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Abstract. The effect of rootstock on apple size is not clear due to inconsistent results of 
published studies. This study was conducted over 3 years at the Peninsular Agricultural 
Research Station near Sturgeon Bay, WI on 6-year-old ‘Gala’ apple trees (Malus domestica 
Borkh) grafted on Malling 26 (M.26), Ottawa 3, M.9 Pajam 1, and Vineland (V)-605 root-
stocks. Fruit diameter was measured weekly. Fruit weight and volume were estimated by a 
quadratic regression of weekly measurements. Fruit weight was positively correlated with 
fruit volume. Rootstock had no effect on fruit growth and fi nal size even with the removal 
of crop load effects. Crop load was a highly signifi cant covariate for fruit size, but canopy 
light interception and seed count were not. Trees on M.26 EMLA had slightly higher yield 
in 2000 but rootstock did not affect yield effi ciency any year. Rootstock had no infl uence on 
fruit quality attributes during 2001; however, in 2002, fruit obtained from trees on Pajam-
1 tended to be less fi rm. Generally, apple fruit size was infl uenced by crop load and other 
factors, but not by rootstock.

Commercial apple growers have an eco-
nomic incentive to grow large fruit while main-
taining yield. Since rootstocks are an important 
component of apple production systems, posi-
tive effects of rootstock on fruit size would be 
benefi cial. Apple rootstocks infl uence potential 
tree density, precocity, and cropping effi ciency 
(NC140, 1987, 1996). Fruit size is one of the 
most important determinants of price (Bergh, 
1985). Since many factors can infl uence fruit 
size including crop load (Bergh, 1985; Palmer et 
al., 1997), seed count and infl orescence position 
(Denne, 1963), light interception (Robinson et 
al., 1983), temperature (Warrington et al., 1999), 
thinning (Lakso et al., 1995), training system 
(Ferree and Palmer, 1982), and rootstock (Autio, 
1991; Autio et al., 2003), it is diffi cult to study 
the effects of one factor, such as rootstock, 
without taking into account other potential 
sources of variation. 

A number of studies have reported that 
rootstock infl uences aspects of fruit quality such 
as ripening and storability (Lord et al., 1985), 
mineral composition (Drake et al., 1988), size 
(Marini et al., 2002) and fi rmness (Brown and 
Wolfe, 1992). However, the effects of most of 
the rootstocks studied were not consistent from 
site to site and varied over time.

To evaluate the full commercial potential 
of a particular apple rootstock, it is important 
to take into account other sources of variability 
and to evaluate rootstock effects on fruit size 
for specifi c regions or cultivars. Autio (1991) 
documented that fruit size of ‘Starkspur Su-
preme Delicious’ planted in Massachusetts was 
dramatically affected by rootstock, even with 
removal of crop load effects. However, Hirst 

branches were selected instead depending on the 
availability of experimental limbs. For example, 
six branches were tagged on V-605-1 because 
trees were vigorous compared to trees on Ottawa 
3. Because fruitlet size depends on its position 
in a cluster, the king fruit in a cluster usually 
develops faster and is larger than lateral fruitlets 
(Goldwin and Ermen, 1989). In this study, king 
and lateral fruitlets were randomly selected at 
full bloom to refl ect commercial harvest. Three 
individual fl owers were tagged at the base, 
middle and outside of each tagged limb. 

In 2000, 2001, and 2002 fruit growth was 
measured weekly with a digital caliper beginning 
at four weeks after full bloom through harvest. 
Length and width were taken for each tagged 
fruit. Fruit volume was measured by liquid 
displacement along with length, diameter, and 
fresh weight of three fruit per tree and six trees 
per rootstock nine times during the season. Qua-
dratic regression was then used to calculate fruit 
volume and weight during fruit development. 
At harvest, tagged fruit size was measured and 
the total crop from each tree was weighed and 
counted. Trunk cross-sectional-area (TCA) was 
calculated from trunk diameter measurements. 
Crop load was calculated as number of fruit 
per square centimeter TCA. Subsamples of 50 
apples from each tree were randomly selected 
at harvest for individual fruit size measure-
ments of length, diameter, weight, and volume. 
Flesh fi rmness was determined with an Effegi 
penetrometer (11.1-mm-diameter probe; Effegi, 
Alfonsine, Italy) and soluble solids concentra-
tion (SSC) was measured using a hand-held 
Atago refractometer (Atago Co. Ltd., Tokyo, 
Japan). In 2000 at harvest, seeds were counted 
in 300 fruit. 

Canopy light interception [1 – (PAR below 
canopy/PAR above canopy)] was calculated 
from records of above canopy incident irradiance 
and of tree light transmission during mid July 
2001 at dawn using a canopy analyzer (LAI2000; 
LI-COR, Lincoln, Neb.). For simplicity, light 
measurements were collected at three different 
positions on each tagged limb for three randomly 
selected limbs per tree and fi ve trees per root-
stock along with leaf samples to use specifi c 
leaf area (SLA) as a proxy for intercepted 
light at fruit positions (Ellsworth and Reisch, 
1993). Fifteen fully expanded spur and shoot 
leaves were sampled along the limb to calculate 
SLA and a regression analysis of logarithmic 
transformed data was used to estimate canopy 
light interception for all tagged fruit.

All data were subjected to analysis of vari-
ance using the SAS Mixed procedure and linear 
regression analysis using the SAS Regression 
procedure (SAS Institute., Inc., Cary, N.C.). 
Data for fruit growth were analyzed with weeks 
as repeated measures. Covariate analysis was 
used where it improved the effi ciency of analy-
sis, such as using crop load as a covariate for 
fruit size. All means were separated by Fisher’s 
protected t test using the Proc Mixed models 
procedure of SAS, P ≤ 0.05. 

Results and Discussion

Generally, rootstocks had no infl uence 
on ‘Gala’ fi nal fruit size measured by indi-

and Flowers (2000) found no effect of rootstock 
on fruit growth rate or fi nal fruit size of ‘Gala’ 
apples grown in Indiana. 

This study was carried out to investigate, 
over 3 years, the effects of four rootstocks 
on ‘Gala’ apple fruit growth, size and quality 
taking into account multiple potential sources 
of variation. 

Materials and Methods

This study was conducted for 3 years at 
the Peninsular Agricultural Research Station 
near Sturgeon Bay, WI on a Longrie sandy 
loam soil (coarse, loamy, mixed, frigid, Entic 
Haplorthod), pH ≈ 7 with 4% organic matter. 
The orchard was planted in 1994 with trees 
grafted to the same scion (TRECO Red Gala 
#42) in the same nursery using the same parent 
material. Thirty scions on four rootstocks [eight 
on each of M.26 EMLA (M.16 x M.9) and V-
605-1 (M.9 open pollinated), and seven on each 
of Ottawa 3 (Robin x M.9) and Pajam 1 (M.9 
clone)] were used. The experimental design was 
a nested factorial design with repeated measures 
(4 rootstocks × 7 or 8 trees per rootstock × 5 
limbs per tree × 3 fruit per limb measured at 
weekly intervals). The study was repeated on 
the same trees for three years.

The orchard was maintained according to 
protocols established for the existing NC-140 
regional research project. Trees were trained to a 
central leader system. Alleys between rows were 
planted to a grass sod and a 2-m-wide weed-free 
area within the tree row was maintained with 
glyphosate herbicide. Trees were chemically 
thinned each year with 0.56 kg/ha Carbaryl in 
early to mid-June when king fruit were about 10 
mm in diameter. In 2003, 50 ppm benzyladenine 
(Accel, Valent Biosciences, Libertyville, Ill.) 
was tankmixed with the Carbaryl.

Each year at full bloom fi ve different 
branches per tree were randomly tagged ex-
cept for the fi rst year (2000) where three or six 
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vidual fruit weight over 3 years (Table 1). 
The inconsistency of previous studies of 
rootstock effects on fruit size was partly due 
to ignoring other contributing factors in fruit 
size development, including crop load, tree 
size, light interception, and seed count. It is 
diffi cult to verify the effects of one factor such 
as rootstock without taking into account other 
potential sources of variability that might alter 
the overall relationship between rootstock and 
fruit size. Crop load (fruit number/cm2 TCA) 
was a signifi cant covariate for fruit size (P 
<0.0001) for all years; however, other factors 
such as seed count and canopy light interception 
were not (r2 = 0.03 and 0.012, respectively). 
Palmer et al. (1997) determined that crop load 
had a signifi cant infl uence on fruit size. They 
documented that heavy crop loads produce 
smaller fruit compared to light cropping. Our 
data confi rmed this association between crop 
load and fruit size. Because of this association 
between crop load and fruit size, fruit size was 
adjusted for crop load.

Seed count can affect apple fruit size 
(Denne, 1963). However, analysis of 300 
mature ‘Gala’ fruit during 2000 did not show 
any correlation between fruit size and seed 
number (r2 = 0.03). There was no effect of 
rootstock on ‘Gala’ seed number. The range 
of seed number varied from 0 to 13 seeds for 
fruit of similar size, indicating that seed count 
was not a covariate for fruit size in this study. 
These data suggest that ‘Gala’ fruit may be 
partially parthenocarpic. However, fruit with 
no seeds tended to be smaller than fruit with 
at least one seed (P = 0.01). 

Light can vary markedly within a tree 
canopy yet is a key environmental factor that 
affects fruit growth. Light has been shown 
to infl uence fruit size and quality, including 
red pigmentation, soluble solids concentra-
tion, and fruit weight (Robinson et al., 1983). 
Trees in this study were trained to a central 
axe system, well pruned and were not overly 
crowded so leaf area index and transmission 
of light through the canopy were similar for 
all treatments. Thus, light interception was not 
a signifi cant covariate. 

Generally, rootstock did not affect fruit 
growth as measured by diameter over the 
season for 3 years, even with the removal of 
crop load effects (Fig. 1). Weight and volume 
(measured over time) of ‘Gala’ apples were 
highly correlated (r2 = 0.99). Because of this 
association, either metric could be used to 
assess fruit size. The growth curves for fruit 
diameter were very similar to those obtained 
by Denne (1960) for ‘Cox’s Orange Pippin’ 
apples. Fruit growth was not infl uenced by 
the selected rootstocks perhaps because all 
tested rootstocks act similarly in Wisconsin. 
Over 27 planting sites, ‘Starkspur Supreme 
Delicious’ fruit from trees on M.27 EMLA 
were smaller than from trees on M.9 EMLA 
or M.26 EMLA rootstocks (NC-140, 1991). 
Conversely, in Massachusetts, Autio (1991) 
reported that fruit from trees on M.27 EMLA 
rootstock were similar in size to those from 
trees on M.26 EMLA and M.9 EMLA root-
stocks. Marini et al. (2002) found inconsistent 
effects of rootstock on fruit size across different 

Fig. 1. Effects of rootstock on weekly growth of ‘Gala’ apples measured by fruit diameter (mm). Scions 
were grown on M.26 EMLA, Ottawa-3, Pajam-1, and V-605-1 rootstocks at the Peninsular Agricultural 
Research Station near Sturgeon Bay, WI. Values are adjusted for crop load as a covariate. Points are 
LS means ± standard error of the mean. 

Table 1. Effects of rootstock on crop load, yield, yield effi ciency, fruit number, and fruit size of ‘Gala’ 
apples (n = 4). 

  Crop load   Yield   Fruit Fruit size
  (no. fruit/ Yield effi ciency Fruit size adjusted for
Rootstock cm2 TCA) (kg/tree) (kg·cm–2 TCA) (no./tree) (g) crop load (g)
2000
 M.26 EMLA 7.0 54.8 az 1.0 366 a 149 150
 Ottawa-3 6.0 28.8 b 0.9 201 b   148 146
 Pajam-1 7.9 40.6 ab 1.1 281 ab  144 147
 V-605-1 5.6 36.8 b 0.8 255 b   145 143
 P value 0.22 0.009 0.1 0.02 0.81 0.56
2001
 M.26 EMLA 6.1 53.2 0.9 358 150 149
 Ottawa-3 7.6 40.1 1.0 314 142 145
 Pajam-1 7.4 43.5 1.0 319 143 145
 V-605-1 5.4 49.9 0.8 315 146 143
 P value 0.13 0.22 0.42 0.84 0.50 0.67
2002
 M.26 EMLA 8.5 80.6 1.3 542 146 141
 Ottawa-3 10.7 61.4 1.5 453 143 145
 Pajam-1 10.7 68.2 1.5 480 144 146
 V-605-1 9.4 76.4 1.2 576 140 138
 P value 0.10 0.29 0.08 0.32 0.74 0.23
zMean values with different letters within columns and years are signifi cantly different at P ≤ 0.05 as 
determined by Fisher’s protected t test using the Proc Mixed models procedure of SAS.
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production areas. Thus, rootstock might have 
an infl uence on fruit size, but this infl uence 
may differ from site to site, year to year, and 
between cultivars. 

Generally, rootstock had no effects on fruit 
size of ‘Gala’ scions grown in a temperate cli-
mate in northeast Wisconsin even when effects 
of crop load were removed, suggesting that 
factors other than rootstock are more important 
in producing larger fruit. Hirst and Flowers 
(2000) documented similar results for ‘Gala’ 
apples in Indiana. Although rootstock effects on 
fruit size have been documented (Autio, 1991; 
Autio et al., 2003), results were not always 
consistent and varied over time (Lord et al., 
1985), across geographical regions (Autio et 
al, 2003; NC-140, 1996), and between cultivars 
(Autio et al., 2003; Wertheim, 1989). Autio et 
al. (2003) found that ‘Cortland’, ‘McIntoch’, 
and ‘Pioneer Mac’ apple size was affected by 
rootstock, but not ‘Gala’. 

Except in 2000, rootstock had no infl uence 
on yield. However, all trees were chemically 
thinned after petal fall to achieve similar crop 
loads. Trees on M.26 EMLA had slightly 
higher yields in 2000 compared to trees on 
Ottawa-3 and V-605-1 rootstocks. Scions on 
Pajam-1 were intermediate. Volz (1988) found 
strong and positive relationships between fruit 
numbers per tree and total yield, and the total 
weight of fruit. Because yield was positively 
correlated with fruit number, trees on M.26 
EMLA had more fruit, probably because they 
had more bearing surface compared to trees on 
other rootstocks (Hirst and Ferree, 1996). 

Yield effi ciency was not signifi cantly dif-
ferent any year in this trial perhaps because 
all tested rootstocks were M.9 clones or had 
M.9 as a parent, which provided little genetic 
diversity. Webster and Hollands (1999) work-
ing with ‘Cox’s Orange Pippin’ grown on 24 
selections (clones) of M.9 showed that none 
of the clones had any consistent effect on the 
precocity of fl owering, the numbers of fl oral 
buds produced by the trees, or the effi ciency 
of fruit set. 

Flesh fi rmness and SSC were not affected 
by rootstock in 2001 (Table 2). A similar result 
was found by Brown and Wolfe (1992). They 
showed that fruit from ‘Starkspur Supreme 
Delicious’ on M.26 EMLA and Ottawa-3 root-
stocks were similar in fl esh fi rmness and SSC. 
In 2002, fruit from trees on Pajam-1 were less 
fi rm than fruit from other rootstocks. Harker 
et al. (1997) showed that fi rmness depends 
on cell size, cell wall thickness and strength, 
and cell shape and packing (number per vol-
ume). In this study, a signifi cant relationship 

between fruit weight and fl esh fi rmness was 
evident because variation in fruit size within 
‘Gala’ in Wisconsin is due to difference in 
cell size rather than cell number, although 
no correlation between cell size and fi rmness 
was evident (Al-Hinai, 2003). Generally, the 
effect of rootstock on fi rmness is minor and 
varies from site to site (Autio, 2003). Because 
of the inconsistent results obtained for the two 
years, the effects of rootstock on fruit quality, 
if any, are not clear. Other factors, such as 
thinning (Johnson, 1992) and light exposure 
(Robinson et al. 1983), have been found to 
be far more important in fruit quality rather 
than rootstock. 

In conclusion, apple rootstock had no 
effects on ‘Gala’ fruit growth, fi nal size, or 
yield effi ciency under Wisconsin’s climate 
even with the removal of crop load effects. To 
study the effects of a particular factor, such as 
rootstock, on fruit size and quality, it is critical 
to take into account other potential sources of 
variability. The inconsistent results of rootstock 
effects on fruit quality did not provide a clear 
understanding of how rootstock affects fruit 
fi rmness or SSC. Thus, apple growers should 
make rootstock decisions based on size control, 
disease resistance and yield effi ciency, but not 
effects on fruit size.
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Table 2. Effects of rootstock on mature ‘Gala’ fruit fl esh fi rmness and soluble solids concentration (SSC) 
over two growing seasons at the Peninsular Agricultural Research Station near Sturgeon Bay, Wis. 

 Firmness    Sugar content 
  (Newtons)  (°Brix)
Rootstock 2001 2002 2001 2002
M.26 EMLA 72.4 77.7 az 11.8 13.7 ab
Ottawa-3 73.8 77.7 a 11.6 14.2 a
Pajam-1 69.3 71.5 b 11.7 13.0 bc
V-605-1 71.5 76.8 a 11.6 12.8 c
P value 0.15 0.01 0.54 0.001
zMean values with different letters within columns and years are signifi cantly different at P ≤ 0.05 as 
determined by Fisher’s protected t test using the Proc Mixed models procedure of SAS.
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