
Annual shoot growth on apple trees with variable canopy leaf area and crop load 
in response to LiDAR scanned leaf area to fruit ratio**

Martin Penzel1,2  and Nikos Tsoulias1*
1Department Horticultural Engineering, Leibniz Institute for Agricultural Engineering and Bioeconomy (ATB), 

Max-Eyth-Allee 100, 14469, Potsdam, Germany
2Education and Research Centre for Horticulture in Erfurt (LVG), Leipziger Strasse 75a, 99085 Erfurt, Germany

Received March 29, 2022; accepted June 7, 2022

Int. Agrophys., 2022, 36, 173-180
doi: 10.31545/intagr/150761

*Corresponding authors e-mail: ntsoulias@atb-potsdam.de
**This work was funded the Ministry of Agriculture, Environment 
and Climate Protection of the federal state of Brandenburg and the 
agricultural European Innovation Partnership (EIP-AGRI), grant 
number 80168342 (2016-2020). The publication of this article was 
funded by the Open Access Fund of the Leibniz Association.

A b s t r a c t. In tree fruit crops, the crop load is one factor that 
has an influence on the vegetative growth of the trees. However, 
since trees vary in leaf area and associated fruit bearing capac-
ity, the number of fruit per tree alone is not sufficient to predict 
their vegetative growth. In the present study, it was investigated 
whether the leaf area to fruit ratio of trees variable in size and crop 
load, measured automatically with a LiDAR laser scanner, have 
an influence on growth properties of the annual shoots. Canopy 
leaf area, the number of fruit per tree and the leaf area to fruit 
ratio of apple trees from two commercial apple orchards of the 
cultivar 'Gala' grown on sandy soils were scanned with a LiDAR 
laser scanner over a two-year period (n=12 trees per orchard and 
year). Additionally, the amount of carbon partitioned to fruit and 
annual shoot growth was quantified for each tree in both years 
(n=36). No correlation between the number of fruit per tree and 
the canopy leaf area alone to the amount of carbon partitioned 
to annual shoot growth was found in both orchards. However, 
the carbon partitioned to fruit correlated to the leaf area to fruit 
ratio, while the amount of carbon partitioned to the annual shoot 
growth was only correlated to the leaf area to fruit ratio in the 
young orchard. The inter-tree variability in shoot properties has 
been described. Nevertheless, it was found that the leaf area to 
fruit ratio is a weak indicator for shoot properties in apple trees, 
especially in the mature orchards.

Keywords: carbon partitioning, canopy mapping, fruit 
detection, 'Gala', Malus x domestica

INTRODUCTION

On bearing tree fruit crops, the canopy leaf area (LA) is 
highly correlated with yield and LA per fruit ratio (LA:F) is 
a major determinant of fruit growth and quality (Poll et al., 
1996; Palmer et al., 1997; Penzel et al., 2021a). The canopy 
LA of spindle type trees consists of several leaf popula-
tions growing on different types of shoots, e.g. spurs, short 
rosette type or long shoots, all with a temporary variable 
contribution of assimilated carbohydrates to the develop-
ing fruit during the growing season (Lakso and Robinson, 
1997; Ayala and Lang, 2018). Although the yield of an apple 
tree appears to correlate with the amount of light inter-
cepted by the spur leaves, the leaves of annual long shoots 
also contribute to yield formation, yet on a smaller scale 
(Wünsche et al., 1996). However, the annual long shoots 
are considered to be primary carbon sink organs, effectively 
competing with fruit for the available carbon resources in the 
early growing period, until ten primary leaves are unfolded 
(Corelli-Grappadelli et al., 1994). As a consequence, the 
leaves of the annual shoots contribute to fruit development 
particularly during the final weeks of the cell expansion stage 
before harvest, namely when their growth is terminated and 
the net light saturated leaf CO2 assimilation rate is similar 
to or even higher in comparison to that of the spur leaves 
(Palmer, 1992). In this period, the fruit have their highest 
seasonal absolute growth rate and therefore, the highest net 
carbon requirement (Penzel et al., 2020, 2021b).
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The variability in seasonal growth among the annual 
shoots may be substantial due to the varying contribution 
of the preformed and neo-formed structures of each shoot 
(Guedon et al., 2006) as well as the position of the shoot 
in the canopy. Furthermore, annual shoot growth follows 
the principle of acrotony, which is defined as an increase in 
the growth and vigour of proleptic shoots from the bottom 
to the top of the canopy (Lauri, 2007). Additional factors 
that have an impact on shoot growth are: the number and 
distance of competing shoots, the age of the tree (Costes 
and Garcia-Villanueva, 2007), the cultivar and their specific 
rootstock response (Seleznyova et al., 2008), the planting 
system, solar radiation, temperature, and management prac-
tices, e.g. irrigation and nutrient supply (Buwalda and Lenz, 
1992). Furthermore, the extent of the annual shoot growth 
increases with the intensity of dormant pruning (Mika, 
1986) and appears to be negatively correlated with crop load 
(Wünsche and Ferguson, 2005; Iwanami et al., 2018).

It is well known that the available amount of assimi-
lated C that is partitioned to fruit depends on the crop load 
and associated overall sink activity of the fruit resulting in 
0-80% differences among trees (Hansen, 1969). However, 
the sink activity of fruit is temporally variable, resulting 
in a continuously changing fraction of assimilated C parti-
tioned to fruit (Sha et al., 2020). At the stage when the fruit 
has reached maturity, 40% of the labelled 13C was found in 
the fruit of the high crop load trees whereas <15% of the 
labelled 13C was found in the fruit of low cropping trees 
(Ding et al., 2017). At the same time the amount of 13C parti-
tioned to annual shoots was 6 and 13% on low and high crop 
load trees, respectively. Furthermore, the crop load affects 
the amount of N partitioned to the annual shoots (Ding et al., 
2017). The fraction of the annual dry mass gain per tree that 
was partitioned into wood was reported to be between 11% 
and 16% on eight-year-old apple trees from different culti-
vars grown on M.9 rootstock (Palmer et al., 2002). Koike et 
al. (1990) specified the percentage of dry mass originating 
from annual shoots from the total dry mass for 'Fuji'/M.26 
nine year-old trees to be 6% and 2%, considering the crop 
load levels of 'normal' cropping trees and 'heavy' cropping 
trees, respectively. However, under low light conditions, 
apple trees tend to prioritize shoot growth over fruit growth 
(Bepete and Lakso, 1998). While the above-mentioned stud-
ies were carried out on relatively uniformly growing trees, 
no specific data is available for trees grown under variable 
soil properties within the orchard, i.e. whose vegetative 
growth per se underlies inter-tree variability.

Spatial variability in the trunk cross-sectional area, yield 
(Manfrini et al., 2020), fruit quality, canopy LA (Tsoulias 
et al., 2022), and the flower set (Penzel et al., 2021c) of 
individual fruit trees in commercial orchards have been 
described previously. Among the endogenous growth fac-
tors, it may be shown that both the small and large scale 
spatial variability of soil properties (Umali et al., 2012; 
Käthner et al., 2017) and terrain features can contribute to 
the inter-tree variability in yield and fruit quality. In addition 
to the spatial information of soil properties, plant phenotyp-
ing techniques (Coupel-Ledru et al., 2019; Huang et al., 
2020) were employed in the analysis of tree canopy fea-
tures. From the available plant sensor systems, LiDAR laser 
scanners mounted on ground vehicles have the advantage of 
operating close to the tree canopy as well as being independ-
ent of the ambient orchard light environment. Over the last 
five years, the methods to analyse the canopy of fruit trees 
have been improved by including an analysis of the leaf area 
index (Sanz et al., 2018), the canopy leaf area (Tsoulias et 
al., 2022) and the number of fruit per tree (Gene-Mola et al., 
2020; Tsoulias et al., 2020b). The available methods thereby 
allow for an inter-tree analysis of the previously described 
and assumed antagonistic shoot and fruit growth.

For the research presented in this article, it was investigat-
ed whether the LA:F ratio of trees is related to the total carbon 
accumulated by annual shoots during one growing season 
and, furthermore, the proportionate partitioning of carbon to 
long and short rosette type shoots. Hence, the objectives were 
(i) to analyse the variability in canopy LA and crop load by 
utilizing a LiDAR laser scanner, and (ii) to quantify the shoot 
growth response to the crop load of individual trees, with ref-
erence to the total elemental C partitioned into annual shoots.

MATERIAL AND METHODS

The trials were carried out in two commercial orchards 
of Malus x domestica Borkh. (Table 1) in Altlandsberg 
(2018, 2019) and Frankfurt (Oder) (2019) located in the 
province of Brandenburg in Germany. In Frankfurt (Oder), 
the late frost in May 2019 reduced the crop load below 
commercially relevant levels. Therefore, only one year of 
data is available from that orchard. 

The trees were trained as slender spindles and plant-
ed on a loamy sand. All of the trees were flower-thinned 
at full bloom utilizing ammonium thiosulphate (20% N, 
15 kg ha–1; Altlandsberg) or mechanical flower thinning 
(Darwin 250, Fruit Tec, Salem-Neufrach, Germany; vehicle 
speed: 8 km h–1, 220 rpm; Frankfurt (Oder)). Twelve trees 

Ta b l e  1. Description of the orchards

Location Cultivar/Rootstock Planting (year) Spacing (m) Date of full bloom Tmean (°C) 

(Cell divisiona/Cell expansionb)
Altlandsberg;
52.607°N, 13.818°E 'Brookfield Baigent'c/M.9 2006 3.2 x 1.0 2018: 29.04.

2019: 24.04.
17.6/19.6
13.3/19.8

Frankfurt (Oder);
52.282°N, 14.456°E 'Schniga Schnitzer'c/M.9 2014 3.3 x 0.9 2018: 28.04. 13.1/20.2
a0 days after full bloom (DAFB) – 50 DAFB; b51 DAFB – harvest; cboth cultivars are 'Gala' mutants.
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were randomly marked by the end of fruit drop for each indi-
vidual orchard and year. The varying crop load level, with 
reference to no fruit set (completely defruited), low (60 fruit 
tree–1), medium (100 fruit tree–1) and high (no hand thin-
ning, >150 fruit tree–1) were adjusted by hand (three trees 
per crop load level) when the fruit diameter was approxi-
mately 15 mm.

When the LA of the trees was fully developed 
(Altlandsberg: 2018: 80 DAFB; 2019: 84 DAFB; Frankfurt 
(Oder): 2018: 81 DAFB), the canopy of all of the marked 
trees were scanned with a two-dimensional mobile light 
detection and ranging laser scanner (LiDAR) (LMS511 
pro model, Sick, Düsseldorf, Germany) mounted on 
a tractor with a 1.6 m high custom-made metal platform. 
Additionally, an inertial measurement unit (MTi-G-710, 
XSENS, Enschede, The Netherlands) and RTK-GNSS 
positioning system (AgGPS 542, Trimble, Sunnyvale, CA, 
USA) was used to monitor the three-dimensional (3D) tilt 
of the sensor system and georeference the acquired data, 
respectively. The tractor was driven (0.13 m s–1) along 
both sides of the rows which included the marked trees to 
acquire a 3D point cloud of the rows (Tsoulias et al., 2019). 

The 3D point cloud dataset was processed using the 
Computer Vision ToolboxTM  of Matlab (2018b, Mathworks, 
Natick, MA, USA). A random consensus was applied to the 
filter points belonging to the ground surface. Rigid transla-
tions and rotations were carried out on each point of the 3D 
cloud and alignment of the pairing tree sides was achieved 
with an iterative closest point algorithm (Tsoulias et al., 
2019). Individual marked trees were segmented based on 
the stem position and planting distance to gain points per 
tree (PPT).

The apparent signal was considered as an approximation 
of hemispherical reflectance. Board targets were coated with 
barium sulphate (BaSO4, CAS Number: 7727-43-7, Merck, 
Germany) for maximum and urethane (S black, Avian 
Technologies, New London, NH, USA) for minimum refer-
ence values, and were applied to calibrate the backscattered 
intensity (RToF) of the LiDAR (Saha et al., 2020), obtaining 
the RToF (%) at 905 nm for each point in the 3D point cloud 
of canopies (Tsoulias et al., 2020a). The geometric feature 
of linearity (L) and sphericity (S) were calculated using the 
k-nearest neighbours classification method (KNN) on each 
segmented tree in order to analyse the local neighbourhood 
of points in 3D (Tsoulias et al., 2020a).

The L and RToF thresholds of wood points were 
determined based on the data of defoliated trees, using 
a probability density function (Tsoulias et al., 2022) in 
both orchards at 50 DAFB. The wood points were sub-
tracted from the total PPT of each tree in order to estimate 
the wood percentage. Similarly, for fruit detection, the 
manually measured fruit diameter was applied for setting 
the spacing of fruit clusters in KNN. Subsequently, fruit 
detection thresholds of S and RToF (Tsoulias et al., 2020a) 
were applied to categorize fruit from the 3D point cloud of 

the canopy. Categorized fruit clusters provided the num-
ber of fruit per tree (Tsoulias et al., 2020b). The wood and 
fruit points were subtracted from the total PPT of each tree 
in order to estimate the LA (%). Subsequently, the linear 
relationship between the manually measured LA and the 
remaining PPT of the considered trees, of both orchards, 
was used to express the leaf area of LiDAR (LALiDAR). The 
coefficient of determination, R², and the relative root mean 
squared error RRMSE (%) were calculated with reference 
to LALiDAR and LALab (Eqs 1, 2) as well as RMSE from the 
fruit, FruitLiDAR and FruitLab (Eq. 3).

R2

LA
(0−1) =

∑

n

i=1
(LALiDAR − LALab)

2

∑

n

i=1
(LALab − LALab)2

, (1)

RRMSELA =

√

1

n

∑

n

i=1
(LALab − LALiDAR)2

LALab

100, (2)

RRMSEF =

√

1

n

∑

n

i=1
(FruitLab − FruitLiDAR)2

FruitLab

100. (3)

At the beginning of the commercial harvest in the rel-
evant orchard, all fruit from the marked trees were harvested 
(Altlandsberg 2018: 127 DAFB, 2019: 138 DAFB; Frankfurt 
(Oder) 2018: 130 DAFB). The number of fruit and the yield 
(Y, kg) from each tree was measured using a commercial 
grading system. During subsequent winters (January 2019, 
February 2020) the length (l, cm) as well as the tip and base 
diameters (Dtip, Dbase, cm) of all of the one year old shoots 
of the marked trees were measured. Additionally, 100 ran-
dom shoots with variable dimensions were cut in January 
in each orchard, and subsequently, the dimensions (l, Dtip, 
Dbase) of these shoots were measured. Thereafter, the shoots 
were dried (80°C) until a constant mass was obtained. The 
dry mass content of each shoot (DMCshoot, g) was recorded 
with an electronic balance (CPA22480CE, Sartorius AG, 
Goettingen, Germany) and the samples were subsequently 
homogenized, utilizing a cutting mill (Pulverisette19, Fritsch 
GmbH, Idar-Oberstein, Germany). An aliquot (10 mg) of 
homogenized dry mass was analysed in order to obtain the 
fraction of elemental C (Crel; shoot (0-1)) with an elemental 
analyser (Vario EL III, Elementar Analysensysteme GmbH, 
Hanau, Germany) at an operational temperature of 1150°C. 
Crel; shoot served as a factor of DMCshoot in order to calculate 
the elemental C content of each shoot (Cshoot, g).

The total C of the fruit was estimated (Eq. 4) using the 
harvested yield of the trees multiplied by the average frac-
tion of the dry mass of the fresh mass of the fruit and the 
fraction of elemental C of the dry mass of the fruit (Table 2).

Ta b l e  2. Average fraction of dry mass on fresh mass (DMfruit 
FMfruit

–1 (0-1)) and elemental C on dry mass (Crel; fruit (0-1)) of 
'Gala' apple fruit at harvest time in two locations
Location DMfruit (0-1) Crel; fruit (0-1) Reference
Altlandsberg 0.16 0.47 Penzel et al., 2021b
Frankfurt (Oder) 0.14 0.48 based on own research 

Cfruit = Y DMfruit Crel; fruit. (4)
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In order to quantify the total dry mass and C partitioned 
into one-year-old shoots, the individual volume of each 
shoot (n=100) as well as each shoot from the measured 
trees, Vshoot (cm³), was estimated (Eq. 5): 

Vshoot =
π

3
l ((

D2

2
)2 + (

D1

2

D2

2
) + (

D1

2
)2) . (5)

A non-linear regression was performed by reducing 
the root mean square error (Table Curve 2D Version 5.01, 
IBM Corporation, Armonk, USA) and applied to estimate 
DMCshoot from Vshoot.

RESULTS AND DISCUSSION

The geometric features of linearity (L), sphericity (S) 
and calibrated reflectance intensity (RToF) were used to cat-
egorize the LALiDAR from the woody parts and the number 
of fruit in each individual 3D tree point cloud (Table 3; 
Fig. 1). This allowed for the achievement of a robust mod-
el for analysing the LALiDAR (LALiDAR = 0.81 × PPT + 0.89) 
(Fig. 2a), which revealed an adjusted cross-validated coef-
ficient of determination (R2

adj) of 0.92 and a 4.52% root 
mean squared error in cross validation (RMSECV). 

The LALiDAR ranged between 3.8-7.3 m2 in Altlandsberg 
and 5.5-8.4 m² in Frankfurt (Oder) in 2018, whereas in the 
following year of 2019, these values (5.46 to 8.39 m2) had 
increased in Altlandsberg (Table 4). A similar mean value 
and standard deviation of LALiDAR was observed in Frankfurt 
(Oder) and Altlandsberg in 2018. The LALiDAR was corre-
lated with the manually measured LA in Altlandsberg 
(R2=0.94, RRMSE=8.97%) and Frankfurt (Oder) (R2=0.59, 
RRMSE=6.2%). The RRMSE for fruit detection was 1.62, 
2.53 and 2.28% in Altlandsberg (2018, 2019) and Frankfurt 
(Oder), respectively. The mean percentage of wood in the 
canopies found in Frankfurt (Oder) (Fig. 1) exceeded that 
of Altlandsberg (Table 3).The estimated total number of 
fruit in Altlandsberg was 1618 as compared to 1624 fruit 
and 1194 as compared to 1204 fruit in 2018 and 2019, 
respectively. Whereas, a slight overstimation was noted 
in Frankfurt (Oder), with the detection of 1540 fruit as 
opposed to the existence of 1536 actual fruit.

All annual shoots were classified into short rosette type 
shoots (≤5 cm) and long shoots (>5 cm). The variability 
in shoot length and diameter of long shoots was high on 

all sampled trees (Fig. 3). In considering all of the sam-
pled shoots (Altlandsberg: 2018: n=1599, 2019: n=1779; 
Frankfurt (Oder), 2018: n=1648), no relationship between 
the shoot diameter and shoot length was found for the short 
shoots, whereas the shoot length appeared to be loosely cor-
related with the shoot diameter for the long shoots (Fig. 3). 
The DMCshoot of the sampled shoots was correlated with the 
volume of shoots in both orchards (Fig. 4a). Only the shoot 
volume of six shoots in 2019 slightly exceeded the shoot 
volume data set used for calibration (Fig. 4b). Therefore, 
an estimation of the DMCshoot was facilitated with the use 
of the calibration model. The fraction of elemental C in the 
DMCshoot (Crel; shoot (0-1)) was 0.51 in both samples from the 
two orchards in 2018. Through conversion into elemental C, 
the individual shoots had a varying C content ranging from 
0.01-18.3 g and 0.01-5.5 g in Altlandsberg and Frankfurt 
(Oder), respectively (Fig. 4b). When taking into account all 
of the sampled shoots from both orchards, the shoot length 
correlated to the C content (R²=0.86). The considered trees 
of both orchards varied in trunk diameter, percentage of 

Ta b l e  3. Descriptive statistics of leaf area derived from LiDAR 
(LALiDAR) and the percentage of wood with reference to the entire 
canopy in orchards located in Frankfurt (Oder) (n=12) and 
Altlandsberg (n=23). The average (Mean), minimum (Min), max-
imum (Max) and standard deviation (SD) are provided

LALiDAR 
(%)

Orchard Year Mean Min Max SD
Frankfurt (Oder) 2018 48.75 34.97 49.56 0.94
Altlandsberg 2018 52.58 32.35 62.53 0.87
Altlandsberg 2019 56.46 35.18 63.58 1.16

Wood 
(%)

Frankfurt (Oder) 2018 40.26 38.88 62.95 5.51
Altlandsberg 2018 31.31 23.44 52.23 5.68
Altlandsberg 2019 35.17 16.42 53.82 6.05

Fig. 1. 3D point cloud of a medium sized tree in Frankfurt (Oder) 
at 81 day after full bloom and the contribution to the point from 
wood, leaf area (LA), and fruit.

Fig. 2. Relationships between the measured and LiDAR estimated 
(a) leaf area per tree (LALab, LALiDAR (m²)), (b) no. of fruit per tree 
from two orchards (Frankfurt (Oder) (circle) and Altlandsberg 
(closed triangle).
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wood, canopy LA, number of flower clusters per tree, num-
ber of fruit per tree and yield (Tables 3, 4). Nevertheless, 
all the aforementioned factors alone, with the exception of 
the trunk diameter in one orchard in 2018, had no effect on 
the total C partitioned into the one year old shoots, ∑Cshoot 
(g), (Table 4), which varied quite substantially (Fig. 5b). By 

contrast, the yield of the trees in Altlandsberg was correlated 
to the canopy LA (Table 5), which determines the capac-
ity of the tree to absorb photosynthetic energy (Wünsche et 
al., 1996; Penzel et al., 2021b). However, this correlation 
may not be visible annually, because alternate bearing, frost, 
poor pollination conditions and pests can frequently reduce 
the crop independently of canopy LA. In the case of the 
Frankfurt (Oder) orchard, this correlation was not visible.

Fruit and shoot growth are considered to be antagonists 
(Quinlan and Preston, 1971). Therefore, it was expected, 
that shoot growth would correlate negatively to crop load. 
However, individual trees show varying canopy LA and an 
associated variability in growth capacity, and in particu-
lar, fruit bearing capacity (Penzel et al., 2020, 2021b). As 
a consequence, when evaluating the effect of fruit growth 
on shoot growth, the leaf area per fruit (LA:F) ratio should 
be considered for each individual tree. In the present study, 
LA was measured when the canopy was fully developed. 
Therefore, no conclusion about the seasonal growth curve 
of canopy LA and LA:F could be reached. Since LA and 
the length of the annual long shoots appear to be correlat-
ed (Barlow, 1980), it is assumed that trees with high LA:F 
show a higher annual shoot growth in comparison with trees 
that have a low LA:F. The amount of C partitioned to fruit 
was negatively correlated with LA:F in both orchards in 
both years (Fig. 5a, Table 5). However, only in the young 
orchard in Frankfurt (Oder) did ∑Cshoot appear to corre-
late with LA:F (Table 5, Fig. 5b). In the mature orchard in 
Altlandsberg, no effect of LA:F on ∑Cshoot was observed. 

Fig. 3. Relationship between the diameter and length of the annual 
long shoots in 'Gala' apple in (a) Frankfurt (Oder) (2018, closed 
circle) and (b,c) Altlandsberg (20018: closed triangle, (b) 2019: 
open triangle, (c) (p<0.0001; a: R²=0.3; b: R²=0.5; c: R²=0.4).

Fig. 4. Allometric relationship between (a) the shoot volume (Vshoot, cm³) and the shoot dry mass content (DMCshoot) of the annual 'Gala' 
apple shoots in 2018 sampled in Altlandsberg (n=100; triangle, solid line; DMCshoot=0.765 Vshoot 0.896, R²=0.98) and Frankfurt (Oder) 
(n=100; circle, dashed line; DMshoot=0.664 Vshoot 0.8734, R²=0.99), (b) shoot length and elemental C content of the total n=5026 annual 
'Gala' apple shoots from both orchards.

Ta b l e  4. Ranges in tree features and yield components (trunk diameter (cm), number of flower clusters per tree, LiDAR estimated 
number of fruit FLiDAR, canopy leaf area LALiDAR, and yield (kg) of 'Gala' apple trees (n=9 per year) and the p-value of the correlation to 
total C partitioned into the one year old shoots

Location Year Trunk diametera (cm) Flower clusters tree FLiDAR
b (no. fruit tree–1) LALiDAR (m²) Yield (kg)

value p value p value p value p value p

Altandsberg 2018 3.9-6.0 0.02 70-193 0.1 49-230 0.6 3.8-7.3 0.4 6.4-23.2 0.4
2019 5.1-6.2 0.2 104-233 0.3 71-200 0.3 4.2-7.4 0.5 13.0-28.3 0.5

Frankfurt (Oder) 2018 4.0-4.7 0.3 152-338 0.4 51-290 0.06 5.5-8.4 0.9 7.3-27.0 0.2
a30 cm above the graft; bof the bearing trees; the bold format serves to highlight the statistically significant values as opposed to the 
non-significant ones. 
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Furthermore, non-cropping trees had an average ∑Cshoot of 
121.2 g, 159.8 g in Altlandsberg in 2018 and 2019, respec-
tively and 93.3 g in Frankfurt (Oder) in 2018, which for 
both orchards in 2018 was slightly above the range of the 
∑Cshoot of the cropping trees. The ratio between the elemen-
tal C accumulated in annual shoots and fruit ranged from 
0.02 to 0.36 and appeared to be correlated with the LA:F 
in the young orchard in Frankfurt (Oder) (Table 5, Fig, 
5c). The correlation confirms that in young orchards shoot 
growth competes with fruit growth. In the mature orchard, 

however, only in 2019, a correlation was found (Table 5). As 
expected, a higher fraction of elemental C is partitioned into 
the fruit than into the one year old shoots, thereby confirm-
ing the previous studies (Koike, 1990; Palmer et al., 2002; 
Ding et al., 2017). However, LA:F had no effect on the frac-
tional amount of C partitioned into the long and short shoots 
(Fig. 5d). The mean length and SD of the long shoots was 
also not affected by LA:F (Table 5, Fig. 5e, f), in contrast 
to the previous results (Palmer et al., 1997) which showed 
the effect of thinning on the accumulated shoot length. In 
general, the results showed that LA:F has an effect on annual 
shoot growth. However, LA:F seems to be a weak indicator 
in explaining the differences in the shoot growth properties.

In general, when the canopy on slender spindle trained 
apple trees grown on M.9 rootstocks was fully developed, 
the contribution of the annual long shoots alone and the 
annual long plus short shoots to the leaf area index was 
reported to be 33 and 52%, respectively (Wünsche et al., 
1996). In other growing systems the contribution of different 
leaf populations to the canopy LA may differ. Furthermore, 
temporal changes in the composition of the canopy LA from 
the LA from different shoot types were reported (Wünsche 
et al., 1996), because spur leaves rapidly emerge after bud 
break, whereas the leaves on long and short shoots gradu-
ally unfold during shoot elongation. As a consequence, as the 

Fig. 5. Relationships between (a) annually assimilated carbon partitioned to fruit, (b) annually assimilated C partitioned to annual 
shoots, (c) the ratio of annual assimilated C partitioned to fruit and shoot+fruit (d) fraction of annually assimilated C partitioned to 
long shoots (<5 cm), (d) average length of long shoots, (f) SD of long shoots to the leaf area to fruit ratio (LA:F) of 'Gala' apple trees in 
Frankfurt (Oder) (2018, closed circle, dotted line) and Altlandsberg (2018: closed triangle, solid line; 2019: open triangle, dashed line).

Ta b l e  5. p-values and correlation coefficients of interaction 
between LALidAR and yield, LA:F and measured shoot variables. 
The bold format serves to highlight the statistically significant 
values as opposed to the non-significant ones

Interaction
Altandsberg Frankfurt 

(Oder)
2018 2019 2018

p R² p R² p R²
LALiDAR~Yield 0.02 0.37 0.003 0.7 0.40 –0.02
LA:F~∑Cfruit <0.001 0.61 <0.005 0.66 0.002 0.67
LA:F~∑Cshoot 0.75 –0.08 0.07 0.3 <0.05 0.34
LA:F~∑Cshoot/∑Cfruit 0.20 0.07 0.01 0.57 <0.001 0.87
LA:F~∑Clong shoot/∑Cshoot 0.50 –0.04 0.19 0.12 0.91 –0.12
LA:F~shoot length 0.66 –0.07 0.06 0.32 0.16 0.13
LA:F~SDshoot length 0.17 0.08 0.19 0.12 0.73 –0.11
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trees varied in their total leaf area (Table 3), it is likely that 
the relative contribution of spur and annual shoot leaf area 
shows additional inter-tree variability. With repeated meas-
urements during leaf development (Tsoulias et al., 2022), the 
leaf area contribution of leaves from spurs and annual shoots 
can potentially be distinguished, as well as the fraction of 
shaded and exposed leaves. The shaded and exposed leaves 
vary in their photosynthetic capacity, because the tree has the 
capacity to adapt to the level of leaf nitrogen content, which 
is a major determinant of the maximum photosynthetic rate 
(Greer, 2018) with reference to the degree of light exposure 
(DeJong and Doyle, 1985). As a consequence, the exposed 
leaves have a higher N content than the shaded leaves (Ye et 
al., 2020) and associated photosynthetic capacity. The frac-
tion of shaded and exposed leaves as well as the spur, short 
and extension shoot leaves on the canopy leaf area would 
be valuable in describing the inter-tree variability in both 
vegetative and reproductive growth in orchards and in the 
evaluation of the contribution of different growth factors.

CONCLUSIONS

1. The factors trunk diameter, flowers and fruit per tree 
were not sufficient to explain inter-tree variability in annual 
shoot growth. 

2. In considering individual trees, canopy leaf area was 
correlated to yield, while canopy leaf area showed no cor-
relation with annual shoot growth. 

3. The LiDAR estimates of total leaf area and the num-
ber of fruit per tree facilitated the estimation of the leaf 
area to fruit ratio of individual trees. The leaf area to fruit 
ratio ratio affected the annual shoot growth in one orchard 
thereby confirming the antagonistic shoot and fruit growth. 
However, because of the weak correlation of the leaf area to 
fruit ratio to shoot growth properties, a more precise analysis 
of the temporal changes in the composition of the canopy 
leaf area of the leaves from spurs and annual shoots as well 
as the exposed and shaded leaves is required for the precise 
analysis of the growth in individual trees within orchards.
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