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Abstract. This paper describes an approach to estimate the
photosynthetic capacity and derive the optimum fruit number for
each individual tree, in order to achieve a defined fruit size, which
is named as the fruit bearing capacity of the tree. The estimation
of fruit bearing capacity was carried out considering the total
leaf area per tree as measured with a 2-D LiDAR laser scanner,
LAiipar, and key carbon-related variables of the trees including
leaf gas exchange, fruit growth and respiration, in two commer-
cial apple orchards. The range between ™LA, par and ™ LA;par
was found to be 2.4 m? on Pinova and 4.3 m? on RoHo 3615 at
fully developed canopy. The daily C requirement of the growing
fruit and the associated leaf area demand, necessary to meet the
average daily fruit C requirements showed seasonal variation,
with maximum values in the middle of the growing period. The
estimated fruit bearing capacity ranged from 33-95 fruit tree” and
45-121 fruit tree” on the trees of Pinova and RoHo 3615, respec-
tively. This finding demonstrates sub-optimal crop load at harvest
time in both orchards, above or below the fruit bearing capacity
for individual trees. In conclusion, the LIDAR measurements of
the leaf area combined with a carbon balance model allows for the
estimation of fruit bearing capacity for individual trees for precise
crop load management.
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INTRODUCTION

As a perennial plant, the production of premium size
apples requires a balance of crop level and the ability of the
tree to support the crop as well as flower bud development
for the following year. Crop load management (CLM) tar-
gets the fruit number per tree to enable the growth to optimal
fruit sizes by optimizing the carbon supply to demand bal-
ance for economically desirable fruit growth. Also, when
performed less than 30 days after full bloom, CLM avoids
a reduction in flower bud development to prevent alter-
nate bearing on susceptible cultivars (Kofler et al., 2019).
CLM may include pruning to reduce flower-bud numbers
per branch (Breen ef al., 2015), mechanical (Penzel ef al.,
2021) or chemical thinning of flowers (Janoudi and Flore,
2005) or fruitlets (Penzel and Kréling, 2020), and frequent-
ly corrective hand thinning after fruit drop.

In order to optimize CLM for the quantity of profitable
fruit size, it is crucial to define the optimum fruit number
per tree, which should be considered as the target fruit num-
ber for the purposes of making an accurate determination
of the intensity of each individual management practice
(Treder, 2008; Robinson ef al., 2017). The optimum fruit
number per tree depends on the economically desirable
fruit size at harvest, the daily C demand of growing fruit
required to achieve this fruit size and the individual pho-
tosynthetic capacity of each tree to support fruit growth
versus vegetative growth and flower bud development.
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The photosynthetic capacity of fruit trees is associated with
the extent of their generative and vegetative growth, both
directly and indirectly determined by interacting factors of
intra-plant competition. Furthermore, external factors such
as light availability and interception, temperature, mineral
nutrition, soil properties and water availability affect the
photosynthetic capacity (Monteith, 1977; Xia et al., 2009;
Lakso and Goffinet, 2017; Lopez et al., 2018). Physiological
crop models can quantify cumulative effects of several fac-
tors on the magnitude of vegetative and generative growth
of fruit trees (Lakso ef al., 2001; Miras-Avalos et al., 2011,
Pallas et al., 2016). Therefore, physiological crop models
are helpful in understanding the seasonal growth patterns
of fruit trees or they may be used to determine the tree’s
photosynthetic capacity and they can also be applied as
a tool for decision support for precise orchard management
(Lakso and Robinson, 2014).

Furthermore, physiological and decision support
models may be utilized to predict the optimum timing
for the application of thinning agents (Robinson et al.,
2017; Yoder et al., 2013), the thinning response (Greene
et al., 2013), flower bud formation, fruit mass at harvest
(Iwanami et al., 2018) and to estimate the target fruit num-
ber per tree (Handschack and Schmidt, 1990). In practice,
the target fruit number per tree is, however, often estimated
from the average yields of the previous years considering
the mean of the entire orchard, divided by the number of
trees in the orchard and the targeted fruit fresh mass. This
approach leads to one level of treatment for all of the trees.
This empirical method is not based on the natural variance
in the capacity of each tree to support fruit of an economi-
cally desired size, namely the fruit bearing capacity (FBC),
which can be highly variable within orchards (Manfrini et
al., 2009). Therefore, the individual FBC of a certain num-
ber of trees is potentially over or underestimated by the
established method. Overestimation of the FBC will lead to
excessively high crop levels, poor fruit quality and reduced
flower bud induction, while underestimation leads to too
few fruits, a loss of crop value, reduced storability and an
increased risk of storage disorders (Wojcik et al., 2001;
Mussachi and Serra, 2018). As individual trees require
a variable intensity of CLM, it is assumed that lack of tree-
specific CLM is an important cause of heterogeneity in fruit
size, quality, and value.

In order to observe the variability in the growth hab-
its of trees, data from a large quantity of trees is required.
Recent approaches used to detect flower clusters and the
fruit of individual trees (Tsoulias et al., 2020) or to estimate
other canopy parameters such as canopy height, volume or
total leaf area, have shown promising results (Bresilla et al.,
2019; Tsoulias et al., 2019; Hobart et al., 2020; Vanbrabant
et al., 2020). When these techniques are implemented
within existing physiological models, the data generated
can potentially be applied to estimate the photosynthetic
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capacity of individual trees, the optimum and target fruit
number per tree, their variability within an orchard, and the
required variable intensity for precise CLM practice.

The estimation of leaf area may be of outstanding
importance, since the photosynthetic capacity of a tree
relies on the total leaf area, especially from the exposed
leaves, the quantity of light intercepted by the leaves and
the photosynthetic conversion to fixed carbon. The percent-
age of leaf-assimilated carbohydrates partitioned to fruit,
Cpart (%), is dynamic during the whole season, with signifi-
cant changes in the first weeks after bloom (Hansen, 1967;
Corelli-Grappadelli ef al., 1994; Pallas et al., 2016). The
magnitude of C,,, for a specific date is determined by the C
supply to demand balance of the tree, which is influenced
by the quantity and actual sink activity of all organs includ-
ing shoots, fruit, leaves, branches, roots, and stem. C,,.
can range from 0% on non-bearing trees to 85% on fruit-
ing trees with a low leaf area to fruit ratio (LA:F) (Hansen,
1969; Palmer, 1992; Lakso, unpublished data).

In periods showing C demand exceeding the sup-
ply in a particular apple tree, there is a prioritization in C
partitioning among the sink organs, with the highest prio-
rity assigned to growing shoots (Bepete and Lakso, 1998).
When shoot and leaf growth is complete, the highest
priority for C partitioning is the fruit (Wagenmakers, 1996).
When integrated over the whole season, C,,, is defined as
the harvest index (HI). For fruiting trees of different culti-
vars, varying HI were reported in previous studies, ranging
from 50% - 85% (Koike et al., 1990; Palmer et al., 2002;
Glenn, 2016; Lakso, unpublished data). They were typical-
ly grown on dwarfing rootstocks including M.9, M.26 and
M.27. The HI is negatively correlated to the N supply of the
tree, which positively affects the LA:F (Xia ef al., 2009).

The C supply to the individual fruit may limit fruit
growth at different times during the season (Lakso and
Goffinet, 2017) and, therefore, determine the fruit size at
harvest time. Hence, assuming the total leaf area per tree is
closely related to light interception, the fruit size at harvest
is positively correlated to LA:F (Palmer, 1992) and can be
further described as a hyperbolic function of the exposed
LA:F of healthy LA, not affected by external stress. The
effective LA required to produce a specific fruit size from
a cultivar varies depending on the exposed versus shaded
LA as demonstrated by earlier studies. Hansen (1969)
reviewed several early studies concerning the relationship
between LA:F and fruit size, pointing out that 300-500 cm?
LA:F, or 20-30 leaves per fruit, is the minimum require-
ment to achieve a marketable fruit size. The required LA:F
in contemporary orchards may be different, because it may
be assumed that at the time when the studies were carried
out, the trees were probably not as optimally supplied with
nutrients and water as in present day orchards. Other fac-
tors which affect the required LA:F are cultivar, rootstock,
growing system and seasonal climate, all affecting the light
interception of the trees and the HI.


https://dict.leo.org/englisch-deutsch/prioritization

FRUIT BEARING CAPACITY IN APPLE

Previous studies have in common that the LA:F was
determined at full canopy or at harvest. However, the fruit
growth rate and related C consumption of individual fruit
underlies seasonal changes (Schechter et al., 1993; Pavel
and DeJong, 1995; Lakso and Robinson, 2014). As a con-
sequence, since seasonal leaf area and fruit development
occur with different patterns, it may be assumed that the
LA:F required for fulfilling the fruit’s C requirement var-
ies during fruit development. Additionally, the total LA
per tree changes continuously during the season, as does
the LA:F, until fruit drop and shoot growth have ended.
Schumacher (1962) pointed out the negative effect of
temporarily variable LA:F in order to overcome alternate
bearing on Glockenapfel/M.13. The LA:F ranged from 35
-70 cm? at petal fall, 180-265 cm? before fruit drop and
530-710 cm? after fruit drop. This study indicated increas-
ing leaf area demand per fruit to provide the C required
by fruit growth during the growing period, presumably
because of the increasing C requirements of the fruit and
variable C assimilation by the leaves over the season. This
finding was consistent with seasonal simulations applying
the MaluSim carbon balance model (Lakso and Robinson,
2014). As a consequence, the FBC of the tree will be deter-
mined in phases with the highest leaf area demand per fruit,
presumably in the middle of fruit development, when the
fruit growth rates achieve their seasonal maximum and
temperature is high.

Based on the demand and value of optimizing individ-
ual tree crop load, the objectives of the present study were
(1) to quantify the fruit’s daily C requirement during the
growing season, (ii) to estimate the daily C assimilation of
individual trees based on 2-D LiDAR measurements of the
total LA, and (iii) to calculate the fruit bearing capacity of
Pinova and RoHo 3615 apple trees.

MATERIAL AND METHODS

Trials were carried out in 2018 in two commercial
orchards of Malus x domestica Borkh. Pinova/M.26 and
RoHo 3615/M.9 (Evelina®; red mutant of Pinova) in
the Brandenburg (Germany) fruit growing regions of
Werder (52.357 N, 12.867 E) and Altlandsberg (52.607 N,
13.817 E) planted in 2014 and 2006, respectively.
The trees were trained as tall thin central leaders with
a spacing of 3.5 m x 1.25 m for Pinova and 3.2 m x 0.95 m
for RoHo 3615 in Werder and Altlandsberg, respectively.
The mean ground area covered by a tree was 1.15 m’ in
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Werder and 1.05 m? in Altlandsberg. Both orchards were
drip irrigated and managed according to the federal regula-
tions of integrated production. No visible nutrient or water
stress symptoms or pathogen symptoms were noted on the
considered trees.

In both orchards, 45 trees were labelled and the number
of flower clusters counted at green bud stage. At full bloom
(Table 1) trees of RoHo 3615 were thinned with two appli-
cations of 15 kg ha” ammonium thiosulfate salt (20% N)
in 500 L ha' water solution, whereas trees of Pinova
were thinned with a rotating string thinner (Darwin 250,
FruitTec, Markdorf, Germany) with 270 strings at 8 km h™'
vehicle speed and a rotational frequency of 280 rpm.

Fruit gas exchange, dry matter, elemental C content,
and fruit size from randomly selected fruit, from neigh-
bouring trees to the labelled ones, were analysed in the
laboratory in two to five week intervals during the grow-
ing season. In the mid-season, when the canopies were
fully developed, the total leaf area of 50 trees of Pinova
and 100 trees of RoHo 3615, including the 45 labelled trees
from each orchard, was estimated by means of a terrestri-
al mobile light detection and ranging (LiDAR) 2-D laser
scanner (Tsoulias et al., 2019). The total yield and fruit
number of the labelled trees were measured manually at
143 days after full bloom (DAFB), one day prior to com-
mercial harvest, when randomly sampled fruit in the or-
chard achieved a starch index (scale ranges from 1-10) of 5.

Fruit fresh mass (FM, g), diameter (D, mm), the frac-
tion of dry matter relative to fresh mass, DM, (0-1), and
elemental C content based on fruit dry matter, C, (0-1),
were measured during the entire fruit developmental period
on 30 fruit per cultivar and 180 fruit per cultivar at harvest
time. The samples were taken from exposed spurs in the
middle of the canopy at around 2 p.m. in the afternoon.
D and FM were recorded directly after sampling. During
the next morning, the gas exchange of three samples, each
consisting of 10 fruit until 50 DAFB (Pinova: 24 DAFB,
38 DAFB; RoHo 3615: 30 DAFB) and six samples consist-
ing of five fruitafter S0 DAFB (Pinova: 52 DAFB, 67 DAFB,
80 DAFB, 108 DAFB; RoHo 3615: 51 DAFB, 74 DAFB,
121 DAFB) were measured in the laboratory in gas-tight
acrylic cuvettes, monitoring CO, concentration increase
with continuously logging IR-CO, sensors (FYA600CO2,
Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen,
Germany). The measurements were carried out in the dark
for at least two hours at 10 £ 1°C and 20 £ 1°C after the
temperature adjustment of the fruit. Each of the cuvette-

Table 1. Reference dates of seasonal tree development and mean air temperature in 2 m height in two apple orchards in 2018

. Budbreak Full bloom Harvest Days from Daily mean temperature (°C)
Cultivar full bloom 0 days after full bloom 46
Date in 2018 to harvest (DAFB) - 45 DAFB DAFB - harvest
Pinova 26.03. 04.05. 24.09. 143 19.0 19.8
RoHo 3615 22.03. 29.04. 19.09. 143 17.8 19.1
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sensor systems was calibrated with technical gases (Linde,
Pullach, Germany) using the concentrations 0 ppm CO,
(N,) and 1000 + 20 ppm CO,. The temperature-depend-
ent dark respiration rate, Ryy (mg kg h'), was calculated
(Rgr = ACO, (FM At)"), considering fruit volume, cuvette
volume and actual atmospheric pressure as described earlier
for the same measuring system (Brandes and Zude-Sasse,
2019). From the respiration rates obtained at two tempera-
tures, the Qo values were calculated at each measuring
date (Q1020= Rz Raio?). For the purpose of C modelling,
CO, was converted into C through multiplication by a factor
of 0.27, resulting from the fraction of the atomic mass from
C (12.01 g mol™") on the molar mass of CO, (44.01 g mol™).

Afterwards, 10 fruit (< 50 DAFB), 5 x 0.5 fruit (> 50
DAFB) per measurement were dried at 80°C until a con-
stant mass was reached. DM, was calculated by dividing
the mass of the dry matter by the initial FM of the sample
before drying. The dry matter was homogenized with a mix-
er mill (MM400, Retsch Technology, Haan, Germany) at
a frequency of 30 Hz for 1 min. C,, of the homogenized dry
matter was measured with an elemental analyser (Vario EL
III, Elementar Analysensysteme GmbH, Hanau, Germany)
at 1150°C. The absolute C content per fruit (Cg, g), was
then calculated (Cgie = FM DM, C,o).

After the canopy of the trees was fully developed, usu-
ally in mid-July, individual trees (Altlandsberg: 81 DAFB,
n=100; Werder: 67 DAFB, n=50) were scanned with a 2-D
LiDAR laser scanner (LMS511 pro model, Sick, Diisseldorf,
Germany) with an angular resolution of 0.1667° and
a scanning frequency of 25 Hz at a vertical scanning angle
of 270°. The LiDAR laser scanner was placed together
with an inertial measurement unit (MTi-G-710, XSENS,
Enschede, The Netherlands) and a RTK-GNSS (AgGPS
542, Trimble, Sunnyvale, CA, USA) on a metal platform
at a height of 1.6 m (Tsoulias et al., 2019). The platform
was mounted on a tractor and driven along each side of
the tree rows with an average speed of 0.13 m s™ to acquire
the 3-D point cloud of each tree. The LiDAR points were
filtered considering only the observations between a height
of 0.05 m and 4.00 m, while the points that belonged to the
ground were removed utilizing the random sample consen-
sus algorithm. Thus, the LiDAR points per tree (PPT) were
extracted from the 3-D point cloud with an own Matlab
script (Version 2016b, The Mathworks Inc., Natick, MA,
USA) (Tsoulias et al., 2019). In order to calibrate PPT on
the total LA per tree, LA jpar (m?), six trees per orchard
were defoliated and the total LA, LA,,, (m?), was measured
in the laboratory. All leaves per tree were sorted by size
into three fractions (small, medium, large). The number
of leaves in each fraction was counted. The average leaf
size per fraction was analysed from manual scans of 20%
of the leaves, from each fraction, with a desktop scanner
(Scanjet 4850, HP, Palo Alto, CA, USA), in groups of 5-15
leaves. The RGB-images were analysed considering the
sum of pixels of each leaf, with own Matlab script. An area
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of 6241 pixels in the image equalled an area of 1 cm?. The
number of pixels per leaf was converted into cm? leaf area
per leaf by division with the factor 6241.The average leaf
size per fraction was multiplied by the number of leaves
per fraction. LA, is the sum of the leaf area from each leaf
fraction. Regression analysis between PPT and LA,,, was
carried out with software R (Version 3.4.1; R Core Team,
2018). The regression models between PPT and LA,,, were
used to convert the individual PPT of individual trees
scanned in the orchards into LA ipsr. The coefficient of
determination, R?, and the relative root mean squared error,
RRMSE (%) were calculated considering LA ipag and LA,
(Egs A1, A2).

The seasonal development of the total leaf area of indi-
vidual trees, LA, (m?), was estimated by fitting ™LA par
of both cultivars into a sigmoid growth model based on the
number of days after bud break (DABB) (Eq. A3) with
Table Curve 2D (Version 5.01, IBM Corporation, Armonk,
NY, USA). It was assumed that LA, was 0 at bud break
(Table 1), 20% of ™LA ipar at full bloom (cf. Lakso
et al., 1984; Wiinsche et al., 1996). In an earlier study,
it was reported that the canopy of apple trees, grown on
a dwarfing rootstock, was fully developed after 1200 accu-
mulated growing degree d on base temperature (Tj, °C),
of 4°C, GDDy.c (Eq. A4), after bud break (Doerflinger et
al., 2015). In the current study 1200 GDD,-c were achieved
at 07.07.2018, 13.07.2018 for Pinova and RoHo 3615,
respectively. After those dates LA, was assumed to remain
constant until harvest. T,,,, and T,;, are the daily minima
and maxima of T in 2 m height in the orchards.

The maximum quantum yield, ™o (mol mol™), and the
light saturated net CO, gas exchange rate, ™ Jco, (umol
m™ s™), were derived from the light response curves of the
net CO, gas exchange rates, Joo, (umol m™ s™), measured
on three mature leaves of RoHo 3615 in exposed posi-
tions of the canopy of bearing trees on seven dates during
fruit development (DAFB: 7, 27, 32, 66, 71, 92, 108).
Measurements were carried out using a portable porometer
(LI-6400 XT, LI-COR Inc., Lincoln, NE, USA) coupled
with a broadleaf cuvette equipped with a red and blue LED
light source (6400-40, LI-COR Inc., Lincoln, NE, USA).
An area of 1.7 cm? per leaf was fixed inside the cuvette
for the measurements. The measurements were performed
at ambient leaf temperature, T, and relative humidity at
a constant CO, mole fraction of 400 pmol mol” in the ref-
erence gas flow and a range of photosynthetic photon flux
rates, PPFR (umol m™ s™), (2,000; 1,500; 1,000; 750, 500,
250, 110, 50, 20, 0) with waiting times between 80 and
120 s. ™ a was calculated as the initial slope of Jop, vs.
PPFR between 0 and 110 umol m™ s™', whereas ™J o, was
considered to be equivalent to Joo,at 2000 umol m”s™.

The means of FM and Cy,; were interpolated over the
season and expressed as sigmoid functions of DAFB (Eqs
AS, A6). The first derivatives of the equations were calcu-
lated and referred to as absolute growth rates considering
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FM, AGRyy (g d") and C, AGR( (g d"), (Eqs A7, A8). The
daily elemental C requirements to account for the observed
growth and respiration per fruit (Cyy,, g d'), is the sum of
AGR( and the daily respired C per fruit (Ryy, g d" (Caaity
= AGR¢ + Ryiy)- Raaiy (C, g d) was calculated (Eq. (1))
from the estimated respiration rate of the fruit in the field
(Rgee, mg kg h™), multiplied by the daily interpolated val-
ues of FM between the sampling dates, with the simplifying
assumption that no diurnal changes in Ry occurred.

Rfiels FM 24

Raaity = T 0.27.

Q)

Rieq (CO,, mg kg h') was estimated (Eq. (2)) from Ry,
and Ry, measured in the laboratory, and the average daily
temperature (T e.n, °C), in the same orchard in Altlandsberg
and a neighbouring orchard in Werder (52.453684 N,
12.824633 E), recorded in 2 m height with a PT100 tem-
perature sensor (Pessl Instruments GmbH, Weiz, Austria).

(Tinean = 10°C) x (Razo- Raio)
10°C )

Rieta= Raro + ()

To estimate Cg,, for varying fruit size at harvest time
(D = 65, 70, 75, 80 mm) the equations A5 and A6 were
normalized for FM and C at harvest time (143 DAFB).
The normalized functions (Eqs A9, A10) were used to
fit growth curves for the targeted fruit sizes (Fig. Alb)
and the associated daily growth rates, AGRpy and AGRc.
Cuaiy Was calculated from these growth curves under the
assumption that the respiration rate per fresh mass unit
(Rgeiq) was identical for all fruit sizes.

The necessary LA required to assimilate Ciyity, LA demand
(cm?), was calculated (Eq. (3)) from the daily assimilated
C per unit ground area (P, g m” d"), and the percent-
age of assimilated carbohydrates partitioned to fruit (C,
%). LAgmma Was calculated for variable amounts of
Cpar- A linear increase in C,, from 40% at full bloom to
80%, when the foliage was fully developed was assumed
(cf. Wagenmakers, 1996). It was also assumed that fruit pho-
tosynthesis contributes 5% of the fruit’s carbon demand. To
reduce the effect of local maxima of LA .y Originating
from days with low solar radiation (Eq. (4)), the season-
al course of LA 4. Was smoothed with a Savitzky-Golay
filter, using the R-Package signal (Ligges et al., 2015; sgo-
layfilt, filter order = 1, filter length = 9).

B 3-95 Cdaily

(" daily Cpart
LAlsrchard 10000

G3)

Py, (C, g m” d') was calculated (Eq. (4)) according to
the equation of the canopy daily net photosynthesis integral
of Charles-Edwards (1982), adapted to apple (Lakso and
Johnson, 1990; Lakso et al., 2001, 2006):
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_ (k LA-[m:hud)
LI [0-1] Frnax (l =G Fooa ) (5)

Pr[0-1]=0.535+ 0.0384 Tgay - 0.0004126 Tgy? - 0.00001576 Ty (6)

For the purpose of the model, the seasonal mean values of
"o and ™Jco, (0.054 mol mol™; 17.2 umol m” s™) were
converted into 5.43 ug J' and 0.000758 g m” s™', respec-
tively, assuming that the fraction of the photosynthetic
active radiation, PAR, from the total radiation was 0.5 and
the conversion factor from pumol s’ m? (PAR) to W m’
(PAR) was 0.2188 (McCree, 1972). The daily integral of
solar radiation, S (MJ m” d"), was recorded by a pyra-
nometer (CMP 3, Kipp & Zonen, Delft, The Netherlands)
in the spectral range of 300-2800 nm. The day length,
DL (s), resulted from the daily hours, with solar radiation
>0 W m™h", multiplied by 3600 s h™. LI (Eq. (5)) is the
fraction of light intercepted by the canopy (cf. Jackson and
Palmer, 1980). The canopy’s light extinction coefficient (k),
and the fraction of total radiation actually incident to the
canopy, F ..., were assumed to be 0.5 and 0.7, respectively
(Lakso et al., 2006). An F,, of 0.7 assumes that 30% of
the incident radiation is lost to the ground regardless of the
tree’s leaf area. Daily values of LAI of the whole orchard,
LAInarg, were calculated from the ground area allotted per
tree (Giioress M?), divided by the daily value of LA... Gt
is determined by the spacing between the trees and rows,
and was 4.375 and 3.040 m? for Pinova and RoHo 3615,
respectively.

The relative effect of temperature on Py, Pr [0-1],
was included (Eq. (6)), taking into account the average
temperature during the daylight period (T, °C). The nor-
malised equation of P; was estimated from several studies
at Cornell AgriTech (cf. Lakso et al., 1999). The daily
amount of assimilated C per tree, Py.. (g d"), and the fruit
bearing capacities (FBC, fruit tree™) of the trees for several
target fruit sizes, FBC, were calculated (Eqs (7), (8)).

Piee = Paaity Gattotteds (7
v LAy
FBC = i (8)
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RESULTS

A sigmoidal growth model was applied to interpolate
the measured values of fresh mass and C as a function of
time (Fig. 1a, le), because the linear interpolation of indi-
vidual means led to an unrealistic fluctuation in growth
rates, which was most likely a consequence of the sam-
pling of random fruit at each date. The model was in good
agreement with the measured values (Pinova: R? = 0.85;
RoHo 3615: R? = 0.87). A high degree of deviation was
found in RoHo 3615, at 100 DAFB which would have
resulted in very high growth rates > 2.5 g d' (AGRpy),
more than double that of the neighbouring values. Since
the weather data in both periods did not indicate strong
changes or extreme weather events and the water supply
to the trees was unchanged, this variation wasn’t taken into
account in the subsequent analysis. Fruit of Pinova devel-
oped elevated growth rates (AGR¢, AGRpy) in comparison
to RoHo 3615 from 22 DAFB to 100 DAFB (Figs 1b, 1f),
although the average temperatures in the cell division stage
was similar in both orchards (Table 1). Both growth rates of
Pinova peaked 9 days earlier compared to RoHo 3615. The
result was that the average fresh mass (FM) and absolute
C content of Pinova fruit exceeded that of RoHo 3615 at
harvest time.

M. PENZEL et al.

The dry matter content (DM,,) and C content of dry
matter (C,) of fruit from both cultivars followed similar
seasonal courses (Fig. 1c, 1d). While DM, showed slight
seasonal fluctuations, C,; decreased linearly within the
range from 0.51 to 0.47 (Eqgs A11).

The dark respiration rates per unit of fresh mass of
both cultivars decreased during fruit development in a typi-
cal course for apple (Jones, 1981), but at 10°C to a lower
extent than at 20°C (Fig. 2a). At 38 DAFB and 52 DAFB,
the Ry, value of Pinova fruit was elevated in comparison
to the fruit of RoHo 3615. The Q. values indicated that
an increase in temperature from 10 to 20°C resulted in
a 1.4-4.0 fold increase in Ry (Fig. 2b). As a consequence
of elevated FM and Ry, the Ry,y, of Pinova was enhanced
until 65 DAFB in comparison to RoHo 3615. Accordingly,
the total of respired C per fruit from 30 DAFB until har-
vest (114 d) was higher on Pinova (1.67 g) in comparison
to RoHo 3615 (1.33 g), accounting for 10.4 and 10%,
respectively, of the accumulated daily C requirement per
fruit. The daily fluctuation in the percentage of respira-
tion of Cy,y ranged from 6-44%. Hence, Cg,, was mainly
determined by C accumulation, AGR¢, which is reflected in
a similar seasonal course. In total, fruit of RoHo 3615 con-
sumed 13.3 g of C in the period from 30 DAFB till harvest,
achieving an average FM of 165 g, whereas Pinova fruit
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Fig. 1. Time course in days after full bloom (DAFB) of (a) fresh mass (FM, g), (b) absolute growth rate of fresh mass (AGRpy, g d™),
(c) fraction of dry matter (DM,) on FM (0-1), (d) fraction of elemental C on DM,,, (0-1) (C,,), (¢) absolute C content (g), (f) absolute
growth rate in C (AGRc, g d) of developing Pinova/M.26 (open symbol, solid line) and RoHo 3615/M.9 (closed symbol, dashed line)
apple fruit during the 2018 growing season. Error bars indicate the standard deviations.
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(Ryno, triangle); b) Q10-20 values for fruit respiration between 10 and 20°C; c¢) mean daily temperature (T, °C) at a height of 2 m;
d) estimated respiration rates (Rgeq, mg kg h™") calculated for Ty €) daily respired C per fruit (g d™); ) daily C requirement per fruit
(g d) of Pinova/M.26 (open symbol, solid line) and RoHo 3615/M.9 (closed symbol, dashed line) apple fruit during the 2018 growing

season. Error bars indicate the standard deviations.

consumed 16.1 g of C in the same period, achieving 182 g
FM. When estimated for varying target fruit size, Cy,, rose
up to maximum of 0.35 g d" in Pinova fruit (Fig. 3a), while
the targeted fruit size was 80 mm, which equates to 244 g
FM at harvest (Fig. Al).

The total leaf area per tree measured in the laboratory,
LAy, and LiDAR points per tree, PPT, were highly cor-
related in both orchards (Fig. 4). Although the relationship
would be expected to be hyperbolic, within the abundant
range of leaf area, linear models between PPT and LA,
were adequate to estimate LA;par from the PPT of all
scanned trees (Eqs Al12.1, A12.2). The RRMSE between
the measured and estimated leaf area per tree was 3.8 and
3.0% for Pinova and RoHo 3615, respectively.

0.4 a

0.3

Cdaily (gd")
o
N

0 30 60 90 120 150

LA par of Pinova trees was on average 3.8 + 0.55 m?
(10.07.2018) showing a wide range of 2.5 m? - 4.9 m?,
whereas LA psx of RoHo 3615 was 5.3 = 0.95 m?
(19.07.2018) (Fig. 4) with a total range of 3.3 m? - 7.6 m2.
The resulting ™" LAl enarq Was 0.87, 1.75, on Pinova, RoHo
3615, respectively. The assumed development of the leaf
area per tree from bud break till harvest was estimated
(Fig. 5) by fitting ™LA par into a sigmoidal growth mod-
el (Eqs A13.1, A13.2).

The average maximum quantum yield of the leaves,
"0, (Fig. 6) over the entire season of RoHo 3615 was
0.054 + 0.003 mol mol™. The light saturated net CO, gas
exchange at ambient temperature, in comparison, showed
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Fig. 3. Time course in days after full bloom (DAFB) of daily C requirement per fruit (g d") considering (a) Pinova/M.26 and (b)
RoHo 3615/M.9 apple fruit with varying target fruit sizes (from the bottom up: 65, 70, 75, and 80 mm) estimated for the conditions in

the considered orchards in 2018.
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Fig. 5. Estimated seasonal course in days after bud break (DABB)
of total leaf area per tree (LA,.., m?) and LiDAR estimated LA
(LAripar, m?) of Pinova/M.26 (open symbol, solid line) and
RoHo 3615/M.9 (closed symbol, dashed line) in 2018. Vertical
lines indicate the date of full bloom, error bars the standard
deviation.
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Fig. 6. Seasonal course (days after full bloom (DAFB)) of the
maximum quantum yield (" a, mol mol™) (filled circle, solid
line), light saturated CO, leaf gas exchange (" Jco,, pmol m™s™),
(filled square, dashed line), and leaf temperature (T, °C) (open
triangle) during the leaf gas exchange measurements of develop-
ing RoHo 3615/M.9 apple leaves during the 2018 growing season.
Error bars indicate the standard deviations.
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Table 2. Leaf area per tree, associated percentage of light inter-
cepted and mean daily carbon assimilation per tree ("*Py..) of
Pinova/M.26 and RoHo 3615/M.9 apple trees in the 2018 growing
season after the foliage of the trees was fully developed

Cultivar/ LA interLc{cghttion* meanp
Spacing (m?) P (C; gtree ' d")
(%)

2.5 23 10.9%
Pinova/ .
35mx125m  °° 32 15

49 39 17.9%

3.3 38 11.9%%*
RoHo 3615/

kk

320mx095m 7 50 15.6

7.6 58 18.3%%*

In the period: *from 66 days after full bloom (DAFB) until har-
vest, 143 DAFB **76 DAFB until harvest, 143 DAFB.

higher seasonal fluctuations, as a response to varying leaf
temperature and vapour pressure deficit (data not shown) at
the different measurement dates.

The percentage of light intercepted by the canopy and
the average daily assimilated C per tree, when the foliage
was fully developed until harvest, was elevated on RoHo
3615 in comparison to Pinova (Table 2, Fig. 7). The dif-
ference resulted from the higher leaf area per tree of RoHo
3615 in combination with the reduced distances between
trees and rows. Seasonal variation in P, occurred, reflect-
ing the seasonal course in solar radiation (Fig. 7). The
daily leaf area demand per fruit, LA gmume Showed a high
degree of fluctuation during the growing season on both
cultivars and appeared to be inverse to the seasonal course
of S. On 12.07.2018, LA 4emana reached its height, due to the
local minima in S (Altlandsberg: 4.2 MJ m? d"'; Werder:
7.1 MI m? d"). Local minima and maxima were smoothed
with a Savitzky-Golay filter without affecting the seasonal
means in LA..¢- When dividing the seasonal course of
LA jemana In 30 day intervals, the means of the original and
the smoothed values of LA .nma for each interval differed
by a maximum 3 cm? (data not shown). During whole fruit
development LA jnanq conformed to AGR. and appeared to
reach its highest points when AGR reached its highest val-
ues in the middle of the growing period (Fig. 1f, 3, 7e, 7f).

The mean LA 4. considering varying fruit size in the
period of 30 days after the foliage was fully developed
(Pinova: 66 DAFB - 95 DAFB, RoHo 3615: 76 DAFB —
105 DAFB) increased with targeted fruit size (Fig. 8). The
estimations, additionally demonstrated that the LA g.panq tO
produce a target fruit size at harvest increases with total leaf
area per tree (Fig. 8), as a consequence of increasing the
internal shading of the leaves and the associated decrease
in available light per leaf. Models used to estimate LA jemang
for fruit of varying sizes on trees with a range in LA, of
the observed trees were developed (Egs 9.1, 9.2), based
on the values plotted in Fig. 8. The average individual leaf
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Fig. 8. Leaf area demand* (LA gepang> cm?) per fruit of Pinova/M.26
(open symbol, solid line) and RoHo 3615/M.9 (closed symbol,
dashed line) apple with varying harvest fruit size (bottom to top:
65, 70, 75, and 80 mm) for trees with a different total leaf area
(LA, m?) (* mean values in the period of 30 days after foliage
was fully developed, Pinova: 66 d after full bloom — 95 DAFB,
RoHo 3615: 76 DAFB — 105 DAFB in 2018).

area, considering leaves from spurs and extension shoots in
both orchards, was 24 cm? (data not shown). The resulting
leaf demand per fruit would range from 18 — 38 leaves per
fruit for Pinova and 18 — 46 leaves per fruit for RoHo 3615
for the targeted fruit sizes and a given total leaf area per tree

in both orchards. Model equations 9.1 and 9.2 were used
to calculate the individual fruit bearing capacity (FBC) of
trees with the varying total leaf area (Fig. 9). The differ-
ence in FBC between the trees in the range of the measured
leaf area per tree is considerable. The FBC for a targeted
fruit diameter of 65 mm for trees with a high total leaf area
exceeds that of trees with a low leaf area by 50%. Both
cultivars are known for their low susceptibility to alternate
bearing and, therefore, alternate bearing was not considered
in the present study. It may also be assumed that at the crop
level equal to the FBC, alternate bearing is not expected.

Pmova: LAgem (D, LAL) =

795.12+1744D - 79.95 LAwe + 1.76 D LAce., ©-D
ROHO 3615: LAdemma (D, LAuee) =

9.2)
=598 +13.12D-1109 LAses + 2,44 D LAtee.

LA jemang Was estimated using Eqs (9.1), (9.2) taking into
account the average fruit size per tree at harvest and the
measured LA,.. of the individual trees. The LA jnaa Was
applied to calculate the FBC of individual trees to produce
fruit of the abundant average fruit size. LA gpang Was com-
pared to the actual LA:F of individual trees, whereas FBC
was validated with the number of fruit per tree of the same
trees at harvest (Fig. 10). The results demonstrate that the
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Fig. 10. a, b) Distribution of the average fruit diameter* (mm) of individual apple trees; ¢) comparison between the modelled LA .pana
(cm?) to achieve the average fruit diameter and the measured leaf area to fruit ratio (LA F”', cm?); d) estimated fruit bearing capacity
(FBC)**, to achieve measured average fruit diameter and harvested fruit per tree of Pinova (a, n = 35; open symbol) and RoHo 361 (b,
n=45; closed symbol) in 2018. Solid lines represent (¢c) LA:F = LA demand (d) FBC = harvested fruit per tree (* the average fruit diam-
eter was derived from the average fresh mass as shown in Fig. A1; ** in the period 30 days after the tree canopy was fully developed).

mean fruit number per tree in both cultivars was close to the
calculated FBC. However, 8 trees out of 35 trees of Pinova
and 14 trees out of 45 trees of RoHo 3615 had an LA:F
value which was too high, thereby exceeding LA ymana bY
an average of 208 cm? and 126 cm?, respectively (Fig. 10).
Consequently, when comparing fruit per tree and FBC, it
should be noted that 23% of the Pinova trees and 31% of
RoHo 3615 trees had too few fruit per tree below the FBC.
The average fruit fresh mass from the latter trees was 165 g,
159 g for Pinova and RoHo 3615, respectively.

When scaled up to the whole orchard level, Pinova
could bear 1.9 tha”, RoHo 3615 3.1 t ha™! more fruit, which
equates to 6 and 5% of the current yield of the orchards of
29.8 and 59.6 t ha', respectively. Consequently, the data
show that a substantial number of trees are not managed at
their optimal FBC. The number of flower clusters per tree in
2018 exceeded the FBC (data not shown) and no late frost
reduced the number of fruit per tree in both orchards. The
field uniform flower thinning may be seen as the primary
source for the reduction in fruit per tree below the FBC.
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In contrast, 16% of the trees of RoHo 3615 bore too
many fruit per tree, exceeding the FBC by an average of
19 fruits per tree, leading to a low average fruit size below
65 mm (Fig. 10b), which is the minimum requirement for
fresh market entry. As a consequence, despite high yields,
the crop value from the mentioned trees is reduced.

DISCUSSION

The purpose of this study was to investigate seasonal
fruit growth and the variability in growth and fruit bear-
ing capacity of individual trees within commercial apple
orchards. Previous studies demonstrated the variability in
yield and fruit per tree within orchards (Manfrini et al.,
2009; Aggelopoulou et al., 2010), which is proposed to
be considered in orchard management instead of the uni-
form treatment of all trees. The photosynthetic capacity
of the trees and the associated light interception, which is
a major determinant of crop growth (Monteith, 1977), was,
however, not investigated. To further advance precise crop
load management and adapt it to the site specific condi-
tions, knowledge concerning the daily and seasonal carbon
fixation of individual trees and the carbon requirements
of developing fruit is required, this allows for the opti-
mization of the carbon supply to demand balance of the
tree to produce a desired fruit size. Existing carbon bal-
ance models (Lakso et al., 2006; Pallas et al., 2016) could
adequately express the carbon supply to demand balance
of individual apple trees and estimate the resulting number
of fruit per tree and their fruit fresh mass at harvest for the
conditions of individual seasons as well as the influence
of different management practices on them. However, as
one major input factor is the quantity of shoots per tree of
different shoot populations, to generate leaf areas, it would
be time consuming to count them from a high quantity of
trees within an orchard for this purpose. The application of
LiDAR in horticulture enables the quantification of canopy
parameters, such as the total leaf area per tree, georefer-
enced for all trees of an orchard (Arno et al., 2012; Tsoulias
et al., 2019; Hobart et al., 2020). When integrated into the
existing carbon balance models or parts of it, these plant
data can provide an overview of the variability in carbon
fixation per tree and the potential crop growth of whole
orchards, for possible application in precision tree-specific
crop load management.

A seasonal dynamic in carbon demand per fruit was
demonstrated in the presented study, depending on the dif-
ferent development stages and associated sink strength per
fruit as determined by the number of cortical cells (Lakso
and Goffinet, 2017). The seasonal development of apple
fruit from full bloom until harvest may be divided into
two main stages, that overlap somewhat: cell division and
cell enlargement, both with characteristic growth habits
(Schechter et al., 1993). However, there is a smooth transi-
tion between the stages as cell division in the cortex ends
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around 40-45 DAFB, whereas it continues in the epider-
mis until 70 DAFB or even longer (Schechter et al., 1993;
Skene, 1966). Early fruit growth in fresh mass under the
non-limiting conditions of low crop and no environmental
stress follows a curvilinear course until about five weeks
after full bloom before transitioning into a linear increase
(Lakso et al., 1995). A gradual decrease in the growth rate
in the last part of the fruit development phase until the
final fruit size is achieved is often seen but may reflect
a reduced carbon supply or limiting temperatures or radia-
tion (Stanley et al., 2000). Despite the absence of data in
the first weeks of fruit growth in the present study, the sea-
sonal growth of fruit from both cultivars followed a course
with typical peaks in growth rates in the middle of fruit
development (Stanley ef al., 2000).

The maximum growth rates of the fruit in the present tri-
als, modelled for different target fruit sizes, were within the
range of growth rates in FM of Delicious apple, as reported
previously, with a final fruit mass of between 165 gand 260 g
(Warrington et al., 1999) and Royal Gala apple with a final
fruit mass of 200 g (Stanley et al., 2000). The dry matter
content of the fruit was, in comparison to earlier findings
(Schechter et al., 1993), relatively stable without noticeable
changes occurring between the development stages. Minor
fluctuations possibly occurred as a consequence of water
flows inside and outside the fruit. The C content of the dry
matter appeared to be slightly elevated in comparison with
earlier results (Walton et al., 1999). However, a decrease
in C,, from bloom until harvest was also observed, which
occurs hypothetically due to changes in the composition of
dry matter during fruit development with the accumulation
of primarily carbohydrates that consist of approx. 40% C
(Pavel and DeJong, 1995).

Dark respiration, generally, provides the chemical ener-
gy (i.e. ATP) necessary for the maintenance and growth
processes in cells. During cell division, relatively more
nucleic acids and proteins are formed in comparison to cell
enlargement, which involves the vacuoles of the cells being
filled with carbohydrates and organic acids for the most
part (Walton ef al., 1999). Therefore, the respiration rate
per unit fresh mass is higher in the cell division period than
in the cell enlargement period which is more of a storage
process. This leads to the typical seasonal decrease in the
fruit respiration rate per unit fresh mass until cortex cell
division ends. Afterwards, the respiration rate remains rela-
tively constant (Figs 2a, 2d) until the climacteric rise. The
fruit in the present trial, however, was harvested before the
climacteric rise in fruit respiration rate occurred.

The seasonal decrease in Qg4 (Fig. 2b) observed for
both cultivars, was also reported previously for the Q5.5
values of the Golden Delicious apple, decreasing from 2.8
in early June to 1.6 in early August (Jones, 1981). The daily
integral of respired CO, by an apple (Ry,,) is determined
by Ryr, fresh mass and temperature, which all change con-
tinuously. Consequently, Ry, fluctuated significant during
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the whole fruit development process (Fig. 2e). As a result
of elevated Ry and FM, Ry, was higher on Pinova in
comparison to RoHo 3615, especially in the period until
67 DAFB (Fig. 2e). Diurnal changes in fruit respiration,
independent of fruit temperature, as described earlier
(Bepete and Lakso, 1997), were not considered for the cur-
rent calculations.

Apart from the aforementioned factors, the daily mag-
nitude of fruit growth and respiration, in general, depends
on the amount of carbohydrates translocated to the fruit,
mainly in the form of sorbitol and sucrose (Hansen, 1967).
Because approximately 90% of the annual carbohydrates
assimilated by a tree are assimilated in the leaves (Hansen,
1967), the leaf area per fruit ratio, LA:F, and the available
light limit fruit growth.

Both the leaf area demand after the canopy was fully
developed and the fruit fresh mass were within the normal
range of the results described for cultivars with medium
size fruit grown on dwarfing rootstocks (cf. Palmer, 1992;
Xia et al., 2009). Larger fruit sizes at enhanced leaf area to
fruit ratios were reported for the cultivars Braeburn (Palmer
etal., 1997) and Fuji (Koike ef al., 1990), where the genetic
predisposition enables growth to a fresh mass exceeding
320 g at LA:F > 1200 cm?.

The daily amount of fixed carbon per tree depends on
the amount of intercepted light by the canopy, which also
limits its annual yield. The relationship between the fraction
of intercepted light by a canopy and the leaf area index of
a tree may be described as a hyperbolic function (Eq. (6)).
A similar hyperbolic function was expected for the calibra-
tion model concerning LiDAR laser hits per tree to total
leaf area. However, as a consequence of the given range of
leaf area measured in the present study, a linear regression
model between both parameters was suitable for describing
the leaf area of the abundant trees in both orchards. Since
canopy light interception determines canopy photosynthe-
sis, the estimation of the fraction of intercepted light by
the canopy directly from the LiDAR point cloud for each
tree should be explored in future work. For whole canopies,
the relationship between total leaf area and the fraction of
intercepted light cannot be linear, as the mutual shading of
overlapping leaves is disabling the exposure of a large frac-
tion of the inner leaves to saturating light conditions. An
increase in the leaf area per tree in a given space allotted to
the tree increases this effect. As a consequence, the leaf area
necessary to meet the carbon requirements of a fruit with a
defined size varies for trees which are different in total leaf
area and associated leaf area index (cf. Fig. 8). This may be
one explanation for the achieved higher fruit size on Pinova
compared to RoHo 3615, despite similar leaf area to fruit
ratios and temperatures in the cell division stage. However,
the canopy follows seasonal dynamics, as a consequence of
vegetative growth, the loss of leaf area through pathogens
and in some orchards, summer pruning. Therefore, the leaf
area demand per fruit cannot be a constant. On days with
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low solar radiation and a resulting dramatic rise in the leaf
area demand per fruit (Fig. 7e, 7f), the woody structures of
the tree have the potential to mobilize carbon reserves to
maintain fruit growth for a period of approximately 2 days
(McQueen et al., 2005). Such a buffering of daily carbon
supply has been observed in shading studies as well (Lakso,
2011). Therefore, the smoothing of the seasonal course in
LA jemana With the Savitzky-Golay filter, led to a more valid
general seasonal pattern.

In future studies, the seasonal development of leaf area
and light interception per tree should be measured several
times over the season in order to visualize seasonal patterns
and identify critical periods. In the present trials, a chrono-
logical sigmoid course of the total leaf area per tree was
assumed, which is generally valid. However, as temperature
is a major driver of shoot and leaf development early in the
season (Wagenmakers, 1996), the extent of leaf area devel-
opment in this critical period for fruit development (Lakso
and Goffinet, 2017) should be modelled against degree-
days or estimated by LIDAR methods at several measuring
dates. Fruit thinning should be realized in less than 30
DAFB, when the leaf area of the tree is still developing.
Therefore, it is required to estimate the leaf area at full can-
opy from the measured values, e.g., after petal fall. Before
petal fall, the leaves and petals may not be distinguished by
the LiDAR readings. After petal fall, approximately 40%
of the total leaf area of a tree is developed (Lakso, 1984;
Forshey et al., 1987, Wiinsche et al., 1996). In order to esti-
mate the final leaf area per tree immediately after petal fall
would enable the consideration of the fruit bearing capac-
ity in chemical fruit thinning, which is, depending on the
thinning agent, applicable until fruit diameter of 20 mm
is reached. After this, fruit becomes insensitive to the cur-
rently available thinning agents (McArtney and Obermiller,
2012).

The comparison between LAy,..« and the measured
LA:F of trees in both orchards demonstrated that > 20%
of the trees had an LA:F value which was too high. This
finding demonstrates that Pinova could potentially bear an
additional 1.6 t ha” and RoHo 361, 3.1 t ha™ more fruit,
which is the equivalent of up to 5% of the harvested yields
in the orchards, without any negative effect on fruit size.
The best fruit size from an economic point of view, how-
ever, should be evaluated by each farmer for every orchard
and year. The negative relationship between average fruit
size and yield per tree is well known. The crop value addi-
tionally depends on the specific value-chain and the market
situation. Finally, for each variety, the target crop load must
not be detrimental to return bloom and sustained cropping.
Such economic and tree performance considerations are
required to determine the target fruit size, which can lead
to the precise calculation of target fruit number per tree.
However, a known FBC can support decisions and avoid
yield loss.



FRUIT BEARING CAPACITY IN APPLE

CONCLUSIONS

1. It was demonstrated that the estimation of the dai-
ly leaf area demand per fruit to satisfy its C requirement,
LA gemand» Undergoes seasonal changes. When the foliage of
the tree is fully developed, the fruit bearing capacity of the
tree may be estimated using LAy, in the period when
fruit growth rates achieve their maximum extent.

2. The estimation of the leaf area of individual trees
using LiDAR scanning was shown to be feasible to allow
for individual tree estimates of target fruit numbers.

3. The fruit bearing capacity of individual trees varied
within the orchards investigated. This was due to variation
in the total leaf area per tree. Field uniform flower thinning
resulted in an avoidable sub-optimal crop load above or
below fruit bearing capacity in both orchards. When com-
bined with the modelling of carbon supply and crop carbon
demand, the optimal number of fruit may be estimated for
each tree.
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