24e 

M.27 EMLA 5.2d 1.25d 

"Mean sqxuation in columns and within a sampling date by Waller-Duncan k-ratio 
t-test, k-ratio = 100. Means of 2 replications. 
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partitioned to fruit increases (Aveiy, 1970). Since the construction cost of firuit is 

lower than other components, we expect the overall construction cost of trees on 

more dwarfing rootstocks to be lower. However, the same trend was observed in 

March when firuit was not a factor. Since wood components constitute from 48 to 

62% of the total dry weight for M.27 EMLA and MAC 24, respectively, it appears 

that the trends observed within components resulted in highly significant 

differences in net construction cost when the cumulative effect was considered on 

the total tree level 

Studies have shown that heavy firuit load can reduce total leaf area, but the 

increase in total tree dry weight per leaf area is higher in fruiting than in non- 

fruiting trees (Hansen, 1971). The increase in firuit weight more than balances the 

loss of vegetative growth (Avery, 1969). The explanation most commonly given 

for this is increased photosynthetic efficiency and transport resulting from a strong 

sink such as firuit This has been supported by studies which show that as the leaf 

area decreases, the net assimilation rate per cm2 leaf area of 14C02 increases 

(Hansen, 1982; Faust, 1989). The differences in net construction cost observed in 

this study would contribute to this effect The sink strength of firuit may be in 

part a result of lower construction costs of fruit tissue. Less photosynthate would 

be required to produce the same dry weight of tissue than in other components. 

As the leaf area increases, a lower percentage of the total photosynthate would be 

needed for firuit production, and a higher percentage would go towards production 

of more costly wood and leaf tissue. More of the assimilated carbon could be 
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consumed in the production of energy used to drive biosynthetic reactions, and it 

is also possible that more would be consumed in maintenance respiration as leaf 

area increased. 

Another possible contributing factor is the changing source-sink 

relationship during the growing season. As new shoots begin to grow, they act as 

a sink, importing reserves from the rest of the tree. The longer the shoot grows, 

the longer it acts as a sink (Johnson and Lakso, 1986). Later, as extension growth 

slows and eventually stops, the new shoots begin exporting carbohydrates. Since 

new growth is less on smaller trees, it creates less demands on tree reserves and 

new shoots begin exporting earlier in the season, increasing the available 

photosynthate for partitioning to fruit 

It is probable that all of these explanations contribute to the increase in 

dry weight per leaf area observed as fruiting increases. In addition to the known 

benefits of dwarfing rootstocks, such as increased precocity and productivity, it 

appears that lower energy demands may be a benefit as well 
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Chapter 6 

CONCLUSIONS 

Partitioning characteristics of trees were closely related to total tree 

biomass. In general, as biomass increases, a higher percentage of dry matter is 

partitioned to vegetative components and lower percentages to fruiting 

components and roots. Biomass, however, is not the sole determinant of a tree's 

partitioning characteristics, as similar sized trees performed differently on 

different rootstocks. It appears likely that physiological differences induced by the 

rootstock combine with the relationship between fruiting and vegetative growth to 

determine the performance of a particular sdon/rootstock combination. 

Differences in partitioning characteristics induced by rootstocks must be 

considered in any performance evaluation program, and particularly when trunk 

cross-sectional area is used as a predictor of total tree biomass. A comparison of 

yield effidency versus harvest index in this study demonstrated that yield 

effidency tended to underrate the smaller trees and overrate the larger trees. 

While this indicates a possible weakness in evaluations using trunk cross-sectional 

area, it is important to note that the harvest indexes reported here are a measure 

of the fruit dry weight for one year against the biomass accumulated over the 

entire life of the tree. The ideal system would measure the total biomass 

accumulated in one growing season and the percentage partitioned to fruit 
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Construction cost analysis demonstrated that tissues such as firuit and spurs 

require considerable less photosynthate to produce than wood and leaves. It 

comes to no surprise that smaller trees, which partition a larger percentage of 

total biomass to fruit and spurs, are more efficient than larger trees, which 

partition a larger percentage to wood. Rootstocks apparently have a negligible 

effect on construction cost of a particular tissue, so efficiency is most likely a 

factor of partitioning characteristics rather than possible physiological differences. 

Studies have shown that rootstocks affect the assimilation rate of CO^ with leaves 

of trees on more dwarfing rootstocks assimilating more CO2 per cm2 leaf area and 

accumulating more total biomass per cm2 leaf area. However, trees on more 

dwarfing rootstocks actually accumulated less vegetative biomass per cm2 leaf 

area. Because the construction cost of fruit is much lower than that of wood, 

photosynthate can be converted to tissue more rapidly, possibly creating a higher 

demand for photosynthate and a higher C02 assimilation rate. Lower 

construction costs and higher C02 assimilation rates are likely a result of dwarfing 

rather than a cause. 
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APPENDIX 



A1. The heat of combustion (kj * g'1) of tree components sampled from 'Starkspur Supreme Delicious* apple 
trees grafted onto 6 rootstocks.1 

Heat of combustion f kJ • e"1) 

Rootstock Frame 
2-yr 
wood 

1-yr 
wood Shoot Spur Root 

Shoot 
leaf 

Spur 
leaf Fruit 

Mai£lLi22Q 

MAC 24 17.59 17.58 17.34 16.51 17.97 

M.7 EMLA 17.26 17.87 17.54 16.52 17.34 

M.26 EMLA 17.64 17.73 17.73 16.83 17.13 

M.9 EMLA 17.35 17.40 17.19 16.64 17.05 

MAC 9 17.46 17.40 •   17.27 16.43 17.51 

M.27 EMLA 17.37 17.42 17.45 16.83 16.73 

October 1990 i 

MAC 24 17.58 17.79 17.88 17.47 16.75 18.37a 18.97 18.04 15.99ab 

M.7 EMLA 17.43 17.88 17.94 17.38 17.07 17.36b 19.04 18.92 15.89abc 

M.26 EMLA 17.69 17.89 17.66 17.75 16.65 17.30b 19.49 18.51 15.83bc 

M.9 EMLA 17.41 17.55 17.20 17.60 17.05 16.59c 19.68 19.09 15.73c 

MAC 9 17.29 17.49 17.18 17.40 16.69 17.22b 19.70 18.34 16.02ab 

M.27 EMLA 17.82 17.70 17.17 17.58 16.97 17.18b 17.58 19.73 16.03a 

'Mean separation in columns and across component means i by Waller-Duncan k-ratio t-test, k-ratio = 100. Meansof2replica( 

00 



A 2. The percent ash content (g * g'1) of tree components sampled from 'Starkspur Supreme Delicious' apple 
trees grafted onto 6 rootstocks.* 

Percent ash content fa • e'h 

Rootstock Frame 
2-yr 
wood 

1-yr 
wood Shoot Spur Root 

Shoot 
leaf 

Spur 
leaf Fruit 

March 199Q 

MAC 24 1.97b 3.08b 4.80bc 8.20 3.32b 

M.7 EMLA 1.88b 3.38b 3.92c 8.52 3.47b 

M.26 EMLA 2.54b 3.84ab 3.91c 7.24 5.02ab 

M.9 EMLA 2.58b 5.25ab 6.77a 8.18 7.19a 

MAC 9 3.17ab 5.57ab 6.95a 9.83 4.88ab 

M.27 EMLA 4.30a 6.16a 6.15ab 8.24 7.27a 

October \99(1 

MAC 24 3.15ab 3.05c 3.93b 6.25 10.73 2.20d 6.62ab 9.77a 1.25 

M.7 EMLA 2.79b 3.59bc 3.90b 5.79 9.59 3.01d 5.75b 7.13b 1.04 

M.26 EMLA 3.43ab 3.32c 4.11b 5.24 9.01 3.70cd 7.14a 8.32ab 1.64 

M.9 EMLA 3.46ab 4.37b 6.72a 6.19 9.40 7.87a 6.59ab 8.00ab 1.21 
; 

MAC 9 4.22a 5.52a 6.35a 6.62 9.67 6.16ab 6.15ab 7.49b 1.55 

M.27 EMLA 4.41a 5.27a 7.18a 6.96 9.10 5.28bc 6.09ab 7.8 lab 1.99 

'Mean separation was by Waller-Duncan k-ratio t-test, k-ratio = 100. Means were of 2 replicates. 
g 



A 3. The percent nitrogen content (g' g'1) of tree components sampled from 'Starkspur Supreme Delicious' apple 
trees grafted onto 6 rootstocks.* 

Percent nitroeen content fe • rt 

Rootstock Frame 
2-yr 
wood 

1-yr 
wood Shoot Spur Root 

Shoot 
leaf 

Spur 
leaf Fruit 

March 1990 

MAC 24 0.45 0.59c 0.74c 1.11 0.80c 

M.7 EMLA 0.47 0.65bc 0.81c 1.18 0.78c 

M.26 EMLA 0.53 0.84b 0.76c 1.28 1.10b 

M.9 EMLA 0.49 0.81bc 1.15ab 1.23 1.39a 

MAC 9 0.55 0.77bc 1.09b 1.16 1.11b 

M.27EMLA 0.71 1.12a 1.34a 1.22 1.38a 

October 199Q 

MAC 24 0.40b 0.46c 0.73bc 0.79 1.37b 0.93a 2.37ab 2.01bc 0.31d 

M.7 EMLA 0.52ab 0.60bc 0.66c 0.74 t.35b 0.62b 2.28abc 1.96c 0.35bcd 

M.26 EMLA 0.41b 0.58bc 0.88ab 0.79 1.72a 1.13a 2.53a 2.33a 0.34cd 

M.9 EMLA 0.42b 0.66ab 0.96a 0.93 1.51b 1.09a 2.22abc 1.96c 0.38bc 

MAC 9 0.50ab 0.68ab 0.92a 0.96 1.31b 1.12a 2.03c 1.85c 0.39ab 

M.27 EMLA 0.59a 0.77a 1.01a 0.96 1.45b 1.13a 2.17bc 2.19ab 0.43a 

*Mean separation in columns and across component means by Waller- ■Duncan k-ratio t-test, k-ratio = 100. Meansof2 replicat 

s 


